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Abstract Cadmium underpotential deposition (UPD) on Ag
particles modified highly ordered pyrolytic graphite (HOPG)
surfaces, and the involved alloy formation were studied by
conventional electrochemical techniques. Voltammetric re-
sults indicated that the Cd UPD followed an adsorption be-
havior different from that observed for massive Ag electrodes
and Ag particles supported on vitreous carbon. Nanometer-
sized bimetallic Cd—Ag particles were characterized by ex situ
atomic force microscopy (AFM). Initially, AFM images show
Ag deposits of similar size distributed preferably on HOPG
step edges. No remarkable morphological changes are ob-
served on the surface after the subsequent Cd deposition, sug-
gesting that the Cd particles are deposited selectively over the
Ag crystals. From the analysis of desorption spectra,
employing different polarization times, and density functional
theory (DFT) calculations, the formation of a Cd—Ag surface
alloy could be inferred.
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Introduction

It has been demonstrated that the electrodeposition is one of
the most promising methods to prepare well-dispersed and
uniform Ag particles on carbon substrates like vitreous carbon
(VCO) [1, 2] and highly ordered pyrolytic graphite (HOPG)
[3—7], from different plating solutions, selecting adequate po-
larization conditions. For this reason, these modified carbon
electrodes may be used as substrates for the subsequent depo-
sition of other metal.

On the other hand, the synthesis of bimetallic nanopar-
ticles composed of two different metal elements has
attracted increasing interest due to improved catalytic per-
formance as a result of the synergistic and electronic ef-
fects which are different from those of monometallic ana-
logues [8—10]. Especially, this study focuses on the gener-
ation of Cd-Ag bimetallic nanostructures because they
have interesting catalytic properties toward the nitrate an-
ions reduction reaction, which are contaminants of efflu-
ents. The catalytic effect of this type of structures was
demonstrated qualitatively for Cd/Ag films on Au single
crystal electrodes [11], and for bimetallic Cd—Ag nanopar-
ticles on vitreous carbon (VC) substrates [12].

Particularly, the preparation of bimetallic nanoparticles
by electrochemical methods is usually based on the
“avalanche nucleation” phenomenon described by
Deutscher and Fletcher [13]. These authors have demon-
strated that the addition of trace concentrations of a more
reduced metal to a plating solution containing a less easily
reduced metal caused an increase in the nucleation rate of
the later. In the case of Ag particles, this approach was
also used by Penner et al. [14] to deposit selectively Cu
on Ag particles supported on graphite.

In our case, the application of this method is favored by the
fact that Cd presents the underpotential deposition (UPD)
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phenomenon on Ag electrodes, which was already studied
through electrochemical measurements and in situ scanning
tunneling microscope (STM) [15—-19]. The UPD process is
referred as the electrodeposition of 1-2 monolayers or sub-
monolayers of a metal (Me) on a foreign substrate (S) at po-
tentials more positive than the Nernst equilibrium potential of
the three-dimensional (3D) metal bulk phase (E3pme) [20, 21].
A previous work of Cd/Ag crystals on vitreous carbon (VC)
electrodes was obtained exploiting this property [22]. In this
case, the Cd UPD process was evidenced by only an adsorp-
tion current peak before the massive Cd deposition.

Based on the mixing pattern of the two constituent ele-
ments, the bimetallic pair can be distributed forming a random
“alloy,” a “core-shell” structure, or an “oligomer” (structures
ensemble each of them composed of pure metal component)
[14]. According to the literature, the occurrence of an alloy
between Cd and Ag was demonstrated in the UPD range, for
mono- and polycrystalline Ag electrodes [15, 18, 19], and for
Ag nanoparticles on VC [22]. Therefore, it is expected that
this phenomenon will also take place in the Cd-Ag/HOPG
system. This feature is very important because the synergistic
effect between Ag and Cd to catalyze the reduction of nitrate
anions may be enhanced by the alloy structure.

On the other hand, using a support like HOPG is particularly
important due to its stepped structure, which can be used as
template to prepare one-dimensional nanostructured materials
(metal nanowires) on the surface [23]. For this reason, a prelim-
inary study of the electrodeposition of Cd—Ag crystals on HOPG
could be useful, as a first stage, to fabricate a sensor for nitrate
anions based on Cd—Ag nanowires in the near future [24].

In addition to experimental studies, theoretical analysis
related to the surface alloy phenomena was found in the
literature for different metals like Bi, Pt, Pd, and Sb deposi-
tion on Ag(111) [25-28]. Particularly, the Cd—Ag system has
also been studied theoretically, establishing the most stable
structures for bulk alloys at different Cd and Ag composi-
tions [29, 30]. Only, in a recent work, a study of the surface
alloy formation on Ag surfaces with Cd adatoms employing
density functional theory (DFT) calculations was presented
[31]. The proposed model is suitable in a scenario where
both cations (Cd** and Ag") are contained in the same so-
lution; however, in conditions where the metal ions are in
different electrolytes, the expected mechanism according to
experimental works corresponds to a vertical exchange pro-
cess [18, 20]. In order to take into account this effect, some
modifications of this model will be necessary.

The aim of this work is to explore the Cd UPD on
Ag nanoparticles supported on HOPG and the involved
alloy formation, comparing these results with those ob-
tained in our previous report for the Cd—Ag/VC system
[22]. Ex situ atomic force microscopy (AFM) analysis
was used for the morphological characterization of the
Cd-Ag bimetallic nanoparticles. The Cd UPD on Ag
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deposits was verified by cyclic voltammetry and the
surface alloy formation was analyzed by desorption
spectra using different polarization times. Furthermore,
a theoretical study, employing DFT, was carried out to
get more insight into the mechanism of the alloy pro-
cess. An adequate model for the used experimental con-
ditions, considering a site exchange mechanism between
Cd and Ag, was applied, and the involved formation
energy was evaluated.

Experimental and theoretical model

Highly ordered pyrolytic graphite (HOPG) (SPI Supplies,
USA) inserted into a Teflon holder, with an exposed area of
0.2165 cm?, was used as working electrode. Prior to each
experiment, the substrate surface was prepared cleaving the
first layers with an adhesive tape.

The solutions used for metal depositions were 1 mM
Ag>,SO4 + 0.1 M Na,SO4 (pH = 2) and 2 mM CdSO4 +
0.1 M Na,SO, (pH = 2.42), whereas a 0.1 M Na,SO,4
(pH = 2.46) solution was employed as blank electrolyte. All
of them were prepared with ultrapure chemicals (E. Merck,
Darmstadt) and tri-distilled water. Prior to each experiment,
the solutions were deaerated by nitrogen bubbling.

Electrochemical measurements were performed in a stan-
dard three-electrode electrochemical cell using a Hg/Hg,SO,/
K,S0, saturated electrode (SSE) and a platinum sheet as ref-
erence and counter-electrode, respectively. All potentials in
this study are referred to the SSE. The experiments were per-
formed with an EG&G Princeton Applied Research Model
273 A potentiostat/galvanostat controlled by a microcomputer.
The characterization of Ag and Cd/Ag deposits were carried
out with a standard Nanoscope III AFM microscope (Digital
Instruments, Santa Barbara, CA, USA) operated ex situ in
contact mode using a scanner of 15 um and oxide-sharpened
silicon nitride probes with 5-40 nm nominal radius (Veeco
Probes), with a spring constant of 0.06 N m™".

DEFT calculations were performed using Vienna ab initio
simulation package (VASP) [32-35], including the projector
augmented wave (PAW) [36, 37] potentials. Parameters such
as energy cut-off and k-points set were optimized. The
Methfessel-Paxton first-order smearing approach [38] was
used for all calculations, to describe the partial occupations
of the electronic states near the Fermi level, with a smearing
width of 0.2 eV. For the exchange correlation potential, the
generalized gradient approximation (GGA) of Perdew, Burke,
and Ermzerhof (PBE) [39] was employed. The k-points mesh
was adjusted depending on the analyzed structure, using
Monkhorst-Pack method [40]. For the unit cell, a cut-off en-
ergy value of 400 eV for the plane waves basis set, and a
13x13x13 k-point grid to sample the Brillouin zone, was
enough for the total energy to converge within 10 meV.
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Results and discussion
Electrodeposition of Cd on Ag nanoparticles

Prior to the formation of Cd—Ag bimetallic particles on HOPG
surfaces, the electrodeposition process of the individual metals
(Ag and Cd) was qualitatively evaluated by cyclic voltamme-
try, using separated electrolytes containing the corresponding
metal cations. The voltammetric response is presented in the
supplementary material (Fig. S1) and shows a typical behavior
of'a 3D nucleation and growth process controlled by diffusion.
In both voltammograms, a cathodic/anodic current density
peak associated with the metal deposition/dissolution is ob-
served. These results are in agreement with those reported by
other authors for Ag/HOPG [3, 41] and Cd/VC [22] systems.
Furthermore, since the electrodeposition of Ag on HOPG be-
gins at sufficiently more negative potential values, it is possi-
ble to carry out the generation of Ag particles and subsequent-
ly, the deposition of Cd on the pre-deposited Ag crystals,
without dissolving them.

In order to investigate the electrodeposition of Cd on Ag
crystals previously deposited on the HOPG electrode, cyclic
voltammetric measurements were performed, and the obtain-
ed results are presented in Fig. 1. Ag deposits were obtained
on the HOPG substrate applying a single potentiostatic pulse
at £=—0.214 V vs SSE during # = 10 s. A cyclic voltammo-
gram of the HOPG/Cd** system was included for comparison.
Voltammetric results show that, during the negative scan, the
current becomes increasingly negative, due to the electrode-
position of Cd on the HOPG-modified electrode, whereas a
large anodic current peak is observed in the reverse scan,
corresponding to the dissolution of this deposit. On the other

hand, a small negative current at a potential more positive than
the equilibrium potential of the 3D Cd bulk phase (E3pcq) is
also observed, which can be assigned to the Cd UPD on Ag
particles. The equilibrium potential was calculated by Nernst
equation for the employed solution giving a value of
E3pcq = —1.12 V vs SSE. The previous hypothesis is very
important since a selective Cd deposition on the preexisting
Ag nanocrystals could be achieved. From this figure, it is also
evident that the electrodeposition of Cd on HOPG begins at
potential values more negative than £ = —1.12 V vs SSE,
corroborating this assumption.

In order to analyze in more detail the Cd UPD on Ag
nanoparticles, the process was evaluated in the potential range
—1.14 < E/V vs SSE £0.40. Figure 2 shows the voltammetric
behavior of the HOPG/Ag(nanoparticles)/2 mM CdSO,4 +
Na,SO,4 0.1 M (pH = 2.42) system. The occurrence of an
adsorption current density peak at about £ = —1.07 V vs
SSE, prior to that corresponding to the metal bulk deposition,
can be distinguished more precisely. This peak could be asso-
ciated to the Cd UPD on the previously deposited Ag crystals
on the HOPG substrate.

The last assumption is based on the fact that this adsorption
peak is located in the potential range where the Cd UPD on
Ag(111) and Ag(100) macroelectrodes occurs, i.e., —1.15 < E/
V vs SSE < —0.75 [18, 19]. These systems exhibit four and
three adsorption/desorption peaks pairs, respectively, indicat-
ing that the Ag nanoparticles qualitatively show a different
adsorption behavior with respect to Ag single crystals.
However, more similar features were observed when a poly-
crystalline Ag electrode was used [42]. Mech et al. investigated
the Cd UPD on a polycrystalline Ag electrode obtained by
evaporation of Ag on glass substrates, and the voltammetric

Fig. 1 Cyclic voltammetry of the 0.8 ' ' ; ; : ; '
systems HOPG/
Ag(nanoparticles)/2 mM
CdSO4 + 0.1 M Na,SO4 06 - i
(pH = 2.42) and HOPG/2 mM ' — Cd-Ag-HOPG
CdSO4 +0.1 M Nast4 Cd-HOPG
(pH=2.42). dE/dr=10mV s !
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Fig. 2 Cyclic voltammetry of the Ag(nanoparticles)/HOPG-modified
substrate in the UPD region. Solution: 2 mM CdSO,4 + 0.1 M Na,SO,
(pH =2.42), dE/dt =10 mV s~

results performed in the same solution as in this work, revealed
that the Cd UPD is evidenced by a small shoulder starting at
E = -0.859 V vs SSE and a very small peak around
=—1.109 V vs SSE. The authors suggested that these peaks
can be attributed to the adsorption of an expanded Cd layer and
subsequently a phase transformation to a closely packed mono-
layer, respectively [18, 19, 42]. Furthermore, the voltammo-
gram, shown in Fig. 2, is slightly different to that obtained for
Ag(nanoparticles)/VC electrodes [22], because the shoulder
suggested by Mesh et al. [42], as well as the desorption peak
of Cd UPD phases, are more easily distinguishable. This fact is
probably related to some structural changes occurring on Ag
nanoparticles by using a substrate with different structures.
During the anodic sweep, it is evident from the voltammetric
measurements (Fig. 2), the corresponding dissolution peaks of
the deposits generated in the overpotential deposition (OPD)
and UPD ranges, respectively. It should be noted that, when the
potential sweep is reversed in the anodic direction, a net posi-
tive current should be evident by the dissolution of previously
adsorbed Cd particles if only a process of adsorption/desorption
takes place. However, even though the two dissolution peaks of
Cd deposits are observed, the current density remains negative.
This behavior may be related to the hydrogen evolution reac-
tion that occurs simultaneously with the Cd electrodeposition
process, as it was tested in a 0.1 M Na,SOy4 (pH = 2.46) blank
solution (data not shown). These results are in agreement with
those obtained by Miragliotta and Furtak [43] for the system
Zn/Ag(111), using the second harmonic generation technique.
Taking into account that Zn has a comparable electronic con-
figuration to that of Cd, with a complete layer constituted by s
and d orbitals, the behavior is expected to be similar. The au-
thors observed the Zn UPD phenomenon on Ag(111) sub-
strates, and from an analysis of Zn overlayers structures on
Ag(111) as functions of the coverage and applied potential,
they suggested that hydrogen is competing for surface sites
preventing the Zn to fill all the sites in the UPD region.
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In the second cycle (also included in Fig. 2), the cyclic
voltammogram is shifted to more positive current values.
This fact could be explained as a result of changes in the
surface during the deposition process, related to the formation
of a surface alloy between Cd and Ag. In this process, the Cd
adlayer formed on Ag deposits is not stable and undergoes
transformations involving a place exchange between Cd
adatoms and surface Ag atoms. This interdiffusion process
provides new sites for the adsorption of other Cd atoms on
the surface. Consequently, the presence of more Cd generates
a greater inhibition of the hydrogen reaction (higher
overpotentials) during the second cycle, and shifts the current
to more positive values. The latter hypothesis is supported by
several publications found in the literature [15, 17-19, 22, 44],
which predict the formation of a Cd—Ag alloy.

In order to get a better insight on the voltammetric behav-
jor observed for the HOPG/Ag(nanoparticles)/Cd>* system
(Fig. 2), a film of Ag on HOPG was performed, trying to
reproduce the surface of a Ag massive electrode on which
the Cd deposition takes place. The Ag film was obtained by
applying the following polarization routine: a cathodic
sweepinal mM Ag,SO4+0.1 M Na,SO,4 (pH =2) solution,
in the potential region —0.45 < E/V vs SSE <0.20, with dE/
df = 10 mV s~ ', and subsequently a potential step at

=—0.214 V vs SSE for 5 min. This modified substrate
was then immersed in the solution containing Cd>* ions.
Figure 3 exhibits the voltammetric response of Cd UPD on
the HOPG substrate modified with an Ag film, obtained at
different scan rates. By increasing the scan rate, an increase
of the Cd adsorption/desorption existing current peaks is
observed. The firstadsorption peak, relatively wide, atabout

=—0.89 V vs SSE, is more clearly evidenced, which is
associated to the adsorption of Cd expanded monolayers,
as it was pointed out before. In the case of Cd adsorption
on Ag nanoparticles, this process can be related with the
shoulder starting approximately at £ = —0.80 V vs SSE
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0.10 - —— 25mVst
50 mVs?t
N 0.05 -
§ N
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E 0.00 - -
= ; /«f
-0.05 | /
-0.10 -
:%ESDCd
1
-0.15 - ‘ ‘ ‘ ‘ ‘
-1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4

E/V vs. SSE

Fig. 3 Cyclic voltammetry in the UPD region of the HOPG substrate
modified with an Ag film in 2 mM CdSO,4 + 0.1 M Na,SO,4 (pH =2.42)
solution, at different scan rates
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(c.f. Fig. 2). In consequence, the next small peak exhibited
for an Ag film (Fig. 3) could be related to that observed for
Ag nanoparticles at the same potential region. Therefore,
this analysis corroborates that the adsorption peak corre-
sponds to the phase transition of the expanded adlayer to a
condensed Cd monolayer. Finally, the peak located at more
negative potentials, corresponds to the Cd bulk deposition.

Morphological characterization of Cd—Ag nanoparticles

Structural information of the Ag deposits formed on HOPG
was obtained from ex situ AFM studies. Ag deposits were
obtained on the HOPG substrate in the same way as in the
previous experiment. This electrode was then removed from
the plating solution, rinsed with tri-distilled water and dried
with hot air prior to the characterization using ex situ AFM.
Figure 4a shows a representative AFM image of Ag nanopar-
ticles on the HOPG substrate. The Ag deposits are distributed
preferably on the step edges of the HOPG surface with a
similar particle size, indicating an almost instantaneous nucle-
ation mechanism with a 3D growth. On the contrary, although
the electrodeposition of Ag on a VC electrode also follows a
3D nucleation and growth process controlled by diffusion, Ag
deposits showed small differently sized Ag nanocrystallites
uniformly distributed over the substrate, related to a progres-
sive nucleation mechanism [1], evidencing the influence of
the substrate structure.

Section Analysis

nm

12.74 nm

45

pm

Then, the modified HOPG substrate was introduced in the
solution containing Cd** ions, generating Cd crystals by a
potentiostatic pulse at £ = —1.14 V vs SSE during 500 s.
The potential (slightly more negative than Espcq) was selected
in such a way to avoid Cd electrodeposition on HOPG, being
possible due to the high affinity between the metals. The mor-
phology of the generated Ag—Cd deposits is shown in Fig. 4b.
It is observed that the Cd deposition on the modified electrode
increases the size of the existing particles, without introducing
significant morphological changes. The corresponding statis-
tics of the detailed size distributions are presented in the sup-
plementary material (Table S1 and Fig. S2). Taking into ac-
count that the diameter of the particles, as it is well known,
may be influenced by the diameter and morphology of the
AFM tip, a cross-sectional analysis on the marked line in the
AFM images was carried out in order to compare the particles
height on both modified substrates. The height difference ob-
served in those sections is in the order of 2 nm, suggesting that
Cd is deposited selectively on the Ag nanoparticles.
Measurements on different areas of the electrode corroborated
this assumption.

Cd-Ag alloy formation
Finally, in order to ascertain the occurrence of a surface alloy

formation, in the Cd—Ag bimetallic par, desorption curves of
the Cd—Ag/HOPG system for different polarization times, £,

b
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Fig. 4 a, b Ex situ AFM images of a Ag and b Cd—Ag particles on HOPG surfaces, with the corresponding sectional analysis
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were performed. This method is commonly used to study al-
loy formation during the UPD process because this phenom-
enon can be recognized by the appearance of new desorption
peaks at relatively high underpotentials together with changes
in the normal desorption peaks [20, 21]. In a first step, the Ag
deposit was obtained by a simple potentiostatic pulse at

=—0.214 V vs SSE during 10 s. Then, the modified elec-
trode was immersed in the solution containing cd* ions,
where it was polarized at £ = —1.15 V vs SSE for different
t,. After each polarization routine, an anodic sweep was car-
ried out to obtain the corresponding desorption spectra, which
are plotted in Fig. 5.

Three desorption peaks are exhibited in the figure, similarly
to the results obtained for bimetallic Cd—Ag nanoparticles
supported on VC substrates [22]. The shift of the first two
peaks to more positive potential values, and the appearance
of a third one at about —0.4 V with increasing polarization
time, could indicate the occurrence of surface transformations
associated with the alloying between Ag and Cd, as it was
suggested by Garcia et al. for the Ag(111)/Cd**/SO,*” system
[18]. The first peaks are mainly related to the dissolution of Cd
OPD and UPD deposits on Ag nanoparticles, respectively.
The shift of the first one to more positive potential values
may be related to the previous formation of an alloyed phase
between surface Ag atoms and adsorbed Cd atoms, during
polarization. Consequently, since the Cd—Ag interaction ener-
gy in the surface layer becomes stronger than that for Cd—Cd,
as expected for metals that present UPD [20], more positive
potential values are required to dissolve Cd deposits. The
same behavior is observed for the second peak, which is
assigned to the Cd UPD dissolution. In the same way, the
underpotentially deposited Cd adlayer is modified, during
the polarization time, by interdiffusion of Ag and Cd atoms.
Hence, this peak corresponds not only to the dissolution of the
pure Cd adlayer formed by UPD but also to some surface alloy
phase that is dissolved at this potential value. Finally, the new

peak observed at more positive potential values and long po-
larization times could be attributed to the dissolution of a more
stable Cd—Ag alloyed phase. This behavior is also in accor-
dance with that obtained for the Zn/Ag system, from
voltammetric and potentiostatic pulse measurements,
complemented with X-ray diffraction analysis [45]. It was
demonstrated that at least two alloyed phases were formed
by diffusion of adsorbed Zn atoms into the Ag substrate.

Preliminary XPS analysis for the Cd—Ag/HOPG system is
further evidence of alloy formation between both metals [46].
The spectra obtained for the Ag and Cd elements indicated
that the doublets corresponding to the Ag 3d and Cd 3d re-
gions exhibit a shift to higher energies (approximately 1 eV)
with respect to the values reported in the literature for reduced
and oxidized species of both metals, compatible with the alloy
formation. In situ STM investigations are now in progress in
order to observe if topography changes are evidenced on the
particles after anodic stripping related to this surface alloy
formation.

On the other hand, DFT calculations were performed to
investigate the feasibility of forming a surface alloy between
Cd and Ag on Ag surfaces. As it was previously mentioned,
several publications found in the literature [15, 17-19] predict
the formation of an alloy between these metals using experi-
mental techniques. In these works, during the Cd UPD process
on mono- and polycrystalline Ag electrodes, the formed Cd
adlayer undergoes transformations due to the formation of a
surface alloy between both metals. The first stage of the sur-
face alloy formation, which is usually the rate determining
step [20], involves a place exchange between surface Ag
atoms and Cd adsorbed atoms, and then, the subsequent alloy
film growth by interdiffusion of the metals [20]. This mecha-
nism was proposed and modeled for Cd—Ag surface alloy
formed on Ag massive electrodes [15, 18, 20], representing
on one side the Cd deposits in the UPD regime, and on the
other the Ag layer of the substrate. Also, as it was mentioned

— t,=360s
— t,=420s
t,=500's
t,=700 s r

ty

Fig. 5 Desorption spectra of the 0.9
system HOPG/Ag(nanoparticles)/
Cd** obtained at different 0.81
polarization times, #,. Solution: 0.7
2 mM CdSO, + 0.1 M Na,SO,4
(pH=2.42), dE/dr=10mV s~ 0.6
E 05
2
§ 0.4-
0.3
0.2+
0.14
0.0 +
-1.15 -1.05
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on the introduction, a first attempt to quantify the surface
alloying on Ag surfaces was carried out using DFT methods
[31]. The model used in that work, contemplates a substitution
mechanism of atoms in the surface to evaluate the formation
energy of the surface alloy. However, as a site exchange mech-
anism between Cd and Ag is more probable to occur, the
formation energy was evaluated in the new model, taking into
account this process.

The theoretical analysis was focused in the formation of sur-
face alloy on Ag(111) and Ag(100) surfaces. Despite the exper-
imental results obtained in this work are related to nanoparticles,
a theoretical analysis of Cd on both Ag facets is also represen-
tative to predict what would occur on them. This assumption can
be done because both are low-index surfaces of fcc structures,
like Ag bulk, with a high density of atoms. Thereby, they are
surfaces which grow predominantly as a consequence of their
low surface energy [20, 47]. The parameters used for DFT cal-
culations were detailed in the theoretical model section.

The structure of Ag(111) and Ag(100) surfaces and the
alloys formed between Ag and Cd were modeled, using a slab
approach which repeated periodically in x, y, and z directions,
with six layers, five of Ag and one of Cd, and a region of
approximately 10 A of vacuum in the z direction, to ensure
that no interactions exist between periodic images of the slab.
The number of layers was selected based on the previous work
[31]. Different structures of two-dimensional (2D) Ag—Cd

alloy were considered, ie., 2% 1, (v/3 x v/3) R30°, 2x2,

(V19 x v/19) R19° and 3 x 3 for Ag(111), and (V2 x v/2)
R45°, 2 x2 and 3 x 3 structures for the unit cell of Ag(100).
These structures indicate the length of the lattice vectors of the
surface alloy unit cell, with respect to the lattice vectors of the
primitive cell of the Ag(111) and Ag(100) surfaces. The lattice

Fig. 6 a—c a Scheme of alloy
formation by site vertical
exchange mechanism. Surface
alloy formation energy
corresponding to different Ccyq,
forb Ag(111) and ¢ Ag(100)
surfaces. The adsorption energy
of a monolayer in the most stable
site was represented in both cases
with a dotted line b

vectors of the 2D alloy localize the Cd atoms in the Ag sur-
face, as was proposed by other authors [28, 48, 49]. In this
study, the surface alloy was formed by a place exchange of the
adsorbed Cd atoms and the Ag surface as it is showed sche-
matically in Fig. 6a. Each structure for the surface alloy cor-
responds to a different Cd concentration (Ccy) in the first and
second layer, after atom place exchange. Thus, we refer to a
particular structure in terms of Cgy, defined as the ratio be-
tween the number of Cd atoms in the first layer and the total
number of atoms in this layer.

All the structures were relaxed by minimizing the total
energy of the unit cell using a conjugated gradient algorithm
[50]. The formation energy of surface alloy by vertical ex-
change of the atom positions was evaluated by the equation:

E¢ = (Ecajsuy ag=Esuf ae~ncaEca + Ein) /1 (1)

where Ecgjsurf ag 18 the energy of Ag surface with a monolayer
of adsorbed Cd, Ey¢ A, is the energy of the clean Ag surface
slab, E4 is the energy of an isolated Cd atom, and n¢q is the
number of adsorbed Cd atoms. E;, represents the gain
(negative) or lose (positive) of energy due to the exchange
processes, obtaining this energy by differentiation of the ener-
gy of the structures schematically represented in Fig. 6a. The
nomenclature I-AgCd was used to make reference of the ex-
change processes, adding on the right side, the place where the
Cd monolayer is adsorbed on Ag surfaces, i.e., T- and H-hcp
for Top and Hollow hcp sites, respectively, for Ag(111). In the
case of Ag(100), the hollow site is represented by H only,
because a unique hollow site exists for this surface.
According to Eq. 1, a more negative value of the alloy forma-
tion energy by place exchange corresponds to a more favor-
able situation.

After place exchange
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Additionally, with the aim to validate the pseudopotentials
used, a Ag lattice parameter of 4.154 A was obtained from
bulk cell optimization using the same mentioned computation-
al parameters, which overestimates 1.6% of the experimental
value 0f4.09 A [51]. Also, the binding energy calculations for
Ag—Ag and Cd—Cd dimers were performed, obtaining energy
values of —1.750 and —0.014 eV, respectively, in good agree-
ment with experimental values [52]. Likewise, the Cd—-Ag
binding energy of Ag—Cd dimer is —0.340 eV, having an in-
termediate bond strength between those of the pure metals, as
expected for systems that present UPD [20].

The calculated formation energies of the structures consid-
ered, corresponding to different Ccq4, are shown in Fig. 6b.
The formation energy of a monolayer of unitary coverage on
the H-hcp site, was represented in the graph with a dotted line.
The H-hcp site was determined as the most stable position for
the adsorption of Cd on Ag(111) surface with a value of
—0.975 eV/atom. This value was calculated with Eq. 1,
neglecting the atomic exchange term. The results indicated
that, for H-hcp sites, the alloy formation energy by vertical
exchange sites is more negative (more stable) than the forma-
tion energy of a Cd monolayer. Therefore, a surface alloy
formed by this mechanism is possible during the adsorption
of Cd on the surface. In Fig. 6¢, the results obtained for a
Ag(100) surface indicate that the most stable site of adsorption
is the hollow site (H), with an energy of £ = —0.925 eV/atom.
It is observed again that it is favorable to form a surface alloy
by atomic exchange, when the monolayer is adsorbed on H
site. Based on these calculations, it is easier to form a surface
alloy on Ag(111) surface than on Ag(100).

On the other hand, it is also observed in Fig. 6b that £y
tends in general to increase at higher C4. Bader charge [53]
and projected density of states (PDOS) calculations were per-
formed in order to explain this behavior. The analysis was
focused in the structures 2 X 2 (Ccq = 0.75) and (\/§ X \/5)
R30° (Ccq = 0.67), which presented an unexpected change in
comparison with the general tendency. The charge of Cd and
Ag exchanged atoms, and their first neighbors were presented
in Table S2 of the supplementary material. In all the cases, Cd
transfers charge to Ag atoms, based on their charges sign.
Also, Cd and Ag atomic charge values are higher than those
obtained for adsorbed Cd monolayer on Ag surfaces (in the
order of 0.07 to 0.09 ¢ absolute values), showing a strong
interaction between Ag and Cd when they are alloyed.
However, there is not a significant charge difference between
both alloy structures in order to explain the change on Ep.

The PDOS curves for both structures were obtained and
presented in the supplementary material (Fig. S3). These
curves show localized d states and dispersed s states over a
wide range of energies. Again, a substantial variation is not
evidenced when the Ccq4 is modified, and therefore, we can
conclude that the change on Er does not correspond to a dif-
ferent orbital interaction. Accordingly, it is reasonable to
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suppose that the difference in stability with Ccq is due to the
proportion of Ag—Cd, Ag—Ag, and Cd—Cd bonds depending
on the structure. Furthermore, as hollow sites were found to be
favorable for Cd monolayer adsorption in order to form stable
alloys (cf. Fig. 6b, c), an influence of the atomic stacking in
the first layers could be inferred. Hence, returning to the par-
ticular case of Ccq = 0.75 and Cc4q = 0.67, a balance of bonds
in the first and second layer per unit area through the slab
model was performed. The results corroborate that, although
the number of Ag—Cd bonds does not change, the number of
Cd-Cd and Ag—Ag bonds are higher for Ccq = 0.75.
Moreover, Ag atoms at this concentration are supported not
only on two Ag and one Cd atoms, as for Ccq = 0.67, but also
on three Ag atoms. These effects produce that, at Ccq = 0.75,
the alloy structure becomes more stable.

Summarizing, the importance of the DFT calculations
employed in this work lies in the fact that independently
of other phenomena like adsorption of anions [18, 54, 55],
the effect of the solvent and the electric field at the electrode
interface of the electrochemical system [56], the interac-
tions between Ag and Cd allow a place exchange between
their atoms, which are favored by an electronic effect.
Therefore, the theoretical results are another support to cor-
roborate the tendency to form an alloy in this system.
According to these results, the formation of surface alloy
by vertical site exchange is sensitive to the site on the sur-
face where the exchange occurs and the direction of the
monocrystalline surface.

Conclusions

Bimetallic Cd/Ag particles were obtained on HOPG substrates
by sequential electrodeposition of the metal components. Cd
UPD process on Ag nanoparticles previously generated on
HOPG was verified by cyclic voltammetry. This adsorption
behavior is different from that observed for massive Ag elec-
trodes and Ag particles supported on VC. The morphology of
the metallic and bimetallic deposits was characterized by ex
situ AFM. Initially, the images show Ag deposits of similar
size distributed preferably on HOPG step edges. An increase
of particle size after the electrodeposition of Cd is observed,
but no remarkable morphological changes are evidenced on
the surface, suggesting that Cd particles are deposited selec-
tively over the Ag crystals previously deposited on HOPG.
The influence of the hydrogen evolution reaction in the ana-
lyzed potential range was confirmed. The desorption spectra
reveal dissolution peaks related to over- and under-potentially
deposited Cd, and other phases which could be associated to
the formation of an alloy between Cd and Ag particles. DFT
calculations demonstrated the tendency of these metals to
form surface alloy structures.
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