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Abstract: The advances in material science have led to the development of novel and various materials
as nanoparticles or thin films. Underpotential deposition (upd) of transition metals appears to be
a very sensitive method for probing the surfaces of noble metals, which is a parameter that has an
important effect on the activity in heterogeneous catalysis. Underpotential deposition as a surface
characterization tool permits researchers to precisely determine the crystallographic orientations
of nanoparticles or the real surface area of various surfaces. Among all the work dealing with upd,
this review focuses specifically on the main upd systems used to probe surfaces of noble metals
in electrocatalysis, from poly- and single-crystalline surfaces to nanoparticles. Cu,y, is reported
as a tool to determine the active surface area of gold- and platinum-based bimetallic electrode
materials. Pb,,; is the most used system to assess the crystallographic orientations on nanoparticles’
surface. In the case of platinum, Bi and Ge adsorptions are singled out for probing (11 1) and (1 0 0)
facets, respectively.

Keywords: underpotential deposition (upd); Au; Pt; Pd; nanoparticles; cyclic voltammetry;
electrocatalysis

1. Introduction

Surface of materials is a key parameter in heterogeneous catalysis. Moreover, in electrocatalysis,
it is the reaction site where the exchange of electrons occurs, thereby the structure of the materials or any
roughness affect their electrochemical response. Referring the current density to the geometric surface
area does not consider the surface structure of the material, however, the active sites at the surface of a
material depend on its structure, therefore, the characterization of material surface in electrocatalysis
becomes an important step in understanding the reactions that occur and evaluating their activity.
Several electrochemical methods are used for characterizing the material surface. The underpotential
deposition (upd) appears to be a powerful tool for probing the surface of electrocatalysts. The upd
is sensitive to local order, contrary to electron diffraction methods such as Low Energy Electron
Diffraction (LEED) or Reflexion High Energy Electron Diffraction (RHEED) which are more sensitive to
long-range order [1]. The upd can be carried out on polycrystalline surfaces, single-crystals, and recently
nanoparticles. The latter have different shapes and sizes that involve different surface structures
leading to a variety of activities observed in heterogeneous catalysis and in electrocatalysis. The
development of nanoscaled materials in electrochemistry implies the increase of the utilization of upd
for various applications, from surface probing to the synthesis of nanomaterials.
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2. Generalities about upd

2.1. Principles and Thermodynamics of the upd Process

The upd of a metal is defined as the deposition of a metal onto a foreign metallic substrate in a
potential region where a new and pure phase does not form on the substrate.

Figure 1 shows a schematic representation of the voltammetric profile for upd and the overpotential
deposition (opd) of a metal on a foreign substrate. The upd occurs at higher potentials than the potential
of reduction (E, 4 > E) because of the strong interactions between the deposited metal and the substrate
surface structure. In the upd region, the metal is deposited as a monolayer on the substrate through
self-limiting deposition. In the opd region, the metal is deposited as multilayers (bulk electrodeposition)
in the absence of self-limiting behavior, creating rough structures [2].
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Figure 1. Schematic profile of a voltammetric curve showing the underpotential deposition (upd) and
overpotential deposition (opd) processes of a metal (in orange) on a foreign substrate (in black).

The reduction potential Eeq of the metal (M) associated with the reaction M"* + ne™ — M is
determined by the Nernst equation:

Eo= E + %ln%, 1)
where Eeq is the Nernst potential of the reaction, E° is the standard potential of the reaction, R is the
universal gas constant, T is the temperature, n is the number of exchanged electrons in the reaction, F is
the Faraday constant, ayp,+ is the activity of M™* ions, and ay; is the activity of the condensed phase M
(aM = 1)

The difference between the upd onset potential (E,7) and the bulk electrodeposition potential (E)
is correlated to the work function of the deposited metal and the substrate [3]. The underpotential shift
(AU = Eypq — E) can be plotted against the difference in work function between bulk substrate and
bulk deposited metal AD [3]:

AU = aA®, x = 0.5V eV, )

This linear relation between underpotential shift and work function difference suggests that the
covalent part of the ad-atom-substrate bond does not differ appreciably to the bond strength between
the ad-atom and the surface of the same metal.

The thermodynamic aspects of upd has been extensively reported on both polycrystalline and
single-crystalline surfaces [4-6]. It shows clearly that the interaction between particle and substrate
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has a strong effect on the changes in work function and also the interaction between particles, which
leads to several energy states. The effect of partially charged upd species that leads to the absence of
discreteness of charge has been also reported [6]. The theoretical aspect of upd has been reported to
understand thermodynamics behind this phenomenon [7,8]. It is well known that crystallographic
orientation, defects (steps, kinks, grain boundaries), surface reconstruction [9], and alloying play a
crucial role in the initial steps of metal deposition. Figure 2 shows the three low Miller indices for a
faces-centered cubic (fcc) system. The plane (1 1 1) is the most compact arrangement by comparison to
the more opened (1 1 0) plane.
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Figure 2. Representation of the three low Miller indices for a faces-centered cubic system.
2.2. A Method of Characterization: Cyclic Voltammetry

Different techniques can be employed to characterize upd layers [10]. Cyclic voltammetry is
the method most used for carrying out the upd of a metal over a substrate. It consists in linearly
applying a potential with a constant scan rate (dE/dt) on the electrode, between two fixed potential
limits. The current is monitored during the scans, the current-potential curves (voltammograms) show
the oxidation-reduction processes that occur at the surface. The upd curves display cathodic and
anodic peaks, for the deposition and dissolution of the deposited metal, respectively. The presence of
several distinct adsorption peaks on the voltammograms indicates that the formation of the monolayer
takes place at different energetic adsorption steps. The structure of the peak strongly depends on
the crystallographic orientation of the substrate and the defects. The peaks are not well defined for
polycrystalline electrodes, which present different crystallographic orientations and a high density of
defects (kinks, grain boundaries, steps, etc.)—by comparison with single-crystal electrodes.

2.3. The upd Metals

Various substrates were used to perform the upd of a metal. The studies began with polycrystalline
substrates [11,12], which have a mixed surface structure. To understand and explain the phenomenon,
well defined surfaces are proposed. Therefore, upd of a metal monolayer onto polycrystalline or
single-crystal substrates of a foreign metal has been studied intensively. These investigations included
various substrates such as Au, Pt, Ag, Cu, Rh, Ru, Pd, and many deposited ions like Ag* [13,14],
Cu?* [15-24], Cd?* [25], Pb?* [26-30], TI* [31-34], Cd?* [35,36], Hg?* [37], Sn?* [38,39], Bi®* [30,40-45],
Ge*" [46-48], Sb?* [49-51], and Ni?* [52]. The charge corresponding to the upd permits researchers
to estimate the amount of deposited metal. It is assumed that the metal ions in the sub-monolayers
are completely discharged, even if partially charged deposits have been reported. In a large number
of studies, the effect of a foreign metal monolayer deposited by upd on a metallic substrate was
investigated in relation to electrocatalytic reactions [53,54]. Indeed, the upd of a monolayer of a foreign
metal on a substrate modifies its surface structure. This modification has the advantage of affecting
the adsorbed species on the surface and thus the electrochemical reaction. The metal deposited
is called ad-atom. It was used in electrosynthesis to modulate the fabrication of different reaction
products from the same compound [55,56]. The upd process also plays a crucial role in the synthesis of
nanoparticles. The layer obtained by upd can be the precursor for fabricating nanoparticles of noble
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metals by galvanic replacement [57]. In this short review, upd of transition elements on noble metals’
surfaces will be addressed. It includes how surface crystallographic orientations are probing and
describes the determination of electrochemically active surface area (ECSA).

3. The M,;;,; on Noble Metals: Au, Pt, and Pd

3.1. The Case of Au

3.1.1. Cuon Au

The underpotential deposition of Cu (Cuypq) on low-index facets of Au appears to be the most
extensively studied system. A large number of studies concerns the Cu,;s on gold single-crystal
Au(111)[16,18,20,23,58-65]. Investigations on the electrode surface permitted to provide evidences of
the Cuypq species at the strained gold surface [24,66]. It is difficult to calculate the upd shift of copper
ions using electrolytes containing different anions because of their effect. Indeed, anions provide a
great influence on the Cuypg on Au, leading to different surface structures and onset potentials of the
upd process [21,22,67,68]. Cuyyg has been investigated on different gold surface orientations (low and
high index). Therefore, Cu,;ps on Au(1 0 0) has been scrutinized by scanning tunneling microscopy
(STM) in hydrochloric and sulfuric acids. A (1 X 1) copper ad-layer structure was reported in sulfuric
acid, while an incommensurate (2 X 1) one-dimensional structure was observed when hydrochloric
acid was added [59]. These anions are specifically adsorbate species because chloride anions are more
strongly bound on the gold surface than sulfate anions. Moreover, in the presence of bromide anions
on Au(l111) and Pt(1 1 1), a study realized has demonstrated once again that the anions have an
influence on the upd process and the stability of the deposited ad-layer [17]. It also strongly depends
on the substrate because the different behaviors on Cu, 4 originate from geometric constraint imposed
by the lattice structure relative to the deposited ad-layer rather than from energetic considerations.
The studies of Cuyy,y on Au(1 1 1) in sulfuric acid media suggest the co-adsorption of 2/3 monolayer of
copper and 1/3 of sulfate (504%7) [15]. This gives a pseudomorphic (y/3 x v/3) structure, followed by a
further deposition of 1/3 monolayer of copper and completion of a full epitaxial (1 X 1) monolayer of
copper which is still covered by a (v/3 X +/3) layer of sulfate anions [18]. A recent study goes further into
the mechanism of Cu,,, in the presence of sulfates [21,22]. Indeed, cyclic voltammetry investigations
were performed on Au(1 1 1) in both upd and opd regions. In the potential region where the Cu,; takes
place, the first peaks which correspond to the phase transition of sulfate anions on Au(1 1 1) substrate
were observed. During the cathodic potential sweep, the adsorption of 2/3 monolayer and then 1/3
monolayer of copper, both with the co-adsorption of sulfate anions, were respectively obtained. During
the anodic potential sweep, desorption of the formed monolayer occurs. When the CV is recorded in
both upd and opd regions at lower potentials, the process of adsorption/desorption of multilayer copper
is observed. According to these authors, the EC-STM images reveal the nucleation of the (/3 X v/7)
sulfate structure. At =500 mV vs. Pt/PtO, the (4/3 X v/3) structure of SO42~ anions on 2/3 ML of copper
can be seen on HR-STM image. This structure is also observed on two-dimensional gold islands. These
islands are provided from the lifting of the (1 1 1) reconstruction. This study shows that different
structures are observed on terraces resulting from different local thickness of copper. A (v/3 X v/3)-like
structure of sulfate is typical of an incomplete second layer of copper. Figure 3 shows a model (top
view) of the sulfate structure (v/3 x /3), and 2/3 of monolayer of Cu, and the sulfate structure (/3 X
v/7) on the first pseudomorphic monolayer of Cu deposited on Au (11 1).
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Figure 3. Model of the (v/3 X +/3) sulfate structure, with 2/3 of Cu monolayer (left) and (+/3 X +/7) sulfate
structure on the first pseudomorphic monolayer of Cu underpotentially deposited (right) on Au (11 1).

Cuyyg studies were carried on stepped surfaces of gold with [(n-1)(111) X (110)] (n =6, 7, 10)
structures [19]. Figure 4 shows the voltammograms for Cu,y; on (3 3 2), (7 7 5), and (5 5 4) surfaces
of Au. These structures are made of (11 1) terraces and (1 1 0) steps. The voltammogram of Au(3 3
2) displays two broad and overlapping peaks in the first adsorption/desorption region (at 0.520 and
0.560 V vs. RHE). When the step density decreases (the width n of the terrace increases), the peak at
0.560 V vs. RHE is decreasing and leads to assign it to (1 1 0) steps. This potential is close to the main
upd peak on the Au(1 1 0) electrode (0.570 V vs. RHE). In the case of the peak at 0.520 V vs. RHE, the
comparison with copper upd on Au(1 1 1) indicates the formation of (/3 X /3) R30° structure on the (1
1 1) terraces. It can be seen that this peak becomes better defined when the width of (1 1 1) terraces
increases. By deconvoluting these peaks with Gaussian functions, it is found that the charge calculated
for (11 0) steps on Au(3 3 2) is 17%, with respect to the total upd charge. By comparison, the relative
geometric area of the (1 1 0) steps domain covers 16.7 % of the surface, which is in good agreement
with the relative calculated charge. However, since Cu,4 is a complex function of sulfate coverage, it
should be noticed that there is no significant change in the sulfate coverage in this potential range. It is
necessary to measure the charge of the co-adsorbed sulfate anions in order to perform a full quantitative
analysis of the copper upd charge on stepped surfaces. On the other hand, the voltammograms in
Figure 4 display peaks between 0.350 V and 0.400 V vs. RHE. These peaks are attributed to the (/3 X
v/3) R30° — (1 x 1) phase transition on the (1 1 1) terraces. The splitting of this peak is also influenced
by the step density but can be a consequence of the reconstruction of stepped surfaces. This study
clearly shows that the steps have an influence on the energetic/kinetics of phase transition. It has been
suggested that this influence could be either electronic or structural (Smoluchowski effect).
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Figure 4. Cyclic voltammograms of (a) Au(3 3 2); (b) Au(7 7 5); and (c) Au(5 5 4) in 0.05 mol L~! H,SO,
+ 1 mmol L~! CuSOy at 5 mVs~!. Reprinted from reference [19]. Copyright (2004) with permission
from Elsevier.
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The Cuyyg can be employed to quantify the surface area of nanoporous gold films [69]. The values
obtained by this method are in agreement with those obtained by integrating the reduction peak of
gold oxides. However, it should be noted that nanoporous gold films contain residual silver since
their preparation consists of the dealloying of bimetallic films. The presence of silver can influence the
Cuyypg, since this process does not occur on silver.

Many papers reported the effect of metal upd on the electrocatalytic activity of a material. In some
cases, the underpotential deposited metal can inhibit or even totally deactivate the surface towards
electrocatalytic reactions. Cu,,s has been used in order to elucidate the mechanism of hydrogen
evolution reaction on palladium-modified stepped gold surfaces [70]. The Cuy,; allows us to block
(deactivate) the palladium step sites towards hydrogen evolution reaction, which is not favored in
the presence of copper. Figure 5 shows ball models for Au(h k 1)/Pd surface, with steps blocked by
copper ad-atoms.

Cu Pd
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Figure 5. Ball models of Au(h k, I)/Pd (h = k, 1 =k—1) surface where the Pd steps sites are blocked by
Cu modified with 1 ML of Pd.

A technique named Dynamic Electro-Chemo-Mechanical Analysis (DECMA) has been developed,
which permits assessment of the strain effect on the adsorption process during Cu,p4 [24].

3.1.2. Pb on Au

Many studies of the surface structure of gold electrodes have been carried out through the upd of
lead (Pby). These studies allow us to assign the different voltammetric peaks of different surfaces to
the deposition processes that occur on low index planes or terraces and steps. The influence of the
crystallographic orientation on the process has been largely discussed [28]. Indeed, Pb,,; has been
reported on polycrystalline gold [71], low-index facets, on (1 0 0), (1 1 1), and vicinal facets [43,72],
as well as a large variety of stepped surfaces [73].

Lead and gold atoms have very different sizes (lead is about 20% larger than gold), which favor
the formation of incommensurate ad-layers. Indeed, the analysis of the structure of a lead monolayer
on Au(l 1 1) by X-ray diffraction shows a hexagonal structure [29]. Figure 6 shows a schematic
representation of the structure of a lead monolayer on Au(111).

Figure 6. Representation of the hexagonal monolayer of lead on Au(1 1 1).
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One of the interesting features of Pbp4 on gold is the specific adsorption at different potentials
depending on the surface orientation, as illustrated on a polycrystalline gold electrode (Figure 7).
During the negative potential sweep (from high to low potentials), lead is deposited on (1 1 0) facets in
the potential range from 0.55 to 0.47 V vs. RHE. The deposition on (1 0 0) facets occurs at around 0.43 V
vs. RHE and at 0.38 V vs. RHE on (1 1 1). The peak profile (width, shift) depends on the domain width
or the presence of terraces. This feature permits assessing the coverage of lead on various facets of
gold and also the percentage of each facet on this surface [74].
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Figure 7. Cyclic voltammogram of Au polycrystalline in 0.1 mol L~ NaOH + 1 mmol L™ Pb(NO3),,
recorded at 20 mV s~! and at 20 °C.

The lead stripping from other gold surfaces with high-index facets (Figure 8) is investigated by
Hamelin et al. [27]. The evolution of the curves through a zone of stereographic triangle (in Figure 8) is
shown. Each stepped surface is also described as TLK (terrace, ledge, kink) notation. In Figure 8a
(zone (111)-(110)), the characteristic peak of lead stripping from (1 1 1) terraces decreases gradually,
while a broader peak increases due to the stripping from the steps. An inversion of the nature of the
step and terrace takes place at (3 3 1) facets. It should be taken into account that (1 1 0) is a stepped
surface, as is 2(1 1 1)-(1 1 1). In Figure 8b (zone (1 1 0)-(1 0 0)), the stripping peak of lead from (1 0 0)
terraces decreases progressively, as the facets are closer to (1 1 0). The (2 1 0) facet appears as a turning
point of the zone (1 1 0)-(1 0 0). In Figure 8c (zone (1 0 0)-(1 1 1)), the evolution of the stripping curves
are the same as the previous one, again with a turning point for the (31 1) facet.

Pb,;,; on single-crystals has also been investigated in alkaline media for surface characterization
applications. It was observed that the pH affects the position of the deposition/stripping peaks
because of the different chemical states of lead: Pb?* in acid media and Pb(OH); ™~ in alkaline media.
The charge values associated with the deposition of a monolayer of lead in 0.1 mol L=! NaOH + 1
mmol L™ Pb(NO3), media are 444 pC cm~2 for (1 1 1), 340 uC cm~2 for (1 0 0) and 330 uC cm™2 for
(110) [75], respectively.

Figure 9 shows the cyclic voltammograms of three low-index Au single-crystals in alkaline
media [75]. Different behaviors were observed for each orientation. On Au(l 1 1), a single sharp
deposition peak (0.380 V vs. RHE) was observed, while its associated stripping peak occurs at 0.435 V
vs. RHE. In the case of Au(1 0 0) electrode, two peaks were associated with the Pb,;,;. The main peak
occurs at 0.430 V vs. RHE and the smaller one at 0.380 V vs. RHE. The two peaks associated with the
dissolution of lead are recorded at 0.385 and 0.475 V vs. RHE. For the Au(1 1 0) electrode, the peaks
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associated with the deposition and stripping of lead are much broader and less defined than those of
the previous orientations. The process is more sluggish on an Au(1 1 0) surface.
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Figure 8. Cyclic voltammograms for the stripping of Pbupd on Au(h k 1) electrodes in 10 mmol
L~! HCIO4 + 1 mmol L™ PbF,. Au(h k 1) surfaces are from the three main zones of the projected
stereographic triangle: (a) (1 1 1)-(1 1 0) zone, (b) (1 1 0)-(1 0 0) zone, and (c) (1 0 0)-(1 1 1) zone.
All the surfaces are identified with Miller index notation and with the step notation. Reprinted from
reference [27]. Copyright (1984) with permission from Elsevier.
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Figure 9. Cyclic voltammograms of Au(1 0 0), Au(1 1 0), and Au(1 1 1) in 0.1 mol L=! NaOH + 1
mmol L™ Pb(NO;3), at 50 mV s~1. Reprinted from reference [75]. Copyright (2004) with permission
from Elsevier.

Pbyyq has been reported to characterize bimetallic surface like for Au-Ag, as the Pb,; is also
favorable on silver surfaces [35,76]. This technique can be used to quantify the surface coverage of
gold and silver in an Au-Ag catalyst, based on the dependence of the deposited lead charge density
on the nature of the underlying substrate. Indeed, the coverage of silver on the gold electrode affects
the Pb,4. Two peaks are observed during the stripping of adsorbed lead (Figure 10), the first one
at —0.02 V vs. SHE, which is clearly influenced by the silver coverage (04g). The calculations of the
charge densities corresponding to the Pb,,; can be made from the cyclic voltammograms. A charge
density of 290 uC cm~2 was obtained for a bare gold electrode, while a value of 385 pC cm~2 was
calculated on Ag,,;-modified gold. The difference of charge densities for the two surfaces may be due
to the difference in the availability of sites of lead deposition or to the different adsorption energies [4].
The coverage of silver can be estimated with the following equation:

0agQpb-ag + 0AuQpPb-Au = Qnet, 3)

where Qpp.ag represents the charge density of Pb,,s on silver (385 uC cm™2), Qpp.ay is the charge
density of lead upd on gold (290 nC cm™2), Qnet is the total charge density (subtracted with background
current), and 0, and 04¢ are the gold and silver surface coverages, respectively (with Oy + 04 = 1).
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Figure 10. Lead stripping voltammetric curves of Agypq-modified Au with different coverages (04) in

10 mmol L1 HCIOy + 0.2 mmol L™! Pb(ClO,), at 20 mV s71. Reprinted from reference [76]. Copyright
(2017) with permission from Elsevier.

3.1.3. Probing Gold Nanoparticles Surface by upd

Pb,,q appears to be an efficient tool to characterize the surface of gold nanoparticles (AuNPs).
However, contrary to single-crystal surfaces, AuNPs exhibit generally different planes on their surface.
Moreover, synthesis of nanoparticles requires the use of shape-directing agents as surfactants. Pbypd
in alkaline media can be employed to verify the cleanliness of NPs’ surface and oxidize adsorbed
organics on their surface [75]. The surfactant species are oxidized at potential higher than 1.20 V vs.
RHE. The advantage of working in alkaline media is that PbO, deposition takes place at potentials
lower than 1.10 V vs. RHE, which is lower than the onset potential for the formation of gold oxides.
Gold surface is protected by these species, avoiding its oxidation which can modify its surface, while
organic species are oxidized.

The Pbypq has been performed on AuNPs with different shapes and crystallographic
orientations [74,77-79]. Hebie et al. [74] have clearly shown the shape dependence of Pb
deposition/stripping on AuNPs. Indeed, Figure 11 shows cyclic voltammograms of Pb,,; on different
AuNPs—nanorods (AuNRs), nanocubes (AuNCs), and nanospheres (AuNSs). The peak associated
with the lead stripping from (1 0 0) facets is clearly seen for AuNCs. It is well known that cubic NPs
are enclosed by (1 0 0) facets [80]. As the AuNCs studied in this case possess truncated edges, lead
stripping is also observed for (11 1) and (1 1 0) planes.



Surfaces 2019, 2 267

[1
°
-

T

(100)  (110)
0.2+ 111) -

02 03 04 05 06 07 08 09
E/V vs. RHE

Figure 11. Cyclic voltammograms of different AuNPs (nanospheres AuNSs, nanorods AuNRs, and
nanocubes AuNCs) in 0.1 mol L~! NaOH + 1 mmol L™! Pb(NOj3), recorded at 20 mV s~ and at 20 °C.

A recent study dealt with the Pbyp,q on quasi-spherical and faceted AuNPs [81]. These
investigations have revealed a typical split stripping peak associated with Au(1 1 1) facets in the case of
faceted AuNPs, and a single peak in the case of spherical ones. The split peak results from a sluggish
kinetics of lead dissolution [82]. It appears that in the case of small terraces with more steps and defects,
this doublet stripping peak is not observed, contrary to the peak obtained with faceted NPs. The study
suggests that introducing a degree of roughness on (1 1 1) terraces by potential cycles can suppress the
splitting profile. The splitting of the peak associated with the desorption from (1 1 1) terraces can be
used as an indication of the surface crystallinity of polyfaceted AuNPs.

Thallium is also used for upd process on gold nanoparticles. Itis known to be used for characterizing
AuNPs with defined shapes (nanocrystals) [83,84]. Tl,,; has been employed to check the surface
cleanliness and the crystallinity of these nanocrystals before performing an oxygen reduction reaction.

3.2. Case of Pt

3.2.1. Hypgq on Pt

The famous upd process widely studied on platinum is the upd of hydrogen (Hypq) [85,86]. Hypq is
not strictly an upd process but the adsorption of hydrogen on the surface. The H,pq4 region acts as a
fingerprint for platinum surfaces. Indeed, the profile of the hydrogen adsorption/desorption region
obtained by cyclic voltammogram permits an indication of the facets, to assess the active surface area
and also to ensure the cleanliness of electrode and cell. Combined with the adsorption of organic
molecule, it permits determining the surface coverage. The underpotential deposition of metals can
give complementary information to quantify the crystallographic orientations [47]. Traditionally,
the Electrochemical Active Surface Area (ECSA) of platinum is determined by the charge corresponding
to the H,;,;. Indeed, one platinum atom has the ability to adsorb one hydrogen atom. The charge
associated with Hypq indicates the number of platinum atoms at the surface. The density of charge
associated with the formation of a monolayer of hydrogen depends on the crystallographic orientations,
and the value of 210 uC cm™2 is the average value for polycrystalline platinum [87,88]. CO-stripping
is also used as a method to calculate the ECSA of platinum in acid media [89]. It is important to
notice that in acid media, the number of electrons per site during the adsorption of CO on platinum is
equal to 2.

The development of bimetallic surfaces for catalysis requests to determine ECSA values. In the
case of ruthenium-containing catalysts, Hypq is not suitable because of the overlap of the hydrogen
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and ruthenium oxidation currents [90]. Moreover, hydrogen can be absorbed in the Ru oxide lattice,
leading to more than one monolayer of hydrogen. CO-stripping on bimetallic Pt-Ru surface appears
to be suitable, however, the adsorption modes on both platinum and ruthenium needs to be deeply
elucidated. The mode of adsorption is an important parameter to calculate the charge.

3.2.2. Bi on Pt: A Probe for (11 1) Planes

It has been shown that bismuth is spontaneously adsorbed on a platinum surface when the
electrode is simply put in contact with a solution containing a salt of Bi(Ill) species [44]. When a linear
potential sweep is applied to the electrode, the oxidized and reduced forms of this compound stay
adsorbed at the platinum surface. For the planes (11 1), (1 00), and (1 1 0), the oxidation peaks are
located at 0.610 V vs. RHE, 0.825 V vs. RHE, and 0.915 V vs. RHE, respectively. Bi,,; appears as a tool
to highlight the presence of (1 1 1) facets, especially when the surface exhibits a combination of several
planes. It has been proposed that one atom of bismuth covers three atoms of platinum [47]:

Pts(1 1 1)-Bi + 2H,O = Pts(1 1 1)-Bi(OH), + 2H* + 2¢™. @)

In the case of stepped surfaces, the redox peak associated with the adsorption of bismuth on
(1 11) terraces sites gives a charge which is proportional to the number of (1 1 1) terrace sites, without
interference from adsorbed bismuth to another site [47]. The adsorption of bismuth suppresses the
Hypg region, which means that H adsorption sites on platinum are fully blocked.

To characterize the (1 1 1) sites belonging to terrace domains, the charge density values of each
surface are obtained by integrating the voltammetric peaks. Figure 12 shows the plots of the charge
underneath the bismuth redox peak (gp;) versus the calculated terrace charge [47]. The calculation
of the terrace charge depends on how bismuth is adsorbed on the step and terrace sites. Bismuth is
preferentially adsorbed on step sites, so the adsorption takes place on the terraces when all the step
sites have been covered [91]. A linear equation is obtained and can be used to calibrate the (1 1 1)
terrace sites:

gpi = (0.64 + 0.02)g¢(11 1) (5)
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Figure 12. Charge density values of the bismuth redox peak vs. the charge associated with the (11 1)
sites on the terraces, assuming that one electron is exchanged per site (m: Pt(n,n,n—2), o: Pt(n+1,n—1,n—1)
electrodes). Reprinted from reference [47]. Copyright (2005) with permission from Elsevier.
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3.2.3. Ge on Pt: A Probe for (1 0 0) Planes

The spontaneous deposition of germanium (Geyy) acts as a complementary tool to Bi,py to
characterize platinum surfaces. It has been proposed that one atom of germanium covers four
atoms of platinum and the equation of the oxidation of adsorbed germanium on platinum can be

written as follows:
Pt4(1 0 0)-Ge + Hy,O = Pt4(1 0 0)-GeO + 2H" + 2e". 6)

As for Bi, 4, the oxidation of a spontaneously deposited layer of germanium on a platinum surface
will give information about the crystallographic orientations of the surface [46]. The H,; is completely
inhibited when a full layer of germanium is deposited (Figure 13). Conversely, the H,, is partially
inhibited when the surface is not fully covered by germanium. The sharp reversible peaks at 0.540 V vs.
RHE are associated with germanium ad-atoms on the (1 0 0) plane. During continuous cycling between
0.060 and 0.600 V vs. RHE, the voltammetric profile remains stable, meaning that the germanium
species are still adsorbed on the surface. Moreover, the pH value of the electrolyte does not affect the
peaks, suggesting that a germanium oxide is formed.
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Figure 13. Voltammograms of a Pt(1 0 0) surface fully covered with Ge (continuous line) and Pt(1 0 0)
blank. Reprinted from Reference [46]. Copyright (1992) with permission from Elsevier.

The (1 1 0) plane does not show a reversible oxidation/reduction process but a quick desorption is
observed. For (11 1) planes, the oxidation peak is centered at 0.730 V vs. RHE. However, the oxidation
makes a partial dissolution of the germanium layer.

Germanium appears to be sensitive to (1 0 0) planes. Conversely to bismuth, germanium is not
irreversibly adsorbed on Pt and it is possible to recover the hydrogen region following the experiment.

As for the study related to (1 1 1) terraces toward bismuth adsorption, adsorbed germanium can
be used to characterize (1 0 0) terraces sites of stepped platinum surfaces [47,48].

A linear equation can also be obtained to calibrate terrace sites, as for bismuth on (1 1 1) terraces:

dGe = (0.56 + 0.03)gt(1 0 0). @)

3.2.4. Cu on Pt: A Tool to Characterize Bimetallic Surfaces

As it was reported in this mini review, Cuupd is so far, one of the most studied systems on low-index
single-crystals as well as on stepped surfaces [92]. As for gold surfaces, Cu,,p4 on platinum is strongly
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dependent of the anions present in the electrolyte [17,93]. However, there are only few investigations
about its application as a tool for surface characterization. Cuy, is a suitable technique to calculate
electrochemical active surface area (ECSA) of Pt and alloys containing Pt. Indeed, Cu,ps has been
proposed to characterize the bimetallic Pt-Ru surfaces. The integration of the copper stripping peak
area permits the estimation of ECSA. It has been shown that Cu,,4 is an accurate tool to estimate
ECSA of each platinum and ruthenium in Pt-Ru electrodes. The coverage of ruthenium can also
be determined by this method. Cu,4 has also been reported for the calculation of ECSA of Pt-Pd
alloys [94]. Indeed, copper is a suitable ad-atom to deposit because its adsorption occurs at a potential
region where no other Faradaic reaction takes place on both platinum and palladium.

3.2.5. Probing the Surface of Pt Nanoparticles

Bi, 4 and Ge,;pg were also investigated on platinum nanoparticles to probe their surface [47,95-97].
In the case of nanoparticles containing (1 1 1) and (1 0 0) planes, the fraction of each domain is obtained
by the ratio of the Faradaic charge of germanium (Q¢e) or bismuth (Qs ;) with the charge associated
with the hydrogen desorption process (Q¢p). The characterization of PtNPs prepared in different
conditions has been reported [98]. The use of Geypg and Biypg permitted determining the percentage of
(100) and (11 1) facets, respectively. The fraction of (1 1 0) sites has been estimated. Indeed, the peak
of Hypq associated with (1 1 0) facets decreases, while the difference from 100% of the sum of (11 1)
and (1 0 0) facets decreases.

3.3. Case of Pd

CuonPd

There are only a few studies about upd of metals on palladium surfaces [11,40]. This is due to
the difficulty for metal monolayers to be adsorbed on the double-layer region, which is narrow [99].
Palladium also has the ability to absorb hydrogen in its bulk, this process may mask the upd one.
It should be noted that there is no study about upd of metals to characterize palladium surfaces. For
example, Cu grows epitaxially with the Pd substrate.

Cuypg has been studied on polycrystalline and single-crystalline palladium electrodes [100].
This study has shown that, under adequate conditions, Cu adsorption can be restricted to a potential
range where no other Faradaic reaction takes place. Cu,ps on palladium surfaces occurs at potentials
lower than the onset potential of oxides formation, and hydrogen absorption is inhibited by changing
the pH of the electrolyte. Figure 14 shows the cyclic voltammograms of upd/stripping on palladium
(100)and (111) single-crystal and polycrystalline palladium. It is clearly seen that the single-crystal
electrode present less complex voltammograms than polycrystalline palladium. On Pd(1 1 1), the upd
and desorption processes give a single sharp peak (Az/D3) preceded by a small shoulder. On Pd(1 0 0),
two peaks are observed (A,/D; and Ag/Dg) and a small shoulder noted A;/D;. The complexity of the
voltammogram obtained on polycrystalline palladium is due to the variety of crystal planes.
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Figure 14. Cyclic voltammograms of Pd single-crystal electrodes in 0.5 mol L™! NaClOy + 0.01 mol L™!
HCIO4 + 1 mmol L™ Cu?*, at 10 mV s™1: (a) Pd(1 0 0), (b) Pd(1 1 1), and (c) polycrystalline Pd.
Reprinted from reference [100]. Copyright (1988) with permission from Elsevier.

4. Conclusions

Investigations on upd of transition metals at noble metal surfaces have been increasing over these
last two decades. It appears to be a powerful electrochemical tool to probe and characterize the working
electrode surface. Indeed, upd techniques have been reported to calculate electrochemical active surface
area, especially in the case of bimetallic surface, and to probe the crystallographic orientations among
the surface of single-crystals and nanoparticles. Pb,, is mostly used to characterize the orientation
of gold nanoparticles and surfaces. In the case of platinum surfaces, the probe of crystallographic
orientation is made with bismuth and germanium adsorption. Cu,, is one of the most studied upd
systems that appear to be useful for characterizing the surface of bimetallic materials.
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