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Preface of Editor

There is no need to stress the importance of underpotential deposition (upd) for
electrochemistry, surface science, and physics, both with respect to fundamental
and applied studies, as upd belongs to the most widely studied and applied phe-
nomena in electrochemical systems. Thus, it was very surprising that there did not
exist a single monographic treatment of upd in the world literature. Overviews were
only available in review papers, and special aspects of upd were covered in some
books on metal deposition and electrocatalysis, to name but two. Rather short
treatments of upd are available in textbooks, but a comprehensive description of
the various experimental and theoretical aspects of upd and of its use for tuning
electrochemical reactions was missing. I am very happy that four authors from
Argentina, Ezequiel Pedro Marcos Leiva (Cérdoba), Silvana Graciela Garcia
(Bahia Blanca), Oscar Alejandro Oviedo (Cérdoba), and Luis Reinaudi (Cérdoba),
have accepted the request to write a monograph on underpotential deposition. The
authors are internationally known for their contributions to the present state of
understanding upd, and I am sure that this monograph will acquire the state of a
classic book which every researcher will study and refer to when entering electro-
chemical deposition, electrocatalysis, or fundamental and applied surface science.

Greifswald, Germany Fritz Scholz
July 2015






Techniques and Abbreviations

AES
AFM
DFT
DRS
ECALE
EDL
EQCM
EXAFS
FTIRS
GDOES
GIXS
[HP
IRS
LEED

Mads

MD
ML
NPs
opd
PAS
PDEIS
PzC
RHEED
RRDE

SDD
SHG
SM
S@M

Auger Electron Spectroscopy

Atomic Force Microscopy

Density Functional Theory

Differential Reflectance Spectroscopy
Electrochemical Atomic Layer Epitaxy
Electrical Double Layer

Electrochemical Quartz Crystal Microbalance
Extended X-Ray Absorption Fine Structure
Fourier Transform Infrared Spectroscopy
Glow Discharge Optical Emission Spectroscopy
Grazing Incidence X-Ray Scattering

Inner Helmholtz Plane

Infrared Spectroscopy

Low Energy Electron Diffraction

Metal

Metal Adatom

Monte Carlo

Molecular Dynamics

Monolayer

Nanoparticles

Overpotential Deposition

Photoacoustic Spectroscopy

Potentiodynamic Electrochemical Impedance Spectroscopy
Potential of Zero Charge

Reflection High Energy Electron Diffraction
Rotating Ring-Disk Electrode

Substrate

Surface Differential X-Ray Diffraction
Second Harmonic Generation

Substrate and Adsorbate system

Substrate and Adsorbate Core-Shell Nanoparticle System

vii



viii

SCE
SEM
SERS
SHE
SLRR
SPM
SRS
STM
SSE
SXS
TPD
TPS
TTL
UHV
upd
XPS

Techniques and Abbreviations

Saturated Calomel Electrode
Scanning Electron Microscopy
Surface Enhanced Raman Spectroscopy
Standard Hydrogen Electrode
Surface-Limited Redox Replacement
Scanning Probe Microscopy

Specular Reflection Spectroscopy
Scanning Tunneling Microscopy
Saturated Sulphate Electrode

Surface X-Ray Scattering
Temperature Programmed Desorption
Thermal Desorption Spectroscopy
Twin-Electrode Thin-Layer

Ultra High Vacuum

Underpotential Deposition

X-Ray Photoelectron Spectroscopy



Contents

1 Introduction........ ... ... .. ... .. 1
1.1 Underpotential Deposition: A Successful Misnomer?. . . ... ... 1
1.2 The Magic World of Metal Underpotential Deposition. . . . . . .. 2
1.3 Pre-historyand Riseofupd. . ................... ... .... 9
1.4 Upd Under the Loupe: Thenand Now . ................... 12
References. .. ... ... .. . 13

2 Experimental Techniques and Structure of the Underpotential

Deposition Phase . . .. ......... ... ... .. . ... ... . 17
2.1 Introduction. ............. ... .. 17
2.2 Cyclic Voltammetry . . .. ...ttt iiane 18
2.3  Radiotracer Methods . . .. ... ... ... ... .. ... 23
24 Potential Step. . ....... .. . 26
2.5  Equilibrium-Coverage-Potential Isotherms. . ............... 28
2.6 Twin-Electrode Thin-Layer............................ 29
2.7  Rotating Ring Disk Electrode . . .. ...................... 33
2.8  Electrochemical Quartz Crystal Microbalance . . . .. ......... 37
2.9  Scanning Probe Microscopy . ... ......... ... . . ... ... 40

2.9.1 Scanning Tunneling Microscopy . . . .. ............. 40

2.9.2 Atomic Force Microscopy. . ... ... .. 47
2.10 Low-Energy Electron Diffraction, X-Ray Photoelectron

Spectroscopy and Auger Electron Spectroscopy . . ........... 49
2.11 X-Ray Absorption Fine Structure. . .. ................... 52
2.12  In-Situ Surface Differential X-Ray Diffraction.............. 53
2.13 Transmission X-Ray Surface Differential Diffraction. ........ 54
2.14 In-Situ Surface X-Ray Scattering . . .. .................... 55
2.15 Grazing Incidence X-Ray Diffraction. ... ................ 55
2.16 In Situ Infrared Spectroscopy . . . .. ... oot 58
2.17 Fourier Transform Infrared Spectroscopy . ................. 58

ix



Contents

2.18 Differential Reflectance Spectroscopy . . ..................
2.19 Optical Second Harmonic Generation. . . . ................
2.20 Surface-Enhanced Raman Spectroscopy . ... ...............
2.21 Techniques Suited to Study Alloy Formation During

theupd Process. . . ...t
2.22 In-Situ Measurement of Surface and Growth Stress. . . .. ... ..
2.23 Applications of updasaTool . . ........................
2.24  Photoacoustic Technique . . . ............. ... ...........
2.25 Electrochemical Impedance Spectroscopy. ... .............
2.26 Thermal Desorption SpectroSCOpY . « « v v v v oo v v v v ve e eea e
2.27 Glow Discharge Optical Emission Spectroscopy . ............
2.28 Underpotential Deposition in Nuclear Chemistry . . ... ... ....
References. .. ... ..

Phenomenology and Thermodynamics of Underpotential
Deposition. . . ... ... .
3.1  Phenomenology and a First Thermodynamic Approach to
Underpotential Deposition. . . .......... ... .............
3.2  Introducing the Influence of Solvent in Underpotential
Deposition Modeling . . . ........... . ... i
3.3 Underpotential Deposition on Single Crystal Surfaces. . . ... ..
3.4  Nernstian-like Formalisms: Underpotential Deposition in
the Framework of the Electrosoption Valency. .. ...........
3.4.1 Electrical Double Layer Effects. . . ................
342 SolventEffects. ........ ... . ... ... ...
3.4.3 Determination of the Electrosorption Valency.........
3.5 Thermodynamics of Underpotential Deposition Using
the Formalism of Ideal Polarizable Electrodes. . . ... ........
351 Formalism............... ... ... . ... ... .....
3.5.2 Application to Sulfate Coadsorption in the Case of Cu
Underpotential Deposition on Au(111)..............
3.6  Coverage Isotherms and Phase Transitions. ................
3.7 A Thermodynamic Formulation Oriented to Theoretical
Modeling of Underpotential Deposition as a Phase
Transition, Including Ion Coadsorption, Solvent
and Double Layer Effects. .. ........... ... ...........
References. ... ... .

Applications of Underpotential Deposition on Bulk Electrodes
as a Model System for Electrocatalysis. . .....................
4.1 Introduction. . .......... ...t
4.2 Catalysis of the Electrooxidation of Some C1 Molecules
on Pure Pt Surfaces and Bimetallic Catalysis. ..............
421 CO. .t
422 CH3OH. ... ... .. i



Contents xi

423 HCOOH. ... ... 180

4.2.4 The Oxygen Reduction Reaction. . .. .............. 187

4.2.5 Hydrogen Evolution Reaction. . ................... 189

4.2.6 Nitrate Reduction Reaction. . .................... 193

References. .. .. ... ... . 194

5 Modelling of Underpotential Deposition on Bulk Electrodes. . . . ... 199

5.1 Introduction. .......... ... 199
5.2 Application of Quantum Mechanical Methods to

Underpotential Deposition. . . ........... .. ... ... ..., 204

5.2.1 Quantum Mechanical Modeling of Underpotential
Deposition Previous to the Application of Density

Functional Theory . . ........ ... ... ............ 204
5.2.2 Early Applications of Density Functional Theory to
Underpotential Deposition. . ..................... 206
5.2.3 Density Functional Theory Calculations for
Underpotential Deposition Systems. . .. ............ 209
5.2.4 Relationship Between Excess Binding Energy and
Surface Energy . ... ... ... ... . . 213
5.2.5 Density Function Theory Calculations for Expanded
MoONOIayers . . . ..ot 215
5.2.6 Analysis of Substrate and Adsorbate Interaction
Energy ... ... ... 217
5.2.7 Growth of Deposits Underpotentially formed on
Stepped Surfaces. . .......... ... .. 218
5.3 A Statistical-Mechanical Approach to Underpotential
Deposition. . . ...t e 220
54 Monte CarloMethods. . ............ ... ... . ... 226
5.4.1 Introduction and Generalities. . . .................. 226
5.4.2 Off-Lattice Monte Carlo. . . ..................... 228
543 LatticeMonte Carlo. .. ......................... 236
5.4.4 Kinetic Monte Carlo Applications. .. .............. 247
5.5 Miscellaneous Models Applied to Underpotential Deposition. . . 263
5.5.1 Quantum Mechanical Semiempirical Calculations. . . . . . 263
5.5.2  Orientational Ordering of Adsorbed Monolayers. . . . ... 264
5.5.3 Entropic Contribution to Underpotential Deposition
Shift: Lattice Dynamics Analysis. .. ............... 266
5.5.4 Application of Molecular Dynamics and Related
Techniques to Underpotential Deposition. . ... ....... 268
References. .. ... .. 274
6 Underpotential Deposition and Related Phenomena
at the Nanoscale: Theory and Applications. . . ................. 277
6.1  General ASPeCtS. . ...ttt 277

6.2  Kinetics and Thermodynamic Driving Force. . . .. ... ... ... 280



Xii

Contents

6.2.1 Reduction Mechanism..........................
6.2.2 Strong Versus Weak Reducing Agents. .. ...........
6.2.3 Formation Mechanism of Monoatomic Nanoparticles. . .
6.2.4 Statistical Mechanic Formulation on the Stability and
Metastability of Nanoparticles. .. .................
6.2.5 Bimetallic Nanoparticles. . ......................
6.2.6 Deposition Mechanisms at the Nanoscale . . ... .......
6.3  Towards Electrochemical Control in Synthetic Routines for
Free-Standing Nanoparticles. . . ........................
6.4  Thermodynamics of Underpotential Deposition at
the Nanoscale. . ......... ... ... .. ... . . . ... . ...
6.5  Atomistic Model for Underpotential Deposition on
Nanoparticles. . . ...
6.6  Strengthening and Weakening of Underpotential Deposition at the
Nanoscale. Underpotential Deposition-Overpotential Deposition
Transition. . .. ... .
6.7 Experimental Research........... ... ... .............
6.7.1 Seed-Mediated Growth. ... .....................
6.7.2 Shape Control of Nanoparticles Synthesis by
Underpotential Deposition. . .....................
6.7.3 Galvanic Replacement and Underpotential Deposition . . .
6.7.4 Hollow Nanoparticles Through Galvanic Replacement. . .

6.7.5 Nanoparticles Growth Inside Dendrimers. . . ... ... ...
References. .. ... ...
What Is Coming Next? . . . ... .. ... ... .. . ...

7.1 Underpotential Deposition as a Precision Design Tool. . . . . ...
7.2 Towards an Accurate and First-Principles Modeling of Metal

Underpotential Deposition/Dissolution . . . .................
7.3  Computer Experiments. . . ................ ...
7.4  Curvature Effects in Underpotential Deposition at the

Nanoscale. ......... .. ... i
7.5  Role of Protective Molecules in Underpotential Deposition. . . . .
7.6 New Models of Nucleation and Growth at the Nanoscale . . . . . .
7.7  Underpotential Deposition Voltammograms: What About the

7.8 The Puzzling Occurrence of Low-Density Structures and the Need
to Improve the Underpotential Deposition Modeling to Consider
Electrochemical Features of the System . ..................

References. .. ... ..



Chapter 1
Introduction

1.1 Underpotential Deposition: A Successful Misnomer?

The deposition of small amounts of metal atoms' on a foreign surface at potentials
more positive that those predicted by Nernst equation is nowadays popularly known
as underpotential deposition (upd). To denote something that involves positive
quantities with the prefix under obviously appears as counterintuitive, so we devote
a few lines to explain this contradictory denomination. In the fundamental field of
the electrocrystallization of bulk metals, it is widely used the concept of over-
voltage 7, which is defined as:

n= E — EM(hulk)/M?;;I) (1 1)

where E is the actual electrode potential, and E\, g /M is the Nernst equilibrium
atk) /M{

potential of the reaction:

M(bulk) 2 M?L) +ze (1 2)

where Mpuix) represents the bulk metallic material, and Ma) stands for an ion in

solution, bearing the charge number z. Due to different kinetic hindrances, it always
happens in the case of bulk materials that metal deposits take place when E <

Enip /M SO that in general the overvoltage results with the condition 7 < 0.
u! aq

Thus, in the case of bulk deposits the overvoltage results always in negative values
of . In the case of underpotential deposition, the reverse condition occurs, because

! By small amounts, we mean a number of atoms that is related to the number of atoms constituting
the surface of a metal substrate. Thus, underpotential deposits usually involve submonolayers,
monolayers or at the most bilayers.

© Springer International Publishing Switzerland 2016 1
O.A. Oviedo et al., Underpotential Deposition, Monographs in Electrochemistry,
DOI 10.1007/978-3-319-24394-8 _1



2 1 Introduction

metal deposition takes place for £ > EMip /M SO thaty > 0. Then, since the term
ul aq

overvoltage was already reserved for metal deposition in the # < 0 condition, the
only possibility left was to denominate the situation n > 0 as undervoltage, from
there the term underpotential deposition, which is usually shortened as upd.

1.2 The Magic World of Metal Underpotential Deposition

Within electrochemical surface processes, the deposition of a metal onto a foreign
metal surface at underpotential opens the way to a whole universe of possibilities
for preparing and designing surfaces with a variety of applications. Among them,
we can mention electrocatalysis [1-5], production of compound semiconductors
[6, 7], determination of metal traces by stripping voltammetry, achieving mercury-
free electroanalytical procedures [8—10], design of biosensors [11-14], surface area
measurement of metals [15, 16], of particular importance for metallic nanoporous
materials [17, 18], design of nanoparticle shape [19-21] and composition [22, 23],
fabrication of nanocables [24], nanotripods [25], microstructures with improved
Surface Enhanced Raman Spectroscopy activity [26], evaluation of overpotential
deposition kinetics of reactive metals [27], etc. The previous enumeration is by no
means mutually exclusive, since for example nanoparticle synthesis is oriented to
catalysis, and we emphasize that it is just mentioned some sample reviews or
recent work.

Since upd involves the growth of a new phase in a two dimensional system,
we will see along the chapters of this book that this phenomenon is by itself of
fundamental importance for understanding a number of related processes involved
in the formation of new phases with this dimensionality.

We illustrate with the aid of Fig. 1.1 the key advantage of electrochemical
deposition of a metal concerning adsorption studies, with respect to the same pro-
cesses achieved from the gas phase. Let us represent the desorption of an adatom M
from a substrate S according to the reaction:

S—M2S + My (1.3)

where M,,. represents a metal atom in vacuum. In Fig. 1.1 we show schematically
the (free) energy of an atom bonded to a surface as a function of the distance from
it. In the case of metallic substrate/adsorbate systems, the binding energy curve
exhibits typically a minimum with values in the range —3 < E,4;(eV) < —5 with
respect to the vacuum level [28], indicating that the desorption energy E ., must be
of this order of magnitude (but with opposite sign). If we consider the thermal
energy at room temperature, kg7 = 0.025 eV, we see that the E;.; amounts are
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Energy / eV

IM(Zaq) +zeg |
0 0.2 0.4 0.6 0.8 1
RC

Fig.1.1 Schematic comparison between the desorption of a metal adatom from a metal surface by
physical detachment (continuous line) and electrochemical oxidation (broken lines). The full line
illustrates the free energy curve of the adatom as function of the distance from the surface (RC
reaction coordinate). The dotted lines represent the potential energy of the cations in solution plus
the electron located in the metal for two different overpotentials, where 7, < #,. The arrows show
the point where the potential energy of the adatom and the ion plus electron systems meet. The
heights of these arrows give an idea of the activation energy for the detachment process (Ees)

between 120 and 200 kgT. Taking into account these figures we can make an
estimation of the thermal desorption time of an adatom according to:

L exp[-Eues kT (1.4)

Tdes

where the preexponential factor v contains entropic contributions and shows a weak
dependence on the temperature and F4.s has been taken as a measure for the
activation energy of the desorption process. Inserting into Eq. (1.4) the mentioned
limits for Eye,, and approximating v = 1 x 10'3 s~!, we get that the desorption
times should be in the range 1 X 10% < faes(8) < 7 X 1073. This means that even if
we monitor a macroscopic ensemble of adsorbed particles, let us say, of the order
of ~10%, we would find desorption times in the interval 1 x 10" <
¢ (s) < 7 x 10°°. To bring into scale the previous curves, we remind that the
estimated age of the universe is fyyy ~ 4 X 10"® s. Thus, we arrive to the conclu-
sion that the achievement at room temperature of adsorption/desorption equilibrium
is not possible for most S/M metal couples, due to the fact that one of the processes
(desorption) is kinetically impossible to achieve. Of course, the previous profiles
may be drastically altered by increasing the temperature, but doing this would also
promote other processes, like alloying, which are not wished if one is interested on
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adsorption studies. What electrochemistry does, as illustrated in the red and the blue
lines of Fig. 1.1 is to change reaction (1.3) into:

S—M=2S+Mj +ze (1.5)

The dotted curves in Fig. 1.1 introduces an alternative state to that of the desorbed
adatom, where now the final state is an ion in solution MZZD and an electron (or the

number of electrons corresponding to the valence) in the substrate electrode. Since
the latter may be polarized, the free energy of electrons in the metal may be changed
accordingly, and the desorption barrier may be lowered, as it is indicated by the red
and blue arrows in the Fig. 1.1 for two different surface polarizations. It can be seen
that the decrease of the barrier for adatom desorption, concomitantly increases the
barrier for adsorption. Of course, reality is far more complex than this simple
picture and a full theory able to calculate the adsorption and desorption rates
accurately for metallic systems is still not available, but the figure illustrates the
main idea beyond the electrochemical manipulation of substrate/adsorbate metallic
systems, in comparison with a similar process in the gas phase.

From Fig. 1.1 we also visualize that in electrochemistry, the exchange rate
between ions in solution and adatoms will be governed by the height of the energy
barrier to be surmounted between adatoms and ions, so that it will be determined by
the properties of both the metal surface and the solution. This problem has been the
subject of extensive consideration in electrochemical textbooks [29] and its nature
is starting to be elucidated for specific systems in very recent theoretical work [30].

As stated above, the occurrence of the upd phenomenon results in the formation
of a two- dimensional phase, involving in some cases nucleation and growth
processes, which take place under the influence of a potential difference [29].
Although the situation is in several aspects similar to the growth of a bulk metallic
(three dimensional) phase under electrochemical conditions, there are important
differences to take into account.

To go more properly into the peculiarities of upd, let us consider first the
problem of the deposition of a bulk metal under equilibrium conditions. This can
be described, as it is well known, by a Nernst diagram as the one depicted in
Fig. 1.2a. The diagram shows the equilibrium potential EMip o for reaction (1.2)

as a function of the logarithm of the activity of the cation VR which is given by:
(aq

RT aMZ:
bulk)/N[(dq = E(Iz/lbulk)/M +> + ZF 1 a - (1'6)
(@ M bulk)

where EO o /M is the standard equilibrium potential, awm,,, is the activity of the

bulk SO]ld (generally assumed to be equal to 1), T is the temperature, R and
F correspond to the gas and Faraday constants, respectively. This Figure can be
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Fig. 1.2 Qualitative scheme of the variation of the equilibrium dissolution/deposition potential of
a metal as a function of ion activity. (a) Case of dissolution/deposition of a bulk metal, see
Eq. (1.2) in the text. (b) Case of underpotential dissolution/deposition of metal M on a foreign
substrate S, see Eq. (1.5) in the text. The continuous black curve shows the equilibrium conditions
for piece of a bulk metal, the broken red curve shows the equilibrium line for underpotential
deposition conditions. The distance between the two curves is the underpotential shift, AE"P¢

envisaged as a phase diagram, where the line denotes coexistence points of the solid
phase with the ions in solution and the electrons in the metal. Points above and
below the line correspond to situations where, if we force the system to be there, a
non-equilibrium state will be reached. For example, if we bring the system to
point A, characterized by the pair (a}, E5), spontaneous metal dissolution will
take place. Alternatively, bringing the system to the conditions of point P, charac-
terized by the pair (ab, EY), will result in spontaneous metal deposition. For this
reason, we have denoted the previous regions as undersaturation and oversaturation
regions respectively.

There are several ways to take the system into these non-equilibrium regions.
Let us consider for example the two ways considered in the arrows marked in the
Fig. 1.2a, to bring the system to point P, from two different initial equilibrium
situations:

1. Increasing aMf+> at a constant E (horizontal arrow).
aq

2. Decreasing E, at a constant ayp: (vertical arrow).
aq

These processes are marked in Fig. 1.2a as processes (aj,E;) — P and
(a2, E;) — P. Both take to the same point on the oversaturation region, leading to
nucleation and growth of the bulk solid phase M. It is interesting to note the
dual way that electrochemistry provides to induce nucleation and growth of a new
phase. The first path described above has been employed to induce localized
electrodeposition using a STM tip [31]. Path 2 is the usual way employed to induce
metal growth by a potentiostatic pulse [31, 32].

As mentioned in Eq. (1.1), the magnitude quantifying this displacement from
equilibrium is the overpotential 7, in such a way that n < 0 indicates oversaturation
(cathodic overpotentials) and # >0 indicates undersaturation (anodic
overpotentials), while # = 0 corresponds to phase coexistence.
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Although we will see that the proper thermodynamic treatment of upd involves a
number of complex features, intuitive knowledge can be gained by proposing in the
case of underpotential deposits an heuristic (and rough) extension of Nernst
Eq. (1.6) by writing:

RT asz
_ 0 (aq)
Eovno/ivigy = Exta g, + g0 (aMe/S> 17)

where Eyy, /s) o denotes the potential at which the Mf;]) ions are in equilibrium
aq

with the M atoms adsorbed on the surface of S at the coverage 6. ay, s is the activity
of M adsorbed on S at the coverage 6. In the limit of multilayer adsorption, Eq. (1.7)
reduces to Eq. (1.6), that is, ay,;s — am,,, = 1 and E(MO/S)/M(‘;U — EM(hu]k)/Mf:q)'
In the case of a bulk or surface alloy, ay, /s decreases with the decreasing fraction
of M in the alloy [2, 33]. In the case of monolayers or submonolayers, ay,/s turns
into a function of the surface coverage by adatoms. The presence of a monolayer
occurring at underpotentials is equivalent to consider ay /s < 1, so that all equili-

brium potentials are shifted upwards, Eyy, /s) vz > EM(bum /mizs s See Fig. 1.2b. Asa
aq aq

consequence of this shift, the upd curve (red line) falls in the undersaturation region
with respect to the bulk equilibrium (black line). That is, the metal M exists on the
surface of S at potentials where it should not occur if we think in terms of the bulk
M material!.

In the case of upd, a magnitude that may be quantified is the so-called
underpotential shift, denoted with AE"P in Fig. 1.2b. Using Egs. (1.6) and (1.7)
we see that AE"P? is given by:

upd __
AE"PC = Eys) et — Evtiu /e (1.8)

(aq)
so that AE"PY > (Oindicates the presence of phases more stable than the prediction of
Nernst equation.

As we will see in Chap. 3, the previous argumentation falls too short of being an
accurate description, and the curves in Fig. 1.2b do not run parallel. However,
we have gained an intuitive introduction to the concept of underpotential shift.

A further complication arises due to the fact that the surface of a real metal
electrode is not a perfect arrangement of adsorption sites, but contains a number of
imperfections like steps (one-dimensional), kinks and vacancies (zero-dimen-
sional). These defects provide adsorption sites for the formation of deposits that
are energetically more favorable than the formation of the monolayer. Thus, if we
think in terms of a surface that is progressively polarized towards increasingly
negative overpotentials, monolayer growth is preceded by the formation of struc-
tures of lower dimensionality [34]. Figure 1.3 shows schematically some of these
structures.
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Fig. 1.3 Stepwise formation of structures of low dimensionality upon application of decreasing
overpotentials: (a) defective surface, (b) kink decoration, (c) step decoration, and (d) monolayer
formation

To account for the formation of metallic phases with different dimensionalities,
an effective Nernst equation may be also proposed:

0 RT [9M, o
E(MaD/S)/Mf;;) = EM(bulk)/Mf;;) + Eln K withi =0, 1 and2 (1.9)

where E g, /) ™ is the potential at which the Mf;;) ions are in equilibrium with M
aq
atom adsorbed on the iD-structure of S, ngl(h /M is the corresponding standard
u (aq)

potential and a;p is an activity, function of structure and dimensionality. The
concept of underpotential shift may also be extended according to:

AE"(ID) = Epviys)mrt, — Emygy v, Withi = 0, 1and 2 (1.10)

Figure 1.4 shows in blue the equilibrium curves corresponding to these low dimen-
sional structures, which follow the ordering:

Em/simzs, > Equpssynez > E/s)mze > Em ez, (1.11)
where the upd shifts are expected to follow the ordering:
AE'"(0D) > AE"M(1D) > AE"P(2D) (1.12)

Depending on the magnitude of these differences, several current peaks or their
convolution may be present.
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Undersaturation
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//

Supersaturation
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Fig. 1.4 Qualitative scheme for the variation of the equilibrium dissolution/deposition potential
as a function of cation activity. The continuous black curve corresponds to equilibrium conditions
for a bulk metal surface, the broken red curve shows the equilibrium line for 2D underpotential
dissolution/deposition and the blue dotted-broken line shows the equilibrium condition for
underpotential dissolution/deposition of i-Dimensional structures, with i <2

The largest contribution to AE"P is given by the magnitude of the M — S binding
energy, determined by the following factors [33]:

(i) the lateral and vertical binding energies between metallic adatoms in nano-
structures and the binding energy between adatoms and the substrate,
(i) the energetic influence of local surface defects of the substrate,
(iii) the binding energies between solvent dipoles and the metallic substrate/ nano-
structure system, and
(iv) the binding energies of solvated anions with S and the metallic nanostructure.

While the first two factors are relatively straightforward to evaluate in terms of
models taking into account the metal nature of adsorbate and substrate, the third and
fourth elements involve very different interactions (i.e. van der Waals, ionic),
which require approximations of considerable complexity.

Concerning effects at the nanoscale, Plieth [35] showed that the equilibrium
potential of nanoparticles (NPs), EM(NP) /M of a given metal shifts towards more

negative potentials with decreasing size. This corresponds to an increase in the free
energy of the system and the effect is consistent with an increase in the activity of
the metal, that is, am, > 1. This behaviour is a consequence of the increasing
surface energy of the NP and/or its increasing curvature. The green curve in Fig. 1.5
shows the hypothetical Ey; o Mz VS In(aype+ ) curve, exhibiting a negative potential

shift, where it is shown that the stability of the pure metal M-NP occurs in the
supersaturation region. In other words, a nanoparticle of a pure metal M dissolves at
potentials where this bulk metal subsists in equilibrium.
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Fig. 1.5 Qualitative scheme of the variation of the deposition potential as a function of the ion
activity for underpotential deposition at the nanoscale. The continuous black curve corresponds to
equilibrium conditions for a piece of a bulk metal, the broken red curve shows the equilibrium line
for 2D underpotential deposition, the green broken line shows the condition of unstable equili-
brium for a metal nanoparticle and the magenta broken line show the underpotential deposition on
a nanoparticle

However, an underpotential deposit of M on a NP made of a different metal S
could in principle show the behaviour depicted by the curve in magenta in Fig. 1.5:
it should be less stable than the 2D deposit of M on S (curve in red), but may be
more stable than the bulk metal M (curve in black). Thus, the occurrence of upd on
NPs will be the result of a delicate balance between substrate/adsorbate interaction
and curvature effects, which will be in turn determined by NP size. Chapter 6 is
fully dedicated to this type of problems.

1.3 Pre-history and Rise of upd

Starting from a very wide viewpoint, we can state that electrochemistry is nowa-
days a mature science, whose origins dates back to the work of Galvani and Volta,
at the end of eighteenth and the beginning of the nineteenth centuries. Its aim is the
study of the structure of the interphase between an electric conductor (denominated
electrode) and an ionic conductor (denominated electrolyte), or the interphase
between two electrolytes [36], and the processes that take place at these interphases.
The interphase is the transition region between both phases; its properties differ
significantly from those of the corresponding bulk phases. In contrast to this well
established knowledge, the recognition of the fact that small quantities of metals
may be deposited at potentials more positive than the Nernst reversible potential is
relatively more recent. At the beginning, this phenomenon drew particular attention
from electrochemists, since at that time the process of nucleation and growth of a
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new phase was thought to be a rather simple phenomenon, and not a process
involving different stages, as known nowadays.

The first indications for the upd phenomenon were given by Haissinsky in his
research on the deposition of radioactive materials [37]. This author [38—40] argued
that this phenomenon was due to lattice sites of the substrate presenting large
adsorption energies (so called “active centers”). Far from the upd current denomi-
nation, at that time the process was addressed as deposition of small metal traces
from extremely diluted solutions [41—43]. Shortly after this work, other authors
started research on this topic, as for example Rogers [44-52], Kolthoff [53],
Haenny [54, 55] and Bowles [56—61]. Current-potential curves (voltammograms)
started to be used to analyze traces of Ag deposited on Pt, Cd, Zn and small amounts
of Pb on mercury-plated platinum [62—-64]. It was soon established that the deposi-
tion of these metal traces was very sensitive to the substrate material, and the first
attempt to interpret upd through a thermodynamic model was undertaken by Rogers
in 1949 [65, 66]. Up to that moment, there was a great controversy concerning the
applicability of Nernst equation to describe the deposition potential of these metal
traces. The work of Rogers [65] showed the need to consider all the terms in Nernst
equation, including the activity of the solid, to describe this phenomenon. Based on
the concept drawn by Herzfeld [67] that the activity ay, s of a metal adsorbed on a
surface varies proportionally with the fraction of surface covered, 6:

aMQ/s:fZQ (ll3>

where the proportionality constant, f>, is denominated activity coefficient of the
metal deposit, Rogers [65] proposed a modification to Nernst equation:

RT [ A o bRT .
E—g— g, Ry (A c ——ln(Cgf) (1.14)
2F T \VNALf, \C = Cox oF :

where f] is the activity coefficient of the ion, C,, is the equilibrium concentration of
reducible ion, C is initial molar concentration of reducible (or oxidizable) ions, N, is
Avogadro’s number, A, and A. are cross-sectional area, in cm?, of an atom of
deposit and area of the electrode in cm?, respectively. The last term in Eq. (1.14) is
introduced to consider the activity of a possible complex formed by the ion. The
index g denotes the complex molecule, having b ligands coordinated with the metal
ion being deposited. To consider the changes in the free energy of adsorption,
Rogers introduced a new term, E, in Eq. (1.14), accounting for the difference
between the deposition potential of the metal ion on a surface of similar nature
and the deposition potential on a foreign one. Thus, if £, > 0, the deposit should be
more noble than predicted by Nernst equation. Shortly after the previous contri-
bution, the first indication was found by Mills et al. in 1953 [68] for the dependence
of the deposition potential of a given adsorbate on the chemical nature of the sub-
strate electrode. These authors showed that Pb deposition on Au starts at 0.2 V more
positive potentials than the deposition potential found on Ag surfaces.
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In 1956 Nicholson [69] presented the first computational application to upd,
solving numerically [70, 71] the electrochemical problem along with second Fick’s
law in an IBM 650 computer. This author found a good agreement between the
model and experimental data for Ag and Pb deposition on Pt, but found important
deviations for Cu deposition on Pt.

Concerning the relationship of upd with early ultra-high vacuum (UHV) experi-
ments on related systems, the articles of Newman [72, 73] and Gruenbaum [74] in
UHV showed the presence of a Pb monolayer (and fractions of it) on a Au(111)
surface, and evidenced a layer by layer growth up to four monolayers, but the
extrapolation to electrochemical systems was not straightforward.

In the 1960s, some authors started to denominate upd as “undervoltage effect”
[75], and this phenomenon started to become of wider interest and deserved inten-
sive research [76]. Table 1.1 summarizes work in the area developed in the 1960s
decade.

In 1974, Gerischer, Kolb and Przasnyski [94, 95] proposed the first phenomeno-
logical theory to explain the origin of upd. Their research on the upd phenomenon
showed that the potential difference between upd and bulk deposition could be
related to the work function difference between substrate and adsorbate. These
authors suggested that the ionic contribution of the bond between the adsorbate and
the substrate, given by the partial electron transfer, is the main driving force of the
phenomenon. This assumption was supported by the subsequent work of Vijh [96].
Other contributions, like the surface structure of the substrate, the effect of anions

Table 1.1 Compilation of Substrate Adsorbate References
experimenta.l work Pt Ag o
undertaken in the 60s
concerning upd Pb [77, 78]
Cu [61, 77, 79-83]
Ni [84]
Au [84]
Ce [78, 85, 86]
Tl [56, 57, 61, 86]
Bi [61, 78]
Cd [61]
Sn [61, 60]
Graphite Hg [87]
Ag [88]
Cu [81, 89]
Au Ni [84]
Ag [75]
Pb [90, 91]
Ag Pb [76, 92]
Tl [76, 93]
Pb Cd [76]
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and the occurrence of submonolayers or bilayers were not included in this
modeling.

At the beginning of the 1970s, attention of experimentalists was focused on the
charge status of adsorbates and the effect of the nature of the substrate. Schulze
et al. [97-99] and Lorenz et al. [100] reviewed the state-of-the-art of the concept of
electrosorption valency at that time. While this concept will be developed in detail
in Chap. 3, we advance that it is related to the flow of charge during the electro-
sorption process. At difference with the Nerstian or Faradaic valence, the electro-
sorption valency is generally a non-integer number. At the middle of the 1970s
different authors showed the importance of performing experiments with well
defined metal surfaces, the era of upd on single crystal surfaces was beginning
[101-120]. The joint use of electrochemical techniques with Low Energy Electron
Diffraction (LEED), Reflected High Energy Electron Diffraction (RHEED), Auger
Electron Spectroscopy (AES), Ellipsometry and in situ Specular Reflection Spectro-
scopy (in situ-SRS) allowed to analyze surface reconstructions, deformations,
thicknesses [105, 110, 111, 114, 121-123], different growth types [105, 115],
expanded structures like on (100) and (111) surfaces [107, 114], including the
occurrence of a second upd monolayer [103].

The study of upd on single crystal surfaces also shed light on nucleation and
growth of two-dimensional structures [101, 116, 124-126]. The voltammograms
showed better defined and sharper peaks than those obtained with polycrystalline
surfaces, and the current-time potentiostatic transients showed possible evidence
for the occurrence of first-order phase transitions, or at least the existence of attrac-
tive interactions. The possibility of studying these phenomena started to spread over
the different research groups. However, the definite answer to some of the questions
that arose from these studies is still pending, as we will see along Chaps. 3 and 5.
The multiple peaks found in the voltammograms obtained with single crystals
rapidly turned into an active subject of research [66-68, 75, 77-93, 126].

The wide research with single crystal surfaces along the 1970s showed that the
correlations found by Gerischer, Kolb and Przasnyski [94, 95] could only be
applied semiquantitatively to polycrystalline surfaces, since the actual situation
concerning single crystal surfaces is considerably more complex [107, 127]. The
concept of a binding energy only determined by electronegativity effects was found
as insufficient, and the need for more complex models taking into account surface
geometry and lateral interactions emerged.

1.4 Upd Under the Loupe: Then and Now

In the 1980s the study of upd was favored by the great synergy between the high
degree of surface control offered by single crystals and the development of new and
powerful surface techniques. The possibility of direct imaging of surfaces and the
availability of structural information in direct and reciprocal space gave many
answers in the upd field and opened many other ones. Chapters 2 and 3 deal with
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these and other studies. The great flexibility of upd to generate surfaces with
mixed properties motivated a great body of work using upd systems as model cata-
lytic systems. Chapter 4 deals with application of upd to electrocatalysis.

The massification on computer use, the increasing computer power appearing in
the 1990s, as well as the development of new software allowed performing
virtual experiments (simulations) of increasing complexity for upd. Chapter 5
reports on these advances.

The advent of nanoscience in the 1990s also reached upd applications in this
field, though with a decade of delay. Chapter 6 describes this emerging research
area, where upd and galvanic replacement appear as a powerful tool for the design
of new materials in the nanoscale.

The new trends and perspectives for upd will be described in Chap. 7.
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Chapter 2
Experimental Techniques and Structure
of the Underpotential Deposition Phase

2.1 Introduction

The electrochemical deposition of metals on foreign substrates is a complex
process, which includes a number of phase formation phenomena. The very initial
electrodeposition stages of a metal, M, on a foreign substrate, S, involve adsorption
reactions as well as two-dimensional (2D) and/or three-dimensional (3D) nucle-
ation and growth processes. The most important factors determining the mechanism
of electrochemical M phase formation on S are the binding energy between the
metal adatoms (M,q4) and S, as well as the crystallographic misfit between the 3D
M bulk lattice parameters and S. As we have shown in Fig. 1.3, when the binding
energy between the depositing M-adatoms and the substrate atoms exceeds that
between the atoms of the deposited metal, low dimensional iD metal phases (i =0,
1 and 2) are formed onto the foreign metal substrate. This phenomenon, introduced
in Chap. 1 as underpotential deposition (upd) [1—4], has been known for a long time
and it has been intensively subject of study in the past decades since the 1970s. This
has been demonstrated by many studies of the upd process of different metals on
mono- and polycrystalline substrates as well as reviews on the subject. The under-
standing of the nature of this phenomenon as conceived in the middle 1990s can be
found in the book of Lorenz et al. [1]. Reviews available in the literature include the
works of Kolb et al., Abruna et al., Sudha and Sangaranarayanan, Aramata [5-8],
and the work of Szab¢ [3] concerning the theoretical aspects of upd, updated by
Leiva [9], and also the works of Adzic [10] and Kokkinidis [11], concerning mainly
the catalytic effects of upd adatoms.

Monolayer amounts of metal adatoms obtained by upd alter the electronic
properties of the substrate material itself by changing the interfacial reactivity,
and therefore these systems have been the subject of a large number of studies, not
only in terms of their fundamental aspects related to electrochemical phenomena
(adsorption, charge transfer, nucleation and growth) but also in their technological
application for corrosion inhibition or as models for the design of new
electrocatalysts, between others. In addition, the study and applications of upd
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processes involve now numerous disciplines apart from electrochemistry, such as
chemistry, physics and materials science, as discussed in the remaining of
this book.

Many electrochemical and surface characterization methods have been
employed to study the upd phenomenon. Whereas electrochemical techniques
provide valuable information on the kinetics and mechanisms of processes occur-
ring at the metal/solution interface, the molecular specificity required to give
unequivocal identification of species formed at electrode surfaces are obtained by
a number of in situ and ex situ spectroscopies. These spectroscopic methods have
been applied to augment electrochemical approaches and provide information on
the elemental and molecular composition, the atomic geometry, and the electronic
structure of the interface. The great progress that has been made in the development
of new in-situ techniques allowed to obtain important information on electrode
processes at the molecular and atomic level. In this Chapter, different techniques
used for characterization of upd layers will be discussed briefly and illustrated by
appropriate, representative examples.

2.2 Cyclic Voltammetry

Cyclic voltammetry has been and still is the most important routine method for
characterizing the upd of a metal M on a foreign metal substrate. This technique
consists of scanning linearly the potential of a stationary working electrode with a
constant scan rate (dE/df) between two chosen limits, one or more times, while the
current is continuously monitored. The obtained cyclic current-potential curves
offer a rapid location of redox potentials of electroactive species and provide a
convenient evaluation of the effect of media upon the redox process. Any reaction
at the electrode surface will usually be detected as a current superimposed to the
base current due to double-layer charging.

The upd process is reflected in cathodic and anodic current density peaks at
different potentials, indicating the deposition and dissolution of the metal adsor-
bate, respectively. The occurrence of distinct adsorption peaks in the cyclic
voltammetric measurements indicates that the formation of 1-2 monolayers at
underpotentials takes place in several energetically different adsorption steps.'
The peak structure is found to depend strongly on the crystallographic orientation
of the substrate and the density of crystals imperfections [1]. The number of these
peaks and positions also depend on the substrate and the crystal plane on which the
adsorption takes place as well as on the nature of the electrolyte. The peaks are not
well-pronounced for polycrystalline electrodes whose surface presents different

' To learn more on the relationship between the peak potential and the energetic properties of the
monolayer see Chap. 3.
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crystallographically oriented domains and a high density of crystal imperfections
(e.g. steps, kinks, vacancies) as compared with single crystals.

Some representative examples illustrating what can be achieved with cyclic
voltammetry will be presented here.

Gold has been extensively used as electrode material in fundamental electro-
chemistry and therefore it is interesting to evaluate its behaviour related to M upd.
Ag adatoms are attractive to study on such surfaces because they present strong
M-S interactions and negligible M-S misfit (the corresponding lattice parameters
are do a, =2.8840 A, do A, =2.8895 A) [12].

Figure 2.1 shows cyclic voltammograms for Ag upd in the systems Au(100)/
Ag*, SO,>” (Fig. 2.1a) and Au(111)/Ag*, SO,>~ (Fig. 2.1b) [13]. In the case of Au
(100) substrates, three different adsorption-desorption (A;/D;) peaks are observed in
the potential range 15 < AE(mV) < 720. In these experiments, the lower potential
limit was kept higher than the bulk deposition potential to prevent alloying pro-
cesses. For Au(111) substrates, the voltammogramm displays two characteristic
adsorption/desorption peaks in the upd range studied.

The deposition of Ag on Au(111) in sulphuric acid has been studied by different
groups and some discrepancies in the reported voltammetric curves have been
found, depending on the surface state of the substrate, which plays a critical role
in the initial stages of metal deposition [13—17]. Yang et al. [18] have revisited
these previous results and demonstrated that potential cycling in the upd region
introduces some surface defects. They proposed that this procedure gradually
transforms the surface into a surface alloy phase, leading to the appearance of
another Ag upd peak located at 80 mV more positive than the first upd peak
associated with the deposition of Ag on Au terraces.
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Fig. 2.1 Cyclic voltammograms for the upd of Agin5 x 107> M Ag,SO, +0.5 M H,SO, solution
at T=298 K on (a) Au(100) and (b) Au(111) substrates. A, and D, withn= 1, 2, 3 denote cathodic
adsorption and anodic desorption peaks, respectively. [dE/df| =7 mV s~'. The upper scale corre-
sponds to the hydrogen normal electrode, while the lower is referred to the bulk Ag deposition
potential (Reprinted with permission from Ref. [13])
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Cu upd on polycrystalline and single crystal gold surfaces, in particular on
Au(111), is certainly one of the few systems that has been studied with a wide
variety of in-situ techniques including electrochemical ones [19-28], Scanning
Tunneling Microscopy [23, 29-31], Atomic Force Microscopy [32], Spectroscopic
Methods [33-36] and Quartz Crystal Microbalance [25, 37], and Ex-Situ Tech-
niques such as Low Energy Electron Diffraction, Auger Electron Spectroscopy and
Reflection High Energy Electron Diffraction [21, 22, 38].

A typical cyclic voltammogram for Cu upd on Au(l11) in sulphuric acid
solution is shown in Fig. 2.2a [39]. It is clearly seen that the deposition of a Cu
monolayer takes place in the potential region between 0.35 V and 0 V vs SCE,
before starting the bulk deposition. The present phenomenon involves two ener-
getically distinct steps, reflected by two pronounced adsorption (A, B)/desorption
(A, B') peaks pairs. The corresponding charge isotherm and the schematic view of
the structures (\/3 X \/3)R30° and (1 x 1), related to the first and second peaks
respectively, are shown in Fig. 2.2b [39]. These structures were associated hitherto
to the Cu deposit at a medium coverage (2/3 Cu monolayer) and at a full Cu
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Fig. 2.3 Cyclic T 1 T T L
voltammogram of Au(100) 100 -
in 0.05 M H,S0,+ 1 mM
CuSOy solution showing Cu i 7]
deposition in the 50 — b x 10 -
underpotential and % [P
overpotential region. = i / "y . 7
|dE/di| =2 mV s~ pAR T i
(Reprinted with permission =1 SAsEea il
from Ref. [40]) = - \ : 1
50 - ',r\ L0 Au(100) i
¥ingy” 0.05 M H,S80, +
F 1 mM CuSO, .
100 2mV/s =]
L { 1 | L ! L I 1 | Il |
-100 0 100 200 300 400 500
E¢op / mV

monolayer. The broad shoulder at potential values more positive than 0.2 V was
assigned to a random adsorption of Cu atoms.

Different voltammetric features appear in the case of Cu upd on a Au(100)
substrate. Figure 2.3 shows the cyclic voltammogram in 0.05 M H,S04+ 1 mM
CuSOy, solution including also the Cu overpotential region [40]. A Cu monolayer
formation was found in the region between 100 and 350 mV and two current density
peaks pairs (corresponding to the Cu adsorption/desorption) were observed. The
voltammogram obtained in the upd range between 50 and 500 mV is enlarged by a
factor of 10 for clarity (dashed curve in the Figure). The charge under the upd peaks
was about 400 pC cm 2, which is the expected value for a Cu monolayer formed
from divalent cations.

The results obtained by Behm et al., introducing chloride anions in the electro-
lyte, are shown in Fig. 2.4 [41]. For the sake of comparison, the Cu upd on Au(100)
was studied by cyclic voltammetry in both pure sulfate and chloride containing
solutions (Fig. 2.4). The voltammetric response was characterized, in agreement
with other results [29, 42], by a broad adsorption peak with a small extra structure in
solutions free of chloride anions (which splitted into two for lower sulfate concen-
trations and sweep rate [42]), related to the uptake of a full Cu monolayer. In
contrast, the Cu upd in solutions with 10~* M HCI was characterized by a very
sharp current peak at 0.3 V. This sharp spike was correlated with the formation of
an ordered adlayer superstructure. The location of the corresponding peak due to
desorption indicated a reversible adsorption process.

Schiffrin and coworkers [43] have studied Cu upd on several Au surfaces with
different single crystal surfaces to demonstrate the effect of step density and step
orientation on this process. Figure 2.5 exhibits Cu upd cyclic voltammograms for
Au(332), Au(775) and Au(554) surfaces. With the Au(332) surface, two broad,
overlapping peaks in the first adsorption/desorption region are observed at 0.52 and
0.56 V vs RHE respectively (Fig. 2.5a). The relative intensity of the peak centered
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Fig. 2.4 Cyclic voltammograms for Cu upd on Au(100) in 0.01 M H,SO, + 1073 M CuSO,4
solution without (dashed line) and with 10 M HCI (solid line). |dE/df| =2 mV s~ (Reprinted
with permission from Ref. [41])

at 0.56 V decreases with decreasing step density (Fig. 2.5b, c). The peak at 0.52 V,
on the other hand, was assigned to the formation of the (\/3 X \/3')R30O structure on
the (111) terraced regions, which becomes more clearly defined as the (111) terrace
width is increased in the order Au(332), Au(775), Au(554), respectively. In sum-
mary, on the basis of the comparison with voltammograms for the Au(111) and
Au(110) low index surfaces, these two peaks were assigned to Cu deposition on the
(110) step sites and the formation of a (\/3 X \/3')R30O phase on the (111) terraces,
respectively. The second upd peak in the region of 0.34-0.40 V was assigned to the
(V3 x V3)R30° — (1 x 1) phase transition, which occurs at the most positive poten-
tials on the most stepped surface, Au(332). The increase in step density and the
corresponding reduction in (111) terrace width favours this transition and shows the
influence of structural or electronic effects on the energetics and/or kinetics of the
phase transition.

The structure of the metal adlayer may also be found to be strongly dependent on
the anion species of the electrolyte, as mentioned before, something that was
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Fig. 2.5 Cyclic voltammograms of Cu upd in 0.05 M H,SO4 + 1 mM CuSO, on different stepped
surfaces. (a) Au(332), (b) Au(775) and (c) Au(554). |dE/df| =5 mV s ! (Reprinted with permis-
sion from Ref. [43])

initially evidenced from cyclic voltammograms and later confirmed by direct
structural information from ex-situ and in-situ experiments. We will return to this
point below when addressing the study of Cu upd on Au(111) by in-situ Scanning
Tunneling Microscopy.

In early times, upd of metal adatoms was studied on polycrystalline inert metals,
such as Pt and Au, using radiotracer measurements.” Some of these works are those
from Bowles, who investigated the adsorption on Pt of the following metal
adatoms: TI [44, 45], Sn [46], Cu, Cd, Sn, Tl and Bi [47], Cu [48], Bi [49]; and
from Horanyi et al. who analyzed the influence of Cu upd on the adsorption of
chloride and bisulfate anions using also Pt electrodes [50, 51].

2.3 Radiotracer Methods

Radiotracer methods are particularly useful in the detection and identification of
adsorbed layers on substrates surfaces. They allow to determine directly the cov-
erage vs. current or potential relationship under steady state conditions
(potentiostatic or galvanostatic) in the course of electrode processes without the
knowledge of the adsorption isotherms. These methods, coupled with electrochem-
ical techniques, provide direct in-situ measurements of surface concentrations with
simultaneous control of electrochemical parameters, such as potential, current or
charge. They are also used to study the adsorption of anions using radiolabeled

2 See pre-history of upd in Chap. 1.
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Fig. 2.6 (a) Surface
concentration of T1 on
Au(111) determined
radiometrically,
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Cq+ = 1072 M, (b) Cyclic
voltammogram for the same
system (solid line) and in
thallium free solution
(dashed line).
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species in the course of the M upd phenomenon contributing to a better understand-
ing of the process. The radiometric methods for determining the surface concen-
tration of adsorbed species may be precise and versatile, depending on the specific
activity of the isotopes used and the signals coming from the adsorbed layer, so that
the signal from solution phase can be easily separated. Further information about
this technique can be found in Chap. 4 of the book Radiotracer Studies of Interfaces,
edited by G. Horanyi [52].

Some illustrative examples of the use of radiotracer techniques are
discussed now.

Sobkowski et al. [53] have employed a radiotracer technique combined with
cyclic voltammetry to analyze thallium upd on (111), (110) and (100) single crystal
silver electrodes from perchloric acid solutions. They compared the radiometric
measurements of the amount of thallium accumulated at the metal/solution
interface with the voltammetric curves. Figure 2.6a, b show the Tl surface concen-
tration on Au(l11) measured radiometrically and the corresponding cyclic
voltammograms for the system. They found for Ag(111) electrodes that the accu-
mulation of the adsorbate at the interface occurred at potentials more positive than
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Fig. 2.7 Comparison of the positive-going potential dependence of TI surface concentration
calculated from the voltammogram (full line) in 1 X 107 M TI* + 0.1 M KOH solution,
|dE/df| =5 mV s (solid curve) and measured by the radiotracer method in the same blank
solution containing 1 x 10 M TI* (0) and 1 x 107> M TI* (O first and V third cycle of
measurements). The Nernst potential for TI/T1* is —0.57 V in 1 x 1075 M TI* and —0.63 V in
1 x 107 M TI* solutions (Reprinted with permission from Ref. [54])

those at which the voltammetric upd peaks take place, suggesting that the
discharging process is preceeded by the adsorption of thallium. Such an observation
was possible owing to the specific feature of the radiometric method, which allows
to record both the thallium deposited on the electrode surface and the accumulation
of Tl species at the interface. Hence, the voltammetric peaks represent the process
of discharge of thallium ions, which were earlier adsorbed. In these experiments,
the monolayer surface concentration was determined to be independent of the
crystallographic orientation of silver electrodes, suggesting the formation of a
nonepitaxial T1 monolayer.

Poskus and Agafonovas [54] have investigated thallium upd and adsorption on
polycrystalline gold in alkaline thallium solutions using radiotracer and
voltammetric methods. While the radiotracer measurement allowed to obtain the
total concentration of thallium atoms and ions at the electrode surface, cyclic
voltammetry allowed to calculate the thallium surface concentration only due to
the upd process. The authors found that in the potential region between the TI/T1*
equilibrium potential and the main upd peak, both measurements are close, indi-
cating that the thallium surface concentration is mainly due to thallium upd.
However, at more positive potentials, in contrast to acidic solutions, the potential
dependence of the thallium surface concentration above the main upd peak mea-
sured by the radiotracer method does not drop to zero but passes through a
minimum, suggesting that the adsorption of thallium cations is induced by the
specific adsorption of hydroxyl anions. This behaviour is shown in Fig. 2.7.

Radiometric studies for Cu upd on polycrystalline gold were performed by
Zelenay et al. [55], to analyse bisulfate adsorption on Cu upd deposits on gold in
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neutral perchlorate medium, i.e. 0.05 M KCIO, + 5 x 10~* M Cu(ClO,), solution
containing 8.7 X 10> M Na,SO, (35 S labeled). Since this method allows to
measure absolute surface concentrations on smooth electrode surfaces with a
detection limit of a few percent of a monolayer, it provides an insight into how
anions interfere with the different stages of the M upd. Their I" vs E measurements
are presented in Fig. 2.8, showing a first maximum in the curve at potentials more
positive than the Cu upd region, where no Cu deposits are present on the Au
electrode. The amount of adsorbed bisulfate was however lower than that obtained
for solutions without Cu®* ions. Therefore, it was assumed that a possible formation
of negatively charged hydroxy complexes of copper followed by their
physisorption on the electrode surface cannot be excluded. The surface concentra-
tion of the anions rises sharply as the upd layer of copper is formed, indicating that
the adsorption of bisulfate becomes interconnected with copper electrodeposition.
A second maximum on the curve was observed when a Cu monolayer was formed
on the surface until a third one appeared at more negative potentials when a few
layers of bulk Cu deposit is formed. In the latter case, the behaviour of bisulfate
adsorption is similar to that taking place on a solid polycrystalline copper surface.
The authors also correlated the anion surface concentrations obtained through the
radiometric experiments with the current-potential curves for the copper electro-
deposition process.

2.4 Potential Step

The potential step technique has been applied to study the kinetics of M upd, as it is
the case for example of the underpotential deposition of Cu on Au(111) in sulphuric
acid solutions [56]. In these experiments, the potential was first held at a value
where no copper was present on the surface for a few minutes, and then it was
cycled to the desired value in the upd range. After a waiting time of 60 s, potential
steps were applied and the resulting current transients were obtained in the potential
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Fig. 2.9 Current transients for peaks A, A/, B, B’ of the cyclic voltammogram in the system
Au(111)/ 1 mM CuSO,4+0.05 M H,SO4 (See Fig. 2.2). Potential steps are indicated in the figures
(Reprinted with permission from Ref. [56])

regions corresponding to the four individual peaks found in the voltammogram of
Fig. 2.2a, as given in Fig. 2.9. A typical shape of the current transient for the
first adsorption peak A, showed after double-layer charging, a monotonic decay
going to zero for long times. The experimental data were then analized to
determine the mechanism of nucleation and growth of the Cu upd process. Linear-
ization of the measured transient by the Cottrell equation (/(#) ~1/2) or by means
of an exponential law (/(#) o exp[—kTY]), yielded nonlinear relationships, indicating
that there is no pure diffusion control. The rising transients for peak B showed
a current maximum, which shifted to shorter times when the overpotential
increased. After long times all transients merged at a residual current value close
to zero, which was associated by the authors to the side reaction of Cu* formation
[57]. Transients for the corresponding desorption peak B’ exhibited a similar
appearance to those of peak B, but in this case, the current fell to zero at longer
times and no offset due to the Cu®*/Cu* reaction was observed, as the potential
was already too positive for this reaction to occur. Finally, the transients
recorded for peak A’ have the same shape as those of peaks B and B’. The shape
of the transients for peaks B, B’ and A’ suggest the presence of a nucleation and
growth process.” The authors used the well known Bewick-Fleischmann-
Thirsk (BFT) model for nucleation and growth [58] and found a good agreement

3 See discussion of nucleation and growth in Chap. 3.
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between theory and experiment for instantaneous nucleation at long times. On the
other hand, the rising parts of the transients were only poorly reproduced by the
model due to its superposition with a falling transient at short times, directly after
double-layer charging. They explained this discrepancy considering that adsorption
at defect sites should be taken into account as a parallel reaction. Thus, they
concluded that the measured current transients obtained for deposition and disso-
lution of Cu adlayer on Au(111) in sulphuric acid solution could be described by a
model which assumes a two-dimensional nucleation and growth mechanism
accompanied by an adsorption (desorption) process, with both proceeding at dif-
ferent electrode sites.

2.5 Equilibrium-Coverage-Potential Isotherms

Structural features of the upd layer were first derived, indirectly, from equilibrium-
coverage-potential isotherms using single crystal substrates [57, 59].

Schulze and Dickertmann [57] analyzed M monolayer formation of Cu, Bi, Pb,
Tl and Sb at Au(hkl) electrodes with (hkl) =(111), (110) and (100) by means of
their voltammetric desorption spectra, obtaining characteristic peaks that depend on
the nature of the adsorbate as well as on the substrate orientation. They found that at
low coverages, peak charge data obtained by integration of current/time curves
yielded surface concentrations which fitted well with ordered structures. Under
these conditions, a “mono-molecular” adsorption layer was found for Cu2+, Pb>*
and Bi’".

The adsorption equilibrium isotherm provides a description of the energetics of
adsorbates at the electrode-solution interface. The surface concentration of adsor-
bate is obtained as a function of solution concentration, electrode potential and the
interactions of the adsorbate with other species.

The multi-peak structures of cyclic voltammograms in the upd range correspond
to steps in the coverage-potential isotherms. This fact indicates a stepwise forma-
tion of two dimensional upd adlayers with different superlattice structures
depending of substrate matrix and potential [60] as was pointed out above. The
coverage can be determined by integrating the charge under the cathodic and/or
anodic peaks in the cyclic voltammograms. The charge obtained can be
transformed into a surface coverage assuming that the deposited metal has no
partial charge, that the M layer packs into a given structure, and that the electro-
chemically active area of the electrode surface is known.

Another way to determine the adsorption isotherms is measuring the desorption
of the adsorbed metal by potential steps. Figure 2.2b shows the dependence of Cu
coverage (normalized charge due to Cu upd) on potential in the system Au(111)/
1 mM CuSO,4+0.05 M H,SO4 [39].
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2.6 Twin-Electrode Thin-Layer

Another powerful tool for studying upd systems is the twin-electrode thin-layer
(TTL) technique, which was introduced by Schmidt et al. using polycrystalline
substrates [61, 62]. This method allows independent and precise charge density (g)
and surface excess (I') measurements. Thus, the metal ion flux can be well sepa-
rated from anion adsorption-desorption processes. Detailed design and operation of
the apparatus have been described elsewhere [61-63]. A schematic view of the TTL
cell is presented in Fig. 2.10. The main part of the thin layer cell consists in two
planar-parallel electrodes, the working or indicator electrode (IE) and the generator
electrode (GE), closely spaced by a constant distance of about 50 pm. Both
electrodes are metal rods, fitted in insulating holders, e.g., Teflon, and separated
at a desired distance by an insulating spacer (50 pm thickness). The small electro-
lyte volume between them constitutes the “thin layer”, which is separated by small
capillaries from the main part of the electrochemical cell containing the counter and
reference electrodes. The GE is composed of the same metal as that to be deposited
on the IE, and both electrodes may be independently polarized by an appropriate
bipotentiostat.

The metal ion activity (aMa)) in the thin layer cell is given by the application of a

constant potential to the GE according to the Nernst equation for a 3D M phase.
Therefore, any ang: changes within the thin layer due to metal ion adsorption or
aq

desorption at the IE are rapidly compensated by M dissolution or deposition at the

Fig. 2.10 Schematic view

of the twin-electrode thin IE CE | Nz
layer cell. Electrodes: /E T
(working or indicator
electrode), GE (generator
electrode), RE (reference
electrode), CE (counter
electrode)
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reversible GE. The potential of the IE may be scanned at a constant rate between
defined starting and final potentials, for which equilibrium conditions are adjusted.
The integrals of the corresponding current-time transients in the IE circuit are
related to changes in ¢, whereas those of the current-time transients in the GE
circuit correspond directly to I" changes at IE. g,-values (due to the double layer

charging) are determined in Mf;:l) ion-free solutions. From independent g(E, ,uM?+))
aq

and I'(E, ,uM?A)) measurements, the electrosorption valency* can be directly deter-
aa

mined from Ag-I" plots with Ag = g—¢,. In the absence of specific adsorption, ¢, is
relatively small, and it can be assumed that y, (electrosorption valency) — z. In
contrast, if cosorption or competitive sorption processes occur in parallel with M
upd at the interphase, then y, # z gives information about the coupling between ¢,
and .

Figure 2.11a, b show the cyclic voltammogram for Ag upd on Au(111) in sulfate
solutions and the I'-AFE isotherm determined by the TTL-technique over the entire
upd range studied, respectively [13]. A charge density of approximately
130 pC cm™? is obtained for the first upd peak corresponding to a coverage of
Oag~0.58. A total charge of about zFI'~ 160+ 5 puC cm 2 at AE =20 mV was
experimentally found, which does not correspond to the theoretical value for a
complete Ag monolayer (zFI' =222 pC cm2). This fact may be attributed to
additional adsorption of Ag in the upd ranges 0 < AE(mV) <20 and AE > 720 mV.

For the same system, the Ag—I" plot (Fig. 2.12) gives a value of y, = z=1,
suggesting the absence of anion cosorption or competitive sorption phenomena.

However, Ag upd on Au(111) takes place at more positive potential values than the

potentials of zero charge of Au(111) (Epoi 'Y= 470 mV) and Ag(111) (EpEi " =

—478 mV) surfaces [64—66], therefore the presence of adsorbed anions cannot be
excluded. A mechanism proposed by Gewirth et al. [15] for the Ag upd phenom-
enon is that Ag must penetrate the anion layer in order to approach the Au(111)
surface, while this anion layer remains and is also present after Ag adatom
formation.

A similar analysis was performed for the system Au(100)/Ag™, SO42_ [13].
Figure 2.1a shows the cyclic voltammogram of this system. The '—AFE isotherm
measured under TTL-conditions (Fig. 2.13) indicates a stepwise formation of the
Ag monolayer, in agreement with the voltammetric behavior. A value of
zFI'~80 pC cm™? is obtained for the first Ag upd peak, corresponding to a
coverage of 0Ox,~042. At AE=20 mV, the experimental value of
zFT =~ 160 uC cm ™ is significantly smaller than the theoretical one for a complete

or
that upd involves a straightforward full discharge of the corresponding cation, its value is equal to
its valency.

“The concept of electrosorption valency 7, = 1 (Q>Eis discussed in detail in Chap. 3. In the case
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Au(100)—(1 x 1) Ag monolayer (192 pC cm_z). The authors attributed this differ-
ence to an additional Ag adsorption in the potential ranges 0 < AE(mV) <20 and
AE >720 mV.

Similarly to the previous system, Au(111)/ Ag*, SO,*~, the electrosorption
valency measurements with the Au(100) susbtrate (Fig. 2.14) show y, = z=1,

indicating that coadsorption or competitive adsorption of anions can be excluded.

However, taking into account the potentials of zero charge of Au(100) (EQ;C“)O)—

240 mV) and Ag(100) (E?chlo0 —648 mV) [64-66], it could also happen that a
nearly constant anion layer may be present during Ag upd.
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Fig. 2.12 Determination of
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2.7 Rotating Ring Disk Electrode

The Rotating Ring-Disk Electrode (RRDE) technique has also been used to
study the upd phenomenon. In the late 1960s and early 1970s, Bruckenstein
and coworkers [67-70] proved that this method was a powerful and useful tool
to study adsorption processes at solid electrodes. Its main advantage is the well
characterized and controlled mass transfer to the electrode through forced convec-
tion induced by electrode rotation which allows, in many cases, an easy separation
and identification of mass transfer and intrinsic electrode kinetic controlling
effects.

The RRDE is a disk electrode around which is placed an insulating gap made of
Teflon, polyethylene or epoxy resin. A ring electrode is placed around the disk in a
centrally symmetrical position. This geometry permits precise hydrodynamic con-
trol of the flux of material to and from a reacting surface. The preparation of ring-
disk electrodes as well as the rigorous theory describing their behaviour together
with some practical applications are described by Opekar and Beran [71].

Two types of experiments can be performed with a RRDE: collection experi-
ments (the most common), where the species generated at the disk are detected at
the ring, and shielding experiments, where the flow of bulk electroactive species to
the ring is perturbed due to reaction on the disk [71, 72]. The applications of the first
type of experiments to upd are explained in more detail here.
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The amount of upd species deposited on the disc can be estimated using the
collection mode, where the disc acts as the generator while the ring acts as the
collector [73, 74]. In this case, the ring potential is held at a sufficiently cathodic
potential value, which allows the massive deposition of the metal ions. When the
surface of the ring is totally covered by the metal, the current stabilizes and reaches
a constant value, dependent on the rotation rate, which is considered as the baseline.
Then, the disc is polarized either by potential scanning or by a potentiostatic pulse
to a proper potential for the deposition of one monolayer of the metal. After that, the
disc potential is scanned in the positive direction to dissolve the formed monolayer.
The increase of metal ions in the diffusion layer is detected as a rise in the ring
current, which returns to its initial constant value after total dissolution of the
monolayer. The current variation at the ring can be used to estimate the charge
due solely to monolayer dissolution without any influence of surface oxidation.

Bruckenstein and coworkers have contributed a great deal to the practical
application of the RRDE. They studied the kinetics and the voltammetric properties
of several systems such as Pt/Cu®* [68, 69], Pt/Bi**" [75], Au/Pb** [76], Au/Ag*
[771, Au/Hg>* [78], between others.

This technique has been used to separate the upd mass flux from the charge flux
and thus thermodynamic data can be obtain independently from kinetic and double
layer effects [73]. It can be employed to obtain both equilibrium and dynamic
properties for low concentrations of depositing ions (< 10~ M). In order to obtain
accurate results, other conditions are needed: the chemical nature of the ring
electrode must be the same as that of the upd metal deposited on the disc, therefore
plating the ring with at least ten layers of the upd metal is required; suitable rotation
speed (lower rotation speeds at the higher concentrations); sufficiently negative ring
electrode potential in order to ensure convective-diffusion controlled reduction of
the upd species in solution at the ring electrode.

Machado and coworkers [79] have used cyclic voltammetry at stationary and
rotating ring-disk electrodes in order to analyze the underpotential deposition of Cu
and Ag on polycrystalline Au surfaces from sulphuric acid solutions. The charge
densities obtained by the later technique were calculated by the collection mode. For a
better understanding, their own voltammetric results are also presented here. Fig-
ure 2.15 exhibits the voltammetric response of the Au surface (stationary electrode) in
Cu** containing solution, when holding the potential scan at 0 V vs RHE during 300 s
to allow Cu deposition on the electrode surface, together with the steady state profile
of the blank solution. Peak 4 is related to bulk Cu dissolution and peaks 1-3 represent
the upd Cu profile. The sum of the charge densities calculated for the three upd Cu
peaks reaches 405 pC cm 2. The RRDE was used to separate charge and mass fluxes,
allowing to estimate the charge on the disk due solely to the metal deposition reaction.
The total charge values obtained for the redissolution of the submonolayers using
different deposition times are shown in Table 2.1, where the charges were evaluated
by two methods. In the first one, the voltammetric peaks during the potential scan on
the disk were integrated to obtain the oxidation charge values. In the second method,
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Fig. 2.15 Steady-state

X 4
voltammetric response for 15+ 2
the system Au/0.5 M H,SO4 4

at 1 Vs~ (continuous line) 1.0} i\s

and first cycle
voltammogram obtained
after the addition of

05}

I/ mA

5 x 107> M CuSOy, and 00
holding at 0 V for 300 s
(dotted line) (Reprinted -05F
with permission from 1ok
Ref. [79]) L . . , ,
0.0 0.4 0.8 1.2 1.6
E/V
Zl?al:tgee: .jenls)iﬁzgl(l)]tt)lt(;?ned for Taep(s) q‘(i‘i?k(“c cm™?) qgﬁ(u Coem™)
Cu upd from the two methods 0 26 28
described in the text: cyclic 10 53 57
voltammetry and RRDE. Cu 20 91 926
was deposited at 0.17 V 60 135 146
during several time intervals 9 3 a4
120 292 304
300 322 326
600 376 374
1200 385 386

q((i‘ils)k, disk charges calculated by the voltammetric peaks of the

disk response; qglfsz( disk charges calculated through the variation

of ring currents
Reedited with permission from Ref. [79]

current variations observed on the ring were associated solely with the amount of Cu**
which leaves the disk surface generating an increase in the ring deposition current and
with the ring current after the whole Cd ML was dissolved on the disk. Both results
show a good agreement between the values found using the two procedures,
i.e. 386 pC cm >

Comparing the results of charge density values related to the oxidation of a
complete Cu upd monolayer, from stationary (405 pC cm ™) and rotating ring-disk
electrodes (386 pC cm™2), very close to the theoretical value of 390 uC cm ™2, the
authors suggested an epitaxial deposition of Cu on polycrystalline Au in a
two-electron reduction process.

The same authors also investigated the Ag/Au system. The voltammetric
response of the Au electrode in the solution containing Ag” ions is presented in
Fig. 2.16, after holding the potential scan at 0.5 V vs RHE during 600 s to allow Ag
monolayer deposition on the electrode surface, together with the steady state profile
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of the blank solution. Peaks B and C correspond to the dissolution of Ag upd, while
the peak A is related to the bulk Ag phase. As it is shown, Ag upd occurs at a more
positive potential range than that of Cu, indicating that the oxidation of the Au
surface is affected by the presence of the adsorbed Ag layer. For this reason it
becomes difficult to determine the charge density for a full Ag monolayer, mainly
due to the possible overlapping of the Ag upd peak with Au oxidation. The authors
found a value of 108 pC cm 2, which corresponds approximately to half a mono-
layer of Ag adatoms.

The RRDE measurements, which allowed to separate the oxidation charge of the
monolayer from that associated to Au oxidation, indicated a value of 115 pC cm_z,
also in agreement with that required for a half monolayer. This deposition mode is
different from the Cu/Au system and the authors concluded that co-adsorption of
sulfate or hydroxide anions hinder the formation of a full monolayer of Ag on
polycrystalline Au.

Jiittner et al. have used cyclic voltammetry, charge isotherms and RRDE
methods to analyze the upd of Cu on Au(111) surfaces in sulphuric acid solutions
of different Cu®" concentrations [24]. From the voltammetric measurements and
charge isotherms, they concluded that the ideal metal-monolayer model was valid
at low underpotentials at a high degree of adatom coverage, since the
electrosorption valency y, is equal to the valence number z, ie. y, = z=2,
indicating a full M discharge. The formation of Cu® ions and co-adsorption of
sulfate ions produced significant deviation from the ideal behaviour (y,~1) at
higher underpotentials, where the (V3 x V3)R30° structure was present. The authors
explained this behaviour in terms of a partial discharge of Cu®* to Cu®, the
adsorption of which was stabilized by co-adsorption with sulfate ions. Charge-
transfer controlled formation of Cu* at the interface as a reaction intermediate was
detected in the transition range of underpotential and overpotential copper deposi-
tion using the RRDE measurement technique.
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2.8 Electrochemical Quartz Crystal Microbalance

The electrochemical quartz crystal microbalance (EQCM) is one of the most
sensitive electrochemical techniques and is particularly well suited to study
underpotential deposition of metallic layers on a gold coated crystal. The technique
has now become a valuable procedure in electrochemical surface science, comple-
mentary to charge evaluation procedures such as cyclic voltammetry and
chronoamperometry. Usually, simultaneous cyclic voltammetry and EQCM exper-
iments have been used in order to determine the corresponding variations of the
faradaic charge and mass during the deposition process.

Immersion of a quartz crystal oscillator in an electrolyte solution, with simulta-
neous control of the applied potential of the overlaying metallic film enables
simultaneous and in-situ determination of the mass variation in relation to surface
charge density associated with an electrosorption or electrodeposition process.
This system is sensitive enough to detect the presence of submonolayer amounts
of species on the surface, i.e. it is capable of weighing a change of mass in the
charge density on the electrode surface, together with the simultaneous measure-
ment of electric charge. Thus, the EQCM may provide information of the quantities
of two species, such as adatoms and adsorbed anions, as a function of electrode
potential.

The first studies on upd using a quarzt crystal microbalance (QCM) were
performed by Bruckenstein and Swathirajan [80], who analysed the underpotential
deposition of lead and silver on polycrystalline gold in acetonitrile. In this case,
they generated the monolayer deposits on the QCM and made ex-situ mass deter-
minations. This method consisted on measurements of the resonance frequency of a
piezoelectric quartz crystal upon whose faces gold electrodes had been deposited,
and the crystal frequency changed as upd species were deposited. The surface
coverages of underpotentially deposited species were calculated through the rela-
tion derived by Sauerbrey [81] between the frequency change of the oscillating
quartz crystal and the change of the attached mass. They found a good agreement
between these results and those obtained by the rotating ring disk (Ag) and rotating
disk (Pb) techniques.

Later on, Bruckenstein and Shay published an important contribution on the
experimental aspects of use of the QCM in solution [82] and Melroy et al. [83] were
the first who evaluated in situ Pb upd deposits on Au electrodes by the EQCM
technique. They obtained the electrosorption valency (y,) for Pb deposition onto
Au, which was in good agreement with literature values, indicating the capabilities
of the EQCM to be used in situ for measurement of monolayer mass changes.

Continuing on the study of upd processes with the EQCM, Deakin and Melroy
[84] reported results related to the upd of several metals (Pb, Bi, Cu, and Cd) on
polycrystalline Au in 0.1 M HClO,. The coverages of the M upd layer on the Au
surface were calculated from the frequency change of the QCM as a function of
potential, and where in good agreement with previous values obtained using other
techniques. The electrosorption valencies were calculated from the slope of the
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charge versus coverage plots, which provide a sensitive measure of y, at any
potential.

It must be pointed out that adsorbed anions may produce significant responses in
the EQCM frequency changes [85] and therefore, they should be considered in the
interpretation of mass changes observed in the processes of monolayer formation.

The present method was used to study the formation of copper and silver
adatoms on Au(l11) electrodes [16, 86, 87] and was found to provide useful
information on upd processes, complementing results obtained by other techniques.

Ikeda et al. [86] showed that copper adatoms formed in the first and second upd
processes on Au(111) in sulphuric acid solution are close to 2/3 of one monolayer
and one monolayer respectively, and that the ratios of hydrated bisulfate anions to
Cu adatoms are approximately 0.5 and 0.3, at the corresponding Cu coverages.

In a later work [87], it was found that perchlorate anions are specifically
adsorbed on Au(111) and that the Cu adatoms on the surface cause an enhanced
coadsorption of both sulfate and perchlorate anions. Figure 2.17 shows the cyclic
voltammograms for Au(111) electrodes in both solutions and the corresponding
coverages of Cu as well as those of anions. The deposition and dissolution phe-
nomena of Cu in 0.1 M HCIO4 consisted of a two-stage deposition process
characterized by S; and P, peaks, and the corresponding dissolution was charac-
terized by P'»a, P, and P’'| peaks (Fig. 2.17a). This voltammetric behaviour was
different from that observed in 0.05 M H,SO,, which consisted of two sharp
cathodic peaks (P; and P,) and the corresponding anodic peaks (P’, and P’;). The
composition of the Cu adlayer (fc, and 6,,ion, coverages of Cu adatoms and
coadsorbed anions respectively) during its formation or removal as a function of
potential was determined and shown in Fig. 2.17b, c. The coverages of both anions
on a Cu-free Au(111) surface, which are also exhibited in Fig. 2.17c, decrease
monotonically when the potential is changed to more negative values. For the first
Cu upd region, the reversible anodic and cathodic peaks of the voltammogram
correspond well to the reversible changes in ¢, and 0,0, producing in this
deposition stage an enhancement of anion adsorption. The authors showed that
the maximum HSO,~ anion coverage when O, ~0.66, led to a ratio 8¢y /Ganion ~ 2
(Fig. 2.17d), indicating a good agreement with the (V3 x \3) structure determined
for the first Cu upd layer in H,SO, solution by various methods [27, 38, 88, 89]. On
the other hand, the weakly adsorbed ClO4 adsorbates (represented by a broad
shoulder S;) rearranged continuously and therefore no ordered structure was
reported. In contrast, asymmetric features of the voltammograms for the second
Cu upd region in H,SO, and for the whole process in HC1O, correlated with a large
hysteresis in changes of fc, and 6,0, probably originating from a slow
rearrangement of both species. The authors attributed these differences to the strong
adsorption of HSO, and the weak one or mobility of ClO, .

Uchida et al. [16] discussed quantitatively the composition of the Ag adlayer on
Au(111) in H,SO, solution including Ag adatoms and coadsorbed anions,
employing the EQCM. They pursued to clarify the relation between the amount
of Ag adatoms and that of adsorbed hydrated anions during the formation and
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removal of a Ag adlayer. They suggested that the formation of the first Ag upd
structure began accompanied with the desorption of anions, where the Ag adatoms
were deposited at vacant sites through a “template” of adsorbed bisulfate, while in
the region between the first and second upd peaks, bisulfate anions tended to desorb
from the Ag-free Au(111) surface. However, they found that a large amount of
anions was adsorbed on the Ag adlayer on Au(l111). They suggested that a
rearrangement of adsorbed anions may occur at the surface resulting in, for exam-
ple, an adsorption of anions on top of Ag adatoms, as proposed by an EXAFS study
[90]. At the potential close to bulk deposition, the coverage of Ag increases to one
monolayer, corresponding to the formation of the first close-packed Ag adlayer on
Au(111). Therefore, this process involved the rearrangement of Ag atoms and
adsorbed anions and the substitution of the later by Ag adatoms.
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More recently, Inzelt and Horanyi [91] showed that the EQCM can be also used
to study alloy formation in the course of Cd upd on gold from HCIO, supporting
electrolyte. The alloy formation/dissolution processes produced the roughening of
the surface, which was reflected by an increase in the total amount of adsorbed
anions and adatoms, resulting in frequency changes.

2.9 Scanning Probe Microscopy

A detailed understanding of the mechanisms by which electrochemical phase
formation processes take place cannot be achieved with purely electrochemical
methods, but requires local information on the structural, chemical and morpho-
logical properties of the interface at the atomic scale. The analysis of the initial
steps of metal phase formation has strongly benefited from the advent of the
Scanning Probe Microscopy (SPM) techniques, such as Scanning Tunneling
Microscopy (STM) and Atomic Force Microscopy (AFM), allowing the visualiza-
tion of the deposit morphology at the atomic scale. Indeed, studies of many upd
systems performed previously by conventional electrochemical techniques to eval-
uate thermodynamics and kinetics, were complemented by structural information of
upd layers obtained by in situ STM and AFM techniques. These high-resolution
microscopies have similar components but different sensing probes, and therefore
various types of interaction of the tip with the surface are exploited in the different
types of probe microscopes.

2.9.1 Scanning Tunneling Microscopy

Binnig and Rohrer developed the STM operating in ultrahigh vacuum in 1981
[92, 93] and later, in 1986, Sonnenfeld and Hansma demonstrated for the first time
that it could be employed in electrolyte solutions [94]. This aspect is highly
important since the interfacial environment of the electrochemical processes does
not appear to be essentially disturbed during the structural imaging. Several works
refer to the use of this technique in electrochemical systems [95-99]. In situ STM
has been widely used as a powerful tool for exploring the structure of M adlayers,
providing valuable insight into metal phase formation processes of different dimen-
sionality at an atomic level. With this technique, the growth morphology of metal
deposits can be followed from isolated atoms to connected films.

The most important feature of in situ STM is real-space visualization under
reaction conditions of bare and adsorbate-covered surfaces at the atomic scale. This
provides data on the structure of upd layers as a function of coverage, on the
reconstruction and modification of the substrate caused by the electrodeposited
species, on the formation of surface alloys, on possible epitaxial correlations
between 2D and 3D phases, and on the mechanisms involved in all these processes.
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STM is based on the phenomenon of quantum mechanical tunnelling. A sharp
metal tip, often made of Pt, W or Pt-Ir, is brought close (<10 A) to the planar
sample surface via a controlled approach piezo-electric motor. When the two
surfaces are close enough so that their wave functions overlap, a finite probability
exists that electrons will cross the barrier between the surfaces when a bias is
applied between the sample and tip. The resulting tunnelling current /;,,,,, depends
sensitively on the distance between tip and surface, and can be expressed by:

Lun =~ Ds(Eg,s)D1(Er,1)Vvexp[—2xd] (2.1)

where Dg(Ers) and Dr(Eg ) are the density of states of the sample and tip at their
respective Fermi level energies, d is the tip-sample separation, Vi, is the bias
voltage, i.e. the applied voltage difference between sample and tip, and the expo-
nential term is the probability of tunnelling through the potential barrier [100], with
K given by:

k~ [2mep/n?]"? (2.2)

where m, is the electron mass, ¢ is the mean of the tip and sample barrier heights,
and i = h/2=n, where £ is Planck constant. Equation (2.1) is an oversimplification but
sufficiently explains the operation of the instrument. The high sensitivity of the
instrument, which can attain a vertical resolution of a few 0.01 nm is attributable to
the strongly non linear dependence of the tunneling current on the distance between
the tip and the surface.

The STM can be operated in two modes to produce images. The sample surface
can be mapped in the constant current mode by recording the feedback-controlled
motion of the tip up and down, such that a constant tunneling current is maintained
at each x-y position. The structure can also be mapped in the constant height mode
by recording the modulation of the tunneling current as a function of position, while
the tip remains at a constant height above the surface. The later mode is preferred
for atomic-scale images but it can only be used on very smooth surfaces. The
former is required to obtain topographic images of relatively rough surfaces.

For in situ electrochemical experiments, the STM tip surface exposed to the
electrolyte must be insulated by coating all but its very end with an insulator (soft
glass, APIEZON wax, polymers) so that the tunneling current will not be overcome
by the electrochemical background current (faradaic current) flowing through the
tip. Lateral atomic resolution at metal surfaces in the electrolyte may only be
achieved with optimum tunneling tips, combining ideal tip geometry with an
excellent quality of the lateral tip insulation. The microscope must be coupled
with a bipotentiostat, which allows that the potential of the substrate and the tip can
be varied independently with respect to a reference electrode [101]. The principal
limitation of the STM is that it cannot be used for non conducting samples.

An illustrative example of a surface topography showing an in situ STM image
of an electrochemically polished Au(111) surface, under potentiostatic control,
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Fig. 2.18 Example of an in situ STM image showing surface defects of an electrochemically
polished Au(111) surface in the system Au(111)/ 5 x 107°*M AgClO4+0.5 M HCIO, at
E =200 mV (vs Ag/Ag" Nernst equilibrium potential). 7=298 K (Reprinted with permission
from Ref. [13])
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Fig. 2.19 Examples of in situ STM images with atomic resolution of an electrochemically
polished Au(100) surface in 0.5 M HCIO, at E =750 mV (vs reversible hydrogen electrode). (a)
on a terrace (b) on two terraces separated by a monatomic step. 7=298 K

with different inhomogenities is presented in Fig. 2.18. 1D monatomic steps, 0D
emergence point of a screw dislocation, 2D pits, etc., are surface defects that can be
directly observed by STM and play an important role in the formation of low
dimensional M phases in the upd range.

On the other hand, Fig. 2.19a illustrates an example of in situ STM imaging of a
Au(100) surface in perchlorate electrolyte with lateral atomic resolution. A qua-
dratic structure with an average interatomic distance of d, o, =2.8 4 0.1 A can be
observed, which is in good agreement with crystallographic data of
do.au=12.8840 A [12] and previous in situ STM images [102]. Figure 2.19b
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shows the atomic structure of two Au terraces separated by a monatomic step which
looks frazzled in STM images. This phenomenon has also been observed at the
edges of Cu islands deposited on Ag(111) [103] and has been interpreted as being
due to the movement of kink sites on steps edges and, as a consequence of this
movement, the STM tip finds the location of a step edge always at slightly different
positions for each scan line [104, 105].

The Ag upd process on Au has also been studied by in situ STM in different
electrolytes by various authors. In particular, Itaya et al. [17, 106, 107] found for
annealed Au(111) substrates expanded and commensurate Au(11 1)—(\/3 X \/3)R30°
Agand Au(111)—(4 x 4)Ag structures at relatively high underpotentials in sulphuric
and perchloric acid solutions, respectively. At low underpotentials, a condensed
commensurate Au(111)—(1 x 1)Ag overlayer was observed in both solutions.
Gewirth et al. [14, 108] used in situ AFM, which will be addressed later,
together with cyclic voltammetry to study the underpotentially deposited mono-
layers of Ag on Au(111) surfaces in different electrolytes. In this case the working
electrode was a Au film evaporated onto mica. These authors recognized a strong
anion influence on the overlayer structure and found the following structures
depending on the nature of the electrolyte: Au(111)—(3 x 3)Ag (sulfate), Au
(111)—(4 x 4)Ag (nitrate), Au(111)—(1 x 1)Ag (acetate) and an unassigned open
structure (perchlorate). The results of Itaya and Gewirth do not agree in sulfate
media. Garcia et al. [13], using mechanically and electrochemically polished Au
(111) substrates in sulfate and perchlorate solutions, found a Au(111)—(4 x 4)Ag
structure. The theoretical charge for this adlayer is zFI'=125 pC cm 2
(0Ag=0.56) which is in good agreement with the experimental value of
FIT=130+£5 pC cm > for the first Ag upd peak obtained by
TTL-measurements. A Ag(1l x 1) structure was imaged at low underpotentials in
concordance with all the authors. Later on, the in situ STM images of
underpotentially deposited Ag on flame-annealed Au(111) electrodes obtained by
Kolb et al. [109], revealed a series of ordered adlayer structures of increasing
coverage with decreasing potential, namely (V3 x V3)R30°, a distorted hexagonal
stripe pattern and a (3 x 3) before a close-packed (1 x 1) layer.

Changes in the atomic structures of Ag upd on Au(100) were studied by in situ
STM with lateral atomic resolution in sulfate and perchlorate solutions [13]. In both
cases, a quadratic structure with an interatomic spacing of d, o, =0.29 £0.01 nm
was observed at relatively high underpotentials, e.g. AE =650 mV, corresponding
to the bare and unreconstructed Au(100) surface (Fig. 2.20a). At lower
underpotentials, between the adsorption peaks A; and A, of the cyclic
voltammograms (cf. Fig. 2.1a), different domains with a well ordered expanded
quasi-hex Ag structure on Au(100) terraces were formed (Fig. 2.20b), that was
observed in both solutions.

This expanded structure is better seen in Fig. 2.21a and could be described as a
Au(100)-c(N2 x 5V2)R45° Ag superstructure according to the model in Fig. 2.21b.

The average distance between the nearest neighbour Ag atoms was
dy=4.140.1 A. This expanded quasi-hex structure was also reported by Ikemiya
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Fig. 2.20 In situ STM images with lateral atomic resolution in the system Au(100)/ 5 x 107> M
AgClO4+0.5 M HCIO4 at T=298 K, (a) E=650 mV, (b) E=450 mV (vs Ag/Ag" Nernst
equilibrium potential) (Reproduced with permission from Ref. [13])
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Fig. 2.21 (a) In situ STM image of the Au(lOO)-c(\/Z X 5\/2)R45° Ag superstructure at a higher
magnification, (b) schematic representation of the overlayer structure (Reproduced with permis-
sion from Ref. [13])

et al. using in situ AFM [110]. The theoretical charge value for this expanded
superstructure is zFI'=115 pC cm 2, whereas the experimental value was
zFI' =80 pC cm 2 [13, 111]. The authors ascribed this difference to the onset of
Ag upd on Au(100) already at AE > 720 mV interfering with oxygen adsorption
and Ikemiya suggested that this discrepancy was caused by a partial discharge of
Ag adatoms but such a claim could not be confirmed from simple charge measure-
ments [1]. On the other hand, the expanded Ag structure correlated well with the I”
found, and therefore it appears that it was not stabilized by coadsorbed anions as it



2.9 Scanning Probe Microscopy 45

is the case of the Au(11 1)—(\/3 X \/3)R30° Cu structure [112], although a cosorption
of anions in the Ag upd range could not be excluded.

When the electrode potential was further scanned in the cathodic direction, a
condensed and commensurate Au(100)-(1 x 1)Ag phase was found. This structure
was also observed in other STM work [113], although the authors could not exclude
that the (1 x 1) structure arises as a result of alloying, i.e. it could be related to 2D
upd Au(100)-(1 x 1)Ag domains or to Au-Ag surface alloy domains, which can
coexist due to the onset of an inhomogeneous surface alloy formation process.

The system Au(111)/Cu has been characterized by almost all electrochemical
and analytical techniques. The summary of both ex situ and in situ analytical and
structural studies on Au(111)/Cu can be found in the review by Herrero et al. [6].

Magnussen et al. [30] obtained the first atomic images for Cu adlayers on Au
(111) in a sulfuric acid solution. They found different structures before bulk Cu
deposition. The first, at the most positive potentials, was the bare Au(111) surface.
The next structure formed, after the first upd peak, was a (\/3 X \/3)R30° adlattice,
which transformed into a second phase of (5 x 5) structure. However, subsequent
work proposed that the appearance of this structure may be due to chloride
contamination [29], suggesting that the upd process is extremely sensitive to
anion coadsorption. Finally, a (1 X 1) monolayer was found just prior to bulk
deposition. Figure 2.22 shows the cyclic voltammogram of the system Au(111) in
0.05 M H,S0,4+ 1 mM CuSOy, together with in-situ STM images of the structures
found.

Completely different adlayer structures were reported for Cu upd in perchloric or
chloride solutions [114, 115]. It was shown that instead of the structure found with
sulfate-containing electrolytes, a (5 X 5) structure emerged due to the presence of
C1™ ions on the surface. Behm et al. [115] analysed the effect of different amounts
of chloride on the adsorption behaviour and adlayer structure in Cu upd on Au(111)
in perchloric acid solutions. They showed that, depending on anion concentration
and applied potential, two (quasi-) hexagonal adlayer structures — a commensurate
(2 x 2) and an incommensurate (5 x 5) structure — with average Cu adatom spac-
ings of 3.3 and 3.67 A, respectively, were observed. Both structures involved
cooperative adsorption of Cu and CI, but the (5 x 5) adlattice predominated in
most of the potential range and anion concentrations studied, while the (2 x 2)
adlattice became evident at particular potentials and if anion concentration did not
exceed 107° M.

More recently, Sieradski et al. [116] reported new in situ STM structural results
for the upd system Au(11 1)/Cu/SO,*". For some time the structure after the first Cu
upd peak was controversial despite different studies that reported a (N3 x V3)R30°
structure, which was interpreted as a Cu adlayer with a coverage of 0.33. In some
cases, this structure was found to transform into a (5 x 5) structure induced by the
presence of chloride contamination, as pointed out above. However, EQCM and
chronocoulometric results showed that the coverage of Cu at these potentials was
0.67 and that the (bi)sulfate coverage was 0.33. Later on, in situ X-ray scattering
measurements [88] led to a new interpretation of the previous STM and AFM
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Fig. 2.22 Cyclic voltammogram in the system Au(111)/ 0.05 M H,SO4+1 mM CuSO,
(|dE/df] =5 mV s7'), and in-situ STM images of the three structures observed at different
potentials: (a) £=+0.30 V, atomic structure of the bare Au(111), (b) E=+0.18 V, ordered
adlayer with the (\/3 X \/3)R30° structure, ascribed to coadsorbed sulfate. (¢) £E=+0.005 V, Cu
monolayer in registry with Au(111) (Reprinted with permission from Ref. [98])

results, allowing to determine the interfacial structure of the first deposition stage: a
honeycomb lattice of Cu atoms (2/3 ML coverage) with sulfate molecules adsorbed
in the centers (1/3 ML coverage) above the plane of Cu atoms. Taking into account
these X-ray measurements, Sieradski et al. reported not only new structural results
for Cu upd on Au(111) but also showed the great capabilities of the in-situ STM
technique. In Fig. 2.23, the structure of the Cu layer underneath the sulfate was
possible to be imaged by manipulating the tip potential and by switching the sign of
the tip bias. Namely, by adjusting the voltage of Au-coated STM tips the authors
were able to image the low-density copper honeycomb structure at intermediate
underpotentials.
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Fig. 2.23 In-situ STM images of the low-density phase in the system Au(111)/1 x 107> M Cu
(Cl04)>+ 1 x 1073 MHCIO, +3 x 1072 M Na,SO,, at E=0.15 V vs Cu/Cu®* with different bias
sign (tip potentials): (a) B; =30 mV, sulfate (\/3 x Y3)R30° structure, (b) B,=— 30 mV, Cu
honeycomb structure, (¢) both structures are observed as the bias is changed during the imaging
scan (Reprinted with permission from Ref. [116])

2.9.2 Atomic Force Microscopy

Nowadays, the AFM, invented by Binnig and coworkers in 1986 [117-119] is the
most commonly used scanning probe technique for material characterization. The
major advantages of AFM are the high resolution in three dimensions and the
real space visualization of both conductive and insulating samples surfaces. There-
fore, a large range of topographies and many types of materials can be imaged. The
latter advantage is due to the fact that AFM, unlike STM, is not based on quantum
mechanical tunneling. AFM also uses a sharp tip to map surface morphology, but in
this case the feedback mechanism is the force measured between the tip and the
sample, not a tunneling current. The force transducer is a deflecting cantilever on
which a sharp tip is mounted [120].

This microscope was developed to exploit attractive or repulsive interatomic
forces between atoms in the tip and in the substrate, and operates as follows: in
order to measure these forces, a sharp tip is mounted on a cantilever made of silicon
or silicon nitride (both covered with a native oxide layer of 1-2 nm thickness),
which deflects due to forces acting on the tip, and this vertical bending (deflection)
is monitored optically by interferometry or beam deflection. That is, the cantilever
bending is detected by a laser focused on its back. This laser is reflected by the
cantilever onto a distant photodetector. The movement of the laser spot on the
photodetector gives an exaggerated measurement of the movement of the tip, which
is moved over the sample by a scanner, usually a piezoelectric element
[121, 122]. However, in most instruments the sample is generally scanned instead
of the tip because any cantilever movement due to scanning would add unwanted
vibrations. The measured cantilever deflections are used to generate a map of the
surface topography.

AFM has also provided substantial atomic-level insight into the electrode sur-
face structure and into processes occurring on electrode surfaces. Gewirth and
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coworkers [123] showed for the first time that AFM could be used to investigate
electrochemical processes in situ with atomic resolution.

AFM has been used to image surfaces by probing both the attractive and
repulsive forces experienced by the tip as a result of its proximity to the sample
surface [100]. The most commonly used modes of operation of an AFM are: contact
mode, non contact mode and tapping mode. In the first mode of operation, the tip is
in physical contact with the surface at all times, then the probe-sample interaction
occurs in the repulsive regime and the probe predominately undergoes repulsive
van der Waals forces (<0.5 nm probe-surface separation). In the tapping or
intermittent mode of imaging, the cantilever is allowed to oscillate at a value
close to its resonant frequency. The probe lightly “taps” on the sample surface
during scanning, contacting the surface at the bottom of its swing (0.5-2 nm probe-
surface separation). In this way, as the probe is scanned across the surface, lateral
forces are greatly reduced compared with the contact mode. In the non contact
mode, the probe does not touch the sample surface, but oscillates above the
adsorbed fluid layer on the surface during scanning, unless the experiment is carried
out in a controlled UHV or environmental chamber. The cantilever is again
oscillated as in intermittent contact mode, but at much smaller amplitude. As the
probe approaches the sample surface, long-range interactions take place between
atoms in the probe and the sample, such as attractive van der Waals and electrostatic
forces (0.1-10 nm probe-surface separation).

The first study of Agupd on Au(111) substrates by AFM was reported by Gewirth
and coworkers [14]. They recognized different structures for Ag upd depending on
the nature of the electrolyte. The AFM images showed a (3 x 3) structure in sulfate,
a (4 x 4) structure in nitrate and carbonate, an incommensurate structure in perchlo-
rate and a (1 x 1) structure in acetate containing solutions. The authors demonstrated
that the size of the anion affected the structure of the upd adlattice, with larger anions
leading to more open structures, and they ascribed this variability to differing
repulsive interactions arising from anions coadsorbed with the metal adatoms. The
structure of the Ag adlattice on Au(l11) in sulfate containing solutions was
questioned by STM studies indicating that a (V3 x V3)R30° adlattice was formed
instead, as was explained above. Other AFM studies revealed also a (3 x 3) struc-
ture, which corresponded to 44 % surface coverage by Ag. This structure was
confirmed also by LEED, while ex-situ Auger electron spectroscopy measurements
confirmed that sulfate was coadsorbed with Ag [15, 108].

For the system Au(100)/Ag” in both HCIO, and H,SO, solutions, AFM studies
revealed in the upd region the pseudomorphic (1 x 1)Ag layer for the first mono-
layer formed through the c(V2 x 5V2)R45° Ag structure (0 =0.6) [110]. The latter
structure was found in both electrolytes, in contrast with the Ag upd adlayers on Au
(111) which depended on the anion species being in solution. It was suggested that
the upd Ag adlattices on Au(100) were less sensitive to the tetrahedrally shaped
anions as compared with the Au(111) surfaces. The expanded and commensurate
Ag adlayer Au(100)—c(V2 x 5V2)R45° Ag was also observed at relatively high
underpotentials by in-situ STM as noted previously [13].

In relation to the Cu upd process on Au(111), the first AFM work was reported by
Manne et al. [32], and they demonstrated the sensitivity of the upd adlattice structure
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Fig. 2.24 Schematic representation of the Cu adlayer on Au(111) in (a) perchlorate solution with
only part of the monolayer exhibited, (b) sulfate solution showing the (V3 x V3)R30° overlayer
structure (Reprinted with permission from Ref. [32])

to anions in solution which become coadsorbed. The Au(111) surface prior to
the deposition of Cu in 0.1 M HCIO4+1 mM Cu(ClO,), as well as in 0.1 M
H,S04+1 mM CuSO, solutions exhibited the atom-atom spacing of the close-
packed Au(111) lattice of 2.9 A. However, for the first deposited Cu upd layer in a
perchloric acid electrolyte, the Cu atoms were in a close-packed lattice with a spacing
0of 2.9+ 0.2 A, rotated 30° &+ 10° relative to gold, i.e. it was not commensurate with
the underlying gold lattice. The authors attributed this rearrangement to the strain of
incorporating Cu atoms, which show a covalent radius larger than that of Au atoms
(rca=1.75 A, ray,=1.42 A). For a sulfate electrolyte, they were in a more open
lattice with a Cu-Cu spacing of 4.9 0.2 A, with a 30° + 10° rotation relative to the
underlying Au lattice, due to stabilization of the Cu monolayer by coadsorption of
S0427. This is equivalent to a (\/3 X \/3)R30O overlayer structure. The schematic
representation of both Cu structures are shown in Fig. 2.24.

2.10 Low-Energy Electron Diffraction, X-Ray
Photoelectron Spectroscopy and Auger Electron
Spectroscopy

The upd processes of different systems have been also investigated over the years
employing several optical methods that often yielded complementary information
to that provided by electrochemical analysis and non optical techniques, such as
STM and AFM.

Various powerful and well established ex-situ techniques such as low-energy
electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS), and Auger
electron spectroscopy (AES) are surface-characterization tools which have been
used to analize elements and adlattices of thin layers on substrates. Their common
feature is the capability of probing the third, in-depth dimension perpendicular to a
surface from the nanometer range down to monoatomic layers. However, the fact



50 2 Experimental Techniques and Structure of the Underpotential Deposition Phase

that the experiments are not carried out in situ because the electrode is removed
from the electrochemical cell and transferred into a vacuum environment (UHV
chamber), together with the lack of electrode potential control, introduces some
uncertainty about the relevance of the data related to the structure actually present
at the interface.

LEED is based on the fact that elastically scattered electrons from a monochro-
matic beam of electrons incident on a surface have a spatial distribution that reflects
the underlying symmetry of the surface [124, 125]. The diffracted electrons are
registered using a position-sensitive detector and observed as bright spots on a
screen. In this method, the energy of bombardment of the sample by electrons is
low (20-200 eV) and they are diffracted to produce a pattern unique to each substrate
and adsorbed layer. Therefore, it is used to study the structure and morphology of two
dimensional planar surfaces. The technique may be used in a qualitative or quanti-
tative way. In the first one, the diffraction pattern is recorded and the analysis of the
spot positions gives information on the symmetry of the surface structure. In the
presence of an adsorbate, the qualitative analysis may reveal information about the
size and rotational alignment of the adsorbate unit cell with respect to the substrate
unit cell. In the second way, intensities of diffracted beams are recorded as a function
of incident electron beam energy to generate the so-called I-V curves, which through
comparison with theoretical curves, may provide accurate information on atomic
positions on the surface. It is also important to consider that the size and the local
geometry within the surface unit cell can be obtained from the spot positions and
intensities, while the spot profile, that is, the shape and width of a diffraction spot, is
determined by the long-range relative arrangement of the unit cells at the surface.
Vertical displacements of the surface unit cells (steps, facets) lead to splitting of the
spots and changes in the spot profile as a function of electron energy [124].

The other method, AES, has widespread use in determining the elemental
composition of solid surfaces. The surface to be analysed is irradiated with a
beam of electrons of sufficient energy, typically in the range 2—10 keV and, after
ionization, the atom can relax by either the ejection of a characteristic X-ray photon
or the ejection of an Auger electron [126-128]. In AES, electron bombardment
creates a vacancy in the electronic level close to the nucleus. This vacancy is filled
by an electron coming from a higher electronic level, and the excess energy is then
dissipated through ejection of a secondary electron (an Auger electron). The
resulting energy spectrum consists of Auger peaks that are characteristic for each
element. That is, as the Auger energy is only a function of atomic energy levels and
therefore, each element has its own set of atomic binding energies, an analysis of
Auger energies provides elemental identification. For further reading on this tech-
nique specific works are indicated [127-129].

The XPS, or electron spectroscopy for chemical analysis (ESCA), is another
widely used UHV techniques and can provide complete information on chemical
composition and structure both of surface and subsurface layers [130]. The infor-
mation obtained is related only to surface structures or layers, due to the limited
penetration of X-rays into solids (aprox. 5 nm). In this case, X-ray photons are
employed to irradiate the sample that causes electron emission (photoelectric



2.10 Low-Energy Electron Diffraction, X-Ray Photoelectron. .. 51

effect). These photons interact with electrons close to the nucleus and the energy of
these electrons is characteristic of the element and not of the atomic environment.
Thus, as the photon energy is related to the binding energy, most elements produce
XPS signals with distinct set of binding energies allowing to identify and determine
the concentration of the elements on the surface.

Given that the photon energy is greater than the binding energy of the electron to
the atom, the electron is then ejected from the atom with a given kinetic energy,
which is the quantity measured in the experiment, and the binding energy in a
particular level can be determined by subtracting the energy of the incoming photon
from the measured kinetic energy of the ejected electron [131, 132]. If the incident
photon is sufficiently energetic, many different levels in the sample may be ionized
and thus a spectrum is produced showing all accessible energy levels as a distribution
of photoelectrons with the corresponding kinetic energies of the emited electrons. It
is important to note that variations in the elemental binding energies arise from
differences in the chemical potential and polarizability of compounds and therefore,
they can be used to identify the chemical state of the materials being analized.

Some examples are presented here, where these three surface analytical probes
were used as complementary techniques in studies of upd processes. Gewirth
et al. [15] examined Ag upd on Au(111) in dilute sulphuric acid solutions and the
possibility of coadsorption of sulfate anions, by electrochemical and ex-situ different
techniques, including LEED and AES. A gold single crystal cleaned by Ar" ion
sputtering and annealed was used in the combined ultrahigh vacuum/electrochemis-
try experiments. The LEED patterns showed either a Au(111)p(5 x 5)Ag or a Au
(111)p(3 x 3)Ag structure, yielding open adlattices on Au(111) surfaces. The AES
measurements, which provided insight into the identity of the species at the interface,
indicated that there are significant contributions from sulfate in the upd Ag adlattice
and that the presence of this anion affects the ability to measure the adlattice in the
LEED experiment. The authors suggested that the sulfate adlattice is present on the
surface prior to the onset of Ag upd, so that Ag species must in some way penetrate
the sulfate adlattice to approach the Au(111) surface. A strong anion participation
was also found for the system Au(111)/Cu/SO4>~ employing in-situ STM, AFM and
chronocoulometry together with the thermodynamics of the so-called perfectly
polarized electrode [28, 30, 32]. However, this system differs from the previous
one in that essentially all the sulfate becomes removed at the onset potential for Cu
adlattice formation. In contrast, the sulfate adlattice was on the surface prior to the
onset of Ag upd, and the metal adlattice grew in the presence of the anion.

The early LEED and RHEED (Reflection high-energy electron diffraction)
studies for the determination of the structures of Cu adlayers deposited electro-
chemically up to one monolayer on Au(l11) were performed by Kolb
et al. [21, 38]. At very low coverages no superstructure patterns were observed,
while at medium coverages, ordered layers of (V3 x V3)R30° and (2.2 x 2.2) type
were found for Cu in sulfate and perchlorate solutions, respectively, due to the
specific adsorption of the anions. In a previous work [22], the (V3 x V3)R30°
structure had also been observed by RHEED under normal vacuum for a
submonolayer of Cu on Au(111).
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AES measurements [21] also indicated that (bi)sulfate adsorption on Cu adlayers
was stronger than that on the bare Au(111) substrate. A (1 x 1) structure was found
for a Cu complete monolayer. However, in another work [133] employing the same
techniques, it was shown that the first honeycomb structure evidenced a partial
structural disorder after rinsing the electrode, leading to a loss of Cu adsorbate and
to a partial rearrangement of the adlayer.

2.11 X-Ray Absorption Fine Structure

The use of synchrotron radiation and optical thin-layer cells allowed to perform in
situ X-ray studies, so that another level of sophistication was achieved for in-situ
determination of upd adsorbates structure on single crystal surfaces.

The use of X-rays is particularly suitable to study the electrode/electrolyte
interphase because of their short wavelengths and significant penetration depth,
properties that yield direct information of atomic distances and crystallographic
structure [90]. Specifically, the X-ray absorption spectroscopy measures the absorp-
tion of X-rays as a function of the photon energy. The experimental data are
presented as a plot of the absorption coefficient (x) dependence on the incident
photon energy, where this coefficient is determined from the decay in the X-ray
beam intensity with distance (x = —dlIn//dx) [134]. The extended X-ray absorption
fine structure (EXAFS) is related to the oscillatory variation of the X-ray absorption
(expressed as absorption coefficient, k) as a function of photon energy beyond an
absorption edge. This absorption edge corresponds to a sharp increase in the
absorption coefficient when the X-ray photon energy is tuned to the binding energy
of some core level of an atom in the material. For atoms either forming part of a
molecule or embedded in a condensed phase, the variation of the absorption
coefficient at energies above the absorption edge (sufficiently high — 40-1000 eV),
exhibit a complex fine structure (EXAFS) [135, 136]. Information on bond dis-
tances, coordination numbers, and atom identification can be determined. The use of
synchrothon of X-ray sources provides high-intensity photon fluxes necessary to
acquire sufficiently strong signals in a reasonable time, which was essential for the in
situ structural analysis of the electrochemical interface. The electrochemical cell for
X-ray absorption spectroscopy must be designed to minimize absorption losses at
the window of the cell and the overlying electrolyte solution.

In relation with metal underpotential deposition processes, the EXAFS tech-
nique has been of great interest for studying these phenomena, since it has been able
to elucidate definite structures involved in various potential regions as well as to
show the occurrence of specific adsorption of ions.

An analysis of the underpotentially deposited Ag on Au(111) films on mica in
0.1 M HCIO, containing 5 x 107> M Ag ions solution using EXAFS was reported
by Gordon et al. [90], who pursued to investigate the local structure of the
adsorbate. On the basis of the data analysis, they proposed a model, shown in
Fig. 2.25, for the distribution of silver and oxygen (stemming from solution) on the
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Fig. 2.25 Schematic
illustration of the possible
structure of an
underpotentially deposited
monolayer of Ag on a Au
(111) substrate with either
water (a) or perchlorate (b)
bonded to the Ag adatoms
through the oxygen, from
EXAFS data analysis
(Reprinted with permission
from Ref. [90])

surface gold atoms, providing the data of bond lengths to gold and oxygen,
suggesting that silver atoms sit at threefold sites on the gold surface with water
(Fig. 2.25a) or perchlorate anion (Fig. 2.25b) bonded at a well defined distance.
Melroy et al. [137] also studied this system using sodium perchlorate as
supporting electrolyte and showed that silver was on the surface on a fully reduced
state. They concluded that the Ag monolayer is (1 x 1) commensurate with the Au
(111) surface and that the Ag ad-atoms occupy threefold hollow sites, as proposed in
the previous work [90]. They also observed backscattering from oxygen, presumably
present in adsorbed water, which resides in either bridge or threefold hollow sites.

2.12 In-Situ Surface Differential X-Ray Diffraction

Rayment et al. [138, 139] studied the Ag upd on Au(111) in sulphuric acid media by
in-situ surface differential X-Ray diffraction (SDD) in real time, using a conven-
tional laboratory source of X-rays. Since this method has not been extensively used
in the study of upd processes, only some features of SDD given by the authors will
be indicated here. Basically, as X-Ray diffraction is an interference phenomenon,
the adsorption of a plane of atoms on a set of diffracting planes will result in an
interference, which will depend upon the spacing of the adsorbate plane with
respect to the substrate planes and the atomic scattering factor of the adsorbate.
The measurements consist in collecting the diffraction pattern of the bare substrate
and that with the adsorbate layer on it, and then subtracting the former from the
later. Thereby the change in the diffraction pattern due to the interference effect of
the adsorbate on the diffraction from the substrate can be observed. Actually, a
series of diffraction patterns are collected during the M upd as a function of
potential, corresponding to different stages in the formation of the monolayer.
Structural information such as adlayer spacing with respect to the spacings calcu-
lated for adsorption in different sites on the substrate surface, can be deduced from
the characteristic interference profile.
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The authors demonstrated that their SDD measurements together with cyclic
voltammetry, revealed different phases of the Ag upd adlayer on Au(111) at
different potentials, before the formation of the Ag(1 x 1) planar structure, since
it was possible to monitor the adlayer spacing normal to the substrate as a function
of potential. In a later work, Lee and Rayment [139] could monitor monolayer
formation in situ and in real time by means of simultaneous electrochemical and
structural measurements, and proved that the thin film electrode used for SDD
analysis produced surface stress, which was responsible for some inconsistency in
previous results. They found that Ag atoms were initially adsorbed in a mixture of
bridge and atop positions, and after the completion of the upd monolayer a change
in adlayer spacing was observed, which was consistent with a transition from initial
adsorption in both bridge and atop sites to threefold hollow sites. They also showed
that in the bulk region, there was a stepwise increase in differential intensity, with a
constant adlayer spacing which is in agreement with a layer by layer growth of Ag
on Au(111), as found by other authors [113].

2.13 Transmission X-Ray Surface Differential Diffraction

In order to use in-situ structural techniques under potentiodynamic conditions,
Rayment and his group [140] developed the transmission X-ray surface differential
diffraction technique and investigated the Ag adlayer structure on Au(111) in the
underpotential region. From previous measurements using surface differential
diffraction [138, 139], vertical positions of adsorbates from the substrate had
been determined, but no information upon the lateral position of the adsorbate
relative to the substrate was obtained. The authors demonstrated that this surface
differential diffraction technique in the transmission mode allows to distinguish
between different adsorption sites, resulting from the use of different anions in
solution. By these experiments, it was possible to identify the adsorption site in
three dimensions, confirming that Ag was adsorbed on multiple sites in a sulfate
electrolyte whereas a single adsorption site (i.e. threefold hollow position) was
found for acetate and fluoride solutions.

Results obtained with sulfate solutions allowed to explain the discrepancy
between different Ag adlayer structures found in the literature. Summarizing,
early AFM studies showed a (3 x 3) adlayer structure (0= 1/3) after the first
deposition peak which was transformed to a (1 x 1) at lower underpotentials
[14, 15]. The structures proposed from STM studies were a (V3 x V3)R30° one
for the potential range 450-200 mV versus the Ag/Ag* couple, which transformed
to a close packed (1 x 1) full monolayer at E=40 mV [17]; a (4 x 4) open adlayer
structure after the first deposition peak [13]; a (V3 x V3)R19.1° structure at poten-
tials positive with respect to the first deposition potential and a (3 x 3) adlayer after
the first deposition peak [109]. Despite the different adlayer structures found by
AFM and STM in sulfate solutions, there was agreement that a stable adlayer was
formed after the first adsorption peak, which contained Ag adatoms in a mixture of
sites, threefold hollow ones and possibly both bridge and atop sites.
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2.14 In-Situ Surface X-Ray Scattering

The in-situ surface X-ray scattering (SXS) technique was used to analyze also the
Ag upd process on Au(111) in sulphuric acid solution [141]. This method, based on
a synchrotron radiation source, is suitable to provide not only two-dimensional but
also three-dimensional structural information about interphases with a very high
resolution in situ. Due to the penetrating nature of X-rays, it can be used for in-situ
structural studies of electrode surfaces. Basically, SXS involves measurements of
the distribution of scanned X-rays in reciprocal space, and from this distribution of
scattered X-rays an atomic model can be deduced and hence determination of
surfaces structures may be possible [142].

In case of the system Au(111)/Ag", SO427, it was shown that initially a complete
monolayer and then a “bilayer” of Ag, both with a (1 x 1) structure, were formed
just before the bulk deposition started. The formation of a bilayer in the upd region
was also proposed by Esplandiu et al. [109] from the charge obtained from cyclic
voltammograms and STM studies, in contrast to previous works where the excess
charge was attributed to the bulk deposition and the desorption of adsorbed sulfate
and/or bisulfate anions during the upd process. The SXS measurements corrobo-
rated this assumption and indicated that electrochemically deposited Ag atoms both
in the first and second layers were situated at the threefold hollow cubic closest
packing (ccp) sites of the underlying Au and Ag layers, respectively.

2.15 Grazing Incidence X-Ray Diffraction

Grazing incidence X-ray diffraction or Grazing incidence X-ray scattering (GIXS)
is another attractive tool to analyze surface structure and determine lattice spacings
and atomic positions. In this case, a low angle of incidence of the X-rays upon the
surface small angle (a grazing angle) enhances the electric field at the surface, thus
increasing the ratio of scattering between the surface and the bulk [143]. In other
words, since the refractive index of all materials at X-ray wavelengths is slightly
less than unity, X-Ray beams are totally reflected for small glancing angles. Under
the glancing angle condition, the electric field amplitude is doubled, resulting in an
increase in scattered X-ray intensity. In addition, the background scatter originated
from the bulk is reduced, since under grazing incidence conditions the penetration
depth of X-rays is less than 10 nm. Therefore, this surface-sensitive technique
results in an important tool to obtain microestructural information in directions
parallel to the interface even on ultrathin epitaxial films [144, 145]. The cell used in
this case must satisfy the same requirements as for EXAFS. Some advantages of
this technique compared to EXAFS is that diffraction gives information on long-
range order (not on the local environment of an element), and it is less sensitive to
atomic vibrations, something which is useful when working with soft elements such
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as lead [146]. Samant et al. demonstrated that GIXS can be used for in situ
structural determination at the metal/solution interface, analyzing in situ the struc-
ture of electrochemically deposited monolayers of Pb on Ag(111) and Au(111)
electrodes. They found that, when deposited on silver, Pb atoms become ordered in
a hexagonal close-packed (hcp) geometry, with the lead lattice compressed 1.2 %
relative to bulk lead. This layer was incommensurate with the silver substrate, with
a 4.4° rotational epitaxy angle. On a Au(l111) substrate, the underpotentially
deposited lead monolayer was again found to order into a hcp geometry, incom-
mensurate with the gold and compressed 0.7 % relative to bulk lead.

Later on, Herrero et al. [147] investigated the Cu upd in the presence of bromide
anions employing cyclic voltammetry and GIXS together with other X-ray tech-
nique, CTR (Crystal Truncation Rod), which will not be addressed here, providing
complementary information of the different interactions present. In order to under-
stand the different structures found at different potential regions, a voltammetric
profile for the system Au(111)/ 0.1 M HCIO4+ 1.0 mM NaBr+ 1.0 mM CuO is
shown in Fig. 2.26, which presents the four peaks characteristic of Cu upd on Au
(111) electrodes in the presence of bromide.
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Fig. 2.27 Schematic representation of the overlayer structure of Cu deposited on Au(111) in the
presence of Br anions at different potential values: (a) E >+0.55 V, (b) +0.38 < E(V) < +0.55,
(¢) +0.32 < E(V) <+40.36, (d) +0.29 < E(V) <0.32, () E=+0.29 V, and (f) E <+0.14 V. For
clarity, copper, gold, and bromide are not drawn to scale (Reprinted with permission from Ref.
[147])

At potentials more positive than +0.55 V (vs Ag/AgCl), before Cu upd, bromide
anions adsorb on the Au(111) surface forming an ordered and rotated hexagonal
structure. The rotation angle of this structure with respect to the Au(001) direction
and the Br — Br distance change with the applied potential. At potentials below
0.55 V, the bromide overlayer becomes disordered until an ordered one is formed at
the beginning of Cu deposition (ca. 0.36 V) with an increase in bromide coverage.
The X-ray measurements determined that Cu and bromide were mixed in the layer,
with Cu atoms occupying some interstitial holes in the hexagonal bromide struc-
ture. As Cu deposition progressed (first adsorption sharp peak, I), a (4 x 4) bromide
structure was found and then the Cu overlayer reached the Au(111) surface after
lifting the anion layer. Between peaks II and III, the formation of a stoichiometric
CuBr layer was observed and finally, after peak IV, there was a phase transition to
give a (1 x 1) Cu layer with a bromide (4 x 4) structure adsorbed over the copper
layer before bulk deposition. The schematic representation of such structures is
shown in Fig. 2.27.
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2.16 In Situ Infrared Spectroscopy

In situ Infrared Spectroscopy (IRS) at the electrochemical metal/electrolyte inter-
face is a spectroscopic vibrational technique that provides information on molecular
composition and symmetry, bond lengths and force constants, serving as comple-
ment of other surface-sensitive probes such as STM, EQCM, SEXAFS, etc. A better
understanding of the physicochemical properties of the electrified interface can be
achieved through this technique, because the obtained vibrational spectra of
adsorbed species reflect the state of internal and external bonds, the lateral interac-
tions within the adlayer, as well as the effect of the external electric field on the
vibrational frequencies and intensities [148, 149]. When measuring IR reflectance
spectra from a liquid/solid interface, two problems arise: one is that aqueous
electrolytes are strong absorbers of IR radiation and hence the method is insensitive
to changes occurring in the double layer; the other is that the sensitivity is relatively
low to detect the small absorption due to a monolayer of adsorbed species. Such
limitations may be overcome by using a very thin layer of solution, 10~ to
10~ cm, between the reflecting working electrode and the IR window, preventing
the loss of IR energy by absorption in the solution. The sensitivity adequate for the
detection of vibrational bands from submonolayer amounts of adsorbed species on
electrodes, can be achieved by coupling of electrode potential modulation tech-
niques to the optical signal [150].

2.17 Fourier Transform Infrared Spectroscopy

An important improvement of the IRS technique was achieved by the use of Fourier
Transform instruments, because the high rate of collection of spectra in this case
makes unnecessary the modulation of potential, thus giving the possibility of
collecting spectra during the application of any desired potential program. This in
situ — Fourier transform infrared spectroscopy (FTIRS) was used by Ashley
et al. [33] to investigate the adsorption of sulfate (SOZ’) and bisulfate (HSO; )
ions on polycrystalline gold surfaces in sodium sulfate and also in sulfuric acid,
with and without copper underpotential deposition. The authors related their find-
ings with previous cyclic voltammetric studies obtained for a vapor-deposited
polycrystalline gold substrate in a 0.5 mM CuSO4+0.5 M H,SO, solution. The
cyclic voltammogram exhibited two adsorption/desorption peaks pairs at 0.20/
0.22 V and 0.05/0.10 V, respectively, which up to that moment, were ascribed to
Cu?** — Cu* for the first peak and to Cu** — Cu® for the second peak. The PDIR
(Potential-Dependent Infrared) spectra shown in Fig. 2.28, illustrated that the Cu
upd exerts a strong influence on the behavior of sulfate, bisulfate and water on the
interface, where the observed peaks were assigned to vibrations of surface anions.
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Fig. 2.28 PDIR spectra obtained on polycrystalline Au from (a) 0.5 mM CuSO4+ 0.5 M H,S0,4
and (b) 0.5 M H,SO, (Reprinted with permission from Ref. [33])

The PDIR spectra (Fig. 2.28a) obtained within the potential region where bulk Cu
was deposited (e.g. 0.00 and —0.05 V vs Ag/AgCl) were similar to those collected
from 0.5 M H,SO,4 on Au with no Cu present (Fig. 2.28b), where bisulfate species
predominate. The results related to the Cu upd process on Au, indicated that
adsorbed sulfate anion (located at ~1100 cm ') was present on Au at more positive
potentials, and its coverage increased when underpotentially deposited copper was
present on the gold substrate surface (Cu* upd region). When the applied potential
was sufficiently negative to cause full discharge of Cu upd (when deposited Cu™*
was converted to Cuo), IR spectra showed a loss of adsorbed sulfate and an increase
in surface bisulfate species (bisulfate peaks located at — 1200, 1050, and 900 cm‘l),
together with a reorientation of adsorbed water molecules. The bipolar water band
near 1600 cm ™" also appeared when Cu was formed. The results were explained in
terms of surface electrostatic interactions during Cu upd, and also in terms of
potential-dependent pH changes at the interface. These authors demonstrated the
utility of IR spectroscopy technique regarding the possibility to analyze the inter-
facial behavior of electrolyte and solvent during upd processes.
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2.18 Differential Reflectance Spectroscopy

The properties of adsorbed metal adatoms on metal substrates can be investigated
also by differential reflectance spectroscopy (DRS). This optical method is
employed to elucidate the optical and hence the electronic properties of metal
adsorbates. It uses photons as a probing medium (i.e. ultraviolet, visible or infrared
light), and is based on the interaction of these photons with strongly absorbing
materials such as metals, alloys, and semiconductors, taking place in the first
1020 nm of the surface[151]. This important feature allows DRS to probe
50-100 atomic layers into nontransparent solid surfaces having a characteristic
probing depth different from other techniques such as XPS or XRD.

In the DRS technique, the normalized reflectance change AR/R due to the
adsorption process is measured [3, 152, 153], and is defined in a general form
according to:

AR [R(0) — R(0)]
2 = RO (2.3)

where R(0) and R(0) are the reflectances of the adsorbate-covered and bare surface,
respectively. AR/R can be correlated with the optical properties of the adsorbate
layer and those of the substrate and the solution, using a simple three-phase model
with sharp boundaries. In general, the measurements are carried out at different
wavelengths with fixed angles of incidence. In all cases, the measured changes are
so large that optical effects from the solution side of the double layer can be
neglected. For the system Au/Cu®*, the reflectance change during metal deposition
is mainly caused by an adsorbate induced change in the gold surface optical
properties and not to absorption processes in the monolayer itself [154]. On the
other hand, results from optical measurements of Cu atoms electrodeposited on Pt
were presented as an example where the electroreflectance effect of Pt was negli-
gibly small compared with the reflectance change caused by the adsorbate itself,
while the influence of oxide formation or hydrogen evolution was excluded in this
potential upd region. Kolb et al. [155] determined the optical constants for Cu
underpotentially deposited on Pt, as a function of photon energy, angle of inci-
dence, and adsorbate coverage, and found that the changes in the optical properties
were ascribed to the Cu upd layer because the electroreflectance effect of Pt was
negligibly small compared to the reflectance change caused by the adsorbate itself.
It was also observed that these optical constants were quite different from those of
bulk Cu, similarly to the case of Ag upd on Pt, where the deposition of 4-5
monolayers was required to obtain bulk metal properties [156]. The AR/R spectra
(i.e. the reflectance change due to metal deposition) for a Cu monolayer on Pt single
crystal electrodes revealed that the optical properties of the Cu monolayer also
showed a pronounced dependence on the crystallographic orientation of the sub-
strate. Discontinuities seen in the curve of reflectance change against coverage
indicated a structural transition at such coverage.
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In order to get further insight about the capabilities of this technique,
Borensztein and Abeles [157] analyzed the surface reflectance spectroscopy tech-
nique and presented several application examples such as gas atoms or molecules
adsorbed on metal surfaces in vacuum systems and very thin metal films deposited
onto metallic surfaces, either in electrolytes or in ultrahigh vacuum. More infor-
mation is available in the literature [158].

2.19 Optical Second Harmonic Generation

Optical second harmonic generation (SHG) is a non linear optical technique used to
monitor surface structure in situ. In the optical methods defined above, the electrode
is irradiated with light of a determinated frequency and the radiation is also detected
at this frequency. However, non linear optical effects can result in the appearance of
radiation at twice the fundamental frequency and this phenomenon requires a non
centro-symmetric medium. Therefore, SHG can be observed in a localized region
(a few atomic layers) at the interface between two adjacent centro-symmetric media
(such as bulk metals and solutions), where a breakdown in symmetry occurs [159—
161]. The SHG signal is sensitive to species at the interface but not very effective
for their identification, but together with the electrochemical analysis of the system,
can be used to detect adsorbed species, reaction intermediates, and changes in the
nature of the electrode surface. For a further and a more comprehensive reading,
several reviews about SHG are available including principles, theory, and applica-
tions [162—166]. Typical examples for the Au/Cu”* and Au/Ag® systems are
mentioned below in order to provide the information that is obtainable from this
technique.

Ashley and coworkers [167] used SHG together with the EQCM to study copper
upd on polycrystalline gold in sulfuric acid electrolyte. The second harmonic signal
from a polished bulk gold substrate was observed to decrease by >60 % as a result
of copper underpotential deposition on gold. The SH signals observed during
copper upd, and subsequent removal of copper adlayers in a 1 mM CuSO4+0.5 M
H,SO,, are shown in Fig. 2.29. The substantial SH signal decrease during the
negative potential scan was attributed to Cu upd on Au, before reaching a constant
value at potentials more negative than 0.05 V vs Ag/AgCl. The authors pointed out
that this decrease in SH intensity could result from an overall decrease in localized
electron density at the interface when Cu became electrodeposited, until a full Cu
monolayer was generated on the Au substrate, leading to a (1 X 1) commensurate
structure. The SH signal remained constant on the positive scan, up to a potential of
0.3 V and then increased returning to the initial value. This observed hysteresis
suggested that significant interfacial changes occurred due to the formation and
dissolution of Cu adlayers, leading to different potential-dependent SHG
magnitudes.

Koos and Richmond [168] have studied the structure and stability of
underpotentially deposited Cu, Ag, Pb and TI layers on Au(111) by SHG. They
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found similar patterns for the Au(111)/Ag surface and for Au(111) surface in the
absence of Ag, originated by the ability of Ag adatoms to lattice match with the Au
(111) surface, so that the surface electronic structure was not modified. Likewise,
the optical responses from the Au(111)/Cu interface and the Au(111) surface were
consistent with the known electronic structure of the metal and the geometric
structure of the overlayers. In the case of Pb and Tl electrodeposition, a strong
perturbation of the anisotropic second harmonic signal was observed and the
authors attributed these changes to the inability of the large adatoms to lattice
match with the substrate (rpp/ray = 1.21 and rq/ra, = 1.18), causing a substantial
modification of the surface electronic structure.

Later, Walters et al. [169] reported surface kinetics results of electrodeposited
Ag on Au electrodes for the cases of underpotential and bulk deposition, combining
potential step and optical second harmonic generation techniques. They suggested
that electrodeposited silver on polycrystalline gold followed a mixed 2D-3D growth
mode and found evidence that the surface structures were predominantly flat and
grew at a considerable slow rate. The SHG experiments showed also the difference
between the bulk Ag structures deposited on Au from those supported by a
submonolayer film of Ag on Au.

2.20 Surface-Enhanced Raman Spectroscopy

With the aim of getting more information about the properties of M upd layers,
Surface-enhanced Raman Spectroscopy (SERS) has also been used to this purpose.
SERS is a surface spectroscopic technique that, like Fourier transform infrared
spectroscopy, is based on probing molecular vibrations of the molecules adsorbed
on a substrate surface. Actually, the final letter S can also stand for Scattering,
emphasizing the optical effect rather than the technique. It is applicable most
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usefully to adsorption on the coinage metals, copper, silver and gold, which are
highly reflective in the visible, and provides in situ information about the chemical
identity of the adsorbed species, protonation/deprotonation state, molecular struc-
ture, and orientation of adsorbates at surfaces [170, 171]. The enhancement is
provided by plasmon resonances (family of effects associated with the interaction
of electromagnetic radiation with metals) in the metal substrate. However, a
chemical enhancement involving a resonance Raman-like process associated with
chemical interactions between the molecule and the metal surface can also contrib-
ute to the major SERS effect [172]. SERS mainly comes about as a combination of
the two effects. Therefore, a remarkable enhancement of the scattering intensity can
be observed for species that are adsorbed on, or are microscopically close to,
appropriately roughened surfaces. In this case, the atomic flat surfaces commonly
used in fundamental research in electrochemistry, are not suitable for SERS inves-
tigations. The roughening of the electrode surfaces usually involves the application
of oxidation-reduction potential cycling in sulfate or chloride media, chemical
etching in acids, electrochemical deposition of films on the substrate, etc.
[173]. The inherent constraints of the technique are the limited substrate choices
that exhibit localized surface plasmon resonance behaviour (Cu, Ag and Au) and
the need for a roughened surface, which due to variation in the fabrication pro-
cedures can lead to inconsistent optical properties and hence, discrepant enhance-
ment factors.

More literature about the SERS technique is available for further reading [174—
176]. The use of SERS in upd systems are presented in the following examples.

Weaver et al. [177] reported surface enhanced Raman spectra for representative
adsorbates, namely, halides, thiocyanate, benzonitrile, and pyridine adsorbed on
upd monolayers of Ag and Cu on electrochemically roughened Au electrodes, as
compared with corresponding spectra at unmodified Au and at Ag and Cu elec-
trodes. The SER intensities on the upd surfaces were comparable to, or higher than,
those observed for the bulk metal electrodes, exhibiting reversibility with respect to
negative—positive potential excursions, as noted for Au substrates. Figure 2.30
shows sets of SER spectra at Ag upd on Au obtained as a function of potential
for adsorbed chloride (A) and bromide (B) anions.

From the previous results, it was observed that the surface-bromide and the
surface-chloride band at the most positive potentials were more intense than those
typically obtained under similar conditions for conventional Ag and Au surfaces,
leading to sharp decreases in the band intensities when the potential was changed to
more negative values. Furthermore, these band intensities were largely recovered
when the potential was reversed to the original value for anodic stripping of Ag
monolayer. The same behaviour was observed for Au but not for Ag where a
complete irreversible loss of SERS occurred upon such negative potential excur-
sions. Therefore, the authors were able to infer that the stability of the SERS signals
characteristic for Au substrates, was retained after the deposition of Ag upd
monolayer. In this work it was also demonstrated that the surface-halide stretching
frequencies and the C-N and surface-sulfur frequencies for thiocyanate on Ag upd
were significantly higher than those on bulk silver electrodes at a given potential.



64 2 Experimental Techniques and Structure of the Underpotential Deposition Phase

Fig. 2.30 SER spectra a b
dependence on potential
for: (a) chloride and (b) 240
bromide adsorbed on an upd
Ag monolayer on

Au. Electrolytes: 10 mM
NaCl +0.1 M NaClOy, and
10 mM NaBr+0.1 M
NaClO,, respectively
(Reprinted with permission
from Ref. [177])

100

-200
mV

| |
250 200 200 150

Raman shift , cm™

This behaviour was attributed to the greater electronic polarization of the adsorbate
on the upd silver surface caused by the underlying gold substrate. Qualitatively
similar, although smaller, frequency differences were seen for thiocyanate adsorbed
on upd copper and bulk copper electrodes. Similar SER spectra were also seen as a
function of electrode potential for benzonitrile and pyridine adsorbed on the
corresponding upd and bulk metal electrodes.

Another work performed by two of the previous authors also showed the
influence of modifying Au electrodes by upd layers on adsorbate-surface interac-
tions by SERS [178]. Surface Enhanced Raman (SER) spectra were analysed for
several adsorbates on underpotential deposited layers of mercury, thallium, and
lead on an electrochemically roughened gold electrodes, concluding that metal
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overlayers on gold provide a mean to examine adsorbate-metal bonding at surfaces
which do not exhibit suitable Raman scattering enhancements.

At the same time, Fleischmann and Tian [179] found that the underpotential
deposition and dissolution of monolayers of Pb and Tl on Ag roughened surfaces
produced diminished surface enhanced Raman scattering, while electrodes covered
by complete upd and overpotential deposited layers allowed significant SER spec-
tra. They also probed that chloride ions were especially active in causing the loss
of SERS.

2.21 Techniques Suited to Study Alloy Formation During
the upd Process

In many upd systems the strong metal-substrate interaction induces place exchange
processes, which lead to the formation of M-S surface alloys. This phenomenon is
usually observed in systems exhibiting sufficient miscibility between the substrate
and the upd metal and is usually kinetically hindered at room temperature [1]. For
this reason, experiments at elevated temperature or with long-time polarization at
room temperature should be carried out in order to study the formation of alloy
phases. The phenomenon can be recognized by the appearance of a new desorption
peak at relatively high underpotentials in an anodic linear sweep measurement and
changes in the normal desorption peaks corresponding to the M upd adsorption
process. STM and AFM measurements also provide detailed structural information
and show clearly the drastic changes in surface morphology due 2D M-S surface
alloy formation.

Interdiffusion has been observed in the following systems: Ag/TI* [180-183],
Ag/Pb** [182-193], Au/Pb** [194-197], Ag/Cd** [198-203], and Au/Cd**
[91, 204-211]. Typical examples are represented by the systems Au/Cd** and
Ag/Cd**, which were considered as model systems for the study of surface alloy
formation processes.

Garcia et al. [201, 202] analyzed the kinetics and mechanism of Cd upd on Ag
(111) and the surface alloy processes involved in sulfate solutions by means of
combined electrochemical measurements and in-situ STM. In relation with the
surface alloy phenomenon, they showed that, at long polarization times, the con-
densed Cd monolayer formed via a first order phase transition undergoes structural
changes involving place exchange processes between Cd atoms and surface Ag
atoms. The formation of a second Cd monolayer and a significant Ag-Cd surface
alloying takes place at lower underpotentials (AE < 50 mV). The kinetics of surface
alloying was studied on the basis of a diffusion model proposed by Vidu and Hara
[208] for the system Ag(100)/Cd, including the relatively fast initial formation of a
very thin surface alloy film and the subsequent slow alloy growth controlled by
solid state diffusion. The results were in good agreement with previous measure-
ments in the system studied [199] and suggested that at long polarization times,
alloy formation occurs preferentially by the motion of Ag atoms through a
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vacancy-rich surface alloy layer and the simultaneous Cd deposition at the Ag-Cd
interphase. Anodic dealloying led to the appearance of a large number of 2D islands
and monatomically deep pits as was observed by in-situ STM after anodic stripping.
The clustering of vacancies created during removal of Cd from the surface alloy led
to formation of larger pits, which disappeared by changing the underpotential to
sufficiently positive values. This behaviour suggested a high mobility of Ag surface
atoms at these potentials in good agreement with observations reported previously
in studies with Ag(100) substrates [212].

The surface alloy process has also been observed in systems consisting in an
ultra-thin Ag-Cd bimetallic layer with epitaxial arrangement on Au(111) elec-
trodes, electrochemically deposited from separate electrolytes containing Ag* and
cd* ions, as well as from a multicomponent solution containing both ions
[213, 214]. Anodic stripping curves obtained after long time polarization experi-
ments demonstrated that a significant Ag—Cd surface alloying accompanied the
formation of the Cd monolayer on the Au(111)/Ag modified surface, irrespective of
the Ag film thickness. In the case of an extremely thin Ag layer (1 Ag ML) and
taking into account the results obtained by the same authors for the Au(111)/Cd
system [209], the STM images and long time polarization experiments revealed a
solid state diffusion process of Cd, Ag, and Au atoms, which can be responsible for
the formation of different Ag—Cd or Au—Ag—Cd alloy phases. Figure 2.31 shows a
sequence of in-situ STM images corresponding to the formation of the Ag-Cd
bimetallic layer onto the Au(111) substrate from a solution containing both metallic
cations and its dissolution. Figure 2.31a shows the surface morphology of the bare
Au(111) substrate at E =650 mV vs SSE, composed of flat terraces. Figure 2.31b
exhibits a Ag ML electrodeposited onto the Au(111) surface after a polarization
time, £, = 15 min at £ = —200 mV (Ag overpotential deposition region). This Au
(111)/Ag modified substrate was then polarized at E=—1170 mV producing a Cd
ML (Fig. 2.31c¢), and also, the formation of a second Cd ML, as recognized by the
presence of 2D Cd islands. Figure 2.31d displays the Au(111) surface morphology
after the anodic dissolution of both Cd and Ag monolayers by polarization at
E =650 mV. As seen, the removal of both layers leads to the appearance of a
large number of 2D islands and monatomically deep pits on the original gold
terraces, indicating an alloy dissolution process. In particular, this type of behaviour
was observed in the systems Au(lll)/Cd2+ [209, 215, 216] and Ag(lll)/Cd2+
[201], but was practically not observed during Ag upd on Au(hkl) [13, 113]. There-
fore, it was possible to infer that in the present case, the Cd atoms reached the
underlying Au surface by diffusion and/or by a place exchange mechanism with the
Ag and Au atoms.

Recently, the Cd upd process in the system Au(lOO)/Cd2+, SO42_ and the Au-Cd
surface alloy involved were investigated by the same group, by conventional
electrochemical techniques and in-situ STM analysis arriving to similar
conclusions [211].

Garcia et al. [203] studied the formation of bimetallic Cd—Ag nanoparticles on
vitreous carbon (VC) by conventional electrochemical techniques and ex-situ
AFM. The solutions used for metal deposition were: 1 mM Ag,SO,+0.02 M
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Fig. 2.31 Sequence of in-situ STM images obtained during the formation of a Ag/Cd bimetallic
layer onto a Au(111) substrate under different conditions. (a) Bare Au(111) surface at E =650 mV;
(b) formation of a Ag ML at £ =200 mV; (¢) formation of a Cd ML at £ = —1170 mV; (d) surface
morphology after anodic stripping at £ =650 mV (Reprinted with permission from Ref. [214])

H,S04+0.1 M Na,SO,4 and 2 mM CdSO,4+0.1 M Na,SO, (pH = 2.28), whereas a
0.1 M Na,SO, (pH = 2.28) solution was employed as blank electrolyte. The authors
demonstrated that alloy formation between both metals could be inferred, which
had not been previously reported using nanoparticles. They found that the alloy
formation phenomena observed previously during Cd upd on bulk Ag electrodes
[199, 201, 213] was also found in the case of Cd upd on Ag nanoparticles. The
desorption spectra in the system Cd/Ag (nanoparticles)/VC employing different
polarization times, showed three desorption peaks associated with the dissolution of
the Cd overpotential deposits (opd) and upd deposits and a Ag—Cd alloy formed at
low underpotentials, respectively. This phenomenon was also confirmed by
performing an anodic stripping of Ag/Cd deposits to more positive electrode
potentials in a blank electrolyte solution.
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2.22 In-Situ Measurement of Surface and Growth Stress

Less frequently employed for studying the alloy formation process in the upd
region, is the in-situ measurement of surface and growth stress, which is originated
by the difference of the atomic configuration of surface atoms with regards to that in
the bulk. Experimental procedures and equipment for this technique are detailed
elsewhere [217]. The simplest and most widely used method involves the measure-
ment of the deflection of a flexible cathode, typically in a direction that is perpen-
dicular to the in-plane stress generated in the film. Interferometry, capacitance
measurements, laser beam deflection and STM/AFM can be employed for moni-
toring the deflection. Stafford and Bertocci [217] indicated that the adsorption of
species on the surface can be expected to alter the surface stress, since the local
interaction of each adsorbate will modify the bond strength between neighboring
atoms on the surface. Also the lattice misfit between a metal adlayer and the
substrate generates surface stress, where the sensitivity of the later to both ionic
and fully discharged adsorbates makes this measurement attractive for upd studies.
Stafford et al. [218] investigated the voltammetric and stress response during Pb
upd on textured Au(111) evaporated films in 0.1 M HCIO,4 containing 10 mM Pb
(ClOy4), solution. Particularly, the authors analyzed the stress behaviour of the
system at different sweep rates and observed initially, as shown in Fig. 2.32a, an
increase in the surface stress, similar to that observed in Pb>*-free solution, asso-
ciated with a combination of electrocapillarity and surface charge redistribution
induced by anion desorption. At a potential of about —0.43 V vs SSE, a change of
stress in the compressive direction was detected, under conditions where nucleation
and growth of Pb islands took place [196]. Then, stress relaxation in the tensile
direction occurred in a very narrow potential range after which the Pb monolayer
was completed. From results reported previously [219], the surface stress was
correlated to Pb coverage, obtaining an overall compressive surface stress change
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Fig. 2.32 (a) Dependence of surface stress on potential during Pb upd on a (111)-textured Au film
at different sweep rates (5-200 mV s’l). Solutions: 0.1 M HCI1O,4 with and without 10 mM Pb
(Cl0Oy4),. (b) Magnification of the zone where stress relaxation takes place. Only cathodic scans are
shown. Inset: magnitude of stress relaxation as a function of sweep rate (Reprinted with permission
from Ref. [218])
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of about —1.2 N-m ™" for the complete Pb monolayer. With further deposition, the
stress moved once again in the compressive direction, as more Pb atoms were
incorporated into the adlayer, causing contraction of the interatomic spacing and
eventually rotation of the monolayer. Previous results obtained by Welland
et al. [220] led to similar conclusions. In this case, an AFM Au-coated cantilever
was used as a bending-beam sensor to measure surface stress changes, which
occurred during the electrodeposition of Pb monolayer on Au(111), without con-
sidering alloy formation. This phenomenon could not be studied due to experimen-
tal conditions where fast scan rates were needed to avoid thermal drift.

The sweep rate dependence of surface stress is shown in the inset of Fig. 2.32b,
indicating that at slower sweep rates, larger compressive stress was developed,
something that can be explained by the occurrence of Pb-Au surface alloying,
because in this case the slow sweep rate allows more time for the hcp adlayer to
transform to the alloy structure. The authors concluded that the stress behavior was
due to kinetically controlled surface alloying occurring at low coverages, while at
high coverages the surface alloy removal took place generating a hexagonal close-
packed Pb monolayer with subsequent Pb deposition. This behaviour was quite
different from other systems, such as Ag(111)/Cd, in which, as mentioned above,
the alloying was produced into the solid state at complete coverage and the charge
required to strip Cd adatoms exceeded that of a monolayer [201]. Stafford and
Bertocci also suggested that the observed stress relaxation hump could be caused by
an alloying/dealloying transition. Therefore, after many cycles of Pb deposition and
dissolution, the (111)-textured Au surface was roughened, as a consequence of
surface alloying and dealloying processes, in accordance with the STM results
reported by Green and Hanson [197].

2.23 Applications of upd as a Tool

As the M upd phenomenon is the initial stage of metal phase formation, it has often
been used to modify electrodeposition processes and has been regarded as a
powerful tool to modify, in a controlled way, the catalytic properties of the
substrate.’

On the other hand, M upd has been employed to prepare ultrathin metal films.
For example, a method has been developed by Brankovic et al. [221] in which an
ordered metal adlayer underpotentially deposited on a substrate is replaced by a
more noble metal monolayer in an electroless deposition process, producing 2D
deposits uniformly covering the substrate surface. The replacement of the M upd
layer takes place via an irreversible and spontaneous redox process in which this
adlayer is oxidatively dissolved by cations of more noble metals, which are
simultaneously reduced and deposited. The authors applied this procedure using a

3 This application of M upd will be discussed in detail in Chap. 4
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Cu upd adlayer on Au(111) as “sacrificial layer”, which was then replaced by a
submonolayer of Pt, a monolayer of Pd and a bilayer of Ag in a spontaneous
reversible redox process. The total amount of the deposited metal was determined
by the stoichiometry of the redox reaction and the structure of the upd Cu adlayer.
This method, known later as Surface-limited redox replacement (SLRR), refers
then to a confined, in a monolayer or two, reaction where a predeposited metal layer
is replaced by a more noble metal at open-circuit potential, and offers an interesting
alternative approach to prepare bimetallic catalyst surfaces or uniform ultrathin 2D
M films. The applicability of this procedure was also examined for the systems Au
(111)/Cu and Ag(111)/Cu [222]. Two-dimensional growth of Cu up to 100 mono-
layers has been achieved by multiple redox replacement of monolayers of
underpotentially deposited Pb used as a sacrificial metal. In this case, open-circuit
potential monitoring during the replacement reaction was used to control the
completion of each deposition event and the film thickness was determined by
anodic film stripping. The excellent surface quality of the epitaxially grown Cu film
was characterized by STM in situ and XPS analysis, which showed no traces of Pb
into the Cu film.

In a recent work, Brankovic et al. [223] analyzed the stoichiometry of Pt
deposition on a Au(111) substrate by SLRR employing Cu upd as intermediate,
emphasizing that it was influenced by the specific experimental conditions and
anions involved. The Au(111)/Cu upd was formed from a 10*MCu** +0.1 M
HCIOy solution, whereas the Pt deposition (redox reaction) was carried out from a
1073 M [PtClg]>~ +0.1 M HCIO, solution. The results indicated that, as the anion
of the supporting electrolyte of both solutions was ClO,4~, which does not have the
tendency for complexing the Cu ions, the ligand in the depositing complex,
[PtCl6]27, was responsible for the final oxidation state of dissolved Cu ions as it
stabilized the Cu* ions forming the complex [CuCl,]”. Combining the statistical
STM data analysis and conventional electrochemical techniques, the authors con-
cluded that the Cu upd adatoms oxidation to Cu(I) was thermodynamically more
favorable than their oxidation to Cu(Il), during the redox replacement reaction,
suggesting that four Cu upd adatoms were replaced by each deposited Pt adatom.

As the electrochemical deposition method based on SLRR of underpotentially
deposited sacrificial metal monolayers has gained considerable interest due to its
broad applications in the preparation of catalytic materials and growth of ultrathin
epitaxial films, the kinetics of metal deposition via this technique was examined by
the same authors [224]. The model system was Au(111)/Pt using Pb and Cu upd
sacrificial monolayers deposited on Au(111), considering HCIO, and H,SO,
supporting electrolytes. The parameters of the reaction kinetics, i.e. reaction half
time, reaction order and reaction rate constant, were determined. The effects on the
reaction kinetics of the nature of the M upd monolayer, the transport limitation and
the present anions were also investigated.
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In recent years, the synthesis of multimetallic nanoclusters has been extensively
studied due to their widespread applications specifically in electrocatalysis. Elec-
trodeposition of these nanostructures can be performed by codeposition of metals
from a common electrolytic bath or by sequential deposition of the involved metals.
The SLRR methodology is another option for the preparation of bimetallic
nanoclusters.°

Several studies have been reported about thin composite films, using M upd
layers. Particularly, the formation of nanostructures composed by compound semi-
conductors is of great interest because their application in optoelectronic devices.
Epitaxial growth of compound semiconductors was achieved by Stickney and
co-workers [225-228] using the so-called Electrochemical Atomic Layer Epitaxy
(ECALE) method, which is based on successive upd atomic layers of different
elements to form a compound. The principle is similar to that of the SLRR in the
sense that both use surface limited reactions to form each atomic layer of a deposit.
They developed this method for the production of II-VI compound semiconductors
which are deposited epitaxially. The upd is used in order to limit deposition to a
monolayer and because of the enhanced stability provided by bond formation
between the II and VI elements, relative to formation of bulk elemental deposits
[229]. The thin-layer electrodeposition of CdTe on a Au polycrystalline electrode
was the first system studied employing the ECALE method. This deposition
technique has several advantages such as the prevention of generating three-
dimensional nuclei by never exceeding the monolayer regime. The control of
deposition potentials is such that only deposition enough to cover the deposit occurs
and the combination of each successive element with only the element previously
deposited, prevents the mixing between the metals being deposited. Adequate
deposition potentials and solution composition are necessary for each element
being deposited. Each deposition cycle forms a monolayer of the compound, and
the number of cycles determines the thickness of the deposit.

Most semiconductors compounds consist of both a metal and a main group
element such as Te, Se, S, As, Sb, or Bi. At present, several compounds have
been prepared by ECALE. Among them are CdTe, CdSe on polycrystalline and
single crystal Au electrodes [226, 230-233]. Another groups adopted Ag(111) as
substrate to prepare semiconductor compounds. For example CdTe and ZnSe
deposition on Ag(111) was obtained by ECALE, alternating underpotential depo-
sition of atomic layers of the elements making up the compound [234, 235].

Upd-based systems have been analysed in recent years for the development of
electrochemical supercapacitors, which attract growing attention as electrical
energy storage systems because of the high capacitance of the electrode materials
resulting in higher specific power than batteries and higher specific energy than
conventional capacitors. The supercapacitor processes are, ideally, 2-D and rely on
faradaic processes in which a monolayer or quasi-monolayer of electrochemically

STt will be discussed in detail in Chap. 6
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reactive species can be electrosorbed or electrodesorbed with charge transfer via
upd processes, e.g. Cu on Pt, Pb on Au, Bi on Au, Bi on Ag [236].

Girija and Sangaranarayanan [237] have studied Tl upd on Ag in the presence of
bromide ions. They demonstrated the feasibility of upd-based systems as
supercapacitors using this system as an illustrative example and estimated the
specific capacitance employing voltammetric and galvanostatic charge/discharge
studies. Upd-based supercapacitor systems are favorable due to the following
considerations: high reversibility, large pseudocapacitance values, wide choice of
the substrate and depositing species, feasibility of employing aqueous and
non-aqueous solvents, specific choice of electrolytes in order to increase adsorption
via pseudocapacitance. Figure 2.33 shows a typical chronopotentiogram obtained at
a constant current density of 10 pA cm 2 over the Tl upd range, exhibiting the
usually charge/discharge behaviour of supercapacitors. Furthermore, the charge
curves are symmetrical to their corresponding discharge counterparts in the poten-
tial region considered, an essential criterion for the feasibility of supercapacitors,
and the reversibility is maintained for ~107 cycles.

2.24 Photoacoustic Technique

The Photoacoustic (PA) technique has not been widely applied for upd systems but
some works are found in the literature. Fujishima et al. [238, 239] reported results
on the Au oxide layer and the plating of Cu on Au, demonstrating the capability of
the Photoacoustic spectroscopy (PAS) to study the surface behaviour of metal
electrodes in-situ. They also described the cell and the experimental procedure
used for this purpose, where the current-potential and photoacoustic signal-
potential curves are recorded simultaneously. Basically, PA refers to the generation
of acoustic waves by modulated optical radiation. The process involves absorption
of light (e.g. laser beams) in the working electrode and production of heat followed
by propagation of heat-generated thermal waves to the electrode surface. Heat is
then transferred into the adjacent gas, varying its pressure, which is then measured
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by a microphone as the photoacoustic signal. This technique differs from the
conventional ones mainly by the fact that even though the incident energy is in
the form of optical photons, the interaction of these photons with the sample is
studied not through subsequent detection and analysis of some of them but rather
through a direct measure of the energy absorbed by the material because of its
interaction with the photon beam [240, 241].

Later, Fujishimaet al. [242] demonstrated that PAS is a sensitive optical method
that has both sensitivity and ability to provide in-situ information about the inter-
face electrode-electrolyte modified by upd. They were able to detect Pb upd from
0.1 M NaClOy, +0.01 M Pb(CIOy4), +0.005 M HC10,4 solution onto Ag substrate
employing PA. The clear peaks pair (deposition and dissolution) related to the Pb
upd were detected in the PA signal-potential curve showing a slight increase or
decrease at the potential where the peaks in the current-potential curve were
evidenced. The slow transformation phenomena of Pb adsorbates on Ag(111)
electrode surfaces [183—192] reported previously, was also detected as a slight
fluctuation of the PA signal.

2.25 Electrochemical Impedance Spectroscopy

The potentiodynamic electrochemical impedance spectroscopy (PDEIS) is a rela-
tively new and promising technique to study in real time the electrochemical
response of metal monolayers and nanostructures on various substrates providing
fast acquisition and visualisation of the interface response to ac and dc current in a
single potential scan [243, 244]. In a simple experiment, the cyclic voltammogram
of the system and the Nyquist and Bode plots extended to 3D as a function of
potential are obtained. These later are then individually extracted from the 3D plots
as orthogonal sections and decomposed by a built-in equivalent circuit analyser into
the constituent responses of the circuit elements, analogous to conventional ac
impedance measurements. Unlike conventional electrochemical impedance spec-
troscopy (EIS), which analyses frequency response in stationary states to obtain the
whole equivalent circuit, PDEIS analyses the ac response in terms of equivalent
electric circuit parameters dependences on the potential, allowing dynamic surface
control. PDEIS appeared to be useful for nonstationary effects monitoring in upd.
Different equivalent circuits were found for reversible and irreversible upd pro-
cesses. For the first ones, low-amplitude ac probing generates oscillation of adatom
coverage, which produces the capacitance of adsorption in the equivalent circuit,
but no adsorption capacitance was found in irreversible upd systems. Moreover,
PDEIS enables separate monitoring of anions coadsorption in upd processes.
Ragoisha and Bondarenko [245] demonstrated the application of PDEIS to
copper underpotential deposition on polycrystalline gold in 10 mM CuSO4+0.1 M
H,S0,4 and 10 mM Cu(NOj3), + 0.1 M HNO; providing in situ investigation of anion
adsorption during copper monolayer formation on gold. The dependences of the
equivalent circuit parameters on potential showed different behaviours of nitrate
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Fig. 2.34 Cathodic (a) and anodic (b) branches of the PDEIS spectrum for Cu upd on Au in
10 mM CuSO,4+ 0.1 M H,SO;. (¢) Cyclic voltammograms of Au in 10 mM CuSO,4+0.1 M H,SO,4
and 10 mM Cu(NO;),+0.1 M HNOj solutions. |[dE/df| =2 mV s (Reprinted with permission
from Ref. [245])

and sulfate ions. The authors also indicated that the results revealed some irrevers-
ibility of the constituent processes that appeared to be reversible from cyclic
voltammograms.

Figure 2.34 shows the PDEIS spectra, cathodic (Fig. 2.34a) and anodic
(Fig. 2.34b) branches, for the system Au/10 mM CuSO4+0.1 M H,SO, and the
corresponding cyclic voltammogram together with the voltammetric results in the
system Au/10 mM Cu(NOj3),+0.1 M HNOj; (Fig. 2.34c). Differences between the
ac responses of the cathodic and anodic scans evidenced intrinsic irreversibility and
non-stationary of the underlying processes. The presence of sulfate and nitrate
anions for Cu upd on Au shows no pronounced changes in voltammetric results
which is not the case as it is shown below. In Fig. 2.35 the best-fit equivalent circuit
in each case, and the dependences of the equivalent circuit parameters on the
potential are presented, such as the double layer capacitance (Cq)), the pseudoca-
pacitance and pseudoresistance of Cu upd (C., R.) and anion adsorption (C,, R,).
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Fig. 2.35 (a) Equivalent electric circuit obtained from the PDEIS spectra for Cu upd on Au, (b)-

(f) dependencies of the equivalent circuit parameters on potential (Reprinted with permission from
Ref. [245])

Nitrate adsorption pseudocapacitance, and the inverse of the adsorption pseudore-
sistance, both exhibited peaks in a narrow range of Cu monolayer growth, while
sulfate affected a wider potential range and gave two desorption peaks in the anodic
scan. The complex and different potential dependences of the double layer capac-
itances in sulfate and nitrate solutions evidenced the anion effects during the Cu upd
process on Au electrodes.

PDEIS was also used for characterisation of Ag upd on polycrystalline Pt [244],
Pb upd on polycrystalline Au and on Au coated with Se atomic layer [246], Bi upd
on Au [247] and Pb upd on Te [248], where no adsorption pseudocapacitances were
found in equivalent electric circuit of irreversible lead upd on tellurium.

2.26 Thermal Desorption Spectroscopy

The Thermal Desorption Spectroscopy (TPS), also known as Temperature
Programmed Desorption (TPD) [249, 250] is an important tool to study for example
hydrogen desorption kinetics in metal hydrides, but it was found throughout the
literature that it can be also applied to M upd processes, although not extensively.
Briefly, TPS consists in a non-isothermic analysis of desorption kinetics and it is
used to obtain information on the energetics and kinetics of adsorbed particles. It
involves heating resistively via thin tantalum or tungsten wires, a sample covered
with one or more adsorbate(s), following a pre-defined temperature profile (mostly
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Fig. 2.36 Silver (AMU 107) thermal desorption spectra from (a) Pt(111) and (b) Pt (553) surfaces
as a function of Ag coverage (Reprinted with permission from Ref. [251])

in a time-linear fashion) and simultaneously detecting the residual gas in the
vacuum desorbed by the material by means of a mass analyser. The concentration
of desorbing species is usually measured with a quadrupole mass spectrometer. As
the temperature rises, certain absorbed species will have enough energy to escape
and will be detected as a rise in pressure for a certain mass. The experiments are
performed in a continuously pumped ultra-high vacuum (UHV) chamber. With
increasing temperature, the desorption rate increases, eventually goes through a
maximum, and drops back to zero as the surface is depleted of adsorbate. As a result
one obtains a spectrum composed of several peaks of the desorption rate as a
function of temperature.

Davies et al. [251] used TDS besides AES and LEED, to analyse the growth and
chemisorptive properties of Ag and Au monolayers on platinum (111) and (553)
surfaces. Only the system Ag/Pt will be mentioned here. AMU 107 TDS results
from Ag-covered Pt(111) and Pt(553) surfaces, are presented in Fig. 2.36. A single,
desorption peak centered at 1080 K from the Pt(111) substrate was observed up to
an initial Ag coverage of 1ML (Fig. 2.36a), corresponding to the desorption of this
layer. At coverages >1 ML a second, lower temperature peak is developed which
becomes the dominant desorption feature at coverages >2 ML. This lower temper-
ature peak was identified with desorption from subsequent monolayers. From these
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thermal desorption studies of Ag adlayers from the Pt substrates, the authors also
determined that the Ag-Pt bond in the first monolayer was ~25 kJ mol " stronger
(278 kJ mol ") than the Ag-Ag bond (253 kJ mol ") in the subsequent monolayers.
Therefore, it could be expected that the first Ag monolayer deposited on the Pt
surface would spread evenly over the surface to maximize the number of Ag-Pt
bonds. The growth of Ag in this case proceeded via a Stranski-Krastanov mecha-
nism. However, the TDS spectrum for Ag desorption from the Pt(553) surface
(Fig. 2.36b), shows that both peaks were detected at initial coverages below 1 ML.
At 1 ML the two peaks are of comparable intensity, and at 2 ML the lower
temperature peak becomes the dominant feature. These observations indicated
that silver was present as multilayer 3D crystallites, as would be expected from a
system followed a Volmer-Weber growth mechanism.

Stickney and coworkers [252] reported studies about the influence of the halogen
layer structure on the electrodeposition of silver on a Pt(100) surface pretreated
with iodine, from aqueous perchloric acid solutions, employing TPS among other
techniques. They analized the thermal desorption from various structures formed by
electrodeposition of Ag onto Pt(100) [c(\/2 X 2\/2)]R45° I surface and found that
the onset of atomic I desorption was retarded to some extent by the presence of
electrodeposited silver and the desorption of metal deposits generally took place
after most of the iodine had desorbed. The TDS spectrum for the system showed
that whenever the packing density of deposited silver equaled that of a silver
monolayer, silver desorption took place almost exclusively in a single, massive
peak beginning near 950 K. Desorption of several silver monolayers (05, >>1) and
the initial stages of desorption of a silver monolayer evidently occurred in this
single predominant process having a rate maximum at about 1000 K.

2.27 Glow Discharge Optical Emission Spectroscopy

Glow Discharge Optical Emission Spectroscopy (GDOES) has not been usually
employed as a surface analysis technique for upd systems, but it is suitable for
chemical analysis and surface depth-profiling characterization on solid materials
including ultrathin films [253]. This technique is frequently used in combination
with any of the well-known surface analysis methods, such as XPS, to obtain the
composition of thin films as a function of depth.

The basic principles of GDOES [254, 255] are described here briefly. The glow
discharge is a kind of plasma which is created by inserting two electrodes in a cell
filled with gas at low pressure (e.g. 1 Torr), commonly Ar. A potential difference
(of the order of 1 kV) is applied between the flat sample to be analyzed, which
functions as cathode, and the anode (copper electrode). The glow discharge plasma
is thus formed and viewed by one or more optical spectrometers. Argon ions,
created in the negative glow of the plasma, are accelerated towards the sample
where they bombard the surface, inducing an erosion process (sputtering). The
atoms, removed from the sample surface, move into the glow discharge plasma.
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Fig. 2.37 (a) GDOES depth-profile for the Ni specimen polarized for 30 min at —0.215 V (SHE),
(b) Normalized Pb depth-profiles of the Ni specimens polarized for 30 min at various potentials.
Solution: 0.1 M NaClO,+107> M HCIO,+10~> M PbO (Reprinted with permission from
Ref. [256])

Here they are excited through collisions with high energy electrons, metastable
argon atoms and ions. The negative glow emits a characteristic radiation (optical
emission spectrum) of the discharge gas and the elements present in the sample.
This spectrum is recorded by an optical spectrometer and the concentration distri-
bution of the different elements is deduced from the intensities of the characteristic
spectral lines. Analytical applications of GDOES involve bulk elemental analysis,
mostly of metals and alloys, as well as depth profile analysis of various coatings and
surface-modified materials, acquiring the signal from each chemical element as a
function of the sputtering time.

GDOES is a promising technique for ultrathin films analysis, including those
formed by upd. Seo et al. [256] employed XPS and GDOES, together with elec-
trochemical techniques, to confirm the evidence of Pb upd on Ni in acidic perchlo-
rate solutions containing Pb®* ions and its effect on the anodic dissolution and
passivity of Ni. They reported that the upd of lead on Ni in the potential range larger
than —0.215 V (SHE) corresponding to the equilibrium potential of the Pb**
(107 M)/Pb electrode, was confirmed by XPS and GDOES analyses, indicating
that the upd process occurred on Ni surface in the potential range of the active
dissolution and active/passive transition. The GDOES results are shown in
Fig. 2.37. The typical depth-profile of the Ni sample, polarized for 30 min
at —0.215 V (SHE) in 0.1 M NaClO,+10"% M HCIO4+ 10~> M PbO solution,
evidenced the presence of lead on the uppermost surface (Fig. 2.37a). In order to
compare the difference in Pb depth-profile between the Ni specimens, graphics of
the intensity ratio, i.e. the intensity of Pb, Ip,, normalized by dividing it with the Ni
intensity in bulk, INipui), Vs the sputtering time were performed.

Figure 2.37b exhibits the normalized Pb depth-profiles of the Ni specimens
polarized for 30 min at various potentials. It was observed that the maximum of
the intensity ratio, Ipv/INigulk), decreased with increasing polarization potential
from —0.215 to 0.09 V (vs. SHE) and no Pb was detected for the Ni specimen
polarized at 0.30 or 0.50 V (vs. SHE) in the passive region. Both the XPS and
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GDOES results indicated that lead was present on the Ni surface in the potential
region of hydrogen evolution and active dissolution, while there was no lead on the
Ni surface in the complete passive region.

2.28 Underpotential Deposition in Nuclear Chemistry

Electrochemical methods for the isolation and separation of radioelements in
weightless amounts are popular because of their cleanliness. The deposited radio-
isotopes may be desorbed from the electrodes again or may form firmly adhering
uniform layers, with which radioactive energy or intensity measurements can be
performed. The deposition methods are either electroless or they make use of
electric current (electrolytic methods). A valuable overview on the application of
electrochemical methods in radiochemistry until the middle 1950s can be found in
the book of E. Broda and T. Schonfeld. [257]. The practical aspects have been
summarized by Rogers [258]. This author has performed depositions in volumes of
0.01 ml. A more recent overview on theoretical aspects of this problem can be
found in the article of Eichler and Kratz [259].

Due to its ability to sense very small cation concentrations, the underpotential
deposition phenomenon has found application in nuclear chemistry and emerges as
an interesting method for separating trace levels of a radioactive substance.

From theoretical predictions, elements with atomic number in the range 108—-116
are expected to be partially very noble metals and therefore their electrochemical
deposition on suitable electrode materials from aqueous solutions may be used as a
possible method for their isolation [260].

Eichler and Kratz [259] have shown by means of theoretical calculations that
the potential associated with the electrochemical deposition of radionuclides in
metallic form from solutions of extremely small concentration is strongly
influenced by the choice of the electrode material. Based on a previous work of
Byrne and Rogers [261], these authors proposed a modified Nernst equation for a
thermodynamic description of the electrodeposition of radiotracers in the upd
range. This equation is based on physical properties (partial molar adsorption
enthalpy and entropy) of the deposited metal A and the electrode metal B and
lead to predictions for electrode potentials for depositions of 50 %, Esgq,:

AH(AB) ~TASwy RT An

Espy, = E° — m
S0% F ZF 1000

(2.4)

Where E° is the standard electrode potential, AH(A-B) is the partial molar net
adsorption enthalpy, which corresponds to the enthalpy difference associated with
the transformation of 1 mol of the pure metal A in its standard state into the state of
“zero coverage”, where the interaction of A-B is strong and the interaction of A-A
negligible. In the state of “zero coverage” deposition occurs in the upd range. ASy;p
is the difference of vibrational entropies in the above mentioned states, and A,, is
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Table 2.2 Esyq values. and EO, as defined in Eq. (2.4) for Hg, TI, Pb, Bi, and Po at different
electrode surfaces. All potentials are referred to Ag/AgCl electrode

Es09,(mV)

Electrode Ni Cu Pd Ag Pt Au E°(mV)
Ton

Hg** 660 635 1145 620 965 710 595
TI* 555 315 1915 380 1425 655 —530
Pb>* —235 —380 450 —380 170 —305 —320
Bi** 300 145 790 125 585 175 120
Po** 775 330 1035 355 720 670 425
Po** 600 375 730 340 575 545 565

Data taken from Ref. [262]

the surface occupied by 1 mol of A atoms as a monolayer on a metal electrode
B. Calculations for the deposition of elements 112—115 and their homologs Hg, T,
Pb, Bi and Po on Ni -, Cu-, Pd -, Ag-, Pt- and Au- electrodes were carried out,
confirming the influence of the nature of the electrode material on the deposition
potential. Hummrich et al. [262] recalculated the E5qq, values from [259], which are
presented in Table 2.2 together with the standard electrode potentials E°. All the
potentials are referred to the Ag/AgCl reference electrode. It is found that for Pd,
and in some cases Pt or Au, particularly large, positive values of Esyq were
calculated, larger than the standard electrode potentials tabulated for these ele-
ments. This fact indicates that these electrode materials are an excellent choice for
practical applications enabling the electrochemical deposition of this kind of
elements from aqueous solutions.

Hevesy and Paneth [263] performed the first studies of Po underpotential
deposition on gold electrodes and introduced the quantity denominated “critical
potential”, E_;. This value refers to the potential at which a significant electrode-
position of a radiotracer on a metal surface occurs. The E.; as well as the
experimental quantity defined above E5g9, can be considered as a measure for the
strength of the interaction between the metal A and the electrode material B. These
quantities are discussed in more detail below.

A specific electrolytic cell has to be designed for the present type of studies,
because electrodeposition must be produced in a fast way due to the very short life
of the isotopes which have to be deposited. Therefore, a small ratio of an electrolyte
volume to electrode area, intensive stirring and a high temperature were considered
by Hummrich et al. [262]. The electrode set-up and electrolytic cell used by these
authors are depicted in Fig. 2.38. The electrolytic cell was made of polyether-ether-
ketone with two slots for working electrodes, which were shaped in the form of foils
on which the electrodeposition took place. The electrolyte volume was small, 1 mL.
A large stir bar was placed between the two metal foil working electrodes, to make
possible a vigorous stirring, reducing simultaneously the ratio of electrolyte volume
to electrode. Electrolyte in- and outlets were provided for online experiments and
were plugged in the offline experiments, and a positive temperature coefficient
resistor (PCT) was mounted behind one working electrode.
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E=const.

WE CE RE Potentiostat

Working electrodes

Counter electrode

Reference electrode
(Ag/AgCl)

. _— PTC heating unit

Stir bar

Electrolyte in- and outlet

Fig. 2.38 Potentiostatic three electrode set-up and electrolytic cell for fast electrochemical
deposition experiments with short-lived isotopes. WE: working electrode, CE: counter electrode,
RE: reference electrode (Taken from Ref. [262] With permission)

With this set-up, Hummrich et al. [262] performed offline and online experi-
ments. The term offline refers to experiments performed with relatively long lived
homologues of the super-heavy elements, while the term online refers to experi-
ments coupled to the nuclear facility. The first ones served to investigate the
appropriate potentials for electrochemical deposition and the electrodeposition
velocity of several standard radiotracers. This was achieved via measurement of
the y activity of the electrodes, which was compared with the measured count rates
of a standard sample that was prepared by pipetting a definite activity on a glass
fiber filter.

In Figure 2.39, the deposition yield of Pb on Pd, Ni, Cu and palladinated Ni (Ni
(Pd)) surfaces is plotted versus the electrode potential, where the critical potentials
E..;, were determined by the tangent method as proposed by Joliot [264]. In this
method, the intersection of the tangent of the flat part of the curve (before deposi-
tion starts) and of the tangent that goes through the point of inflection of the gradient
part of the curve, defines the E ;. Starting at this potential, the deposition sets in
and approaches eventually 100 %. From the potential curve, Esgq can be also
deduced.

For the deposition of Pb on Pd the E_,;, and E5gq, values were +125/—20 mV, on
Ni —150/—250 mV, and on Cu —350/—460 mV, respectively. Comparing these
measured values with the calculated hypothetical Nernst potential (—530 mV
vs. Ag/AgCl; 3 M KCl) for lead deposition on lead, it can be deduced that the
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Fig. 2.39 Determination of I S = A A——
critical potentials (E;,) and 100 4 {/‘//‘ Nernst-Potential |
Espq-values for the | Esou : - : |
deposition of '*Pb on o S MLy

different electrode materials
from 0.1 M HCIL. A
hypothetical Nernst
potential for lead deposition
on lead is also indicated
(Reprinted with permission
from Ref. [262])

Deposition yield / %

—4A—Cu
—O— Ni(Pd) |

600 400 200 O -200 —400 -600 -B80O0 —1000

Potential vs. Ag/AgCl/ mV

underpotential deposition phenomenon is present in all cases. Especially for the
deposition of Pb on Pd, the effect is more pronounced because it shows the strongest
underpotential shift, namely more than 600 mV more positive than the Nernst
potential. Then the electrode with the deposited product was analyzed by o —
spectrometry and the results indicated that more than 97 % of the radioactivity of
Pb remained on the Pd electrodes and therefore Pd should then be used as the
electrode material.

Coming back to the previous studies of Eichler and Kratz [259], these authors
compared theoretical Esgq,-values with the measured E;, data, and suggested that
the predictions seemed to be upper limits for the “critical potentials”. In that sense,
the characteristic quantities E5gq, can be seen as useful predictions of the largely
different “driving forces” for electrochemical depositions depending on the nature
of the microcomponent A and on the choice of the electrode material B. On the
other hand, in the work of Hummrich et al. [262] the highest measured Esq, values
were tentatively compared with the theoretical calculations in Table 2.2. As exam-
ples, it is found that the predicted large underpotential deposition values of Pb on Pd
and Pt were confirmed, although the measured values were lower than the predicted
ones. The predicted Esqq values for the deposition on Cu and Ni were within
100 mV close to the measured values, while the calculated value for Au was
much too low.

Hummrich et al. [262] also performed online experiments, which involved a
set-up suited to perform electrodeposition experiments with accelerator produced
isotopes. These experiments involved the following steps: (1) fast transport of the
produced isotopes to the chemistry set-up, (2) transfer of the isotopes from the gas
into the aqueous phase, (3) transport into the electrolytic cell, (4) electrodeposition
onto the electrodes, (5) preparation of samples for decay spectrometry, (6) transport
of the electrodes to a detector set-up for a-spectrometry and identification of the
element by detection of its nuclear decay.
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In a first type of online experiments, the electrolytic cell with the foil electrodes
was used and the transport of the metal foil electrodes to detectors was performed
manually. In a second type of online experiments, the working electrodes were long
metal tapes which allowed for moving the spot with the deposited radioactivity very
fast to a detector array, i.e. these tapes were then be pulled through the electrolytic
cell in order to transport the deposited activities in front of a-detectors. This
perspective was taken with the aim of developing a fully automatised system and
to improve the detection probability increasing the number of detectors. Finally,
these authors mentioned that a good candidate for first electrodeposition experi-
ments in the field of the super heavy elements could be 2°Hs (Hassium, atomic
number 108), which has a sufficient long half-life time (22 s).
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Chapter 3
Phenomenology and Thermodynamics
of Underpotential Deposition

3.1 Phenomenology and a First Thermodynamic Approach
to Underpotential Deposition

As can be found from the other chapters of this book, underpotential deposition
shows a wide variety of behaviors, which involve the occurrence of several surface
phases, formation of submonolayers, monolayers (ML) and eventually the forma-
tion of bilayers. Adsorption may be commensurate or incommensurate, where the
ML may undergo compression, and metal adatoms may coadsorb with anions to
generate new phases. To start the discussion and briefly go into the history of the
development of thermodynamic models for upd, we consider a relatively “simple”
system, as shown in Fig. 3.1, which corresponds to Ag deposition on Pt(111)
[1]. The voltammogram of this system presents three cathodic and three anodic
peaks, which correspond to ML formation/desorption(3), bilayer formation/desorp-
tion(2) and bulk deposition/oxidation(1) of Ag. The peak potentials of the comple-
mentary processes do not coincide, denoting that at the present sweep rate a quasi
equilibrium state has still not been reached. For the discussion below, we choose the
anodic peaks, that we will denote with E, E;, and E3 (see Fig. 3.1). At the sight of
the features of this voltammogram, and although the abscissa axis gives a measure
for the electrochemical potential of electrons at the working electrode, it may be
appealing to use the position of the peaks found for this system as a measure for the
stability of the different upd ad-phases being formed. In this spirit, Kolb et al. [2—4]
introduced in the 1970s the concept of underpotential shift, AE"P.

This quantity was defined as the difference in the potential of the desorption peak
for a layer of a metal M adsorbed on a foreign substrate S and the potential of the
peak corresponding to the dissolution of the pure metal M. In the present case,
AE"™ — E3 — E|, as marked in the red segment in Fig. 3.1.

At the time Kolb et al. developed their modeling of upd, single crystal surfaces
were not available for performing electrochemical experiments, so that all the data
employed by these authors were restricted to polycrystalline surfaces. On the basis

© Springer International Publishing Switzerland 2016 91
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Fig. 3.1 Underpotential deposition of Ag on a Pt(111). (Taken from Ref. [1]). The peak labelled
with £ corresponds to the oxidation of bulk Ag deposited on Pt(111). The peaks labelled with £, and
E5 correspond to the oxidation of underpotential deposits (Reprinted with permission from Ref. [1])
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Fig. 3.2 Underpotential shift AE"™ between bulk and monolayer stripping peak as a function of
the difference in work functions of substrate and adatom materials, A®. The respective ions are
indicated in the Figure. (O) aqueous solution; (®) acetonitrile; (A) propylene carbonate (Reprinted
with permission from Ref. [3])

of experimental information, they found the correlation between underpotential
shift and work functions difference between substrate (S) and adsorbate (M), A®
= ®@g — @\ shown in Fig. 3.2, where @; denotes the work function of metal i.

It must be recognized that the data in Fig. 3.2 strongly suggest that under-
potential shift and work function are correlated. We now turn to analyze the argu-
ments given to understand the present correlation. First, we explain why it is
reasonable to consider the underpotential shift as a measure for the difference of
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free binding energies of the S/M and the bulk M system. This explanation is given
in the article of Kolb et al. [2] but we give here a discussion in terms of the different
quantities shown in Fig. 3.3 to clarify some points. There, we show a working
electrode made of metal S covered by a monolayer of M, whose potential is
measured under equilibrium conditions, with respect to a reference electrode
made of the bulk metal M, which is the same as that being deposited under upd
conditions on S. Thus, the potential difference measured between the S and M
electrodes Es — Ey; = AES ™ can be identified with the underpotential shift defined
above.' The solution contains the cations of the metal M being deposited at the
activity ays s yielding the electrochemical potential ﬁMf:q)' The chemical potential

uyy of the M atoms deposited on S is:
fing = Fiype + 20 (3.1)

where ﬁl\s/ﬁ represents the electrochemical potential of the ion cores of M adsorbed

on S and u3 is the electrochemical potential of the electrons in the substrate
S. z denote the valence of the cation. On their side, the chemical potential of the
bulk M atoms, ﬂm, is given by:

ﬂhl\,f = ﬁl\l\,fﬁ + zﬁeM (3.2)

where ﬁfw is the electrochemical potential of the M cations in bulk M and z M is the
electrochemical potential of the electrons in the substrate M. Since at equilibrium

! Although it could be argued that AE"P is not identical with AES™ since AE"P is affected by a
number of experimental uncertainties like the fact that the exact position of the oxidation peak of
bulk M will depend on the amount of M deposited, etc., we will assume here that AES™ ~ AE"P4,
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the core ions are free to move from the electrodes into the solution and viceversa,
we have the equilibrium condition:

e = v =il (33)

Subtracting Eq. (3.2) from Eq. (3.1) and using Eq. (3.3) we get:

s — = (S — ) 6.4
Or equivalently:
_ 1
AESM = — (4 — mit) (3.5)
zeq

where we have used the fact that the experimental measurement of an electric
potential difference corresponds to the measurement of the difference of electro-
chemical potentials of electrons between working and reference electrode
(AES™M = — (a3 — M) /eo). In other words, the measurement of equilibrium
potentials for a upd ML with respect to a reference electrode made of a bulk
piece of the same metal being deposited, should deliver the difference between
the chemical potential of the M atoms in the upd deposit with respect to their
chemical potential in the bulk material. It is worth considering whether Eq. (3.5),
formulated by Kolb et al. [2], has any restriction for its validity, besides the assump-
tion of equilibrium. In this respect, it must be pointed out that Egs. (3.1) and (3.2)
involve the following equilibria:

MZE 4 76" = Mo (S) (3.6)
Mf;q) + 26" ZMppu) (3.7)

where Mf;l) denote the solvated cations in solution and M,qs and M,y denote the

upd and bulk metal deposits respectively. In the case where other species coadsorb
(anions), they will participate in reaction (3.6) and the equilibrium potential will
not be straightforwardly related to a chemical potential difference as such in Eq.
(3.5). Thus, an important approximation made in Eq. (3.6) was to assume that
z electrons flowed to the S electrode for each cation being deposited on its surface.
We will see below that this is not always the case, since the simple way in which we
are writing this equation involves neglecting other phenomena taking place at the
substrate/solution interphase upon upd.

Equation (3.5) can be derived through a thermodynamic cycle as described in
Reference [5] and shown in the cycle drawn in Fig. 3.3. As stated above, the ion
cores deposited on S are in equilibrium with both, the ions dissolved in solution and
the ion cores constituting the M electrode. Thus, the free energy change involved in
the transfer process of one of the ion cores adsorbed on S to the electrode made of
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bulk M will be zero, that is, AG,, \p+ = 0. This transfer may be performed alter-
natively by the way marked by the arrows numerated from 1 to 7, which correspond
to: (1) Desorption of an M atom from the S surface, (2) Ionization of the atom M to
get the M”" cation and z electrons, (3) Reinsertion of the z electrons resulting in step
2 into the left electrode, (4) Transfer of the core ions from a place close” to left
electrode to a place close to the right electrode, (5) Extraction of z electrons from
the right electrode in order to achieve the (6) Neutralization of the M*" cation,
(7) Incorporation of the neutral M atom into the lattice of the M bulk electrode.
Along this cycle, it comes out that the free energy changes corresponding to
the following steps cancel each other: Steps 2 with 6, Steps 3 with 5. Thus,
the total free energy change for the transfer of a M*" core from the left to the
right electrode will be:

AGy, v+ = AG) + AG4 4+ AG; =0 (3.8)

where we have set this equation equal to zero on the basis of the previous discus-
sion. Let us discuss now the identity of the different terms in Eq. (3.8). AG is the
free energy change required to take a metal atom away from the electrode. This is
minus the chemical potential yf,[ of the M atoms at the substrate/adsorbate system,
$0 AGy = —puy;. Similarly, AG7 = u. The term AG, is an electrostatic work term,
since it involves the transfer of an ion core from the Volta potential ¥ to the Volta
potential ¥y;. Thus, AG4 = zeo(¥Pm — Ps). Substitution of these contributions in
Eq. (3.8) and solving upon (Vs — V) yields:

1

s — Py) = —
(S M) zeg

(up — ar) (3.9)

which is equivalent to Eq. (3.5). Of course, the latter derivation is equivalent to that
of Kolb et al., but we introduced it here since it emphasizes on the physical picture
that can be used to perform calculations for the present system.

It is remarkable that although Egs. (3.5) and (3.9) involve the chemical poten-
tials of the adatoms in the different systems, the correlation observed in Fig. 3.2
involves the work function, which is an electronic property of the materials. The
explanation given by Kolb et al. for the linear correlation of Fig. 3.2 was based on
two ideas: the first is that a polar bond occurs at upd deposits; the second is the fact
that Pauling’s electronegativity yp, which is a measure for the ionicity of a bond, is
linearly correlated with the work function @ as:

xp = 0.5® — const (3.10)

2 As “close” we mean at a distance close enough to the solid to be influenced by ambient electric
fields in the vacuum, but far from the surface on the atomic scale.
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The latter would explain the slope close to 0.5 observed in Fig. 3.2. Later on,
Trasatti [6] developed a model assuming an ionic bond of the adatom to the surface,
where a linear correlation was also predicted between AE"P! and A®, but with slope
1. Arguing on the basis that the picture of the ionic bond is valid for low coverages
(6 — 0), Trasatti plotted the underpotential shift in this limit and also obtained a
reasonably good linear AE"P? versus Ad relationship.

3.2 Introducing the Influence of Solvent in Underpotential
Deposition Modeling

Sudha and Sangaranarayanan [7] have modeled upd within a thermodynamic
approach, where the role of the solvent was emphasized. Figure 3.4 shows their
modeling within the following scheme: (i) motion of the solvated ions from the bulk
of the solution to the reaction zone, getting rid of their solvation sheath, (ii) electron
transfer from the substrate to the metal ions leading to bond formation with the
substrate. This process occurs after displacing adsorbed solvent molecules from the
substrate.
Within the present approach, the underpotential shift was written as:

AES*M -0 Dg . Dy (1 — ZH)AGsfHZO " (1 — ZH)AHsfM
CNS CNM ZadF ZadFCNS
4 0AGMm-n,0 OAHvm-m
ZadF ZadFCNM

(3.11)

where the first term contains the work function of the substrate (@g) and the adsor-
bate (@), and the corresponding lattice coordination numbers CNg and CNy,; the

e IHP  OHP

1 1
1 1 1
' i '
M i M
] L) ]
: N ; i
Lo Leading to ur  Leading to
' —_— |  —
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Fig. 3.4 Schematic representation of processes leading to upd of a metal M on a substrate S. [HP
and OHP indicates respectively, the inner and outer Helmholtz plane. The metal ions, M"* are
surrounded by the solvent molecules ‘w’ (Reprinted with permission from Ref. [7])
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second term involves the Gibbs free energy change for the substrate—water bond
formation AGs_p,0; the third term contains the enthalpy change of substrate—metal
bond formation AHg_\y; the fourth term is analogous to the second one, but for the
solvation of the adsorbate, with the corresponding Gibbs free energy change for the
adsorbate water bond formation AGy-p,0; the fifth term is the analogous of the
third one, but containing the enthalpy change of the M—M bond formation AHy—p.
The factor € denotes the surface coverage of the upd metal adatoms on the substrate
lattice, and it appears due to the replacement of solvent molecules by the depositing
species. z,q is the charge on the adsorbate. The authors estimated the underpotential
shift using this equation for several upd systems, finding a good overall agreement
with experimental results for polycrystalline systems. Estimations for single crystal
surfaces were not made. These studies were later extended to upd in acetonitrile
(ACN) and propylene carbonate [8].

3.3 Underpotential Deposition on Single Crystal Surfaces

The use of single crystal surfaces in the study of upd introduced a new element in
the discussion on the modeling of this phenomenon. Schultze and Dickertmann [9]
studied the formation of metallic upd adsorption layers of different metals on (111),
(100) and (110) planes of gold single crystal electrodes, finding that the correlation
of Kolb et al. is qualitatively valid for polycrystalline surfaces, but showed that the
situation on single crystal planes is more complex. Their results are shown in
Fig. 3.5. Overall, it is found that the more open face (110) yields the most stable
adsorbates, while upd on the (111) yields the less stable structures, but a clearcut
correlation between peak potential and work function difference can be hardly
found. There are several reasons for the lack of a definite trend:

1. Upd generally shows on single crystal surfaces several voltammetric compo-
nents. These are due to the occurrence of different surface structures of
2D phases. This fact was shown above in Fig. 3.1 for ML and bilayer deposition,
but the situation may be more complex, even in the case of the formation of a
simple monolayer.

2. A good example of the complexity that an upd system may exhibit can be found
in the study of Mrozek et al. [10] concerning upd of Ag on Au(111). Since this
system exhibits a negligible misfit due to the similar sizes of Au and Ag, it could
be expected a priori the formation of relatively simple surface structures.
However, the voltammetric results for this system already show that this will
not be the case, as illustrated in Fig. 3.6, where several features are evident in the
current-potential profile.

In fact, low energy electron diffraction (LEED) experiments following electrode
emersion at different potentials, show an amazingly rich variety of surface struc-
tures, as shown in Table 3.1. It must be emphasized that the base electrolyte
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employed in these experiments was a 0.1 mM HF solution, in an attempt to mini-
mize specific adsorption effects.

The linear correlation between underpotential shift and work function found in
Fig. 3.2 was justified in terms of Eq. (3.10). However, the work functions of the
single crystal surfaces of a metal spread frequently over a few hundreds of meV,
making the choice of the proper value uncertain. Furthermore, Egs. (3.5) and (3.9),
which could give thermodynamic support to the observed AES™ — A correlation,
contain a term which depends on the nature of the single crystal face, u3;, but also
another term that is a bulk contribution, ﬂ%. To make this point clear, let us leave
entropic contributions aside and think only in energetic terms. A good estimation of
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sy could be done by calculating from first principles the binding energy of M to the
surface of S. This quantity will be certainly different if we consider, for example, an
fee(111) or an fec(110) surface. However, the other term, ,uM, is a bulk term, that
could be estimated from the cohesive energy of the bulk material, containing no
reference to any single crystal surface. Thus, a difference of chemical potentials
does not straightforwardly lead to a difference of work functions.

3.4 Nernstian-like Formalisms: Underpotential Deposition
in the Framework of the Electrosoption Valency

The reduction potential of a half-cell represented by Eq. (3.7), where Mf;:) cations

are deposited on bulk M follows the venerable Nernst equation:

E _ EO + RTl aMf;Tl)
Mbug /My — “Mpui) Moy T SF

AM ik

2.303RT [ 9my,
= EO Z+ 1 = 3 ' 12
M(bu]k)/M(aq) T zF o8 (aM(hulk)> ( )

where E is the standard half-cell reduction potential and the activity

bulk /M(dq

aM ) OF metal in the solid phase is taken as unity for pure metals. The practicality

of this equation suggests to propose a similar equation for the half-cell reaction
(3.6):

RT (9™
E(Me/s)/M” - E(Me/s)/M‘+ + zF1 a(I'm)

2.303RT ( amr )
log

(aq)

a(l'm)

EO

O (3.13)

where now a(I"yy) is an activity that depends on the surface excess I'vi, Ev ) ™z

is the potential at which this excess is measured and E? (Mo /S)/ M=+ is the standard
(aq
submonolayer potential.
It is obvious from Eq. (3.12) that 0E/dlog (aM?+)) = 2.303RT/(zF). Similarly,
aq

from Eq. (3.13) we have that (aE/ 5logaM?+)) — 2.303RT/(2F), provided the
aq) / 'y

activity a(l"yy) is only a function of I'y;. Let us contrast this expectation with
experiment. Figure 3.7 shows data from Schultze [14] for the electrodeposition of
Cu on bulk Cu and on Pt electrodes, where the electrode potential has been plotted
as a function of the concentration of Cu?>* for a constant charge. These constant
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Fig. 3.7 Potential as a
function of Cu?*
concentration for different
coverage degrees of Cu 071
adsorbed on a
polycrystalline Pt electrode.
€cu/cu+2 denotes the
equilibrium potential of a
bulk Cu electrode. The
number close to the
different straight lines
denote the charges obtained
under galvanostatic
experimental conditions
(Reprinted with permission
from Ref. [14])
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charge conditions are supposed to represent a constant coverage, although this
implies some assumptions, as discussed below.

It is remarkable that while the slope of the lines for deposition on the bulk Cu
electrode has the expected 2.303RT/2F slope (z=2) in Eq. (3.13), the straight lines
obtained for Cu deposition on Pt are considerably steeper. This means in the present
formal scheme, a z value lower than 2. The reason for this observation is that the
reaction that we wrote above in Eq. (3.6) hides a considerable complexity, far
beyond the simple way in which we have written it there. The great difference
between Eqs. (3.6) and (3.7) is that the latter has as a product a bulk material, while
the former results in adsorbed species occurring at the electrochemical interface,
which contains itself a number of complex features: an electrical double layer, a
solvent, and, in some cases, other ions that may be participating in the deposition
reaction. These elements, not explicitly accounted for in Eq. (3.6), deliver a
contribution to the free energy change associated with the formation of the upd
deposit. Let us shortly discuss the consequences of these new ingredients for the
evaluation of coverage degree of adsorbed species from the charge flowing during
electrochemical experiments.
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3.4.1 Electrical Double Layer Effects

In experiments yielding results like those shown in Fig. 3.7, the Cu coverage degree
is evaluated from the galvanostatic charge, where the double layer contribution is
subtracted using the double layer charging of a nacked Pt electrode [14]. The latter
involves two assumptions:

1. That the capacitance of the double layer is the same for the Cu-covered Pt
electrode as it is for the Cu-free Pt electrode.
2. That the potential of zero charge is the same in both cases.

The latter is probably the more questionable assumption when the potential of
zero charge of the electrodes are different. In the case of Pt and Cu the potential of
zero charge (PZC) of single crystal surfaces are PZCpyjy) =~ 1.1V [11] and
PZCcy(111) = —0.02V  [12] vs. SHE. If we assume that the PZC of the
Cu-covered Pt(111) surface is close to PZCcy(111), double layer charging upon
adsorbate formation at a constant potential would involve a charging of the elec-
trode of the order Q ~ —Cai(PZCcy(111) — PZCpy(111)). Using Caq ~ 30 pF cm >

from Ref. [12], this yields Q ~ 30 pC cm~2, a meaningful quantity.

3.4.2 Solvent Effects

In upd, solvent effects may be twofold, as already advanced by the model discussed
in Sect. 3.2. On one side, the surface of the substrate at which the upd layer is
formed may be solvated before adsorption, so that a given number of water mole-
cules must be displaced. On the other side, the metal adatom being formed may be
solvated. This effect could be particularly important in the case where the adatoms
bear a partial charge. While solvent effects do not influence directly the evaluation
of the coverage via the charge discussed above, solvation may influence the charge
status of the adsorbate, as will be discussed in Chap. 5.

A natural attempt to generalize Eq. (3.13) would be just to say that z in this
equation should be replaced by some effective valency, say y,, yielding [13]:

RT

aMz+
_ 50 (aq)
B () = Ehassynes, 7 0 () 314

where we have written E y;, /) vz (I'm) to emphasize that this quantity denotes the
equilibrium potential at which the surface excess I'y is obtained.
From the previous equation, we see that y, = {5ln (GM?+>) / aE} RT/F, pro-
aq I'v

vided the metal activity is only a function of adsorbate excess. This quantity
determines the shift of the (sub)monolayer equilibrium potential with change in
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solution composition at constant coverage and is denominated electrosorption
valency.

Schultze and Vetter [14—18] have developed a comprehensive theory of electro-
sorption processes including adsorption of neutral molecules without charge trans-
fer, as well as adsorption of ions with complete discharge that take into account the
two previous features. This theory is in principle also suited to be applied to the
study of upd phenomena, and we discuss it shortly here. Szab6 [19] adapted the
formulation of Refs. [14—17] to the discussion of the upd phenomenon, and we
adhere to his notation. Within this theory, the concept of electrosorption valency v,
introduced intuitively above, plays a fundamental role. This quantity is defined,
in excess of supporting electrolyte as:

Opne: )
(aa) _ (Y% m)\ _.
( 3E )r (—arM>E (v F (3.15)

Z+
(aq)
trode potential, g, is the electrode charge and Iy is the surface concentration of
specifically adsorbed metal. The excess of supporting electrolyte is necessary to
warranty that all changes in the electrode potential are translated into changes of the
potential difference across the compact double layer. We will assume this condition
to be valid all along the present discussion. For a more general discussion without
this assumption, we recommend reading of the original articles [14—17].

The definition given in on the Lh.s. of Eq. (3.15) can be rationalized in terms of
writing Eq. (3.14) as:

where Hniz is the chemical potential of the M7 ", cations in solution, E is the elec-
(aq

0
0 M ~ v,
Eooss) s, (M) = Eouyss) ey + | Farrn) (3.16)

(aq)

And taking the partial derivative of the r.h.s. of this equation with respect to E,
we get:

(a O, > —yF (3.17)
E(Me/s>/MfII) (FM) a(l'm)

Note that in Eq. (3.17) the constant condition is a(I'y;), while in (3.15) it is I'y.

To understand the definition of the second equality in Eq. (3.15), let us consider
the deposition of n moles of metal ions, requiring a charge Q,,. If charging of the
double layer with the capacitance Cp, is accounted by a term CpAE, we have the
balance:
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0,, = —zFn+ CpAE (3.18)

And taking the derivative of the 1.h.s. with respect to n:

00n\ _
( 3 )AE = —zF (3.19)

This equation is equivalent to the second equality of Eq. (3.15). Thus, y, in
Eq. (3.15) controls potential dependence and charge flow during upd in very
much the same way as z does in electrodeposition of bulk metals.

Going back to the modeling of Refs. [14—17], upd was described in this frame-
work through the following equation:

S — (H20), + M{}) + 2" =S — M* ™ + vHy0yg) (3.20)
where v is the number of molecules displaced from the substrate to allow the
adsorption of M.

According to Eq. (3.20), the charge transfer coefficient is the difference between
the actual charge of the deposited metal z,ys = z — 4 and the ionic charge of the
adsorbing ions z, that is, A = z — z,45. Thus, 4 = 0 means no charge transfer, while
A =z means complete charge neutralization upon adsorption. Figure 3.8 shows a
scheme of the present modeling. In this Figure and for the sake of simplicity, we
have neglected the potential difference between the outer Helmholtz plane and the
electrolyte, assuming excess of supporting electrolyte. The profile of the electro-
static potential ¢ in the double layer is qualitatively shown at the bottom of this
Figure. Between the substrate S and the outer Helmholtz plane there is the potential
difference ¢g — @.. Upon electroadsorption, the adatoms get into the compact
double layer and stay at the potential ¢,q,. That is, the adsorbate only experiences
a fraction of the potential difference g — ¢.. The position of the adsorbed ions in
the Helmholtz layer is thus described by a geometric factor g, which is defined as:

8= ((pads - (/’e)/((Ps - (pe) (321)

In this way, g =1 or g =0 represent limiting cases where the adsorbate stays
in close contact with the metal or it is located at the outer Helmholtz plane
respectively.

Vetter and Schultze [15] have derived a relationship between y,, 4, g and
dipole terms, which is given by:

E

Yy =28 — M1 — g) + Kad — UKy — J (aCD> dE (3.22)
IV

En E




3.4 Nernstian-like Formalisms: Underpotential Deposition in the Framework of. . .

Fig. 3.8 Scheme of the
modelling developed in
Refs. [14—17] to describe
electrosorption processes
with partial charge transfer
. Here, the metal M is
assumed to be adsorbed at
the inner Helmholtz plane
with adsorption charge

(z — A), while the anion
keeps its full charge

z (Adapted with permission
from Ref. [19])
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where k,4 accounts for energetic contributions from the surface dipole arising due to
the formation of the adsorbate, x,, accounts for the dipole contribution of water
molecules initially adsorbed at the substrate and Ey denotes the potential of zero
charge. In the case of upd, where the number of water molecules displaced from the
substrate readsorbs on the adsorbate, v = 0.

A few comments are pertinent concerning Eqs. (3.15) and (3.22). While the
derivation of Eq. (3.15) uses mainly thermodynamic calculations, Eq. (3.22) can
only be derived in terms of a model, like that presented in Fig. 3.8, where non
thermodynamic assumptions are made. Then, the experimental results obtained for
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yv can be interpreted in term of the physical picture given there. From it, and if some
of the terms involved in Eq. (3.15) can be calculated, inferences can be made over
the remaining ones. The physics involved in this picture is relatively straight-
forward. On one side, we see that a deeper penetration of the adsorbate in the
electrostatic potential region of the substrate (g — 1) will make y, closer to z.
On the other side, the other terms may also play a role. Vetter and Schultze have
proposed for the dipole term of the adsorbed substance, k.4, the following equation:

Ki = :tmi/E()li (323)

where m; is the dipole moment of the adsorbed species and
i = (ps — @.)/(O@/0x) is a length of the order of magnitude of the thickness of
the compact double layer. Thus, x; represents the ratio between two dipole lengths:
that of the adsorbed species and that of the compact double layer. In the case of
ionic adsorbates, k.4 and k, are expected to be small as compared with the other
charge terms [18] and at the potential of zero charge Eq. (3.22) reduces to:

n~zg— A1 —g) (3.24)

Within this approximation, Schultze and Koppitz [18] performed an extensive ana-
lysis of y, for several anionic and cationic systems.

3.4.3 Determination of the Electrosorption Valency

Equation (3.15) can be applied in various ways, since ¢y, and I'y; can be deter-
mined by measurement of the double layer capacity, by measurement of the
surface tension, or by coulometry and chemical analysis. We discuss here briefly
the different possibilities, emphasizing on those relevant for upd.

3.4.3.1 From Capacity and Surface Tension

Measurement of the capacity or surface tension yields ¢, and I as a function of
the potential difference. Then ¢, can be plotted versus I at constant potential
difference. The slope of the curves obtained yields y, according to Eq. (3.15). While
this method has been used to study the adsorption of different molecules and anions
on mercury on the basis of electrocapillarity measurements, it cannot be used to
investigate upd.
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3.4.3.2 From Coverage and Charge Flow

As implicit in the equality on the right side of Eq. (3.15), y, may be obtained by
measuring the surface concentration I"y; of the upd metal being adsorbed, as well as
the adsorption charge involved at a constant potential E. The twin-electrode thin-
layer and flow-through thin layer methods developed by Schmidt and Siegenthaler
[20-24], the rotating ring-disk electrode (RRDE) measurements of Bruckenstein
and coworkers [25-27] and the measurements of Schultze discussed above may be
mentioned as examples of this methodology. In the first type of these methods,
which are described in Chap. 2, charge changes at the ideally polarizable electrode
(called indicator electrode), where upd is achieved, are correlated with production
or depletion of the electroactive species Mf;;n at electrodes where the formation/
depletion of these species is fadaraic. That is, charges are measured at the substrate
electrode where upd occurs, and the same is done at other electrodes diffusionally
coupled to the former, where the reaction has a precise stoichiometry. Correlation
between the two charge measurements allow the determination of y,. For example,
this method has been applied to the systems Ag(100)/Pb*" and Ag(100)/TI" [24]
with the finding that in both systems y, = z.

Concerning the application of the RRDE technique* to determine 7y,,
Swathirajan and Bruckenstein [27] defined a dynamic electrosorption valency:

_ 109y _ _1(99./01)
=5 (atn), = Fiaraan. o)

where —(0q,,/01); is given by the instantaneous disc transient current, that is made
of the substrate metal S, where the upd deposit is built. (01'y/ 0t) is obtained from
the ring response. The latter electrode is made of the metal M, which is the subject of
the upd study, or eventually is plated with several layers of M. The thin layer method
addressed above is best suited for equilibrium studies at high solution concen-
trations of upd species, but not for dynamic studies, due to the high impedance of
the thin layer cell. The RRDE can be employed to obtain both equilibrium and
dynamic properties but the concentration of upd species in solution must be low.

3.4.3.3 From Coverage Measurements at Difference Concentration
of Active Electrolyte

From Eq. (3.15), we see that <alogaM?+) / aE) RT/F = y,.If activity coefficients are
aq I'v

constant, the latter equation may be substituted by (8lochf+) / 5E> RT/F = y,F,
aq, FM

3 See Fig. 2.10 and discussion on it.
4See discussion in Chap. 2, Sect. 2.7.


http://dx.doi.org/10.1007/978-3-319-24394-8_2
http://dx.doi.org/10.1007/978-3-319-24394-8_2
http://dx.doi.org/10.1007/978-3-319-24394-8_2

108 3 Phenomenology and Thermodynamics of Underpotential Deposition

where c is the concentration of M cations in solution. This corresponds to the slope of
the straight lines shown in Fig. 3.7. Alternatively, the same type of plots can be made
with activities provided activity coefficients are known.

3.4.3.4 From Kinetic Measurements

Although y, is a thermodynamic quantity, information on it can be obtained through
modeling of electron transfer. With this purpose, Schultze [14] wrote the adsorption
and desorption currents in an upd system as:

. BB (1 —ae)f(E)

lad = *YvZFkadCM&)eXP < rT )P\ RT (3.26)
. a.Bo (lef(E)
ldes = yszkdesexp< RT )exp( BT (3.27)

where f(E) = nyzFE — 1 d;ic'i (E — Er)*, ae and (1 — a.) are the electrochemical
o
(aq)
transfer factors, and a. and f. the chemical transfer factors, k,q4 and kg4.s denote the
rate constants for the adsorption and desorption respectively, and Ey, is a reference

potential. From Egs. (3.26) and (3.27) it comes out that:

0logi,g (1 — ae)y,zF
=———*>7 2
( OE )9 2.3RT (3:28)
0logi ges ey zF
= &l 3.2
( OE J,. 23RT (3.29)

Substracting Eq. (3.28) from Eq. (3.29) yields:

0logiges Ologiyg vozF
( 0E ),. \ OE ),, 23RT (3:30)

which allows the calculation of y, from the experimentally determined (reciprocal)
Tafel-like slopes. It must be emphasized that the Schultze [14] did not perform
steady-state measurements but galvanostatic ones to get the slopes (3.28) and
(3.29). After obtaining the desired upd-metal coverage degree potentiostatically,
he applied a constant current pulse and monitored the potential as a function of
time. The short time behavior of the potential corresponded to the charging of the
double layer, allowing obtaining its capacitance. Upon substraction of the ohmic
resistance, calculation of the charge-transfer overpotential was possible at constant
coverage degree.
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3.5 Thermodynamics of Underpotential Deposition Using
the Formalism of Ideal Polarizable Electrodes

3.5.1 Formalism

Schmidt [28] has analyzed the formation of upd MLs in the framework of the
thermodynamic formalism of ideally polarizable electrodes. We discuss this for-
mulation in some detail, since it is closely related and is relevant for the formulation
discussed in Sect. 3.6. In the english-written literature, Budevski et al. have
revisited this problem in Appendix 8.2 of their book [29], and we advise its careful
reading to grasp the details of the modeling. The scheme proposed to analyze the
upd problem is depicted in Fig. 3.9. In this scheme, the substrate (S) on which upd
takes place is, on one side, in contact with a connector of metal M, and on the other
side in contact with the electrolyte solution (sol) containing M*", K*, X~ ions and
solvent W.

Thus, it appears an interphase (IP) between the substate (S) and the solution
(sol). The electrolyte solution is in contact with a X~ /X* reference electrode
reversible with respect to the anion X, which is turned in contact with a second
metal conector M;. The phases relevant for the present analysis are the substrate
(S), the interphase (IP) and the solution (sol). Each of them, say (j) is described
thermodynamically by an energy equation of the type:

i — gyl (s(i>,v<i),A<IP>,N§j>) (3.31)

where the energy U is function of the extensive parameters: entropy S, volume V and

particle number of the different i- species in the j-phase Nim. The total differential
of UV is:

M, | Substrate Interphase Electrolyte
(S) (IP) (EN) Reference
DM e M Electrode (RE)
0—4 S - --DS i K; - - K-& x—Jf X‘ Ma —O
e lr e X e X
W ot W
N E

Fig. 3.9 Scheme of an electrochemical system used to model upd. It contains a substrate (S), in
contact with a connector of metal My, the electrolyte solution (sol) containing M**, K™, X~ ions
and solvent W, the interphase (IP) between S and sol, and a X~/ X" reference electrode reversible
with respect to the anion X, which is in contact with a second metal connector M; (Adapted with
permission from Ref. [29])
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du) = 7as) — p)gy i) 4 5 IPIgATP) Z (3.32)

where P and y denote the pressure and specific surface energy of the (IP) respec-
tively. The electrochemical potentials are defined as:

ﬁ](]) _ Mi(j) + Z€0(p<j) (With 1= MZJF’X*,KJF) (333)

where ¢ is the Galvani or inner potential in the phase (j) and ,ui(J) is the
chemical potential. In the case of P, T=constant, as it is the ordinary condition
of the electrochemical setup, the system is properly described by the Gibbs func-
tion, G, which is a partial Legendre transform of U:

G = gl — gl 4 pliy ) (3.34)
So that the total free energy of the system is:

G=> Gl (3.35)
j

Then, the total free energy change of the system will be given by:
dG = dG®) +dG®E 4 4Gt

— ydA + Z ( JaN® 4 g™ an™® 4 ﬁi‘”‘)deS‘")) (3.36)

With the corresponding Gibbs-Duhem conditions reading:

Ady + Z ( NS + NP 4 N “"”) ) (3.37)

Use of the previous equation along with electroneutrality conditions for the differ-
ent phases leads to:

—dy = vy duyix k. T g — GiondE (3.38)

where uﬁ,‘&z = M;,([’zl+ + 2, s = ﬁf{‘?} + 1, Gion is the ionic surface charge

density at the 1nterphase (IP) and E is the measured potential difference. I'yz+ and

(aq)
I'k+ are the relative surface excess concentrations of Mf;l) and Kt with respect to

the solvent:
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IP) , (El
ro Ly N (3.39)
B i N(El) :
w

We note that Eq. (3.38) represents the total differential of the specific surface energy,
as a function of the chemical potentials of the electrolytes and the measured potential
difference. Thus, we have:

Oy
/i E
0
I = — (_aﬂi’ol) | (3.41)
KX/ 3ot | E
Oy
on = == 3.42
qun (aE) ﬂ;/;!)]( ’ ”Iz(;i ( )

Equations (3.40, 3.41, and 3.42) relate the measurable quantities /- W s I'k+ and q
aq

with the variation of the surface energy with other experimental parameters (con-
centration of species and electrode potential). It is worth mentioning that the
thermodynamic relevant parameters occurring in these equations are not the absolute
surface concentrations, but the relative surface excesses concentrations I, as defined
in Eq. (3.39). For a more detailed discussion, see the Appendix 8.2 of Ref. [29].

3.5.2 Application to Sulfate Coadsorption in the Case of Cu
Underpotential Deposition on Au(111)

In case of coadsorption, anions may also play a role in changing the slope of curves
like those of Fig. 3.7. In fact, if anions are present in the neighborhood of the IHP,
they may partially compensate the positive charge of adatoms, thus producing a
lower flow of electronic charge to the surface of the substrate than expected. In the
case of the Cu/Pt system illustrated there, it appears that this is the case, since the
radiotracer method shows that electrosorption of copper induces a significant
adsorption of HSO4 ™ ions [30].

We turn now to analyze an illustrative example of the application of the
formalism developed in this section. Based on it, Lipkowski and coworkers [31-
34] have studied the coadsorption of SO?[, CI™ and Br™ in the case of Cu upd on Au

(111). We discuss in some detail the studies dealing with the SOZ’ anion.
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Coadsorption of this anion and Cu>* was analyzed using 0.1 M HCIO, + 10> M
K5,S0, + xM Cu(ClO,), solutions (107> < x < 5 x 1072). Under these condition,
the electrocapillarity equation for Au(111) was written as:

—dy = ¢ndE + (rHSO;t + Fsog-)dﬂﬂzsm + (Fewr + Tew)dpcye (3.43)

where ¢,, = —¢;.,, 1S the charge density on the metal. Formally, this equation
enables to get the total Gibss excess of adorbed copper and adsorbed anions
according to:

0
rHSO; + rSOi* E— (a 4 ) (344)
HH:80./ E, peos, T, P

Oy )
aﬂCu2+ E, pyys0,0 T P

Tl +Tew = —< (3.45)

Since HCIOy is present in excess, the pH of the solution remains constant so that
the conditions duy,so, = RTdIn(ck,s0,) and duc,+ = RTdIn(ccyer ) are fulfilled
because the corresponding activity coefficients remain constant. The latter is also
important to warranty the condition of constant chemical potential of the species
not involved in the partial derivative.

While the formalism to get the surface excesses appear is clearly defined in the
Egs. (3.44) and (3.45), the direct measurement of y for solid electrodes appears as
difficult, if not impossible. However, Shi and Lipkowski [31, 32] devised a proce-
dure to circumvent this problem, showing a way to get relative values of y as a
function E from chronocoulometric measurements. The basis for this is Eq. (3.43),
where it can be noticed that if charge is integrated as a function of potential for a
given solution composition, changes in y can be obtained as:

7o+Ay E;
Ay = J dy = J —qmdE (3.46)
70 E;

These authors noted that if the ionic adsorption is investigated over a wide range of
potentials, it may be found a potential E, at which the adsorbed species are totally
desorbed. When this condition is satisfied, relative changes in y, and consequently,
the Gibbs energy excess of the adsorbed species, can be determined from a
measurement of the electrode charge, as pointed out above.

Figure 3.10 illustrates how to use cyclic voltammogram (CV) curves to find the
potentials of complete desorption of anions and metal adatoms on Au(111), respec-
tively. Let us compare for example the voltammogram in excess of base electrolyte,
0.1 M HCIOy, dotted line, with the voltammogram with the addition of 5 x 1073M
K>S0y, given by the full line. It can be found that both voltammograms merge for
potentials lower than 100 mV, indicating that below this potential the surface will
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be free of sulfate adsorption. On the basis of this information, charge vs. E curves
were constructed the following way: the electrode was held at a potential E, where
sulfate adsorption took place for a period of time long enough to reach adsorption
equilibrium. The potential was then stepped to Ef=-0.2 V (SCE), where
sulfate species desorb, and current transients were recorded and integrated to
get the charge difference between potential £ and Ey.

Absolute charge densities were then calculated, using the value of the PZC,
determined independently for the pure HCIO, solution. These charge densities are
shown in Fig. 3.11a. Then, the charge density data were integrated starting the
integration at £ = —0.2 V, yielding the difference between the interfacial tension at
a potential £ and at E=—0.2 V (SCE), as shown in Fig. 3.11b. It can be observed
that all electrocapillary curves merge at E<0.1 V (SCE) and diverge at more
positive potentials, where the y decreases with the bulk sulfate concentration
concentration.

Going back to Fig. 3.10, it can be observed that the curves corresponding to the
two electrolytes containing K,SO,, (with and without Cu2+) coincide at £ >04 V
(SCE), indicating that Cu is desorbed from the gold surface at these positive
potentials. Thus, Et=+0.8 V (SCE) can be chosen for chronocoulometric measure-
ments carried out in the presence of Cu”* into the solution. Similarly to the previous
case, total charge density and electrocapillary curves can be constructed for Cu®*
containing solutions. For a given Cu®* concentration, the total Gibbs excess of
adsorbed sulfate ions may be determined by plotting the interfacial tensions at a
constant E as a function of RTIn(ck,so,) and differentiating (see Eq. 3.44).
Similarly, to determine the Gibbs excess of adsorbed copper the interfacial tensions
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Fig. 3.11 (a) Surface T T T T T T T
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K>SO, at different
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(Reprinted with permission
from Ref. [31])
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at constant £ and ck,so, may plotted gainst RTIn(cc2+) and differentiated (see
Eq. 3.45). A similar procedure may be performed to study the excesses of
other anions, as C1~ or Br~, as considered by Lipkowski and coworkers [33].

The methodology just described yields highly interesting information on the
excesses of the different species participating in the upd of Cu in the presence of
anions. Figure 3.12 shows the Gibbs excess for adsorbed copper (Fig. 3.12a) and
three different coadsorbed anions: Cl~, Br~ and SOﬁ’ (Fig. 3.12b), as well as the
relative excesses I'cy/I anion (Fig. 3.12¢).

In is interesting to correlate this thermodynamic information with the volt-
ammograms for the different systems, shown in Fig. 3.13. Les us illustrate first
the case of SO?[ containing electrolytes. Copper adsorbs epitaxially on the Au(111)
surface and hence a closed packed ML of adsorbed copper atoms would correspond
to the surface concentration of 1.39 x 10'° atoms cm ™2 The evolution of I'c, in
Fig. 3.12a with decreasing potential shows that the peak at more positive potentials
in Fig. 3.13a and inset corresponds to the formation of 2/3 of a ML, while the most
negative one involves the formation of a full monolayer. While Cu upd starts at
potentials where I S0z is very small (Fig. 3.12b), it can noticed that sulfate

adsorption is considerably enhanced by the presence of Cu. I 02 increases rapidly
with I'c, until reaching a maximum (Fig. 3.12b) at a potential where 6c, = 2/3.
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Fig. 3.12 (a) Plot of the 160
Gibbs excess of Cu in the
presence of different anions,
as indicated in the figure;
(b) Plot of the Gibbs excess
of CI~, Br~ and SOZ~; (c)
Plot of the ratio of the Gibbs
excess of copper to the
Gibbs excess of the anion
adsorbed from 0.1 M
KClO,, +107> M

HCIO4+ 10 M Cu
(Cl0y),, +107> M
potassium salt of: (O) CI~,
(A)Br,and 0.1 M
HCIO4+ 10> M Cu
(Cl04),+ 1072 M K,S04
(O) at a Au(111) electrode
surface (Reprinted with
permission from Ref. [33])
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Under these conditions, O5o2- = 1/3and I'cy + Fgop- = 1.4 % 10" ions cm 2, thus
being equal to the surface density of Au atoms. This is a clear indication that the
surface is covered by a compact monolayer of coadsorbed Cu and SOﬁ‘, as will be
analyzed in Chap. 5 on the basis of theoretical modeling.

The data in Fig. 3.12a, b also show that upon completion of the Cu monolayer,
SO?[ anions are not completely displaced from the electrode surface, but remain
with an important surface excess, I” sor = 2.2 x 10**ions cm 2. In this respect, the

occurrence of SOi_ anions adsorbed on top of the Cu atoms has been proposed from
EXAFS experiments [35, 36].

Turning into the consideration of Cl~ coadsorption, the I'c, vs. E curve in
Fig. 3.12a suggests first the formation of a structure with Oc, = 1/2 and its
subsequent transformation into another where ¢, =2/3. In the region of the
small peak observed at lower potentials in Fig. 3.13b, 6, seem to exceed unity.

The voltammetric behavior in the presence of Br~ (Fig. 3.13c) is more complex
than that for C1™, where the five sets of peaks indicate that the Cu ML is built in a
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Fig. 3.13 Cyclic 40 e e e N B e
voltammogramsfor a Au [ 20 F irphen’ R
(111) electrode in 0.1 M 30 ]
HCIO,, +1073 M Cu 20 ' 1
(C104), + 10™3 M potassium 10 -0 ermv ]
salt of: (a) SO2~, and 0.1 M

KClO4+107> M 0
HCIO,+ 10> M Cu
(C104), + 1073 M potassium
salt of (b) C1™; (¢) Br—.
Dotted lines show CV
recorded in the copper free
electrolytes. Insert: CV
recorded for 0.1 M
HCIO4+ 107 M Cu(ClO,),
+5x 1073 M K,S04,
solution. Sweep rate

2mV s~' (Reprinted with
permission from Ref. [33])
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number of steps. Comparison with the I'c, vs. E curves (Fig. 3.12a) indicates that
the first sharp peak corresponds to ¢, =~ 1/5, the second peak to O¢, =~ 1/2 and the
third to fc, & 2/3. As in the case of C1~, 8¢, increases steadily as E approaches the
bulk deposition potential, being ¢, slightly larger than one.

As a general conclusion of this section, we can state that smart analysis of
coulometric measurements can yield valuable thermodynamic information on a
complex upd system, as it is the case of Cu electrosorption on Au(111) in the
presence of different anions.

3.6 Coverage Isotherms and Phase Transitions

On the basis of Eqgs. (3.12) and (3.14), the underpotential shift may be written
as [13]:
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RT (1 1
S—-M _ 0
AT = (E (Mo/S)/MEL) E(Me/S)/Mf:q)) tF (_ N Z) tn (“M?L>)

Vv
RT
- Fin(a(rv)) (3.47)
where
AG®  AG™H?
0 — AFS-M0 _ _
(E<M9/S>/M?L> - E(MQ/S>/M§;)> = AE =—F I F (3.48)

Based on the concept of submonolayer equilibrium potential, underpotential/cov-
erage isotherms can be derived on the basis of Eq. (3.47). With this purpose, it is
necessary to take into account the existence of multiple energy states and the
relationship between a(I'yy) and I'y. Instead of the surface excess, it is more
suitable to write this equation as a function of the coverage degree 0 = I'/I gy,
where [, is the maximal surface excess attainable on the surface.

In the case of an ideal lattice gas, the chemical potential is given by:

u = RTIn <ﬁ> (3.49)

where ¢, is the partition function on a single adsorbed atom. Comparing the
previous equation with:

# = u° + RTIn(a) (3.50)

We see that if we select as standard state for the monolayer 8 = 0.5, the activity of
the monolayer is given by a = 6/(1 —0). Thus, in the case of a langmuirian
behavior of the upd layer, the relationship between the coverage degree and the
equilibrium potential will be given by:

RT (1 1
S—-M __ _ 0 i e
AE>T = <E<Me/s>/M§:q) E(MU/S)/M@) TF <y Z)“(““Em)

v

_ﬁ“ln {(1 fer)} (3.51)

In this equation, the term 6/(1 — @) is a purely entropic one, arising from the
different forms to distribute the adatoms among the adsorption sites. However,
other effects like a priori surface heterogeneity or interaction between adsorbed
atoms may occur [13]. A way to consider this is to introduce in Eq. (3.48) a
formal dependence of AG"**° on @ according to:
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AGU 0 — AGU0-0 4 rTY (3.52)

where fis an interaction parameter accounting for these effects, so that the isotherm
results in:

AG®  AGWO=ON  RT /11
AESM <£_0_> LRT <———>ln(aM+ )
z aq

zF v F F \y, (aq)
RT 0

—— |In——~+ f0 3.53
7VF{H(1—9)+'}C} (333

In the present adsorption phenomenon, due to the fact that adatoms are metallic,
attractive interactions are expected to appear between them, so that f should be
negative. Other effects have also been modeled via modification of Eq. (3.52). For
example, Conway et al. [37] have included in this modeling the effect of charge
polarization, in terms of an induced image dipole. This resulted in the addition of a
further term to this equation, resulting:

AG™S0 = AGU0—0 | RTQ + oRTH/? (3.54)

And leading to [27]:

0 upd, 0—0
g (A0 8O R D,

zF v F F\y, =z (aa)
RT 0

- 1 0 + g0°/? 3.55
va[“u—eﬁf e (3:55)

Les us summarize the main assumption involved in this equation, limiting its
potential applications: first of all, a single energy state is involved. We will find
along this book that upd on single crystal faces may involve several energy states,
corresponding to the formation of different structures on the metal surface. Second,
it assumes additivity of adsorbate-substrate and adsorbate-adsorbate interactions.
This is also a simplification to describe metal binding, where the interactions are
non-additive. To account for the first of these facts Swathirajan et al. [27] have
proposed to write a general isotherm for the jth state as:

—o. RT (1 1
R e (‘ ) ‘) in(an; )
Vv z (aq)

RT [ (0—6,.
- [m(ﬁ) +fi(0-0i0)+g,(0-012)"7  (3.56)
v ]

where 0;_; and 0; are the initial and final coverages of jth energy states respectively.
Various particular cases of this equation were discussed in Ref. [27], and the
so-called Temkin parameter f was given there for several systems involving
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Table 3.2 ;sot(lil‘efrfm d Substrate/adsorbate f References

parameters for different up

systems. f was estimated from Ag/Pb 16 [38]

the integral isotherms Au/Pb 41 [39]

according to Eq. (3.57) Pt/Pb 94 [40]
Au/Ag 25 [13]

polycrystalline substrates, as summarized in Table 3.2. The results reported in this
table correspond to f values estimated from the integral isotherms as:

fa zF [d(AESM)} (3.57)

T RT do

Swathirajan et al. [27] analyzed different possible reasons for the abnormally large
Temkin parameters found in Table 3.2, including the polycrystalline nature of the
substrate, radii mismatch between substrate and adsorbate, multiple adsorption
states, lateral interactions and the variation of substrate work function with cover-
age. Among all these effects, they privileged the later one. As we will see below, the
widespread subsequent use of single crystal surfaces in upd has largely contributed
to improve our understanding on this system and we will conclude that in some
cases the polycrystalline nature of the substrate may lead to a wide energy distri-
bution yielding an abnormally large f parameter. However, we wanted to emphasize
on the previous early work with polycrystalline surfaces here, since it marked
interesting tracks for further research in the area. For example, besides the previous
discussion on thermodynamic aspects in Ref. [27], solvent adsorption, ion adsorp-
tion and changes in the electronic properties of the upd layer were mentioned there
as relevant factor influencing the observed electrochemical behavior.

As we saw in Chap. 2, linear sweep voltammograms at a relatively low sweep
rate may deliver relevant information on the adsorption isotherm of upd systems, as
long as they are performed at a rate slow enough so that adsorption conditions close
to equilibrium are established. These are called quasi-equilibrium conditions. Let us
now discuss shortly on this point. The current density i measured in a linear volt-
ammetric experiment can be written as:

) do do dE do
F= O = Qg 0 = O aE

(3.58)
where Q\; is the charge for generating a monolayer coverage of the adsorbate, and
v is the potential sweep rate. Note that the term Qydf/dE =: C has units of a
capacitance. For this reason, C is called adsorption pseudocapacitance. If the
coverage at each potential is close to that obtained under equilibrium conditions,
then the current in the voltammogram is proportional to the derivative of the § — E
adsorption isotherm. Angerstein Kozlowska et al. [41] have performed computer
simulations of the kinetic behavior of a single electron reaction with a single
adsorbed species that can be used to described the upd phenomenon. Although
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the model was meant to represent the oxidative formation of a chemisorbed species,
the same set of equations may be applied to describe upd just by changing the sign
of the applied potential AE in the original equations.

Thus, the equation describing upd through a single electron transfer according to
the reaction:

S+ My, te = Mus(S) (3.59)

can be modeled according to the following equation:

. do

1= QME
_ . 16 1o
= QM{—kl(,Mz";rq)(l G)exp [_WAE_T +k 16’exp mAE—F 3

with AE = E; + vt — E°,where E? is the standard reversible potential and E; is the
initial potential in the sweep. Steady state conditions df/dr =0 leads to the
following adsorption isotherm:

(aq)

RT ky RT

Eqwsymig, = Etuojsyna, + 7510 <k_1> +pin(a )
RT 0
7 {1 (= )+f9] (3.61)
which is analogous to that described above in Eq. (3.53). We will discuss results
corresponding to these conditions, which are relevant for the previous thermo-
dynamic formulation. Figure 3.14 (left) shows adsorption isotherms for different
values of the interaction parameter f.

It can be appreciated there that the isotherms with positive interaction para-
meters (repulsion) spread over a considerably larger potential region than that with
f =0, and are shifted towards positive values with respect to the standard revers-
ible potential. On the other hand, the isotherms with negative interaction parameters
become steeper and are shifted negatively with respect to E°. From Fig. 3.14 (left) it
seems that for some negative f (close to f = —4) it will appear a curve with a point
on it where d9/dE — co. Moreover, in a E vs. 8 representation of the plots, this will
be inflection point at 6 = 6;,,, for which we now from calculus that we have the
conditions dE/d® =0 and d’E/d#* = 0. From the latter condition we find
Oip = 1/2, and replacing in the first condition, we find that the first derivative
will be zero if f = —4. For interaction parameters lower than —4, the 8 vs. E curves
present a potential range where they have three solutions. This behavior is ana-
logous to the behavior of the van der Waals isotherm, and is an indication for a fist-
order phase transition. In the electrochemical experiment, this means that if the
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Fig. 3.14 Left: adsorption isotherms for the formation of M,4 in reaction for various positive and
negative f values. Right: plots of the C vs. V profile for reaction (adsorption) for various positive
and negative f values in Eq. (3.59) (Reprinted with permission from Ref. [41])

interaction between adsorbed particles is strong enough (by strong enough we mean
in the present modeling f < —4), a discontinuous change will be observed in the
surface density of the adlayer. To make this point clear, let as consider the curve in
Fig. 3.14 (left) with f = 20. If we follow this curve from a negative up to a positive
E value, we see that the coverage degree changes continuously (no jumps), over a
potential region that exceeds 600 mV. Let us now follow the curve with f = —8,
starting from very negative E values. There, 0 will be very small, and the adsorbed
atoms exist in a disperse gas-like distribution (see inset). Coverage will smoothly
increase in this dilute phase, until reaching the potential marked with a red dotted
vertical line. At this point, the surface coverage will change abruptly following the
dotted red arrow, yielding a compact, condensed phase. Let us repeat this proce-
dure, with the same curve f = —8, but now starting from a large positive E value,
running in the negative direction. At large E, 6 will be large, forming a condensed
phase. Holes will occur in this condensed phase, until reaching the potential marked
by the blue dotted vertical line. At this point, an abrupt decrease in € will occur,
following the blue arrow. Thus, the potential region between the two arrows is a
metastability region, where a transition between two different phases, a condensed
and a dilute one may occur. Note that all the discussion above was made along
branches of the 6 -E curve where d6/dE is positive. What about the branch of the
isotherm where df/dE < 0? This corresponds to an unstable region (with a negative
pseudocapacitance) and does not have a physical meaning.
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Fig. 3.15 Dependence of 104,
the peak potential £,
coverage degree at the peak
0,, half width peak AE,),
and standard-state coverage
degree 6 characterizing the
C vs. V profile for reversible
conditions in reaction
(3.58), on the f value
(Reprinted with permission
from Ref. [41])
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Figure 3.14 (right) shows pseudocapacitance curves, corresponding to quasi-
equilibrium conditions, for some of the isotherms on the left. There we see how
negative values of the interaction parameter f result in a progressive thinning of the
pseudocapacitance peak, until a very sharp spike results at f = —4. The sharpness
of the peaks may be characterized by their half-peak width AE,,, which is the
width of the peak at a C value equal the half of its maximum capacitance. AE,
values are shown, together with other relevant parameters, as a function of f in
Fig. 3.15. It can be seen there how AE,, vanishes in the limit f — —4%, while it
grows becoming larger than 600 mV for f > 18. The results of the present
simulations allow to rationalize the reasons for the large f values found in poly-
crystalline surfaces (See Table 3.2): if an effective parameter f is fitted to an upd
process with extends over several hundreds of mV, due to the overlap of a series of
processes in this region, a large positive value of f will result. A better way to
estimate an effective f would be from the experimental AE, values. However, this
approach is seldom found in the literature.

In the previous discussion, we have introduced heuristically the idea of a first-
order phase transition in a voltammogram. Phase transitions have been thoroughly
studied in the physical literature within the so-called lattice models, which have a
close relation the Ising models for magnets. Both models are illustrated compar-
atively in Fig. 3.16. In the upper part, we show on the left a portion of the
2-dimensional Ising model for a system of interacting dipoles, which are under
the influence of an external magnetic field, H. Each of the dipoles may take either
one of two states, one with spin up or +1 (blue) and another one with spin down of
—1 (red). The status of the ith spin is described by the variable S;, which may take
one of these values. The interaction energy of such a dipole system takes the form:

Ulsing — —ZjijSiSj _HZ S; (362)
"j i
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where the first term represents the interaction between dipoles i and j spin via the
interaction Jjj, denominated coupling constant. In the simplest version of the model,
the interaction is considered between nearest neighbors and Ji; = J is the same for
all site pairs and the hamiltonian reduces to:

UIsing =_J Z SiSj _ ]-]ZSl (363)
i

(1, D neigh

The second sum in Eq. (3.63) represents the interaction with the external magnetic
field.

On the upper right part of Fig. 3.16, we represent the so called lattice gas model
for adsorption. As in the Ising case, we also have a lattice but the sites may be now
occupied or unoccupied by adsorbates (yellow circles) and this situation is
described by an occupation variable C;, which may take the values 1 or O respec-
tively. Note that where we had “up” blue dipoles on the left, we have yellow circles
on the right, so there is a one-to one correspondence between the configurations
represented in the two lattices of Fig. 3.16.

The analogue of Eq. (3.63) for the lattice gas model, subject to a constant
chemical potential y is:

U =—¢ > G —yZ Ci (3.64)

(1, Dneigh
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Fig. 3.16 Illustrative comparison between the Ising model for magnets (/eft) and the lattice gas
model for adsorption (right). T, denotes the critical temperature, below which an abrupt change in
the magnetization (coverage degree) is expected as plotted as function of the magnetic field
(chemical potential)
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where ¢ is a constant describing the interaction between two neighboring adsor-
bates. The interaction of the adatoms with the substrate is set arbitrarily equal to
zero (see discussion below). It can be shown that Egs. (3.63) and (3.64) are
equivalent just by replacing in the first S; = 2C; — 1. This leads to the following
equation:

yiing — 45 Z CiCij—2H—-J nc)z C; + constant (3.65)
(Lj)neigh i

where . is the number of nearest neighbors to a given dipole. Since the additive
constant is unimportant, a complete equivalence between both systems is obtained
if ¢=4J and p=2(H —J n;). The mathematical equivalence between both
approaches has been proved in Ref. [42]. This means that all the results derived
for the Ising model can be transferred to the lattice gas model after a suitable
adaptation of the corresponding equations. In the case of 2D systems, the energy
Egs. (3.63) and its equivalent (3.64) can be inserted in the statistical mechanical
formalism and solved approximately or via computer simulations to evaluate
properties of the system. For the present purpose, it is useful to analyze the average
orientation of dipoles (S) in the magnetic system, under different magnetic fields,
which is the counterpart of the coverage degree under different chemical potentials.
Before that, note that from Eq. (3.5), we have ﬂfa = /ll\l‘,f — 2o AES™ 50 that in the
electrochemical system, the chemical potential of the adatoms on the substrate is
determined by the potential difference applied to the cell, but a minus sign appears.

Magnetic systems may exhibit positive or negative values of the constant J.
However, since we are dealing with metal adsorbates that are expected to attract
each other, ¢ will be assumed to be positive in Eq. (3.64) (attractive interactions),
and since ¢ = 4J, we will consider only positive Js in the magnetic analysis.

The application of a magnetic field to a system of dipoles will tend to align them
with the field. Thus, we expect that at very large negative H (magnetic field
strength) values (S) — —1, while at very large positive H values, (S) — +1.
Temperature will contribute to randomize this alignment, so it is expected that
the fields required to reach these limits will be larger the higher the temperature.
Figure 3.16, bottom left, shows schematically (S) vs. H results obtained for three
different temperatures, where it is found that this expectation is fulfilled. However,
something remarkable is observed at low absolute values of H. This is a jump
(discontinuity) in the (S) vs. H curve at H = 0, at the lowest temperature, T,. This
discontinuity is absent at the higher temperatures, T, and T3, where it is found that
(S) — 0as H — 0. This phenomenon is called spontaneous magnetization, since it
happens in the absence of an applied magnetic field. It appears as a consequence of
the coupling between neighboring dipoles. As we see from Eq. (3.63), the term —
JS;S ; promotes alignment of neighboring dipoles in the same orientation (41, + 1)
or (—1, — 1). If J is large enough (or the temperature low enough), large domains of
dipoles will predominate with one or other orientation when H — 0.
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Fig. 3.17 Illustration of
phase coexistence in an
Ising dipole system at

H = 0, as obtained from a
Monte Carlo simulation.
Blue points denote S = +1
dipoles, yellow points
denote S = —1 dipoles. The
temperature is slightly
below the critical
temperature. (T/T. = 0.85)

The predomination of one or the other orientation will depend whether H — 0% or
H — 07. At H = 0, both phases will coexist, as illustrated in Fig. 3.17.

In the previous discussion, we stated somehow vaguely “high enough” of
“low enough” temperature. Actually, it comes out that the jump in the (S) vs.
H curve, as well as the phase coexistence shown in Fig. 3.17 starts to appear below a
very well defined temperature, denominated “critical temperature”, T, which
depends on the strength of the coupling between de dipoles, J.

But let us turn to the problem of our interest, adsorbate formation, depicted at the
bottom right of Fig. 3.16. There, we see that at a relatively low temperature a step is
expected at the isotherms, as previously found in the phenomenologic model given
by Eq. (3.61). Now, the step occurs at the chemical potential where the continuous
isotherms yielded € = 0.5, that is 4 = 0. As in the case of magnetic dipoles, we see
that we get different limiting coverages depending whether y — 0" or 4 — 0™. In
the first case, as the chemical potential approaches the point y = 0 from positive
values, the configuration of the system will look like the snapshots shown on the
right of Fig. 3.18. The surface will present a large coverage of the adsorbate
(marked in yellow), with small blue “holes” of free sites. On the other hand, as
the chemical potentials approaches the point 4 = 0 from lower values, the surface
will be essentially empty, with isolated or small clusters of adatoms, appearing as
small yellow dots on the blue substrate.

We connect now the lattice gas model with the behavior we expect to find in an
electrochemical experiment, where a metal monolayer is deposited at upd. Unfortu-
nately, due to the relationship between electrode potential difference and chemical
potential via a minus sign, Eq. 3.5, the positive y axis points into the direction of
negative electrode potentials. Thus, when coming from positive electrode potentials
(low p values), the coverage presents a sudden increase at u =0, and as
sharp voltammetric peak should be observed, as it was previously noted in the
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phenomenogical isotherm given by Eq. (3.61) for f < —4. As we have shown in
Fig. 3.16, in the case of the lattice gas model (and in its magnetic counterpart), the
occurrence of this critical behavior depends, for a given interaction between
adsorbates, on the temperature. In the case of the 2D magnetic dipolar system,
the relationship between the critical temperature and the coupling parameter J has
been found by Onsager [43, 44] for a square lattice and is:

: 27
TIsmg 2D _ 3.66
¢ kgln(1 + v/2) (3.66)

Taking into account the relationship between the magnetic coupling constant J and
the pair interaction between adsorbates ¢ in the lattice gas, we have that for the latter
the critical temperature is:

lattice gas _ s 3.67
¢ 2kpln(1 + V/2) son

This is a very interesting result, since from this equation we can find an order of
magnitude for the interaction between adsorbates ¢ required to observe a first-
order phase transition in upd systems. If we set Tlcthtice &5 =208 K, we find ¢ =
0.04526 V. This is the minimal attractive interaction between pairs of adatoms on
the surface required to find a first-order phase transition. We can calculate the
binding energy of such a 2D layer, given by the terms —¢ Z CiCjin Eq. (3.64),
(i, neigh
with C; = C; = 1. Taking into account that in a square lattice each adsorption site
has four neighbors, and considering that if we sum over all atoms we count each
interaction pair twice, we get Ugp; = —0.09053 eV. This is a small quantity as
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compared with the cohesive energy of metals, of the order of several eV. However,
we must state very clearly that this quantity represents an interaction between
adsorbates, not with the substrate. The interaction with the substrate will determine
the location of the step in the coverage on the u axis (u = 0 so far), since the
substrate-adsorbate atom interaction, say &gups - ads» Will only represent the addition
of terms of the type —e&sups-adsCi to Eq. (3.63), to yield:

ULG = —¢ Z CiCj - (/4 + gsubs—ads)z G; (368)

(i, Jneign i

Thus, for a given ¢, the addition of the term €gps-aqs results in the shift of the
isotherm in the amount &gy - ags t0 the left, as illustrated in Fig. 3.19.

Onsager has also shown that the magnitude of the step observed at y = 0 in the
isotherms on the right of Fig. 3.18 is determined by the critical temperature. If we
denote the magnitude of this step in the case of lattice gas by A#, we have:

AG — {1 - [sinh(ln(l + x/E)T?)} 4}1/8 (3.69)

which obviously becomes zero if T = T..

The plot of Af vs. T /T, see Fig. 3.20, shows that A@ approaches very rapidly
unity. A decrease of T of 10 % below the critical temperature, makes already A6
larger than 0.8. In other words, the step at the adsorption isotherms should be
clearly observed, as long as the system is at a temperature slightly lower than T.

On the basis of the previous discussion, it is worth stating the question: are the
usual upd systems candidates for a first order phase transition? As we have
seen above from the Ising model, this could occur if the binding energy of the

Fig. 3.19 Illustration of the
shift of the coverage 9 A
vs. chemical potential curve 1
for the lattice gas model

when the interaction energy

with the substrate is

changed in the amount

—Esubs-ads

8subs—at:ls 0 ‘u
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Fig. 3.20 Plot of the
magnitude expected for the ———
coverage jump A@ at the 08 —

adsorption isotherms due to /
the first-order phase

transition, as a function the
ratio between the critical |

temperature and the
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AG 08 | (
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monolayer is lower than —0.09053 eV. This Figure may only be taken as a rough
indication, due to several approximations made in this model, namely:

1. Only nearest neighbor interactions are considered.

2. A square lattice is assumed for the structure of the adsorbate.

3. Vibrational effects are neglected. Thus, all vibrational entropic contributions
will be absent.

4. The interactions among the components of the systems are assumed to be
additive. Thus, the interactions of the adsorbates with each other and with the
substrate may be separated. This is probably the strongest approximation, since
metal bonding is characterized by many-body interactions.

In order to get a measure for the magnitude of the adsorbate-adsorbate interac-
tions, we have calculated the binding energy of adatoms in the monolayer for
several upd systems, which are shown in Table 3.3. The binding energy per adatom
was calculated from:

Usia = Ulis — Us (3.70)

where Uﬁ,[:/!s is the binding energy of the M adatoms in the monolayer adsorbed on
the substrate S(hkl) and U’ f;/g is the binding of a single atom on the surface of S.

From Table 3.3, we see that all the upd systems analyzed present a binding
energy of the monolayer Upb; that is larger (in absolute value) than that required to
observe a first-order phase transition at room temperature. Another interesting
observation from this table is that the binding energy of the metal monolayers is
lower (stronger binding)) for adsorbates on the (100) faces.

As we have seen in Fig. 3.17, the coexistence of phases should characterize the
first-order phase transitions we have analyzed so far. In principle, we have shown
phase coexistence appearing only at H = 0 in the magnet system, or at y =0
(eventually g = —egypsads) in Figs. 3.18 and 3.19. However, we represented in these
Figures ideal equilibrium states, but in the real (dynamic) world, the transition from
a phase to another one takes time, and the growth of a phase involves a mechanism,
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Table 3.3 Monolayer binding energy and critical temperature estimated for several systems using
Eq. (3.67)

Substrate/adsorbate Monolayer binding energy/eV Critical temperature/K
Pd(111)/Ag —0.58 1894
Pd(111)/Au —1.08 3541
Pd(111)/Cu —-0.91 2981
Pt(111)/Ag —-0.37 1214
Pt(111)/Au —0.64 2110
Pt(111)/Pd —0.90 2976
Pt(111)/Cu —0.65 2147
Au(l111)/Ag —0.63 2061
Pd(100)/Ag —0.45 1488
Pd(100)/Cu —0.63 2072
Pt(100)/Ag —0.31 1004
Pt(100)/Cu —0.44 1445
Au(100)/Ag —0.44 1444

where both phases may coexist out of the equilibrium state, one being “swept out”
by the other. For the sake of discussion, let us assume that we have reached equili-
brium at some point x < 0 in Fig. 3.18, and we step the potential at some u > 0,
defining an excess of chemical potential Au. Thus, the system must evolve from a
situation where the adsorbate looks very much like a gas, to another one where it
has the appearance of a solid with defects. The question is: how does it evolve? The
answer is not simple, since one of the important points to consider is how far from
equilibrium we have driven the system. Let us assume that the final chemical
potential is not much larger than 0, this would correspond to a small negative
overpotential in the electrochemical system. At g > 0, small clusters of adatoms
will form and dissolve, depending on their stability. Those able to grow at the
chemical potential (overpotential) selected, will lead to the upd monolayer.
The stability of these clusters is a function of their size and the excess of over-
potential applied. The free energy to generate a cluster (nucleus) of N atoms is
called the Gibbs energy of cluster formation,” and is given by [45]:

AG(N,n) = NAu + ®(N) = —Nze|y| + ®(N) (3.71)

where Ay is the excess of chemical potential with respect to the chemical potential
of phase coexistence, and @(NV) is the excess of free energy required to generate the
cluster from atoms residing in the full monolayer. This quantity can be written as
function of the number of atoms of the 2D cluster as:

5 Also denominated work of cluster formation. Each state (N;) does not represent a thermodynamic
equilibrium state, since it does not correspond to a minimum in the free energy surface.
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Fig. 3.21 Qualitative

scheme of the Gibbs energy 30
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®(N) = 2eVbQN (3.72)

where ¢ is an averaged specific edge energy,  is the area occupied by an adatom on
the surface of the cluster and b is a geometric factor that depends on the shape of the
cluster (b = x for a circle). Thus, replacing (3.72) into (3.71) yields:

AG = —Nze|y| + 2eVbQN (3.73)

This equation states that the stability of a cluster has two contributions: one, the
first, stemming from the driving force imposed by the overpotential, which is
negative, and another, the second one in this equation, given by the fact that the
cluster has edges, where the adatoms are less stable than in the complete monolayer,
so it delivers a positive contribution. Equation (3.73) has a maximum at a certain
N = N, corresponding to the critical cluster size, see Fig. 3.21. Set at a given Izl
clusters with N > N will growth towards the infinite monolayer and clusters with
N < N®it will dissolve. The critical cluster size may be obtained via differentiation
of Eq. (3.73) to get:

2
crit __ bQe

= (3.74)
zeoln|

On the basis of the occurrence of growing nuclei, a theory of electrochemical phase
growth under potentiostatic conditions has been developed, where the analysis of
the behavior of the current as a function of time after a potential step plays a key
role. This theoretical development has been widely analyzed in the literature [46—
51] in term of the so-called nucleation and growth model, which been mainly
focused on overpotential deposition (opd), that is, on the formation of deposits at
potentials negative with respect to the Nernst reversible potential. Some typical
theoretical results for potentiostatic current/time curves predicted from these theo-
ries are shown in Fig. 3.22.
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Fig. 3.22 Shape of the current/time transients for two dimensional nucleation and crystal growth,
for two limiting cases: The left shows the so called “instantaneous” nucleation case, while the right
one the “progressive” case (Adapted with permission from Ref. [51])

On the left, we see the so called “instantaneous” nucleation case, where it is
assumed that the number of growing nuclei remains constant, while on the right we
see the transient predicted for the “progressive” case, where the number of nuclei is
assumed to increase linearly with time. Approximate equations describing the
evolution of current with time have been derived for these two limiting cases,
which are of the form:

jinstantaneus _ Afexp [—Btz] (3 75)
iprogressive — A'tzexp [_B’P] (3 76)

where A, A’, B, B’ contain system specific parameters. The common feature for
both cases is the occurrence of a maximum in the potentiostatic transients. The
rising section corresponds to the growth of electroactive area as established nuclei
grow and as new nuclei are formed, depending on the case. The transients reach in
both cases a maximum due to overlap of the growing nuclei.

A very common diagnostic to test if the experimental data fit one or the other
limiting case, consists in plotting the measured current divided the maximal current,
as a function of the time divided by the time at which the maximum occurs. These
plots are then compared with the corresponding version of the two curves presented
in Fig. 3.22.

According to the discussion performed so far in this section, we can mention
several criteria that must be met to assert for the occurrence of a first-order phase
transition in an upd system:

1. Discontinuity in the adsorption isotherms.

2. Occurrence of sharp voltammetric peaks.

3. Non monotonic potentiostatic transients.

4. Appearance of growing clusters of the new phase on the surfaces.
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To the previous conditions, we may also add the appearance of spikes in
galvanostatic transients; large change in the slope of reflectivity vs. charge plots
[63]; relative shift in the position of cathodic and anodic peaks, even at very low
sweep rates; strong influence of the crystallographic nature of the substrate on the
position of the peaks found for upd; influence of the supporting electrolyte on the
half peak width and on the relative position of cathodic and anodic peaks and influ-
ence of the specific adsorption of foreign substances on the voltammetric features
mentioned previously [52].

Although the visualization of upd as a first-order phase transition has a long
history in electrochemistry [53-70], assertion of the occurrence of a first order
phase transition is not trivial on the basis of the items described above, since the
fullfilment of some of them is a necessary but not sufficient condition. For example,
the influence of anions may generate isotherm discontinuity [71]; slope changes in
the reflectivity plot may be attributed to changes in electronic states of the adsorbate
[72] and non-monotonic current vs. time potentiostatic curves have been explained
solving Eq. 3.60 for a potentiostatic step [73]. Concerning the diagnosis of the
existence of nucleation and growth phenomena, it is worth mentioning the article by
Bosco and Rangarajan [63], who gave a number of criteria for distinguishing
between nucleation and adsorption processes from electrochemical measurements.
Concerning experimental techniques, the advent of scanning probe microscopy
(SPM) techniques, which allow direct visualization of surface structures, has
made it possible the assessment of the formation of growing phases in-situ, so
that in many cases the distinction between nucleation and growth phenomena and
adsorption phenomena has become clearly possible. However, we will see that as a
consequence of this observation, a much richer landscape, as well as new questions
emerges.

An example of a system where island growth has been observed is given in
Fig. 3.23, for upd of Ag on Au(100) [74, 75]. There are a number of facts that can be
analyzed in these experiments, in the light of the models presented above. First, at
least three sets of peaks are found in the cyclic voltammograms (see Fig. 2.1a of
Chap. 2). Second, although these voltammograms do not present sharp spikes and
the ishoterms are rather smooth (see Fig. 2.13 of Chap. 2), in the scanning tunneling
images we see clear evidence for the formation of islands, something consistent
with the occurrence of a first-order phase transition. Third, islands can be detected
at 200 mV, while there is no indication for their occurrence at higher potentials.
However, a couple of peaks is clearly observable around 650 mV, which is labeled
with A;/D; in Fig. 2.1a and stable domains of an expanded quasi-hex Ag-induced
overlayer structure are imaged in the range 200 mV < AE < 550 mV. This
expanded layer is found to coexist with a quadratic overlayer, in the range
100 mV < AE < 200 mV, while finally only a commensurate quadratic (1 x 1)
structure is observed at AE < 100 mV. The non observance of islands above
200 mV may be taken as an indication that the phases growing at higher potentials
(especially that being formed at 650 mV) do not appear through a first-order phase
transition. Note that the peak observed at this potential is the wider one, with a half
width of about 90 mV, which according to Fig. 3.14 corresponds to f =~ 0. Although


http://dx.doi.org/10.1007/978-3-319-24394-8_2
http://dx.doi.org/10.1007/978-3-319-24394-8_2
http://dx.doi.org/10.1007/978-3-319-24394-8_2

3.6 Coverage Isotherms and Phase Transitions 133
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Fig. 3.23 Experimental results for Ag underpotential deposition of Ag on Au(100). In situ STM
images of 2D island formation and limited growth. Left: AE = 500 mV, no island formation.
Right: AE = 200 mV, island formation. The corresponding cyclic voltammogram and the adsorp-
tion isotherms obtained using the twin-electrode thin-layer technique is shown in Fig. 2.12
(Reprinted with permission from Ref. [75])

the other peaks (A3/D3) and (A,/D,) do not define sharp spikes, it is worth noting
that they rather look like cusps, denoting some sort of blurred first-order phase
transition. As can be observed in Fig. 3.23, the (100) surfaces are not perfect, but
contain a number of steps and imperfections. Monte Carlo simulations performed
by Gimenez et al. [76], have shown that the presence of defects smooths out
adsorption isotherms. Figure 3.24 shows Monte Carlo simulations of Ag deposition
on Au(111) modified by Au islands of different sizes. It is found that increasing
number of defects, represented in this case by the presence of Au islands, makes the
step in the isotherm less pronounced.

We conclude from the previous discussion that the strongest evidence for the
occurrence of a first-order phase transition seems to be the observation of islands,
while other electrochemical evidence is more difficult to interpret. We also expect
that, for a given metal as a substrate, those surfaces where the adatoms are closer to
each other should be more prone to show first-order phase transitions. In the case of
fcc substrates, since the (111) surfaces exhibit adsorption sites which are closer to
each other than those on the (100) surfaces, the former should exhibit sharper peaks
in the voltammetric profiles, which are an indication for a first-order phase transi-
tion. An analysis of the voltammogram for upd of different metals on Ag and Au
surfaces shows that this is overall valid, while in the case of Pt this is much less
evident. This is illustrated for some sample systems in Fig. 3.25, where the volt-
ammograms for several upd systems obtained with (111) and (100) single crystal
surfaces are compared. As discussed below, the upd systems involving Pt present a
much stronger influence of the composition of the electrolyte, and the simplistic
lattice gas model cannot account for the particular behavior of these systems
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Fig. 3.24 Adsorption isotherms for Ag deposition on Au(100) in the presence of surface defects.
Each curve corresponds to one of the five systems with Au islands on the substrate illustrated on
the top (Reproduced with permission from Ref. [76])

We have compiled in Table 3.4, for the selected upd systems, experimental
information concerning the observation of islands, the occurrence of
non-monotonic i/t potentiostatic transients and appearance of sharp voltammetry
peaks. It must be taken into account that this table just provides a bird-eye view on
possible occurrence of first-order phase transitions in the different systems, since
most of them show several voltammetric components, the occurrence of expanded
phases and even bilayers. In each case, we consider that voltammetric component
that appeared as the most firm candidate for a first order phase transition. We make
a brief analysis of these systems.

The Ag(111)/Pb and Ag(100)/Pb systems present three voltammetric pairs of
peaks (See Fig. 3.25a). In both cases, we focus on the sharpest, central component.
In the first of these systems, Lorenz et al. [80] estimated an interaction parameter
f = —3.5, that is, very close to the value expected for a first-order phase transition,
and found galvanostatic i/t transients presenting a hump. In a more recent article,
Carnal et al. [78] reported STM images showing the border of an “incomplete” Pb
monolayer, coexisting with a nacked Ag(111) surface. For the second of these
systems, Schmidt et al. [157] found decoration of steps of the Ag(100) surface, with
the subsequent formation of 2D Pb islands at lower potentials. Also step decoration
has been found in the case of Tl upd on Ag(111) [78], thus indicating the formation
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¢) Ag(hkl)/Cd-. Adapted with permission from Ref. [87].
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1) Pt(hgkl)’Ag- Adapted with permission from Ref. [155].
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Fig. 3.25 Comparison of voltammetric profiles obtained for upd of different adsorbates on Ag, Au
and Pt, (111) (left) and (100) (right) substrates. Note that as the general rule the voltammetric
peaks for (111) surfaces are usually sharper than those for (100) surfaces. This can be understood
in terms of the lattice gas model described above the coupling between adsorbates on (111)
surfaces is stronger than on (100) ones, since they are close to each other, so they are more
prone to present a first-order phase transition. (a) Ag(hkl)/Pb (Taken from Ref. [80]). (b)Ag(hkl)/
Tl- (Adapted with permission from Ref. [24]). (¢) Ag(hkl)/Cd- (Adapted with permission from
Ref. [87]). (d) Au(hkl)/Pb (Adapted with permission from Ref. [98]). (e) Au(hkl)/Bi- (Left:
Adapted with permission from Ref. [107]). (Right: Adapted with permission from Ref. [160]).
(f) Au(hkl)/T1- (Left: Adapted with permission from Ref. [109]). (Right: Adapted with permission
from Ref. [115]). (g) Au(hkl)/Ag- (Left: Adapted with permission from Ref. [120]). (Right:
Adapted with permission from Ref. [74]). (h) Au(hkl)/Cu- (Adapted with permission from Ref.
[77]). (i) Pt(hgkl)/Ag- (Adapted with permission from Ref. [155])

of the new phase via a first-order phase transition. In the case of T1 upd on Ag(100),
sharp voltammetry features were reported in Refs. [24, 67, 86], but no island
formation was reported in these articles.

In the case of Cd deposition on Ag(111)(Fig. 3.25¢), all three criteria for the
occurrence of a first-order phase transition are met: existence of islands,
non-monotonic i/t transients and sharp peaks in the case of the main reduction
process [87]. However, it was noticed in the latter article that the potentiostatic
transients showed a significant deviation from the theoretical transients predicted
by the classical models for instantaneous and progressive 2D nucleation, shown
above in Fig. 3.22, indicating that the growth of 2D Cd clusters is slower than
expected from the estandar models. In the case of Cd deposition on Ag(100) [87],
there is also some indication for the occurrence of sharp peaks, but the different
process cannot be clearly separated.

Upd of Pb on Au(111) shows a sharp main peak [90, 93, 97, 98] (Fig. 3.25d, left),
as well the occurrence of island formation. On the other hand, Pb upd on Au(100)
(Fig. 3.25d, right), presents at least four couples of peaks, from which we report the
peak half width of the most negative component, in the anodic sweep. In the case of
Ag upd on Au(100) and on Au(111), we also report the information concerning the
peak located at the most negative potentials (see below).
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Table 3.4 Compilation of information supporting the occurrence of first-order phase transitions
in upd systems. We consider the occurrence of islands/domain boundaries, non-monotonic tran-
sients and sharp peaks. Some sample values of half-peak widths AE, are given. They correspond
to the upd peak closer to the bulk metal deposition or to the most important component. In the case
of a langmuirian process, AE,, ~ 100 mV

Observation of islands/

Non monotonic i/t

Substrate/ domains/step potentiostatic transients or Sharp voltammetric
adsorbate decoration with shoulders peaks, AE;,
Ag(111)/Pb | Yes, step decoration Yes Yes
[78, 79] [71, 80, 81, 118] [57,71,79, 80, 82, 83,
118]
~ 10 mV [83]
Ag(100)/Pb | Yes, step decoration, Not reported Yes
island formation [79, 83]
[79, 157] 12 mV [83]
Ag(111)/T1 | Yes Yes Yes
[78] [72, 73, 84] [24, 71, 85, 96]
6 mV [24]
Ag(100)/T1 | Not reported Not reported Yes
[24, 67, 85, 86]
9mV [24]
Ag(111)/Cd | Yes Yes Yes
[87, 88] [87] [89, 96]
10 mV [87]
Ag(100)/Cd | Yes Not reported No
[87] [87] [87]
Au(111)/Pb | Yes Not reported Yes
[90-95] [9, 95, 96, 112]
12 mV [90], 38 mV
[97], 25 mV [98]
30 mv??
Au(100)/Pb | Not reported Not reported Yes
[118]
20 mV [157], 19 mV
[97], 13 mV [98]
Au(111)/Bi | Not reported Yes Yes
[107, 99] [9, 99, 100-106]
Yes, on a Ag-Covered Au 8 mV [107], 11 mV
(111) surface [103] [108]
Au(111)/T1 | Not reported Yes, shoulder Yes
[109] [9,109-112]
Yes, Br~ coadsorpion
[113, 114]
Au(100)/T1 | Not reported Not reported Yes [115]
Au(111)/Ag | Yes Exponential behavior Yes
[116-118] [116] [117,120,122-131]
Step growth 10 mV [132], 11 mV
[119-121] [133], 14 mV [10]

(continued)
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Table 3.4 (continued)

Observation of islands/ | Non monotonic i/t

Substrate/ domains/step potentiostatic transients or Sharp voltammetric
adsorbate decoration with shoulders peaks, AE,»
Au(100)/Ag | Yes Not reported Yes

[74, 75] 30 mV [119]

Preferential deposition
at imperfections

[134]
Step decoration [118]
Au(111)/Cu | Yes Yes Yes
[135-137] [140-143] [62,136,140,142,144—
domain boundaries 146,164,205]
observed [135, 138, 10 mV [147], 9 mV
139] [148]
Pt(111)/Ag |Island growth of the Yes, iodine Yes
second upd layer on the | pretreated Surface [149, 151]
first [150] 20 mV [152]
[149] Only for the bilayer
[153-155]
9 mV [156]

Bi upd on Au(111)(Fig. 3.25e, left) yields two ordered phases [158, 108]: a
commensurate (2 x 2)-Bi phase with a quarter monolayer coverage and a close
packed (p X \/§) — 2Bi phase with the coverage varying between 0.61 and 0.67
monolayer, depending on applied potential. Studies using surface X-ray scattering
and current transients [99] showed that the zero-coverage — commensurate (2 X 2)
phase transition occurred three orders of magnitude more rapidly than the (2 X
2) — high-coverage incommensurate phase transition. However, while nucleation
and growth kinetics was observed for transitions involving Bi desorption,
langmuirian adsorption kinetics was observed both transitions involving Bi adsorp-
tion. A subsequent study on this system by Tamura et al. [107] showed that the
current transient curve may not reflect the phase transitions taking place and
suggested that a structural analysis by a different technique is fundamental in the
phase transition studies. This conclusion is probably valid for several of the upd
systems considered here. The related system, Bi upd on Au(100) (Fig. 3.25¢, right)
presents three superstructures that have been identified by X-ray scattering
[159, 160], exhibiting sharp voltammetry features.

Tl upd on Au(111) (Fig. 3.25f, left) shows two sharp pairs of peaks [110, 111],
which in alkaline solutions have been related to a phase transition between a
coadsorbed OH/TI1 phase and a close-packed Tl monolayer [110]. The surface
X-ray scattering measurements performed in the later work also allowed finding
discontinuities in the hexagonal lattice constant and in the rotation angle of the Tl
incommensurate monolayer. From the behavior of this system an some of the
previous discussion, we can conclude that the in the upd of Tl, Pb and Bi on Ag
(111) and Au(111) adatom-adatom interactions play the major role determining the
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Table 3.5 Compilation of information on the effect of solution composition on some represen-
tative upd systems on Ag, Au and Pt (111) substrates

Substrate/
adsorbate

Effect of anions on upd features

Ag(111)/Pb

In the presence of ClO; the electrosorption valency is 2 [83]

Peak sharpening by acetate ions [81, 111]

X-ray scattering shows that acetate is not found to alter the structure of the
Pb monolayer [111]

Remarkable peak sharpening in the presence of acetate and small negative
shift in peak potential [96]

Peak sharpening by CI™ ions [82]. Pb adsorption range undergoes narrowing.
Citrate ions generate non-monotonic i/t transients [71], sharpening and small
negative shift of voltammetric peaks [96]

Ag(111)/Tl

Ideal charge stoichiometry of the adsorbate reported in HCIO,—Na,SO, [24],
indicating the absence of specific anion adsorption

Acetate and citrate yield slight widening of voltammetric peaks [96]

X-ray scattering shows that acetate is not found to alter the structure of the T1
monolayer with respect to C1O; solutions [111]

Ag(111)/Cd

Acetate and citrate yield slight widening of voltammetric peaks and small shift
in peak potentials [96]

Au(111)/Pb

IR experiments show that Pb upd is not accompanied by coadsorption of
electrolyte anions or associated water both in H,SO, and HCIO, solutions
[187]

X-ray scattering shows that acetate is not found to alter the structure of the Pb
monolayer with respect to ClO; solutions [111]

Au(111)/Bi

Fast Fourier transform electrochemical impedance spectroscopy studies of
coadsorption CIO, indicate that the surface coverage of C1O, on Au would be
considerably less than that of the coadsorbing Bi [188]

Au(111)/Tl

X-ray scattering shows that acetate is not found to alter the structure of the T1
monolayer with respect to ClO, solutions [111]

Au(111)/Ag

Changes in the Au(111) surface morphology upon repeated upd cicling seem
to be stronger in perchloric than in sulfuric acid solutions [189]

An electrosorption valency of 1 is obtained in sulphuric acid, so that
coadsorption or competitive adsorption of anions was excluded [74]. How-
ever, a nearly constant anion coverage in the entire Ag upd range was not
excluded

AES and radiotracer studies show that in fact adsorbed sulfate species are
present prior to and after upd [190]. Thus, the current passed in forming the Ag
adlayer does not contain a significant contribution from sulfate adsorption
AFM found different structures for the overlayer in different electrolytes: (3 x
3) in sulfate, (4 x 4) in nitrate, a close-packed in acetate and an open one in
perchlorate [191]

LEED experiments from emmersed electrodes from HF solutions yield dif-
ferent surface structures [10], like (1 x 1), (3 x 3), (5§ x 5), etc., see Table 3.1
In situ STM found (v/3 x v/3 )R30° in H,SO, and (4 x 4) in HCIO, for the
most positive peak couple [126]. A close packed structure was found at large
coverage degrees

Another STM study found in H,SO, a (\/§ X V3 )R30°, a distorted hexa-
gonal stripe pattern, a (3 x 3) and a (1 x 1) structure [120] for a sequence of

(continued)
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Table 3.5 (continued)

Substrate/
adsorbate Effect of anions on upd features

decreasing potentials
(3 x 3) structures were found in the presence of iodine [125]

Au(111)/Cu In H,SO,, there is consensus for the occurrence of a (\/§ x V3 )RSO" struc-
ture, being formed at the more positive upd peak couple, consisting of 2/3
monolayer Cu and 1/3 monolayer sulfate [164, 192] which is transformed into
a (1 x 1) Cu structure at lower potentials [162]. Recent experiments, however,
point out towards the occurrence of an ordered sulfate p(2 x 2) [136] or
(\/§ X3 )R30° [193] structure on the pseudomorphic Cu(1 x 1) upd layer
Addition of C1™ generates, depending on its concentration, a (2 X 2) or an
incommensurate “(5 x 5)” structure [137]

X-ray absorption experiments suggest that copper and coadsorbed chloride
form a bilayer in which copper atoms are sandwiched in-between the top
chloride and the bottom gold layers [34]

Pt(111)/Ag Ag upd peak does not follow the Nernstian behavior of 60 mV shift per decade
change in cation concentration expected [153]

Radimoetric measurements show that adsorption of bisulfate is higher on
silver-covered platinum than on the clean platinum substrate [194]

Pt(111)/Cu Cu upd on Pt(111) in HCIO, is found to be a relatively slow process. The
presence of chloride and (bi)sulfate anions facilitates upd and causes a split-
ting in the voltammetry peaks. This splitting was attributed to competition
between the Cu adatoms and the adsorbed anions [184]

Cu is found to induce an enhanced adsorption of chloride and bromide.
Exceedingly sharp voltammetric peaks are found, and a mechanism for upd
was proposed involving the transient formation of a preadsorbed state
consisting in a Cu-anion adlayer, yielding finally a Cu monolayer covered by
an anion adlayer [166]

XANES analysis supports the idea of a partially discharged copper adlayer
[195] in sulfuric acid media

LEED/RHEED studies show that the addition of different concentrations of
chloride ions leads to the formation of four different superlattices on top of a
pseudomorphic-grown Cu upd layer [173]

It was recognized that anion coadsorption adsorption makes a reliable evalu-
ation of the copper coverage from charge measurements impossible [180]

structure of the monolayer. The interaction of the adsorbate with the substrate is
strong, allowing upd, but its effect on determining the monolayer structure is small.
This is the reason why the evidence for the existence of a first-order phase transition
is strong, as expected on the basis on the lattice gas model discussed at the beginning
of this Section. Surface X-ray scattering has also allowed the identification of three
phases in the case of Tl upd on Au(100) [115], but the voltammetric features are
considerably less pronounced for this substrate. The weaker adsorbate-adsorbate
interaction in the more open (100) face is probably responsible for this behavior.
The system Au(l11)/Ag (Fig. 3.25g, left) presents strong evidence for the
occurrence of a first-order phase transition which is manifest by the occurrence of
islands [116, 117] or step growth [119-121]. Sharp peaks are also frequently
observed in voltammograms, as reported in the references given in Table 3.5.
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However, the sharpness of the voltammetric peaks seems to be related to the nature
of the anion present in the electrolyte. In fact, Chen et al. have studied this system in
different electrolytes [124], finding sharp peaks in sulphuric acid but considerably
smoother voltammetric profiles in perchloric acid. The packing densities of the
different monolayers were found to change with the size of different electrolytes,
showing little agreement with the expectation predicted by the coulometric measure-
ments. This was pointed out as an indication for different amounts of charge transfer
between electrolyte and adatoms. As pointed out above, the system Au(100)/Ag
(Fig. 3.25g, right) shows clear evidence for island formation [74, 75], while in the
case of Au(111)/Ag rather step decoration is found. This different growth type has
been explained on the basis of the different time scales for Ag diffusion on Au(100)
and Au(111) surfaces, using kinetic Monte Carlo simulations [161].

Cu on Au(111) (Fig. 3.25h, left) is one of the systems that probably has attracted
the largest attention among upd, as it has been vastly investigated by a wealth of
experimental techniques [162]. As pointed out above and can be seen in the figure,
Cu upd on Au(111) present two couples of peaks. The peak pair located at about
0.27 V vs. Cu/Cu™" is attributed to the formation/dissolution of the (v/3 x v/3 )R
30° phase, which is highly reversible with almost no difference in peak potential.
The second peak pair at about 0.13 V vs. Cu/Cu®*, is less reversible and corres-
ponds to the transition between the (\/37 x V3 )R30O phase and the (1 x 1) adlayer.
This system shows non monotonic i/t transients, as studied in detail by Holtzle
et al. [140-142], who have modeled satisfactorily these transients assuming that
and adsorption (desorption) process takes place parallel to an instaneous nucleation
and growth phenomenon, with both proceeding at different electrode sites. In a
more sophisticated approach, kinetic Monte Carlo simulations along with effective
lateral interactions including adsorbed cations and sulfate anions were used by
Zhang et al. to reproduce these transients [163]. See discussion in Chap. 4. It must
be pointed out that the interpretation of the phase transitions taking place in this
system, responsible for the two couples of peaks mentioned, is considerably more
involved [202-204, 164] than that given above in terms of the monatomic gas
lattice model. The occurrence of islands corresponding to the different phases has
been confirmed in various articles [135—137]. These systems also present relatively
sharp voltammetric peaks, although the less negative pair presents always the larger
irreversibility.

Upd of Ag on Pt(111) presents two main pairs of peaks (see Fig. 3.25h, left)
although its deposition has been divided into four distinct steps [151, 155, 153],
three of them occurring at the more positive potential, related to the formation of
the upd monolayer. These upd processes, taking place at relatively high potentials,
have been the subject of some controversy [162], since they appear to be sensitive
to the quality of the single crystal. Furthermore, they do not follow the expected
Nernstian behavior of 60 mV/decade. The most negative peak couple, close to the
bulk deposition potential, is due to the formation of a bilayer, for which evidence of
island formation has been observed in STM experiments [149]. Concerning the
occurrence of non-monotonic potentiostatic transients, these have been measured
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for metal electrosorption on a Pt(111) surface covered with a monolayer of
iodine [150].

We devote here a sentence to the system Pt(111)/Cu, which has not been
included in the present Table, but has been the subject if intensive research [165—
186]. Cu upd on Pt(111) is extremely sensitive to the anion composition of the
solution, as compared with other systems, as shown in several of these articles. For
example, White and Abruna have shown that the potential for upd of Cu on Pt(111)
decreases in the order of CI~ > Br~ > I~ > S?7, following a linear relationship
with the standard reduction potential for the half-cell reaction
CuX 4+ e~ — Cu+ X™. Remarkably, the sharpest voltammetric components are
found in the case of the most strongly adsorbing C1™ ions. Other systems related to
Pt(111) present a singular behavior, yielding irreversible adsorbates which endure
several oxidation/reduction voltammetric cycles. This is for example the case of Pt
(111)/T1, Pt(111)/Pb, Pt(111)/Bi, just to mention adsorbates close to those previ-
ously considered.

As we go along the literature involving upd on Ag, Au and Pt, we note an
increasing role of anions in the upd systems on these substrates. A particular case of
this situations are the just mentioned irreversible upd systems on Pt(111), which,
according to experiments in UHV show that water species (HO;O) play a role in the
formation of these deposits. To make this evident, we have summarized in Table 3.6
results for upd on (111) faces, where we indicate, along with the corresponding
reference, the influence of anions in the different systems. Inspection of the
Table shows that while in the case of upd on Ag(111) surfaces the influence of
anions in usually restricted to sharpen the voltammetric upd peaks, in the case of Au
new peaks appear as a consequence of the anions, while in the case of upd on Pt
(111) surface the interaction with the solution is so strong that it ends in occurrence
of irreversible components, in the sense that adsorption/desorption peaks appear
even in the absence of cations in the corresponding solution.

Far from being an extensive analysis, the summary made in Table 3.5 for some
typical upd systems shows the wide universum of behaviors concerning the influ-
ence of electrolyte on upd. The two extrema are exposed in Fig. 3.26. On one side,
the addition of citrate and acetate to Tl upd on Ag(111) barely changes the shape

Table 3.6 Number of particles exchanged by the subsystem in Fig. 3.29 with the reservoir,
according to Egs. (3.77), (3.84), (3.86), (3.88), (3.90) and (3.92), which added yield the
global reaction (3.79). These numbers are to be inserted in Eq. (3.81)

Equations | ANM | ANS AN | ANpes | ANx- ANg+ ANy
(3.84) 0 0Qi/eo 0 0 —lais —Jais —kais
(386) 0 0 0 0 _ldesolv _jdesolv _kdesolv
(3.88) 0 z—na n ) 0 0 0

(3 90) 0 0 0 0 lsolv jsolv ksolv
(3.92) 0 -0,/ 0 0 len Jeh ken

(3 77) —A 0 0 —A / z 0 0 0
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Fig. 3.26 Two extreme behaviors concerning anion effect on upd. Left: effect of the addition of
acetate (2) and citrate (3) to Tl upd on Ag(111) (Reprinted with permission from Ref. [96]). Right:
effect of the addition of different chloride concentrations to Cu upd on Pt(111) (a) (—) 1 mM HCI,
(b) (— ——)0.1 mM HClI and (c) (. . .) 0.01 mM HCI (Reprinted with permission from Ref. [173])

and height of the voltammetric components. On the other, the addition of chloride
ions to upd of Cu on Pt(111) produces both a splitting and a strong shift of the
voltammetric peaks. While the thermodynamic framework that should be used to
interpret the experimental information was given in Sect. 3.5, the stability of these
systems in terms of model calculations will be addressed in the next Section.
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3.7 A Thermodynamic Formulation Oriented
to Theoretical Modeling of Underpotential Deposition
as a Phase Transition, Including Ion Coadsorption,
Solvent and Double Layer Effects

We have seen above that the theory developed by Vetter and Schultze provided an
interesting scope on the upd problem, emphasizing on the role that the different
components of the systems play in determining the properties measured. At the time
the previous modeling formulation was developed, the theoretical formulation was
oriented to draw general conclusions and trends on the basis of the experimental
information available. However, in the last decades the increasing computational
power and the systematic application of quantum mechanics have allowed not only
drawing general trends but also being able to make quantitative predictions for
specific systems. This is for example the case of the prediction of electrode
potentials from first-principles calculations, in some cases within a few tenths of
millivolts of the experimental values [196-198]. In this respect, it would be
desirable to establish a thermodynamic formulation that makes it possible to
make predictions making use of these new possibilities. Before setting up this
modeling, we revisit the main features of the upd system, already introduced in
the models present above:

1. The metallic substrate/adsorbate system. This is the part of the system that is
straightforward to treat with the modern quantum mechanical tools. As it will be
discussed in Chap. 5, the underpotential shift AE"P® defined at the beginning of
this chapter can be estimated from two calculations: the binding energy of the
adsorbate M to the substrate S and the cohesive energy of bulk M. This is a good
approximation for compact adsorbates and in those cases where the work
function difference between bulk M and bulk S is small. In the first case, this
so because in the case of compact upd adsorbates, adatoms present a larger
depolarization [199], so that solvation effects should be smaller and may be
neglected. Figure 3.27 shows effective dipole moments of Ag atoms adsorbed on

Fig. 3.27 Effective dipole 16 — —T T —T
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Au(111) as a function of the coverage degree, where it can be appreciated that at
full coverage the effective dipole moment of Ag atoms is practically negligible.
In the second case, if the work functions of M and S are similar, the shift of the
potential of zero charge of the surface upon adsorbate building up will be small
and potential anion coadsorption effects will be diminished.

2. The solvent. As stated in the previous paragraph, this effect may be neglected in
some cases but in the case of upd in the presence of coadsorption it could become
very important.

3. Coadsorbed anions. These will be appear in systems with large shifts in the
potential of zero charge upon adsorbate building up. A paradigmatic example is
the coadsorption of sulfate with copper species on Au(111) [200-204], which
defines an stoichiometric 2D compound. As will be discussed in Chap. 5, it
appears that coadsorbed anions are the main responsible for the occurrence of
upd in this system.

4. The electrical double layer. The effect of the electrical double layer (EDL) on
the stability underpotential deposits has been seldom considered in the modern
upd theories. The EDL contributes to this stability in two ways: first, the double
layer of the substrate disappears upon formation of the deposit. Second, it is
again rebuilt on the substrate/adsorbate system. In the case of S/M metal pairs
presenting large work function differences, this contribution could become
important.

The scheme used to model the upd system taking into account the features
discussed in the previous points 1—4 is given in Fig. 3.28. The physical picture is
very close to that presented in Sect. 3.5.1, but it deviates in some aspects that will be
discussed in detail. The electrochemical cell contains a working electrode, made of
the metallic substrate S on which the adsorbate M is deposited at underpotentials,
but the reference electrode is now made of the bulk metal M. Thus, the potential
difference measured between the two electrodes (using a proper connection) upon
ML formation at equilibrium will be the underpotential shift AES~™. The system
under consideration is now connected to an infinite reservoirs containing solvent,

sol

anions and cations at the electrochemical potentials ', i3, ﬁf\‘il and ﬁé‘ﬂl, ﬁf/‘[’zl‘ ,
z+

(aq) and A*~ denote species that may interact chemically with
the substrate, K™ and X~ indicate ionic species that only participate (without
adsorbing) in the building up of the electrical double layer, along with the electronic
charge located at the electrode. To fix ideas, if we think of Cu upd on Au(111)

electrodes, Ma) would be Cu%;) a, A*” would be SO~ or HSO, , K" could be Na*

or another non-adsorbing cation, and X~ could be CIO, or another non adsorbing
anion. The latter two species should be in excess, constituting the supporting
electrolyte.

We will also assume that the contributions of MZ;) and A*" to the EDL are

respectively. While M

negligible (that is, their concentrations are negligible in comparison with that of the
supporting electrolyte).
We consider the following electrochemical reactions at the electrodes:


http://dx.doi.org/10.1007/978-3-319-24394-8_5

148 3 Phenomenology and Thermodynamics of Underpotential Deposition
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Fig. 3.28 (a) Scheme of the electrochemical system used to evaluate underpotential shift
accounting for solvent, the occurrence of anion coadsorption and electrical double layer effects.
The internal dotted line encloses the subsystem containing the electrodes and the electrolyte. The
subsystem is connected to two electron reservoirs and to another reservoir containing solvent W,
the anionic X~ A"" and cationic K™ M, species at the electrochemical potentials s L oL

ﬁfé’} and ﬁ;fzh, respectively. (b) zoom of the interphase under study

A A _
~Mpur) — ;MZZ) + ey (3.77)

AKW + AJK" + AIX™ + M(,, +nA" +5S(Q,)/solv; + Zeg

— S — MA,(Q,)/solv, (3.78)

where A &, A j, and A [ denote the changes in the number of water, cationic K* and
anionic X~ species at the interphase II upon formation of the upd deposit, 4 is the
number of electrons flowing to this interphase for the formation of the MA,, species,
and Q; and Q, denote the charges on the surface of the electrode before and after
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this process. The term “solv” indicates that the surface of the electrode is solvated in
states solv; and solv, before and after upd respectively.
Addition of Egs. (3.77) and (3.78) leads to the global reaction:

yl A
AKW + AJK' + AIX™ + ;M(bum + <1 - E) Mf:q) + nA*" 4+ S(Qq)/solvy + deg
2S5 — MA,(Q,)/solva + ey
(3.79)

Note that in reaction (3.79), a number (1 — 4/z) of the M?;) core ions building

S — MA, must come from the solution. This is to be contrasted with the reverse of

the cycle shown above in Fig. 3.3. There, we see that to get one adsorbed M?;)

?IT/I) core ion taken from bulk M. This one-to-one

relationship has as a consequence that the underpotential shift AES™ as calculated
in Eq. (3.5), is independent of the activity of Mf;q) cations in solution. From an

species on S, we just need one M

experimental viewpoint, this means that if the underpotential shift is measured

using solutions with different activities (concentrations) of Ma), always the same

AES™ value should be obtained. We will see below that in the presence of
specifically adsorbed anions, the situation is different.

Taking into account the reservoir fixing the chemical potential of the species, the
thermodynamic potential describing the stability of the system can be written as:

G =G —N3uS — NMEM — Naw i3 — Ny i3S — Nx-i
— N = Nwiiy (3.80)

where N; denotes the number of i species in the subsystem. The free energy change
for reaction (3.79), according to Eq. (3.80) is:

AG = AG™ — ANSES — ANMEM — AN - 0L — ANy L
— ANx I — AN i — ANw! (3.81)

where AG™ corresponds to the change of free energy of the subsystem. While this
quantity appears as complicated to calculate, we will see that it is actually relatively
simple. With this purpose, we divide the subsystem into five parts, as illustrated in
Fig. 3.28. These five parts correspond to:

. Bulk working electrode S. (Region I in Fig. 3.28)

. Interphase between S and the solution (Region II in Fig. 3.28)

. Bulk solution (Region III in Fig. 3.28)

. Interphase between M and the solution (Region IV in Fig. 3.28)
. Bulk M electrode (Region V in Fig. 3.28)

[ O R S
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Thus we have AG™ = AG' + AG" + AG™ + AG"™ + AG". Let us consider
each contribution. The bulk of S remains unaltered in reaction (3.79), so AG' = 0.
The reservoirs provide ions and solvent, so the bulk of the solution will remain
unaltered, so AG™ = 0. The only change on the M electrode is the disappearance of
/z bulk M atoms, remaining its double layer unaltered. Thus, AGY = —Jul* /2
and AG" = 0 and we are only left with the calculation of AG", that is, the Gibbs
free energy change of the substrate/adsorbate interphase. This term is equivalent to
the term ydA in Eq. (3.36) and involves the formation of the upd deposit, with the
corresponding EDL, as well as the disappearance of the nacked substrate/solution
interface. Then, we can write:

, A
AG™ = AG" -~ ﬂfgulk) (3.82)

And

~ y)
AG = AG" — —ﬂ(“gulk)
—ANZuS ANM — ANps-fi30E — ANy el — ANx- i — ANy i3t — ANwiy!
(3.83)

Thus, we have simplified the calculation of AG by centering our attention on Region
II, but we still have to deal with the problem of calculating free energy changes for
this charged interphase. Let us now consider the reactions taking place at Region II
in terms of Eq. (3.79), that we split in the following set of processes (reactions), as
shown in Fig. 3.29, giving below each of them the corresponding free energy
changes of this interphase:
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Fig. 3.29 Schematic picture of the thermodynamic cycle leading to the sequence of reactions
described in (3.84), (3.86), (3.88), (3.90) and (3.92)
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1. Bringing the charged substrate/solution interphase to the point of zero charge
(PZC):

S(Q,,s0lvi) + (Qy/e0)es — S(Q = 0,50lv}) + j K" + laisX ™ + kais W (3.84)

where jqis, lqis and kg;s represent the number of cations, anions and water molecules
leaving the interphase II during the discharge process. These numbers may be
positive or negative, and must be calculated with a suitable model of the EDL.
Negative values of jgis, lgis Or kg;s would mean that these species are not leaving but
entering interphase II. In the case of a model representing the solution side of the
EDL as point charges embedded in a dielectric continuum, we would have kg = 0.
We wrote solv} to emphasize that the solvation of the substrate may be different for
the uncharged surface.
The Gibbs free energy change of step 1 is:

AG; = GS(Q=00vi) _ GS(Qsolvi) (3.85)

where GS(Q%°1) is the free energy of the charged substrate/electrolyte interphase
and GS(Q=05M) s jts free energy at the PZC.

2. Desolvation of the discharged substrate:
S(Q = 0,s0lv})=S(Q = 0,vac) + Jjgesor K + liesolv X~ + kagesow W (3.86)

where jgesolys ldesolv @aNd kqesory denote the number of cations, anions and water
molecules leaving interphase II upon substrate desolvation. This step implies
removal of the substrate from the discharged interface, creating two new inter-
phases: the substrate/vacuum and the vacuum/solution ones. Since interphase II is
here at the PZC, the number of anions leaving/entering the interface should be equal
to the number of cations undergoing this process. Thus, we have the mass balance
requirement j,..,;y = ldesolv- This free energy change can be written as:

AG, = GS(Q=0-vac) | Gsol(Q=0.vac) _ 58(Qi=0,s0lv}) (3.87)
where G3(Q=0-V%) s the free energy of the substrate in vacuum and G**(@Q=0-¥a¢) jg
free energy of the solution part of the interphase exposed to vaccum, denoted by

“vac”. It must be stressed that this desolvation energy does not involves a
pure solvent, but an ionic solution.



152 3 Phenomenology and Thermodynamics of Underpotential Deposition

3. Assembling the adsorbate on the substrate in vacuum, with electrons from the
reservoir attached to the substrate and ions from the reservoir attached to the
solution, so that the substrate/adsorbate system remains free of a surface charge:

(z — na)eg +S(Q = 0,vac) + M{,, +nA"" =S — MA,(Q = 0,vac)  (3.88)

(aq)

No changes take place at the solvent/vacuum interphase at this point. The free
energy change of interphase II at this step amounts:

AG3 = G5 MAQ=0.vae) _ G5(Q=0,vac) (3.89)

where G5 MANQ=0vac) g GS(Q=0.v2) are the free energies of the substrate/adsor-
bate interphase in vacuum and the substrate in vacuum, respectively. The compo-
sition of the solution side remains unaltered, since the ions are provided by the
reservoir.

4. Solvation of the discharged substrate/adsorbate substrate:

S - MA“(Q = O’ vac) + jsole<Jr + lsole7 + ksole:S
— MA,(Q = 0,50lv;) (3.90)

where jgesolvs ldesolv aNd kgesory denote the number of cations, anions and water
molecules getting into interphase II because of solvation of the substrate/adsorbate
surface. As in step 2, we have the condition j,, = /sy and free energy change is:

AG4 _ GsfMAn(Q:O,sol\/;) 7 GsfMA“(Q:O,vaC) _ Gso](Q:O,vaC) (391)

where GS™MA(Q=0-50) ¢ the free energy of the substrate/adsorbate/solution
interphase (II) at the PZC.

5. Bringing the substrate/adsorbate/solution interphase from the PZC to its final
charged state:

S — MAL(Q = 0,501v]) + jurK" + lenX™ + key WS — MAL(Qy, s0lv2)
+(Q2/¢)es (3.92)

where we have:
AGs = GS—MAH(Q2,SOIV2) _ GsfMAn(Q:O,solv;) (393)
where j.p,, I, and k¢, represent the number of cations, anions and water molecules

coming into interphase II during the EDL charging process.
According to the previous equations, we thus have:
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5
AG" = " AG; (3.94)
i=1

Table 3.6 shows the number of particles exchanged with the reservoirs for each of
these steps.

From Table 3.6, we get the following equalities determining the coefficients in
Eq. (3.79):

Ak = kch - kdis + ksolv - kdesolv (395)
Al = lch - ldis + lsolv - Idesolv (396>
A] = jch - jdis + jsolv - jdesolv (397)

The latter reactions are subject to the electroneutrality condition of the interphase
before and after adsorbate formation. Previous to upd, the surface charge of
substrate Q; is compensated by the charge of the double layer. We thus have:

0, = —eo(Jais — lais) (3-98)

After upd, and according to the sequence of Egs. (3.82) to (3.93), we find that 4
= Q,/eo0 + z — na — Q,/eq electrons, one M** ion and nA*" anions have flowed to
the substrate/adsorbate side of interphase II. These events set the condition:

QZ = Ql — 60(/1 +z— I’lCl) (399)

On the other hand, charge balance at the substrate/adsorbate solution interphase,
at the final state (r.h.s. of Eq. (3.92)) involves:

Q2 = _EO(jch - lch) (3100)
So, it comes out the following condition for A:
A= —Jjsstlas+z—na+ jgu —len (3.101)

Using the previous results and Table 3.6, we can replace into Eq. (3.83) to get:

~ A _ ~ ~ A\ -
AG = AG! = “puy + A" — Re) — i — (1 - ;)ui&}'ﬁ;)

— AP — Ajat — Ak (3.102)

We can use the definition of electrochemical potential of the i species
a0 = ol + ziegp*!, and use (3.94), (3.85), (3.87), (3.89), (3.91) and (3.93) to
replace into (3.83) to get:
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~ 0. vac —Ovae) A A
AG = GS~MA(0=0.vac) _ (58(Q=0,vac) _ ;,M(l\t/,[ulk) - (1 - ;) ppre = MRS

+AGg, + AGY (3.103)
+ AGg’esolv + AGS(;\IIVIAH
+A(pet = A?)

where we have defined the following quantities:

AGdsisch - = GS(Q:O’SOIVI) - GS(QI#SOlVl) - (_ldiscﬂ)s(o’l - jdiscl’t]S(OJrl - kdiscﬂ\s’gl)

(3.104)
AGE A+ — SN Osso) _ GSMAQND) _ (1l gl
(3.105)
AGS - GS(Q:O,vaC) Gso](Q:O,VaC) _ GS(QIZO,SOIVT)
desolv + (3 106)

- <_ldeS01V/’l)S(O*1 - jdesolv:"tls(qrl - kd5501vﬂ\b;\(/)l)
AGS—MA. . _ Gs—MA,,(Q:O,solv;) _ GSMAN(Q=0vac) _ 5sol (Q=0,vac)
solv | . 1 1 (3107)
- (lsolV/’l)s(O* + ]solv:"t]i(3r + kSOIV/‘S\(/) )

AGS. ., represents the free energy change corresponding to the discharging of the
EDL of the substrate/solution interphase, taking it to its point of zero charge, A

th_ MAn is the free energy change corresponding to the charging of the EDL of the

substrate/adsorbate/solution interphase, taking it from its point of zero charge its
GS-MA,

olv is a solvation term

status when the upd monolayer has been formed. A
corresponding to the S —MA, surface and AGS,,, is a desolvation term
corresponding to the S pristine surface (without upd layer).

Equation (3.103) contains all the physics involved in the present problem. The
first line accounts for the free energy of formation of the 2D deposit MA,, on S, from
ions in reservoirs (n A*~ anions and one M*" cation) and ions stemming from the
reference electrode (4/z M*" cations). The second line is a double layer term,
accounting for the dismantlement (or discharge) of the double layer of the substrate
and the building of the double layer of the upd deposit. Analogously, the third line
accounts for desolvation and resolvation effects. The fourth line considers elec-
tronic flow from/to the two electrodes, and is related to the potential difference that
can be measured between the electrodes shown in Fig. 3.28. This the driving force
for the presente electrochemical reaction.

Equation (3.103) may be used to calculate from first-principles the relative
stability of different S — MA,, structures at different potentials. Alternatively, we
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can set AG = 0, and in this case the difference of electrochemical potentials
(uM — i 8) will be equivalent to the desired underpotential shift AUS™, so we get:

1 A
S-M _ _ S—MA,(Q=0,vac) _ ~S(Q=0,vac) _ 7~ M
AE — /1 |: ( ac G ac Z/’t (bulk))
: AR
—nusdl — (1 - E) et + AGY + AGW,W} (3.108)

where we have defined AGY, .= AG3 ., + AGE{ MAs “a recharging free energy and

rec

AG esoly = AG?CSO]V + AGSJVM A g resolvation free energy. Equation (3.108) has a
twofold relevance. From the theoretical point of view, this equation allows the first-
principles theoretical calculation of underpotential shifts. While the quantities in
the first parenthesis in Eq. (3.108) may be obtained precisely from DFT calcu-
lations, p{2' and p3el, involve ion solvation energies, which are subject to calcu-
lations errors of the order of a fraction of eV, making the result uncertain. A suitable
alternative for their evaluation would be to use thermodynamic data. The penulti-
mate term, AG% ,  could be computed from double layer theories, and will be small
as long as the PZC are not markedly different, as is should be the case of metals
with similar work functions. The last term, AG s,y iS probably negligible in the
case of the formation of relatively compact adsorbates, where the adatoms show a
large depolarization. On the other hand, this equation may be also used to interpret
experimental results. Assuming that the free energy contribution due to
discharging/recharging of the double layer is negligible, we have, 1~z — na.

Thus, Eq. (3.108) results in:

AES—M _ GMA“/S(Q:O,vaC) _ GS(Q:O,vaC) B lluM B n ”5317
Z—na 7 (bulk) z—na' A
1 1 ol AGresolv
_ _ I jso AGresoly 3.109
(zna z)”M e ( )

Thus, the dependence of the underpotential shift on the activity (and thus on the
chemical potential) of the different ionic species (A*~ and M*")could yield
information on the stoichiometry of the surface compound S — MA,, being formed.
In fact, we see from Eq. (3.109) that the following equations apply:

OAESM n
(_a o > =— (3.110)
Has /‘I:,})zl+
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Fig. 3.30 Cyclic 100
voltammograms of Cu upd Au(111)/ cir™
on Au(111). Current density
is plotted as a function of 604
electrode potential referred
to Cu/Cu®* in the same e o ]
solution. The electrolyte g
solutios where 9 x 1072 M E
H,SO,4 + XM CuSQOy, = -20 -
pH=1,T=298K.x= 5
X102 M (————),
51073 M (= — —),5x =402}
107 M(—— .. ——)
(Reprinted with permission 66 . ] . [ . .
from Ref. [205]) 100 0 100 200 300 400 500 600
AE mV
0AESM 1 1
3,50 = - = (3.111)
Hype+ w z—na z
H pa-

Although the present restrictions do not apply strictly to their experimental data, it is
worth mentioning here the work of Omar et al. [205] for Cu upd on Au(111) in the
presence of sulfate anions. Figure 3.30 shows voltammograms at a nearly constant
activity of sulfate species. It is observed that while the more negative peak is relative

insensitive to Cu?* concentration (”13(1)11+)» the more positive shows a shift OAES™ /
5c§/}’}+ close to 30 mV/decade, indicating that (aAES’M /ousd ),M ~ 0.5. Using

Mz
Mzt
Eq. (3.110) withz = 2anda = 2, we getn = 0.5, in agreement with the expected Cu
(SO4)12/S stoichiometry expected for the (\/§ X \/§)R300 structure predicted for
this interphase.
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Chapter 4

Applications of Underpotential Deposition
on Bulk Electrodes as a Model System

for Electrocatalysis

4.1 Introduction

The underpotential deposition (upd) of metals may modify the catalytic activity of
substrates in several ways. For the sake of simplicity, we divide the types of impacts
that upd metals can produce in four types, although they all can in principle be
acting on a given reaction at the same time.

1.

Geometric effects. These occur due to the presence of adsorbate atoms and
should not depend on their chemical nature. Examples of this are the reactions
in which the adatoms inhibit the formation of a poison, or reactions where the
presence of adatoms enhances the selectivity of the electrocatalyst surface
toward a particular product. In the case of the oxidation of organic substances,
this has often been called the “third body” effect.

. Bifunctional Catalyst effects. In this case, the adatoms provide the active sites of

preferential adsorption for the species involved in the rate-limiting step, other
species that can be adsorbed on the substrate. In this case the important features
of the adatoms are related to their ability to adsorb the chemically active species.

. Direct electronic effects. In this case, the catalytic effects are related to the

changes produced by the presence of the adatoms in the electronic structure of
the catalyst surface. This must be important in cases in which the reaction speed
is controlled by a transfer of electrons; this reaction is directly related to the
electronic density of states of the catalytic converter.

. Indirect electronic effects. We use this terminology to denote the change of the

binding properties of the intermediate level (i.e., a poison) due to the presence of
other co-adsorbed species.

In this chapter, we give a bird’s eye view of the some experimental results and

phenomenological models derived from them that are relevant for theoretical
discussion.
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4.2 Catalysis of the Electrooxidation of Some C1 Molecules
on Pure Pt Surfaces and Bimetallic Catalysis

4.2.1 CO

We shall analyze first the catalysis of the electrooxidation of CO on Pt surfaces
because of the important role that this compound plays in electrocatalysis and in
electrochemical surface science [1-4] and particularly in the electrooxidation of all
C1 molecules (HCOOH, CH3;0OH and HCHO) [5-7] (whether as a main reaction
path or as a poison).

With the exception of few particular examples where the preadsorbed CO favors
certain oxidation reactions typically [8, 9], adsorbed carbon monoxide acts as a
poisoning intermediate in catalytic processes. Because of this, the ability of active
sites to efficiently oxidize or destabilize this molecule at the surface is highly
desirable [10].

The status of CO as an adsorbate on Pt surfaces under electrochemical condi-
tions presents by itself quite a complex picture, as discussed by Chang and Weaver
[11], a detailed picture of the CO/metal bonding being possible due to the large
dynamic dipole of the C—O vibration and the sensitivity of its frequency, vco, to the
surface coordination geometry and local environment. In Table 4.1, we see the large
difference in vco for CO adsorbed in terminal (t) and bridging (b) configurations.
This difference can be understood in simple bond-order terms. The larger coordi-
nation of the bridge state with the surface weakens the CO bond, delivering a
smaller vco. Not so straightforward to interpret are the corresponding dependencies
of vco with the applied potential, E. On one side, a source of this dependency can be
explained via a linear Stark effect, that is, the change of the frequency of the C—O
bond in the presence of an external field, E, that can be evaluated by means of first-
order perturbation theory [12]. However, some of the experimental results showed a
deviation from the linear vco/E prediction that cannot be explained in terms of
linear effects, and a dependency of dvco/dE on the adsorption site geometry
(terminal < twofold < threefold site) that required the consideration of the bonding
to the metal surface. This was made by Mehandru and Anderson [13] in terms of the

Table 4.1 Some typical IR frequencies vco and frequency-potential slopes dvco/dE for CO
adsorbed on Pt/aqueous interface in terminal (t) and bridging (b) geometries

Surface Potential vs. NHE?® (V) Oco Veo dvio/dE 2o dvo/dE
Pt(111) 0.1 ~0.65 2062 32 1776 58
Pt(111) 0.55 ~0.65 2072 25 1844 46
Pt(111) 0.25 0.3 2055 40 1836 40
Pt(111) 0.25 0.13 2047 43

Pt(100) 0.25 0.85 2057 36

Pt(110) 0.05 1.0 2069 32

Taken from Ref. [11] with permission
“NHE normal hydrogen electrode
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Fig. 4.1 Molecular orbital model for a CO molecule interacting with a metal surface. The arrow
pointing towards the metal surface denotes the donation from the CO ¢ orbital to the metal, and the
arrows pointing to the molecule denote the back-donation to the antibonding n* orbital of CO
(Reproduced from Ref. [14])

atom superposition and electron delocalization molecular orbital theory, and an
interpretation of the effect can be made in terms of the CO-metal model shown in
Fig. 4.1.

According to the didactic explanation given by Anderson [15] the CO n* and ©
orbitals act as acceptors and donors respectively relative to the metal surface. As the
potential is increased, the Fermi level of the metal is shifted negatively with respect
to the molecule, and the occupation of both orbitals decreases, producing on one
side the strengthening of the C—O bond via the emptying of the =™ orbital, and a
weakening because the same occurs with the ¢ one. The former effect predomi-
nates, which results in an increasing of the frequency. The theoretical calculations
also predicted the correct dependence of do/dE upon adsorption site geometry, and
delivered the prediction that at more positive potentials linear bonded CO should
predominate on the other species, a fact that was in agreement with results obtained
from infrared (IR) spectroscopy experiments [16]. It is interesting to point out that
the dosing with species that decrease the work function of the system also leads to
an increasing coordination of CO, suggesting an “electrostatic field” approach to
this phenomenon in the sense that the fields at the interface determine the nature of
the CO bonding to the surface. The quantum mechanical factors that influence the
potential-dependent bonding properties of CO on Pt, Ir and Pd have been analyzed
in detail by Wasileski et al. [17] by means of density functional theory calculations.
These authors studied the binding energetics and geometries of CO,q4, as well as the
vibrational properties of the C/O and the metal/CO(M/CO) bonds as a function of
the electric field at the interface. A remarkable feature of these calculations is the
prediction of a broad maximum in the vyyco vs. E plots. Another important
conclusion was that frequency-bond lengths correlations are expected when the
electric field is varied, in the sense that lower frequencies must be related to larger
bond lengths and vice versa. However, these first-principles calculations showed
that no clear cut correlation should be expected between vy co and the metal/CO
binding energy when E is varied. Comparison with ultra-high vacuum (UHV)
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results at moderate 6o, where other species like hydrogen and water molecules
may coexist with CO on the surface, allows the study of coadsorption effects
[11]. The physical picture emerging of studies on Pt(111) is the appearance of
CO islands, where the formation of CO patches with a higher concentration of CO is
more prevalent in the presence of coadsorbed water than with hydrogen. The
existence of these islands should be strongly conditioned by the way in which the
associated coverage is obtained. In this way, a given CO coverage obtained by
straightforward dosing from CO solutions should present island formation in much
a lower extent than the same coverage obtained by partial oxidation of a saturated
monolayer [18]. A thorough discussion of different studies of coadsorption in UHV
and their relevance for electrochemistry is also given in Ref. [18]. Combined IR
reflection-absorption spectroscopy/scanning tunneling microscopy (STM) experi-
ments have delivered important information on the structuring of CO on Pt(111)
surfaces at high coverage degrees [19], where the STM technique can be success-
fully applied to image adsorbed CO.

A transition from a (2 x 2) — 3CO (6co = 0.75) adlayer to a /19 x +/19R23.4°
—13CO (0co = 13/19) structure was found at potentials close to 0 V vs. the saturated
calomel electrode (SCE). Furthermore, experiments at potentials below 0.2 V vs. SCE
in the absence of dissolved CO delivered the more open VIxV/TR19.1° — 4CO unit
cell (Oco = 4/7), denoting the sensitivity of the adsorbed species to the presence of
CO in solution. These compressed adlayers have also been found recently to be
sensitive to the long-range order of the Pt(111) surface [20].

The stoichiometry of the oxidation reaction:

COuw + H,0 — CO, + 2H" + 2e~ (4.1)

or a similar one for alkaline solutions, suggests that some water species are required
for this reaction to take place. It is in fact currently accepted that removal of
adsorbed CO occurs through a Langmuir-Hinselwood mechanism [21] where the
simplified overall reaction scheme is:

H,O — OH, + HY + e
CO, + OHy — CO, + HY + e

According to this scheme, and assuming a 1:1 adsorbate/substrate relationship and a
random distribution of the adsorbates, optimal reaction conditions would be
obtained for Oco = Ooy = 0.5. However, the previous discussion shows that:

1. CO tends to segregate water molecules, so that a random distribution of reactants
is not guaranteed, and reaction (4.2) would rather take place at the border of
islands or negative nucleation and growth centers.

2. Reaction (4.3) is potential dependent, so that in order to obtain a reasonable Oy,
a corresponding overpotential must be applied.
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Fig. 4.2 Electrooxidation at constant potential of an adsorbed monolayer of CO on sputter-
cleaned Ru and Pt electrodes. (a) 800, (b) 900 and (c¢) 1000 mV. (—) Currents in the presence
of preadsorbed CO, (----- ) background currents in the absence of CO, (- - - - - ) difference between
oxidation and background current. H,SO4 0.5 M (Reproduced from Ref. [24] with permission)

The consideration of these two points shows a way to improve the electro-
catalytic behavior of the surface. It is clear that Pt constitutes a suitable adsorbent
to provide CO,q, so that an alternative way to improve the reaction rate of reaction
(4.2) is to introduce on the surface some atomic species that are capable to provide
the required OH,4 species at lower potentials. This opens the field of bimetallic
electrocatalysis that has been analyzed in detail by Ross [22]. Two elements
combine with Pt to present optimal performance for CO electrooxidation: Ru and
Sn [23-27]. In the case of Pt/Ru alloys, CO is found to adsorb and oxidize on both,
Pt and Ru [24]. As long as some Ru sites are set free by oxidation of CO, these sites
are found to be very active for OH adsorption, enhancing the performance of the
catalyst surface, as found in stripping experiments. Ross [22] has emphasized the
difference between this type of mechanisms, where Ru has (as Pt) the dual role of
adsorbing CO and OH, and the original bifunctional mechanism as proposed by
Watanabe and Motoo in their study using Ru adatoms deposited on Pt [28]. In the
latter model, each of the metals constituting the catalyst is specialized in the
adsorption of only one of the reactants. However, potentiostatic experiments for
CO oxidation on pure Ru and pure Pt electrodes, as shown in Fig. 4.2, clearly
indicate that CO and water species adsorb and react on both surfaces.
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Pt/Ru alloy with a surface composition of 50 % (Reproduced from Ref. [22] with permission)

This difference should be kept in mind to explain the negative reaction order
with respect to CO partial pressure. This is consistent with the fact that when
dissolved CO is oxidized continuously, the oxidation currents in a voltammogram
displace positively with respect to anodic stripping voltammograms, whereas only
preadsorbed CO is oxidized and adsorption is avoided. This is shown in Fig. 4.3 for
a Pt/Ru alloy, and similar results are obtained for pure Pt electrodes. This effect can
be understood in terms of the competition of CO and OH for the same adsorption
sites. In the case of dissolved CO experiments, the continuous adsorption of CO
increases fco at expense of Ooy, and the oxidation rate is decreased.

The nature of the catalytic mechanism makes the performance of the catalyst
very dependent on the preparation of the surface, so that sputtered bulk alloys,
annealed bulk alloys or submonolayer deposits of Ru behave differently from
each other. The latter two systems show a poor performance as compared with
the former, and this can be explained according to the model described above in
terms of a different geometrical distribution of the Ru atoms on the surface.
Annealed bulk alloys and deposited Ru present a trend toward the clustering of
Ru atoms, so that for a given composition the number of Pt/Ru pairs becomes
smaller and the catalytic efficiency decreases. This is illustrated in the voltammetric
behavior of alloys with a very similar surface composition but presenting different
distributions of the atoms in the surface, as shown in Fig. 4.4.

There is still one point that must be considered for complete explanation of the
singular behavior of the Pt/Ru catalyst for CO oxidation, and this is the synergistic
behavior with respect to pure Ru. Since CO seems to interact with Ru in a similar
way to that with Pt, Gasteiger et al. [24] have proposed that the acceleration of
reaction (4.2) must be due to a particular status of CO,q4 in the alloys, making it
more active for this reaction. The “pure” bifunctional mechanism could be in part
responsible for the high activity of bimetallic catalysts containing Sn, as is the case
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Fig. 4.4 CO stripping — T T T T
voltammetry of sputtered
and annealed Pt/Ru alloys
surfaces with a very similar
surface composition as
indicated in the figure but
different atom distribution
on the surface. (—) First-
sweep CO monolayer
stripping and (- - - - - ) first
sweep after stripping
(Reproduced from Ref. [24]
with permission)

Sputtered:
Xau,s ~T%(Xpyp ~10%)

Annealed:
Xau,s ~8%(Xgyp ~30%)

Current density (1A cm™2)
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of the Pt3Sn(110) surface, since CO has not been detected to adsorb on Sn. As in the
case of Ru, remarkable differences in the performance of the bimetallic catalyst are
found, depending on the way in which they are prepared. In fact, Pt3Sn alloys
perform much better than deposited Sn. Summarizing on the oxidation of CO on
Pt-containing surfaces, we can say that the commonly accepted reaction scheme
and the study of the CO adsorbate status on these surfaces brings to the conclusion
that in the case of the most active (Ru and Sn containing) catalysts, some degree of
bifunctional catalysis occurs (type 2 in our classification in the initial discussion).
According to this mechanism, the geometric arrangement of the active sites for CO
and OH plays an important role. A first glance to reaction (4.2) suggests that if the
availability of OH,4 is rate-determining, then the problem can be solved by locating
atoms (properly distributed) on the surface that provide this species at a low
potential. However, with this simple analysis we are neglecting the specific nature
of the OH,q and CO,4 species participating in the reaction. This can only be
analyzed in terms of their chemical properties, and may be done using quantum
mechanical tools. The importance of the quality of the CO,q4 species is precisely one
of the conclusions drawn by Wang et al. [29] in studies with Pt;Sn alloys, where the
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Fig. 4.5 Dependence of the
maximum current density
for CO oxidation at 0.45 V
in 0.5 M H,SO, on the 0.02 - Se
electronegativity of adatom.
Electronegativity values
from Pauling’s (triangles)
and from Alfred Rochow
(circles) (Reproduced from

Ref. [30] with permission) —_— s

I (mA real cm™2)

A9 Pt g Te

0 |
1.5 2.0 25
Electronegativity

existence of a particularly reactive state of CO,4 has been postulated at high CO
coverages.

Shibata and Motoo [30] studied the effect of several adatoms (S, Se, Te, Bi, Hg)
on the rate of bulk CO oxidation at Pt. Figure 4.5 compares the currents measured at
450 mV for different adatoms. The catalytic effect clearly depends on the electro-
negativity of the adsorbed metal, increasing in the order Te < Se < S.

Recently, there have been many efforts to optimize these catalysts and improve
the activity of platinum surfaces towards the oxidation of carbon monoxide. It has
been suggested that one could indeed describe the change in the necessary over-
potential with two reactivity descriptors: the free energies of adsorption of CO* and
OH* on the surface. These adsorption energies may be adjusted by means of
modifying the surface structure and composition by positioning appropriate metal
atoms at the surface as overlayers or by making surface alloys and near surface
alloys.

As an example of the viability of the aforementioned approach, Fig. 4.6 demon-
strates how the electrocatalytic activity of the surface of the Pt(111) electrode
towards the electrochemical oxidation of CO changes when there is a change in
the relative position of Cu atoms [31].

According to DFT calculations, the most active surface, which would bind both
*CO and *OH intermediates in an optimum way, is the Cu overlayer on Pt(111)
(Fig. 4.6a). Positioning Cu in the first and second atomic layers of the host metal
reveals the following theoretical activity trend (Fig. 4.6a): Cu overlayer > Cu—Pt
(111) surface alloy (SA) > Cu—Pt near-surface alloy (NSA) > Pt(111).

However, in the experimental realm, the implementation of these systems shows
that the electrochemical stability of the copper overlayer is not sufficient, indicating
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Fig. 4.6 (a) Volcano plot for CO electro-oxidation as a function of the differential free energies of
adsorption of CO and OH on different surfaces: Pt(111), Cu(111), Cu/Pt(111) near-surface alloy
(NSA), Cu/Pt(111) surface alloy (SA), and Cu/Pt(111) overlayer. (b) *CO stripping volt-
ammograms for Pt(111), Cu/Pt(111) SA and Cu/Pt(111) NSA, in HCIO4 (CO was adsorbed at
0.05 V, whereas the voltammogram was carried out in a CO-free solution). More active surfaces
enable CO oxidation at lower electrode potentials (Reproduced from Ref. [31] with permission)
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the importance of performing the screenings that include stability descriptors.
Nonetheless, the other materials confirm the theoretical tendency, as shown in
Fig. 4.6b. It could be envisioned that screening procedures which would involve
a wider set of possible material combinations and structures as well as additional
stability descriptors would identify surfaces with higher CO oxidation activities
than those known for the Pt alloys with Sn, Ru, Cu and some other metals.

4.2.2 CH;0H

Different aspects of the electrooxidation of CH3;0OH on Pt in acid electrolytes,
according to the reaction,

CH;0H + H,0 — CO, + 6H" + 6e~ (4.4)

have been subjected to extensive reviews. For example, we can mention the
electrochemical reaction in relationship to vacuum studies [32], reaction mecha-
nism [33] and the electrooxidation process in the context of direct methanol fuel
cells [34]. We discuss here the more salient conclusions drawn on the basis of
experimental studies that will be discussed below in the context of theoretical
studies. It is out of question that the oxidation of CH;0H on Pt surfaces starts
with dehydrogenation of the molecule, as experiments using differential electro-
chemical mass spectrometry (DEMS) clearly show. In Fig. 4.7, we present DEMS
results from Vielstich and Xia [35], showing that the current peak at ca. 0.3 V for
methanol electrosorption on a fresh Pt surface is not accompanied by a corres-
ponding CO, production.

This dehydrogenation process appears to be very sensitive to the conditions of
the surface, as illustrated in Fig. 4.7c, where we see that addition of small amounts
of SO;2 containing electrolytes produces important changes in the voltammetric
profiles [36]. It can also be concluded from the figure that this process disappears
after creation of adsorbed species (i.e., 120-s adsorption at 0.5 V). The other point
clear in the literature is that during the CH30H electrooxidation process, CO
species occur on the surface, as has been found by Beden et al. [37] by means of
electrochemically modulated IR spectroscopy (EMIRS). In these experiments, clear
evidence was found for the presence of linear and multibonded CO species. These
studies were extended to single crystal surfaces [38]. In all cases, indication of
linear or multibonded CO was found. The former was found to predominate in the
spectra in the cases of the more open (100) and (110) surfaces. In the case of the
(100) face, a complex shaped band at low frequencies was assigned to formyl
species. Quantitative analysis using photoelastically-modulated IR reflectance
absorption spectroscopy showed that the predominant species was in fact linearly
bonded CO, with the additional finding that for equivalent coverage degrees, the
CO adsorbate from CO or CH;0H yielded different spectroscopic behavior
[39]. The monitoring of products during the electrooxidation process has been
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Fig. 4.7 First potential (a) o3
scan starting the potential
scan at 0.05 V. (a) Porous i
platinum electrode in 0.2 M 02l
CH;30H with 0.1 M HCIOy,, =]
current/potential profile, E -
sweep rate of 0.01 Vs~ !, - o1k
(b) Simultaneously §> ’
recorded mass signal CO, =] +
. (&}
production. The lower
curves correspond to blank 0.0~
experiments. (Reproduced L
from Ref. [35] with
permission) (¢) Smooth (b)
platinum electrode: (- - - - - ) 3.0 |-
0.05 M HCIO,4 base m/e=44
electrolyte, ( ) i
0.01 M CH;0H/0.05 M < 25
HCIOy, (- )0.01 M b i
CH;0H/0.05 M HCIO,/ k=)
107> M Na,SOy, (——-) % 20
0.01 M CH;0H/0.05 M = L -
HCIO,. First sweep after
120-s adsorption at 0.5 V 18T
(Reproduced from Ref. [36] L e O S
with permission) 10 T T . R
0.0 0.1 0.2 0.3 0.4 0.5 0.6
(© Potential (V vs. RHE)
0.06 -
S 0.04 |
5
<
E
T o002 -
0

made by using substantively normalized Fourier transform IR spectroscopy. The
detection of significant quantities of HCOOH during the electrooxidation process
[40] may have mechanistic implications, as will be discussed below. A thorough
comparison of the spectroscopic features of CO,q arising from CH3;OH adsorption
with that from the adsorption of dissolved CO was given in the review by Hamnett
[33]. Some of the most important conclusions are:
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e CO,q4 coverages are remarkably smaller in the case of CH3;0H adsorption.

¢ Some indirect coulometric indication exists that other species than CO,q are
formed at low CH3;OH concentrations.

e CO island formation appears to occur to a lower extent in the case of CO,y
stemming from CH;OH.

¢ No bridged CO,q is found for methanol oxidation on Pt(111), for concentrations
between 0.05 and 5 M.

¢ In contrast to adsorption from dissolved CO where only bridged CO is found,
both bridged and terminal CO appear on Pt(100) when CH3OH is adsorbed.

The fact that methanol suffers dehydrogenation and the finding of CO,q in
different coordinations as a stable intermediate lead to the conclusion in terms of
a dehydrogenation scheme proposed by Bagotzky et al. [41] that in principle as
many as eight different intermediates may occur before reaching the final CO,
product, ranging from the first dehydrogenated version of CH;0H, i.e., CH,OH, to
the COOH intermediate species also postulated for the oxidation of formic acid. A
whole set of reaction possibilities, including the oxidative desorption of some of
these species to yield formaldehyde or formic acid has been compiled by Hamnett
in the review mentioned above. To the eight possible intermediates mentioned
above, we should also add the methoxy (CH3;0) intermediate, assigned by Lopes
et al. [42] to EMIRS vibrational spectra obtained with moderate CH3;0H concen-
trations. If the existence of methoxy is confirmed, multiple pathways could be
suggested for methanol dehydrogenation, since isotopic studies by Franaszczuk
et al. [43] indicate that this process should mainly proceed by the scission of the C—
H bond. Concerning the non-methoxy dehydrogenated intermediates, Sun [44]
claims having identified CH,OH, CHOH, CHO and COH, while Nichols and
Bewick assign bands observed in the potential region active for CH;0H methanol
oxidation to the species COH, CHOH or CH,OH. However, these bands were found
to disappear if the potential is lowered 0.2 V vs. SCE. More evidence for other
dehydrogenated species is reported in the work of Sun [44]. The potential com-
plexity of this reaction mechanism opened thus the hypothesis of the existence of
parallel oxidation pathways. Since the firmly identified intermediate CO,4 proves to
be a very electrochemically stable one, much effort has been devoted towards
identifying a more easily oxidizable species, in order to find the way to promote
CH;0H oxidation over this “fast” pathway. The identification of the ‘“easily
oxidizable” intermediate would probably allow for deviating the reaction over
this pathway, with the consequently increased reaction rate. However, at variance
with the case of HCOOH addressed below, where the “fast” pathway has been
identified and clearly promoted, the case of CH;OH has proved to be an extra-
ordinarily difficult one, and the acceleration of the electrooxidation of CH;OH seems
to be rather linked to the acceleration of the slow reaction path via CO,q4. Aside from
CO,g4, the more firmly suggested candidates for alternative reaction pathways have
been C—OH and H-CO out of all the intermediates that may potentially appear
during CH30H electrooxidation. Besides the original hypothesis sustained by
Bagotzky and Vassilyev [45], the assumption of an H:C:O intermediate was
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Fig. 4.8 Known (solid arrow) and possible (dashed arrow) electrooxidation pathways for meth-
anol to form CO,. CO species have been identified by IR spectroscopy. Indirect evidence through
differential electrochemical mass spectroscopy [46] as well as by ECDTMS [47] experiments exist
for a H:C:O intermediate (Reproduced from Ref. [32] with permission)

revitalized by indirect evidence through differential electrochemical mass spectro-
scopy [46] as well as by ECDTMS [47] experiments, where the loss of hydrogen
associated with CO desorption was detected in thermal desorption diagrams. The
existence of H:C:O has also been suggested on the basis of IR spectroscopy as
discussed above, but has not definitively proved until now in the sense of providing
an experimental body of information capable of determining the kinetic parameters
for the formation and oxidative reaction of this species.

Thus, in general, we can say that there are several traces for the existence of this
intermediate but not a proper characterization as in the case of CO,q. As the
potential complexity of the reaction mechanism suggests, the analysis of kinetic
data (i.e., Tafel plots) for CH3;OH is far from straightforward; the kinetic parameters
depending on oxidation potential, methanol concentration and platinum surface
morphology [33]. The bell-shaped curves obtained for the surface coverage by the
adsorbed species resulting from methanol adsorption at a constant potential [48]
indicate, as can also be inferred from the results shown in Fig. 4.7, that CH3;0H is
not able to displace H,q4 for its adsorption, and that an important fraction of the
surface must be free for adsorption to take place.

In recent time, the kinetic modeling of methanol electrooxidation on Pt has
undergone [49] renewed interest, with the aim of establishing the existence of a dual
reaction pathway, like that shown in Fig. 4.8. This kinetic modeling by Sriramulu
et al. [49, 50] for CH30H oxidation on Pt(111) is based on Langmuir-Hinselwood
kinetics, and points to a H:C:O intermediate more abundant at short times and low
coverages, as well as to a CO intermediate at long times and high coverages.

In contrast to the cases of CO analyzed above or the HCOOH discussed below,
the activation of the electrooxidation of CH3;OH by adatom deposition or bimetallic
surfaces has been in many cases found more ambiguous and rather poorly defined.
As an example, we show in on the left of Fig. 4.9 the early results of Motoo and
Watanabe [51] for the Pt(substrate)/Sn(adatoms) system. We can see in this figure
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Fig. 4.9 Polarization curves for the oxidation of CO (A, A’), HCOOH (B, B’), HCHO (C, C’) and
CH;0H (D, D’) at 40 °C. (A, B, C, D) on pure polycrystalline Pt, (A’, B’, C’, D’) on Pt with
deposited Sn atoms (Reproduced from Ref. [51] with permission)

that while the adatom effect on CO and HCHO oxidation appears as formidable,
it is less important in HCOOH and modest for CHO;H.

From all the bimetallic systems studied in the literature for improving methanol
electrooxidation, the only one that has enjoyed general consensus was Pt/Ru
[22, 34, 52], followed by Pt/Sn, for which much more diverse results have been
obtained. We briefly give here the most relevant features found by experimentalists.

While early studies by Watanabe and Motoo [53] employing adatoms indicated
that a coverage close to 0.5 by Ru would be optimal for enhancing CH;OH
electrooxidation, work using well-characterized Pt/Ru alloys [54] showed that
a 10 % Ru containing alloy performed considerably better than a 50 % one.
We discuss here the mechanism proposed by these authors for the reaction.
The electrooxidation process was proposed to follow the series sequence:

CH30H —— CO, + 4H" + 4e~ + H,0 ——CO, + 6H" + 6e~ (4.5)

where methanol adsorption would take place only on the Pt sites on the surfaces,
yielding ensembles of Pt atoms with CO,q4, and the Ru atoms would act as OH,q
providing centers. The r; and r, denote global rates assigned to these processes,
although each of them involves several elementary steps. According to this, the
catalytic improvement would be due to a bifunctional mechanism (type 2), as that
proposed for carbon monoxide. The reason why a Pt/10 % Ru alloy may perform
better than a more Ru-concentrated one can be qualitatively understood in terms of
this scheme. Increasing Ru content increases r, by providing more adsorbed water
species required to oxidize CO,4. However, since dissociative electrosorption of the
organic molecule is very demanding of Pt sites, r; decreases with increasing Og,.
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Thus, the rate-determining step (RDS) may change from r, for fp; = 1to r| at some
intermediate fg,, where the first step in Eq. (4.5) is strongly inhibited. In the case
where CH3OH adsorption on Ru is made possible via increasing the temperature of
the cell [55], the optimal composition of the alloy was found to change to a more
concentrated Pt/Ru alloy (30 % in Ru), giving also further support to the explan-
ation given above. Interestingly, these experiments also provided information on
the activation energy, E,, for the whole electrooxidation process. It was found that
while Ru-concentrated alloys presented E, values compatible with the dissociative
adsorption of the molecule (ca. 0.6 eV), the E, values for the 10 % Ru alloy were
rather compatible with those expected for CO,q diffusion on the surface
(ca. 0.3 eV), indicating that this CO motion on the surface plays a very important
role in the electrooxidation process. More recent work by other groups on the
electrooxidation of CH30H on Pt/Ru alloys using Fourier transform IR spectro-
scopy [56] or employing Pt single crystal surfaces modified by Ru adlayers [57]
confirm the general bifunctional picture given above. Note that in all the previous
analysis to explain the promotion found with Pt/Ru alloys, an alternative pathway
for CH30H electrooxidation does not appear at all. In the case of Sn/Pt bimetallic
catalysts, the reports on catalytic improvement are far more diverse than in the case
of Ru/Pt [32, 33]. Here, we provide some of the highlights given by Haner and Ross
[58], because these authors have performed a careful comparative study with
Pt;Sn alloys and Pt single crystal surfaces modified by upd of Sn. Some of the
main results were:

e The Pt3Sn (111) and (100) faces, as well as a polycrystalline 2 % Sn alloy
showed no catalytic improvement with respect to pure Pt surfaces. Partial
dissolution of Sn to increase Pt concentration led to a concomitant increase in
methanol oxidation current.

« Pt(110) and polycrystalline Pt surfaces showed no enhanced activity for any Sn
(IT) concentration in solution.

e Pt(111) and Pt(110) surfaces showed enhanced activity for methanol electro-
oxidation at a concentration of Sn(II) ca. 107 M. In the former case, the
enhancement was found to disappear if the surface was roughened via Ar*
bombardment.

The authors concluded that tin possessed a negative electronic effect on the
reaction and proposed a mechanism of action of Sn based on dissolved Sn(II)
species, weakly interacting with the surface. This oxygen-containing species should
react with the residues stemming from methanol adsorption to yield CO,, being
regenerated via reaction with OH,4. It was also mentioned in this work that the use
of potential sweeps to study the reaction could underestimate the true kinetic
enhancement due to diffusional limitations, a fact that would conciliate the results
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obtained there with others where an important activation by Sn has been reported
[59]. Subsequent experiments by Morimoto and Yeager [60], presented in Fig. 4.10,
indicate the sensitivity of the catalytic activity of the Pt/Sn system to the time scale
in which it is measured, as well as to the roughness of the electrode. While in the
case of smooth electrodes, the long-time behavior of Pt/Sn electrodes is practically
the same, a marked difference is found for high area electrodes, a fact that was
attributed to the dissolution of Sn from the surface.

Because of the fact that the overall activity towards methanol electrooxidation
depends to a large extent on the electrochemical oxidation of CO, it can be
predicted to some degree by the same descriptors as in the case of carbon monoxide
oxidation (as considered in the previous section). Figure 4.11 shows the output of a
theoretical screening performed by Rossmeisl et al., where the theoretical activity
of Pt surface alloys towards CH3OH electrooxidation was analysed [61].

As can be seen from Fig. 4.11a, the Pt—Ru combinations are situated close to the
optimum region of the volcano plot. However, as the Cu-Pt surface alloys
(discussed in the previous section) are active towards CO oxidation, they are also
found to be very close to the theoretical optimum. In order to experimentally
evaluate the effect of Cu on the oxidation of methanol, Rossmeisl et al. [61] did
a series of measurements utilizing Cu overlayers on platinum by changing the
Cu coverage (Fig. 4.11b). From this work, it was possible to estimate experiment-
ally that the optimum Cu coverage is ~0.5 ML, giving an activity approximately
three times as large as that of pure Pt surfaces, which is in qualitative agreement
with theoretical tendencies. Further experiments with real Cu-Pt surface alloys
would be necessary to evaluate this promising catalyst in detail.
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Fig. 4.11 (a) Positions of selected Pt—Ru and Pt—Cu bulk and surface alloys on the volcano plot
for the methanol oxidation reaction. The potential determining step of each region (outlined in
black) is also shown. (b) Activity enhancement factors of methanol electrooxidation activities at
0.3 V/AgCl and 0.35 V/AgCl as a function of Cu coverage (Reproduced from Ref. [61] with
permission)
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4.2.3 HCOOH

The most positive aspect of the electrooxidation of formic acid can be stated by
saying that this molecule contains in itself all it is required to be turned into CO,.
Thus, the only condition that a proper catalyst must fulfill is to be a good dehydro-
genator, provided it is not poisoned by some species occurring during this process.
As simple as it sounds, the conditions for an optimal catalyst usable with practical
purposes have not been yet found. An extensive reviewing on this electrooxidation
process between 1981 and 1988 was made by Parsons and VanderNoot [62] and
more recent discussion has been given by Jarvi and Stuve [32]. In Fig. 4.12, we
present the scheme given by these authors for the reaction pathways of HCOOH on
Pt surfaces, according to the time-being knowledge on this reaction. This reaction
scheme involves the complete oxidation to CO, (f) via a “reactive intermediate” in
parallel with a pathway where adsorbed CO is formed (d). The latter behaves as a
poisoning intermediate, with a very slow reaction rate (step (e)). The length ratio
solid arrow/dashed arrows show that although three decades of massive extensive
and intensive research on the area, our ignorance on the nature of the species
occurring during this reaction is greater than our knowledge. The main problem
is, as in the case of CH;OH previously discussed, that the stoichiometry of the
intermediates has been mainly inferred through indirect evidence (i.e., current and
charge measurements). IR techniques, extremely powerful to identify the chemical
nature of species, have pointed as a rule to the appearance of adsorbed CO as
intermediate; the existence of other species being masked by the strong IR
adsorbing properties of water. The potential energy picture expected for parallel
reaction pathways, as suggested for HCOOH oxidation is depicted schematically in
Fig. 4.13. In the present case, I, and I; would represent the reactive intermediate
and the CO poison respectively. Thus, the reaction should occur mainly through
intermediate I,. However, I, and I; are both adsorbed intermediates and compete
for the same adsorption sites, so that I, accumulates on the surface of the electrode,
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Fig. 4.13 Potential energy surface for a reaction that may proceed via two alternative interme-
diates: three dimensional representation (a) and contour plot (b) energy as a function of the
position along the two possible minimum energy paths joining reactants and products in the
shown potential energy surface: pathway through intermediate I; (c¢) and I, (d) (Reproduced
from Ref. [63] with permission)

the concentration of I; decreases and the overall reaction rate is concomitantly
decreased.

As in the previous cases, we briefly address here some experimental evidence
that will be used in the context of the theoretical discussion.

As in the case of CH;0H, the dehydrogenation of the HCOOH is concomitant
with the appearance of CO,q4 [5, 64], which blocks the surface of the electrode for
some other surface reactions, such as the formation of adsorbed hydrogen. The
blocking of several single crystal surfaces upon HCOOH adsorption has been
quantified by Clavilier and Sun [65] by measuring the electrical charge for hydro-
gen desorption before and after formation of the poison in HCOOH 0.1 M. If we call
these quantities Q and Qy respectively, the percentage of sites blocked was defined:

Sy = 100@ (4.6)

Qo

Sy is shown in Table 4.2 for the Pt low index single crystal faces, and the results are
compared with those obtained for the adsorption of CH3;0H. From this table it
becomes clear that the site requirements for CH;OH adsorption are larger than for
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Table 4.2 Percentage of sites blocked for hydrogen adsorption on different Pt surfaces after
adsorption in 0.1 M HCOOH and 0.1 M CH3;0H [0.1 M HClO4] [65, 67]

Face Sy (HCOOH) n(HCOOH) S, (CH;0H) n(CH;0H)
111 70.5 2.00 37.0 2.05
100 77.4 2.02 57.0 2.06
110 94.0 1.63 86.0 1.62
Polycrystaline 73.2 1.73 55.0 1.77

Taken from Refs. [65, 67] with permission

HCOOH and that more open surfaces show greater susceptibility to poisoning.
These authors have also collected information on the number of electrons, 7, trans-
ferred per hydrogen site to oxidize the poison on these and other single crystal faces.
This quantity was calculated according to:

n= A 4.7)

0, — O

where Q,, is the charge corresponding to the oxidation of the poison, and Q’0 is the
hydrogen charge recovered after desorption of the poison. These values are also
shown in Table 4.2. The values close to two suggest that the chemisorbed poison
should be essentially linearly bonded CO, while the lower values indicate the
presence of other CO species with a larger coordination with the surface. The
kinetics of CO poisoning during HCOOH electrooxidation on polycrystalline Pt
has been followed using the single potential alteration IR technique by Corrigan and
Weaver [66]. The integrated absorbance of the vco band A; was found to deliver a
reliable measure for the coverage degree by CO,q, so that following this quantity
during the electrosorption of HCOOH was equivalent to following the concen-
tration of the poison. Figure 4.14 shows A; as a function of time for HCOOH
adsorption under different conditions.

Sun et al. [68] have also measured the kinetics of dissociative adsorption of
HCOOH on Pt, employing for this purpose single crystal electrodes. A very inter-
esting point in these studies, performed using a low concentration of HCOOH, is the
existence of a maximum in the average rate of poisoning. These authors defined an
average rate of dissociative adsorption, v, as:
0
t

V=

(4.8)
where Q is the charge corresponding to the oxidation of the dissociative adsorbate
formed, and evaluated this average rate for + =1 min at different adsorption

potentials, as shown in Fig. 4.15 for Pt(100). While in the case of CH3;0H the
maximum of poisoning is related to the onset of the oxidation of the poisoning CO,q
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Fig. 4.14 Adsorption kinetics of formic acid at 0 V (squares) and 0.1 V (circles) vs. SCE as
determined from the relative integrated absorbance of the vco band as a function of time for
various potential steps. Open symbols: previous cleaning at 1.2 V for several seconds; closed
symbols: partial electrooxidative desorption at 0.35 V before stepping back to the adsorption
potential; diamonds correspond to a readsorption at 0 V, with an initial surface coverage close to
0.5 (Reproduced from Ref. [66] with permission)
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Fig. 4.16 (a) Steady state polarization curves of Pb ad-electrodes for formic acid oxidation. The
number on the curves show the coverages of smooth Pt with Pb adatoms. (b) Relationship between
the coverage of smooth platinum with various adatoms and the current density at 0.25 V vs. RHE.
Conditions: 1 M HCOOH/0.5 M H,SO,, 40 °C (Reproduced from Ref. [70] with permission)

species (at ca. 0.5 V vs. the reference hydrogen electrode (RHE)), this is clearly not
the case of HCOOH, where the maximum occurs at ca. 0.28 V vs. RHE. As can be
seen in the Figure, this potential corresponds to a coverage of the surface of 50 % by
adsorbed hydrogen, suggesting that an important source for the poisoning stems
from the reactions of adsorbed organic species with adsorbed hydrogen.

Both the poisoning of the surface and the electrooxidation of HCOOH on Pt
appear as very sensitive to the nature of the single crystal Pt surface employed. The
most active Pt(100) surface, in the sense that the higher currents are obtained there,
is the more poisonable one. The least active and poisonable (111) exhibits anyway
Oco = 0.35 at maximum coverage in the voltammetric experiments [69].

As advanced above in Fig. 4.9 for the case of Sn adatoms, early work with upd
metals delivered very promising results for improving the electrocatalytic activity
of platinum towards HCOOH electrooxidation. Watanabe et al. [70] performed
polarization curves for HCOOH electrooxidation on polycrystalline Pt surfaces
using fourth and fifth group adatoms at different coverage degrees. Some results
from Watanabe et al. are given in Fig. 4.16. From Fig. 4.16a we see that the
presence of Pb, the most remarkable case, increases the activity of Pt in several
orders of magnitudes at low potentials. For other adsorbate metals the enhancement
is less remarkable, as can be seen in Fig. 4.16b, but in most cases a maximum
activity is found at some intermediate coverage degree by adatoms. Other promis-
ing studies involved the use of Pd [71, 72], which is itself active for HCOOH
electrooxidation. Work on the catalysis by adatoms has been reviewed by Adzic
[73], Kokkinidis [52], Parsons and VanderNoot [62] and more recently by Jarvi and
Stuve [32]. Possible hypothesis for the activation mechanism by adatoms have been
analyzed by Parsons and VanderNoot [62], and can be synthesized as follows:
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» Microscopic “mechanical” effects. The motion of adatoms should increase via
collisions with the poisoning species their likelihood of desorption. This is a
poisoning preventing effect.

e Blocking of hydrogen adsorption. This should prevent the reaction of the
HCOOH molecule or reactive intermediate with H,4q from forming the poison.

¢ Alteration of the electronic properties of the substrate.

» Blocking of the poisoning reaction (within this family is the so-called third body
effect).

» Bifunctional catalysis.

Let us discuss briefly these items. The collision hypothesis could in any case
work to explain the inhibition of poison formation, but not the enhanced desorption
of the poison. While the kinetic energy of the atoms in the surface is of the order of
kgT (0.026 eV), the binding energy of the poisoning species amounts to ca. 2 eV.
Thus, eventual collisions make a negligible energetic contribution. Furthermore,
mobile metallic atoms would tend to merge and grow islands on the surface, which
is the most stable state for metallic adsorbates.

The second point, inhibition of the poisoning via adsorbed hydrogen, justifies
part of the activation effects observed. However, experiments which avoid hydro-
gen adsorption also present poisoning effects if high concentrations of HCOOH are
used. The third point is not well defined unless a tentative reaction mechanism for
HCOOH is given. In fact, we are in the presence of a bond breaking/creating
reaction, so that the influence of the electronic status of the catalyst must be
accounted for in the rate-determining step of the oxidation reaction. Point five
can also be considered in the context of the activation discussed for CO and
CH;O0H. Given a dual reaction pathway, where the species accumulating in the
slow pathway may block the fast one, removal of the blocking species will naturally
lead to a global improvement of the reaction. For this to happen, the removal of
blocking species must already succeed at a potential where the fast pathway is
operative. Thus, we are left with the blocking of the poisoning reaction as a salient
feature of HCOOH with respect to the other systems considered above.

In relation to the different mechanisms discussed above, Leiva et al. [74] devel-
oped a theoretical model to explain the effect of adatoms in the electrocatalysis of
HCOOH oxidation. Assuming square or hexagonal arrays of lattice points to
describe the (100) and (111) single crystal faces of Pt respectively, these authors
performed simulations of the catalytic activity of these surfaces for HCOOH
oxidation in the presence of different adatoms. Three different cases where con-
sidered for the role played by adatoms, which are depicted in Fig. 4.17:

(I) Adatoms cause a true enhancement of the reaction rate, and the substrate surface
is not poisoned by the organic residue. It was assumed that pairs of both free and
adatom-covered sites act as centers for the reaction. Furthermore, it was
assumed that the catalytic activity of such pairs is much higher than the
intrinsic activity of the substrate, so that the latter can be neglected. This case
is illustrated in Fig. 4.17a.

In the case of an hexagonal lattice, the mathematical form of the current (/)
vs. adatom coverage (6) relationship is:
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Fig. 4.17 Model of the adsorbate-covered surfaces employed by Leiva et al [74] to model
electrocatalytic effects of adatoms on the oxidation of formic acid. Empty circles represent the
substrate sites, full circles the adsorbed atoms, and filled triangles the poisoning species. (a) Only
empty sites and adatoms occur on the surface. No poisoning species are built up. (b) These
surfaces consist of poisoning species, adatoms, and empty sites which are free from being
poisoned only because they are completely surrounded by metallic adatoms. (c¢) This is the more
general case. The surface presents poisoning species, adatoms, free places and substrate sites
which are not surrounded by adatoms but are left empty. The latter could represent those places
which are left free due to oxidative removal of the poison (Taken from Ref. [74] with permission)

Iox(1-0)(0+6*+6 +0" +6 +06°)

(Il) Only third-body effects are operative. Adatoms are electrocatalytically inert
and prevent the poisoning of the surface only by steric effects. Poison forma-
tion is precluded at substrate sites which are completely surrounded by
adatoms and these sites are the only ones delivering a contribution to the
oxidation current. This case is illustrated in Fig. 4.17b.

The mathematical form of the current (/) vs adatom coverage (6) relation-
ship is:

I (1—6)0"

Where n is 6 or 8 for the hexagonal and square lattice respectively.

(IIT) Both, third-body and real catalytic effects are operative. The substrate surface
is poisoned by the organic residue at different extents. Besides the sites which
are set free because they are completely surrounded by adatoms, other sites are
set free additionally, assuming that currents are measured at a potential where
the poison starts being oxidized. This case is illustrated in Fig. 4.17c.

The previous modeling was applied to different experimental systems, as
depicted in Fig. 4.18. Figure 4.18a depicts a system that reflects the behavior of
case 1. This corresponds to HCOOH elecrooxidation on the Pt(111)/Bi adatoms
system. The full line represents the theoretical predictions, while the filled circles
are experimental results from reference [75]. In the case of the theoretical results, at
zero coverage degree the current is zero because the intrinsic activity of the
substrate is neglected. The current then increases almost linearly over a wide
range of coverages, goes through a maximum, and finally drops when the surface
becomes completely covered by adatoms. The broad linear range occurs because
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Fig. 4.18 Results from theory ( full lines) and experiment ( filled circles) with behaviors coming
close to the three cases for electrocatalysis by adatoms of HCOOH oxidation described in the text.
Current vs coverage curves for the (a) Case 1. Electrooxidation of formic acid at Pt(111)/Bi 0.25 M
HCOOH+0.5 M H,SO,. (b) Case II. Electrooxidation of formic acid at Pt(100)/Sb 0.25 M
HCOOH+0.5 M H,SO, (¢) Case III. Electrooxidation of formic acid at Pt(111)/Se 0.1 M
HCOOH + 0.5 M H,SO, (Taken from Ref. [74] with permission)

the adatoms keep on contributing to the total current as long as they have at least
one free substrate neighboring site. The linearity also denotes that the current
switches on with a single unoccupied neighboring site close to an adatom, and
then remains constant regardless of the number of unoccupied sites neighboring it.

Figure 4.18b shows the behavior of a system that reflects case II: HCOOH
electrooxidaton on Pt(100)/Sb adatoms. It has been shown that partially covering
a Pt(100) electrode with Sb adatoms causes a linear decrease of the amount of CO
formed in the presence of HCOOH [76, 77]. This is a typical third body effect, aside
from the fact that, additionally, Sb may act as a true catalyst of the reaction. The
experimental results (filled circles) show the necessity for the coverage of Sb to be
above 0.4 in order to produce an increase in current. This is similar to the behavior
expected for the third body effect in the theoretical model (full line). The maximum
effect is obtained for an adatom coverage close to 0.90, which compares very well
with the prediction of the model for the square lattice, 0.889.

Figure 4.18c shows the behavior of a system that may be interpreted in terms of
case III: HCOOH electrooxidaton on Pt(111)/Se adatoms. In the presence of Se
adatoms at Pt(111) a linear decrease of the poison formation with adatom coverage
has been found, the total inhibition occurring at a Se coverage of 0.84 [78]. As can
be seen, the model (full line) fits satisfactorily the experimental data (filled circles),
assuming a linear combination between true catalytic (16 %) and third body (84 %)
effects.

4.2.4 The Oxygen Reduction Reaction

In the previous paragraph, we gave a short outline of some important anodic
reactions in electrocatalysis. In the following we also give a short introduction on
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one of the most important cathodic reactions, the oxygen reduction reaction (ORR),
in the light of theoretical calculations. A review on the advances in the kinetics of
the ORR up to 1996 has been given by Adzic [79]. Theoretical aspects of this
reaction have been discussed by Leiva et al. [80].

Depending on the catalyst, ORR goes over a four-electron (direct) pathway or a
peroxide pathway, involving H,O, as intermediate product. In acid solutions the
reactions are:

0, + 4H' + 4e~ — 2H,0 (direct pathway) (4.9)
0O, + 2H" + 2¢7 — H,0, (peroxide pathway) (4.10)

In the second case, hydrogen peroxide may further react electrochemically to yield
water species or undergo chemical decomposition delivering O,. Several schemes
have been proposed to analyze the ORR that consider these reaction pathways,
as well as the coexistence in a number of combinations as in series and parallel.
A discussion in terms of a general scheme proposed by Anastasijevic et al. [81],
containing nearly all intermediates proposed in the literature, is given in the review
mentioned above. In the case of Pt and Pt-family metals, where direct four-electron
reduction is found, two main proposals exist for the first reaction step: Proton
transfer simultaneous with charge transfer. According to this, the RDS should read:

Ogas) + H™ +e~ — products (4.11)

Dissociative chemisorption of O,, probably simultaneous with charge transfer. In
this case proton transfer should play no role in the reaction rate [82].

Like in the oxidation of C1 molecules mentioned above, Pt appears as a top
catalyst for this reaction, together with some of its alloys involving some first-row
transition metals. In the latter case, the predominant hypothesis for improved cata-
lysis points towards the shortening of the Pt/Pt distance. However, also in these
cases the reaction appears as too slow, and in acid solution it displays an amazing
complexity. In spite of this, recent progress has been made in assessing the role that
adsorbed non-intermediate species play in inhibiting the oxygen evolution reaction
(OER). Experimental work on ORR on well-defined Pt(hkl) surfaces between 1992
and 1997 has been reviewed by Markovic and Ross [83] and the role of anions has
been recently discussed (see for example Refs. [84, 85] and references therein).
Anion adsorption determines indirectly the role of surface structure on the OER.
For example, strong adsorption of phosphoric acid anions on Pt(111) determines the
lower activity of this crystal face with respect to the other low index faces. Studies
with halides show that in those cases where a strong halide-Pt(hkl) is operative, the
anion blocks neighboring pairs of Pt sites needed for the cleavage of the O—O bond
and hydrogen peroxide is formed in solution. A similar effect appears to take place
in presence of upd adsorbed hydrogen in the most densely packed surfaces.
Summarizing, in the case of electrooxidation on Pt surfaces experimental evidence
support the series pathway, via the HO,(,q, intermediate, with the RDS is suggested
to be:
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O, + e — O (4.12)

In the case of epitaxial film deposition of Pd [86], the inhibiting role of anions
seems to be stimulated by the negative shift of the potential of zero charge con-
comitant with the decrease of the work function of the surface.

Upd of different metals on Pt has as a rule inhibiting effects on the OER. While
sp metals like T1, Bi and Pb induce H,O, formation [87], Cu just presents a blocking
effect with negligible peroxide formation in solution [88]. It is also relevant to
mention here the catalytic effect of Pb and Bi for the ORR on Au(hkl) [§89-91]. In
acidic solutions, this reaction is known to occur via a two-electron reduction on
clean Au single crystal surfaces [79]. However, Pb and Bi adatoms lead to a four-
electron process producing water, an effect that will analyzed in terms of a lattice
model for the catalyst surface. The relevant appeal in the book by Bockris and Kahn
[92] to the quantum chemical community to take up the struggle in this field has
found a rather weak echo. We hope this weak response will soon strengthen in the
light of the rapidly growing field of theoretical electrochemistry.

4.2.5 Hydrogen Evolution Reaction

On clean metal surfaces and in acid media, two different mechanisms have been
established for the hydrogen evolution reaction (HER) (see, for example, Ref. [93]).
The first one is the so-called Volmer-Tafel mechanism, which consists of a proton
transfer followed by a chemical recombination reaction:

H'"+e 2H,  (Volmer reaction)

2H,y 2H; (Tafel reaction)

The second one is the Volmer-Heyrovsky mechanism, where the second step
involves a charge transfer mechanism:

H'4+e 2H, (Volmer reaction)

2H, + H" +e 2H, (Heyrovsky reaction)

As general rule, it has been observed that upd generally is inhibited by upd
deposits [94].

On the basis of the previous reactions, it comes out that adatom upd may inhibit
the HER in different ways: by simple geometric blocking, by a decrease in the
number of pairs of uncovered Pt atoms, which decreases the H + H recombination
reaction, and for a change of electronic states of uncovered Pt atoms.

It has been found that, for several Pt/M,4 systems, considerable H, evolution
takes place when the upd of H is completely blocked. This fact provides an
additional proof that upd H has no connection to the intermediates in H,
evolution [94].
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Fig. 4.19 Hydrogen i [T T T ]
evolution on a rotating Pt ' Pt/Pb,q, high coverage
electrode in 1 M HCIO, in
the presence of Pb adatoms.
The curves 0—6 correspond
to p, = 0, 017, 0.19, 0.56,
0.67, 0.86, 0.91
respectively. Rotation rate
5000 rpm (Reproduced
from Refs. [95, 96] with
permission)

—E vs SHE

The inhibition of HER by metal adlayers is of interest for fundamental electro-
catalysis and electrode kinetics, but it also of practical significance in promoting
sorption of H into some metals, altering selectivity for some hydrogenation reac-
tions, and in corrosion inhibition (the last being possible when O, reduction is not
enhanced by metal adlayers.)

Both the chemical nature of the upd metal and the degree of coverage has notable
effects on the reaction mechanism. On Pt, small coverages of Pb, Tl, and Cd cause
pronounced inhibition, but the Tafel slope for the reaction remains the same as for
bare Pt (—30 mV) [94]. The interpretation of this is that the recombination of two H
atoms giving H, (H,q + Haq — Hy) is the rate-determining step for Pt both with and
without the adlayer. At larger Pb coverages, the Tafel slope becomes —120 mV
(Fig. 4.19) because there are no pairs of Pt atoms for a recombination reaction to
occur, and the mechanism with the ion-plus-atom reaction (H,q+H"+¢e~ — H,)
rate-determining step becomes operative [95, 96]. Changes of slope from —30 to
—60 and —120 mV have been reported for Pt with Ge [97, 98].

No change of Tafel slope was found for H, evolution on Au/Pb [95, 96] since on
bare Au the ion-plus-atom reaction, which requires one surface site, is the rate-
determining step. Inhibition of H, evolution was reported for stationary single-
crystal electrodes for As/Pt(111) [149], Bi/Pt(100), Sb/Pt(100), Bi/Pt(111) and +
[99, 100] surfaces. For the Bi/Pt(111) system, the polarization curves have slopes of
—30to —35 mV for fg; < 0.04 (0.02), and for 0.14 (0.07) < 6g; < 0.33 (0.18), the
slopes are —35 and —54 mV at small and high overpotentials, respectively [99, 100]
(Fig. 4.20). For Pt(100), a linear decrease of the H, evolution current as a function
of coverage has been observed up to dg; = 0.35 (0.18), and a steep decrease has
been observed above it. For Pt(111), a large decrease of H, evolution was observed
at small Bi coverages up to 0.1 (0.03), and a linear decrease was seen for larger
coverages. A similar observation was made for polycrystalline Pt with Pb
[95, 96]. Small changes of Tafel slope for low Bi coverages were explained by a
hypothetical mechanism in which a slow recombination and an ion-plus-atom
reaction rate-determining steps occur in parallel. Inhibition effects of As, which



4.2 Catalysis of the Electrooxidation of Some C1 Molecules on Pure Pt Surfaces. . . 191

Fig. 4.20 H, evolution on a -1
Bi/Pt(111) electrode in

0.5 M H,SO,. Tafel plots

for different Bi coverages:

Ogi = 0, 0.13 (0.06), 0.27 zol
(0.13), and 0.36 (0.18)
(Reproduced from Refs.
[99, 100] with permission)
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is a prototype catalytic poison, have been reported for polycrystalline electrodes
[101, 102] and for a Pt(111) surface [103]. Surprisingly, small inhibition was
observed up to 05 = 1/3 (1/6) for the latter system. The mechanism of significant
H, evolution on Pt with large coverage of inhibiting metal adatoms is not clear. For
Bi on Pt(100), the existence of the c(2 x 2) Bi adlayer was assumed, and it was
proposed that H, evolution takes place through fourfold symmetry holes in the
adlayer [99, 100]. This adlayer exists at Pt(100) [104, 105], but its structure still
needs to be verified during H, evolution. In situ verification of the adlayer structure
during the course of H, evolution has been obtained by surface X-ray scattering for
Pt(111) with a Tl adlayer [106]. Figure 4.21 shows data for Tl adlayers on Pt(111) in
solutions of two different pH values. A significant H, evolution current flows at
Pt(111) despite the close-packed configuration of the Tl adlayer. The electro-
compression of the TI-T1 distance with decreasing potential is observed with this
system. H, evolution has no effect on the structure of the Tl adlayer, but the TI-T1
distance ceases to contract at its onset (Fig. 4.21). It is likely that in addition to
defect sites, H, evolution occurs through hollow sites in the structure of the T1
adlayer. This prevents further compression with decreasing potential. These data
seem to corroborate the assumption for the H, evolution through the hollow sites in
the Bi adlayer on Pt(100).

Several approaches were used to quantify inhibition effects of metal adlayers.
These involved calculations of currents of H, evolution based on the order-disorder
theory of alloys [95, 96, 107], and simulations based on geometric [99, 100, 102]
and long-range electronic effects [99, 100]. Verification of the models used in some
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Fig. 4.21 (a) In-plane diffraction pattern from close-packed hexagonal Tl adlayer (open circles)
on Pt(111) in 0.05 M H,SOy solution with 1 mM TI*. Solid circles diffractions from Pt(111). (b)
Real space model for Tl adlayer. (¢) TI-TI interatomic distance determined from the rocking 0
scans at diffraction positions as a function of potential. The electrocompression increases in
solution with pH = 3 beyond that observed at pH =0, but it ceases to change when H, evolution
starts (see text) (Adapted from Ref. [106] with permission)

simulations seems necessary in order to obtain a more complete understanding of
the inhibition effects.

Another realm where the inhibition of H, evolution might play a role is the effect
of cations on the corrosion of iron. In the presence of Mn2+, Cd2+,and Zn2+, there is
a decrease of the corrosion of Fe in sulfuric acid. A possible interpretation of this is
in terms of the inhibition of H, evolution by the upd of these metals [108—110].
Similar effects were observed for Pb, T1, Ge and Ga [109-111]. In deaerated solutions,
the inhibition effect can be quite pronounced. In the presence of O,, however,
an enhanced O, reduction can increase corrosion rates.
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4.2.6 Nitrate Reduction Reaction

It is nowadays recognized that the current imbalance in the biogeochemical cycle of
nitrogen is as serious as that of carbon [112—115]. Therefore, effective catalysis of
the electrochemical reduction and oxidation of nitrogen compounds is of particular
importance. Electrochemical conversion of nitrogen compounds, in particular
nitrate, could be done under relatively mild conditions with minimal negative
impact to the environment [116, 117]. The products of nitrate reduction depend
on the catalytic system. For example, Pt electrodes modified with sub-monolayer
amounts of Cu reduce nitrate to NO and ammonia [118], while adsorbed Bi atoms
on Pt can generate N,O [119]. The electroreduction of nitrate to nitrite, which
occurs in acidic media at Ag—Au electrodes, can be considered as a model reaction
where both activity and selectivity play a critical role [120]. Figure 4.22 shows the
results of the experimental activity evaluation of the Ag—Au system.

Fig. 4.22 (a) Cathodic (A)

parts of cyclic

voltammograms of the 0.0
Ag/Au electrode with i
different coverages

(as deposited) of Ag in

0.1 M HCIO, +5 mM
NaNOs;. dE/dt =50 mV s~ .
(b) The dependence of the
activity towards nitrate-
anion reduction on Ag
coverage for Ag,q/Au 09}
electrodes. The maximum
of activity is reached at a Ag

0.1 M HCIO,+5 mM NaNO4
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Silver adatoms deposited on Au surfaces drastically increase the activity of gold
electrodes towards the reduction of nitrate ions (Fig. 4.22a) [120]. A well-defined
volcano-type curve was found that correlated the catalytic activity with the Ag
coverage on the electrode surface, with the maximum activity observed approxi-
mately at 2/3 ML Ag (Fig. 4.22b). This example additionally shows how theoretical
modelling and essentially empirical observations can be combined for the rational
design of bimetallic catalysts.
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Chapter 5
Modelling of Underpotential Deposition
on Bulk Electrodes

5.1 Introduction

As discussed in Chaps. 2 and 3, a wide variety of experimental techniques have
allowed to obtain a wealth of information of upd systems. This information
concerns:

¢ Structure of the adsorbed monolayer, as determined by GIXS, surface EXAFS,
X-ray standing waves, SHG, and SPM (AFM, STM) techniques.

» Coverage degree of the different adsorbed species as a function of the applied
potential, as determined from cyclic or linear sweep voltammograms under
quasi-equilibrium conditions (at slow sweep rates), from the integral analysis
of potentiostatic and galvanostatic transients, or from radiometric
measurements.

¢ Kinetic information, via transient electrochemical techniques, eventually
coupled to some of the other in situ techniques, as long as the time scale of the
evens allows it.

+ Chemical information, as the oxidation state of the adsorbate, as obtained from
XANES.

¢ Ex situ information on structure using LEED, RHEED and chemical compo-
sition (using AES).

It will come out below that depending on the type of property to be analyzed,
there are different theoretical approaches that may be used with interpretative or
predictive purposes.

The first attempt to understand a given problem within upd starts with a model,
that is, a description of the upd problem using mathematical concepts and language.

According to quantum mechanics, the most precise description that we can get
for a system, stems from its wave function ¥(r, R, 7), which can be obtained from
the solution of Schrodinger equation:
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—?%:ﬁ‘l‘(r,&ﬁ (5.1)

where we have emphasized that the wave function is a function of the coordinates of
the light (electrons) the heavy (nuclei) particles, and the time, which were denoted
with r, R and t respectively. H is the Hamiltonian of the system, which contains the
kinetic energy of all the particles and the potential energy describing the interaction
between them, say U(r, R, 7). To the best of our knowledge, the dynamic Eq. (5.1)
has never been solved for an upd system. The closest that has been done to the
problem stated in Eq. (5.1) in the upd field was the resolution of the dynamic
behavior of a system of electrons, with the purpose of calculating the plasmon
spectrum of Au nanoparticles decorated with upd Ag atoms [1]. In the case that His
time independent, the previous problem reduces to the resolution of the eigenvalue
equation:

HY¥(r,R) = E¥(r,R) (5.2)

where E corresponds to the energy eigenvalues. In order to make the latter equation
solvable, a further simplification is required: the Born-Oppenheimer approxi-
mation, where the wave function is splitted as:

lP(l‘, R) = Welec (l', R)Wnuc (R) (53)

where e and g, correspond to wave function of the electrons and nucleus,
respectively. The latter approximation leads to two further equations:

Hel\velec(rv R) =Eqy (R)Welec (l‘, R) (54)
I:Inucll"nuc (R) = Enuc\unuc (R) (55)

where H, is an operator that contains the kinetic energy of electrons and the
electron—electron and electron-nuclei potential energy interactions. Thus, H, and
the eigenvalues E.(R) in Eq. (5.4) contain the nuclear coordinates as parameters.
Making some further approximations, many of the computer codes based on
Density Functional Theory (DFT) (see Sect. 5.2 below) are able to solve Eq. (5.4)
quite accurately for a few tens of atoms. Eq. (5.5) is the wave equation for the nuclei
of the system, moving in a potential energy provided by the nuclei-nuclei interac-
tion energy and the potential energy delivered by the eigenvalues E,,.. In most
cases, the inner electrons (core electrons) are frozen to solve Eq. (5.4), so Eq. (5.5)
actually represents the motion of ion cores. For elements heavier than hydrogen and
relatively high temperatures, Eq. (5.5) is usually replaced by its classical version:
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d’R;

where m; is the mass, the index i runs over the N heavy particles of the system 5
and f; is the force exerted on particle i. The f; can be calculated from the potential
energy of the system U({R;}) according to:

~OU({Ri}) OU({Ri}) OU({R:})
Ox; 0y, 0z

f; = —V,U({R;}) = (5.7)

where (x;,y;,x;) are the cartesian coordinates of particle i. As stated above, the
potential energy for an arbitrary atomic configuration can be obtained from the
eigenvalues E,,. and the repulsive interaction between the heavy particles. Thus,
the resolution of equations of motion (5.6) using the eigenvalues (5.4) along with
Egs. (5.7) and (5.4) would allow to describe the time evolution of the system.
Unfortunately, such a resolution can be made, with the most powerful computers
nowadays available, for times of the order of picoseconds for a reduced number of
atoms. Thus, what can quantum mechanics be of aid to the upd problem? As stated
above, Eq. (5.4) can be solved very efficiently with modern computer codes for a
given configuration. The eigenvalues E.|(R), together with the repulsive interaction
between heavy particles yields the potential energy U({R}). Thus, theoreticians can
obtain efficiently equilibrium configurations by solving the problem:

fi=-ViU{R}) =0 (5.8)

With the information resulting from these calculations, relevant (static) physical
quantities can be obtained, like lattice contants, bulk modulus and surface energies,
which can be compared with experiment to check the accuracy of the obtained
results. Some first-principles results are compared with experimental values in
Table 5.1, showing a reasonably good overall agreement. Similarly, the binding
energy of an adatom on a foreign substrate can be obtained with a good accuracy,
and underpotential shifts, as were discussed in Chap. 3, can be calculated quite

Table 5.1 Comparison between theoretical predictions from DFT first-principles calculations
(th) and Experimental Results (exp) for the Lattice Constant a (in Bohr), Bulk Modulus
B (in Mbar), and Surface Energies y (in eV/Az) of different metals of relevance in electrochemistry
(Taken from Ref. [2])

Metal Ay Aexp B Bexp Yth Yexp

Ag 7.61 7.73 1.33 1.04 0.091 0.077
Au 7.75 7.71 2.06 1.67 0.090 0.094
Cu 6.71 6.82 1.80 1.38 0.134 0.111
Pd 7.30 7.35 2.22 1.95 0.128 0.125
Pt 7.44 7.41 2.78 2.83 0.145 0.155
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accurately. A detailed discussion on the application of first-principles calculations
to upd is given in the following Sect. 5.2.

To summarize this introductory discussion on the application of first-principles
calculations to upd, we can state that these methods may deliver essentially
information on static equilibrium properties, like lattice constants and binding
energies. Other electronic properties like densities of states, partial charges of
adsorbates and some basic vibrational properties, in the harmonic approximation,
can also be obtained. Thus, all the analysis is usually restricted to ground-state
properties (0 K) or same elementary vibrational properties.

To move forward to the prediction of other properties of upd system, like those
involving a finite temperature, we get into the realm of statistical mechanics. Using
the two postulates of statistical mechanics [3], it can be shown that the eigenvalues
of Eq. (5.2) may be used to predict any equilibrium property of the system. For
example, considering a system of N particles enclosed in a volume V at temperature
T it can be shown that the average value of a mechanical property A may be
calculated through:

(A) = ZPiAi (5.9)

where the brackets denotes statistical average, the sum runs over all the i energy
states of the system, say E;; A; is the value of A at the state i and the probability of
observing it is given by:

_ CXp[—El‘/kBT]
Z exp|[—E;/kgT]

P;

(5.10)

The denominator of this equation is the so-called canonical partition function,
usually denoted with Q. The classical versions of Eqgs. (5.9) and (5.10) look very
similar, but replacing the state sums by the integrals over momenta (p) and
configurational space (r). In the case of the partition sum, we have:

1

Q= N

Jexp[—ﬁ(r, p)/ksT]drdp (5.11)

where H(r, p) is the classical Hamiltonian of the system, / is the Planck constant.
Thus, the probability density becomes:

exp[—H (r, p)/kBT]
exp[—H (r, p)/kpT]drdp

P(r,p) = J (5.12)

Since the Hamiltonian can be usually separated into space and momentum compo-
nents, H (r, p) = K(p) + V(r), Eq. (5.12) can be splitted as:
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exp[—K(p)/ksTlexp[—V(r)/ksT]

P(r, p) = (5.13)
Jexp[—K( P)/kBT]dpJ exp[—V(r)/kgT]dr
The previous equation may be integrated over the momenta to give:
-V kgT
exp[—V(r)/ksT] (5.14)

P(r) =
Jexp[—V(r)/kBT]dr

Which yields the probability density of finding a given configuration independently
from the momentum of the particles. The denominator of this equation is termed
configuration integral, since the integral runs over all possible configurations of the
system.

In the case where the number of particles in a system fluctuates in a constant
volume V, in contact with a reservoir at the chemical potential, x4 , the equations for
the partition function (5.11) and probability density (5.14) must be replaced by:

E(V,T,u) = Zﬁexp (%)Jexp [—I:I (r, p)/kgT]drdp (5.13)
xpl(~V(r) + uN) ko]
S [expl(-vir) + ) fhaar

N

Py(r) = (5.16)

where we note the occurrence of a new sum over the number of particles. The
present statistical mechanical description is often used to describe the electrochem-
ical interphase, since the latter may be envisaged as an open system with respect to
the particles being absorbed, while the volume under study considered encloses the
immediate neighborhood of the substrate/adsorbate system.

The generalization of Eqs. (5.15) and (5.16) to multicomponents systems is
relatively straightforward, involving sums over the different species involved.'
This is the basis of the theories developed in Sect. 5.4. A word of caution is
necessary here. While, as we say, the generalization of the mathematical form of
the partition function and the probability density is simple, their calculation may be
quite involved, if not impossible in general. There are two ways out of this problem.
One of them is to introduce an extremely simplified mathematical form for the
potential energy function V(r), and thus the integral in Eq. (5.15) can be evaluated,
after some simplifying assumptions. The other way out is to calculate the averages
in Eq. (5.9) without going through the partition functions. Although this may sound
some sort of magic, this can be done by means of the Monte Carlo methods, as
explained in Sect. 5.4. For the reader who is eager to know how this incredibly
useful method works, we can advance that the trick consists in making moves

' A example of multicomponent is given in Chapter 6 in the case of upd on nanoparticles.
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(create or destroy particles, displace them, etc.) on the configuration of the system,
such that the probability of accepting these moves depends on a ratio of probability
densities given in Eq. (5.14) or Eq. (5.16), (ie. P(r;)/P(r;) = exp[—(V(r;)=V(r;))/
kgT)) so that the denominators become simplified.

The structure of the present chapter is as follows: we start with the first-
principles approaches to the study of upd. We then describe the applications of
statistical mechanics and follow with Monte Carlo applications. We end describing
miscellaneous theoretical approaches, not included in the previous items.

5.2 Application of Quantum Mechanical Methods
to Underpotential Deposition

5.2.1 Quantum Mechanical Modeling of Underpotential
Deposition Previous to the Application of Density
Functional Theory

Pioneering modeling on metal adatom formation in electrochemistry using quan-
tum mechanical tools is due to Schmickler [4] and Kornyshev and Schmickler
[5]. These authors used a model for electrosorption based on the Anderson-Newns
model for adsorption from the gas phase. The later topic has been reviewed by
Muscat and Newns [6], and Gadzuk [7], and the application of this model to
electrochemistry has been reviewed by Schmickler and Henderson [8]. Figure 5.1
depicts the main ideas involved in the Anderson-Newns model applied to describe
an adsorbate in contact with a metal at the metal/gas interphase.

In the electrochemical approach [4, 5], the total Hamiltonian of the interface
contains the contributions of the valence electrons of the adatoms, the metal
electrons and the solvent molecules. To give a flavor of this model, we briefly
state its components and the interactions between them, as it was discussed in detail
in Ref. [9], where Schmickler considered the occurrence of charge transitions in
metal adsorbates on foreing metal substrates. Assuming that only one adatom
orbital is interacting with the metal, the Hamiltonian of the system was:

H= Z Eallys + Unaghas + Z &g + Z &y + (Z Vkacf(rccac + V:ac(;ckc>
c k k ko
1
50 hou(P]+ )
v

+ Z haw, (z — Z na5> q.,8,

(5.17)
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Fig. 5.1 Scheme of the metal states: {| k)}

Anderson-Newns used
model to describe the

interaction of an adatom atom states: | a)

with a metal substrate. The

electronic states k) of the A E

metal interact with the

electronic state of the | k) Hu

adsorbate la). The
interaction between them is
represented by a hopping P y— |ﬁ‘)
matrix Vy,. eg denotes the R o

Fermi level of the metal

Surface V

Adatom

where ¢ denotes energy, n are number operators, ¢t and ¢ are creation and anhilation
operators, the index a denotes adsorbate, ¢ is the spin, k labels the electronic states
in the metal, and v labels the solvent modes (vibrational, librational). According to
this notation, ¢, is the energy level of the adsorbate, U is the repulsive interaction
between two electrons in the same orbital, V), represent the off-diagonal elements
for electron exchange between metal and adsorbate. The first line in Eq. (5.17) is
that present in the Anderson model mentioned above. The second line contains slow
solvent modes, which are represented as a set of harmonic oscillators of frequencies
,, momentum p,, and coordinates ¢,. The model considers, via the third line of
Eq. (5.17), the coupling of the adsorbate with the slow (vibrational, librational)
modes of the solvent molecules, whose interaction with the adatom is proportional
to the adsorbate charge. The term g, represents the corresponding coupling con-
stants. The allowance of electron exchange between the substrate and the adsorbate
results in a broadening of the energy levels of the latter and produces a shift of their
values with respect to the bulk value. Thus, a partial charge arises naturally as a
consequence of adsorption. Kornyshev and Schmickler [5] evaluated partial charge
transfer coefficients for several systems, considering different broadenings of the
adsorbate level and different degrees of adatom solvation. The upd couples showed
an intermediate behaviour between the extreme cases of adsorption of alkali
and halide ions on mercury. In the case of upd, multiple solutions were found to
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exist for the occupation probability <n> of the adsorbate orbital as a function of the
energies of the adsorbate relative to the Fermi level of the metal (see Fig. 5.2).
According to the theoretical analysis, the existence of these multiple solutions
would be associated with a weak interaction of the adsorbate with the metal and a
strong interaction with the solvent, behavior that would be expected in the case of
adsorption on flat terraces. As discussed by Schmickler in his work, the occurrence
of multiple solutions could lead to current spikes in cyclic voltammograms.

Extensions of the present model were the inclusion of the dependence of the
partial charge transfer coefficient on the coverage degree [10], the consideration of
two kinds of ions with opposite charge [11], the treatment of a random adsorbate
layer with arbitrary coverage [Mishra AK, (1999) J Phys Chem B 103:1484] and the
formulation by Schmickler of a unified approach to electrochemical electron and
ion transfer reactions [12], with the subsequent inclusion of spin effects [13]. Recent
work by Santos et al. [14] showed that the combination of the previous type of
electron transfer theory with density functional theory calculations (see below)
gives results that agree very well with experimental data for complex reaction like
hydrogen evolution. In the future, this kind of modeling may provide further insight
into the problem of charge transfer in upd systems.

5.2.2 Early Applications of Density Functional Theory
to Underpotential Deposition

As stated in the Sect. 5.1, the most accurate, but computationally demanding
approach to the study of upd systems is the quantum mechanical one. The early
articles that applied quantum mechanics to understand the upd phenomenon based
on Density Functional Theory (DFT) were those of Leiva and Schmickler [15],
Schmickler [16] and Lehnert and Schmickler [17], within the so-called jellium model
for a metal. In the first of these articles, the substrate was modeled as a semi-infinite
positive charge background with a given charge density, and the adsorbate was
represented as a slab of a different, positive charge density, see Fig. 5.3. This work
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Fig. 5.3 Positive background charge and electronic density profile of the jellium model used to
analyze monolayer adsorption on a foreign substrate. The susbstrate extends over the regionx < 0,
while the adsorbate layer is confined to the region 0 < x < d (Reprinted with permission from Ref.

[151)

showed that two different mechanisms are operative in upd systems. One is the fact,
already known, that the electrons flow from the adsorbate, usually having a lower
work function, to the substrate, usually having a larger one. The other mechanism is
related to the surface energy. Metals with a high work function usually tend to have a
high surface energy, a behavior which is also supported by predictions of the jellium
model for high electronic densities [18]. In this way, energy is gained when a
substrate is covered with an adsorbate having a surface energy lower than its own.
This fact explained why most substrates employed in upd have particularly high
surface energies.

In the subsequent improvements of the model, the substrate was represented
through a lattice of local pseudopotentials [19] appropriate to the single crystal
plane, while the adsorbate layer was represented as a thin layer of jellium with a
two-dimensional lattice of pseudopotentials commensurate with the substrate
[16, 17]. Lehnert and Schmickler used local pseudopotentials to describe the
metal ion cores, with the aim of calculating the surface dipole induced by the
adsorbate, the work function of the substrate and the substrate/adsorbate system,
and the relationship between the latter and the upd shift for a number of sp metals.

Subsequent DFT calculations within the jellium model used more sophisticated
self-consistent calculations of the electronic density to draw general trends
concerning underpotential deposition on single crystal surfaces. For example,
Leiva and Schmickler [20] analyzed the average electronic density profile for Pb
on Ag(111), as shown in Fig. 5.4. In the bulk of the metal (near to zero) it oscillates
about its average value. There is a maximum at the positions near to the ions and
there is a minimum at the interphase between the Pb overlayer and the Ag(111)
surface. Since the electronic density of Pb is higher than that of Ag there is an
accumulation of electronic charge in the top layer, which rapidly decays to zero
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Fig. 5.4 (a) Electronic density profile and (b) position of the effective image charge as a function
of the surface charge density, for a monolayer of lead on Ag(111) according to Jellium model
(Reprinted with permission of Ref. [20])
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Fig. 5.5 (a) Electronic density profile and (b) position of the effective image charge as a function
of the surface charge density, for a monolayer of Tl on Ag(111) according to Jellium model
(Reprinted with permission of Ref. [21])

outside of the metal surface. Towards the bulk of the metal the electronic density
becomes identical to that for bulk Ag after a few lattice spacing.

Figure 5.4b shows the position of the image plane, measured with respect to the
metal surface, as a function of the surface charge on the metal for Ag(111),
Ag(111)/Pb, and for a surface of Pb(111). The curve for Ag(111)/Pb is close to
that of Pb(111) indicating that a monolayer of Pb on Ag(111) should have almost
the same interfacial capacity as a surface of Pb(111). When the electrode is
negatively charged the excess electrons accumulate mainly in front of the metal
surface, and the image charge is pushed further away from the surface. In contrast,
when the electrode is positively charged the surface electrons withdraw towards the
bulk, and the image plane moves towards the surface.

The same model was used to analyze the electronic surface properties of the upd
system Ag(111)/T1 [21]. Figure 5.5a shows the electronic density before and after
the deposition of a T1 monolayer on Ag(111). The response of the surface electrons
to an external electrostatic field is shown in Fig. 5.5b.
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The jellium model was also used to analyze the lattice constants of adsorbed
metallic incommensurate layers [22], corresponding to upd systems. For surfaces,
the attractive interaction with the neighboring ions is missing, so the lateral pressure
on the electron gas is smaller than in the bulk. Consequently the electronic density
expands in the direction perpendicular to the lattice plane and contracts within the
plane. This results in a shortening of the interplanar distance. When an adsorbate
layer is added to the surface, the interplanar distance increases again.

5.2.3 Density Functional Theory Calculations
Jor Underpotential Deposition Systems

While local pseudopotentials have been found to deliver reasonably good results for
sp metals, they are not adequate for d metals, which are the most widely used as
substrates in upd. A pioneering step to improve this situation in the field of DFT
calculations applied to upd was given by Kramar et al. [23]. These authors analyzed
the Pt(001)/Cu(2 x 2) system using the self-consistent, semirelativistic, all electron
full-potential-linearized plane wave method. In the analysis they considered lattice
parameter relaxation, band structure, partial density of states, electronic density and
work function. This article was pioneering in determining the magnitude of the
Cu-Pt bond, but the Cu cohesive energy was not considered, so that the
underpotential shift was not evaluated. A next step forward was undertaken by
Sanchez and Leiva [24], who analyzed both the binding energy of the adsorbate to
the substrate U ;’_i]’\‘,‘[iuz and the cohesive energy of the adsorbate U for a number of
systems, thus obtaining the underpotential shift according to:

1 .
upd in
AUSP—M(.; ~ % Ugoh _ Usbif\j/lg (518)

It is important to note that this equation is approximate and only contains energetic
contributions, so that it is rigorously valid at O K. Figure 5.6 shows schematically
the supercell used by these authors to represent the substrate/adsorbate system. The
structure of the substrate was represented by a 5 (111)-planes wide atomic slab, on
which an adsorbate plane was located at each side with (1 x 1) adsorption geometry
on the threefold fcc adsorption sites. The supercell is periodically repeated in the
three directions. Two surfaces (top and bottom) were separated by a vacuum region
considered as six times the distance between (111) lattice planes.

Within DFT, the energy of the electronic system illustrated in Fig. 5.6 is
given by:

2 Ué’i_“{\‘,[g is calculated as: Ué’i_“{\’,[g = (Usym — Us) /Ny — UYiS, where is Usyy is the energy of
substrate + adsorbate, Ug is the energy of a nacked substrate, Ny is the number of M atoms in the
supercell, and U} is the energy of a single M atom in vacuum.
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Fig. 5.6 Schematic illustration of the supercell geometry employed by Sanchez and Leiva, in
order to represent the substrate/adsorbate system. d;;; denotes the distance between (111) lattice
planes. The metal slabs representing the system extend over planes perpendicular to the plane of
the page (Reprinted with permission from Ref. [24])

Uln] = T*[n] 4+ U"[n] + US™¢[n] + U*[n] 4 U™ (5.19)

where T°[n] is the functional describing the kinetic energy of a system of non
interacting electrons with density n(r), U"[n] is the Hartree energy, calculated from
the corresponding potential vy(r) and U*°[n] is the exchange and correlation
energy. The remaining terms correspond to the electron—nuclei (U° "*“[n]) and
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nuclei—nuclei (U™ ™) electrostatic interactions. The electronic density n(r) is
obtained through the self-consistent solution of the corresponding Kohn-Sham
equations:

57 Veale) - Vile) + Vi) ) =) (520)

where V.., Vi and V. are the external potential, the Hartree and the exchange-
correlation potentials, respectively, which are given by:

Va(r) = Jdr’ |r”£ri/| (5.21)
and
Vier) = jf(’:) (5.22)
Thus, n(r) is given by:
() = iﬂmwnz (523)

where f(i) is the occupation number of state i. The effects of the core electrons and
the nuclei on the valence electrons were replaced by suitable non local, relativistic
pseudopotentials [24]. Table 5.1 shows the work functions for the substrate and
substrate/adsorbate systems obtained by Sanchez and Leiva. Ag(111)/Cu(l x 1)
yields a work function which is lower than that of both bulk metals. This is
reasonable, since the atomic density of Ag(111)/Cu(l x 1) is considerably lower
than that of a Cu(111) surface.

The underpotential shift, calculated according to Eq. (5.18), is also shown in the

fourth column of Table 5.1. A small AU;{’& (theoreticaty/€V Was obtained for the Au

(111)/Ag(1 x 1) system, in agreement with experimental results, and overpotential
deposition (opd) is predicted for Ag(111)/Cu, as found in experiment [26]. How-
ever, for the Au(111)/Cu(l x 1) and Ag(111)/Au(l x 1) systems the theoretical
predictions are at odds with the experimental results. No upd is predicted for Au
(111)/Cu(1 x 1), while an underpotential shift of 0.12 V results for Ag(111)/Au
(1 x 1). For the later system no upd has been reported in the literature so far. The
case of Au(111)/Cu(l x 1) has been the subject of a long controversy between
experiment and theoretical predictions. Sanchez and Leiva [25] analyzed the
application of different DFT functionals (Local Density Approximation —LDA-
and Gradient Generalized Approximation — GGA) in calculations for different
single crystal surfaces of the system Au(hkl)/Cu. In all cases opd was predicted.
However, a strong change in the work function of the Au(hkl)/Cu(1 x 1) system, of
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Table 5.2 Calculated and experimental work functions and calculated and experimental
underpotential shift for different systems according to Sanchez and Leiva [24, 25]

System Dipeoretical/€V Dexperimental/€V AU;‘?‘L[ (thCO)/ eV AU;']-(;VI (CXP)/ eV
Cu(111) 5.27 4.94 - -

Ag(111) 4.97 4.74 - -

Au(111) 5.66 5.31 - -

Cu/Ag(111) 4.80 - —-0.28 <0 [26]
Ag/Au(111) 5.00 - 0.03 0.04 [27]
Au/Ag(111) 5.32 - 0.12 -

Cu/Au(111) 4.63 - —0.18 0.05 [28]

the order of 1 eV, was obtained upon metal upd monolayer formation. These
authors noted the possibility that anion coadsorption, due to the concomitant shift
of the potential of zero charge of the system, may be providing the extra free energy
required for upd (Table 5.2).

Another important information that can be obtained from the DFT calculations
are the (pseudo)electronic density profiles, and the differential electronic density
plots. The latter may allow to visualize the increase or reduction of electronic
density, as a consequence of bond formation. Accumulation and depletion regions
should lead to an apparent increase of the corrugation of the surface when it is
observed by scanning tunnel microscopy in the constant height mode, if a pure M
surface is taken as a reference. The differential electronic density, dp(r), is calcu-
lated from:

Sp(r) = psm — Ps — Pu (5.24)
where ps, ps and py correspond to the electronic densities of the substrate/
adsorbate system and the separated substrate and adsorbate, respectively. Figure 5.7
presents images of the differential electronic densities, showing the charge
rearrangement that takes places upon bond formation in the system. Figure 5.7a
shows accumulation plots, while Fig. 5.7b shows depletion plots. It is found that
charge accumulates more strongly at the plane between substrate and adsorbate, and
is slightly depleted at the sites corresponding to the first substrate layer.

A further systematic calculation of upd shifts using DFT and first-principles
pseudopotentials was undertaken in 2001 by Sanchez et al. [2]. The excess binding
energies, corresponding to the term in brackets of Eq. (5.18), are given in Table 5.3
for different adsorbates on the fcc (111) face of single crystals of several substrates.

From Table 5.3 it can be observed that for a given substrate, with some notable
exceptions, the excess binding energy tends to decrease for increasing surface
energy of the adsorbate. Conversely, a given adsorbate usually exhibits larger
excess binding energies on high surface energy substrates. These results support
the same general trend already found within the framework of the jellium model,
shown in the first part of this section, that represents the simplest approach to bulk
metals and metal surfaces that takes into account explicitly the electronic
component.
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Fig. 5.7 Electronic accumulation (a) and depletion (b) plots for the Ag(111)/Cu(l x 1) systems.
In (a) the darker regions indicate the highest accumulation of the electronic density. In (b) the
darker regions indicate the highest depletion of the electronic density (Reprinted with permission

from Ref. [24])

Table 5.3 Excess binding energies for different adsorbates on different (111) substrates. All

values are given in eV/atom. (Taken from Ref. [2] with permission)

Adsorbate
Substrate | Ag Au Cu Pd Pt Surface energy o eV/A?
Ag - 0.17 —0.55 —0.13 —0.15 0.077
Au 0.00 - —0.50 —-0.24 —0.40 0.094
Cu —0.38 —0.51 - 0.00 —0.15 0.111
Pd 0.27 0.32 —0.02 — 0.02 0.125
Pt 0.33 0.32 0.06 0.08 — 0.155

5.2.4 Relationship Between Excess Binding Energy

and Surface Energy

Based on the hypothesis that the upd shift is related to the surface energy difference
between substrate and adsorbate, Sanchez et al. [2] considered the thermodynamic
cycle shown in Fig. 5.8. The left part of the figure shows two alternative ways to
generate a free substrate surface and bulk adsorbate material from the substrate/
adsorbate system. On one side, going through the unprimed way (I, II, III), the
process involves: (I) detachment of the M adsorbate monolayer from the
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substrate S, (II) dissasemblement of the monolayer into its constituting atoms and
(IIT) reassemblement of the isolated M atoms to yield the bulk M material. The
energy change calculated along this cycle corresponds to the quantity in the bracket
of Eq. (5.18). The primed path (I, II', III') has the same initial and final states as the
unprimed one, but involves: (I') compression (expansion) of the adsorbed M
monolayer to fit the lattice parameter of the bulk M material; (IT') setting the
compressed (expanded) monolayer in contact with its bulk material (III') detach-
ment of the bulk piece of M from the substrate. The excess of binding energy, as
calculated from the primed cycle, results in:

AUﬂ'nd _ [Uﬂ"d _ Ugijlefle] =AUy + AUy + AUy (5-25>

Neglecting the compression (expansion term), that is, setting AUy ~ 0, leads to the
following relationship between the binding energy excess and the difference of
surface energies:

AU = f(rw,7s)
_ JAm(@rs —rm) for ag > ay (5.26)

- {AS[VS — (Am/As)rm] + rm(As —Am) foras < ay

where as y ay; denote the lattice parameters and Ag and Ay, are the atomic areas of
substrate and adsorbate, respectively. Figure 5.8b shows the excess of binding energy
as a function of the difference of surface energies between substrate and adsorbate,
flrm,7s), as plotted according to Eq. (5.26). It is evident that the points scatter
around a straight line with slope one, although the systems Cu(111)/Ag(1 x 1) and
Cu(111)/Au(1 x 1) deviate strongly from this general trend. This indicates that the
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Fig. 5.8 (a) Two alternative pathways to calculate the excess of binding energy of a metal M
adsorbed on a substrate S. For more details see the text. (b) Excess of binding energy vs difference
of surface energies between substrate and adsorbate (Reprinted with permission from Ref. [2])
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Table 5.4 DFT-Calculated underpotential shifts in Volts. The values in parenthesis are the
cohesive energies of the corresponding bulk metals (in eV) [31] (Taken from Ref. [29] with
permission)

Adsorbate

Substrate | Ir Pt Rh Ni Co Pd Au Cu Ag

Ir (6.94) 0.02 0.20 0.08 003 |0 020 [0.12 0.14 0.27
Pt (5.84) | —0.16 004 |—-0.16 |—0.12 |—0.11 0.07 |0.12 0.10 0.37
Rh (5.75) | —0.03 0.13 | —-0.02 |—-0.04 |—0.07 0.11 |0.11 0.09 0.22
Ni (4.44) | —0.12 002 |—-0.10 |0 —0.03 0.06 |0.07 0.08 0.06
Co(4.39) | —0.09 0.11 |—0.02 0.02 | —0.02 0.09 |0.08 0.04 0.04
Pd (3.89) |-0.21 |-0.02 |-0.16 |—0.13 |—-0.11 |—-0.02 |0.11 0.04 0.29
Au (3.81) |—-0.31 |—-0.17 |—-042 |-0.38 |—-0.39 |—0.1 0.01 |—-0.18 |—0.02
Cu (3.49) | —-0.21 005 |—-026 |—0.18 |—0.26 0.01 |0.07 |0 0.05
Ag(295) |-0.29 | -0.13 |-04 -032 |-0.39 |-0.07 |0.04 |-0.20 |-0.02

approximation AUy ~ 0 is not good for these systems. Less meaningful deviations
are observed for the Ag(111)/Cu(1 x 1) and Au(111)/Cu(1 x 1) systems.

Recently, Greeley [29] has extended the previous work, using DFT calculations
to determine periodic trends in the reversible deposition/dissolution potentials of
admetals on a variety of transition metal substrates. A total of 81 systems were
analyzed using the DACAPO code [30]. Greeley performed calculations involving
adsorbed monomer, dimer and kink adatoms. Calculated underpotential shift results
of that work are given in Table 5.4. For the sake of the analysis we perform below,
we have ordered the metals in the table by increasing cohesive energy.

Since the diagonal terms correspond to metal adsorption on the same material
and should be zero, they can be taken as a measure for the precision of the
calculation method. On the average, we find that the error is of the order of
0.02 eV. From this table, it can be easily visualized that many of the systems
over the main diagonal exhibit positive underpotential shifts. On the contrary, many
systems below the main diagonal exhibit negative values, predicting overpotential
deposition. Remarkable exceptions to this rule are Rh, Ni and Co adsorbates on Pt,
Pt and Co adsorbates on Rh, Cu adsorbate on Au and Pt and Au adsorbates on
Cu. Of all these systems, the most striking result is that of Cu on Au, where upd is
not predicted, at odds with the occurrence of one of the most popular upd systems,
as already discussed in the previous paragraphs.

5.2.5 Density Function Theory Calculations for Expanded
Monolayers

As discussed in Sect. 3.1, and illustrated in Table 3.1, Ag upd on Au(111) yields a
number of expanded structures, as determined by LEED [32]. This work motivated
the study of expanded Ag adlayers adsorbed on Au(111) performed by Sanchez
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Table 5.5 Results of DFT calculations for different structures involving Ag adatoms on Au(111)
at different coverage degrees (9): Underpotential shift (AUS.M, . ) and change in work function
A® produced by the adsorbate (Taken from Ref. [33])

Structure of Ag on Au(111) 0 AU;B?VI (Iheo)/ev Ad/eV
p(d x 1) 1 0.03 0.98
3x3) 0.44 —-0.73 0.90
p(V3 x V/3)R30° 0.33 ~1.04 0.89
p(2 x2) 0.25 —1.09 0.89
p(3x3) 0.11 —0.99 0.88
p4 x4) 0.07 —1.30 0.88

et al. [33]. These first-principles calculations on the stability of expanded Ag
adlayers adsorbed on Au(111) were performed using the SIESTA program [34].
Different structures were considered for the adlayer: p(1 x 1), (3 x 3), p(V/3 x V/3)
R30°, p(2 x 2), p(3 x 3), and p(4 x 4), all adsorbed on Au(111). The corresponding
coverage degrees were 0 =1, 0.44, 0.33, 0.25, 0.11 and 0.07, respectively.
Table 5.5 reports the upd shift and changes in work function values for these
systems, according to Sanchez et al. [33]. These calculations showed that in a
vacuum environment, all Ag expanded monolayers are less stable than the bulk Ag
phase and hence should not present upd. This is a striking discrepancy between
experimental results and theoretical calculations. To rationalize this, it must be
taken into account that DFT calculations consider a vacuum phase environment.
The previous authors mentioned that at least three different effects, related to
changes in the double layer, may contribute to stabilize these expanded structures:
adsorption of anions, negative shift of the potential of zero charge [32, 35] and the
influence of the electric field on the binding energy [33, 36].

Adsorption of various d-metals (Pd, Pt, Cu, Au) and p-metals (Sn, Pb, Bi) at
different coverages on the Pt(111) surface was studied by means of DFT calcula-
tions by Pasti and Mentus [37] using the PWscf code of the Quantum ESPRESSO
distribution [38]. The Perdew—Burke—Ernzerhof (PBE) [39] functional for the
general gradient approximation (GGA) was employed. Upd shifts were determined
at different coverages between 0.25 and 1, using (2 X 2) and (\/§ X \/§)R30°
surface structures. A (2 x 2) cell was used to model coverages of 1/4 and 1/2 of a
monolayer, while a (\/’3T X \/§) R30° cell was used to model a clean Pt(111) surface
and coverages of 1/3 and 2/3 of a monolayer.

Table 5.6 shows that the fcc-hollow adsorption site is generally the most stable
one. For the d- and p-metals, the adsorption energy increases in the order fcc ~ hcp >
bridge > atop.



5.2 Application of Quantum Mechanical Methods to Underpotential Deposition 217

Table 5.6 Adsorption energies (in eV) for some S/M structures on Pt(111) considering adsorption
at different sites for @ = 0.25, using a 2 x 2 motif (Reprinted with permission from Ref. [37])

Adsorbate U*S/eV (fec) U*/eV (hep) U*/eV (bridge) U/eV (atop)
Pd —3.20 —3.17 —3.03 —227
Pt —4.41 —4.36 —4.18 —3.17
Cu —3.49 —348 —335 —2.71
Au —-3.15 —3.13 —3.04 —2.58
Sn —4.65 —4.64 —439 —391
Pb —3.84 —3.83 —3.65 —3.29
Bi —4.38 —433 —4.00 —3.35

5.2.6 Analysis of Substrate and Adsorbate Interaction
Energy

The adsorption energy of adatoms may be formally decomposed as [37]:
Uads(g) = US—Me + Um-m (527)

where Us_yy, is the binding of a free standing adlayer to the substrate,’ and Uyy_y is
the binding energy of M atoms in a free standing adlayer, referred to isolated atoms
in vacuum. Due to the nature of metallic bond, both quantities are a function of
coverage degree. Figure 5.9 shows Us_y, and Uy_y as a function of 8 as obtained
from the DFT-GGA calculations of Pasti and Mentus [37]. The magnitude of
Us_wm, decreases (the deposit becomes more unstable) with increasing coverages
for all systems, concomitantly with the negative shift of the Pt d-band center in the
formation process of the adsorbed monolayer. On the other hand, the magnitude of
Uwm-—wm increases with increasing coverage degrees. In the case of Pd, Pt, Cu and Au
the magnitude of Uy increases with increasing coverage in the entire coverage
range. In the cases of Sn, Pb and Bi, the magnitude of Uy passes through a
maximum at an intermediate coverage degree. This can be understood taking into
account the appearance of pronounced repulsive forces due to the adatom sizes at
high coverages.

3Note that this quantity is different from the binding energy of an adsorbate atom, U é’fﬂ,‘[je used in

Eq. (5.18), which is referred to isolated adsorbate atoms in vacuum. That is:

Us_y = (US+M —Us — U;’gfayer) /Num where is Usy is the energy of substrate + adsorbate, Us

is the energy of a nacked substrate, Ny is the number of M atoms in the supercell, and U, is the

energy of a free standing adlayer in vacuum.
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Fig. 5.9 Us_m and Upy_m, given in Eq. (5.27) of the text, as a function of @ for different metals
adsorbed on a Pt(111) surface (Results taken from Ref. [37] with permission)

5.2.7 Growth of Deposits Underpotentially formed on
Stepped Surfaces

Theoretical studies of upd growth on stepped surfaces were undertaken by Danilov
et al. in Ref. [40], performing DFT calculations with the Gaussian 03 program.
These authors employed a scheme to construct additive pair potentials from DFT
calculations. These potentials were then used to simulate the growth of Cu
overlayers on different Pt stepped surfaces. The surfaces analyzed comprised
(111) terraces, with (100) and (110) monoatomic steps, including some kink sites
at these steps, see Fig. 5.10a. Figure 5.11 shows the evolution of the system energy
as a function of the number of Cu atoms deposited onto the stepped Pt(111) surface.
First, the Cu atoms are deposited onto the most active sites, that is, on the kink-
positions, see Fig. 5.10a (black spheres) and step 1 in Fig. 5.11. Then, Cu atoms are
deposited at the (110) and (100) steps sparsely (Fig. 5.10b). This process corre-
sponds to step 2 in Fig. 5.11. A new plateau in the U vs. N curve (step 3 in Fig. 5.11)
appears, corresponding to the formation of a continuous row of Cu atoms at the
step, see Fig. 5.10c, d. Then, Cu atoms are deposited preferentially on the wide
terraces as shown in Fig. 5.10e. Figure 5.10f, g displays a Cu (\/§ X \/§)R30°
motif on the Pt terraces. The authors pointed out that the open structures shown in
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Fig. 5.10 Snapshots of the different surface structures resulting from the quantum-chemical
modeling of Cu deposition onto a stepped Pt(111) single crystal surface. From (a) to (d) Cu
atoms are represented as black spheres, while Pt atoms are represented with gray and white
spheres. From (e) to (h) the Cu atoms at steps are represent with black spheres, while Cu atoms
on terraces are represented with gray, and Pt atoms are represented as white spheres (Reprinted
with permission from Ref. [40])
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Fig. 5.11 Change in the energy of the system as copper atoms are deposited on a stepped Pt(111)
surface (Reprinted with permission from Ref. [40])

Fig. 5.10f, g were formed as a result of the mutual repulsion between Cu atoms,
carrying a partial positive charge. It must be emphasized that the present model
leads to open adlayers, without the need of assuming the presence of anions on the
surface. Finally, Cu deposition at terraces builds a Cu(l x 1) epitaxial monolayer,
as show in Fig. 5.10h.
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5.3 A Statistical-Mechanical Approach to Underpotential
Deposition

Blum and Huckaby developed pioneering work in the field of statistical mechanics
devoted to describe chemisorption of a single type of species at the liquid/solid
interface [41, 42] that was latter extended to the study of complex systems, as we
analyze below.

We will not address the technical details of the models, since they are extensively
explained in the corresponding papers, and a complete review on phase transitions at
electrode interfaces has been given by Blum et al. in Ref. [43]. We just point out here
their most relevant features, which are illustrative of the methodology employed. In
this approach, a fluid of N molecules with a spherical hard core o was considered
interacting with a smooth, hard wall with sticky sites, each of them having q nearest
neighbours. This was called sticky sites model (SSM). The sticky interaction with
the wall U*(r) at the point r = (x, y, z) was defined as:

exp(—U*(r)/ksT) = 14 8(z) Y _ 8(R — ma; — myay) (5.28)

niy,n2

where z denotes the distance to the contact plane, located at a distance /2 from the
electrode surface. R = (x, y,0) is the position of the surface plane, 8 represents the
Dirac delta function, A is a parameter that represents the likelihood of adsorption of
an individual atom or molecule onto the sticky site. n; and n, are integer numbers,
a; and a, are lattice vectors spanning a two-dimensional lattice L. The Hamiltonian
describing the fluid was:

H =

janil

o+ Hs (5.29)

where Hy is the Hamiltonian of the system in the absence of the sticky sites on the
hard wall, and Hg represents the interaction with the sticky sites:

Hs = f: Us(ry) (5.30)

The analysis of the partition function of this model showed that the SSM maps for
the adsorption on a flat surface onto a two-dimensional lattice problem with an
arbitrary number of interactions. A further approximation was writing the n-body
correlation gg(Rl ... R,) for the smooth wall problem as a product of pair correla-
tion functions g9 (R,-, Rj) = gg(‘R,- — Rj’) according to:
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0 0
g(Ry...R,) = [[ (R, R)) (5.31)
(i)

The atoms in the 2-d lattice were assumed to have a nearest-neighbor interaction
w(r), which corresponded to the pair potential of mean force of the adsorbed species
interacting at the distance r:

w(r) = —kgTln[g, (r)] (5.32)

For a constant distance between lattice sites, g, can be visualized as an interaction
parameter, which can be used to fit experimental results. If the lateral interactions
between the adsorbates are attractive and g, > g, (critical) then a first-order phase
transition occurs, which is seen as a sharp spike in the voltammogram. If the
interactions are repulsive then only second order (order-disorder) phase transitions
can occur. Since second-order phase transitions are discontinuous in the first
derivative of coverage, they should be seen as small cusps in the voltammogram.

The relationship between the contact density and the potential bias, referred to
the PZC, was assumed to be given by:

P} (0, E) = p}(0,0)exp(—zi(E — E pre) /ksT) (5.33)

The coverage degree 6 was written in terms of Padé approximants for low and high
fugacities f. The latter was given by:

f=p0,E)A (5.34)

Once the coverage is obtained as a function of the electrode potential, cyclic
voltammograms may be constructed calculating the current from:

d9  do dE
T ED (5.35)

I =
Adsorption isotherms and cyclic voltammograms for different interaction para-
meters are shown in Fig. 5.12. A sharp peak results for the case g, = 3.1 which
has a transition, whereas a rather broad peak occurs for the case g, = 2.3, for which
there is no transition.

The previous modeling was extended to a two-adsorbate system, in order to
investigate the upd of Cu on the Au(111) surface in the presence of sulfate ions
[44]. According to this formulation, the following sequence of events occurs in the
case of a cathodic potential sweep:
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Fig. 5.12 Adsorption isotherms (/eft) and voltammograms (right) for two different interaction
parameters as given in the figure. ¥ is a reduced potential referred to the pzc, ¥ = (E —F pzc) /
kT (Reprinted with permission from Ref.[43])
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Fig. 5.13 Scheme of the geometrical model used by Huckaby and Blum for the theoretical study
of upd of Cu on Au(111) in the presence of sulfate ions. Gold atoms are represented by large white
disks, the adsorption sites for sulfate and copper are depicted as small black disks, and the adsorbed
sulfate groups are depicted as sets of three lines emerging from the adsorption sites to the
neighboring gold atoms (Reprinted with permission from Ref. [44])

¢ I- Formation of a \/§ X \/§ sulfate phase on the gold substrate. See Fig. 5.13.

e II- Adsorption of Cu ions on the free adsorption sites, yielding a honeycomb
lattice.

e [III- Replacement of adsorbed sulfate ions by Cu ions.

The mathematical model was similar to that described above, but the interaction
of the copper ions with the Au(111) surface containing the v/3 x v/3 sulfate film
was introduced. Denoting with Ay, the stickiness parameter for the sites on the
triangular sublattice Ly, associated with the sulfate groups, and with Ay, the
stickiness parameter for sites on the vacant honeycomb lattice Ly, the fugacities
of the copper atoms on the different sites were:
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fr=p(0,E)ir (5.36)
And
fu = P10, E)dn (5.37)
and the equivalent of equation (5.32) becomes:
wy = —kpTIn[g,(d)] (5.38)

for two copper atoms on neighbouring sites of Ly, and
wr = —ksTIn [gz (ﬁd” (5.39)

for two copper atoms on neighbouring sites of Lt. In this first approach, the
coupling between the two lattices was ignored to make the calculations straight-
forward. The theoretical voltammograms, shown in Fig. 5.14, exhibited features
similar to those of the experimental ones.

The previous model was then extended by Huckaby and Blum to include the
dynamics of the sulfate adsorption-desorption process, assuming a strong
coadsorption of copper with bisulfate [45, 46]. In these articles second nearest
neighbour configurations were also included, and the foot of the voltammetric spike
for Cu upd on Au(111) located at more positive potentials was explained by a
second-order order-disorder hard hexagon surface phase transition. The better
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Fig. 5.14 Theoretical voltammogram from Huckaby and Blum [44] corresponding to two first-
order phase transitions (Reprinted with permission from Ref. [44]). The peak couple on the right
corresponds to adsorption/desorption of Cu atoms on/from the adsorption sites left free by a /3
x /3 sulfate phase on the gold substrate. The peak couple on the left corresponds to replacement of
adsorbed sulfate ions by Cu atoms, leaving a full adsorbed Cu monolayer (or to the reverse
reaction)
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agreement with the experiment introduced by this improved formulation can be
seen in Fig. 5.15.

A further improvement of the model was achieved when kinetic features were
introduced [47], including diffusion reaction kinetics. This extension of the model
to the dynamic regime delivered phenomenological rate constants by fitting the
theory to the experiment and produced a theoretical cyclic voltammogram that was
in fairly good agreement with the experiment, in both the anodic and cathodic
sweeps, as can be seen in Fig. 5.16

The subsequent approaches to upd using statistical mechanics were devoted to
understand the shapes of the voltammogram spikes [48—50] since the simulated
voltammetric profiles obtained from microscopic theory or computational modeling
did not agree straightforwardly with the shapes of the experimental spikes. It must
be reminded here that the width of the peaks in Figs. 5.14, 5.15, 5.16 and 5.17 were
tuned by fitting a free parameter, introduced in an error function [44], or in a power
functional form [46, 47]. Also the voltammogram simulated by lattice gas models
exhibits peaks which are considerably sharper than the experimental results, see for
example Fig. 5.35 of Sect. 5.4.3.2.

It was shown by Huckaby and Medved [48] that the rigorous Borgs—Kotecky
theory [51, 52] of finite-size effects near first-order transitions implies that a current
spike from a lattice of a “reasonable” size is about 100 times taller and sharper than
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Fig. 5.17 Comparison between experimental results for underpotential deposition of Cu on
Pt(111) from 1 mM Cu** and 0.1 M H,SO, at a scan rate of 1 mV/s [53] (broken line) and the
theoretical modeling of Huckaby and Medvev [48]. The parameters fitted in the theoretical model
were the effective electrovalence of the adsorbed ion y, = 1.981, the reference potential for the
voltammogram E..y = —0.31 V, the interaction parameter between adsorbed species ¢ = —0.4334
eV and the probability of occurrence of line defects P = 0.1. The latter quantity determines the
distribution of lattice domains sizes on the surface (Reprinted with permission from Ref. [48])

experimental spikes. Although kinetic effects could be invoked to understand this
discrepancy, many experiments involve very low sweep rates and there is no
indication for kinetic limitations, in the sense that the current profiles obtained in
the anodic and cathodic sweeps are practically the mirror image of each other. The
hypothesis put forward by Huckaby and Medved is that an electrode surface is made
of a huge number of domains (regular arrays of adsorption sites) separated by small
areas of defects (irregular arrays of sites), so that the emerging current spike from
an electrode is the addition of the current spikes from each domain. In Ref. [48]
Huckaby and Medved showed that the lone use of periodic boundary conditions to
simulate voltammograms fail to agree with experiment, so that boundary effects
on the electrode crystals must be of real importance, and therefore, they derived
expressions to obtain the total electrode current density as an average of the current
densities of single crystals having a distribution of sizes and boundary interaction
strengths.

Figure 5.17 shows the agreement between experimental results and the model
prediction for Cu upd on Pt(111). The fitting parameters are the effective
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electrovalence of the adsorbed ion, the reference potential for the voltammogram,
the interaction parameter between adsorbed species (see discussion on the lattice
gas model in Chap. 3, Sect. 3.6), and the probability of occurrence of line defects.
The latter quantity determines the distribution of lattice domains sizes on the
surface.

The previous studies were extended by the authors to consider Cu upd on Pt(100)
and to the more complex system Cu upd on Au(l11) [49, 50], allowing an
evaluation of interaction parameters between deposited ions.

5.4 Monte Carlo Methods

5.4.1 Introduction and Generalities

The term Monte Carlo (MC) is often used to describe a wide variety of numerical
techniques that are applied to solve mathematical problems by means of the
simulation of random variables (the name MC itself makes a reference to the
random nature of the gambling at MC, Monaco). These methods first emerged in
the late 1940s and 1950s as electronic computers came into use.

Computer simulations generate information at a microscopic level (atomic
positions and momenta, etc.) that has to be converted into macroscopic information
(pressure, internal energy, etc.). As mentioned in Sect. 5.1, a thermodynamic
property A may be calculated through a weighted average in which the weighting
factors are the Boltzmann probabilities of each microscopic state and in which the
sum runs over all of the states of the system (Eq. 5.9).

In practice, it is impossible to calculate a sum over all of the microscopic states
of a system and, hence, we must propose a way to circumvent this problem.

In a first stage, we might be tempted to approximate the calculation of this
average just by randomly generating a sufficiently large number of configurations
and calculating the weighted average of the instantaneous value of the property A
for each one of the generated states.

Two practical problems arise when we consider the calculation of the property A
through this methodology:

1. Most randomly generated configurations will have a very low probability and,
hence, a very small contribution to the average (which makes this a very
inefficient approach).

2. As mentioned before in Sect. 5.1, the evaluation of these probabilities involves
the calculation of the partition function which, for most systems of practical
interest, is very difficult (if not downright impossible).

An elegant solution to these problems was provided by Metropolis and
co-workers of the Los Alamos team [54]. In the Metropolis approach, instead of
randomly accumulating configurations and then evaluating their probability-
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weighed contribution to the desired average, configurations according to their
Boltzmann probability can be accumulated and then a simple arithmetic average
can be taken.

Thereby the problem is not solved, but merely reformulated. Now we need a way
to generate a set of states in which each state appears a number of times that is
proportional to its Boltzmann probability.

The way this is accomplished in the Metropolis approach can be summarized as
follows:

Given a starting configuration i, a new configuration j is generated by means of a
random change (which can be the simple movement, addition or removal of a
particle). This new state j is accepted with a transition probability P;_, ;, which is
calculated as follows:

e If the probability of state j is greater than the probability of state i, then the
transition probability is equal to 1 (i.e. the new configuration is automatically
accepted).

» If the probability of state j is smaller than the probability of state i, then the
transition probability is equal to the ratio between the probabilities of states j and
[(Pij=P;/Py).

Or, in a compact form:

P,
P[-;j:mill<l7p{) (5.40)

where min(a,b) denotes the minimum value between a and b. This way of defining
the transition probabilities allows us to skip the calculation of the partition function
because, when evaluating the ratio between the probabilities (as defined in
Egs. (5.12) or (5.13)), the partition functions (which are in the denominators of
the r.h.s. of such equations) become simplified.

Taking this into account, the transition probability becomes:

Pi;=min(l,exp[—(V; = V;)/kgT]) = min(1,exp[—AV;;/kgT])  (5.41)

The chain of states constructed by this way has a limiting distribution equal to the
probability distribution of the corresponding thermodynamic ensemble. This means
that, at the end, a set of configurations is obtained according to Boltzmann statistics
and the expectation value of the property of interest is obtained simply as the
arithmetic average of values from individual accepted configurations.

So far we have said nothing about the way of generating these new configura-
tions in order to construct the required chain of states. The different ways of doing
so will be addressed in the following sections.



228 5 Modelling of Underpotential Deposition on Bulk Electrodes
5.4.2 Off-Lattice Monte Carlo

In the Off-Lattice approach to the MC method, when attempting a move, the new
random configurations are chosen from a continuous set, i.e., the atoms are allowed
to move continuously.

Several ways of accomplishing this condition have been proposed. One of the
simplest (and the most used one) is the following one: At the beginning of a MC
move, an atom is randomly selected and given a uniform random displacement
along each one of the coordinate directions, as shown in Fig. 5.18. The maximum
displacement, 8.y, is an adjustable parameter that governs the size of the region.

After the new configuration j is generated, the transition is accepted with a
probability P;_.; as defined in Eq. (5.41). The whole process is then repeated.

The efficiency of the exploration of the configuration space depends on the value
of dry,x in the following way: if it is too small, the energy changes associated with
the transition will be small and a large fraction of moves will be accepted, but the
configuration space will be explored slowly (i.e., consecutive moves will be highly
correlated). If 87, 1s too large, then nearly all the trial moves will be rejected (due
to the high probability of overlapping with other atoms) and, again, there is little
movement through the configuration space. To maximize the efficiency of the
exploration, the value of the parameter dr,,, is adjusted during the simulation so
as to keep the acceptance ratio close to 50 %.

In the case of a simulation in the Grand Canonical Ensemble, the chemical
potential is fixed while the number of molecules fluctuates. In order to construct the

Fig. 5.18 State j is
obtained from state i by

moving the selected atom

k with a uniform probability o
to any point in the shaded o

region
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chain of states, the most used method is the one proposed by Norman and Filinov
[55]. In this technique there are three different types of move:

(a) aparticle is displaced.
(b) a particle is destroyed (no record of its position is kept).
(c) a particle is created at a random position.

The displacement of a particle is handled using the normal Metropolis method
described above. If a particle is destroyed, the ratio of the probabilities of the two
states is given by:

P, NA?
P—{ = exp[(—AVi; — u) /ksT] T (5.42)

where N is the number of molecules initially in state i, V is the volume of the
system, and A is the thermal de Broglie wavelength, defined as

A= (h2 / 2ﬂ'kaT) 12, Similarly, for the creation of a particle, the ratio of proba-
bilities is given by:
P; Vv

P exp[(—AVi; + ”)/kBT]m

(5.43)
In both cases of destruction and creation, the final transition probability is calcu-
lated (like in the case of displacement), as min(1, P;/P;).

5.4.2.1 Off-Lattice Monte Carlo: Applications to Underpotential
Deposition

Off-Lattice Monte Carlo methods were early applied not to upd but to an
overpotential deposition system: Cu on Ag(111) [56]. We explain now shortly the
motivation for such work. As pointed very often in the literature [57], important
phenomenological criteria exist to determine if the type of deposit to be formed by
metal on metal deposition is a two dimensional or a three-dimensional one. These
criteria are based on the interaction energy of the adsorbate with the substrate,
Us_wm. the interaction energy of M atoms with a substrate of the same type, Un—_wm,
and the crystallographic misfit M-S. According to this analysis, three types of
growth modes of a deposit on a foreign surface can be established. In the case
where Us_ym > Uym-wM, crystal growth is expected to proceed via a 3D island
growth or a Volmer-Weber mechanism. In the case where Us_y < Uy—m two
possibilities may in turn be distinguished, depending on the misfit with the sub-
strate. If the misfit is small, a layer by layer growth (Frank-van der Merwe) mode
should be expected. On the other hand, if the misfit is large, a 3D growth on top of
predeposited monolayers (Stranski-Krastanov) should occur. Even when a wide
variety of systems appear to fit adequately into the previous scheme, the
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Fig. 5.19 MC simulation results for Cu deposited on Ag(111). Left: trajectory of a single Cu
adatom indicated as a thin line; spots show the position of the first layer of Ag atoms. Right:
Atomic positions for a monolayer of Cu adatoms (grey clouds) on a Ag( 111) surface (Ag atoms in
the first layer are shown as black clouds). Dashed lines show arbitrary unit cells (Reprinted with
permission from Ref. [56])

measurements made by Dietterle et al. [5S8] on Cu deposition on Ag(111) showed
that in this system a particular situation occurs, where the classical view seems to be
challenged. While Cu deposition on Ag(111) presents no upd, a fact that would
indicate that Us_y < Um_m ,the formation of a pseudomorphic monolayer can be
observed at low deposition overpotentials. On the other hand, three dimensional
clusters are formed only at higher overpotentials, a situation where the deposition
reaction is considerably accelerated. This fact lead Dietterle et al to suggest that a
“delicate balance of adatom-adatom and adatom-substrate interactions” should take
place, to explain this anomalous behavior.

Going back to the theoretical work of Cu deposition on Ag(111), it involved MC
simulations where, like in most of the work discussed in this section, the
interatomic potentials where those of the embedded atom method, which is
discussed in more detail in Sect. 5.4.4.2. Figure 5.19 shows results from these
simulations, for trajectories corresponding to the motion of a single atom (/eff) and
of a full monolayer (right).

The binding energy of the Cu atoms was evaluated as a function of the coverage
degree, as shown in Table 5.7. It is found that in all cases the binding energies of Cu
are below the cohesive energy of Cu (3.54 eV), so that overpotential deposition is
predicted.

Off-Lattice MC simulations using EAM potentials have been also found useful
to calculate surface stress changes Ao, upon island and monolayer formation of
metal on foreign substrates. Based on a previous work devoted to study the
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Table 5.7 Average binding energies of Cu adatoms on a Ag(111) surface at different coverages.
The ratio ncu/nag indicates the ratio of Cu to Ag atoms in the simulation cell. The cohesive energy
of Cu is 3.54 eV (Data taken from Ref. [56] with permission)

Epina/eV Neu/Mag
2.77 1/36
3.37 36/36
3.38 39/36
3.39 42/36

properties of metallic islands [59], Rojas et al. [60] have developed a model to
calculate Ao using a statistical mechanical argument.

Using the relationship between the Helmholz free energy and the canonical
partition function:

F = —kgTIn[Q(N,V,T)] (5.44)

and the fact that when the stress tensor is diagonal, we can obtain the surface stress

from the derivative:
OF
o; = | == (5.45)
0S) n.r

Rojas et al. [60] arrived to the following equation to calculate the surface stress
change of the system:

() (0, ) (%)) e

where Ny, is the number of adatoms, S is the surface, Us_\ and Uy are the
interaction potential energies of the substrate-adsorbate and the substrate system
respectively, and the quantities in brackets are evaluated from an isotropic
stretching and compression of the simulation box in the direction parallel to the
surface for each configuration of the production run.

The relaxation of islands on different substrate/adsorbate systems is illustrated
in Fig. 5.20, together with a scheme of the simulation box. The arrows in the figure
denote the displacement of the atoms in the island with respect to their pseudomor-
phic adsorption sites, and the colors indicate the magnitude of the displacement.

It is interesting to compare in the figure different behaviors: the homoepitaxy Ag
(111)/Ag shows practically no relaxation at the center of the island, while some
inwards relaxation at the borders becomes evident. On the other hand, the
remaining systems present outwards relaxation.
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Fig. 5.20 Top: scheme of the simulation cell used to study the relaxation of an island of adatoms
on a substrate. Bottom: Atom displacements in a 129-atom island for different systems adsorbate/
substrate. The arrows represent the relaxation with respect to the (1 x 1) pseudomorphic config-

uration in A. (a) Ag(111)/Ag; (b) Pd(111)/Ag; (¢) Pt(111)/Ag; (d) Pt(111)/Ag. Colours also denote
a displacement scale (Reprinted with permission from Ref. [60])
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With quantitative purposes, a misfit may be defined according to:

e = 208 T Gads 100 (5.47)

Asubs

where ag,ps and a,qs denote the lattice constants of substrate and adsorbate respec-
tively. The values of e, Pd(111)/Ag, Pt(111)/Ag and Pt(111)/Au are —5.1, —4.3
and —4.1 respectively, something that is reflected by the qualitative behavior
observed in the Fig. 5.20.

The surface stress changes calculated for the adsorption of monolayers is shown
in Table 5.5. In the case of Ag/Pt(111), the result of —4.9 N/m can be compared
with —8.8 N/m, which is the value measured by Grossmann et al. [61]. For the
systems Ag/Pd(111) and Au/Pt(111), large compressive stresses were also obtained
(Table 5.8).

Rojas [62] extended the previous EAM Off-Lattice MC simulations to several
systems, involving Ag, Au, Pt, Pd, and Cu. The results for stress changes are shown
in Table 5.9. While the general trend is that a big adsorbate on a small substrate
yields a compressive stress, and the opposite situation leads to tensile stress, there
are also chemically specific effects. Comparison of these results with previous ones
where relaxation of the adsorbate was not allowed [63], indicated that this effect is
very important for the Cu(111)/Ag and the Cu(111)/Au systems, where misfits are
very large.

Rojas also calculated underpotential shifts for all these systems, as reported in
Table 5.10.

Table 5.8 Surface stress change Ao, for the adsorption of a monolayer as obtained from Monte
Carlo Simulations (Taken form Ref. [60] with permission)

System Ac/T m~?
Pt(111)/Ag —4.92
Pd(111)/Ag —4.88
Pt(111)/Au —3.24

Table 5.9 Surface stress changes in J/m?> for monolayer adsorption onto different (111) sub-
strates, as calculated from Monte Carlo simulations in Ref. [62]. Columns correspond to adsor-
bates and rows to substrates. The notation (P), (E) or (C) indicates if the adlayer is pseudomorphic
or becomes expanded or compressed with respect to the substrate lattice parameter

Substrate/adsorbate Ag Au Pt Pd Cu
Ag(111) 0 1.1 (P) 3.8 (P) 2.1 (P) 0.6 (C)
Au(111) —-1.3(P) 0 2.7 (P) 1.2 (P) —0.5(C)
Pt(111) —4.9 (P) —-3.2(P) 0 —0.9 (P) —0.3 (P)
Pd(111) —4.9 (P) —2.6 (P) 1.5 P 0 0.7 (P)
Cu(111) —0.9 (E) —1.6 (E) —-6.83 (P) —6.2 (P) 0
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Table 5.10 Deposition potential shifts for different metals on S(111) surfaces. All values are
given in V. Taken from Ref. [62]. Positive values indicate upd, negative ones opd

Substrate/Adsorbate Ag Au Pt Pd Cu
Ag(111) 0 —0.04 —0.44 —0.17 —0.16
Au(111) 0.11 0 —0.46 —0.17 —0.07
Pt(111) 0.36 0.30 0 0.15 0.10
Pd(111) 0.27 0.21 —0.16 0 0.02
Cu(111) 0.14 0.23 —0.04 0.04 0

Fig. 5.21 Underpotential 0.4

deposition shifts vs
difference of average -
surface energies between
substrate and adsorbate 02
(Reprinted with permission
from Ref. [62]) L

1 1 1 1 1 | L

-0.4 -0.2 0 0.2 0.4
ads subs
Esup—E sup [eV]

When the values in Table 5.10 are plotted as a function of surface energy
difference, a linear relationship results, as shown in Fig. 5.21. This follows the
predictions made by the jellium model, see discussion in Sect. 5.2.2, as well as
those from first-principles calculations, see discussion in Sect. 5.2.3 and Fig. 5.8
therein.

Oviedo et al. [64] used EAM Off-Lattice MC to study upd on low dimensional
surface defects. They considered the energetics of the deposition of Ag, Cu and Pd
atoms on a Pt(111) surface with vacancies, steps and holes, as compared with
adsorption in monolayers, bilayers, etc. Some of the 0-D defects considered are
illustrated in Fig. 5.22

The main results for the binding energies obtained are summarized in
Table 5.11.

From these results, it can be concluded that for adsorption of a single atom on
defects, the absolute value of the binding energy (bond strength) increases with the
increase of the coordination (Usep(0D) < Ugink(0D) < Uyacancy(0D)). On the other
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Fig. 5.22 Illustration of some of the 0-D defects considered to deposit atoms in a EAM Off-
Lattice MC simulation. Left: terrace and vacancy sites. Right: Step and kink sites (Reprinted with
permission from Ref. [64])

Table 5.11 Absolute value of binding energies in eV for Ag, Cu and Pd adatom adsorption on
different defects/structures on a Pt(111) surface. 0-D denotes single atom adsorption. 1-D denotes
adsorption along a line. 2-D denotes mono-, bi-, 3- etc layer adsorption, 3-D corresponds to the
cohesive energy (Taken from Ref. [64] with permission)

Dimension of the defect/structure Adsorption type: Ag Cu Pd
0D Terrace 2.69 3.06 3.14
Step 3.25 391 3.99
Kink 3.65 4.10 4.16
Vacancy 4.45 4.97 5.09
1D Step 3.47 3.99 4.12
2D Monolayer 3.16 3.69 4.06
bilayer 2.96 3.54 391
3-layer 2.90 3.49 3.90
6-layer 2.83 3.44 3.88
3D bulk 2.18 3.50 3.89

hand, from the viewpoint of the dimensionality of the phase involved, the absolute
value of binding energy decreases(bond strenght) with the dimensionality
Usiep(1D) > Unonolayer(2D) > Upui(3D). Concerning upd, the present results indi-
cate that, starting a negative potential sweep from a positive potential value where
the substrate is naked, as the electrode potential is made more negative, the first
sites to be filled with adsorbate should be the vacancies, followed by kink sites and
steps. Then, monolayer formation would follow and finally the bulk deposit would
appear. All these facts were found to be supported by experimental results, as
discussed in Ref. [65] and shown schematically in Fig. 5.23.
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5.4.3 Lattice Monte Carlo

In the Lattice MC method, the particles constituting the system are located on the
points of a lattice. This means that, in order to generate the chain of states implied
by the Metropolis method, the displacement of atoms will take place between lattice
points and, in the case of Grand Canonical simulations, atoms will be created or
destroyed at these lattice points, as we discussed in Fig. 3.14. One of the advantages
of these methods is that they allow dealing with a large number of particles at a
relatively low computational cost.

These lattice models are of widespread use in studies of adsorption on surfaces.
If the crystallographic misfit between the involved atoms is not important, it is a
good approximation to assume that the adatoms adsorb on defined discrete sites on
the surface, given by the positions of the substrate atoms. In principle, it must be
kept in mind that continuum Hamiltonians should be much more realistic in those
cases where epitaxial growth of an adsorbate leads to incommensurate adsorbed
phases or to adsorbates with large coincidence cells. On the other hand, the use of
fixed rigid lattices restricts enormously the number of possible configurations for
the adsorbate and its use may be justified on the basis of experimental evidence or
continuum computer simulations that predict a fixed lattice geometry.
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Fig. 5.24 Simulation of 1.0
adsorption isotherms for
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5.4.3.1 Simulation of Relatively Simple Underpotential
Deposition Systems

Pioneering application of lattice MC simulations to upd systems was undertaken by
Van Der Eerden et al. [66]. These authors performed MC simulations using an
Ising-type model (see Chap. 3), where the adsorbate atoms were assumed to have a
diameter greater than the distance between two neighbouring adsorption sites on the
substrate surface. Thus, each adatom is assumed to occupy only one adsorption site,
but at the same time, due to exclusion effects, it blocks (first) neighbouring
adsorption sites and prevents them from being occupied by other adatoms. This
modeling has been denominated 1/n adsorption, where n = 1/0,,x. The cases
considered were n=2 for a square lattice and n=4 for an hexagonal lattice.
These authors investigated the occurrence of phase transitions as a function of the
quantity @ = ¢/kgT, where ¢ is the interaction between two neighboring adsor-
bates, as defined in Chap. 3. Figure 5.24 shows the behavior of the isotherms for
different values of o for a square lattice with n=2. A smooth behaviour is found
for 0 vs u/kgT atlow w s, untilw = 1.4. Above this value, a hysteresis, characteristic
for the occurrence of a phase transition becomes evident. We use this word to
denote that the isotherms present separated upper and lower branches, yielding two
coverages at the same chemical potential, one of which corresponds to a metastable
state.

Using this procedure, the authors determined critical @ values for the systems
considered. In the case of the square lattice, the MC simulations yielded
Weritical = 1.3. Comparison of the MC simulations with experimental results for
the system Pb upd on Ag(100) are shown in Fig. 5.25, where it is found a good
agreement for o = 0.6, which is a value well below the critical one, so that
according to this modelling a first-order phase transition should be excluded for
this system.
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Fig. 5.25 Simulated 1.0 o
isotherms for n =2 a
adsorption on a square
lattice with @ = 0.6 (O);
experimental results for upd
of TI(®) and Pb(O) on Ag T 1
(100) (Reprinted with 05
permission from Ref. [66])

Fig. 5.26 Environment of
12 sites surrounding an
adsorption site. These may
be employed for the
calculation of the
adsorption/desorption
energies of an adsorbate
atom on a substrate for a
cutoff radius corresponding
to the distance between
third-nearest neighbors. The
particle is adsorbed on the
central box (13) and the
remaining sites may be
occupied by adsorbate or
substrate-like atoms. A total
number of 3"
configurations results

As will be discussed in Sect. 5.4.4.2, the proper description of metallic binding
requires the use of many-body potentials, where the embedded atom method has
shown to be a reasonable alternative for many electrochemical applications. At first
sight, this seems difficult to compute with a lattice model. To solve this problem in a
computationally efficient way, the adsorption (desorption) of a particle may be
considered at a site embedded in a certain environment surrounding it, as shown in
Fig. 5.26 for a square lattice, which may be used to represent adsorption on a (100)
fcc surface. The adsorption site for the particle is located in the central box, and the
calculation of the interactions is limited to a circle of radius R. The adsorption
energy for all the possible configurations of the environment of the central atom are
calculated previous to the simulation, so that during the MC simulation the most
expensive numerical operations are reduced to recover the index that characterizes
the configuration surrounding the particle at the adsorption site.
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Fig. 5.27 Different island types obtained from simulated annealing simulations, used to obtain
surfaces with different types of defects. The number of Monte Carlo steps Nycs increases from
upper left to down right. Nyics = 20 x 2"~!, where m is the ordinal number of the configuration in
the figure (Reprinted with permission from Ref. [67])

In the case of the electrochemical system, potentiostatic control is in many cases
applied to fix the chemical potential of species at the metal/solution interface. Since
the natural counterpart of potentiostatic experiments are Grand Canonical Monte
Carlo (GCMC) simulations, where the chemical potential p is one of the parameters
fixed in the simulations, this was the methodology chosen by Giménez and Leiva
[67] to study the formation and growth of low dimensionality phases on surfaces
with defects. This work is somehow a lattice model version of the Off-Lattice
problem analyzed in Sect. 5.4.2. To simulate (100) surfaces, the system was
represented by a square lattice with N adsorption sites, as that shown in Fig. 5.26.
Different arrangements of the substrate atoms allowed for the simulation of various
types of surface defects. Within the procedure described in Sect. 5.4.1 (Metropolis
algorithm), thermodynamic properties were obtained after proper equilibration
steps as average values of instantaneous magnitudes stored along a simulation
run. A key result is the average coverage degree of the adsorbate atoms (0y;) at a
given chemical potential u. To emulate different surface defects, substrate islands
of various sizes and shapes were made by means of the MC-related technique
denominated simulated annealing. Within this approach, a given number of sub-
strate atoms is set on the surface, and a MC simulation is started at a very high
initial temperature T, of the order of 10* K. The system is later cooled down
according to a logarithmic law (T, = T,a,), where @, is a positive constant lower
than one and T, is the temperature at the n'™ iteration step. A given number of MC
steps, say Njcs, are run at each temperature and the simulation is stopped when the
desired T is reached. By setting different Nycs, various kinds of structures may be
obtained, as shown in Fig. 5.27.
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Fig. 5.28 Left: Adsorption isotherms for the decoration of monoatomic steps of Au defective
surfaces with Ag upd. The Au surface structures considered were the final states of simulated
annealing runs similar to those of Fig. 5.27 withm =1, 5,9, 13 and 16, resulting in the number of
Monte Carlo Steps reported in the figure. The temperature was 300 K. Right: Adsorption isotherms
for Ag upd on a perfect Au(111) surface, at different temperatures (Reprinted with permission
from Ref. [67])

Table 5.12 Excess of chemical potential 5 — up in eV. Negative values of this quantity indicate
underpotential deposion, while positive values indicate overpotential deposition, see Eq. (3.5).
Values taken from Ref. [68]

Subs/Ads Ag Au Pt Pd
Ag 0.00 0.08 0.53 -
Au —0.17 0.00 0.54 0.14
Pt —0.55 —-0.42 0.00 -
Pd - —-0.26 - 0.00

The shape of the adsorption isotherms obtained with the different islands types
turned out to be strongly sensitive to the structure of the surface, as shown on the
left of Fig. 5.28. The isotherms obtained with more perfect surfaces (less steps)
were steeper, becoming closer to the behavior expected for a first-order phase
transition, which is shown on the right of the figure. We remind from the discussion
performed in Chap. 3, that the voltammetric profiles are the derivatives of the
isotherms, so that rounded isotherms lead to wider voltammetric peaks. Thus, we
see that increasingly imperfect surfaces will lead to wider voltammograms. This is
in rule with the theoretical modelling by Huckaby and Medved [48] that we
presented at the end of Sect. 5.3.

In a further contribution, Gimenez et al. [68] considered several systems involv-
ing Ag, Au, Pt and Pd. It was found that, taking into account some general trends,
such systems can be classified into two large groups. The first one comprises Au
(100)/Ag, Pt(100)/Ag, Pt(100)/Au and Pd(100)/Au, which have favorable binding
energies as compared with the homoepitaxial growth of adsorbate-type atoms, as
shown in Table 5.12. These are systems where underpotential deposition is
expected, see Eq. (3.5) of Chap. 3.


http://dx.doi.org/10.1007/978-3-319-24394-8_3
http://dx.doi.org/10.1007/978-3-319-24394-8
http://dx.doi.org/10.1007/978-3-319-24394-8_3
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Fig. 5.29 Snapshots of the final state of the surface at three different chemical potentials
(—4.27 eV, —3.44 eV, and —3.06 eV) for Ag decoration of a Pt(100) surface with Pt islands.
The average island size is about 48 atoms. Note that the islands remain essentially unchanged
(Reprinted with permission from Ref. [68])
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Fig. 5.30 Isotherms corresponding to the system of Fig. 5.29. @, 0 and 6, denote total, step and
kink coverages respectively (Reprinted with permission from Ref. [68])

For this type of systems, when the simulations are performed in the presence of
substrate-type islands emulating surface defects, the islands remain almost
unchanged, and the adsorbate atoms successively occupy kink sites, step sites and
the complete monolayer. This is illustrated in Fig. 5.29 for the surface atomic
arrangement of Ag on a Pt(100) surface with Pt islands. The corresponding adsorp-
tion isotherms are shown in Fig. 5.30.

The partial coverage degrees for step and kink sites in Fig. 5.30 were defined
relative to the total number of step and kink sites available respectively. The
sequential filling of kink sites, steps and the rest of the surface can be appreciated
clearly in the partial isotherms.

The second group of systems, as considered by Gimenez et al. [68] is composed
of Ag(100)/Au, Ag(100)/Pt, Au(100)/Pt, and Au(100)/Pd, for which monolayer
adsorption is more favorable on substrates of the same nature than on the
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Fig. 5.31 Snapshots of the final state of the surface at three different chemical potentials (—5.74,
—5.32 and —5.21 eV) for Pt decoration of Ag islands on Ag(100). Average island size 53 atoms.
Note the progressive disintegration of the Ag islands (Reprinted with permission from Ref. [68])
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Fig. 5.32 Isotherms corresponding to the system of Fig. 5.32. 8 , 65 and 6 denote total, step and
kink coverages respectively (Reprinted with permission from Ref. [68])

considered substrates (see Table 5.11) . When simulations are carried out in the
presence of islands of substrate-type atoms, it is found that they tend to disintegrate,
yielding 2D alloys with adsorbate atoms. This is illustrated in Fig. 5.31 for Pt
deposition on Ag(100). For this second type of systems, the partial adsorption
isotherms do not evidence any particular sequential filling, as can be observed in
Fig. 5.32.

A detailed analysis of the environment of adatoms and substrate atoms at
different adatom coverage degrees was found very helpful to understand the two
types of behaviors described above.

More recently, Gimenez et al. [69] have shown that MC simulations with pair
potential interactions between nearest neighbors may also yield the two types of
behaviors described above, opening the way to a less demanding computational
modeling. These authors have also extended this modeling to consider on-top
adsorption of anions in upd systems [70].
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5.4.3.2 Simulation of Cu Underpotential Deposition on Au(111)
in Sulfate-Containing Electrolytes

We devote a special section to the analysis of Cu upd on Au(111) in the presence of
sulfate ions, since the work developed by Zhang et al. [71] represents an interesting
example of the application of the lattice MC technique to complex upd systems. As
we have seen in Chap. 2, (Fig. 2.2) the voltammogram obtained for upd of Cu on Au
(111) in the presence of sulfate anions presents two pairs of peaks, see also Fig. 5.35
below. From now on, the pair of peaks at more positive potentials will be labeled as
#1 and the pair at more negative potentials as #2. According to experimental
information [71-73], these correspond to transitions between a full monolayer
(ML) of Cu at more negative potentials, an ordered (\/§ X \/§) mixed copper
and sulfate phase at intermediate potentials, and a disordered low-coverage phase at
more positive potentials. Inspired in the model proposed by Blum and Huckaby
described in Sect. 5.3, these authors assumed that sulfate coordinates the (unrecon-
structed) triangular Au(111) surface through three of its oxygen atoms, with the
fourth S—O bond pointing away from the surface. The Cu atoms were assumed to
compete for the same adsorption sites as the sulfate. In order to obtain the config-
uration energies of the coadsorbed particles required for the MC simulation, the
following three-state lattice-gas Hamiltonian was proposed:

ﬁ(‘) = —ﬁCZciC - ﬂszcis
— Z chcs +<I>CCZCCCC+(I>SCZC ¢ +c c —ﬂ3

n {i,j} {i,/} {i,j}
(5.48)

where —fi; denotes the change in the chemical potential of species k (k =S (sulfate)
or C (copper)) when one i particle is removed from the bulk solution and adsorbed

on the surface, c}‘ the occupation number (0 or 1) of site i by the species k, (n)
indicates the rank of neighborhood between sites (first, second, etc), and —451(:;11 18
the pairwise interaction energy between particles of type k and m that are first
neighbors. The term H; denotes three-particle interactions between sulfates, involv-
ing all second-neighbor equilateral triangles.

The lattice gas parameters were fitted by an iterative process, where they were
finally fixed to yield reasonable agreement of the theoretical predictions with the
shapes of the observed adsorption isotherms and voltammetric profiles, as well as
with the dependences of the CV peak positions on the electrolyte composition in
experiments. The interactions involved in Eq. (5.48) are shown in Fig. 5.33.

Part of the fitting involved the so-called ground-state configurations, which
corresponded to the sets of most stable configurations at 0 K for given electro-

chemical potentials ji- and jig. This allowed the construction of phase diagrams as a
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Fig. 5.33 The relative positions of Cu (®) and sulfate (A) corresponding to the effective
interactions in Eq. (5.48). Free adsorption sites are denoted by O. The number underneath each
bond representation is the corresponding effective interaction energy used in Ref. [71], given in
kJ/mol. The interactions are invariant under symmetry operations on the lattice (Reprinted with
permission from Ref. [71])

function of ji- and jig, which are useful to interpreted the results of simulations,
discussed below. Figure 5.34 shows such a diagram and their corresponding
ground-state configurations.

The different phases in Fig. 5.34 are identified with the notation (X x Y)gi,
where ¢ and 65 denote the sulfate and copper coverages respectively. For example,
(1 x 1) denotes an empty surface, (1 x 1)(1) denotes a surface covered by a Cu

monolayer, (\/§ X \/§) ;Z indicates a surface covered by a mixture of sulfate at

0s = 1/3and Cu atOc = 2/3, etc. It must be noted that the latter, which is the phase
observed experimentally in the potential region between peaks #2 and #1, occupies
a wide region in the ground-state diagram of Fig. 5.34. A detailed discussion
of the occurrence of different phases in terms of the interactions of Eq. (5.48) is
given in Ref. [71], we just point out here some general features to understand the
idea behind the modeling.

The electrochemical potentials, which correspond to the axis on the right of
Fig. 5.34 , are related to the bulk concentration of species k and electrode potential
E according to:

ﬂsz;£—+RThT§%——@FE (5.49)
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Fig. 5.34 Ground-state configurations (a) and ground-state diagram (b), as given in Ref. [71] for
the system Cu/Au(111) in the presence of sulfate. The free adsorption sites are denoted by O, and
adsorbed Cu and sulfate are denoted by @ and A, respectively (Reprinted with permission from
Ref. [71])

fic = He + Imn[ﬂO — 2cFE (5.50)
€]
where zg and zc are the effective electrovalences of sulfate and copper, respectively,
und the superscript denote reference conditions. Thus, large jig positive values
correspond to high sulfate concentrations or large positive potentials (zg is a
negative quantity). On the other hand, large ji~ positive values correspond to high
Cu?* concentrations or large negative potentials (z¢ is a negative quantity). This is
the reason why the pure Cu phase (1 x 1)(1) appears at large positive fic values and
rather negative fig. The converse situation (large positive fig and negative ji) leads

the pure sulfate phase, (\/§ X \/§) (1)/3.

According to Egs. (5.49) and (5.50) the electrochemical potentials fig and i are
linearly related, so that when a potential scan is applied to the system, this moves
along a straight line in Fig. 5.34b. Three of these lines are depicted there. The
equation describing this straight line has the form i = constant + figzc/zs. Let us
consider for example a trajectory along the line labeled with 1, where the potential
scan is initiated on the upper left side of the plot. The system starts with the pure Cu

phase (1 x 1)(1) and ends up in the pure sulfate phase (\/§ X \/7) (1)/5, coming across
two mixed Cu/sulfate phases. At the lines delimiting the phases, phase transitions
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are expected to take place, with drastic changes in the composition of the surface
structure. These changes in the surface composition are due to the electrochemical
adsorption/desorption of species, involving charge transfer and eventually leading
to peaks in the cyclic voltammograms, as shown in the simulation below.

Since the adsorbed particles are restricted to adsorb on N well defined lattice

sites, the coverage can be easily calculated from 6y = Zc}‘ /N and the charge
i

flowing upon adsorption of the species of type k is g, = —egzxbk. Sulfate coverage
0% adsorbed on top of the complete Cu monolayer in the negative-potential
region was represented in terms of the Cu coverage fc and the sulfate coverage
in the first layer 65 by the equation:

1
0 = alc <§— es) (5.51)

where a was a fitting parameter, expected to be between zero and one. If the latter
were the case, a full Cu monolayer would be covered by 1/3 of a monolayer of
sulfate.

Considering a very low sweep rate so as to assume quasi-equilibrium conditions,
the voltammetric current was calculated from the coverage degrees and their partial
derivatives (obtained from coverage fluctuations [74] in the MC simulations)
according to:

2
0 0
z2(1 — abc) (ags)ﬂc + z¢ <ZC — 3(1236’5) (—agz)ﬂer dE

| _
Zs [ZZC + azs <§ - 95) - (XZCQC:| (ngi) ~ de
Hs

Figure 5.35 shows experimental and room-temperature simulated voltammograms.
Given the complexity of the system, it can be stated that a good overall agreement is
found.

Besides the simulations devoted to comparison with the experimental data,
Zhang et al. performed a finite-size scaling analysis. This is useful at the time of
identifying the order of the phase transitions involved. On the basis of the equiv-
alence of the lattice gas hamiltonian (Eq. 5.48) with the generalized triangular-
lattice model of Blume—-Emery—Griffiths [75], the authors concluded that the
transition at peak #1 is a first-order phase transition, while the transition at peak
#2 is a second-order one. These predictions were checked performing simulations
with different system sizes (finite size scaling analysis).

i = eoF (5.52)
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Fig. 5.35 Experimental (dot—dashed) and lattice MC simulated (solid) CV current densities. The
left-hand vertical scale shows the current density for a scan rate of 2 mV/s, whereas the right-hand
scale shows the current density normalized by the scan rate, in units of elementary charges per mV
and Au(111) unit cell (Reprinted with permission from Ref. [71])

5.4.4 Kinetic Monte Carlo Applications
5.4.4.1 Introduction

Although MC methods are often used to obtain static, or equilibrium properties of
model systems as described above, this technique may also be utilized to study
dynamical phenomena. This leads to the formulation currently denominated
dynamic Monte Carlo or kinetic Monte Carlo (KMC).

The foundations of dynamical MC simulations have been discussed by Fichthorn
and Weinberg [76] in terms of the theory of Poisson processes, and we give here a
bird’s eye view on this methodology. There are many physical systems where the
events of interest can be described at a coarse-grained, mesoscopic level, assuming
that the complex microscopic behavior leads to various possible transitions that
we can enumerate E = {e;e,, ... ,e, }, which can be characterized by average
transition rates R = {r,ro, ... 7y }.

As an example, we chose the diffusional trajectories of an adatom on a (100)
single crystal surface, as shown in Fig. 5.36. We assume that we monitor a number
of trajectories where the adatom is initially trapped in the central adsorption site,
ending at one of the four neighboring adsorption sites. At relatively low tempera-
tures, the trajectories will look like those on the left plot, where the adatom spends a
long time (in the atomic scale) at the central site and finally diffuses to some of its
four neighboring sites through trajectories close to the minimum energy path. If the
experiment (eventually the simulation) is made several times, the scape of the atom
from the central site to each of its neighbors will be characterized by a set average
times, say {7y, 75, 73, 74}. Due to the symmetry of the system chosen for this
example, all these average scape times will be equal, but they may be generally
different (for instance if the environments of the various sites are different). Thus,
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Fig. 5.36 Tllustration of how the fine grained motion found in deterministic trajectories, i.e. from
molecular dynamics (/eff) can be converted into effective or average rates (right)

the fine grain problem on the left of the figure may be replaced by coarse grain
problem on the right, where the adatom may undergo four different transitions,
E={eje,, ... .64}, at four different average rates R = {1/zy, 1/7,, 1/73, 1/74}. These
ideas may be generalized to more complex problems, as long as the kind of events
involved fulfills some features. If each of these events satisfies the conditions
necessary to be a Poisson event, the probability density of times between succes-
sive events will have the following exponential form:

70 = (+)expl-1/e] (5.53)

One interesting property of Poisson processes is that an ensemble of independent
Poisson processes will behave as one, large Poisson processes. In the example of
diffusion above, this means that if we have (simultaneously with diffusion) other
phenomena occurring like adatom adsorption, adatom desorption, etc, that can be
considered themselves as Poisson processes, the whole behavior of the system
(diffusion + adsorption + desorption) may be treated as a single Poisson process.
Thus, our vector of events will look like

diff diff ad ad des des
E:{e1 , 5 ,...,el,ez...,el,ez,...} (5.54)
where the upper indices have an obvious meaning: efiff is a diffusion event of type
1, e*{d is an adsorption event, eges a desorption event, etc. Thus, the vector of events

E contains all the events that may occur at a given instant (configuration) of the
system.

4Poisson processes in a nutshell: if N,(¢) is a random variable characterizing the observation of a
number of certain events during a time interval ¢, Poisson processes are characterized by: (a)
N;(0) = 0, (b) N(#;) and N(t,) are independent if ¢, and ¢, are disjoint intervals. (c) The probability
of observing a single event in the interval / increases linearly with h. (d) The probability of
observing two or more events in the interval / increases with a power larger than one.
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Similarly, the rates vector will be:
R= {1/ 1/250 0, 1/20, 1239, o 1/, 1/, ..} (5.55)
Or alternatively:
R = {vfiff, vgiff, e, vfd, vfd, e, v‘fes, vges, } (5.56)

where we have defined the average rates v; = 1/7; A way to visualize the last
equation is to draw a line, where the average rate of each process is represented
by a segment on this line, as it is shown in Fig. 5.37 for three processes. Let us
represent the event vector with E = {e;,e;,e3} and the velocity vector with
R= {Vl, V2, V3}.

Since no two Poisson events may occur simultaneously, we can make the status
(configurations) of the system advance by choosing one of the events whose rates
are shown in the figure. To do that, the whole velocity segment may be applied into
the interval [0,1], and a random number # may be generated to select the event to
happen. It is observed from the figure that the random number resulted in the
occurrence of a process whose velocity is vs.

Thus, what it must be done is to allow event e; to happen. If the processes under
consideration were e := diffusion of a particle, e, := adsorption of a new particle,
e3 := desorption of the particle, we would have to desorb the particle. The new
configuration of the system would be an empty surface, and the new event vector
would only contain a single element, corresponding to particle adsorption. Of
course, in a real system we have many particles that may diffuse, desorb, adsorb,
etc, and the event and rates vectors are very large, but this is the main idea. Upon
updating the configuration of the system, we must update the time in the simulation,
that is, we must add to the accumulated time a time increment representing the
event that has just occurred. To do that, we appeal to an equation similar to
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Eq. (5.53), but taking into account that we are considering all the events of the
system. Now, the overall rate is v, = v; + v, + v3 and Eq. (5.53) turns into:

F(t) = vexp[vi] (5.57)

To generate time increments distributed according to the previous equation, we
must use:

At = —Lin(vg) (5.58)

Vi

where vg is a uniform random number between O and 1. Note that random numbers
close to zero lead to large time steps, while random numbers close to 1 yield
short ones.

We see that according to the KMC method, the sampling of the system must
involve transition probabilities based on a reasonable dynamic model of the phys-
ical phenomena involved. The transition probabilities should reflect a “dynamic
hierarchy” related to the processes taking place in the system. With this aim, the
rates v; are usually taken from some suited version of absolute rate theory, adapted
to surface diffusion, electron transfer, etc.

Since in principle all the processes that may potentially occur must be included
in the vector R, the application of KMC methods is restricted to lattice models of
the system.

5.4.4.2 Electrochemical Phase Formation for an Ideal Frank-van der
Merwe System

To illustrate the application of the KMC method, we discuss the system Au(hkl)/
Ag. This is a typical example for M upd on a foreign substrate S, with strong M-S
interaction but negligible M-S misfit (the lattice parameters are 4.09 A and 4.08 A
for Ag and Au, respectively). Thus, the Frank-van der Merwe or layer by layer
growth mechanism is expected to operate in this system, in contrast with the
Stranksi-Krastanov growth mode, expected for systems with relatively large misfits
[57], or the Volmer-Weber mechanism, expected for systems where the interaction
with the substrate is relatively weak, as compared with the adsorbate-adsorbate
interaction. As discussed in the literature [77] and in Chaps. 2 and 3 of the present
book, these systems exhibit a number of complex features, like surface reconstruc-
tion, even in the absence of adsorbate, and different expanded phases. However, a
simplified model as that we will discuss here, has been shown to be useful to
understand some of the experimental observations, and may also be helpful to
understand other upd related problems. Giménez et al. [77] have modeled nucle-
ation and growth of Ag upd on Au(100) and Au(111) by KMC. We discuss their
modeling in some detail, since it is illustrative of how this methodology may be
implemented to study upd deposition phenomena.
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Fig. 5.38 Simulation box employed to study Ag nucleation and growth upon upd on a Au(100)
surface. The system has periodic boundary conditions in the vertical direction (Reprinted with
permission from Ref. [77])

Model for the Substrate

As stated above, the KMC methodology requires a finite number of processes
taking place, so that a lattice model for the substrate appears as the best alternative.
Thus, square and hexagonal lattices were selected to represent the Au(100) and
Au(111) substrates respectively. Figure 5.38 shows the square lattice used to
represent the former surface. There, the lattice consists of 1600 adsorption sites
inserted between two Au steps, to simulate both island growth on a surface and at
step borders. The image of the simulation cell is repeated periodically in the vertical
direction (periodic boundary conditions).

Interactions Between the Particles of the System

The choice of proper interatomic potentials is a key issue in computer simulations.
This is particularly the case in upd systems, which are characterized by metallic
many-body interactions. Several methods are available to calculate the total energy
of a many-particle metallic system, with a computational effort similar to that of a
pair potential. Among them, it is worth mentioning the EAM [78], the N-body
potentials of Finnis and Sinclair [79], the second-moment approximation [80] and
the glue model [81]. The article here discussed used the EAM because it showed to
reproduce important characteristics of the metallic binding. The EAM considers
that the total energy U, of a metallic system made of N particles may be calculated
as the sum of energies U, corresponding to single particles according to:
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N
U = Y _ U (5.59)
i=1
U, is written as:

1
U,- = Fi (ph,i) + EZVU(I‘[]‘) (560)
J#

where F; is the so-called embedding function, which represents the energy resulting
from embedding atom i in the electronic density pj,; at the position at which this
atom is located. py,; is obtained from the superposition of the individual electronic
densities p;(r;j);

Ph,i :ij(rij) (5.61)

J#i

while p; represents an attractive, many-body electronic contribution, the second
term in Eq. (5.60) represents the repulsion between ion cores. The latter is described
through a pair potential V;(r;;), which depends only on the distance between the
cores r;; with the form:

Vij(riz) = Zi(ry)Z(ris) /rij (5.62)

where the Z;(r;)) represent an effective charge, dependent on the nature of the atom
i. The functions F(p,, ;) and V;(r;;) have been parameterized to fit experimental data
for the isolated metals like cohesive energies, elastic constants, bulk lattice con-
stants and bimetallic properties like dissolution enthalpies of binary alloys.

Dynamic Hierarchy: Calculations of Rates for the Different Events

As stated in the introduction, KMC requires establishing a dynamic hierarchy,
which allows the construction of the rate vector R (Egs. 5.55 and 5.56). Thus, the
rates of the events that may take place must be clearly determined. In the present
case of study, surface phase formation, the following events may occur: (a) adatom
formation (adsorption) (b) adatom oxidation (desorption) (c) adatom diffusion. If
one is interested in the particular study of the formation/disappearance of the upd
phase, processes (b) or (a) may alternatively be neglected with respect to the
complementary one. For example, the study of Ref. [77] was focused on the
deposition of Ag on Au(100) and Au(l11), so that the dissolution rate was
neglected and the deposition rate was used as a parameter. On the other hand, the
diffusion rate was calculated using the EAM potentials. With this purpose, the
diffusion of a Ag adatom on a Au surface was considered in different possible
environments as illustrated in Fig. 5.39. The initial and the final positions of the
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Fig. 5.39 (a)—(c) Sample environments considered for the diffusional motion of a Ag atom on a
Au(100) surface. (d) Potential energy as a function of the distance along the diffusion path for the
environments shown in (a)—(c) (Reprinted with permission from Ref. [77])

diffusing atom are embedded in an environment of six neighboring sites, which
may be free or occupied by Ag or Au atoms, thus yielding a total number of
3°=729 configurations. Figure 5.39 shows three sample environments and the
corresponding energy curves along the diffusion paths. The diffusion rates were
calculated from these curves according to [82]:

vaiet = 2v exp|—E,/kpT] (5.63)

where v is the attempt frequency and E, is the activation energy as calculated from a
trajectory between the initial and the final state, using the EAM potentials.
Details on the organization of the KMC procedure and a description of how the
algorithm may be coded, including the storage and search algorithms that are used,
are described for example in the Appendix of the manuscript by Drews et al. [83].
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The steps of the KMC algorithm can then be summarized as:

1. A random number, vg,, is chosen from a uniform distribution in the range (0,1).
2. All the possible N, events are determined and their rates v; calculated.
3. A transition event is selected from the event vector, by selecting the first index s

s N,
for which Z vi/z Vi > Vs,.
=1 =1

4. The even selected is allowed to occur.
. All v; that have changed as a result of making the move are updated.
6. The time in the simulations is advanced Ar where At is:

9,1

At =— In(vs,) (5.64)

N;

S

J=1

where v, is a second random number, also chosen from a uniform distribution in the
range (0,1).

The previous modeling was used to analyze the different behavior of Ag
nucleation and growth found on Au(100) and Au(111) faces. The KMC simulations
indicated the nucleation and growth should take place with the characteristic time
of tenths of seconds in the case of the Au(100) face and of the order of milliseconds
in the case of the Au(111) face. Therefore, if Ag is deposited at intermediate rates
on both surfaces, island growth is predicted to occur on Au(100) but not on Au
(111), as found in experiment [84, 85]. These features are illustrated in Fig. 5.40.

11
s L L

Fig. 5.40 Snapshots of Ag upd growth on Au(100) (left) and Au(111) surfaces (Right). Note the
occurrence and the absence of islands in the first and the second case respectively (Reprinted with
permission from Ref. [77])
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Fig. 5.41 KMC results for Ag/Au(100)

the number of islands as a 5001 4 E ? T ? T

function of the coverage L — viootme
degree for Ag upd on Au P ¥ -o- v=0ita
(100) at different deposition 00 ; ) —= vet00us

rates v, as indicated in the [ If'
figure. Each curve I \
represents an average over
six simulation runs
(Reprinted with permission
from Ref. [77])

Number of islands

Another valuable information that can be obtained with this simulation tech-
nique is the number of islands formed as a function of coverage degree at different
adsorption rates, as illustrated in Fig. 5.41.

The present methodology has been very recently extended by Treeratanaphitak
et al. [86, 87] to account for collective surface diffusion processes, in addition to
nearest-neighbor hopping, including atom exchange and step-edge atom exchange,
allowing the study of polycrystalline metal electrodeposition. Thus, the combina-
tion of EAM potentials with KMC appears as a very promising tool for studying the
present and other related phenomena, like for example the formation of surface
alloys.

5.4.4.3 Other Simple Metal Deposition Systems Involving a Foreign
Substrate

The previous formalism has also been used to tackle other upd-related deposition
phenomena. Rather than simulating specific systems, a useful approach is some-
times to vary one or more of the parameters of the model applied and analyze how
they affect the properties emerging from the simulation. The utility of this approach
is twofold: on one side, it can be expected that if a simulation reflects the experi-
ment results, its parameters may be close to those of the experimental system. This
allows getting information that is not directly available from the experiment. On the
other hand, the parameters of the simulation may be tuned to get a given result, like
for example a uniform distribution of islands on a substrate. In this way, the
simulation becomes a useful tool for system design.

Concerning the first type of application mentioned above, Giménez et al. [88]
have used KMC to analyze three different situations for adatom deposition rates, as
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Fig. 5.42 Scheme of the mechanisms for atom deposition considered in Ref. [88]: (a) Particle
adsorption occurs on all unoccupied sites at the same rate k. (b) Particle adsorption occurs only at
sites without neighboring adsorbates at the rate k. (c¢) Particles are considered to be discharged
preferably at sites with neighboring adatoms at a rate k, and at a lowest rate, k;, at those sites
without neighboring adatoms (Reprinted with permission from Ref. [88])

illustrated in Fig. 5.42: (a) a case where the deposition rate is the same on any
adsorbate-free sites on the substrate (Model A); (b) a case where deposition is only
allowed on sites characterized by adsorbate-free surroundings (Model B); (c) a
more general case where deposition at edge sites and terraces is allowed at different
rates (Model C). In the last two cases, the coverage vs time curves were fitted to a
stretched exponential law (6 = 1 — exp[—#*/kgT]), with the finding that the param-
eter @ can be used as a diagnose criterion to differentiate between the two cases.
While in model B, @ was found to be always smaller than 1, in model C, a was
found to vary between 1.1 and 2.4, depending on the deposition rates assumed. This
predictions may be contrasted with those of Avrami’s model [89], where the
exponent «a is 2 or 3, depending on whether the nucleation is progressive or
instantaneous.

Drews et al. [90] have also used KMC simulations to investigate nucleation and
early stages of growth during metal electrodeposition on a foreign substrate. A
negative overpotential was assumed (overpotential deposition). The authors also
chose conditions where the kinetics of attachment of atoms to the electrode surface
is rate-limiting, that is, low overpotentials. A negative overpotential was assumed
(overpotential deposition). Adatom diffusion, characterized by a diffusion jump
frequency w, was not only considered on the substrate, but also on a monolayer and
on a bilayer of M. Adatom deposition was allowed on both the substrate or the metal
M via a Tafel kinetics, at a deposition rate v4ep,. Some of the information obtained
from the simulation was concerned with cluster density, average cluster size, and
average cluster height. It was found that the energy barrier for metal-on-substrate
surface diffusion had the strongest effect on the cluster density in the parameter
regimes investigated, while the energy barrier for metal-on-metal surface diffusion
had a weak effect.

In a subsequent article, Drews et al. [83] have used KMC to study the influence
of the presence of metal seed clusters and other parameters on the cluster size
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distribution of deposits. According to these simulations, it was found that the best
conditions for producing a uniform size distribution is an initial high number of
seed clusters, a low applied potential and a low metal-surface diffusion energy
barrier.

Although metal deposition on a foreign substrate was also assumed to occur
under overpotential conditions as in the previous case, it is worth mentioning here
the KMC work of Stephens and Alkire [91] concerning nucleation and growth at
monatomic step edges. It was found that the propensity of the deposit to grow at
step edges or to form islands on the surface may be measured by the adimensional
quantity A, which was defined as:

1 D
A =—
L Vde p

(5.65)

where D is the diffusion coefficient, v4p, is the deposition rate of adatoms and L is
half the distance between steps. Since the denominator represents a diffusion length
of the incoming atoms, it can be expected that if Ay > 1, atoms being deposited will
diffuse around the surface easily, with the result that most of the deposit would
grow at the step edges. On the other hand, if Ay < 1, the surface diffusion rate is
small in comparison to the deposition rate, so that atoms will tend to stay near the
site of deposition. The results of the simulation reflected this interpretation, as can
be observed for example in Fig. 5.43, which was obtained from simulations for
homoepitaxial growth. There, we can see the transition from regions of instanta-
neous nucleation (Aq > 1) to progressive nucleation (A4 < 1). In fact, in the first
case we see little formation of clusters at large values of Ay, since the simulations
show very little formation of clusters other than the growth at the step edges. In the

Fig. 5.43 Cluster density
plotted as a function of A4

and time. Time is N,
represented by the amount Cluster

of deposit on the surface Density 3___
(Reprinted with permission 0" em? —

from Ref. [91])
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second case, for small values of Ay, the cluster density shows an approximately
linear relationship with respect to time, consistent with progressive nucleation.

Figure 5.44 shows snapshots of these simulations, for different A4, as well as for
different jump frequencies w different heights of the diffusion energy barriers.
There, it can be observed the transition from island formation to border decoration
upon A4 increase. On the other hand, the far left column of this figure shows results
obtained with a low jump frequency and low surface diffusion energy barriers that
may be contrasted with the results shown on the far right column, which shows
results obtained with a high jump frequency and high energy barriers. It is apparent
that in the former case large, facetted clusters are formed, while in the latter much
less smooth and smaller clusters result.

Although the results we have shown above in Figs. 5.43 and 5.44 were for a
homoepitaxial system, it was found that heteroepitaxial growth follows the same
principles that govern the cluster density, step edge growth, and other deposit
characteristics.

New advances in related KMC simulations, have been undertaken recently. As
mentioned above, Treeratanaphitak et al. [86, 87] have extended the EAM-KMC
methodology to include atom exchange and other phenomena. Another interesting
improvement of KMC is the introduction of the first passage time algorithm [92] to
replace the computationally demanding simulation of diffusion hops in KMC by
larger jumps when particles are far away from step-edges or other particle. This
innovation has allowed to analyze different categories of deposition systems:
homoepitaxy, heteroepitaxy, multi-layer, step edge, and confined regions [93].

5.4.4.4 Kinetic Monte Carlo Analysis of Cu Underpotential
Deposition on Au(111)

Similarly to the discussion done in Sect. 5.4.3.2 of this chapter, we discuss
separately the work of Brown et al. [94] on the application of KMC techniques to
complex upd systems. As we have seen in Sect. 5.4.3.2, an effective lattice-gas
Hamiltonian was developed for the Au(111)/Cu system in the presence of sulfate
anions. As pointed out above in Sect. 5.4.4.1 a dynamic hierarchy, involving the
calculation of different transitions rates, is necessary for the implementation of the
KMC procedure. It is illustrative to see how Eq. (5.48) can be used, along with some
considerations, to construct such a hierarchy. At first, it is relevant to consider
which processes are to be taken into account. In the present model these processes
were, for both species, Cu and sulfate: (a) adsorption, (b) desorption, (c) one-step
lateral diffusion. To proceed to assignation of rates, since these are related to
processes involving single particles, it is more useful to consider the free energy
associated with a single adsorbed particle of species X (X=S (Sulfate) or C
(Copper)) occupying site i for a specific configuration of neighbors and to formulate
the lattice-gas Hamiltonian:
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Fig. 5.44 Snapshots of simulation outputs after deposition of one-quarter equivalent monolayers
of KMC simulated deposition, for several of the simulated parameter regimes. From top to bottom,
the snapshots correspond to increasing A4 values. From left to right, correspond to increasing jump
frequencies and surface diffusion energy barriers (Reprinted with permission from Ref. [91])
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(n) (n) (n)
HiXT) = —fix — 3 |90Y 3+ o € —ox sl cSef | (5.66)
z i) /0 a0)

where the symbols have the same meaning as in Sect. 5.4.3.2. The sum Z(;(:)) runs

over all adsorption sites j that are that are nth neighbors of site X, the sum ZZ’(),')

runs over all second-neighbor equilateral triangles involving site i, the factor &, g is
unity when X =S and zero otherwise, and the index I runs over all possible
arrangements of neighboring adsorbate particles within the maximum interaction
range from site i. The index X may also take the value O (unoccupied site), in which

case H /(0,I') = 0, regardless of the arrangement of the neighbors.

Let us now consider the desorption-adsorption process in terms of the hamilto-
nian (Eq. 5.66). With this purpose, we appeal to a representation of the free energy
profile of the reaction in terms of the Butler-Volmer approximation [95], as
depicted in Fig. 5.45. To analyze the adsorption of a particle, we move from right
to left of the figure. Three different situations are considered for the ad-state. The
most simple initial case, labeled with I, is an adsorbed particle without neighbors, in
a condition where jix = 0. Under this condition H;(X,I") = 0, the free energy
profile is completely symmetric, with a free energy barrier of magnitude Aj(X). The
next initial ad-case is labeled with II in the figure, and corresponds to an initial
adsorbed particle without neighbors, but in the presence of an electrochemical

potential ji; # 0. In this case H /(X,T) = —p;. The most general case is that denoted
with III, where the single-particle Hamiltonian is Hi(X, I'). In this case, the free-
energy barrier for adsorption is changed to:

Fig. 5.45 Butler-Volmer-
type free-energy barrier
scheme for considering
adsorption/desorption of
particles. Three different
cases are analyzed, as

discussed in the text z‘

(Reprinted with permission o

of Ref. [94]) 3
1

Adsorbed Desorbed

Height above surface
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A7(X,T) = 4y(X) + aH; (X, T) (5.67)

where a a is the so-called symmetry factor, usually assumed to be close to 1/2.
Thus, if the effective interactions of the ad-state are negative, the free energy
activation barrier will be lowered by the amount given by the second term on the
rhs of Eq. (5.67). Through this equation, we have solved a kinetic problem by using
a thermodynamic expression, given by Eq. (5.66). A free parameter Aj(X), which
depends on the species being adsorbed, has emerged from the ansatz (Eq. 5.67).

To get the activation energies for surface diffusion between neighboring sites i
and j, the ansatz proposed was:

Aj(X,T) = A (X)+;maX[H (X, I),H ;(X,T)] (5.68)

where the max[x, y] is a function that selects the maximum value between x and y
and ZS(X) is a new parameter to be chosen.

The parameters introduced in Eq. (5.66) to calculate H;(X,I') were not those
presented in Sect. 5.4.3.2 but an improved version of them, which were also
reported in Ref. [94]. The phase diagram obtained with this improved set of
parameters is shown in Fig. 5.46, along with a cyclic voltammogram for Cu upd
onto Au(111) surface.

Rather than on voltammograms, the KMC simulations were focused on
potentiostatic transients, motivated by experimental results that were discussed in
Chap. 2 [96-98]. Holzle et al. [97] measured current transients in potential-step
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Fig. 5.46 (a) Improved ground-state phase diagram for the system Cu/Au(111) in the presence of
sulfate anions, as presented in Ref. [94]. The structure of the different phases can be found in Fig. 5.35
of Sect. 5.3.2. The dotted line represents the isotherm used to simulate the potential-step experiments.
It was chosen to match the transition potentials observed in experiments. (b) Cyclic voltammogram
for Cu upd onto Au(111) surface, taken from Ref. [71]. Note the correlation between the peaks in the
voltammograms (A/A’ and B/B') in figure (b), with the crossings in the phase boundaries marked with
arrows in figure (a) (Reprinted with permission from Refs. [94] and [71])
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Fig. 5.47 KMC simulation of potential steps across the transition between the (1 x 1)? and
(\/§ X \/§) ;;2 phases. Left: Potential step in the positive direction, as illustrated by the arrow B’ in

Fig. 5.46a. Right: Potential step in the negative direction, as illustrated by the arrow B in Fig. 5.46b
(Reprinted with permission from Ref. [94])
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Fig. 5.48 KMC simulation of potential steps across the transition between the (\/§ X \/3) 2;2 and

(1 x l)g phases. Left: Potential step in the positive direction, as illustrated by arrow A’ in
Fig. 5.46a. Right: Potential step in the negative direction, as illustrated by arrow A in Fig. 5.46b
(Reprinted with permission from Ref. [94])

experiments performed at both transitions marked with A/A’ and B/B’ in Fig. 5.46a,
with both positive-going and negative-going steps. Figures 5.47 and 5.48 show
simulated potential steps for the B/B’ and A/A’ transitions respectively. In the first
case, it must be remarked that both transients reflect nucleation and growth mech-
anisms. As observed in the experimental data, the broad maximum becomes
stronger and it shifts to shorter times as the size of the step is increased. In the
second case, Fig. 5.48, it is remarkable that the transients are very different for
positive and negative potential steps. While the positive step present current
transients that are non-monotonic (left), the negative steps lead to monotonically
decreasing transients, which do not present to a simple functional form. Snapshots
of a simulation of this type of negative step shows that equilibration after the step
occurs in a disordered phase with a relatively high sulfate coverage (see Fig. 5.49).
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0.00s

Fig. 5.49 Series of snapshots after a negative-going potential step to 20 mV below the transition
between the low coverage and mixed layers, see arrow A in Fig. 5.46a. Note the high concentra-

tion of sulfate species at O s, the predominance of phase (ﬁ X ﬁ):g at 0.25 s and the

predominance of the (\/§ X \/§) ;g at 1 s. The circles were drawn to focus on some compact,
representative domains (Reprinted with permission from Ref. [94])

The sulfate present collapses first with incoming copper atoms to form a domain of
the phase (\/§ X \/§) ig, metastable at the potential where the step was made (see
Fig. 5.46a). This phase is filled later with Cu to yield finally the stable

(V3 x ﬁ);g phase (see Fig. 5.49).

The authors pointed out that the fact that different dynamic paths can give
current profiles qualitatively similar to those observed experimentally indicates
that more study of the copper upd system is desirable. However, it must be
recognized that these studies represented an important step forward in the under-
standing of this puzzling system.

5.5 Miscellaneous Models Applied to Underpotential
Deposition

We devote this section to different models that have been applied to model upd, but
which have not yet evolved to develop a wide branch of theoretical work.

5.5.1 Quantum Mechanical Semiempirical Calculations

Before the availability of DFT programs, much quantum mechanical work was
based on semiempirical approximations. This was for example the case of the semi-
empirical atom superposition and electron delocalization molecular orbital (ASED-
MO) technique [99, 100]. This method became very popular at the end of the 1980s
and the beginning of the 1990s, and found a number of applications to upd.
Mehandru and Anderson [101] used this method to consider the behavior of quarter
of a monolayer and a half-monolayer of Pb atoms adsorbed on Au(100) in rela-
tionship to the binding and orientation of the oxygen molecule on these surfaces.
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Lopez et al. calculated the stability of different Ni upd structures as a function of
surface coverage and electric potential applied to the Pt(111) surface [102], and
they also investigated the influence of different surface structures on coadsorbed
water decomposition [103]. In the first case, the information obtained was related to
the most favorable binding site and the growth mechanism of the metal deposit,
which was accompanied by a molecular orbital analysis. Lopez et al. used the same
methodology to consider the possible structures of copper electrodeposits on Pt
(100) and Pt(111) clusters under different applied electric potentials [104].

5.5.2 Orientational Ordering of Adsorbed Monolayers

We have seen in Chaps. 2 and 3 that Tl and Pb monolayers adsorbed on Ag(111)
surfaces form incommensurate, hexagonal monolayers that are compressed com-
pared to the bulk metals by 0.1-3.2 % and rotated from the substrate [011] direction
in several degrees. A similar observation has been made for TI and Pb adsorbed on
Au(111). To study these systems, Mola and Blum [105] and Mola et al. [106, 107]
have set up a model for the adsorption energy of a hexagonal close packed
monolayer deposited on a substrate surface of the same structure but different
lattice constant as a function of the epitaxy angle between the principal axis. The
underpotentially deposited Pb on the (111) surface of silver was the subject of
these studies, but the model could easily be extended to other similar cases of
different geometry. Figure 5.50 shows the geometrical arrangement that these
authors employed to represent this system. The substrate S was considered to be
described as a hexagonal lattice with lattice constant a, set equal to 1 for conve-
nience, while the adsorbate defined a superimposed hexagonal arrangement of

Fig. 5.50 Portion of a
geometric arrangement as
that used by Mola and Blum
[105] to study the upd
deposition of Pb on Ag
(111). Filled circles: points
of the substrate lattice.
Open circles: points of the
adsorbate lattice (Reprinted
with permission from Ref.
[105])



http://dx.doi.org/10.1007/978-3-319-24394-8_2
http://dx.doi.org/10.1007/978-3-319-24394-8_3

5.5 Miscellaneous Models Applied to Underpotential Deposition 265

lattice constant b. Coordinate systems (x,y) and (x’,y’) were defined for A and S,
respectively so that the vectors (m,n) and (r,s) with integer components define the
positions of the point lattices A and S. Assuming a common origin for both
coordinates, the angle 6 defines the epitaxy angle.

The representation of a lattice point X = (m, n) of the adsorbate lattice on the
substrate system, say X' = (x',)’) is given by:

X' = bM(0)X (5.69)

where the matrix relating the components in the two systems, which are shown in
Fig. 5.50, has a simple form:

2 [sin(z/340) in (9)
M(6) = V3 S sin () sin Eﬂ'/3 —-0) (5:70)

The points at which the two lattices in Fig. 5.50 overlap define a coincidence lattice.

These points, that we label within the adsorbate lattice with R, = (x, y, ), fulfill the
relationship:

d(xe,se) = (32 + 32 —xeye) * = b (5.71)

where d(x., s.) is the distance of the point R to the center of the coordinates and /4 is
an integer number. Using Egs. (5.69), (5.70) and (5.71) we get:

Al o)l e

which leads to the angle:

2 —
0= sinll Yo~ Ve 1/2] (5.73)
2(x2 = y2 +xee)

Considering the approximate experimental value of » = 1.2010, Mola and Blum
[105] calculated the values of &, x. and y. compatible with it, as well as the
corresponding 0, finding the best agreement with experiment for h =28,
b=1.2000 and 6 = £+4.43°.

Extensions of this model were developed by Mola et al. [106, 107], expanding
the potential energy per surface atoms in a Fourier series:

V(R) = Veexp(iG - R) (5.74)
G

where G denotes 2-dimensional reciprocal lattice vectors and R indicates the
position of an adatom.
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The binding energy per adatom was evaluated considering up to three or four
harmonics in Eq. (5.74), finding a good agreement between the calculated 0 values
and the experimental ones.

5.5.3 Entropic Contribution to Underpotential Deposition
Shift: Lattice Dynamics Analysis

Entropic contributions to underpotential shift (see definition in Chap. 1) have been
seldom considered in the literature [108]. Pioneering work in the modeling of
entropic contributions to underpotential shift was undertaken by Oviedo
et al. [109] by means of lattice dynamics. In this approach, the Hamiltonian of
the system, which takes into account potential and kinetic contributions to the

energy of the system in normal coordinates & and momentum & is written as:
H(¢,€) = ZZHH ZMaf (5.75)

where U(0) is the energy of the system when all atoms are in their equilibrium
positions, f; denotes an effective force constant and M, represents the effective mass
of particle i. The energy of the system was calculated using the EAM , as discussed
in Sect. 5.4.4.2, and the quasi-harmonic lattice dynamic method (EAMLD) devel-
oped by Barrera and co-workers [110]. Within this approximation, it is assumed
that the Helmholtz energy of a crystal at a temperature T can be written as the sum
of static and vibrational contributions:

F = Uga + Fvib(T) (576)

where Uy, is the potential energy of the static lattice in a given configuration and
F; 1s the sum of the harmonic vibrational contributions from all normal modes.
For a periodic structure, the vibrational frequencies v/(q) (q being a wave vector
defined in the reciprocal lattice of the system) are obtained by diagonalization of the
dynamic matrix, so that F;, is given by:

Fyip = i; Bhvj(q) + kBTln(l —exp (— hz};(;))ﬂ (5.77)

where the first term is the zero-point energy at 7= 0 K. For a macroscopic crystal,
the sum over q becomes an integral over a cell in reciprocal space, which can be
evaluated by taking successively finer uniform grids until convergence is achieved.
The normal mode frequencies v;(q) depend on the interactions among the atoms in
the solid, as described by the EAM.
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The vibrational contribution to the entropy is in turn given by:

Sy = kBi ; —ln(l —exp (— hz; (;P)) + [exphgi(%‘f_ 1} (5.78)

The specific heat at constant volume may be obtained from the previous equation
considering the thermodynamic relationship (0S/0T)y = Cv/T. Figure 5.51
shows the supercells used to perform the lattice dynamics analysis for several
systems, including the (111), (100) and (110) faces of different substrate/adsorbate
combinations containing Ag, Au, Pt, Pd and Cu. A 1 x 1 commensurate structure
was assumed for all systems.

Figure 5.52 shows the entropic contribution to underpotential shifts for the
systems analyzed, as function of the crystallographic misfit. The misfit was defined
as in Eq. (5.47), but without the factor 100, so that the systems included in this
figure are in the range 12% < enr < 14%. The first relevant information concerns
the magnitude of the entropic contribution to upd shift, where it is found that this
quantity is rarely largen than 20 meV, which translated into the electrochemical
scale means changes at the most of the order of 20 mV. It can be observed that plots
for all single crystal faces present a positive slope, so that negative and positive
misfits roughly correspond to negative and positive entropic contributions, respec-
tively. This has the following physical explanation: when an adsorbate is
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Fig. 5.51 Diagram of the supercells employed to represent the substrate (single crystal face) +
adsorbate system for the lattice dynamic analysis described in the text. It consists of a 14-layer
basis (12 inner substrate layers plus two external adsorbate ones). (a) Slabs and their images in the
z-direction. (b) Top view of the surface. Periodic boundary condition in x-, y- and z-directions
were applied (Reprinted with permission from Ref. [109])
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Fig. 5.52 Entropic contribution to the underpotential shift as a function of the crystallographic
misfit. The adsorption of M (M = Ag, Au, Pt, Pd, Cu) is considered on different substrates. (a)
(111), (b) (100) and (c) (110) corresponding to the three single crystal surfaces studied. The inset
shows the symbols employed to represent the different adsorbates on a given substrate. On each
line representing a substrate, the adsorbates were, from left fo right: Ag, Au, Pt, Pd and Cu
(Reprinted with permission from Ref. [109])

compressed to fit on a smaller substrate, its motion becomes more restricted
delivering a negative contribution to upd shift. This general trend is modulated by
specific chemical effects, but it seems to be valid in a first approximation. Exper-
imental entropy shifts will very likely differ quantitatively from the values reported
in Fig. 5.52, since the calculations assumed pseudomorphic structures, and real
systems with a large misfit will relax this condition either by adopting incommen-
surate structures or via the occurrence of surface defects in the monolayer.

5.5.4 Application of Molecular Dynamics and Related
Techniques to Underpotential Deposition

Molecular Dynamics (MD) is a computer simulation technique that allows gener-
ating trajectories in the phase space of a given system. This procedure is performed
by numerically solving the classical equations of motion (Eq. 5.6) and (Eq. 5.7),
presented in the introduction of this chapter and can be summarized as:
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2
In the quantum mechanical approach we took in the introduction of this chapter the
set {R;} represented the position of nuclei or core ions, which were in principle
treated separately from electrons. In a more approximate description often used, the
{R;} represent the position of the atoms, viewed as a whole. Each atom is not
viewed as composed of a nucleus and electrons, but considered as a whole entity,
which interacts with other atoms via an effective potential. This is, for example, the
case of the Lennard-Jones interaction potential, where the interaction between
particles 1 and 2 is given by:

12 6
O] O]
Vi3 (R12) = deLy [(RTD - (RD 1 (5.80)

where ¢ is the depth of the potential well, oy is the finite distance at which the

inter-particle potential is zero and R1, = |R; — Ry|. The potential energy for such a

system can be written as U(R) = %Z V,LjJ (R,- j). In order to continue the discussion
i#J

of the method, we introduce the atomic momenta p = (p;, py, P3, --- Py). Thus,

the kinetic energy of the system (K') can be written as:

— 2m

2

(5.81)

i

The total energy may then be written as a sum of kinetic and potential terms H =K
+ U. The time integration algorithm most commonly used in molecular dynamics is
probably the so-called Verlet algorithm. The general idea behind this algorithm is to
write third-order Taylor expansions for the positions r;(¢ & A¢), in different time
directions. If we consider that, for particle i, v; is the velocity, a; is the acceleration,
and b; is the third derivative of r; with respect to ¢, we can write:

R;(1+ Ar) = R;(1) + v;(t)Ar + %ai(t)Atz + éb,-(t)Aﬁ +0(Ar) (5.82)

Ri(t — At) = Ry(t) — vi(t) At + %ai(t)Atz - ébi(t)At3 +0(At*) (5.83)

By adding the two expressions, we obtain:
R;(r + At) = 2R;(t) — Ri(t — At) + a;(t) AP + O (Ar") (5.84)
Since we are dealing with Newton’s equations of motion, a,(¢) is just the force

divided by the mass, and the force is, in turn, a function of the complete set of
atomic coordinates {R;}, as established in Eq. (5.79).
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Molecular or atom dynamics simulation as discussed above is a deterministic
technique that allows the prediction of the “real” trajectories of motion at real time.
However, to capture many relaxation processes, the integration time step must be
very small, of the order of 10~ s, and therefore the period of time explored cannot
usually overcome the nanoseconds, something that makes the technique not suited
for many physical problems involved in crystallization. Furthermore, in some cases
not all the degrees of freedom considered are relevant for the process under study.
Taking metal deposition as an example, in some cases the simulator may interested
in the structure of the deposit being formed. While the coordinates of the discharged
metal atoms are relevant for this purpose, not so the coordinates of the solvent
molecules, since they rather participate as thermal bath where the depositing ions
are immersed. One of the options to solve this situation was discussed in Sect. 5.4.4.
Another, intermediate possibility is Langevin dynamics (LD), which was developed
to follow the trajectories of ions or neutral atoms in a fluid at relatively low
computational cost. The algorithm for LD is closely related to MD and is concep-
tually simple: the motion of the i-t4 atom with mass m; is governed by Langevin
equation:

d°R; &R |
F: fi_}/i?—"_ frand (585)

my
where the terms on the rhs of Eq. (5.85) denote: f; is the force as calculated in
ordinary MD, the second term corresponds to an average frictional force with a

macroscopic friction coefficient given by y;, and f ; is a random Gaussian force
obeying the fluctuation-dissipation theorem [111]. Ermak’s algorithm [112] pro-
vides a way to treat properly both the systematic dynamic and the stochastic
elements of Langevin equation.

Schmickler et al. [113, 114] have developed a simulation method combining MD
and LD to study systems of interest in upd. A scheme of this simulation method is
shown in Fig. 5.53. The simulation system consists of three principal parts. The
bottom part, labelled A, contains several layers of metal atoms arranged in an fcc
lattice (or similar) containing 400 atoms per layer; the three bottom layers are kept
fixed, the others are mobile and obey ordinary deterministic MD. The interaction
between these metal atoms is calculated from the EAM [78]. In the electrolyte
solution, only the metal ions are modeled explicitly as particles contained in the
regions B and C. Their motion is described using LD. In region C, the concentration
of the particles is kept constant by adding or removing particles, as required. In
contrast, region B contains a variable number of particles and can thus represent a
depletion layer for metal deposition. The particles in the solution do not interact
with each other, but experience a constant background. Switching between LD and
MD occurs at the interface B and A, allowing atom adsorption/desorption at rates
that depend on the background chemical potential .

Schmickler et al. [113] used the present methodology to study Ag upd on Au
(111) surfaces and Ptopd on Au(111) surfaces. In a subsequent work, Mariscal
et al. [114] used this methodology to analyze the decoration of Au islands on
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Fig. 5.53 Scheme of the simulation method developed in Ref. [113] to study the deposition of
metal atoms on a foreign surface, as described in the text (Reprinted with permission from Ref.

[113])

Au(111) surface by Ag atoms, and the deposition of Ni on Au(111) and Pt(111)
surfaces. Snapshots of a simulation of the former system are shown in Fig. 5.54
Very recently, MD simulations have also been used along with the two-phase
thermodynamic (2PT) method to study the entropic contribution to monolayer upd
formation [115]. We explain briefly the idea behind this application. In the canon-
ical thermodynamic ensemble, all thermodynamic functions can be calculated from
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Fig. 5.54 Snapshots of a MD-LD simulation of Ag decoration of a Au island on a Au(111) surface
(Reprinted with permission from Ref. [114])

the partition function Q. In the case of entropy, the relationship between entropy
and the partition function is given by:

B 0lnQ

The thermodynamic properties of pure metals are in many cases calculated on the
basis of a harmonic oscillator model using statistical mechanics [116]. Within the
harmonic approximation, the partition function can obtained from the vibrational
density of states DOS(v) of the system according to:

InQ — J:O DOS(v) W (v)d (5.87)

where v is the frequency of normal modes and W(v) corresponds to a weighting
function given by W(v) = —hv/2kgT — In[l — exp(—hv/2kgT)]. The density of
states (DOS) may be calculated from the Fourier transform of the velocity auto-
correlation function [117]. The harmonic approximation may be a reasonable
approach for bimetallic systems with negligible mobility and misfit [109]. However,
in bimetallic upd systems like Pb/Au, characterized by a high adatom diffusivity
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and misfit, this approach may no longer be valid because of the significant
anharmonic nature of the frequency modes. Furthermore, in very small
bidimensional clusters the translational contribution may become important. This
is the reason for the development of a more sophisticated approach including
translational contributions, like the 2PT model. Within this model, the thermody-
namic properties are determined from the sum of static, translational, and vibra-
tional contributions. In the case of entropy:

S = Slras + Svibra (588)

This is possible by dividing the DOS distribution into solid-like and gas-like
components:

DOS(v) = DOS*(v) + DOSE* (v) (5.89)

The gas component is determined based on the DOS at zero frequency and ensures
that all of the diffusive modes are included in this component. Once the gas-like
component is determined, the solid-like component can be obtained from the
difference between the total DOS and the gas-like DOS. So, the 2PT method allows
the computation of anharmonic effects explicitly. The studies of Ref. [115] dem-
onstrated that very small Pb clusters on Au(111) surfaces show an entropic contri-
bution to their stability. This is expected from the observation of their DOS, as
shown in Fig. 5.55, where the increasing translational contribution for smaller
clusters is marked with arrows in the figure.

The entropic contribution of small clusters to underpotential shift, calculated
using the 2PT method is shown in Table 5.13, together with the energetic and free
energy contributions. It can be observed that the largest contribution to the upd shift
stems from the vibrational part, being the translational practically negligible, even
for the smallest clusters.

Fig. 5.55 Density of states 0.05
corresponding to Pb clusters
of different sizes on a Au
(111) surface at 300 K as is
indicated in the legend. The
curves have been
normalized by dividing by
the number of Pb atoms 0.02
(Reprinted with permission
from Ref. [115])
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Table 5.13 Entropic, energetic and free energy contributions to the underpotential shift for
bidimensional Pb clusters of different sizes. The entropic contributions are divided into transla-
tional (TS42) and vibrational (TS}i®) ones. TAS"P and AU"P correspond to entropy and potential
energy differences referred to the Pb atoms in the bulk state. All values are in eV per atom. Taken
with permission from Ref. [115]

Cluster (2d) TSEy TSy, —TAS"™ AU™ AA™
2-Pb 0.0203 0.089 0.076 0.084 0.160
3-Pb 0.0154 0.123 0.047 0.037 0.084
4-Pb 0.0145 0.139 0.032 —0.016 0.016
5-Pb 0.0151 0.149 0.021 —0.031 —0.010
6-Pb 0.0203 0.152 0.013 —0.013 0.00
7-Pb 0.0111 0.162 0.012 —0.055 —0.043
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Chapter 6

Underpotential Deposition and Related
Phenomena at the Nanoscale: Theory
and Applications

6.1 General Aspects

Macroscopic materials composed by transition metals such as Ag, Au, Cu, Pd, and
Pt are ductile, malleable, besides displaying excellent electrical and heat conduc-
tivity and high optical reflectivity. These properties have allowed these materials to
be widely used in several areas, such as electronics (electrical contacts and
conductors) and the catalysis of chemical reactions. When the size of these mate-
rials decreases to the nanometric scale, these particles show unique properties,
which cannot be observed in macroscopic-sized materials. The number of synthesis
methods of these nanomaterials and their new and possible technological applica-
tions has increasingly grown during the last decade. This progress has inevitably led
to the commercialization of several nanomaterials. For example, Ag nanoparticles
(NPs) have been used as a type of antimicrobial reactive of broad spectrum in
medicine, mass consumer products, antiseptic aerosols of domestic use, antimicro-
bial water filters coatings, etc. [1]. Apart from these commercial applications,
nanomaterials are largely used in the field of research, e.g. plasmonics, medicine,
reactivity, combustion cells, etc. [2, 3].

These last decades have witnessed important advances in the development, the
characterization and the way to assemble and/or produce molecular-scale devices.
Nanoscience and Nanotechnology are the branches of science in charge of these
advances. Nanotechnology consists of production, manipulation, and integration of
devices at the nanoscale while Nanoscience provides the basic theoretical support
for these achievements [4, 5].

Many construction processes, artificial as well as natural, occur at the nanoscale;
this has inspired many different researchers all over the world to deepen into the
fundamental study of matter at this scale. The new properties possible to be reached
manipulating the matter at these size orders are unprecedented and for this reason,
different authors predict that this technology will lead to a third industrial revolu-
tion much deeper than its predecessors.
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Several examples clearly show that the physical parameters of nanomaterials
such as size, shape, surface coating, and surrounding environment strongly influ-
ence their properties and, therefore, their performance in the applications. Different
shapes of metallic nanomaterials are synthesized in a routine way; these include
spheres, spheroids, cubes, cuboctahedrons, octahedrons, tetrahedrons, decahedrons,
icosahedrons, thin plates, ribs or wires, stars, etc. To this aim, a great number of
techniques, protocols, and manufacturing routines can be summarized in two types
of strategies:

(a) Top-Down, also known as conventional manufacturing: it starts from the big
objects which are then broken down into smaller objects. This type of strategy
has characterized the technological advances of the last century. Some com-
mon examples are the technologies used for the manufacture of microproces-
sors, hard disks based on giant magnetoresistance, focused ion beams, atomic
force microscope tips used as a writing device, etc.

(b) Bottom-up, also known as molecular manufacturing: small individual ele-
ments are linked together in order to form bigger components with a superior
hierarchy, which then in turn are linked to each other until an even bigger
system is formed. For instance, the manufacturing processes that utilize the
specificity of Watson-Crick base pairing to build DNA and other nucleic acids
well-defined structures, the chemical and/or electrochemical synthesis
(organic and inorganic synthesis) aim to design molecules with well-defined
shape, molecular self-assembly for automatic ordering, etc. It is expected that
this type of strategy will prevail in the present century.

Bottom-up methods allow smaller geometries than Top-Down ones and are
generally more economical. Today we face a dramatic transition stage between
these two strategies [1-06].

But, what makes nanothecnology or nanoscience scientifically interesting? This
question has many answers, but perhaps the one of greater importance is that many
of the nanosystems properties can be tuned by controlling the size, shape and
composition of nanosystems. Such is the importance of this topic that a complete
book has been devoted to it [7]. In general, nanomaterials properties separate from
the macroscopic laws of Physics; however, these properties can be rationalized
considering quantum mechanics and/or nanothermodynamics. Ligand molecules
generally coordinate small metallic clusters, commonly less than 1 nm in diameter,
and their behavior is similar to that of a single molecule. In contrast, properties of
metallic NPs, greater than 1 nm in diameter, can be considered as intermediate
cases between the properties of a single molecule and the properties of bulk
material. The following example can help to a better understanding of this situation.
The melting point of a solid is, in a classical way, a constant, an intensive property
of the matter; it is even utilized in the laboratories initial lessons at chemistry
university studies as a method of identification. This picture may not occur at the
nanoscale. It is well-known that the melting point of a bulky piece of Au is
approximately 1337 K, but Au-NPs of approximately 20 nm in diameter start
melting at lower temperatures. The melting point dramatically falls in sizes ranging
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from 3 to 4 nm [8], while for a Au nanocluster of 1.5 nm, it can fall down to
775 K [7].

What effect does nano-size have on the chemical properties of materials? The
answer will be given through another example. The chemical potential of a com-
ponent’s system, 4, is defined as the differential change of Gibbs free energy, G,
given the addition of a new particle to the system, N, maintaining all the other
variables constant. Mathematically speaking this corresponds to:

oG G
(&), =% (o1

If the system is infinite (bulk), both equalities in Eq. (6.1) are then fulfilled. In other
words, the chemical potential is only a function of pressure (P) and temperature (T),
that is, we can write u(P,T). Let us consider now a NP of the same material, at the
same P and T conditions. The NP chemical potential, called ﬂNP, is:

oG
— ~ N3 NP 6.2
(aN)p,r H+a 7 (6.2)

where a is a surface free energy per atom, N~ '/3 appears as a consequence that the
number of surface atoms is proportional to N to the power 2/3. It is worth
mentioning that Eq. (6.2) is a first approach to the chemical potential of a NP. If
the NP was of a smaller size or free standing, other contributions should be added to
Eq. (6.2), such as curvature and rotational terms. The mathematical expression for
™ depends on the model used to describe it. The most used version consists in
assuming a spherically-shaped NP where aN~'/3 = (2My) /(zFpr) where M, y, z, F,
p and r correspond to the molar mass, surface energy, cation charge, Faraday
constant, specific mass and NP radius, respectively. This is known in the literature
as Gibbs-Thomson Model. As the NP gets smaller, the second term on the right
hand side of Eq. (6.2) becomes relatively more important and subsequently, major
deviations from the bulk behavior will appear. It is intuitive to infer from Eq. (6.2)
that at the nanoscale, the chemical potential is not only a function of both: P and T,
but also of the NP size as well, that is ,uNP(P, T,N).

What effect does nano-size have on the electrochemical properties of materials?
We will attempt an answer by analyzing the effect on the Fermi level of a metal
(ep). The latter magnitude is defined as the electrochemical potential of the elec-
trons inside a metal (i,). The work function (@), is the minimum work necessary to
remove an electron from the Fermi level to the vacuum:

o = —EF — e()tﬁ (63)

where ¢ is the electrostatic potential right outside of the metal. The vacuum level is
the energy of an electron at rest at a point far enough from the surface that the
electrostatic image force can be despised — typically at 10 nm from the surface [9].
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If the electrode is infinitely large, then ® has a well-defined value for a given
metal and surface structure. Conversely, for spherical metal NPs of intermediate
sizes, the electron removal energy has been found to scale as [10]:

2My 5 ,]1

O = — | —Z¢f |- 4
LFp Seo}r (64)

where ®"* corresponds to the NP work function. The term 2My/(zFp), appears from
considering the change of the NP chemical potential according to the Gibbs-
Thomson model [11], as presented in the discussion following Eq. (6.2). The
term 5e3/8 corresponds to the corrections of the image-charge contributions
according to a classical model introduced by Wood and Plieth [12, 13]. Thus,
work function size dependence may be considered as the addition of two terms:
first, the chemical potential change of the electrons in the metal particle and second,
the image force change. If a NP is used as a nanoelectrode, the position of its Fermi
level regarding the molecular orbitals of the redox species in solution may change;
consequently, its electrochemical behavior may be different. In general for a metal,
the dipolar contribution is greater than chemical contribution, so extracting an
electron from a NP sometimes involves a larger work than taking it out from the
corresponding bulk material and the smaller the NP is, the larger this work will
become. Thus, this early work showed that “nano” effects might become important
in electrochemical processes where the work function is known to play a key role,
for example in determining the potential of zero charge of the electrode. For
instance, Schnippering et al. [14] showed that the work function of Ag particles,
QEQ increased from (5.29 £ 0.05) to (5.53 4 0.05) eV as the particle size decreased
ranging from 35 to 4 nm. These values are approximately 1.01 to 0.55 eV higher
than for monocrystalline Ag surfaces (4.74, 4.64, and 4.52 eV for [111], [100], and
[110] surface, respectively [8]). As it is mentioned by the authors, this great
difference is also partly attributed to the surface dipole induced by the link
citrate-Au (surface) (about 0.2 eV) and the presence of an oxide film on the
Ag-NPs surface. However, disregarding these contributions, the tendency to
increase ®); with the size is still clear.

6.2 Kinetics and Thermodynamic Driving Force

6.2.1 Reduction Mechanism

The reduction of aqueous metallic oxidized species, Mf;), leads to neutral atoms

and these constitute the construction blocks of clusters and metallic NPs. This
process is the result of consecutive redox reactions in which the electrons of a
reducing agent, Red", are transferred to the metal according to the following
electrochemical equations:
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mMa'q) + (mz)e” — M2 (6.5)
Red" — Ox"™' e~ (6.6)
mM&) + (mz)Red" — (mz)Ox"*! + M° (6.7)

where Ox""! is the oxidized species. The driving force of the process is the

difference between the redox potentials, AE, between reactions (6.5) and (6.6).
The magnitude of AE determines the value of the equilibrium constant, K, of
reaction (6.7) according to:

zF
RT

InK =—AE (6.8)

The reduction reaction of M(;) is thermodynamically possible only if AE is

positive, which implies that the redox potential of the reducing agent must have a
more negative value than that of the metallic species. From a practical viewpoint,
this difference must be greater than about 0.4 V, otherwise, it will not be able to
start, or it will proceed at a very slow speed. For example, for the Au o Pt cases, two
metals with high reduction potentials (E%u+ JAu = 1.692 V and Egtz+ P = 1.18 V),

the reduction process may occur with weak reducing agents. On the contrary,
metals with low reduction potentials such as Cr (EOCrz‘ Jor = —0.913 V) require

stronger reducing agents and more extreme reaction conditions.

If the metal ion intervening in reaction (6.5) is complexed in aqueous solution or
if it is part of a compound, the standard redox potential, E° will be smaller. The
decrease of redox potential depends on the stability of these complexes; for
instance, Table 6.1 shows the changes occurring in the Ag ion standard potential
due to the formation of complexes with an increase in the stability. These different
stabilities limit the selection of the reducing agents.

Another alternative to modify E? is the use of the acid—base reactions, which are
generally coupled to the reduction reactions. The reaction pH has a strong impact
on the solute redox potentials and this impact can be quantified by Nernst equation.
Both, complexing and pH effects, can be condensed in the so-called “redox dia-
grams”. These provide detailed information about the way to manipulate the
reaction conditions in order to generate metallic NPs with the desired structure
and size. As an example, Fig. 6.1 shows the redox diagram of Pd**, Ag®™ and
hydrazine when the pH of the solution is adjusted with ammonia, which strongly
makes both cations complexed. The corresponding redox reactions are inserted in
the Figure.

According to Eq. (6.8) an increase in the value of AE will translate into a more
spontaneous reaction, leading to smaller sized metal particles due to the generation
of a larger number of nuclei. The size of the metal particles decreases as AE of the
reaction increases. So, reduction reactions with very large AE must be employed to
generate nanosized metal particles, which implies the selection of uncomplexed
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Table 6.1 Changes on the Redox system O
Ag™ redox potential as the Aot e o Agd 0799
result of the formation of g te —Ag :
different complexes in [Ag(NH3)2]Jr +e — Ag’ 0.38
aqueous solution [Ag(SO3)2]37 e — Agd + 280%‘ 0.29
[Ag(S:05),]" + e — Ag’ + 25,03 0.01
[Agl™ +e — Ag’ + 41" —0.09
[Ag(CN),]* +e — Ag’ +3CN~ ~0.51

Reedited with permission from Ref. [15]
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Fig. 6.1 pH effect on the hydrazine redox potential and the complex ammonium-Metallic of
palladium and silver (Reprinted with permission from Ref. [56])

metal ions coupled with very strong reducing agents. The requirement of a large AE
is a necessary, but not sufficient condition to achieve such monodispersed small
particles. We can infer from Fig. 6.1 that the Pd-NP formation reaction by hydra-
zine oxidation may occur without kinetic hindrances at low and high pH. However,
at pHs about 5, AFE has a small (but positive) value, indicating according to Eq. (6.8)
that the Pd-NP formation is thermodynamically driven but kinetically hindered.
A similar argument cannot be given for the formation of Ag-NPs with hydrazine.
Another example of manipulation of redox potential with pH can be found in the
article by Sanchez-Iglesias et al. [17]. These authors grew a Ag layer at room
temperature through the reduction of Ag-ions with quinone/hydroquinone on a
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Au-NP surface. The coupling of an acid—base equilibrium, allowed these authors to
modify the hydroquinone redox potential with pH [18]. At a pH of 7.4 or higher, the
hydroquinone redox potential is enough to reduce Ag, even if Au-NPs were present
or absent. At pH values below 7 the redox potential becomes less negative and no
reaction occurs even when Au-NPs are present. At intermediate pH values, it is
possible to reduce Ag only on the Au-NPs surface.

Solvents play an important role on the NPs electrochemical synthesis
[19]. These can play a multiple role on the preparation; for example, primary
alcohols (methanol, ethanol) can work as solvent as well as reducing agents in
the preparation of Pd, Pt and Au NPs, while the polyols (glycerol, diethylene
glycol) can perform a triple function: as solvents, stabilizing and reducing agents,
in the preparation of Cu and Ni NPs [20].

6.2.2 Strong Versus Weak Reducing Agents

The reducing agents that produce the metallic reduction reaction in Eq. (6.7) can be
classified as weak or strong. However, as discussed in the previous section, this
depends on the reaction conditions.

One of the most common reducing agents is hydroquinone (H,Q). This agent is
widely used for reducing Ag-ions for photo developing. In the photographic
processing, the BrAg film exposed to light creates small Ag metallic clusters,
which are too small to be visible with naked eyes. This constitutes what is
commonly denominated as a photographic negative. The fogging process consists
in provoking a growth in these metallic clusters through the addition of a solution
containing H,Q and additional Ag-ions. This makes the initial clusters grow until
they become visible. H,Q is incapable of reducing Ag-ions isolated in photographic
film, but it is capable of reducing Ag-ions in the presence of pre-existent metallic
clusters. Fayet et al. [21] proposed that these clusters should be composed of at least
four atoms. The reason for this selection lies in its reduction potential. The energy
used to reduce several Ag-ions to create a precursor seed is markedly different from
the energy used to reduce ions on a pre-formed metallic cluster. This is the
difference between homogeneous and heterogeneous nucleation, as we will discuss
later. Table 6.2 shows estimates of the redox potential of different Ag metallic
clusters [18]. From Table 6.2, we can observe that the hydroquinone redox potential
is E% JH,Q = —0.7 V for pH =1 and it is incapable of exceeding the highly negative

redox potential required to produce an isolated Ag atom, E(Z\g+ Iag = 1.8 V. How-
1
ever; it is enough to reduce Ag™-ions if there are previously existing clusters made

of four or more atoms, on which the redox potential for Ag* is EOAg+ Jag) = -04V
4

or higher. It is worth mentioning that the Ag™ ions could also be reduced on solid
Ag, because EOAg+ JAg) = 0.8 V. An analogous situation should occur in the forma-
tion of the Ag-NPs in solution.
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Table 6.2 Redox Potential required to produce an Ag cluster of a given size

Redox system E°/V

Agt +e” — AgY -1.8

Agt +e +Ag) — Ag) -0.9

Agt +e +Ag) — Al -0.4

Agt+e” + Al | — Agd 0.799
Q+2H" +2¢~ — H,Q —0.699 (pH=1)
Q+2H" +2¢ — HQ 03 (pH=7)
H,BO; + 5H,O + 8¢~ — BH; + 8 OH™ —1.24 (pH=14)
C¢HgOg + 2H' + 2e¢~ — CgHgOg 0.13

Values taken from Ref. [18]

Borohydride (BHy4)™ is one of the strongest reducing agents widely utilized in
the generation of NPs and in many other applications in organic and inorganic
chemistry. The redox potential, at pH = 14, is E%ZBO; JBH; = 1.24 V. Borohydride

reacts quickly with Ag*-ions in solution to create Ag-NPs. Given its high reduction
potential, this agent is used in the formation of initial clusters of almost all transition
metals. In the particular case of Ag, and when observing the reduction potentials
shown in Table 6.2, it seems contradictory that the (BH)™ may reduce Ag™-ions.
Nevertheless, it should be taken into consideration that in general, for a reaction to
take place in solution, the Ag*-ions are complexed, a fact that reduces the free
energy necessary (or the potential) to form the precursor seed, as it can be observed
in Table 6.1. To thoroughly analyze this problem, we can resort to the experiment
by Gentry et al. [18], whose results are represented in Fig. 6.2. There, we see the
absorption spectra for Ag nanoparticles grown using as reducing agents (a) H,Q and
(b) (BH4)™ /H,Q. Figure 6.2a shows the spectrum when the solution containing
Ag-ions is exposed to reduction of H,Q; no formation reaction is observed. On the
contrary, when (BHy) ™ is added to the electrolyte solution, Ag-ion reduction starts
and a shoulder near 400 nm (Fig. 6.2b) starts to appear in the absorption spectrum.
After the whole (BHy) ™ has reacted, then authors proceed to add H,Q observing an
increase in the absorption spectrum intensity, thus indicating the growth of the
Ag-NPs previously formed (Fig. 6.2b). In other words, H,Q is useful as a weak
reducing agent (incapable of forming initially Ag) once a strong reducing agent
such as (BH4) "~ is employed to start the formation process. A similar discussion is
valid with stronger and weaker reducing agents other than borohydride and
hydroquinone.

6.2.3 Formation Mechanism of Monoatomic Nanoparticles

Metallic atoms generated by reduction according to Eq. (6.7) are substantially
insoluble in aqueous media and, therefore, they become gradually added in groups
called embryos. Embryos are dynamic entities that intervene in the process of
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Fig. 6.2 Extinction spectra on (a) unseeded and (b) seeded samples. The unseeded colloid
contained 1.0 mol fraction HQ relative to the number of moles of AgNO;, but no NaBH,. The
seeded colloid was initially charged with 0.02 mol fraction NaBH,. HQ (6.0 mol fraction) was
added to the seeded sample after 3 min. All samples contained 0.2 mM AgNOj; and 0.2 mM
sodium citrate (Reprinted with permission from Ref. [18])

continuous dissociation-condensation. As new metallic atoms are generated,
embryos grow until they reach a determined size, called precursor seed. The nuclei
size depends on several reaction parameters such as the solubility constants, solute
concentration, redox potential, temperature, nature, and concentration of surfac-
tants, of solvent viscosity and surface tension. These nuclei are, as a rule, metasta-
ble since they represent a system of relatively large free energy. These nuclei can
grow through two different mechanisms: reduction of material on the seed surface
and through addition of other nuclei in themselves. To produce NPs of practically
the same size (monodispersity), the coalescence process among nuclei must be
hindered at the early stages. This objective can be fulfilled by manipulating the
electrostatic and/or steric effects of each NP. Electrostatic stabilization, strictly
based on manipulating the equilibrium between attractive and repulsive forces, has
little impact on the concentrated systems. There, the double layer is compressed due
to the high ionic strength and, consequently, the NPs can get closer and undergo
aggregation. By contrast, in dilute systems, the impact of the double layer is quite
effective and has the advantage of leading to stable dispersions because the
extension of the double layer is large. Electrostatic stabilization consists in the
adsorption of surfactant, polymers, or polyelectrolytes, which counterbalances the
van der Waals forces. The efficiency of both types of hindrance significantly
depends on the system under study.

Let us consider for simplicity the free energy of formation of a monoatomic,
naked, free-standing nanoparticle at an overpotential 7, which is given by:

Aéform = [GNP — NMﬂ&ulk] + Z€0NM77 (69)

where G™* is the free energy of the NP, Ny is the number of its constituent atoms,

and yk}[‘lk is the chemical potential of the atoms in the bulk metal, since we are
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considering this material as the reference. Following Eq. (6.2), at first approxima-
tion, [GNP - NM/zl'\'j[“1k] term is positive and proportional to the number of surface

atoms, so [GNP —N Mﬂ&mk] ~ aNIZV{S. Then Eq. (6.9) may be approximated by:
AG = aN? + zeoNyn (6.10)

This equation has been widely used to analyze nucleation and growth phenomena.

Note that the first chemical term is proportional to le\f and the second one, the
electrochemical term, is proportional to Ny,. Thus, the electrochemical factor has a

larger power dependence in AG than the surface term and the former will predom-

inate in the limit Ny; — oo. Thus, the behavior of AG will be of two different types,
depending on whether # > 0 or # < 0. This situation is illustrated in Fig. 6.3.
In the first case, 5 > 0, the electrochemical factor will add the monotonic

growing function zeyNy; to the surface energy term, so that AG becomes always
positive for all Ny;. This behavior is the natural consequence of the increasing area
of the growing NPs, and shows that, subject to the chemical potential of the bulk
metal M, particles of all sizes will tend to dissolve.

In the second case, where n < 0, the electrochemical contribution will add a
monotonic decreasing term to the monotonic increasing surface term, so that a
maximum will appear at Nyy = N ;,[, corresponding to the critical cluster size. This
situation is illustrated qualitatively in the broken line of Fig. 6.3, and corresponds to
systems where the thermodynamic stable state is the bulk material. Particles of size
Ny, are in an unstable equilibrium. Smaller particles will dissolve, and larger
particles will grow towards the bulk condition. The application of a more negative
overpotential, 7 << 0, shifts N}, to lower values, but the maximum still persists.

Figure 6.4 shows the energetic contribution to AG for the growth of an Au-NPs
with two different crystalline structures, as obtained from computer simulation
based on semiempirical embedded atom potentials [22-24]. It can be observed
that the overall behavior is qualitatively similar to that described in Fig. 6.3 and

Fig. 6.3 Qualitative
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Fig. 6.4 Potential energy excess as a function of the number of atoms Ny, for octahedral (black
lines) and icosahedral (red lines) Au nanoparticles. The plots correspond to overpotentials of (a)
n = 0 and (b) zepn = —75 mV. Some selected numbers of atoms, corresponding to closed shells,
are marked with arrows

Eq. (6.9). However, the presence of a crystalline structure generates a sawtooth
behavior of the curve, something that is characteristic of this type of systems
[25, 26]. While the minima marked by arrows in Fig. 6.4 correspond to the
completion of full shells in the NP, the fine structure is due to growth of individual
facets. The latter are a consequence of the local minimization method employed in
[27, 28] and could disappear if global optimitization methods are used [3]. The
layer-by-layer growth characteristic of these metastable systems [7, 27], may be
understood in terms of the presence of local minima, separated by barriers of the
order of the eV, we will later return to this issue. The beginning of crystal growth
(nucleation) takes place under supersaturation conditions. That is, the electrochem-
ical potential of the metal ions must be larger than that corresponding to the bulk
phase (# < 0). Under supersaturation conditions any NP size is unstable and,
consequently, the NP should grow ad infinitum or dissolve. This “grand canonical”
picture (in the sense of an open system) of NP growth actually occurs in the
synthesis in a rather short period of time. As the NP grows, the concentration of
ions in solution starts to decrease, the system approaches equilibrium and subse-
quently the pf — g%, The later conditions correspond to a rather “canonical”
picture of growth. Both pictures regarding NP growth coexist in the literature. As it
will be further seen, a canonical view is useful to understand the processes of
nucleation and growth, while a grand canonical view allows understanding stabil-
ities in the processes of NP formation via upd.

A consequence of the fact that uf > pf*'%, making the NP unstable with respect
to the bulk material, is that most of the methods of NP synthesis must control their
size and morphology using kinetic strategies to block their growth. In order to
understand this, a scheme was proposed by LaMer in the 1950s [28] and it is known
as the “burst nucleation” concept. As it was mentioned in the above paragraphs,
most of the methods employed in the formation of NPs require a supersaturation to
proceed. In this process, many nuclei are generated at the same time, and then these
nuclei start to grow. Because all of the particles nucleate almost simultaneously,
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Fig. 6.5 (a) Typical free energy profile for the growth of a NP according to Eq. (6.9). (b) LaMer
plot, change of saturation as a function of reaction time

their growth histories are nearly the same. This is the essence of the “burst-
nucleation” process, which makes it possible to control the size distribution of the
ensemble of NPs as a whole during growth. “Burst nucleation” has been adopted as
an important concept in the synthesis of monodisperse NPs. As a synthetic strategy,
this method is often referred to as “the separation of nucleation and growth”. In this
homogeneous nucleation process, there exists a high free energy barrier, mainly due
to the appearance of a new interface between the new (growing) phase and the
original one (precursor).

How does burst nucleation work? At a given moment, the precursor agent starts
to be injected. Let us further assume that diffusion is infinitely fast, so that matter is
uniformly dispersed all over the volume of the system, and that its temperature
remains unchanged. As the initial concentration of precursor is small, uﬁp > ”ME; g

where v is the chemical potential of M*" in solution. A typical point in this
aq

region would be for example point P1 in Fig. 6.5b. The work of nucleation should

be similar to that described in curve P1 in Fig. 6.5a. This condition is generally

called subsaturation region. Upon further addition of matter, uf < i s locating
aq

the system in the supersaturation region. Supersaturation increases continuously
until the injection of matter stops. This point corresponds to step II, called “the
nucleation stage”. At this moment, the amount of metallic precursor is maximal, so
that metal activity and the solubility coefficient take their largest value. This
corresponds to the point marked as P2 in Fig. 6.5b. The work of nucleation under
these conditions will look like the curve P2 in Fig. 6.5a. At this time, the critical
nucleus size reaches its lowest value. As the system is under supersaturation
conditions, very frequently growth nuclei are formed; many of them being unstable,
but occasionally large fluctuations are produced so that these fluctuations overcome
the above-mentioned critical nuclei. These NPs are stable and begin their growth.
At the same time these nuclei grow, other new nuclei are formed, and the precursor
concentration drastically decreases. The situation at this intermediate period is for
example that of point P3 in Fig. 6.5b, and its work of nucleation is described by
curve P3 in Fig. 6.5a. In LaMer’s curves, this corresponds to the third stage of the
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process, and the latter is generally called the “growth stage”. When the precursor
concentration decreases, the critical nucleus size displaces toward larger values. At
this stage, the probability of nucleation is relatively low. This prevents the forma-
tion of new nuclei and favors the growth of those already existing. Growth
continues and u}f decreases asymptotically to e - At this moment, the critical

nucleus size has reached a very large value; a typical point for this situation has
been marked as P4 in Fig. 6.5a, b. At this stage, the nucleation process is practically
suppressed and only the growth of nucleus previously formed is observed. The
experiment described above is the essence of the separation between the nucleation
and growth processes. As the transition time between stages I and II becomes faster,
the monodispersity of the NPs formed increases.

In systems with a rather low speed of metal reduction, the formed nuclei can
fluctuate between crystal structures and twined crystals [29]. This frequency of
structural exchanges decreases when the NP size increases, until the point in which
the NPs are trapped in one of these structures. These structures will serve as a guide
for growth. Many applications need to be able to select some of these structures. A
solution to this may be including new components to the system, which allow
differentiating them even more in energy and finding a way to separate selectively
nuclei from each other to obtain a better monodispersity of the NPs structures
synthesized. For example, this is the case of adding to the reactants small quantities
of oxygen and chloride ions to select the Ag-NP type to be obtained. In presence of
these two components, the twinned structures can be dissolved because the twin-
ning sites provide active sites for NP oxidation (little coordination). This corre-
sponds to an etching process, where chloride acts as a coordinator causing also
oxidation of these sites. As a result, the final NPs present only crystal structures
with {111} and {100} type facets [30].

The differences between theoretical predictions and experimental results suggest
that the nucleation process of NPs in aqueous solution does not proceed via the
classical pathway from LaMer’s point of view; but it follows ways that are more
complex and it involve several steps. For example, little nuclei can be linked
together to form bigger and more stable nuclei. In order to understand this phe-
nomenon, two models have been proposed: the Lifshitz-Slyozov-Wagner model
[31, 32] and the two-stage model [33]. There is evidence that clusters of smaller
sizes than the critical one, are sufficiently stable to the extent that successive
aggregation of these units cause a rise in the speed of NPs formation [34]. The
interaction (coordination) between solvent and/or surfactants molecules with small
clusters can stabilize the molecules enough time so that these little units can be
added to form a single big group, which eventually nucleates towards the bulk
phase. Then, the presence of other components in the thermodynamic formulations
is necessary to allow analyzing the effect of anions, solvents, surfactants, and so
on. Important advances on the influence of these contributions on the formation of
upd monolayers have been the pivot of the discussion in Chap. 3 of the present
book. However, its extrapolation to the nanoscale still corresponds to a vacant issue
in current literature.
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6.2.4 Statistical Mechanic Formulation on the Stability
and Metastability of Nanoparticles

In the present Section we will focus on the problem of stability of homoatomic
nanosystems, with the aim of extending later these concepts to the study of upd on
nanoparticles. To this purpose, we will use the Hill and Chamberlin model
(HC) [35] originally developed to study the conversion of metastable (nanometric)
drops of a liquid into its bulk phase. Important similarities arise for the formation of
NPs in solution. This formalism was based on nanothermodynamics rules. For an
introductory view, we address the readers to the first chapter of Hill’s book on small
systems [36].

The partition function of an incompressible, completely open system may be
written as follows:

o0

Y(u,T) = Z O(Nu, T)expluNwm/ksT] (6.11)

Nu=1

where Q(Ny, T') corresponds to the canonical partition function of an N-atoms sized
cluster at temperature 7. If we further consider that the system is made of a
spherical cluster, Q(Ny, T') takes the form:

O(u,T) = ¢(T)N*exp [_a(T)Nif + BN /kBT} (6.12)

The term c(T)Nﬁ,l corresponds to rotational and translational contributions, a(T') is
proportional to the surface tension and the term u'ﬁ,}‘lkNM/kBT is related to the
partition function of Ny, particles in the bulk. Replacing Eq. (6.12) into Eq. (6.11)
yields:

Y(u,T) = o(T) i N*exp {— ((pNM + a(T)Nﬁfﬂ (6.13)

Ny=1

where the coefficient of saturation has been defined as ¢ = (u&”lk — /4) JkgT. If @
> 0 the system is in a subsaturation region; if ¢ < 0 it is in supersaturation
conditions. If ¢ = 0 the system is right at the saturation limit. The probability
density of observing a cluster made of N atoms may be written as follows:

Puy, (4, T) = (TN Yexp {WSZTTA; (TN %3)} (6.14)

The main idea in the HC model is to analyze stability in terms of the numerator of
Py, (u,T), since Y(u,T) is fixed for the given y and T. Then, a plot of filNn, 4, T)
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defined as f(Nm, u, T) = Py, (1, T)Y (u, T) will present the same behavior as Py,,
(u,T) out of a constant factor. A more suitable form to represent f is to make the
changes of variables n = a®/>Ny; and 6 = a—/?¢, to get:

F(Ny 1, T) = f(n) = n%xp[—én]exp{—nz/ﬂ (6.15)

Figure 6.6a shows a contour plot of f{(n) as a function of 6 and log(n) at 300 K. We
have selected four representative iso-saturation lines to this purpose:
6=0, —0.04, —0.07, and —0.09, which are plotted in Fig. 6.6b—e. Each of the
factors in Eq. (6.15) has been marked in Fig. 6.6b—e to illustrate the different
contributions to f(n). We can mention that the surface component is always a
decreasing quantity (green curve), and that its value depends on the surface energy
of the NP being formed. The rotational-translational contribution (red curves) is
always a monotonically increasing function. The product of the two former com-
ponents (the case of 6 = 0, black curve) determines a maximum of f(n) around log
(n) = 2.6 (Fig. 6.6b). This maximum indicates a finite probability of finding
nanoclusters of a given size at 6 =0 and it is a consequence of the rotational-
translational contribution. Turning into our focus of interest, that is, metallic NPs,
the previous results a rather awkward prediction, since this would mean the
occurrence of stable NPs at zero overpotential. On the contrary, we are aware
from experiment that always overpotential is required for the growth of a new
phase, to overcome the critical nucleus size, as analyzed above in Fig. 6.3. One of
the points to be considered is that the traditional electrochemical conditions are
usually not with free-standing NPs but deposited on a substrate, where the
rotational-translational contribution, responsible for the maximum in Fig. 6.7b,
vanishes. The other point to consider is the magnitude of the parameter a. An
estimation of « yields in the range of 31 < a < 57 and 53 < a < 55 at room
temperature for Au and Ag, respectively [38]. So the “drop” size would yield
between 7 < Nay < 13 and Njg ~ 8, that is, very small values. It must be
emphasized that such a prediction is absent in the formulation leading to Fig. 6.3,
where the rotational-translational considerations were absent. At moderate super-
saturation conditions, for example 6 = —0.04, the term containing the chemical
potential (blue curve) starts to be noticeable, and the maximum of f(n) is shifted
towards larger n values, while its value increases (see Fig. 6.6c). At larger super-
saturations, for example 6 = —0.07, Fig. 6.6d, the behavior remains the same and a
steep increase is found in f(n) above log(n) ~ 7. This sudden increase in f(n) after
the maximum denotes the mathematical divergence of the probability density for
n — o0, because of the fact that the supersaturation term is dominating the prob-
ability density for large nanodrop sizes. This divergence is associated to the
occurrence of the bulk phase.

In Fig. 6.6d, it can be noted that in the region 5.7 < log(n) < 7 the probability
density of finding a nanocluster is practically negligible. This area of low proba-
bility acts as a bottleneck for the transition of n-sized drops towards the bulk phase.
However, this situation reaches a limit at larger supersaturations. For example,
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Fig. 6.6 (a) Contour plot of the function f(n) at a constant temperature. Contributions of the
different factors in Eq. (2.10) at diverse values of the normalized supersaturation 8. (b) 6 = 0, (¢)
6 =—0.04, (d) 6 = —0.07, and (e) 6 = —0.09. In (b—e) the green curve has been multiplied by a
factor 10* to fit into scale. See discussion in the text

Fig. 6.6e shows that at 6 = —0.09 the region where f(n) ~ Qhas disappeared, and it
can be expected that small fluctuations, even of one particle, may lead to the
transition to the bulk liquid. At very large supersaturations (not shown here), the
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metastable nanocluster should no longer be observed, remaining only a monotonic
growth towards the bulk phase. In Fig. 6.6a it can be observed how the region
corresponding to the bottleneck progressively becomes thinner with increasing
supersaturation. The rate at which the steep increase in f(n) moves towards small
n for decreasing ¢ is larger than the rate at which the metastable state moves towards
large n. White broken lines in Fig. 6.6a represent this. The broken line on the left
shows the position of f(n) maximum, while the broken line on the right shows the
evolution of a point at which f(n) = 10°. Although the two lines have not
converged into a representative point in the region analyzed in Fig. 6.6a, it can be
seen that the dark blue region (bottleneck), i.e., the one with a negligible probabil-
ity, has disappeared for 6 = —0.09, so that the system will no longer be confined to
a metastable state at this supersaturation value.

The bottleneck in Fig. 6.6 represents a kinetic hindrance for the phase transition
under consideration. The size of the gap may be related to an activation energy [39],
in the sense that if this activation energy is large enough (wide probability gap), the
transition will not take place at the timescale of experiment. This “confination”
allows the computation of the thermodynamic properties of the nanoclusters, even
when their structures do not correspond to a global minimum of the free energy of
the system.

The idea of what Hill and Chamberlin called physical convergence of the
probability density emerged from the previous analysis [25]. When the mathemat-
ical divergence is shifted onto large drop sizes (6§ — 07, to denote that we are
approaching the zero from small negative values), and we are interested in the
calculation of properties of the metastable NP, the sum in Eq. (6.13) may be
truncated to give:

Y(u,T) = o(T) ﬁ: Niexp [— (¢NM + a(T)Nifﬂ (6.16)
Nu=1

where N, corresponds to a value of N at the minimum of the argument of the sum.
Please note that Ng = No(u, T) is a function of chemical potential and temperature.
As it is always the case, knowledge of the partition function allows calculation of all
properties related to the metastable nanocluster.

When the system is in undersaturation conditions (6 > 0), no divergence is found
in the probability density, since under these conditions the sum (6.16) always
converges. At moderate undersaturations ( 6 — 0T, to denote that we are
approaching the zero from small positive values), f(n) presents a maximum and
the nanocluster properties may be evaluated straightforwardly, since the local
maximum in f{n) is also a global one. Despite the simplicity of the model, Hill
and Chamberlin showed that just at the saturation point (and at small subsaturation
coefficients), clusters can be thermodynamically stable. That means that a super-
saturation is not necessary to form initial clusters. Rotational and translational
contributions are responsible for this “extra stability” not considered in Eq. (6.10).
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6.2.5 Bimetallic Nanoparticles

Preparation of bimetallic NPs, from its precursors, is relatively more complex than
the homoatomic synthesis. In general terms, this can be divided into two alterna-
tives: a co-reduction or a successive reduction.

Co-reduction is the simplest method, where two or more precursors are simul-
taneously reduced. Morphology and space distribution of species within the NP,
mainly depend on the velocity constants of the NP intrinsic processes: reduction
potentials, self-diffusion, exchanges, etc. When the redox potentials of the two
metals are similar, (E(l) ~ Eg) and AFE is big (see Eq. (6.8), predominantly alloyed
NPs are obtained [40, 41]. When the redox potentials of the two metals are different
and are moderately big, the metallic species with the higher redox potential will
precipitate first, forming the NP nucleus, followed by co-solubility of the second
component, which prevails on the surface. It is worth mentioning that the solubility
sequence can be reverted by the formation of complexes with ligands that creates a
complex significantly stronger with the core formation metal. For example, in
Fig. 6.1 it can be observed that Pd oxidizes at a more positive potential than Ag,
so that attempt of reduction of both materials under similar conditions should
prioritize mainly a core of Pd and an external layer rich in Ag. Nevertheless;
when ammonia is added to the solution (at a relatively high pH), the reduction
potentials are inverted, modifying the reduction priorities. In this last case, we
should expect a core rich in Ag and a Pd shell.

In the successive reduction method, each reduction stage is carried out in
different periods. The second reduction is carried out on the pre-formed NP surface
(called seed-NP). This kind of growth implies a second nucleation stage. The
temporary phase-lag of the stages is special for the NP posterior growth or the
formation of core@shell NP. This kind of growth mechanism has been known from
the beginning of the last century. It has also been used for the growth of
homoatomic NPs as well as for bimetallic ones [42, 43]. We will discuss this
kind of deposition in Sect. 6.4, where a model to describe the stability of preformed
NPs will be set out.

Getting into the electrochemical field, it comes out that various strategies,
originally used for the modification of flat surfaces, are nowadays successfully
applied to design and modify nano-sized structures. Among these, it is of great
interest the modification of a metal surface by upd, which as discussed in previous
chapters consists in metal deposition on a foreign substrate at potentials positive
with respect to the Nernst thermodynamic prediction. The potential utility of upd is
due to the relatively rapid, simple, and precise modification of the reaction condi-
tions, which allow controlling the degree of coverage of the adsorbate metal on the
substrate surface. The main obstacle to the implementation of upd for a large
number of systems is the fact that this phenomenon is usually limited to the
deposition of a less noble metal on a nobler one. In the case of electrocatalytic
applications, this situation is right the opposite to the desired one. One way to
circumvent this problem is to use a technique denominated galvanic replacement
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(gr). In this method, the substitution of a sacrificial upd sub/monolayer by the
desired noble metal atop in circuit allows to obtain the desired catalyst. Applied
together, upd and gr allow reducing the quantity of noble metal used to a minimum
amount, thus reducing the economic costs of the final product. This is a key
objective for potential industrial applications. Thus, both upd and gr appear as
attractive bottom-up methods, with great prospects for the development of novel
nanomaterials. Upd and gr are considered particular types of successive reduction
methods.’

6.2.6 Deposition Mechanisms at the Nanoscale

In analogy with metallic deposition mechanisms on planar surfaces [44], three types
of growth at the nanoscale have been described:

¢ “Volmer-Weber” or three-dimensional island growth,
* “Frank-van der Merwe” or layer-by-layer growth,
e “Stranski-Krastanov” or three-dimensional island growth on a pre-formed layer.

In the first mechanism, the binding energy between the adsorbate and the
substrate is smaller in absolute value than the binding energy of the native metal.
This type of growth is common in systems presenting overpotential deposition
(opd). In the second and third mechanisms the binding energy between the adsor-
bate and the substrate is larger than the binding energy of the native metal. Thus,
two-dimensional phases can be formed driven by this magnitude. These growth
types are typical of systems presenting upd. The difference between the second and
the third growth types lays in the crystallographic mismatch between the adsorbate
and the parameters of the substrate. For systems displaying a fairly small difference
between their lattice parameters, it is expected that they follow a layer-by-layer
growth type. On the other hand, for systems displaying a fairly large difference
between their network parameters, it is expected that they follow the Stranski-
Krastanov mechanism. As the number of deposited layers increases, a tension
(caused by the crystallographic mismatch) accumulates so that the shell breaks on
top and the growth method changes from layer-by-layer to three-dimensional island
growth. Clearly, this division of growth mechanisms is a rather simplified picture of
the real situation. It is well known that for a NP of a single material, the lattice
parameter of the subsequent layers composing the NP varies according to size. The
definition of crystallographic mismatch, as it is taken from flat surfaces makes no
sense; at the nanoscale, this parameter is function of size. These deformations
generate instability. There are two types of instabilities at the nanoscale [45]. The
first one is that produced inherently by the geometry of the NP, which may deviate
in its inner structure from that expected for the bulk material. This is for example

!'See discussion on Sect. 7.1 in Chap. 7.
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the occurrence of icosahedral structures in the case of metals with bulk fcc struc-
ture. This instability increases when the number of the layers of the nanoparticle
grows. The second type of instability appears in the case of substrate/adsorbate
systems, where the lattice mismatch between the adsorbate and the substrate leads
to the Stranski-Krastanov growth type.

6.3 Towards Electrochemical Control in Synthetic
Routines for Free-Standing Nanoparticles

In the early 2000s, detailed electrochemical studies on nanoparticles were carried
out by Park and Weaver [37, 46], who investigated by voltammetric experiments
the upd of Cu on Au NPs of different sizes. Figure 6.7a schematically shows Park
and Weaver experimental design [37, 46]. Here, the NPs are placed above a
conductive film that is in contact with the electrolytic solution containing ions
Cu*?; the NPs surface potential was controlled by a potentiostat. Figure 6.8a shows
the voltamperometric profile obtained for the deposition of Cu on 13 nm-in-
diameter NPs (solid trace) in the presence of sulfate ions. Cathodic and anodic
sweeps show the presence of two pairs of reversible processes, a-a’ and b-b/,
associated with the electrodeposition of upd-Cu and of bulk Cu (see also
Fig. 6.8). The curve represented in a dotted line corresponds to the potential
sweep in the absence of NPs, thus indicating that the conductive film is not
permeable to Cu*? ions. So, these authors concluded that the measured current is
produced only by the reduction of Cu™? on Au NPs.

a) upd b) gr

@ Cv’ Pt*“o o Cu

Electrical Electrlcal
conductor. e conductor.
Au
L ;{l
Fig. 6.7 Schematic representation of the process used by Park and Weaver to produce core@shell

NPs of Au@Cu and Au@Pt using (a) underpotential deposition and (b) underpotential deposition
in conjunction with galvanic replacement (Adapted with permission from Ref. [37])
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Fig. 6.8 Voltammograms (a) at (5 mV s~!) for Cu deposition on Au-NPs (dxp ~ 13 nm) in 0.1 M
H,SO4+ 1 mM CuSOy (Solid trace). Baseline (dashed trace) was obtained in the absence of
Au-NPs. (b) Solid trace: cyclic voltammogram (50 mV s~!) for Pt modified Au-NPs in 0.05 M
H,SOy; dashed trace is for electrooxidation of irreversibly adsorbed CO. (c¢) Similarly to (b), but
for Pt-NPs (dxp /=~ 6 nm) in absence and presence of a CO adlayer (Reprinted with permission from
Ref. [37])

Similarly, Fig. 6.7b shows a scheme of the model used by Park and Weaver in
Reference [37] for the fabrication of Au@Pt NPs using Cu upd and subsequent
galvanic replacement of the upd deposit by Pt**. Figure 6.8b shows the
voltammogram for Au@Pt NPs in absence (continuous curve) and in the presence
(dotted lines) of CO. The current peak in the dotted line curve appearing between
0.4 and 0.5 V corresponds to the CO irreversible electrooxidation characteristic for
Pt surfaces. Figure 6.8c shows the voltammogram for Pt NPs of 6 nm diameter, in
the presence and absence of CO. The comparison of Fig. 6.8b, c shows that the
electrochemical behavior, concerning CO electrooxidation, of the Au@Pt core-
shell is similar to that of pure Pt.

In a different approach, Zhang et al. and Lu et al. [47, 48] presented a synthesis
protocol where the electrons needed for the metallic reduction process are released
by a molecule which is in solution, see Fig. 6.9a, thus avoiding the use of a
potentiostat as electrons source. These authors seeded Au-NPs of 12 nm diameter
on graphitic carbon (GC) and grew a Pt layer on the surface of the Au-NPs using
ascorbic acid as reducing agent.

The reduction equation that represents this growth is:

Pt** + Aunp/GC + 4e~ — Aunp @ Pt/GC

where electrons are provided by the oxidation reaction of ascorbic acid. Fig-
ure 6.9b shows cyclic voltammograms obtained with 12 nm diameter Au NPs and
Au@Pt NPs, both deposited on GC. The Au-NPs/GC electrode shows the elec-
trochemical behavior of a typical Au electrode. However, when substituted by a
Au(core)@Pt(Shell)/GC system, the CVs resemble the one of a pure Pt electrode.
This can be visualized in the CV in the characteristic peaks of hydrogen adsorp-
tion/desorption between —0.3 and +0.1 V, as well as in platinum oxide formation
and reduction at higher potentials. The absence of the peak corresponding the
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Fig. 6.9 (a) Schematic representation of the process of NP formation of core@shell type using
molecules with redox activity as reducing agent. (b) Cyclic voltammogram (50 mV/s)
corresponding to Au NPs of 12 nm (dotted line) and Au(core)@Pt(shell) NPs of 50-60 nm in
0.5 M of H,SO, (Reprinted with permission from Ref. [47])

Au oxidation (~ 0.9 V) indicates that the Au cores are completely covered by
Pt. Pt deposition on Au surfaces is a typical system with opd growth. Conse-
quently, in Zhang’s et al. experiment previously described, it is not possible to
control the thickness of the Pt layer thermodynamically. These authors obtained a
Pt layer between 38 and 48 nm thick. It should be noticed that in this type of
experiments the potential (fixed by the reductant, here ascorbic acid) may be
considered as constant during all the reaction. Thus, Zhang’s experiment can be
compared with an electrochemical growth at a constant potential in the
overpotential region.

Selvakannan et al. [15] showed that tyrosine can be used as reducing agent in
alkaline conditions, to reduce Ag" ions on the surface of Au-NPs without the need
of a support. The reduction process of the Ag* ions can be represented as follows:

Agt + Aunp +e — Aunp @ Ag
where Aunp @ Ag denotes a free standing NP in solution. The electrons necessary
for the reduction process come from the oxidation of tyrosine, according to the
following oxidation reaction:

Tyr~ — semi-quinine + e~

in which semi-quinine refers to the structure obtained after tyrosine oxidation. The
global electrochemical equation is:

Agt + Aunp + Tyr™ — Aunp @ Ag + semi-quinone

Tyrosine presents acid—base activity:
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Fig. 6.10 Formation scheme of a core-shell Au@Ag NP according to Selvakannan’s method
(Reprinted with permission from Ref. [15])

TyrssTyr™ + H"

where we note that the species which causes the Ag reduction reaction is Tyr™ but
not Tyr. At high pH values the ionization of the tyrosine phenolic group is
produced, leading to a semi-quinone structure. Figure 6.10 shows the NPs forma-
tion scheme by Selvakannan method [15].

At intermediate or acid pH values, this ionization is hindered and consequently
Ag reduction does not take place. Thus, the pH of the solution was used as a switch
(on/off), to control the occurrence of the reaction. Other amino acids such as
tryptophan and aspartic acid, allow the reduction of Au ions, but do not allow the
reduction of Ag* ions [49, 50].

Fonticelli et al. showed in 2007 [51] that p-benzoquinone (a molecule with
similar characteristics to those of tyrosine) can be used to reduce Ag* ions on the
surface of a Au-NP coated with thiol molecules. The main difference between the
experiments of Selvakannan et al. and those of Fonticelli et al. is that in the first
case, the reducing molecules were on the surface of the NP while in the second, they
were free in solution. This is a slight but significant difference, since the reducing
molecules on the surface of the NP may be influenced by the presence of a second
material, thereby affecting the deposition process.

The equation of oxidation for the reducing agent in the case of Fonticelli et al. is:

QH,=Q + 2H" + 2e

in which QH; and Q represent p-benzoquinone and p-hydroquinone, respectively.
The equilibrium potential (Nernst) of the couple is:

RT apa?

_ 50 Qe+

E(‘)/QH2 = EQ/QH2 + F ln< aon )
2

in which EOQ JQH, = 0.6992 V vs NHE is the standard potential of the couple. It is

clear that E /QH, is a function of pH, as illustrated in the inset of Fig. 6.11b. If the

pH of the solution is selected lower than 1, the deposition potential (controlled by
the redox couple) is moved to more positive values than the Ag bulk deposition
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Fig. 6.11 (a)
voltammogram for Ag
deposition on the surface of
Au(111) (b) Og vs. E plot
obtained from different
data. Circles correspond to
coverage obtained using the
Q/QH, redox couple. Inset:
Eq /qu, vs- PH plot for the
redox couple (concentration
= 1 x 1073 M). The
horizontal dashed lines
indicate the potential
selected for depositing Ag
by using the Q/QH, redox
couple (Reprinted with
permission from Ref. [51])
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potential E;‘g+ /ag and consequently Ag" reduction takes place in upd region.

Figure 6.11b shows an adsorption isotherm obtained for Ag deposition on Au-
NPs, as obtained from measurements from different authors, as reported in the work
mentioned. The vertical dotted line indicates the potential fixed by the redox
couple, at which the Au@Ag NP synthesis took place. For the sake of comparison,
a voltammogram for Ag deposition on the surface of Au(111) can be observed in
Fig. 6.11a, under similar conditions. We conclude that this work showed that the
electric potential for metal deposition on free standing NPs suspended in solution
can be continually tuned using reducing molecules (and their oxidized counterpart)
with acid-base activity, in very much the same way that a potentiostat is used to



6.4 Thermodynamics of Underpotential Deposition at the Nanoscale 301

control the surface potential of an electrode. Thus, within this picture, the NP
resembles a nanoelectrode that can be wired to a desired potential via a redox
system.

We end the section stating that in analogy with the definition given for flat
surfaces in section Chap. 3, metal deposition on NPs that are free in solution, can
also be classified into:

* underpotential deposition (upd) for Eg, Qi > Eg,[ M
e overpotential deposition (opd) for E(r2 Jon, < Eﬁ,[ M

This classification is relevant for the discussion given in the following section.

6.4 Thermodynamics of Underpotential Deposition
at the Nanoscale

We will begin our analysis by considering a modelling similar to the one exposed in
Sect. 6.2.3 of this chapter (see Fig. 6.3), with the difference that the analysis of
thermodynamic stability will be made for a metal deposited on a NP, yielding a
core@shell type NP. The model is shown in Fig. 6.12 and it consists of a typical

Subsystem System
Bulk Working Reference
Electrode Bulk Electrolyte Membrane Electrode
| : | /
¥ ¥ ¥
= ~
=
=] M 5]
& O e
2 2
- e Red j Bulk Electrolyte M e =3
[ —r 5 acting as — =
: —t I (e B reservoir of ‘——. F F— =
- 5 = o
-2 - Ox M M Red e =
= Ox P
=
M M, ¢
] 2 2
= 9’ oM 2

Fig. 6.12 Scheme of the electrochemical system used to analyze underpotential deposition on
freestanding nanoparticles, where a redox system is used to set the potential applied to the metal
nanoparticles. The broken line encloses the subsystem containing the electrodes, the nanoparticles,
and the electrolyte. The broken line denotes a membrane that is permeable to all components of the
system, with exception of the molecular species involved in the redox couple. The inner electro-
static potentials at both sides of the membrane are in principle different due to the presence of the
redox system (Readapted with permission from Ref. [135])
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electrochemical cell containing two infinitely large electrodes: the working elec-
trode (W) and the reference electrode (R). The chemical species found in the
electrolytic solution are metal ions to be deposited (Mf;n), the NPs made of a

metal S, and the redox couple. The electrochemical cell is large enough so that the
bulk properties of the electrolyte are not affected by the reactions on the surface of
the NPs. We will denote this cell, that is, the electrolytic solution plus the two
electrodes with the term “sub system” (see internal dotted line in Fig. 6.12). The
later, together with the reservoirs will be called “system”. While the subsystem is
open, exchanging electrons and heat with the reservoirs; the complete system is
isolated.

Let us consider for this system the free energy change due to the transfer of Ny
atoms from the bulk electrode on the right to the surface of a NP on the left
compartment.

First, Ny cations are generated at the electrode R and the electrons stemming
from the metal oxidation go to electron reservoir, eg:

M(bulk) — Mf‘:{) + ZCE (617)

These cations go through the membrane towards the left compartment:

Mz+ N Mz+

(aq)-right (aq)-left (6.18)

z+
(aq)
energy change for this step is zero. Then, these cations are deposited on the surface

of a NP made of p metallic atoms of S:

Since we assume that the membrane is permeable to the M cations, the free

(NM)M2+

(aq) T ZNmegc +Sp — Sp @ My, (6.19)

The electrons, eg, required for their reduction are provided from the simultaneous
oxidation of the redox couple:

N N
<Z—M> Red" — (Z—M) Ox"™ + zNyegc (6.20)
n n
Then, an electron exchange is allowed to take place on the surface of the I electrode

(inert surface), returning the redox system to its reduced original state:

N N
(ZTM) OX"™ + zNyey, — (ZTM) Red" (6.21)

The electrons, ey, required for this process are provided by the electron reservoir on
the left. As result of this process, M deposition on the surface of the S-NP occurs.
The electrochemical global reaction that takes place is:
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NuM + S, + (zNm)eyw — Sp @ Men,, + (zNwm)eg (6.22)

The related free energy of this reaction may be obtained using the free energy
differences of products and reactants:

AG =[G @My, — G — Nypit™] + 2Nu [ — Y] (6.23)

As shown above, when electronic equilibrium establishes at the left compartment,
the electrochemical potentials of electrons at the NP, the redox system and the I
electrode are equal. Thus, electrons from the reservoir on the left may reach the
surface of the NP without the need of an electrical work.

In Sect. 3.1 of this book, it has been stated that the difference of the electro-
chemical potentials of electron corresponds to (ﬁeR -y ) = zegn, so that the
previous Eq. (6.23) reduces to:

AG =[G @My, — G — Nyufi™] + zeoNmn (6.24)

Equation (6.24) looks very much like Eq. (3.71) of Chap. 3 for flat surface. We
write, “looks very much like” because the contributions in Eq. (6.24) involve a
number of subtleties not present in the case of upd on flat surfaces. The first is that
the presence of the redox couple generates a difference between the inner potentials
of the solution in the left and right compartments, say Ag. Since the membrane
separating the compartments of the cell has been assumed to be permeable to the
Mf;“ cations, the electrochemical potential in both compartments is the same. Thus,
the activities of the cations must be different. Alternatively, if the membrane had
been impermeable to the aypt cations and the same activity had been introduced in

both compartments, a extra term (—zeoNyA@) would appear in Eq. (6.24).

The other difference between flat and curved surfaces concerning the free energy
of formation of structures, is that AG in Eq. (3.71) involves an infinitely large
surface, while in Eq. (6.24) the term in brackets corresponds to a finite system. Even
more, since the present system is of nanoscopic size, the correct formalism to deal
with it is nanothermodyanics, as established by Hill [35, 36]. To state these
differences shortly, we can say that in the flat surface formulation AG is extensive
with respect to the number of adatoms, in the sense that if we multiply the number
of adatoms by a constant all the properties of the system will be scaled accordingly.
In Eq. (6.24), this is not the case. This can be better understood if we consider the
effects of the curvature. As the NP becomes of a smaller size, curvature effects
become more important and in general, this fact gradually weakens the metallic
bound. Thus, the properties of this type of systems are not extensive.

Figure 6.13 shows the qualitative behavior of AG as a function of the number of
M atoms, Ny deposited on a NP for systems presenting (a) opd and (b) upd. In the
case of opd, Fig. 6.13a, the behavior of AG looks very much like that usually found
in the analysis of classical models of nucleation and growth, see discussion in
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Fig. 6.13 Qualitative scheme of the excess Gibbs energy AG as a function of the number of atoms
N for the electrochemical formation of a core@shell nanostructure. (a) Corresponds to a situation
where the interaction of the deposited atoms with the substrate, is weaker than the interaction with
each other (opd). (b) Opposite case of (a), (upd) (Reprinted with permission from Ref. [136])
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Fig. 6.14 Energy excess as discussed below Eq. (6.24) for the deposition of (a) Ag atoms and (b)
Pd atoms on an Au NP made of 1289 atoms with octahedral structure. The different coloured lines
denote in both cases the completion of a monolayer (Reprinted with permission from Ref. [26])

Sect. 6.2 (Fig. 6.3). The behavior for upd systems, shown qualitatively in
Fig. 6.13b, is strikingly different. There, we find a minimum in the AG vs. Ny
curve for a number of adatoms that we denote with N‘I{,‘,i“. As discussed below,
several minima may eventually occur. This minimum will eventually subsist at zero
or slightly positive overpotentials, defining a global extremum. On the other hand,
this minimum could also remain for slightly negative overpotentials, thus defining a
local minimum or metastable state. This would imply the existence of core@shell
nanostructures under overpotential conditions where bulk-growth should occur.
The height of the free energy barrier, occurring at Ny, depends on overpotential,
and so will the lifetime of the metastable state.

The qualitative picture presented in Fig. 6.13 has been verified by Grand
Canonical Monte Carlo computer simulations [26]. Alternatively, Fig. 6.14 shows

the behavior of AG approximated from static energy calculations, as a function of
the amount of metal atoms, which constitute the shell. The results shown are for the
deposition of Ag atoms on an Au (1289) truncated octahedral NP and for the
deposition of Pd atoms on an Au (1289) NP. We note that the general behavior is
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similar to Fig. 6.13. However, the discrete atomic nature and the packing of atoms
in the NP produce deviations from the simplified behavior shown there. A magni-
fication of Fig. 6.14a (see inset) shows a more complex sawtooth behavior, with
14 maxima, grouped into two families (6 + 8). These maxima correspond to a 2D
nucleation and growth phenomenon located on each of the facets of the truncated
octahedron. However, this saw motif should be wiped out by thermal effects at
300 K. While decoration of the NP is expected at zero overpotentials for the system
Au(1289)@Ag (Fig. 6.14a), no spontaneous decoration is predicted for the system
Au(1289)@Pd (see Fig. 6.14b).

Equation (6.24) can also be obtained from statistical mechanical considerations
[26]. The partition function Y'(uny, Sp, T') of the nanosystem shown in Fig. 6.12 is:

Y (i Sp. T) = > OQ(Nwi, Sp, T)exp[BNaping] (6.25)

Nw=0
where O(Nw, Sp, T') corresponds to the canonical partition function and = (kBT)_1 .
Using Eq. (6.24), Eq. (6.25) can be rewritten in term of excess quantities:

Y (g, S, T) = A Z exp [—/)’AGsub] exp[—zFBNmn] (6.26)
Nu=0

where A = exp [—ﬁGS P] . According to statistical mechanics, this equation contains
all we need to calculate the thermodynamic properties of the NP system, since from
it, all equilibrium properties may be calculated. However, there are at least two
handicaps for such a calculation. One is the calculation of the free energy change
AG™® which in turn implies knowledge of the canonical partition function Q(Ny,
Sp,T). This calculation involves the sum over all energy states compatible with
Nwm, Sp and T. Even assuming a lattice model, and thus restricting the positions of
the M and S atoms to a finite number of point in the configurational space, such a
calculation appears as computationally extremely demanding due to the number of
possible permutations. The other additional problem is the existence of infinite
many terms in the sum of Eq. (6.26).

In Sect. 6.2.2, we presented the Hill-Chamberlin Model applied to understand
supersaturated metastable states. It is possible to apply the same formalism to the
case of under/over potential deposition. To show this, let us consider the probability
of having Ny metallic atoms deposited on a NP made of S, atoms at the
overpotential # and temperature 7:

exp[—BAG™ — zF N
Y.(:MM7 S P T)

Py (1,85, T) = (6.27)

Since for given conditions the Y (un, Sp, T) is a constant, we have that the product
Py (1,85 T) Y(um, Sp. T) is monotonic with py, (1,5, T) and also its (kgT)™
power:
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Fig. 6.15 Probability density of observing Ny; Ag atoms deposited on a truncate octaedral Au
(1289) core as a function of the number of atoms that conform the shell at different (a)
underpotentials and (b) overpotentials (Reprinted with permission from Ref. [26])

FNs) = [Pay (1,85, )Y (pirg, S, T)] ™" (6.28)

thus, plot representation of f{(IVy), that can be calculated from Eq. (6.24), yields a
straightforward visualization of minima and maxima in py, (77, Sos T) without
knowledge of Y(sim, Sp, T).

Figure 6.15a shows the f{(IV) representation for the underpotential region (y > 0
) for a NP of Au(1289) with truncated octahedral shape at 300 K, obtained for
computer simulations [26]. We can note the convergence of the sum, for Ny > 600.
For 7 close to the bulk deposition potential of M, 0 < # < 4 mV, the system presents
the highest probability at Ny ~ 480 (note a, < b, in Fig. 6.15a). In this region an
ensemble of systems should be mainly composed of core—shell NPs with a coverage
close to 75 %. Atn =~ 4 mV the system has a2 ~ b2 and therefore we would observe
the coexistence of particles with two different coverages. At larger 7, for example in
the range of 4 mV < n < 13 mV, the highest probable density is for a coverage close
to 15 %, where Ny ~ 98. This value corresponds to the decoration of all {100}
facets.

In the overpotential region, the sum (6.26) will diverge and some physical consid-
erations must be made to get physical insight into the present problem in spite of
this mathematical divergence. Figure 6.15b shows the normalized f{lVyy) (to its max-
imum value) for the same conditions as in Fig. 6.15a but for < 0 (overpotential). The
local maximum is shifted from Ny; = 480 to Ny =~ 636 for -5 mV < 5 < —220 mV
(See inset in Fig. 6.15b). Similarly to the observation within the HC model, as the
overpotential becomes more negative (oversaturation), the mathematical divergence
of the probability function is shifted towards lower Ny,.

We must note that for the present system the core-shell structure is not
completely formed at underpotentials, and due to border effects, it requires large
negative overpotentials to occur. However, large negative overpotentials will make
the monolayer eventually unstable and a multilayer will appear.
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6.5 Atomistic Model for Underpotential Deposition
on Nanoparticles

In order to make a qualitative analysis, a simplified model can be set up that allows
describing AG™ in terms of the geometry of the NP. Figure 6.16 shows a scheme
of the simplified model we address here. We define three regions in the system: an
inner part (inner), an intermediate part (intermediate), and an external part (mono-
layer). The former two belong to the pre-existing seed and they build the core of a
core@shell structure in the case of heteroatomic growth.

We will characterize the energy of the inner atoms by the chemical potential of
the bulk S atoms, u3" and define two types of atoms in the intermediate region:
those located on the facets, characterized by the free energy gfsacet, and those located
at border sites, with the free energy ggmdef. In the case of the monolayer, we also
differentiate between facet and border adatoms, with their free energies given by

facet border

gsim and gg M respectively, see Fig. 6.16.

According to the model mentioned before, the Gibbs free energy of the core
(initial state) may be approximated as:

S, __ ascore, bulk facet _facet,0 border _border,0
G _NS Hg +NS 85 +NS 8s (629)

As we will analyze later, the second term of the right side of the equality (6.29) may
be interpreted as the “surface” effects while the third term can be interpreted as
“curvature” effects. On the other hand, the Gibbs free energy of the core@shell NP
may be estimated as:

monolayver
¥ 3

I intermediate

inner

Fig. 6.16 Schematic representation of the simplified model used to analyze upd on NPs, described
in terms of five different atom types



308 6  Underpotential Deposition and Related Phenomena at the Nanoscale: Theory. . .

S,@My,, __ arcore,  bulk facet _facet,0 border _border, 0 facet _facet
G = N ug™™ + Ng™gg " + Ng™ g + Ng/m8s/m

+ Né)?ﬁjergé);)lr\ger (630)

We should notice that gt o£ gleet and that gg"" £ gborder given that the
presence of the shell modifies the configuration (and the energy) of the core surface
layer. The difference of formation energy may be estimated by subtracting
Eq. (6.30) from Eq. (6.29), so that:

S,@My,, _ Sy facet ( , facet facet,0 border ( , border __border,0
GO r @M — Gr = NGt (g — gg'*"7) + NG (gg 8s )+

Nfacet facet + Nborder border (63 1)

s/MEs/M s/M 8s/m

Equation (6.31) indicates that the free energy change GS»*™ — GS» only depends
on the energetic of the two more external layers. AG™® can be estimated as:

sub __ arfacet (, facet _ facet,0 border ( , border __border,0
AG™ = Ng*(gg 85 ") + N (g3 8s )

Née}(l:&t( Sfeﬁslt M&ulk) +N§)7lr\ji[er <gg71{j[ier _ﬂﬂllk) (6.32)

It can be noticed that Nf‘ﬁ‘Let and Nga/‘ﬁ are linearly related, such as N Sface‘ = kN Sf‘ﬁ\f[‘
where « is a geometrical coefficient (generally x > 1). The same occurs for N§oTer

and N'g‘;ﬁer We can rewrite the previous equation as:

AGsub sz}cl\it (gga/c;ll,eff _ /Ablﬂk> + Né);)lr\j[ier (gg(/)ﬁer, eff //‘f/{ulk) (633)

Then, AG may be estimated from:
AG — stam;( ga/c:/},eff ’uﬁﬂk 4 Zeo'?)
n Né);)]};;[ler ( gmer,eff bulk + zeg ,7) (6.34)

The present model implies that the excess of energy has at least two components:
one related to the facets and other related to the borders. If N é’;’{\j}er <<N Sf*}cl\it asitis

the case for relatively large NPs, AG is reduced to the behavior of an infinitely flat
surface.

The generalization of model for NPs formed by different types of facets and
borders is straightforward:
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sites

AG = ZNg/M (g‘sflf\f[ — i+ Zeon) (6.35)

6.6 Strengthening and Weakening of Underpotential
Deposition at the Nanoscale. Underpotential
Deposition-Overpotential Deposition Transition

To analyze a little more in detail how curvature effects play a role in favor or
against upd, we can consider a relationship between le";ﬁer and Nfsa/clf,}, within a

given family of NPs, that is, with a particular geometry. In a general way, we can
1/2

define Ngi™ = 6(N Sf‘}‘fj[‘) where 6 > 0 is a geometrical factor that depends on

the shape of the NP. In this way, the number of variables in Eq. (6.34) can be

reduced. In this context, we can find from the later equation that [52]:

2
border,eff _  bulk
WGoo o o [ UERT )

S/M 2
/ (ggd/cﬁ,eff _ /’tl?/[u‘k + Z€()77)

(6.36)

Ng“‘;ﬁ* must be interpreted as a threshold value that must be overcome for a

thermodynamically spontancous deposition, with AG < 0. The number Nga/cﬁ’* is
straightforwardly related to the total number of atoms in the shell Ny, since
Ny = N3G+ NG,

The reason for the system to present a AG <0 lays on the strong interaction
between adsorbate and substrate in the facets. In the case of infinite planar surfaces,

this is the interaction responsible for upd. If metal atoms deposited on a facet of S

are more stable than in the bulk state, gga/cf,f’eff will be more negative than 5 and

we will have the inequality (gga/cﬁ’eff — /41'\3,}‘“‘) < 0. Let us analyze the consequence

of this condition in Eq. (6.34), for # = 0, which becomes equal to Eq. (6.33). Since
the second term in Eq. (6.33) is usually positive, the condition AG =0 will be

facet,*
fulfilled at some Nsa/cf/l

more positive potentials than the Nernst reversible potential for bulk M deposition.
This reminds us the occurrence of the upd phenomenon on flat metal surfaces. The

. Thus, the adsorbate atoms will subsist on the surface of S at

reverse situation will take place when (gga/cf/}’eff —ﬂ&“lk) > 0, since AG™™ in

Eq. (6.33) will be always positive. The latter is clearly an unsuitable condition for
size and shape control of nanosystems since when 5 < 0, the bulk deposit can be
formed so that the application of an overpotential allowing the deposition on S
should inevitably drive it to M-bulk growth, at least from a thermodynamic
viewpoint. In the model described in Fig. 6.16 and Egs. (6.28), (6.29), (6.30),
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Fig. 6.17 Adsorption isotherms for Ag deposition on a Au truncated octahedral nanoparticle
made of 1289 atoms. For comparison, the isotherms corresponding to Ag deposition on Au(100)
(black dashes) and Au(111) (red dashes) are shown

(6.31),(6.32), (6.33), (6.34), and (6.35), g%t and g‘;‘;;j“veff have been assumed to be

constant. In the real case, these quantities are a function of NP size.

Figure 6.17 shows adsorption isotherms for Ag adsorption on a Au NP of
octahedral shape, as well as on planar Au(111) and Au(100) surfaces. These were
obtained from lattice Grand Canonical Monte Carlo simulations using embedded
atom potentials. It is illustrative to compare the potentials at which the {111} and
{100} facets are filled, in comparison with the decoration of the infinite surfaces. It
is found that in the case of the NP, curvature plays a destabilizing role concerning

upd. It can be noted that while upd on (111) and (100) faces occur at ugﬂl('jm /A

~ —2.968 eV and /'{,211]11(1(100)/Ag ~ —3.018 eV, the related processes on the facets of

the NP take place at yiﬁ{m}/Ag ~ —2.907 eV and :“iﬁ{loo}/Ag ~ —2.990 eV. These
values correspond to shifts in the deposition chemical potentials of A:“Tu)ﬂ 11}/Ag
~ 61 mV of A”XE{IOO}/Ag ~ 28 mV for the {111} and {100} facets respectively.

Thus, these simulations clearly show the existence of a positive shift of metal
deposition towards larger chemical potentials for nanoparticles, thus weakening
upd. We remind that more positive chemical potentials correspond to more negative
electrode potentials in the electrochemical scale.

Going back to Eq. (6.36) for NPs, we find that the stronger the border effects,

given by the (gg‘;ﬁer’ eff _ yf,f‘lk> term, the larger the NP size at which the upd-opd

transition occurs will be. On the opposite, systems with large upd shifts in flat

surfaces, involving a large (gga/cﬁa’eff - yﬁ’,[“lk) contribution, will present the

upd-opd transition at smaller NP sizes. According to computer simulations, upd
has been predicted to disappear for small particles sizes in the Au(core)/Ag(shell)
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Fig. 6.18 (a) Excess energy as a function of the number of deposited Ag atoms for Au
nanoparticles of different sizes at n = 0. Representative atomic configurations taken for Au
(1289) at (b) n = =220 mV, (¢) y = —40 mV, (d) = =20 mV, and (e) # = 0 (Reprinted with
permission from Ref. [136])

[25, 26, 136, 137] and Au(core)/Pd(shell) systems [52]. In the experimental field,
there is evidence that upd may disappear for Pb and Cd deposition on Ag NPs [138,
139, 140]. Figure 6.18 shows Off-Lattice Gran Canonical Monte Carlo (GCMC)
simulations for the system Au(core)@ Ag(shell), where it comes out that the upd
phenomenon disappears for core sizes smaller than 512 atoms. Representative
snapshots of GCMC simulations, corresponding to different overpotentials, are
presented on the right of Fig. 6.18b—e, where selective decoration of some facets
of the NP becomes evident.

In the case of systems with relatively strong substrate-adsorbate interactions, it is
possible to obtain an adsorbate bilayer at underpotentials, as was discussed in
Chaps. 2 and 3. Following the preceding discussion, bilayer upd may also be
weakened (strengthened) by the occurrence of positive (negative) curvatures.
According to theoretical predictions, this should be the case of the system
Pd@ Au(bilayer). For this system, we have calculated the excess potential energy
using Pd-seed NPs of icosaedral structure with different sizes, on which different
numbers of atomic layers of Au-adsorbate were located. These excesses are shown
in Fig. 6.19. When analyzing Fig. 6.20, it must be taken into account that the curves
connect systems with the same number of layers. For example, the black curve
connects Pd(13)@Au(42), Pd(55)@Au(92), Pd(147)@Au(162), Pd(309)@Au
(252), PA(561)@Au(362) and Pd(923)@ Au(492), that is, increasing Pd core sizes,
always covered by a Au monolayer. As can be observed, the free energy excess for
small NPs is positive. However, the excess of free energy for monolayer formation
turns negative for Pd(309) @ Au(252) and remains negative for larger cores, indi-
cating that upd could be possible for larger NPs. It is also remarkable that the curve
for the formation of the bilayer presents a maximum, indicating that for larger NP
sizes bilayer formation could be spontaneous at 7 = 0.
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Fig. 6.19 Excess of binding free energy for the formation of a Pd(core)@ Au(shell) nanoparticle
as a function of the number of atoms forming the shell. Each curve corresponds to a given number
of adlayers deposited on different core sizes (Reprinted with permission from Ref. [141])
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Fig. 6.20 Number of deposited Ag atoms as a function of the chemical potential for decoration of
ananocavity on a Au(111) surface. (b) Snapshots of the simulation showing the different stages of
nanohole decoration, corresponding to the numbers of part (a). The chemical potentials were
Hag = —3.155eV, pp, = —3.12eV, pp, = —3.03eV, and p,, = —3.00eV (Reprinted with

permission from Ref. [53])

Going back to the nanohollow case, computer simulations of this phenomenon
were undertaken by Luque et al. [53] using the Off-Lattice GCMC methodology.
These studies showed that depending on the interaction between the adsorbate and
the substrate as compared with the adsorbate—adsorbate interactions, the deposit
may grow defining a cluster over the surface level, like Au(111)/Cu or heal the
damage on the surface with the subsequent formation of a monolayer, like Au(111)/
Ag. In the former case, Cu deposition remains confined to the defects generated on
the surface, since the formation of clusters on the Au(111) is disfavoured. On the
contrary, Ag deposition on the flat Au(111) surface occurs after the filling of the
nanocavity.

Figure 6.20 shows the results from Off-Lattice GCMC atomistic simulations for
the decoration of nanocavities on Au(111) with Ag atoms. The decoration of the
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nanocavity starts at u,, = —3.155eV at its bottom, being the first Ag atoms
deposited on the border sites. The basis of the nanocavity becomes completely
covered at p,, = —3.12 ¢V and its filling occurs at p,, = —3.03 eV. All these
processes take place at chemical potentials more negative than that corresponding
to the bulk Ag metal, s, = —3.00 V. These atomistic simulations showed for
the first time that negative curvatures allow metal deposition at more negative
chemical potentials (more positive electrode potentials en the electrochemical
scale) than those corresponding to upd on planar surfaces with the same crystal
orientation.

6.7 Experimental Research

Although a bimetallic nanocrystal consists of only two elements, it may exist in
many different structures depending on the spatial distributions of these two
elements. We will describe some techniques of electrochemical origin that allow
the manipulation of this degree of freedom, as follows:

6.7.1 Seed-Mediated Growth

The growth of NPs or nanorods (NRs) mediated by seeds has demonstrated to be an
easy and versatile route for metallic nanocrystal formation with well-defined size
and shape [16, 54-57]. Originally, Zsigmondy called this technique “nuclear
method” [58] and its origin dates from the beginning of last century. In 1920,
Svedberg stated that any reducing agent (known at that time) could produce Au-
NPs from HAuCl, [59]. The technique is very versatile and can be applied in
aqueous systems as well as in organic systems [60, 70] at different temperatures
and for a large number of systems that include Au, Ag, Pd and Pt [30, 48, 61—
71]. The first step consists in the production of clusters and/or NPs which may be
used as growth seeds. Generally, this process is called “first nucleation”. Metallic
salts may be reduced at room temperature with a strong reducing agent (for
example, borohydride). It is necessary to overcome the large barrier of homogenous
nucleation for the formation of a new phase. In a second stage, this preformed seeds
are put into a solution to serve as preferential sites for a new process of nucleation
and growth. This second step is called “growth stage”. The growth of a second
metal can be involved in this second stage, or not. In Sect. 6.2.2 we discussed these
topics and we presented the LaMer model to understand the behavior of the phases
in this stage.

The driving force for NP growth is the difference between the redox potentials
(AE) of the two reactions (metallic reduction and oxidation of the reducing agent).
A larger AE means a more spontaneous reaction. Reagent concentration,
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temperature, and pH influence the growth kinetics as well as the size, shape and
structure of the final NPs. For example, a strong reducing agent such as NaBH, or
phosphorus can be used for the production of small size Au NPs, while ascorbic
acid —a weak reducing agent — produces larger NPs. NP aggregation can be avoided
through a strong shaking or by adding stabilizing agents.

Homogeneous nucleation and growth generally produces irregularly shaped
particles and a wide size distribution. The activation energy for the process of
heterogeneous nucleation is significantly lower than the activation energy for the
process of homogeneous nucleation. As a result, heterogeneous nucleation is
thermodynamically favored with respect to homogeneous nucleation. While homo-
geneous nucleation and growth can be described in terms of a curve like that shown
in Fig. 6.13a, its heterogeneous counterpart can be represented by Fig. 6.13a or
Fig. 6.13b, depending on the effective interactions between the elements that
constitute the core and the shell. In practice, seed-mediated growth takes place at
a relatively slow rate in soft conditions, such as those provided by a weak reducing
agent and/or low temperatures. The reduction on the surface of the seed can be
viewed as an autocatalytic process. As the NP acquires a larger size, the nucleation
barrier becomes smaller.

In general, metals tend to nucleate and grow in thermodynamically stable
nanoparticles, which exhibit a compact shape. These NPs expose facets of low
energy in order to minimize the total energy of the surface. Highly anisotropic
shapes are not favorable from the thermodynamic point of view, but can be obtained
by inserting agents that can alter the surface energies of the different crystallo-
graphic faces [71]. Carbo-Argibay et al. [61] analyzed in detail the growth of Au
nanorods (NRs) using well-characterized Au-NPs as growth seeds. Initially, see
Fig. 6.21a, the NRs present eight {110} and {100} facets, alternated in their lateral
parts. Their tips consist of {001}, {110} and {111} facets. The first step in the
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Fig. 6.21 Structural model of Au nanorod growth. Left: Original nanorod with octagonal cross-
section and {100}, {110}, {111} facets. Center: Rod with sharp tips, square cross-section, {110}
and {111} facets. Right: Growth of a sharpened rod into an octahedral particle by deposition of Au
atoms (dark spheres) along the {110} facets (Reprinted with permission from Ref. [61])
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growth consists in the preferential deposition of Au atoms on the 4 {100}-type
facets from the lateral part and on the 2 {100}-type facets at the tips (see
Fig. 6.21b). As a result, 4 lateral {110} facets were obtained, as well as sharp tips
made from 4 {111} facets (Fig. 6.21b). The second growth stage consisted in a
morphological transition to become an octahedron. This is produced by means of a
delicate balance between the growth rates on facets {110} and {111}. Fig. 6.21c
shows schematically the growth on {110}-type facets, forcing facets {111} to grow
until they join in the final octahedral structure.

The mechanism described in Fig. 6.21, is based on the preferential growth of
certain crystal facets. It could be formally correlated with the sequence of surface
energies in the following order: {100} > {110} > {111}. This does not agree with
the sequence of surface energies of Au, which follows the order: (110) > (100) >
(111). However, as these authors noted in Reference [61], the effective values of
surface energies can be affected by the adsorption of chemical species such as ions
and molecules in a significant way and thus, they can be assumed to be responsible
for such changes and could explain such a tendency. Although there is no concrete
evidence to support these assumptions, these results show that the crystallographic
structure of the seeds, together with the chemical nature of the bath where they
grow, play a key role in the determination of the NPs final structure and shape.
Thus, these results present a strong indication that surfactant ions and molecules
can affect the growth kinetics and can help to control the final shape of the NPs. For
example, citrate binds strongly to Pd {111}-type facets, leading the synthesis
towards octahedra and icosahedra formation [72]. In contrast, polyvinylpyrrolidone
is a protecting agent, which binds stronger to Pd {100}-type facets, favoring the
formation of truncated cubes [73, 74]. Besides, bromide ions promote Pd-NP
formation exposing {100} facets [75].

A versatile approximation to the formation of bimetallic NPs core@alloy type is
called co-reduction mediated by seeds [76—78]. In this technique, two metallic
precursors are simultaneously reduced on a NP used as growth seed. This technique
allows control of the NP morphology, obtaining branched NPs commonly called
nanodentrites. DeSantis et al. [76] made a systematic study on the influence of
synthesis conditions on the morphology of nanodendrites. These authors analyzed
the role of the concentration of precursors (ratio Au/Pd), reaction pH, and concen-
tration of NP protecting agent. For example, Fig. 6.22 shows the structural variation
of Au/Pd NPs at different pH values for otherwise the same reaction conditions. The
pH was adjusted by adding different amounts of HCI to the system (from A up to F
corresponds to 2 mL of 0.0, 12.5, 25.0, 37.5, 50.0, and 62.5 mM HCI, respectively).
Pd became dispersed all over the surface of the octopods and became localized
along the tips of the branched nanostructures, with Au predominating in the interior
of the particles (Fig. 6.22 4A, 4B). We note that Pd-rich regions appear lighter in
TEM and STEM images, as Z, > Zpy. With decreasing pH, the SEM images reveal
regions of negative curvature associated with the absence of {100} facets of what
would otherwise be cuboctahedral particles (Fig. 6.22 4C—4E). Finally, a perfect
octahedral NP was obtained at a relatively low pH (Fig. 6.22 4F). At a larger content
of HCI (lower pH) the inner part of the NPs becomes more abundant in Au and
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Fig. 6.22 From top to bottom, AuPd nanocrystals characterized by higher magnification SEM as
well as 3D models (yellow represents Au-rich and red represents Pd-rich regions), TEM, STEM,
and STEM-EDX mapping (yellow indicates Au and red indicates Pd). Note: all SEM images are at
the same magnification. Similarly, TEM, STEM, and STEM-EDX mapping are at the same
magnification (Reprinted with permission from Ref. [76])

show cuboctahedral or octahedral structures. These are thermodynamically favored
structures. In opposite conditions, at high pHs, the amino acid reducing capacity is
larger; consequently, the reduction velocity is faster and the system has not enough
time to re-adapt, thus obtaining structures very different from the ones predicted by
thermodynamics (kinetic control). Another way to control morphological changes
is the formation of complexes with CTAB by etched Au. It is known that the Au
oxidation rate under these conditions depends on pH, so that the regions with larger
curvature are more prone to oxidation [79].

As a corollary to this section and the following, we can state that all the
information gained through research about the effect of solution composition
(ions, molecular adsorbates) on the stability of upd deposits on single crystal
surfaces is worth being analyzed with the aim of their application to the synthesis
of NPs. Alternatively, many of the questions arising in the synthesis of
nanoparticles may probably be answered by means of electrochemical studies of
metal upd (and the related galvanic replacement technique) on single crystal
surfaces.
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6.7.2 Shape Control of Nanoparticles Synthesis
by Underpotential Deposition

Liu and Guyot-Sionnest [80] proposed, in 2005, an explanation for the role of Ag
ions in the directed growth of Au NPs. They suggested that upd of metallic silver
occurs at different extents on the different crystal facets of Au NPs, leading to
symmetry breaking and rod formation. It is known that upd of Ag is stronger on
more open surfaces, involving the sequence stability {111} < {100} < {110}. In
fact, electrochemical measurements yielded underpotential shifts of 0.24 and
0.07 V for Ag upd on Au{100} and Au{111} surfaces, respectively [81, 82]. The
same trend has been found in theoretical calculations, predicting that the upd shift
should be 0.14 V for Ag on Au(100) and 0.10 V for Ag on Au(111) [83]. As a
consequence of this, an appropriate tuning of the deposition potential would allow
decorating selectively facets (see Figs. 6.17 and 6.18). Similarly, a silver monolayer
on the Au{110} facet acts as a strong binding agent, inhibiting further growth, so
that other low index faces grow faster and become dominant in the final structures.
The {100} and {111} facets are only partially covered by silver or remain adsorbate
free, and therefore grow faster than {110}. This leads to a one-dimensional growth
along one direction. The growth rate ratio between {100} and {110} facets is
adjustable by varying the Ag"™ concentration. Then, upd provides a general mech-
anism to control shape evolution in metallic nanostructures [84].

Seo et al. [85, 86] determined the major influencing factor for shape conversion
of cuboctahedral NPs. Cuboctahedral NPs are built from {100} and {110} facets, as
shown in Fig. 6.23a (middle picture) and Fig. 6.23c. Ag® reduced from Ag* was
preferentially deposited onto the {100} facet to form silver layers, which
suppressed epitaxial overgrowth of the gold layers during the reaction. The {111}
facets grew producing changes in the NP morphology. This change transformed the
NPs from octahedral shapes to cuboctahedral and then to cubic shapes (Fig. 6.23a,
d). In the absence of silver ions, the addition of Au’t precursor enhances {100}
growth to increase the surface fraction of {111} facets. That process makes
cuboctahedral NPs to become octahedral ones, where only {111} facets are present
(Fig. 6.23a, b). This procedure was also applied for redirecting and controlling Pt
NPs growth [87].

Mirkin and coworkers [88] have also shown that a fine control of NP shape is
possible using Ag upd to direct the growth of different Au-NPs morphologies: for
example, octahedrons with {111} facets, rhombic dodecahedrons with {110}
facets, truncated ditetragonal prisms with {310} facets, and concave cubes with
{720} facets. In a later work, Mirkin and coworkers [89] analysed in detail the
effect of including other additives like chloride, bromide and iodide on NP growth
under Ag-upd control. These authors showed how different sets of NP shapes can be
obtained via kinetic control, surface passivation, or a combination of both.
A number of important findings emerged from this work, some of them are:
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Fig. 6.23 (a) Shape evolution of cuboctahedral seeds by changing the growth solutions. SEM
images of (b) large octahedra grown by addition of the gold precursor, (¢) cuboctahedral seeds, and
(d) cubes grown by addition of Ag* and the gold precursor. The bar represents 500 nm (Reprinted
with permission from Ref. [86])

(a) In the absence of bigger halides (bromide and iodide), increasing concentra-
tions of silver ions stabilize particles with a larger number of exposed surface
atoms per unit surface area, enabling the formation of high-index
nanostructures.

(b) In the presence of silver ions as a shape-directing additive, the addition of a
large amount of the bigger halides (bromide and iodide) greatly decreases the
stability of the Ag upd layer and blocks silver deposition, limiting the number
of particle shapes that can be formed.

(c) The enhanced stability of the Ag-upd layer in the presence of chloride causes
growing Au-NPs to become kinetically “trapped” or “locked” into a particular
facet structure early in their growth, enabling the formation of a wide variety
of shapes as well as concave particles.

6.7.3 Galvanic Replacement and Underpotential Deposition

The main obstacle for the implementation of upd to a large quantity of systems is
the fact that this phenomenon is usually limited to the deposition of a less noble
metal on a more noble one, as it is for example the case of the Au(hkl)/Cu and Pt
(hkl)/Cu systems. In the case of electrocatalytic applications, the situation is right
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the opposite to the desired one, for example Cu(hkl)/Pt structures are wished. One
way to circumvent this problem is to use a technique denominated galvanic
replacement (gr). In 2001, Brankovic et al, followed by other groups, reported a
facile route to the synthesis of Pt monolayers on Pd as base metal via gr of an upd
Cu monolayer on a Pd core with a Pt precursor [46, 90, 91]. A year later, the first
example of gr involving nanoscale objects was reported by Sun et al. [92]. The gr
reaction is driven by the difference in electrochemical potentials, between a sacri-
ficial template made of one metal and the ions of another metal in a solution phase
[93, 94].

In the case of pure metals, galvanic corrosion is a redox process, in which a metal
N is corroded by the ions of a second metal Mf;n when they are in contact, in a

solution phase [95]. The corrosion process can be represented by:

Ny = Nig +e” (EY)

ML +ze” — M) (E9)

(aq)
giving the global reaction:

Mz+

0 0
(o T 2N(s) = M) +2N{; (AE = EY + E))

(aq)
where the N metal is dissolved in solution, simultaneously with M deposition.
According to Eq. (6.8), if AFE is positive, then the corrosion reaction is driven
thermodynamically.

In the case of the denominated galvanic replacement applied to upd systems, it
involves oxidation and dissolution of an upd template accompanied by reduction of
the ions of a second metal and deposition of the resultant atoms on the template:

N/S(hkl) — N(th) + e~ + S(hkl) (Eg)
M{y, +ze” + S(hkl) — M/S(hkI) (E9)
giving the global reaction:
Mf;z) + N/S(hkl) — ZNE;q) -+ M/S(hkl) (AE = Eg + Eg)

here, a monolayer of N initially deposited (via upd) on a S surface is dissolved
simultaneously with M deposition. By manipulating stoichiometry of the partici-
pant species, it is possible to control the degree of coverage of the metal being
deposited. For example, a upd monolayer of Cu deposited on a Au(111) surface
may generate [90]:

+ In the presence [PtCl4]27, a Pt monolayer on Au(111).
« In the presence [PtClg|* ", half a Pt monolayer on Au(111).
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« In the presence of Ag™, up to a bilayer of Ag on Au(111).

Galvanic corrosion and upd clearly present similarities but also important
differences. Among the later, the most relevant is related to the AE value. The
reduction couples EV-ES and E9-EY are different, due to the presence of the S
surface.

When a metallic substrate occurs at the nanometric scale, gr can be used as a
versatile and powerful method for the generation of core@shell type NPs. Park
et al. in 2002 [46] (see Fig. 6.7) showed the possibility of the formation of Au@Pd
and Au@Pt core@shell type NPs via gr, starting from Au@Cu NPs. Besides its
employment for the formation of core@shell type NPs [46, 96—102], gr is widely
used today to obtain reversed NPs, hollow particles, hollow nanorods, nanorattles,
nanoboxes, alloys and dealloys, among others nanomaterial shapes [103—-109]. We
will return to this later.

Yu et al. [110] have reported that the electrons which are generated in the gr
reaction, may accumulate mainly over specific regions of the NP. The electronic
distribution that depends on geometry can be used to direct facet growth. These
authors used two metallic precursors: Ag and Pd with a colloidal solution of
polyhedral Au NPs. Ag reduced fast on Au-NPs to make an upd layer. Then, this
core@shell was subjected to a gr process with Pd** ions. The electrons in the
galvanic replacement reaction accumulate mainly at high curvature regions of the
NP such as corners and borders. This preferential accumulation of electrons, which
is spatially heterogeneous, directs the deposition to those regions rich in electrons.
The distribution of electrons can be altered by controlling the kinetics of electron
generation. A slow electron generation rate allows the electrons to accumulate only
in regions of the highest curvature, that is, corners of the polyhedral NPs. On the
other hand, a fast electron generation rate can disperse the electrons over a wider
area, although regions of high curvature are still preferred. In this case, the electrons
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Fig. 6.25 Images obtained for the selective growth of Ag-Pd on Au NPs at different concentra-
tions of AgNO;: (a) 1 uM, (b) 3 uM, (c) 6 uM, (d) 10 uM, (e) 60 M and (f) 80 M. The H,PdCl,
concentration was 70 gM. Column 1 shows images obtained by SEM, column 2 images obtained
by TEM and column 3 shows cut profiles of the geometrical models along the direction <110>.
The red arrows show the V-shape grooves projected from the gaps and depressions (Adapted with
permission from Ref. [110])

may congregate along the edges [111]. Fig. 6.24 schematically illustrates some
complex nanostructures that can be obtained by using the present synthetic scheme.

The first step consists in controlling the amount of Ag adsorbed on the surface of
a NP. A variable amount of Ag deposited allows a galvanic replacement variable
process, as shown in SEM and TEM images for relatively low (Fig. 6.25a—) and
high (Fig. 6.25d—f) AgNOj; concentrations. The Ag layer formed by “in situ” upd, is
consumed by the galvanic substitution reaction and it is continuously regenerated
by supplying Ag*. This Ag- regenerative layer provides a continuous supply of
electrons to the corners of the NP in order to support island growth there. A lower
AgNOj; concentration directs a slow formation of Ag upd, thus island growth is
restricted. This is the basis of the difference between semicorner-selective deposi-
tion and full-corner-selective deposition, schematically shown in Fig. 6.26.

Figure 6.26 shows that the accumulation of electrons, and consequently the
deposition along the border regions instead of corners is possible by adjusting the
growth kinetics of Au and Pd in combination. Since the growth kinetics of Pd atoms
favors the exposure of {100} facets and the growth kinetics of Ag atoms favors the
increase in the proportion of {111} facets (see for example Fig. 6.21), each of these
facet types would be preferentially exposed if the growth kinetics were dominated
by that of Pd atoms or Ag atoms, respectively. With the increase of the Ag/Pd ratio,
the combined growth kinetics can be modified from Pd dominance to Ag domi-
nance. Figure 6.27 shows SEM and TEM images of core(Au)@shell(Ag-Pd) NPs at
different relations of Ag*/ Pd>*. At relatively low relations Ag* / Pd>*, the NP
shape is truncated octahedral, showing that in synthesis conditions the exposition of
facets {100} type has been favored. Under these conditions, Pd directs the growth.
As the Ag* concentration increases, an increase in the size of facets {111} type is
gradually observed indicating that Ag upd plays the key role.
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Fig. 6.26 Schematic illustrations of corner- and edge-selective depositions. The corner- and edge-
selective depositions are shown in rows a and b, respectively. (i) Au central nanocore (NC) with a
well-defined morphology. (i) The Ag precursor is reduced first due to upd and a Ag monolayer is
quickly formed on the central NCs. (iii) This in situ formed Ag layer then undergoes galvanic
replacement reaction with the Pd precursor due to the difference in their reduction potentials. The
electrons released by the galvanic oxidation of the Ag layer then travel and accumulate at the
corners (a) or the edges (b) of the Au central NCs because of the high curvatures there. The Pd
precursor is reduced and deposited preferentially on those electron-rich regions. (iv) The Ag layer
is self-sustaining due to the swiftness of upd, that is, once the Ag atoms in the Ag layer are
oxidized and dissolved, upd of Ag immediately occurs to replenish the Ag atoms lost by oxidation.
The newly formed Ag upd layer is then be oxidized and regenerated. The cycle goes on (the boxed
regions in iii and iv). (v) This cyclic process ensures a continuous supply of electrons to the corners
of the central NC to sustain the reduction there. For the preparation of edge-satellite HMNCs, the
surface of the Au central NCs was modified by Pd-coating (b(7)), and a Ag layer was formed on the
Pd-coated Au NCs (b(i7)) (Reprinted with permission from Ref. [111])

6.7.4 Hollow Nanoparticles Through Galvanic Replacement

NPs are usually defined as polyhedra formed by facets of {111} and {100} type
such as cubes, tetrahedra, octahedra, prisms, cubeoctahedra, etc. [112]. Hollow NPs
(H-NPs) are nanometric scale crystals formed by facets with Miller indices {hkl}
larger than the unit [88, 89, 113-116]. H-NPs surfaces are characterized by a great
density of steps with low coordinated atoms, which confer large surface energy.
Nanocrystals with hollow interiors and porous walls are of great interest and
importance for catalytic and electrocatalytic applications, as they can provide
high specific surface areas and enhanced activities relative to their solid counter-
parts. Galvanic replacement offers a facile and versatile approach to the generation
of metal nanocrystals with hollow interiors and porous walls.

Figure 6.28 shows the main stages involved in a galvanic replacement reaction
for the formation of H-NPs. When a small amount of HAuCl, is added to an
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Fig. 6.27 images obtained for the selective growth at the borders shown in Fig. 6.24 and 6.26. The
concentrations of AgNO; are (¢) 20 pm, (d) 40 pm and (e) 60 pm H,PdCl, concentration was
100 pm. Snapshot 1 shows images obtained by SEM, snapshot 2 images obtained by TEM and
snapshot 3 shows cut profiles of the geometric models along the direction <110 >and <110>
(Adapted with permission from Ref. [110])
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Fig. 6.28 Schematic illustration of the morphological and structural changes at different stages of
the galvanic replacement reaction between a Ag nanoparticle and HAuCl, in an aqueous solution
(Reprinted with permission from Ref. [124])

aqueous solution containing Ag NPs, the galvanic replacement of Ag by Au will
start in the regions with large surface energy (for example, imperfections, vertex,
corner regions). As a result, Ag atoms oxidize and dissolve into the solution; this
generates a small hollow in the NP facet. At the same time, electrons migrate
rapidly to the NP surface and are taken by AuCl; to generate Au atoms through a
reduction reaction. Due to their similar crystal structures and lattice constants
(4.086 A vs. 4.078 A for Ag and Au, respectively), the recently formed Au atoms
tend to deposit epitaxially on the surface of the NP (step 1 in Fig. 6.28). The
deposition will lead to the formation of a thin and complete Au layer on the facets of
each NP that prevents the reaction of other Ag atoms with AuClI, below this layer,
thus physically blocking the reaction. However, the small hollow generated at the
beginning serves as preferential region for the continuous dissolution of Ag atoms.
This hollow must have certain size that allows the income of other species allowing
the galvanic replacement to take place inside the NP.

The exchange processes and /or surface diffusion may lead to a mixing of the
atoms (step 2 in Fig. 6.28), since a homogeneous alloy is thermodynamically more
stable than a mixture of segregated Au and Ag phases. In an intermediate state of
the galvanic replacement reaction, a hollow interior and an alloy shell (step 3 in
Fig. 6.28) characterizes this nanostructure. The thickness of the shell depends on
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the size of the initial Ag-NP as seed (sacrificial template) as well as on the
stoichiometry of the reacting Au complex. The addition of large amounts of
HAuCl, to the reaction system, drives a dealloying process by selective elimination
of Ag atoms from the alloy shell. This process generates many uncoordinated
atoms, vacant regions, etc. which lead to a large increase in the surface free energy.
These vacant regions join together, generating small hollows that coalesce and form
hollow NPs. The dealloying process can also cause defragmentation of the NP into
small Au clusters (step 5 in Fig. 6.28). Different SEM images can be observed in
Figs. 6.29b—d, showing the different stages previously described. The addition of a
chelate like Fe(NOs3); is an alternative to favor the process of dealloying of the
Au-Ag NP. This chelate dissolves Ag, generating pores in the facets, thus yielding
NPs with hollow structures as can be observed in Fig. 6.29. The size of the pores can
be controlled by adding a larger amount of Fe(NOs); as shown in the SEM images
in Figs. 6.29e—g.

In 2011, Gonzales et al. [117], reported a new application of the traditional
concepts of corrosion at the nanoscale. They showed that gr together with the
Kirkendall effect can be used to form hollow Au-NPs of many layers. The
Kirkendall effect occurs in systems where the diffusion velocities of one on the
other material are markedly different, such as Ag diffusion on Au that is larger than
Au diffusion on Ag. The process begins with a picture similar to that exposed in
Fig. 6.28a, b. The galvanic replacement has generated a hollow Ag cube covered by
an external Au layer. Since Ag diffusion on Au is faster than Au diffusion on Ag,
this produces a net flow of vacancies from the surface to the core. The concentration
of vacancies increases until they coalesce in bubbles that grow at the metallic
interface and join, forming a continuous cavity parallel to the cube wall. This
allows the interior walls to be coated with Au. These “empty boxes” increase
significantly the area/volume ratio of the material and could be used to transport
or protect molecules, thus providing important applications in the fields of medicine
and energy storage [118] (see Fig. 6.30a).

Trimetallic Ag-Au-Pd structures may also be produced by using the gr method
together with the Kirkendall effect. The final product is a double wall nanobox with
a Ag nucleus situated between the walls (see Fig. 6.30b), coated with a PdAu alloy
or a Au-Pd layer, depending on the addition of the precursors being simultaneous or
sequential. In the nanoboxes shown in Fig. 6.30b, Au and Ag form an alloy with
interior parts richer in Ag while Pd is preferentially found at the wall surfaces.

6.7.5 Nanoparticles Growth Inside Dendrimers

In the early 2000s, Crooks and coworkers developed a technique for the generation
of metallic NPs, denominated “dendrimer-encapsulated nanoparticles (DENs)”
[119-121]. A scheme of this procedure is shown in Fig. 6.31.
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Fig. 6.29 (a) Schematic illustration of two different methods for dealloying involving the use of
HAuCl, and Fe(NOs;);, respectively, as the etchant. (b—d) SEM images of samples obtained by
de-alloying 120 nm partially hollow Au-Ag nanoboxes with increasing amounts of HAuCl,. The
100 nm scale bar in (d) applies to (b) and (c). (b—d) are reproduced with permission from Ref.
[142]. (e-g) TEM and SEM (insets) images of samples obtained by de-alloying 50-nm partially
hollow Au-Ag nanoboxes with increasing amounts of Fe(NOs)3. The 50 nm scale bar in (g) applies
to (e) and (f). The scale bars in the insets of (e—g) are 50 nm. (e—g) are reproduced with permission
[107] (Reprinted with permission from Ref. [124])
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Fig. 6.30 Characterization of double wall nanoboxes. (Al) Intensity profile obtained on the
z-contrast image of AuAg double-walled nanoboxes. (A2) EDX elemental map, together with a
scheme of the elemental distribution. (A3) HRTEM characterization. (b) TEM image and EDX
elemental maps for trimetallic PdAuAg nanoboxes (Reprinted with permission from Ref. [117])
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Fig. 6.31 Scheme of the dendrimer-encapsulated nanoparticles method (Reprinted with permis-
sion from Ref. [132])
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In a first step, S?* cations are embedded into the dendrimer matrix, yielding a

complex [G6 — OH(S*") ], where G6 — OH is a sixth-generation, hydroxyl-
terminated polyamidoamine (PAMAM) dendrimer, and n is the amount of ions
encapsulated in the dendrimer. The driving force for encapsulation of metal ions
within dendrimers is usually based on covalent bond formation, electrostatic inter-
actions, complexation reactions, or a combination thereof [119]. In a second step,
the cations are completely reduced by using borohydride. In this way, metallic NPs
were obtained within the cavities of the dendrimers. The DENs synthesis offers
some significant advantages over other methods for preparing nanoparticles in very
a small size range [122]. Since the cations are embedded in the polymeric matrix,
the later determines the NP size. The cation/dentrimer ratio allows the adjustment
of the amount of cations in the matrix and consequently, the adjustment of the final
NP size. Typically, this strategy yields a NP size distribution having standard
deviations of 0.3 nm [123]. This process leads to stable, nearly size-monodisperse
NPs composed of Pt, Pd, Au and Cu [125-129]. It is also possible to prepare alloyed
and core@shell bimetallic DENs using a slight variation of the basic approach
[130, 131]. For example, PtPd bimetallic NPs containing an average of 180 atoms
and being composed of seven different Pt/Pd ratios have been prepared within
sixth-generation, hydroxyl-terminated, polyamidoamine dendrimers [130]. Fig-
ure 6.32a shows how the electrochemical response can be manipulated by changing
the composition of a PtPd NP. For example, the current peak for oxygen reduction
on the electrode modified with G6-OH(Pt,g() is found at 0.67 V, but the electrodes
coated with bimetallic PtPd DENs having low percentages of Pd exhibit oxygen
reduction reaction peaks at more positive potentials (e.g., 0.70 and 0.68 V for
G6-OH(Pt,50Pd30) and G6-OH(Pt,,0Pd0), respectively). Figure 6.32b summarizes
the voltammetric data by showing the potential of the current peak for the oxygen
reduction reaction as a function of increasing Pt percentage in each electrocatalytic
particle. A maximum is reached when the NP is composed of G6-OH(Pt,50Pd;).

In a further step, a monolayer of a less noble metal may be electrodeposited onto
the DENSs by upd to yield [G6 — OH(S,@M,,)]. Subsequent galvanic replacement
of the upd monolayer may yield different core@shell NPs. For example, Carino
et al. [132] have analyzed the voltammetric behavior of Cu deposition on Pt-DENs
of 55, 147, and 255 atoms, see Fig. 6.33. Their results indicate that a single atomic
monolayer of Cu is deposited onto Pt DENs cores containing an average number of
147 and 225 atoms, while more than one monolayer deposits onto Pt DEN cores
containing an average of 55 atoms. Two remarkable features emerge from the
voltammetry of these systems:

(a) As NP size decreases, the peak potentials of anodic and cathodic processes
show a shift towards lower potentials, that is, Cu upd weakens for relatively
small NPs.

(b) Deposition and stripping peaks become splitted into two components.

The first behavior can be analyzed in terms of NP size. The smaller the NPs, the
more important become surface effects, and the deposition potential moves to lower
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potentials. This is an evidence for the extinction of the upd phenomenon at the
nanoscale, analyzed in Sect. 6.7. The second behavior, the occurrence of two
shoulders in the voltammograms, was assigned to the presence of different facets
and/or the different behavior of borders and facets. It is known that for a very small
NP it is not possible to differentiate the superficial regions into facets and borders.
However, when the NP is of a bigger size, these regions may be differentiated and
this fact becomes evident through this wave splitting. Very recent results by
Plowman and Compton [133] confirm the extinction of Cu upd for Au NPs of
1.8 nm in citrate media.

As mentioned at the beginning of the present section, the development of NP
synthesis by means of dendrimers presents two appealing aspects. On the one side,
it allows the generation of metallic NPs with a very sharp size distribution. On the
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other side, this method allows the generation of metal NPs with very small sizes,
between 1 nm and 2 nm. These two factors allow correlating straightforwardly
experimental results with theoretical predictions. In this respect, it is worth men-
tioning the work of Yancey et al. [134] and Carino et al. [132]; they contrasted
experimental results of electrochemical deposition with density functional (DFT)
calculations for NP of similar sizes. Carino et al. [132] showed that upd of Cu onto
Pt-NP(147) occurs in two steps: first onto the {100} facets (partial deposition) and
then onto the {111} facets (full deposition). The partial and full shell structures
were characterized by voltammetry and the experimental results were compared
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Fig. 6.34 Different models used to consider the adsorption of sulfate ions on (a) a Pt NP made of
147 atoms. (b) A core@shell NP Pt(147)@Cu(full). Left and right images show the NP without
and with adsorbed SO, molecules respectively (¢) DFT-calculated Cu deposition and stripping
energies, as compared with the experimental voltammogram obtained for Cu upd on Pt NPs (black
dashed line) (Reprinted with permission from Ref. [143])

with computational models generated by using DFT and molecular dynamics
(MD) simulations. Figure 6.34a shows the different models used by Carino
et al. [143] to emulate the Cu upd phenomena. Binding energies were calculated
using DFT for Cu adsorbed on Pt{100} and Pt{111} facets of a “solvated” NP, in
which SO, ligands were adsorbed on the surface to mimic the solvent — surface
interactions existing in the experiments. The calculated binding energies were
found to correspond well with the peaks observed in the CVs of Cu upd onto Pt
NPs(147) (see Fig. 6.34b). In contrast, the same calculations performed on a naked,
SO,4-free (solvent free) NP model did not fit the electrochemical data.

References

. http://www.nanotechproject.org/cpi/products/. Consulted Sept 2014
. Marie-Christine D, Didier A (2004) Chem Rev 104:293
. Ferrando R, Jellinek J, Johnston RL (2008) Chem Rev 108(3):845
. Drexler KE“(1986) Engines of creation: the coming era of nanotechnology, Anchor Books
Editions, New York
5. Drexler KE (1992) Nanosystems: molecular machinery, manufacturing, and computatin.
Wiley, New York
6. Ratner M, Ratner D (2003) Nanotechnology, a gentle introduction to the next big idea.
Prentice Hall, Upper Sadle River
7. Corain B, Schmid G, Toshima N*“(2008) Metal nanocluster in catalysis and materials science.
Elsevier, The Netherlands
8. Castro T, Reifenberger R, Choi E, Andres RP (1990) Phys Rev B 13:8548
9. Kittel C (2005) Introduction to solid state physics, 8th edn. Wiley, Hoboken
10. Wong K, Vongehr S, Kresin VV (2003) Phys Rev B 67:035406
11. Plieth WJ (1985) Surf Sci 156:530

AW~


http://www.nanotechproject.org/cpi/products/

332

12.
13.

14

15.

16.
17.

18
19

22.

23

28.
. lijima S, Ichihashi T (1986) Phys Rev Lett 56:616
30.
31.
32.

29

33.
. Davey RJ, Allen K, Blagden N, Cross WI, Lieberman HF, Quayle MJ, Righini S, Seton L,

34

35.
36.

37.
38.
39.
40.
41.
42.
43.

44

45.
46.
47.
48.
49.

50.

51.

52.

6 Underpotential Deposition and Related Phenomena at the Nanoscale: Theory. . .

Wood DM (1981) Phys Rev Lett 46:749
Plieth WJ (1982) J Phys Chem 86:3166

. Schnippering M, Carrara M, Foelske A, Kotzc R, Fermin DJ (2007) Phys Chem Chem Phys

9:725

Selvakannan PR, Swami A, Srisathiyanarayanan D, Shirude PS, Pasricha R, Mandale AB,
Sastry M (2004) Langmuir 20:7825

Jana NR, Gearheart L, Murphy CJ (2001) J Phys Chem B 105:4065

Sanchez-Iglesias A, Carbo-Argibay E, Glaria A, Rodriguez-Gonzalez B, Pérez-Juste J,
Pastoriza-Santos I, Liz-Marzan LM (2010) Chem Eur J 16:5558

. Gentry ST, Fredericks SJ, Krchnavek R (2009) Langmuir 25:2613

. Jiang XC, Pileni MP (2007) Colloids Surf A Physicochem Eng Asp 295:228
20.
21.

Fievet F, Lagier JP, Figlarz M (1989) MRS Bull 14:29

Fayet P, Granzer F, Hegenbart G, Moisar E, Pischel B, Woste L (1985) Phys Rev Lett
55:3002

Foiles SM, Baskes MI, Daw MS (1986) Phys Rev B 33:7983

. Li JH, Dai XD, Liang SH, Tai KP, Kong Y, Liu BX (2008) Phys Rep 455:1
24,
25.
26.
27.

Xiao L, Tollberg B, Hu X, Wang L (2006) J Chem Phys 124:114309

Oviedo OA, Mariscal MM, Leiva EPM (2010) Phys Chem Chem Phys 12:4580

Oviedo OA, Mariscal MM, Leiva EPM (2010) Electrochim Acta 55:8244

Perez MA (2007) In: Mariscal MM, Dassie SA (eds) Recent advances in nanoscience.
Research Signpost, Trivandrum

LaMer VK, Dinegar RH (1950) J] Am Chem Soc 17:4847

Wiley B, Herricks T, Sun Y, Xia Y (2004) Nano Lett 4:1733

Lifshitz IM, Slyozov VV (1961) J Phys Chem Solids 19:35

Wagner C (1961) Zeitschrift fur Elektrochemie, Berichte der Bunsengesellschaft fiir
physikalische Chemie 65:585. (German)

Erdemir D, Lee AY, Myerson AS (2009) Acc Chem Res 42:621

Tiddy GJT (2002) CrystEngComm 4:257

Hill TL, Chamberlin RV (1998) Proc Natl Acad Sci 95:12779

Hill TL (1964) Thermodynamics of small systems, part I and II. Dover Publications,
New York

Park S, Yang P, Corredor P, Weaver MJ (2002) J Am Chem Soc 124:2428
Skriver HL, Rosengaard NM (1992) Phys Rev B 46:7157

Frisch HL (1957) J Chem Phys 27:90

Henglein A, Giersig M (1994) J Phys Chem 98:6931

Mulvaney P, Giersig M, Henglein A (1993) J Phys Chem 97:7061

Zsigmondy R, Anorg Z (1917) Allg Chem 99:105

Schmid G, West H, Malm J-O, Bovin J-O, Grenthe C (1996) Chem Eur J 2:1099

. Budevski E, Staikov G, Lorenz WJ (1996) Electrochemical phase formation and growth —an

introduction in the initial stages of metal deposition. VCH, Weinheim

Bochicchio D, Ferrando R (2013) Phys Rev B 87:165435

Park S, Weaver MJ (2002) J Phys Chem B 106(34):8667

Zhang B, Li J-F, Zhong Q-L, Ren B, Tian Z-Q, Zou S-Z (2005) Langmuir 21:7449

Lu L, Wang H, Xi S, Zhang H (2002) J Mater Chem 12:156

Selvakannan PR, Mandal S, Phadtare S, Gole A, Pasricha R, Adyanthaya SD, Sastry MJ
(2004) J Colloid Interface Sci 269:97

Mandal S, Selvakannan PR, Phadtare S, Pasricha R, Sastry M (2002) Proc Indian Acad Sci
Chem Sci 114:513

Fonticelli MH, Corthey G, Benitez GA, Salvarezza RC, Giovanetti LJ, Requejo FG, Shon YS
(2007) J Phys Chem C 111:9359

Oviedo OA, Reinaudi L, Leiva EPM (2012) Electrochem Comm 21:14



References 333

53.
54.
55.
. Goia DV, Matijevic E (1998) New J Chem 22:1203
57.
58.
59.
60.
61.

56

62

64.
65.

66
67

70.
71.

72.
73.
74.
75.
. DeSantis CJ, Sue AC, Bower MM, Skrabala SE (2012) ACS Nano 6:2617
7.
78.

76

79.
80.
. Ikemiya N, Yamada K, Hara S (1996) Surf Sci 348:253
82.
83.
84.
85.
86.

81

87

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.

Luque NB, Reinaudi L, Serra P, Leiva EPM (2009) Electrochim Acta 54:3011
Sharma V, Park K, Srinivasarao M (2009) Mater Sci Eng R 65:1
Zhang H, Jinb M, Xia Y (2012) Chem Soc Rev 41:8035

Jiang XC, Brioude A, Pileni MP (2006) Colloids Surf A Physicochem Eng Asp 58277:201
Zsigmondy R (1917) The chemistry of colloids. Wiley, New York

Svedberg T (1921) The formation of colloids. D. Van Nostrand Company, New York

Sun Y (2013) Chem Soc Rev 42:2388

Carbo-Argibay E, Rodriguez-Gonzalez B, Pacifico J, Pastoriza-Santos I, Pérez-Juste J,
Liz-Marzan LM (2007) Angew Chem Int Ed 46:8983

. Zhang L, Wang L, Jiang Z, Xie Z (2012) Nanoscale Res Lett 7:312
63.

Sanchez-Iglesias A, Pastoriza-Santos I, Pérez-Juste I, Garcia de Abajo FJ, Liz-Marzan LM
(2006) Adv Mater 18:2529

Elechiguerra JL, Reyes-Gasga J, Yacaman MJ (2006) J Mater Chem 16:3906

Gai PL, Hammer MA (2002) Nano Lett 2:771

. Johnson CJ, Dujardin E, Davis SA, Murphy CJ, Mann S (2002) J Mater Chem 12:1765
. Germain V, Li J, Ingert D, Wang ZL, Pileni MP (2003) J Phys Chem B 107:8717

68.
69.

Lu LH, Wang HS, Zhou YH, Xi SQ, Zhang HJ, Hu JW, Zhao B (2002) Chem Commun
LuLH, Sun GY, Zhang HJ, Wang HS, Xi SH, Hu JQ, Tian ZQ, Chen RJ (2004) J Mater Chem
14:1005

Zhang H, Mingshang J, Wang J, Li W, Camargo PHC, Kim MJ, Yang D, Xie Z, Xia Y (2011)
J Am Chem Soc 133:6078

Berhault G, Bausach M, Bisson L, Becerra L, Thomazeau C, Uzio D (2006) J Phys Chem C
111:16

Xiong Y, McLellan JM, Yin Y, Xia Y (2007) Angew Chem Int Ed 46:790

Sun Y, Mayers B, Herricks T, Xia Y (2003) Nano Lett 3:955

Xiong Y, Chen J, Wiley B, Xia Y, Yin Y, Li Z-Y (2005) Nano Lett 5:1237

Xiong Y, Cai H, Wiley BJ, Wang J, Kim MJ, Xia Y (2007) J Am Chem Soc 129:3665

DeSantis CJ, Peverly AA, Peters DG, Skrabalak SE (2011) Nano Lett 11:2164

Huang J, Zhu Y, Lin M, Wang Q, Zhao L, Yang Y, Yao KX, Han Y (2013) J Am Chem Soc
135:8552

Long R, Zhou S, Wiley BJ, Xiong Y (2014) Chem Soc Rev 43:6288

Liu M, Guyot-Sionnest P (2005) J Phys Chem B 109:22192

Ogaki K, Itaya K (1995) Electrochim Acta 40:1249

Oviedo OA, Leiva EPM, Rojas MI (2006) Electrochim Acta 51:3526

Grzelczak M, Pérez-Juste J, Mulvaney P, Liz-Marzan LM (2008) Chem Soc Rev 37:1783
Seo D, Park JC, Song H (2006) J Am Chem Soc 128(46):14863

Seo D, Yoo CI, Park JC, Park SM, Ryu S, Song H (2008) Angew Chem 47:763

. Grzelczak M, Pérez-Juste J, Rodriguez-Gonzalez B, Liz-Marzan LM (2006) J Mater Chem

16:3946

Personick ML, Langille MR, Zhang J, Mirkin CA (2011) Nano Lett 11:3394

Langille MR, Personick ML, Zhang J, Mirkin CA (2012) J] Am Chem Soc 134:14542
Brankovic SR, Wang JX, Adzic RR (2001) Surf Sci 474:1.173

Mrozek MF, Xie Y, Weaver MJ (2001) Anal Chem 73:5953

Sun Y, Mayers BT, Xia Y (2002) Nano Lett 2:481

Skrabalak SE, ChenJ, Sun Y, Lu X, Au L, Cobley CM, Xia Y (2008) Acc Chem Res 41:1587
Lu X, Chen J, Skrabalak SE, Xia Y (2008) Proc Inst Mech Eng N 221:1

Hack HP (1988) Galvanic corrosion. ASTM International, West Conshohocken

Jin Y, Shen Y, Dong S (2004) J Phys Chem B 108(24):8142

Huang M, Jin Y, Jiang H, Sun X, Chen H, Liu B, Wang E, Dong S (2005) J Phys Chem B 109
(32):15264



334

98.

99.
100.
. Peng Z, Yang H (2009) Nano Today 4:143
102.
103.
104.
105.
106.
.Lu X, Au L, McLellan J, Li ZY, Marquez M, Xia Y (2007) Nano Lett 7:1764
. Hong X, Wang D, Cai S, Rong H, Li Y (2012) J Am Chem Soc 134:18165
109.
110.
111.
112.

101

107
108

113.
114.
115.
116.
117.
. LiuJ, Qiao SZ, Chen JS, Wen X, Lou D, Xing X, Lu GQM (2011) Chem Commun 47:12578
119.
120.

118

121

127

133

6 Underpotential Deposition and Related Phenomena at the Nanoscale: Theory. . .

Zhai J, Huang M, Dong S (2007) Electroanalysis 19:506
Wang L, Guo S, Zhai J, Hu X, Dong S (2008) Electrochim Acta 53:2776
Park Y-K, Yoo S-H, Park S (2008) Langmuir 24(8):4370

Hu J-W, Li J-F, Ren B, Wu D-Y, Sun S-G, Tian Z-Q (2007) J Phys Chem C 111(3):1105
Yin Y, Erdonmez C, Aloni S, Alivisatos A (2006) J] Am Chem Soc 128:12671

Seo D, Song H (2009) J Am Chem Soc 131:18210

Sun Y, Wiley B, Li ZY, Xia Y (2004) J Am Chem Soc 126:9399

Chen J, Wiley B, McLellan J, Xiong Y, Li ZY, Xia Y (2005) Nano Lett 5:2058

Wang Y, Wan D, Xie S, Xia X, Huang CZ, Xia Y (2013) ACS Nano 7:4586

Yu Y, Zhang Q, Yao Q, Xie J, Lee JY (2013) Chem Mater 25:4746

Yu Y, Zhang Q, Xie J, Lee JY (2013) Nat Commun 4:1454

Wales D (2004) Energy landscapes applications to clusters, biomolecules and glasses.
Cambridge Molecular Science. Royal Society of Chemistry. http://pubs.rsc.org/en/journals/
journalissues/fd?_ga=1.53658280.1007409239.1445285929#!recentarticles&adv

Tian N, Zhou Z-Y, Sun S-G, Ding Y, Wang ZL (2004) Science 316:732

Tian N, Zhou Z-Y, Sun S-G (2008) J Phys Chem C 112:19801

Zhou Z-Y, Tian N, Huang Z-Z, Chen D-J, Sun S-G (2008) Faraday Discuss 140:81

Hong JW, Kim M, Kim Y, Han SW (2012) Chem Eur J 18:16626

Gonzalez E, Arbiol J, Puntes VF (2011) Science 334:1377

Crooks RM, Zhao M, Sun L, Chechik V, Yeung LK (2001) Acc Chem Res 34:181

Crooks RM, Chechik V, Lemon BI III, Sun L, Yeung LK, Zhao M (2002) Synthesis,
characterization, and applications of dendrimer-encapsulated metal and semiconductor
nanoparticles. In: Feldheim DL, Foss CA Jr (eds) Metal nanoparticles- synthesis, character-
ization, and applications. Marcel Dekker, New York

. Scott RWJ, Wilson OM, Crooks RM (2005) J Phys Chem B 109:692
122.
123.
124.
125.
126.
. Wilson OM, Knecht MR, Garcia-Martinez JC, Crooks RM (2006) J Am Chem Soc 128:4510
128.
129.
130.
131.
132.

Myers VS, Weir MG, Carino EV, Yancey DF, Pande S, Crooks RM (2011) Chem Sci 2:1632
Ye H, Crooks RM (2007) J Am Chem Soc 129:3627

Xia X, Wang Y, Ruditskiy A, Xia Y (2013) Adv Mater 25:6313

Zhao M, Crooks RM (1999) Angew Chem Int Ed 38:364

Ye H, Crooks RM (2005) J] Am Chem Soc 127:4930

Garcia-Martinez JC, Lezutekong R, Crooks RM (2005) J Am Chem Soc 127:5097

Zhao M, Sun L, Crooks RM (1998) J] Am Chem Soc 120:4877

Scott RWJ, Wilson OM, Oh S-K, Kenik EA, Crooks RM (2004) J] Am Chem Soc 126:15583
Wilson OM, Scott RWJ, Garcia-Martinez JC, Crooks RM (2005) J] Am Chem Soc 127:1015
Carino EV, Crooks RM (2011) Langmuir 27:4227

. Plowman BJ, Compton RG (2014) ChemElectroChem 1:1009
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.

Yancey DF, Zhang L, Crooks RM, Henkelman G (2012) Chem Sci 3:1033

Oviedo OA, Vélez P, Macagno VA, Leiva EPM (2014) Surf Sci 631:23

Mariscal MM, Oviedo OA, Leiva EPM (2012) J Mater Res 27:1777

Oviedo OA, Leiva EPM, Mariscal MM (2008) Phys Chem Chem Phys 10:3561
Campbell FW, Zhou Y, Compton RG (2010) New J Chem 34:187

Campbell FW, Compton RG (2010) Int J Electrochem Sci 5:407

Zhou Y, Rees NV, Compton RG (2012) ChemPhysChem 12:2085

Oviedo OA, Reinaudi L, Mariscal MM, Leiva EPM (2012) Electrochim Acta 76:424
Sun Y, Xia Y (2004) J Am Chem Soc 126:3892

Carino EV, Kim HY, Henkelman G, Crooks RM (2012) J Am Chem Soc 134:4153


http://pubs.rsc.org/en/journals/journalissues/fd?_ga=1.53658280.1007409239.1445285929#!recentarticles&adv
http://pubs.rsc.org/en/journals/journalissues/fd?_ga=1.53658280.1007409239.1445285929#!recentarticles&adv

Chapter 7
What Is Coming Next?

In the following sections we will discuss on some tendencies and prospects
concerning underpotential deposition (upd) research, related to both theoretical
and experimental work.

7.1 Underpotential Deposition as a Precision Design Tool

Tuning of size, shape, and properties of nanomaterials is of primarily importance
for the development of basic science and technological progress in view of multiple
applications. In this context, a peculiarity of upd makes this phenomenon an
extraordinary tool as a bottom-up method: it allows a strict morphological control
at the nanoscale. Such a level of control has up to date not been achieved by other
techniques in the solution phase. In the case of techniques applied under vacuum
conditions, the Atomic Layer Deposition (ALD) method has been able to achieve
similar results, but using ultra high vacuum conditions, which require a costly and
relative involved infrastructure. Along Chaps. 2, 3, 4, 5 and 6 we have analyzed
numerous examples of various systems where it is possible to obtain deposits whose
width varied between one and two atomic monolayers. It is even possible to reach
monolayer fractions, expanded structures with different stoichiometries, etc. Fur-
thermore, it is possible to achieve selective decoration of step borders, with one, and
eventually two adsorbate rows. In most cases, this surface control may be achieved
in a fast, reversible and reproducible way, even under several experimental condi-
tions. Thus, from the point of view of the so-called bottom-up nanostructuring
methodology, upd has shown to be a powerful tool as “building technique”. A
relevant example of this upd application are the studies of Mirkin and coworkers on
Au nanoparticles (NPs) growth controlled by Ag upd [1, 2] in the presence and in
the absence of anions, as illustrated in Fig. 7.1, and discussed more in detail in
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Fig. 7.1 Schematic representation of the two growth pathways on Au nanoparticles (Reprinted
with permission of Ref. [1])

Chap. 6. There, we can see the three types of NP growth that appear as a result of
different procedures. They are:

(a) Kinetically controlled products. Here the control of the rate of Au* reduction
directs NP shape.

(b) Upd controlled products. Here, the upd of Ag onto the Au-NP surface blocks
the growth of particular facets and thus dictates NP shape.

(c) Different products arising from the increasing destabilization of upd by
anions.

We turn now to do a little of bibliometric analysis concerning upd. Figure 7.2a
shows the number of published articles as a function of the year, using the Scopus
[3] searching engine, under the keyword ‘“underpotential deposition”, using the
“Articles title, Abstract and Keywords” filter. Modulated by an oscillating function,
the plot shows a roughly linear growth in the period (1976-2014), with a slope that
amounts about 2 articles/year. From the 1802 publications found in this search,
16 correspond to patents which are homogeneously distributed (1 or 2 per year) in
the interval 1989-2014. The year 2013 stands out with four patents. These results
show that the relationship between patenting and overall publications amounts a
0.9 %. The previous figures indicate that even in the current times, where the
“nano” world floods internet, magazines and even sci-fi movies, upd does not
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Fig. 7.2 Evolution of the number of publications as a function of the year according to the Scopus
search engine with the strings (a) “underpotential deposition” and (b) black “galvanic replace-
ment”, blue “electrochemical atomic layer deposition” and green “surface limited redox replace-
ment” plus “Electrochemical Atomic Layer Epitaxy”. In (b) red broken line corresponds to the
sum of all searches

seem to show up meaningfully in publications, all this in spite of the great
possibilities it has to manage surface control as stated above. Which is the reason
for this unnoticing of upd in the scientific community? Far from having the definite
answer to this question, we can put forward a (not-very-chemical) hypothesis to
explain this. As a general rule, upd is restricted to metal couples where the substrate
is a more noble metal than the adsorbate. We have shown and analyzed in numerous
experiments how Au or Pt are covered by less noble metals like Ag, Cu, Pb, TI, etc.
These actions are just in the opposite direction of the driving force that makes the
world go round: economy. This may explain in part the low patenting rate found in
relationship to upd at present times. For this reason, we come now to consider the
wealthy brothers of upd: Galvanic Replacement (gr), Surface Limited Redox
Replacement (SLRR) and Electrochemical Atomic Layer Deposition (E-ALD)
also knew as Electrochemical Atomic Layer Epitaxy (ECALE).

Galvanic replacement [4] is an electrochemical corrosion process,’ which
involves the oxidation of a compound or metal (usually denominated sacrificial
template) by another one, which has a more positive reduction potential. This
process allows the oxidation of the template and its corresponding dissolution,
while the second metal or compound is reduced and deposited onto the template. On
its side, SLRR, E-ALD and ECALE [5] are referred to the experimental strategy
based upon multiple applications of a protocol for submonolayer or monolayer
surface modification via gr. Figure 7.2b shows the time evolution of articles
including the terms “Galvanic Replacement”, “Surface Limited Redox Replace-
ment”, “Electrochemical Atomic Layer Deposition” and “Electrochemical Atomic
Layer Epitaxy” under analogous conditions to those of the upd search addressed
above. For the sum of the search results (red broken line), the number of publica-
tions in the field before 2003 grew at a rate lower than 3 publications/year. After

! Galvanic corrosion is a phenomenon known since the nineteenth century.
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2003, the number of publications acquired renewed impetus, mirrored in an
increase in the slope of the plot up to 23 publications/year. The analysis of the
four most cited articles found in 2003-2004 (582 cites for [6], 253 cites for [7],
244 cites for [8] and 174 cites for [9]) shows a common denominator: the articles
report on the formation of nanocages, nanohollows, hollow nanoparticles,
nanotubes, nanocubes, nanoshells, etc. Thus, the most straightforward conclusion
is to associate this new impulse with the emerging activity in nanoscience. How-
ever, these applications of galvanic corrosion at the nanoscale did no use the upd
technique as a previous step, as originally proposed by Brankovic et al. in 2001 [4]
for planar surfaces and later extended by Park et al. to NPs [10]. Currently, research
is going in this direction, where the joint use of upd with gr allows to design new
materials at the nanoscale, with completely new properties and construction details
never found before by other techniques. Synergy between upd and gr allows on one
side to use the fine control of nanostructures that may be achieved by upd to build
substrates with a well-controlled morphology (template), and on the other, the great
versatility of gr to modify the latter [11]. The simultaneous application of both
techniques offers a simple and versatile way to the fabrication of multifunctional
nanostructures like hollow-NPs and many other appealing characteristics. Upd and
gr may also be coupled with other methods, as sequential reduction, co-reduction
and Kirkendall effect to generate nanostructures with much greater complexity [12]
as was shown in Chap. 6. Combination with other physicochemical processes or
synthetic techniques will allow the fabrication of nanomaterials with unexplored
structures and properties. Great experimental progress is taking place right now on
these topics. However, many questions remain open and new ones arise, and even
many aspects of upd remain unclear, as will be addressed below. For example, it is
has been shown theoretically [13] and then experimentally [14] that at the nano-
scale the redox equilibrium potential of an upd adsorbate changes with the size of
the NPs on which it is formed, so that the driving force for gr should be sensitive to
the size of the nanosystem as well. Thus, a unified theoretical framework is
necessary for the understanding of all these processes, something which is still in
progress. No doubt that the basic theoretical tools for such an achievement will be
nanothermodynamics, statistical mechanics and/or quantum mechanics.

7.2 Towards an Accurate and First-Principles Modeling
of Metal Underpotential Deposition/Dissolution

We have discussed in Chap. 5 different ways to model the kinetics of upd through
Kinetic Monte Carlo methods, which allow performing calculations of reactions in
a time scale which approaches the experimental one. In some cases, different
kinetics were assumed for atom deposition in different environments [15]. On the
other hand, Brown et al. [16] modeled adsorption/desorption of particles on
the basis of the Butler-Volmer description of electrochemical charge transfer.
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In this approach, the deposition (vqep, «(E))/dissolution (vgis «(E)) rates of the atomic
species are calculated from an equation of the type [17]:

#(0)
AGy. . 1 —a)zFE
Vdep»c(E) = Kdep, xanr+ €XP <_ Rd]e"p,. ) €xp <( R’; > (7.1)
AG#:? >K. azFE
Vais,x* (E) = kgis " €Xp <— Rd]f" exp( RT ) (7.2)

where the indices x and x* label the type of sites where the adatom is deposited on
(desorbed from), the AG* @ values are the activation free energies for the ion
transfer from the solution to the crystal, or vice versa, at E = 0, kgep v and kg + are
rate constants for deposition and dissolution reactions at sites x and x*, respectively.
a is the charge transfer coefficient and the remaining symbols have their usual
meaning. This type of modeling introduces environment-depending rates, where
adatom deposition/dissolution rate depends on the type of site where it is incorpo-
rated or dissolved from. The usual way to do this is to approximate the dynamic
property AG*® by some simple function of the related thermodynamic quantity, as
it is the corresponding free energy.

The next step to improve the modeling would consist in obtaining the rates vgep
and vg ,+ using first principles calculations and computer simulations. In this
respect, it is worth mentioning an important step in this direction taken by Pinto
et al. concerning the electrochemical deposition of Ag [18] and the deposition/
dissolution of divalent metal ions [19]. The modelling by these authors consists of a
combination of:

(a) electron-transfer theory with spin polarization [20],
(b) density functional theory (DFT) calculations and
(¢) molecular dynamics (MD) simulations.

The general idea of the former was introduced in Chap. 5, where we saw that the
Hamiltonian of the system includes not only adatom-substrate but also adatom-
solvent interactions. The DFT calculations are used to investigate the electronic
interactions between the adatom and the metal surface, and allow to fit the coupling
constants between the relevant orbitals of the adatom and the respective surface.
The third ingredient, the MD simulations, provide information on the potential of
mean force of the interaction of the ion with the solvent, and play a key role to
understand the stability of ions with different charges and thus different solvation
energies. Such a modeling allows obtaining detailed information on the free energy
surface, as can be observed in Fig. 7.3 for the reaction:

Zn"? +2e” — Zn (7.3)

The methodology used to calculate the information of Fig. 7.3 could be used to
analyze upd in different systems and environments, and could become a powerful
tool to simulate these systems.
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Fig. 7.3 Free energy surface (left) and occupation of the Zn 4 s orbital (right) for the reaction
Zn>* 4 2e~ — Zn, where the final state is a Zn atom deposited on the terrace. The initial state for
the deposition reaction is a Zn>* ion located at the upper left region of these plots. This ion
undergoes a first one-electron reduction at the saddle point at the top-left of the Figure, and a
second electron transfer at the saddle point at the bottom-right of the Figure (Reprinted with
permission of Ref. [18])

7.3 Computer Experiments

In relation to the previous item, it can be stated that the increasing computational
power, the development of semiempirical potentials [21] and the improvement of
electronic structure calculation methods (DFT) [22] have opened a new way to
compare the predictions of theoretical models with calculations: the performance of
computer experiments. In fact, it is nowadays possible to simulate on a PC the
thermodynamic properties of different systems in the same size scale as those in
experiments. These computer experiments allow to save time and money, and in
many cases they may orientate and design experimental strategies. As an example
for the present problem under consideration, it may be mentioned that in 2008
computer experiments showed that upd should vanish for some systems in the
nanoscale [12]. Although there is some indication that this happens [13], more
laboratory experiments are still necessary to check the general validity of this
prediction.

DFT calculations stand out over other calculation methods, since they allow to
obtain information on electronic structure, something that is very important to
analyze in the case of electrochemical systems. In principle, DFT calculations
would allow to involve in the calculation all the components of the upd system:
substrate, adsorbate, adsorbed ions, capping molecules, base electrolyte, water, etc.
We say “in principle” because even with the current computational power the
inclusion of all these elements in the simulations is a formidable task. Computer
experiments have earned nowadays an important place in almost every research
work, and upd is of course not an exception. Recently, Anderson et al. [23] have
shown the power of DFT to analyze the energetics of Pd, Pd@Cu and Pd@Pt NPs
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made of up to 309 atoms. Another example, analyzed in detailed in Chap. 6, is the
joint work of the experimental group of Crooks and the theoretical group of
Henkelman on the deposition of Cu on Pt-NPs [24] in the presence of adsorbed
sulfate ions. These authors used the symmetry properties of the NP to reduce the
DFT-computational cost associated with the large number of atoms involved in the
calculations. The error associated with this approximation was lower than 0.1 eV
for the binding energy of Cu atoms. For example, the model labeled with (SO4)Pt
(147)@Cu(ful)PF T contained 19 sulfate molecules surrounding the half-NP.

7.4 Curvature Effects in Underpotential Deposition at
the Nanoscale

Recent years have witnessed relevant progress concerning modeling of upd
[25]. These advances have contributed to understand the role of substrate nature
and structure and in some cases the effect of anions, for the case of planar surfaces.
In the case of upd at the nanoscale, the situation is more complex, since the
formation of core@shell bimetallic nanostructures appears to be very sensitive to
a number of parameters, like temperature, pH, capping agents, strength of reducing
agent, precursor concentration, reactant injection rate, physical properties of the
seeds (this concerns size, shape, faceting, composition), and to the characteristics of
the interfacial region resulting from differences of lattice constants, electronega-
tivities and binding energies. Some of these topics have been addressed in the
present book. The large degrees of curvature of NPs and nanocavities lead to a
weakening or strengthening of the substrate/adsorbate interaction, with conse-
quences for upd, to such a point that systems presenting upd on planar surfaces
may not show it at the nanoscale, for small enough NPs sizes, as discussed in the
previous Chapter. Conversely, systems not showing upd on planar surfaces could
present this phenomenon in small nanocavities, with a large enough negative
curvature, like those present in hollow NPs. While there is experimental evidence
for the occurrence of the first phenomenon, the second one has not been observed so
far. This is clearly a pending issue to be addressed through experiments. Cu
deposition on Ag concave nanostructures is a good candidate to be addressed.

7.5 Role of Protective Molecules in Underpotential
Deposition

The role played by surfactants or protecting agents in upd is an ongoing research
field, involving a relatively large complexity. Chemisorption of a capping agent
may alter the surface energy of the different facets of NPs, so as to revert the
ordering of their stability [26]. As we have analyzed in detail in Chap. 6, recent
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Fig. 7.4 Atomic configuration taken from molecular dynamic simulations for ligand attachment
to Au NPs of different sizes. (Left) bare Ico Au NPs containing 55, 147, 309, and 561 atoms,
(middle) amine-protected Au NPs, (right) thiolate-protected Au NPs. (Pink spheres: Au, Green:
NH,, Yellow: S, Cian: Alkyl chains) (Reprinted with permission of Ref. [30])
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experiments are oriented to control site selectivity for adatom deposition, by means
of the application of a proper capping agent. As a consequence, the study of new
protecting agents that bind selectively to a given facet type may by a promising
research field deserving exploration. In this respect, experience accumulated in the
study of upd on planar surfaces may provide useful information to take the initial
steps in such a research. Protecting or capping molecules may play several simul-
taneous roles in the synthesis of nanomaterials: they may prevent NP aggregation
[27], act as reducing agents and may favor (or not) the occurrence of the upd
phenomenon [28, 29]. Theoretical studies in this area are still in their infancy and
doubtless there is still much work to do. In this respect, it is worth mentioning the
work of Olmos-Asar et al. [30], who have developed a semiempirical potential to
analyze the role of surfactants on the morphology of Au-NPs. Figure 7.4 shows
different configurations obtained from a MD simulation for naked and amine- and
thiol-capped Au-NPs, where the role of the surfactants can be appreciated in the
final morphology of the NPs. The atomic structure of the amine-protected NP does
not seem to be appreciably affected by the ligands, while in the case of the thiol-
protected NPs, a strong deformation on the geometry is evident, in particular for the
smallest NPs, where crystallinity has disappeared. Similar conclusions were drawn
by Yancey et al. using MD-DFT calculations [31] for very small NPs.

7.6 New Models of Nucleation and Growth at
the Nanoscale

In spite of the important progress in the synthesis of metallic nanocrystals with well
defined structures, it is necessary to deepen into the understanding of the nucleation
and growth mechanisms of the synthesis of these new structures. We have men-
tioned in the previous paragraphs that the structural control of NPs is not a trivial
task. For this reason, more studies are necessary for a proper understanding of
nanocrystal growth. Such knowledge will provide a feedback to experimental work
and thus allow improved synthetic routines. A new scheme has been proposed
recently to handle electrochemical nucleation and growth at the nanoscale
[12, 24]. This model addresses the possibility of growing a new phase without the
need of surmounting the free energy barrier corresponding to the nucleation stage.
This bears deep implications, opening the way to a thermodynamic control of
nanostructure growth, instead of the kinetic route traditionally employed. While
this proposal has been made on the basis of computer simulations for the Au@Ag
and Pd@ Au systems, its experimental trial is still missing. To mention work going
in this direction, we show in Figs 7.5 and 7.6 two growth types at the nanoscale, as
obtained by Gilroy et al. [32]. These authors analyzed the formation of bimetallic
Au-Ag NPs in Ag growth-solutions under three different kinetic regimes: slow,
moderate and fast. These regimes were obtained via different injection rates and
different amounts of the reducing agent (ascorbic acid). While slow kinetics leads
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Fig. 7.5 Early stage morphological and elemental characterization of bimetallic Au—Ag struc-
tures formed in the regime of moderate kinetics. (a) Schematic depictions of the topography
expected for bimetallic structures formed after the deposition of Ag on the {100} facets of [111]-,
[110]-, and [100]-oriented Au seeds. (b) SEM images of the structures formed in the early stages of
the reaction and their corresponding (c¢) Au, (d) Ag, and (e) Au+ Ag elemental maps and (f) line
scans. (g) SEM images showing the early to late stage progression in morphology which reveals a
Au seed being overgrown with Ag to the point of encapsulation (Reprinted with permission of
Ref. [31])

to a bimetallic Au-Ag heterodimer of Janus type, moderate kinetics yields an
octahedral Au@Ag NP and rapid kinetics also lead to a Au@Ag NP but with a
growth that follows closely the shape of the seed. The moderate regime shows that
the nucleation and growth process takes place on the {100} facets of the Au-NP,
yielding a pyramidal Ag growth (see yellow arrows in Fig. 7.5g). Ag growth then
continues through the edges of the NP, connecting the six {100} facets (see green
arrows in Fig. 7.5g). At the end, the {111} facets are decorated (see red arrows in
Fig. 7.5g). The core@shell NP obtained under these conditions presents a tetragonal
structure. SEM images, elemental maps and scan lines support the sequence
mentioned.

The fast regime, as defined by the previous authors, shows that nucleation takes
places on the {100} facets, but not with a pyramidal shape but in layer-by-layer
steps. This growth rapidly reaches the edges of the NP (yellow and green arrows in
Fig. 7.6g). Growth continues on the {111} facets (red arrows in Fig. 7.6g) and the
final core@shell NP presents the shape of a truncated octahedron.
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(a) Progression of heterogeneous nucleation of Ag on the Au seed (fast reaction rate)

(e) Au EDS map (f) Ag EDS map

Fig.7.6 Morphological and elemental characterization of bimetallic Au@Ag structures formed in
the regime of fast kinetics. (a) SEM images showing the observed progression in morphology
where a Au seed is overgrown on its { 100} facets followed by the overgrowth of its { 111} facets to
the point of encapsulation. (b) Schematic depictions of the topography expected for a [111]-,
[110]-, and [100]-oriented structure derived from a growth mode which is dominated by the near
uniform overgrowth of the {100} Au facets with Ag. SEM images of the observed structures taken
in (c¢) secondary electron and (d) backscatter modes and their corresponding (e) Au and (f) Ag
elemental maps and (g) line scans (Reprinted with permission of Ref. [31])

The work of Gilroy et al. opens an interesting question: while these experiments
are seemingly free from NP capping agents, the experiments presenting the slowest
kinetics depart from the thermodynamic predictions made in Chap. 6, see Fig. 6.19
there. One of the reasons is clearly due to the fact that the simulations were made
close to upd condition, while this is clearly not the case of Gilroy experiments. It
would be interesting to perform experiments with strict potential control, to check
the theoretical predictions given in Chap. 6.

7.7 Underpotential Deposition Voltammograms: What
About the Spikes?

As we pointed out in Chap. 3, a first order-phase transition occurring during a linear
potential sweep obtained under quasi-equilibrium conditions should be accompa-
nied by a discontinuity in the adsorption isotherms, something that would appear as
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a very sharp peak in the corresponding voltammogram (spike). The argument for
the previous statement is based on:

(a) Phenomenological equations in terms of an effective interaction parameter,
given in Sect. 3.6 of Chap. 3.

(b) Theoretical considerations on the basis of mechanical statistical arguments,
like those given in References [33-35] and discussed in Chap. 5 and also
discussed qualitatively in Chap. 3 on the basis the Onsager’s equation.

(¢) Monte Carlo (MC) simulations of the lattice gas models, as those performed in
Reference [36], which show that steps occur in the isotherms, as was presented
on the right of Fig. 5.28, Chap. 5. In this Figure it was shown that a stepwise
isotherm behaviour is expected for Ag deposition on Au(111), even if the
experiment could be performed for temperatures as high as 500 K.

While the theory exposed in Refs. [33-35] proposed an explanation for the
widening of the experimental peaks in terms of the occurrence of a large collection
of crystals on the electrode surface, with various sizes, shapes, and boundary
conditions, we propose here the opposite verification, via the realization of exper-
iments with many, as identical as possible, small systems. This ensemble of systems
should be small enough so as to present as few defect as possible, but be large
enough so as not to present finite size effects. Such a collection should show the
spikes characteristic for the first-order phase transition, or at least, should show an
indication for its occurrence as the monodispersity of the isolated systems is
approached. This experiment will be challenging, but its performance would be
useful to shed light into the essence of the upd phenomenon.

7.8 The Puzzling Occurrence of Low-Density Structures
and the Need to Improve the Underpotential Deposition
Modeling to Consider Electrochemical Features
of the System

Going back to Chap. 3, and with the insight gained in Chap. 5, we notice that the
results shown in Fig. 3.5 and Table 3.1 [37] of the former represent a challenge for
all theoretical efforts to understand upd. These results show, under conditions
where anion adsorption is minimized, the ex-situ occurrence of several Ag upd
structures on the Au(111) surface, which correlate with different silver coverages.
Remarkably, it is found that structures obtained at low coverage degrees are the
most stable (the p(3 x 3) followed by the p(5 x5)). These results cannot be
understood in terms of pure metallic binding, as described by DFT calculations,
which predicts that the most stable structure should be Ag (1 x 1) on Au(111)
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(See Chap. 5, Table 5.4). A number of points addressed by Mrozek et al. [37] should
be kept in mind when modeling the present system:

¢ The formation of the p(3 x 3) and p(5 x 5) structures in both fluoride and sulfate
media indicates that their occurrence is relatively insensitive to the type of anion
coadsorbed with silver adatoms.

» The Au-Ag chemical bond is polar and, in consequence, an effective positive
charge resides on a Ag adatom. This polarization is evidenced by the shift of
almost one eV in the work function of the Au(111) surface upon Ag monolayer
formation (See Chap. 5, Table 5.4).

» Fluoride may interact with the positively charged localized surface sites.

¢ Coadsorbed solvent molecules may have a strong influence on the upd adlattice
stability.

Thus, the former discussion leads to the conclusion that the proper prediction of
the stability of this (relatively) simple upd system, will require from first-principles
calculations where the nature of the solvent, as well as the characteristic of the
anions participating at the metal/solution interphase, must be taken into account.
Something similar can be stated concerning many other more complex upd systems,
where there is clear evidence for an important participation of anions in the upd
phenomenon, where solvent effects obviously cannot be excluded. Furthermore,
also the rest of the double layer should be accounted for in terms of a more
simplistic model, since charging effects of the electrostatic double layer will be
important due to the shift of the potential of zero charge that takes place upon upd
monolayer formation (See discussion in Chap. 5, Sect. 5.2.3).

However, not all the job should be left to theoreticians concerning the present
issue. The discussion given in Chap. 3, Sect. 3.5.2 showed that the thermodynamic
analysis of electrochemical data yielded extremely valuable information on the
composition of the upd adlayer for the Cu/Au(111) system, so that a similar attempt
should be undertaken for many other upd systems.
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