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The Cd UPD process in the system Au(100)/Cd%*, SO4%~ and the involved Au-Cd surface alloy formation
have been investigated, using conventional electrochemical techniques and in-situ STM analysis. The
voltammetric experiences have shown three adsorption/desorption steps in the extended UPD range
0 < AE/mV < 800. The obtained desorption spectra indicate the formation of a surface alloy at low under-

potentials and long polarization times. STM images have shown that the Cd deposition becomes evident
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at low underpotentials, with the nucleation of two-dimensional islands of monatomic height, which
grow and coalesce up to a complete monolayer. At lower underpotentials, new islands nucleate on the
monolayer previously formed, and grow acquiring a quadratic structure. The subsequent stripping of this
film promotes morphological changes that are related to the dissolution of a Cd-Au surface alloy, which
is consistent with the electrochemical experiences.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cd presents a relatively more negative standard potential than
most metals, allowing a relatively large selection of substrates for
investigating underpotential deposition (UPD) processes. In addi-
tion, the hydrogen overpotential on this metal is high enough, so
that the hydrogen evolution reaction practically does not occur on
the Cd layers formed by UPD [1].

The Cd UPD on gold substrates appears as an interesting process
due to its promising application for high quality thin film semicon-
ductor devices [2] and its catalytic properties for some relevant
electrochemical reactions, such as the electroreduction of nitrate
anions and other nitrogen compounds [3,4]. Furthermore, Cd is
known to produce intermetallic phases on Au in the UPD region
during long time polarization experiments [5].

Particularly, the Cd UPD onto Au(111) has been the subject of
numerous and contrasting studies [1,5-9], but on the other hand,
the Cd UPD on the Au(100) substrate, was only studied by Vidu,
R. and Hara, S. [10-13], by cyclic voltammetry and Atomic Force
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Microscopy (AFM). Based on their experiences, they demonstrated
that the Cd UPD on Au (100) involves several sorption steps
evidenced by two adsorption/desorption peaks pairs in the cyclic
voltammogram before the peaks pair corresponding to the Cd bulk
deposition and stripping. The deposition begins with the formation
of an expanded Cd adlayer with a (y/2x.,/2)R45° structure, which
is then transformed into a (1 x 1) condensed one. A Au-Cd surface
alloy was proposed at lower underpotentials, formed by a place
exchange process, between the adsorbed Cd atoms and the under-
lying Au atoms. The authors noted that this process occurs on flat
terraces but not on the step edges, preserving the morphology of the
flat surface. They proposed that surface alloying consisted of two
processes. A first one relatively fast limited to a few monolayers and
evidenced by the rapid charge increase at short polarization times.
This process was associated with a vertical atomic place exchange
between the adsorbate and the substrate atoms and characterized
by a diffusion coefficient D; ~ 10~16 cm?2 s—1. The second process,
which occurs more distant from the surface and at long polarization
times, was characterized by a diffusion coefficient D, ~ 10~18 cm?
s~1. This phenomenon was related to a slow solid state diffusion
of the Cd or the Au atoms, across the recently formed alloy film.
Vidu, R. and Hara, S. [10,14] have also studied the Cd deposition
on Au(100) at low overpotentials by AFM, reporting the nuclea-
tion and growth of islands on the terraces and step edges. The
Cd layers follow the Stranski-Krastanov growth mechanism, which
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begins with a Cd monolayer formation and continues in an island
growth mode, where the Cd deposit follows the Au (100) substrate
orientation.

The aim of the present paper is to get further insight into the Cd
UPD process in the system Au(100)/Cd2*, SO42", taking into account
the morphological changes during the Cd adsorption/desorption
processes as well as the Au-Cd surface alloying. In this sense, the
work is focussed on the formation of the Au-Cd surface alloy at
underpotentials, using conventional electrochemical techniques
and in-situ STM analysis.

2. Experimental

The experiments were performed in the system Au(100)/Cd?*,
SO42~ using a Au(100) single crystal electrode with a diameter of
0.4 cm. The substrate surface was first mechanically polished with
diamond paste of decreasing grain size down to 0.25 wm and sub-
sequently electrochemically polished in a cyanide bath according
to a standard procedure [15]. This pre-treatment procedure prior
to each measurement was already previously described [16].

The electrolyte solution used throughout the study was 5mM
H,S04+0.1 M Na,SO4+1mM CdSOg4. This solution was prepared
from suprapure chemicals (Merck, Darmstadt) and fourfold quartz-
distilled water, and deareated by nitrogen bubbling prior to each
experiment.

Conventional electrochemical studies were performed in a
standard three-electrode electrochemical cell. The counter elec-
trode was a platinum sheet (1 cm?2) and the reference electrode
was a Hg/Hg,S04/K;S0,4 saturated electrode (SSE), mounted inside
a Luggin capillary. The actual electrode potential, E, is referred to
the SSE, whereas the underpotential, AE, is related to the Nernst
equilibrium potential of the 3D Cd phase by AE=E-E3pcq, With
Espca=-1150mV for ccq%* =1 mM. The measurements were car-
ried out with a potentiostat-galvanostat EG&G Princeton Applied
Research Model 273A.

A standard Nanoscope Ill equipment (Digital Instruments, Santa
Barbara, CA, USA) was used for the in-situ STM studies, employ-
ing Apiezon insulated Pt-Ir tips (Digital Instruments, Santa Barbara,
USA). Pt wires were used as counter- and quasi-reference electrode.
The potentials of the gold substrate and the STM tip were controlled
independently by a Nanoscope IlI-bipotentiostat optimised for the
STM set-up used. The tip potential was held constant at a value of
minimum faradaic current and the tip current varied in the range
2 <Itun/nA < 20. The experimental set-up for the in-situ STM tech-
nique has been checked by cyclic voltammetric measurements and
the results were identical to those obtained in the conventional
electrochemical cell.

3. Results and Discussion
3.1. Electrochemical experiments

Fig. 1 shows the cyclic voltammogram obtained for the system
Au(100)/Cd?*, SO42-. The Cd UPD on Au(100) is clearly observed
in the underpotential range 0 < AE/mV < 800, where two different
adsorption/desorption current density peaks were exhibited. The
first peaks pair is located at AEa;)p; ~ 650 mV, and the second one
at AEp, ~ 205mV and AEp; ~ 340 mV, in agreement with those
reported by other authors [10-13]. Another adsorption/desorption
peaks pair (AEa3 ~ 90 mV/AEps ~210mV) at underpotentials close
to the equilibrium potential was also recorded, which were not
previously reported.

In order to further explore the non-equilibrium phenomenon of
Cd-Au surface alloying, long time polarization experiments were
performed. In this case, a freshly Au surface was used for each
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Fig. 1. Cyclic voltammogram for the system Au(100)/5mM H,SO04+0.1M
Na,S04+1 mM CdSO4. T=298 K, |dE/dt|=50mV s~ .

of the sweeps. The potential was stepped from AE=1700mV, an
underpotential value between the peak D and the oxidation of
the substrate, to different underpotentials AE, up to the onset
of Cd bulk deposition. After maintaining the selected AEp value
for different polarization times, t,, the potential was swept back
recording the corresponding AE-i desorption spectra (Fig. 2). After
the polarization at AE, =750mV, i.e. the initial region of Cd UPD,
no significant changes in the registered desorption curves were
recorded (curves not shown), indicating that no irreversible pro-
cesses related to Cd adsorption take place. After the polarization
at AE;=550mV and for long polarization times (Fig. 2.a), some
irreversibility related to the Cd deposit begins to evidence, given
by the appearance of an additional peak, D’. Moreover, the peak
D1 does not remain stable and its height decreases with t,. This
effect is accentuated for AE, =250 mV (Fig. 2.b), where it is clearly
shown that the peak D’ is increased with the polarization time.
However, with increasing t, the peak D; decreases significantly in
height. At AE,=150mV (Fig. 2.c) the desorption spectrum shows
two additional stripping peaks, D” and D™, in the underpoten-
tial range 1150 < AE/mV <1500, for relatively long polarization
times (t, = 1800 s). Finally, at AE, =100mV (Fig. 2.d), a significant
increase in the height of the peaks D3 and D™ is observed. From
these curves it is possible to confirm the formation of a Au-Cd alloy,
which involves different phases, given by the appearance of new
peaks. All these new peaks were not previously reported by other
authors.

The time-dependence of the stripping charge density, Agq, is
reported in order to analyze the possible steps during the Au-Cd
alloy formation (inset of Fig. 2 for each underpotential value). Ag
was obtained by integrating the anodic current density over the
potential ranges at which the desorption curves (Fig. 2a-d) were
recorded, i.e. from AE, to 1500 mV. AE, values are indicated in
eachinset plot of the Fig. 2.1t is known that a lineal relation between
Agand tpl/2 is an evidence of a solid state diffusion alloy formation
mechanism [5,8,17]. The first portion of the plots (dashed lines)
corresponds to the adsorption stage together with the intermixing
at the interface [12], and it is beyond the aim of our study. We are
interested in the processes at long polarization times where the for-
mation of a Au-Cd alloy involving solid state diffusion takes place.
At AE,=550mV, the desorption charge density remains nearly con-
stant with t,'/2. Nevertheless, some changes were recorded in the
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Fig. 2. Current-potential desorption spectra obtained in the system Au(100)/1mM CdSO4+5mM H;SO4 +0.1 M Na,SOy, after polarization during different times at: a)
AEp =550mV, b) AE, =250mV, ¢) AE, =150mV, d) AE, =100 mV. T=298K, |dE/dt|=50mV s~'. Inset: Relation Aq - tpl/z, for each underpotential value.

desorption curves (cf. Fig. 2.a), by the appearance of an additional
peak (D’), indicating the occurrence of surface transformations
associated with an atomic place exchange process between Au sub-
strate atoms and Cd atoms recently deposited. At AE, =250mV,
the changes are more pronounced (cf. Fig. 2.b), and the stripping
charge density value exceeds that required for the formation of
a completely closed packed Cd monolayer onto Au(100) (AgumL ~
365 wCcm~2). This fact could be explained considering that after
the vertical atomic place exchange process, Au atoms reach the
interface electrode/electrolyte and act as new sites available for Cd
adsorption. Thus, the number of Cd atoms deposited in the under-
potential range is not limited to a monolayer, and increases with
the polarization time. For relatively long polarization times, the
extent of the alloyed phase into the surface will be governed by solid
state diffusion of both Cd and Au atoms through the alloy surface
rich in vacancies. In the underpotential range 100 < AE,/mV <150,
the corresponding anodic charge density, Aq, considerably exceeds
the value of a Cd monolayer and increases significantly with ¢,
exhibiting two different linear Aq - t,'/? dependences, for rela-
tively short and long polarization times. The behavior observed at
short polarization times, is attributed to the formation of an ini-
tial thin alloy film by a turnover mechanism. A similar model was
already proposed for this system [11,12], and also for Ag(100)/Cd
[13] and Ag(111)/Cd [18]. This initial formation of the Au-Cd sur-
face alloy is followed by a second and more pronounced anodic
charge density increase at higher t;, reflected in the appearance
of the peaks D” and D™ in the anodic stripping curves, which can
be attributed to the formation of other phases of a Cd;Aux alloy
[17].

3.2. In-situ STM studies

Cd electrodeposition onto Au(100) and the involved Au-Cd alloy
was also studied by in-situ STM (Fig. 3). Fig. 3.a shows the initial
free Au(100) substrate surface at AE=1250mV, where no faradaic
process takes place. The surface consists of atomically smooth
terraces separated by monatomic steps and some 2D Au islands.
The high step density is related to the etching pre-treatment used,
in agreement with previous results obtained for Au(111) [19] and
Au(100)[16]. This surface morphology gradually changes when the
potential is shifted to more negative values, up to AE=950 mV (E=-
200 mV vs SSE), due to a surface diffusion process of the mobile Au
atoms (Fig. 3.b). This high surface mobility was also reported for this
substrate by Hara et al. [20] and by Salinas et al. for Au(111)[19].Cd
UPD can be recognized more clearly if particular attention is paid
in the contoured region of Fig. 3b. No surface morphology changes
are observed in the potential range 250 < AE/mV < 800 where the
A1/D; Cd UPD peaks are recorded. At AE=200mV, in the Ay/D,
peaks pair region, 2D islands are formed on top of the flat terraces
and step edges (Fig. 3.c), which grow and coalesce (Fig. 3.d). At lower
underpotentials, AE =150 mV, a practically complete Cd monolayer
(Fig. 3.e) is reached, keeping the surface morphology prior to Cd
UPD (Fig. 3.b). When the potential is located in the A3 peak region,
at AE=100mV, new islands nucleate onto the monolayer recently
formed (see the brightest islands in Fig. 3.f), which again grow and
coalesce at a constant potential. After tp =370 s, a second complete
Cd monolayer is formed on the surface (Fig. 3.g). It is important to
note that, contrary to the first Cd monolayer, the formation of the
second layer changes the surface, in which some of the step edges
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Fig. 3. In-situ STM images of the Cd underpotential deposition onto Au(100). System Au(100)/1 mM CdSO4 +5 mM H,S04 +0.1 M Na;S04. a) AE=1250mV, b) AE=950mV,
c-d) AE=200mV, e) AE=150mV, f-g) AE=100mV, h) AE=50mV. T=298 K.
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Fig. 4. In-situ STM images of the dissolution process of the Cd underpotentially deposited onto Au(100) shown in Fig. 3. System Au(100)/1 mM CdSO4 +5 mM H,SO4 +0.1 M
NayS04.a) AE=100mV, b) AE=250mV, c) AE=350mV, d) AE=650mV, e) AE=1300mV, f) AE=1450mV. T=298 K.

acquire a quadratic morphology. Finally, at AE=50mV (Fig. 3.h)
the beginning of a third Cd layer underpotentially deposited on
Au(100) is observed. The formation of a second and third Cd mono-
layers at underpotentials is favoured by the fact that, probably, the
underlying gold surface is being reorganized as it is covered with
Cd adatoms, as was reported for the Au(111)/Cd2* system [8,9,21].

The sequence of in situ STM images shown in Fig. 4 presents
the changes of surface topography during the subsequent anodic
stripping of the deposited Cd layers. In the underpotential range
40< AE/mV <350, a continuous and sequential dissolution of the
third and second Cd monolayers previously deposited (peaks D3
and D, ) takes place (Fig. 4.a-c). There are less noticeable changes in
the surface morphology if the potential value exceeds that for the
D peak (Fig. 4.d). As seen the removal of Cd leads to an appearance
of islands and pits on the terraces. This behaviour is characteris-
tic for alloy dissolution and has been observed previously in other
systems [12]. These pits disappear by changing the underpotential

to more positive values suggesting a relatively high mobility of Au
surface atoms. Atrelatively more positive potentials, AE=1050 mV,
a dissolution of the Cd layer is evidenced, and it is increased at
even more positive potentials (AE=1300mV) (Fig. 4.e). Finally, at
AE=1450mV, and for the time used in the experiment, the surface
shows no appreciable changes (Fig. 4.f). The initial Au surface was
not recovered and this result is an indication of a vertical atomic
exchange process between the Au atoms of the substrate and Cd
adatoms leading to a Au-Cd surface alloy, formed at low under-
potentials (A3 peak region). This phenomenon would allow the
formation of more than one monolayer in the underpotential range.
Therefore, the results obtained with in-situ STM are consistent with
the desorption curves shown in Figure 2, where it was proposed the
formation of a Au-Cd surface alloy and the dissolution of various
Cd-Au alloy phases. In addition, the new peaks D’, D” and D"’ regis-
tered at very positive potential values go exactly with the observed
STM images related to the last steps of the alloy dissolution, which
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was formed at low underpotentials. The information provided by
the integration of the circulated charge density in the long time
polarization experiences, presented in the insets of Fig. 2, is also
consistent with the morphology changes observed by in-situ STM.

4. Conclusions

The Cd UPD process in the system Au(100)/Cd%*, SO42~ was ana-
lysed using conventional electrochemical techniques and in-situ
STM analysis. Voltammetric measurements indicate that this pro-
cess is characterized by three adsorption/desorption peaks pairs
before the Cd bulk deposition. From long polarization time experi-
ences, it is possible to confirm the formation of a Au-Cd surface
alloy, which involves different phases, evidenced by the occur-
rence of additional stripping peaks. The relation between Aqg and
tp'/2 indicates a surface transformation associated with an atomic
place exchange process between the Au substrate atoms and the
deposited Cd atoms. For relatively long polarization times, the
extent of the alloyed phase into the surface will be governed by
solid state diffusion of both Cd and Au atoms through the alloy
surface rich in vacancies. At lower underpotentials, Aq consider-
ably exceeds the value of a monolayer and significantly increases
with tp, exhibiting two different behaviors with t, /2, for relatively
long and short polarization times. At shorter polarization times,
the behavior observed is attributed to the formation of an alloy
thin film by a solid state mechanism. The initial formation of this
Au-Cd surface alloy is followed by a second and greater increase in
the anodic charge density at higher tp, which can be attributed to
the formation of other phases of a Cd,Auy alloy.

STM images have shown that the Cd deposition becomes evident
at low underpotentials, with the nucleation of two-dimensional
islands of monatomic height, which grow and coalesce up to a
complete monolayer. At lower underpotentials, the formation of a
second and a third Cd monolayers was also observed in the in-situ
STM images, favoured by the fact that, the underlying gold surface
is being reorganized as it is covered with Cd adatoms, in agreement
with kinetic results. The anodic dealloying leads to an appearance
of islands and pits on the surface, which disappear at high under-
potentials (AE>1450 mV) suggesting a relatively high mobility of
surface Au atoms.
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