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Abstract

The Au–Cd alloy formation in the course of Cd underpotential deposition (UPD) in the system Au(1 1 1)/Cd2þ, SO2�
4 has been

studied by conventional electrochemical techniques and in situ STM. The long time polarization experiments and the current–

potential desorption spectra have indicated that the alloy can be formed at relatively high underpotentials with the formation of 2D

Cd islands as was observed by in situ STM images. These islands grow and coalesce at a constant potential with the subsequent

formation of new 2D islands on top of the partially formed first Cd monolayer. Atomically resolved images of these islands have

revealed an hexagonal atomic structure with an interatomic distance of 0.29� 0.01 nm. The dissolution of these features occurs

together with the formation of many holes of monatomic height which induces a surface roughening. The alloy formation is ex-

plained considering a place exchange process between the Au atoms and the adsorbed Cd atoms followed by solid state diffusion of

these atoms through the alloyed phase.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The underpotential deposition (UPD) process of

different metals on well-characterized single crystal

surfaces such as Au(h k l), has been widely studied [1,2].

Initially, the main interest was focussed on the structural

properties of both the single crystal surfaces and the low

dimensional metal phases formed. In the last years there

has been increasing attention in studying the structure,

growth and properties of surface alloy films formed
during the Me UPD. In this sense, Cd is known to

produce intermetallic phases on Au in the UPD region

during long time polarization experiments [3]. The Cd

UPD on gold substrates appears as an interesting pro-

cess due to its promising application for high quality

thin film semiconductor devices [4] and its catalytic

properties for the electroreduction of nitrate anions

[5,6]. Gewirth and coworkers [7,8] have studied the
system Au(1 1 1)/Cd2þ, SO2�

4 in the UPD range using
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STM and quartz crystal microbalance. They have ob-

served different ordered adlattices and concluded that
sulphate is specifically adsorbed with underpotentially

deposited Cd. Nevertheless, no information was indi-

cated about surface alloy formation during the course of

these experiments. Inzelt and Hor�anyi [9] have studied

the Cd UPD on polycrystalline gold using the electro-

chemical microbalance technique and they concluded

that the Au–Cd alloy is formed during the UPD phe-

nomenon probably by a turnover process between the
adsorbed Cd and the underlying Au atoms, with a

subsequent solid-state diffusion of these atoms through

the alloyed phase. This suggestion was based on the

model proposed by Vidu and Hara [10–13] for the alloy

formation process observed in the system Au(1 0 0)/

Cd2þ, SO2�
4 . Mizuki and coworkers [14] using specular

X-ray reflectivity measurements, have also indicated

that the Cd UPD layer formed on Au(1 1 1) in sulphuric
acid solution consists of both a Cd atomic layer and a

sulphate anion layer. However, the alloy formation

process was not clear from their results. Stickney and

coworkers [15,16], Lee and Rayment [17] and Schmucki
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and coworkers [18–20] have indicated that the Cd UPD
is also possible on the reconstructed surface of Au(1 1 1)

without lifting the reconstruction. These authors have

also observed that Cd UPD results in the alloying of

adsorbed Cd atoms with Au atoms from the surface.

All the studies referenced above were performed in

the underpotential range where Cd UPD peaks are

clearly observed. The aim of the present paper is to get

further insight into the Cd UPD process in the system
Au(1 1 1)/Cd2þ, SO2�

4 . The work is focussed on the

formation of the Au–Cd alloy at relatively high under-

potentials, using conventional electrochemical tech-

niques and in situ STM analysis.
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Fig. 1. Cyclic voltammograms for the systems Au(1 1 1)/5 mM

H2SO4 + 0.1 M Na2SO4 (—) and Au(1 1 1)/5 mM H2SO4 + 0.1 M

Na2SO4 + 1 mM CdSO4 ( ). T ¼ 298 K, jdE=dtj ¼ 50 mV s�1.
2. Experimental

The experiments were performed in the systems

Au(1 1 1)/SO2�
4 and Au(1 1 1)/Cd2þ, SO2�

4 using a

Au(1 1 1) single crystal electrode with a diameter of 0.4

cm. The substrate surface was first mechanically pol-

ished with diamond paste of decreasing grain size down

to 0.25 lm and subsequently electrochemically polished

in a cyanide bath according to a standard procedure

[21]. The pre-treatment procedure prior to each mea-
surement was already previously described [22].

The electrolyte solutions used throughout the study

were 5 mM H2SO4 + 0.1 M Na2SO4 and 5 mM

H2SO4 + 0.1 M Na2SO4 + 1 mM CdSO4. These solu-

tions were 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 electrode was a platinum sheet (1 cm2) and the

reference electrode was a Hg/Hg2SO4/K2SO4 saturated

electrode (SSE), mounted inside a Luggin capillary. The

actual electrode potential, E, is referred to the SSE,

whereas the underpotential, DE, is related to the Nernst

equilibrium potential of the 3D Cd phase by
DE ¼ E � E3D Cd, with E3D Cd ¼ �1150 mV for cCd2þ ¼
1 mM. The measurements were carried out with a po-

tentiostat–galvanostat EG&G Princeton Applied Re-

search Model 273A.

An standard Nanoscope III equipment (Digital In-

struments, Santa Barbara, CA, USA) was used for the in

situ STM studies, employing 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 III-bipoten-

tiostat optimised for the STM set-up used. The tip po-

tential was held constant at a value of minimum faradaic

current and the tip current varied in the range

26 Itun=nA6 20. The experimental set-up for the in situ
STM technique 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 typical cyclic voltammograms obtained

for the systems Au(1 1 1)/SO2�
4 and Au(1 1 1)/Cd2þ,

SO2�
4 . For the Cd2þ free solution the typical and very

extensive double layer region of the substrate is ob-

served, together with broad current peaks in the po-

tential range �3006ESSE=mV6 400 that are ascribed to

anion adsorption [23,24]. For the solution containing

Cd2þ ions, the Cd UPD on Au(1 1 1) is clearly observed
at 06DE=mV6 750. In agreement with other authors

[7,18], two different adsorption/desorption current peaks

were recorded at DEA2=D2
� 650 mV and DEA3=D3

� 330

mV. Another adsorption/desorption peak, A4=D4, not

shown in Fig. 1, is also present at underpotentials close

to the equilibrium potential [18]. By comparing the cy-

clic voltammograms obtained in both solutions, in the

presence of Cd2þ ions it is also possible to note a slight
increase in the circulated charge in the potential range

7506DE=mV6 1350 (A1 region). Furthermore, at

DE ¼ 1580 mV appears an anodic UPD peak (D1)

which overlaps with one of those related to the anion

adsorption. The presence of peak D1 was not previously

reported by other authors. Additionally, a remarkable

observation is that a repetitive cycling experience per-

formed in the potential range 1506DE=mV6 1350
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Fig. 2. Cyclic voltammogram in the system Au(1 1 1)/5 mM

H2SO4 + 0.1 M Na2SO4 + 1 mM CdSO4. T ¼ 298 K, jdE=dtj ¼ 50

mV s�1. Effect of repetitive cycling in the underpotential range

1506DE=mV6 1350.
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Fig. 3. Current–potential desorption spectra obtained in the system

Au(1 1 1)/5 mM H2SO4 + 0.1 M Na2SO4 + 1 mM CdSO4, after polar-

ization during different times at (a) DEk ¼ 1350 mV, (b) DEk ¼ 1150

mV. T ¼ 298 K, jdE=dtj ¼ 50 mV s�1.
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Fig. 4. Time dependence of the cumulative charge, Dq, recorded at

DEk ¼ 1150 mV in the system Au(1 1 1)/5 mM H2SO4 + 0.1 M

Na2SO4 + 1 mM CdSO4.
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produces a spectrum that varies with the number of

cycles (Fig. 2). This result is indicative of an irreversible

process, probably related to the formation of a Au–Cd

alloy. In this case, the anodic limit used in the experi-

ment would be not enough to strip the formed alloy.

In order to investigate this non-equilibrium phe-

nomenon observed at relatively high underpotentials,
long time polarization experiments were performed. The

potential was stepped from DE ¼ 1700 mV, i.e., an un-

derpotential value between the peak D1 and the oxida-

tion of the substrate, to different lower underpotentials

DEk (DEk=mV ¼ 1350; 1150). After maintaining the

selected DEk value for different polarization times, tp, the
potential was swept back recording the corresponding

DE � i desorption spectra (Fig. 3). After the polarization
at DEk ¼ 1350 mV only the peak related to anion ad-

sorption is present in the DE � i desorption spectra, and

the corresponding charges do not show changes with tp.
This result is indicative that no irreversible processes

related to Cd adsorption take place. On the other hand,

after the polarization at DEk ¼ 1150 mV the stripping

curves also show the presence of the peak D1 together

with the peak related to the anion adsorption. The peak
D1 does not remain stable and its height increases with

tp. This observation suggests that the formation of a

Au–Cd alloy phase occurs at this relatively high DEk

value and that the peak D1 is related to the dissolution

of this alloy. The alloy formation process can be anal-

ysed from the current–potential desorption spectra

showed in Fig. 3(b). In the present case, the time-

dependence of the corresponding cumulative charges,
Dq vs tp, obeys a parabolic law (Fig. 4), which is char-

acteristic of a 3D bulk alloy [1].
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3.2. In situ STM studies

The changes in the surface morphology during the

formation and subsequent dissolution of Cd UPD in the

system Au(1 1 1)/Cd2þ, SO2�
4 were followed by in situ

STM analysis. In the potential range 13506DE=mV6

1750 it can be assumed that the Au(1 1 1) surface is

nearly free of Cd. The surface consists of atomically

smooth terraces separated by monatomic steps
(Fig. 5(a)), in agreement with previous results obtained

for Au(1 1 1) and Au(1 0 0) using the same surface

preparation procedure [22,25]. At this potential range

only a high surface mobility is observed which produces

morphological changes of the flat terraces.

When the potential is changed to DE ¼ 1150 mV, a

growth of steps is observed and 2D islands are formed

on top of the terraces (Fig. 5(b)). These results confirm
that the Cd deposition process is initiated at this rela-

tively high underpotential. The long time polarization at

this underpotential (Fig. 5(c) and (d)) promotes the

growth and coalescence of the 2D islands. It is impor-

tant to note that new 2D islands are generated on top of

the partially formed first Cd monolayer. A representa-

tive close-up of the 2D islands is shown in Fig. 5(e). This

atomically resolved image reveals an hexagonal atomic
structure with interatomic spacing of 0.29� 0.01 nm
Fig. 5. In situ STM images of Cd UPD in the system Au(1 1 1)/5 mM H2SO4 +

(b) DE ¼ 1150 mV, tp ¼ 450 s; (c) DE ¼ 1150 mV, tp ¼ 800 s; (d) DE ¼ 115

structure obtained in the area indicated in (d); (f) DE ¼ 1750 mV, tp ¼ 900 s.

point of the substrate accounting for thermal drift. The letters indicate: (A) th

Cd islands formed on top of the first layer of Cd.
which corresponds, in principle, to a condensed
Au(1 1 1)–(1 · 1)Cd structure. From the long time po-

larization experiments discussed previously (Figs. 3 and

4), the formation of a Au–Cd alloy was suggested at

DEk ¼ 1150 mV. In this case, it is difficult to know if the

2D islands formed are constituted either by Cd atoms or

by Au and Cd atoms, since both atomic diameters are

similar (d0;Au ¼ 0:2884 nm; d0;Cd ¼ 0:2979 nm) [26]. The

nature of these 2D islands could be analyzed using in
situ Distance Tunneling Spectroscopy (DTS) which

makes it possible to obtain data about the nature of the

substrate and adlayers [1]. The place exchange mecha-

nism between the Au substrate atoms and the adsorbed

Cd atoms could be operative, thus forming the initial

stage of a highly distorted Au–Cd alloy. The further

growth is assumed to take place by solid state diffusion

of either Cd or Au atoms through the vacancy-rich
surface alloy and simultaneous Cd deposition on mod-

ified 2D Au–Cd substrate surface [1,12,13]. Finally,

when the electrode potential is shifted positively to

DE ¼ 1750 mV the Cd layer is stripped and many holes

of monatomic height are formed (Fig. 5(f)) which cause

a surface roughening of the original surface. This result,

also observed in other similar system [27], is another

indication that the Cd atoms have reached relatively
deeper zones of the electrode during the UPD process
0.1 M Na2SO4 + 1 mM CdSO4, at T ¼ 298 K and (a) DE ¼ 1750 mV;

0 mV, tp ¼ 1030 s; (e) unfiltered high resolution image of the atomic

The arrows in all images indicate the location of a particular reference

e substrate terraces; (B) first layer of Cd partially formed; (C) new 2D
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leading to a 3D Au–Cd bulk alloy, and that the anodic
peak D1 is really connected with the dissolution of this

alloy.

As was mentioned in previous sections, the formation

of a Au–Cd alloy in the system Au(1 1 1)/Cd2þ was also

reported by other authors [15–20]. Nevertheless, in these

previous works the alloying process was assumed to

start in the potential range corresponding to the UPD

peaks A2=D2, this means at DE � 650 mV. In the pres-
ent work it was demonstrated that a 3D Au–Cd alloy

can be formed at relatively high underpotentials

(DE � 1150 mV). The reason of this discrepancy, besides

the difference in the UPD ranges studied, could be re-

lated to the Au(1 1 1) surface characteristics present in

each case. The formation mechanism of a metal-sub-

strate alloy strongly depends on the crystallographic

orientation of the substrate and on the crystal imper-
fections density [1]. The other authors [6,7,15,16,18,19]

have used thin films of gold on glass as substrates, with

annealing in a hydrogen flame as a surface pretreatment.

This procedure produces a reconstructed Au(1 1 1) sur-

face with wide terraces. The Cd UPD occurs onto the

reconstructed Au(1 1 1) without lifting the reconstruc-

tion [15,16,18,19] and this surface condition is different

to the present case. In this sense, the electrochemically
polished Au(1 1 1) electrode used in this work exhibit an

unreconstructed surface in the total UPD range con-

sidered [25] and the surface imperfections density could

be also different. In addition, the presence of sulphate

anions adsorbed on the gold surface may also have an

influence on the Cd adsorption and the subsequent alloy

formation process. Taking into account all these ob-

servations, further work is required to analyse in more
detail the mechanism of the alloy formation process

observed in this system. These studies involving also

DTS analysis are now in progress.
4. Conclusions

The initial stages of the Au–Cd alloy formation in the

course of Cd UPD in the system Au(1 1 1)/Cd2þ, SO2�
4

were examined by conventional electrochemical tech-

niques and in situ STM. The long time polarization

experiments and the current–potential desorption spec-
tra have indicated that a 3D Au–Cd alloy can be formed

at relatively high underpotentials. The Cd UPD starts

with the growth of steps and the formation of 2D Cd

islands as was observed by in situ STM images. These

islands grow and coalesce at a constant potential with

the subsequent formation of new 2D islands on top of

the partially formed first Cd monolayer. Atomically

resolved images of these islands have revealed an hex-
agonal atomic structure with an interatomic distance of
0.29� 0.01 nm. The dissolution of these features occurs
together with the formation of many holes of mon-

atomic height which induces a surface roughening. The

alloy formation is explained considering a place ex-

change process between the Au atoms and the adsorbed

Cd atoms followed by solid-state diffusion of these at-

oms through the alloyed phase.
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