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Abstract 

The underpotential deposition of Cd from dilute aqueous 5 X 10m3 M CdSO, + 0.5 M Na,SO, + 0.01 M H,SO, on Ag electrode- 
posits grown on polyfaceted Pt single-crystal microspheres was studied using potentiodynamic and potentiostatic techniques, 
transmission electron diffraction, scanning tunneling microscopy and X-ray photoelectron spectroscopy. 

Ag electrodeposits were grown in 5 X 10m3 M Ag,S04 + 0.5 M Na$O, + 0.01 M H,SO, at cathodic overpotentials 7c of 
- 0.06 V and - 0.58 V to form a columnar and dendritic Ag surface respectively. 

Surface rearrangement processes involving the formation of Cd + Ag alloys were studied by stripping voltammetry after the 
potential was held for a certain time at different preset values covering the potential range in which the degree of surface coverage 
by Cd atoms was less than or close to unity (8, I 1) on both Ag surfaces. Surface diffusion and penetration of Cd atoms into bulk 
Ag for Bc 5 1 are discussed. A place-exchange mechanism is advanced to account for the kinetics of Cd + Ag alloy formation. 

1. Introduction 

The early stages of metal phase growth of an epitax- 
ial film imply the formation of an interfacial region 
which can be described by different models involving a 
discontinuous monolayer, a transition monolayer or a 
diffusive interface [1,2]. The diffusive interface is re- 
lated to the formation of either a solid solution or an 
ordered alloy. In this case, lattice misfit and surface 
alloying can make the modelling of experimental data 
rather difficult. 

Metal underpotential deposition (UPD) on foreign 
substrates can be considered as a condensation of 
metal atoms through adsorption or nucleation which 
precedes metal phase growth. Over the last few decades 
metal UPD on well-defined surfaces has become an 
important area of electrochemistry because results from 
these studies have provided the opportunity to explore 
possible links between electrochemical and gas phase 
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reactions at metal surfaces. This matter has been ex- 
tensively reviewed in several publications [3-51. 

According to thermodynamics, alloy formation is 
possible even in the UPD potential range in those 
systems forming stable intermetallic phases or exhibit- 
ing sufficient miscibility between substrate and adsor- 
bate metals. This behavior has been observed in a 
number of polycrystalline [6-81 and single-crystal [9-161 
substrates. Alloying in the UPD potential range can be 
explained by a place-exchange mechanism involving 
surface atoms and vacancies leading to dermalloying 
formation. Dermalloying kinetics differs, in principle, 
from the kinetics of metal penetration into the bulk 
substrate. Dermalloying kinetics at a grain-boundary- 
free metal surface is usually determined by the surface 
diffusion rate of the slowest moving particles. 

The electrocatalytic properties of dermalloys are 
still a matter of fundamental research. Their applica- 
tion in electrocatalysis depends on the possibility of 
producing dermalloyed electrodes, large surface area, 
for instance, by using very irregular dermalloyed fully 
accessible substrates. A large surface area of either 
columnar or dendritic electrodeposits can easily be 
produced at intermediate and high growth rates re- 
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spectively [17,18]. Such electrodeposits have recently 
been considered as reference systems for describing 
irregular surface growth patterns predicted by theoreti- 
cal models [19]. These two types of metallic electrode- 
posits exhibit a clear growth transition from a colum- 
nar to a dendritic pattern as the applied potential is 
moved in the direction of increasing the metal elec- 
trodeposition rate. Columnar and dendritic metal sur- 
faces appear as suitable large surface area substrates 
for attempting dermalloy formation [17,18]. 

This work is devoted to dermalloying and bulk alloy 
formation from Cd electrodeposition on irregular Ag 
substrates electrodeposited on polycrystalline Pt sur- 
faces. Previous investigations related to this subject 
have shown that Cd UPD on Ag at potentials close to 
the Cd/Cd2+ reversible electrode potential implies the 
formation of several Cd monolayers. The binary Cd + 
Ag system forms intermetallic phases 1201, and Cd + Ag 
alloys are thermodynamically stable in the Cd UPD 
potential range on Ag [9,10]. 

Two main aspects are considered in this work, 
namely substrate characterization by transmission elec- 
tron diffraction (TED), scanning tunneling microscopy 
@TM) and different UPD reactions, and investigation 
of the Cd + Ag dermalloy kinetics in aqueous acid 
solutions using electrochemical methods and X-ray 
photoelectron spectroscopy (XPS). Cd UPD at both 
rough columnar and dendritic Ag surfaces produces 
Cd + Ag dermalloy films up to two monolayers (2 ML) 
thick for degrees of surface coverage by Cd atoms 
lower than unity (0, I 1). Dermalloy kinetics appear to 
be determined by the mobility of Ag surface atoms into 
a mobile Cd surface layer. 

2. Experimental 

2.1. Electrode preparation 
Two types of Ag working electrodes (WE& which 

were characterized by either a columnar or a dendritic 
topography, were used. In both cases, the Ag elec- 
trodeposits were grown on either a polyfaceted Pt 
single-crystal microsphere (apparent area 0.027 cm2) 
or a polycrystalline Pt plate (apparent area 2 cm2>. 
Ag-plated Pt plate electrodes were specifically used for 
Auger and XPS analyses. 

Ag electrodeposits were made from a 0.5 M Na,SO, 
+ lop2 M H,SO, + 5 X lop3 M Ag,SO, solution 
(solution I) under constant-potential conditions. De- 
pending on the applied cathodic overvoltage nc, either 
a compact columnar (7c = -0.06 V) 1171 or a rough 
dendritic (rlc = -0.58 V> 1181 Ag electrodeposit was 
formed. The cathodic overpotential is defined as n, = 
E, -E,, where E, is the reversible potential of the 
Ag/Ag+ couple in solution I and Ed is the applied 

potential (E, = 0.38 V/SCE at 25°C) [21]. Potentials in 
the text are referred to the saturated calomel electrode 
(SCE) scale. The value of the Ag electrodeposition 
charge density qqs was varied in the range 25 mC 
cmp2 < qAg < 60 mC cme2. After preparation, the Ag- 
coated WE was removed from the cell at E,, rinsed 
with Milli-Q* water and transferred to another elec- 
trochemical cell containing 0.5 M Na,SO, + 10m2 M 
H,SO, + 5 X 10m3 M CdSO, (solution II). The re- 
versible potential of the Cd/Cd2+ couple in solution II 
is E, = -0.71 V/SCE at 25°C [21]. The potential was 
then stepped to E, = 0.15 V, i.e. a potential suffi- 
ciently negative to prevent oxidation of the Ag elec- 
trodeposit but positive enough to avoid Cd UPD on 

Ag. 
The Cd + Ag alloy (a phase) electrodes were pre- 

pared by melting known amounts of Ag and Cd in a 
quartz tube under vacuum [221. For this preparation, 
small-size high purity Ag and Cd grains were em- 
ployed. Each lens-shaped alloy piece resulting from 
melting was machined to make square plate electrodes 
of apparent area about 1 cm2, with a metal stripe on 
one side to facilitate welding to a Pt lead. The Cd + Ag 
alloy electrode was then mirror polished with alumina 
suspension of 1.0 and 0.3 pm grit alumina in ethanol. 

2.2. Electrochemical measurements 
Electrochemical measurements were made in a con- 

ventional three-electrode glass cell comprising a WE, a 
large Pt gauze counter-electrode and a saturated 
calomel reference electrode conventionally assembled. 
Solutions were prepared from Merck p.a. chemicals 
and Milli-Q* water, and were kept under purified N,. 
Runs were made at 25°C under a N, atmosphere. 

Changes of Ag electrodeposits were followed by Cd 
UPD-anodic stripping cyclic voltammetry at 0.02 V 
s-l between Es, and Es,, the lower and upper switch- 
ing potentials respectively. The value of Es, = 
-0.585 V was used in most of the runs to approach 
the 8, I 1 condition for Cd atom coverage. 

After the first cyclic voltammogram (CV 1) had been 
recorded, the potential was scanned downwards from 
0.15 V to E, (-0.585 V <E, < 0.15 V), and then held 
at E, for a preset time t, (60 s < t, < 30 h). Subse- 
quently, the cyclic voltammogram was continued to 
obtain the second anodic stripping voltammogram (CV 
2) and so on. The comparison between CV 1 and CV 2 
allowed us to infer possible rearrangements at the Ag 
surface produced by potential holding at E, in the 
time t,. Finally, in all cases the potential cycling was 
continued until the initial stable voltammogram was 
recovered. 

Cd UPD-anodic stripping voltammetry was also run 
on Cd + Ag alloy WE, with the intention of correlating 
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the voltammetric features found for these electrodes 
with those resulting from Cd UPD on Ag electrodes 
under certain operating conditions. Differences could 
be assigned to formation of a Cd + Ag alloy. 

2.3. Surface area determination 
The real surface area of Pt substrates was measured 

by the H atom electrosorption voltammetric charge in 
0.5 M H,SO, at 0.1 V s-l, covering the -0.21 V to 
1.23 V range. For this purpose, the charge density qM 
of the H adatom monolayer (ML) on Pt was taken as 
0.21 mC cmm2. Otherwise, the surface area of Ag elec- 
trodeposits was evaluated from the Cd UPD-anodic 
stripping charge of CV 1 between 0.15 V and 
-0.585 V, taking qM = 0.42 mC cmv2 for the Cd ML. 

2.4. Surface characterization 
Surface characterization was based upon Pb UPD, 

TED and STM data. 

2.4.1. Pb underpotential deposition 
Columnar and dendritic Ag surfaces were character- 

ized by Pb UPD-anodic stripping cyclic voltammetry in 
0.1 M NaClO, + 5 >G 10h3 M HCIO, + 10m2 M 
Pb(ClO,), at 0.01 V s-l in the 0 V to -0.43 V range. 
These runs were performed according to the electro- 
chemical procedure already described. 

2.4.2. Transmission electron diffraction 
The crystallographic structure of small Ag aggre- 

gates prepared by electrochemical methods was deter- 
mined by TED. This technique was preferred to other 
X-ray diffraction techniques which are not suitable for 
determining crystal morphology and relative orienta- 
tion on unusually small crystalline aggregates. In such a 
case, macroscopic specimens for X-ray diffraction (lo- 
100 mg) are usually made up of an extremely large 
number (1013-1015) of individual particles, where all 
morphological and orientational features, as they ap- 
pear in the diffraction patterns, are necessarily smeared 
and masked by the random nature of their mutual 
orientations. TED, however, is ideally suited for focus- 
ing on individual crystal aggregates (& lo-i6 g) of the 
sample, thus leading to the possibility of conducting 
unequivocal morphological studies. 

The electron diffractograms were obtained with a 
Siemens Elmiskop 101 electron microscope furnished 
with a liquid N, anti-contamination device and a cool- 
ing stage at 100 kV acceleration potential. Double-con- 
denser illumination conditions were applied, with the 
first condenser lens fully energized and a 20 pm aper- 
ture fitted to the second lens [231. In this way the 
influence of spherical aberration in the second con- 
denser was kept to a minimum, and the irradiated 

regions of the specimens were restricted to very small 
surface areas (& 1 pm2). Calibration of the microscope 
column to establish the diffraction constant was accom- 
plished by recording electron diffraction patterns of 
vacuum-deposited Au films. Specimen preparation was 
carried out by electrodepositing Ag dendrites on Pt at 
n = -0.58 V in solution I. Ag dendrites were rinsed 
with Milli-Q* water and deposited on Au films. 

2.4.3. Scanning tunneling microscopy 
STM images of columnar and dendritic Ag elec- 

trodeposits prepared as described in Section 2.1 were 
acquired using a McAllister scanning tunneling micro- 
scope operating in ambient conditions. Pt + Ir tips 
used for STM imaging were made by cutting Pt + Ir 
wires 0.11 mm in diameter. The images were obtained 
by applying a 0.06 V bias voltage with the tip positive 
at a constant current of l-2 nA. 

The STM calibration was performed through the 
HOPG surface lattice. At the highest resolution (4 nm 
x 4 nm> the typical hexagonal array of C atoms, where 
only three out of the six C atoms in the graphite lattice 
leading to nearest-neighbor distances of 0.24 f 0.02 nm, 
was observed. In addition, the honeycomb structure 
with a C-C distance of 0.14 t- 0.02 nm was also re- 
solved. 

Data were acquired at a fully automated worksta- 
tion and stored as digitized images with 200 X 200 or 
400 X 400 pixels. 

2.5. X-ray photoelectron spectroscopy 
XPS analysis was carried out in an ultrahigh vacuum 

(UHV) chamber at a base pressure lower than 
10m9 Torr using Vacuum Generator Scientific ESCA 3 
Mark II equipment. XPS data were obtained with Mg 
I& radiation (1253.6 eV) at an angle of 60” between 
the surface normal and the analyser lens in order to 
increase the surface sensitivity of the spectra. The 
collection time was between 20 s and 60 s. WE samples 
coated with columnar Ag were removed from the cell 
by holding the potential at different preset E, values, 
rinsing with N,-saturated ,Milli-Q* water and drying 
under N,. 

3. Results 

3.1. Characterization of Ag working electrodes 

3.1.1. Pb underpotential deposition 
The Pb UPD-anodic stripping voltammograms 

recorded on columnar Ag electrodes (Fig. l(a)) show a 
pair of small broad peaks covering the -0.24 V to 
- 0.32 V range [17]. The Pb UPD-anodic stripping 
voltammograms of Ag dendritic electrodes (Fig. l(b)) 



exhibit a large sharp pair of peaks located at -0.3 V 
with shoulders at -0.26 V. In addition, a small pair of 
peaks is also observed at -0.4 V, a potential which is 
close to the Pb/Pb” reversible electrode potential. 
The voltammograms depicted in Fig. l(b) closely re- 
semble those recorded at a stepped Ag(lll) surface 
[24,25]. 

3.1.2. Transmission electron diffraction data 
A typical TED pattern of Ag dendrites mounted 

onto fine-grained Au polycrystalline films (Fig. 2) shows 
continuous rings corresponding to the polycrystalline 
Au film, while the discrete spots correspond to the Ag 
dendrites. The following features can be distinguished 
from the TED patterns. 

Only Ag(220) single-crystal reflections are observed. 
This means that Ag(220) and the corresponding Ag(ll0) 

“z 0.75 

t 

planes are normal to the substrate surface, i.e. the 
[2201 and [1101 vectors are normal to the electron beam 
direction. No four-fold symmetry is observed, in agree- 
ment with the preceding conclusion. 
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Fig. 2. Transmission electron diffractogram of a Ag dendritic deposit 
from solution I at vc = -0.58 V and 25°C. 

Other intense reflections of Ag(lll), Ag(200) and 
Ag(311) are conspicuously absent from the diffraction 
patterns. This precludes an unequivocal definition of 
the orientation of crystallites, since with only two points 
available ((200) and (000)) it is not possible to define 
the position of the [220]-pole axis around which crystal- 
lites can adopt any orientation. 

0 The main set of Ag(220) reflections are related to 
E/V each other by a six-fold axis of symmetry. In addition, 

each major reflection shows a weaker satellite at about 
lo”, and even weaker streaks within this 10” range. The 
presence of hexagonal symmetry in the diffraction pat- 
terns immediately indicates the growth of ordered Ag 
aggregates, crystallographically related to each other by 
the six-fold axis, as no possible orientation of an indi- 
vidual cubic single crystal can give rise to a set of 60” 
reflections related to Ag(220). Furthermore, secondary 
nucleation may be responsible for the weaker satellite 
reflections shown up in such a regular fashion, 

3.1.3. Scanning tunneling microscopy data 

-05 -04 -0.3 -02 -01 0 0.1 
Cb) E/V 

Fig. 1. Cyclic voltammograms of Pb UPD-anodic stripping in 10-l M 
NaCIO, + 5 X 10m3 M HClO, + lo-’ M Pb(CIO,), at 0.01 V s-l and 
25°C: (a) columnar Ag WE; (b) dendritic Ag WE. 

STM images of the Ag electrodeposits grown at 
nC= -0.06 V (F ig. 3) show nanometer-size elements 
which correspond to the column tips forming the de- 
posit structure [17]. The average size of these rounded 
elements is close to 20 nm. In contrast with other 
columnar structures, such as those resulting from va- 
por-deposited Au films [26], no preferred orientation 
of the small columns are observed in the STM images. 
The structure of the Ag electrodeposits grown at this 
potential closely resembles the columnar structure of 
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Au and Pt electrodeposits grown from the electrore- 
duction of their respective hydrous oxides [27,28]. 

The surfaces of dendritic Ag electrodeposits grown 
at 17c = - 0.58 V show large differences in height, mak- 
ing the STM imaging of these specimens difficult. 
Nevertheless, stable tunneling conditions can be ob- 
tained in small domains, typically of dimensions 40 nm 
X 40 nm. These images show terraces and multiple- 
height steps (Fig. 4(a)) intersecting at 30”, 60” and 120” 
(Fig. 4(b)). The surface topography of these domains 
appears to be consistent with a stepped Ag(ll1) sur- 
face. 

3.2. Voltammetric data related to Cd electrodeposition- 
anodic stripping 

Conventional Cd UPD voltammetry shows at least 
two sharp conjugated pairs of peaks and the contribu- 
tion of an additional broad pair of peaks on both 
columnar (Fig. 5(a)) and dendritic (Fig. 9(a) below) Ag. 
It should be noted that the voltammetric features men- 
tioned above are better defined for dendritic Ag elec- 
trodes. Generally, these results agree with those previ- 
ously reported for Cd atom electrodeposition on both 
Ag polycrystalline surfaces and well-defined single 
crystal faces [9,101. 

The charge resulting from the voltammograms ex- 
ceeds the charge density of the Cd UPD ML. However, 
it is possible to evaluate that the charge density of the 
Cd UPD ML when E,, is close to - 0.585 V. 

3.2.1. Cd undelpotential deposition-anodic stripping 
on columnar Ag electrodeposits 

The Cd UPD-anodic stripping CVs at compact 
columnar Ag electrodeposits run at 0.02 V s- 1 from 
0.150 V to -0.585 V (Fig. 51 in solution II show a 
continuous increase in the cathodic current with a 

Fig. 3. Three-dimensional STM image (76 nm X 76 nm) of a columnar 
Ag electrodeposit from solution I at qC = -0.06 V. 

(a) 

(b) 

Fig. 4. STM images of dendritic Ag electrodeposits from solution I at 
qC = - 0.58 V: (a) three-dimensional image (35 nm X 35 nm); (b) top 
view image (21 nm X 21 nm). 

small current inflection (not seen in the Fig. 5) near 
the lower switching potential E,, and a trend to dis- 
playing a hump in the -0.165 V to -0.385 V range. 
Conversely, the reverse potential scan exhibits broad 
peaks la at - 0.425 V and IIa at - 0.2 V. The values of 
the area and of the roughness factor for the columnar 
Ag electrodeposit (A = 0.074 cm2 and R = 2.7 respec- 
tively) have been calculated from the anodic and the 
cathodic voltammetric charges Q, and Q,, assuming 
qM = 0.42 mC cme2 for the Cd ML charge density, a 
figure which results from a process involving two elec- 
trons per site per adsorbate species on an ideal smooth 
surface. 

Similar runs made at different ES, show that both 
Q, and Q, decrease as E,, is positively shifted, al- 
though Q,/Q, = 1 irrespective of E,,. The effect of 
E,, on Q, and Q, is accompanied by changes in the 
reversibility of the anodic and cathodic reactions, as 
can be seen, for instance, by plotting both 0, and Bc vs. 
E, (Fig. 61, where 8, and 0, are the degrees of Ag 



146 ME. Martins et al. / Surface alloying promoted by Cd underpotential deposition-stripping on Ag 

surface coverage assigned to Cd atoms at the anodic 
and cathodic reaction respectively. These values of 8 
are referred to qlvIL = 0.42 mC cm-*. Within the same 
range of 8, the 0, vs. E, plot shows a continuous 
decrease from unity to zero, whereas the 8, vs. E, plot 
presents a sigmoid shape. This difference suggests that 
processes involved in each Cd UPD-anodic stripping 
cycle are not strictly complementary. The reason for 
this has to be considered in terms of a rather complex 
reaction, which is anodic or cathodic or both. 

3.2.1.1. The influence of E,, on Cd anodic stripping 
voltammograms The Cd anodic stripping voltammo- 
grams are sensitive to E, and t,. Let us consider the 
influence of t, on the voltammograms at different E,. 
Thus, when E, = - 0.39 V, i.e. for 0, = 0.4 (Fig. 7), 
from the comparison between the voltammograms run 

(a) 

Q 
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-0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1 0 0.1 
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I I I I I I I 
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(b) E/V 

Fig. 5. Cyclic valtammagram of Cd UPD-anodic stripping for colum- 
nar Ag WE in solution II at 0.02 V s-l, qA, = 50 mC cm-* and 
25°C: (a) Es, = - 0.705 V; (b) E, = - 0.585 V. 

a 

Fig. 6. Plots of 0, vs. E, and 0, vs. E,, for Cd UPD-anodic 
stripping in solution II at 0.02 V s-l and 25°C for columnar Ag WE. 

after holding the potential at E, for t, and CV 1 
without holding the potential at E, (Fig. 5(b)), the 
following features can be observed. For 5 min < t, < 
60 min, the decrease in the height of peak Ia is compa- 
rable to the increase in the height of peak IIa (Fig. 
7(a)). Otherwise, for t, > 1 h peak IIIa at ca. 0.1 V 
develops and its height increases with t, (Fig. 7(b)). 
Finally, for t, > 4 h, peaks IIa and IIIa tend to overlap 
and a stationary CV is approached (Figs. 7(c) and 7(d)). 
Then the voltammetric charge distribution results in 
0.2 ML for peak Ia (weakly bound adsorbate) and 
0.8 ML for other contributions (strongly bound adsor- 
bate), leading to 0, = 1 ML. This behavior is opposite 
to that found for conventional Cd UPD-anodic strip- 
ping CVs, as in this case about 80% of Cd UPD 
appears as a strongly bound adsorbate. 

Similar runs were made by setting E, = - 0.575 V, 
i.e. 8, = 0.96 (Fig. 8), where it was found that, for 
1 min < t, < 10 min, the increase in the height of peaks 
Ia and IIa are about the same, nearly irrespective of t, 
(Fig. 8(a)). However, for t, > 10 min (Fig. 8(b)), peak 
Ia turns into the sharp peak 1: at -0.365 V. These 
changes become more noticeable for t, = 4 h (Fig. 
8(c)) where the height of peak 1: increases and its 
potential shifts positively as t, is increased. Further- 
more, peak IIIa at 0.05 V and complex peak Ic’ at ca. 
-0.4 V can also be observed. The value of Q, be- 
comes equivalent to 1.9 ML, and CV features obtained 
for t, 2 4 h substantially differ from those found for 
t, = 0. For t, = 14 h (Fig. 8(d)), CV 1 shows a well-de- 
fined peak I’,, and after ca. five CVs the features 
closely resembles those obtained in the Cd UPD- 
anodic stripping voltammogram run on a dendritic Ag 
electrode under comparable conditions, as described 
below. 
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3.2.2. Cd underpotential deposition-anodic stripping 
on dendritic Ag electrodeposits 

The Cd UPD-anodic stripping CVs resulting from 
dendritic Ag electrodeposits at 0.02 V s-l in the 0.15 V 
to -0.58 V range (Fig. 9(a)> show symmetric conju- 
gated pairs of peaks in the -0.425 V to -0.6 V range. 
The conjugated pair of peaks at - 0.46 V is very sharp, 
and the corresponding 8, and 8, vs. ES, plots (Fig. 
9(b)) are much more symmetrical than those resulting 
from compact columnar-structured Ag electrodeposits 
(Fig. 6). From these results it can be concluded that 
the Cd UPd-anodic stripping processes on dendritic 
Ag WEs behave as reversible surface electrochemical 
reactions. 

From the values of Q, and Q,, and assuming qM = 
0.42 mC cm-’ for the Cd monolayer charge density, 
the area and the roughness factor of the dendritic Ag 
electrodeposit are obtained as A = 0.15 cm2 and R = 
5.5. These figures are twice the values of those found 
for columnar Ag electrodeposits. 

3.2.2.1. The influence of E,, on Cd anodic sttipping 
uoltammograms. Runs including a potential holding 
at E, = -0.40 V, i.e. 13~ = 0.27, show that the first CV 
after holding the potential at E, remains almost un- 

changed for t, < 1 h (Fig. 10(a)>, whereas for t, > 1 h 
it exhibits a decrease in both height and sharpness of 
all peaks compared with the first CV obtained without 
holding the potential at E,. Simultaneously, the broad 
peak IIIa at 0.025 V starts to grow (Fig. 10(b)) and its 
charge increases with t,, in contrast with the charge 
involved in the -0.425 V to - 0.6 V range. However, 
for t, > 10 h a steady CV with & = 1 ML is attained. 
This surface coverage is distributed as 8,, (peak IIIa) 
= 0.27 ML and ecd (other contributions) = 0.73 ML. 
Hence the relative contribution of weakly bound Cd 
species to dendritic Ag WEs has been considerably 
increased compared with compact columnar Ag WE 
(see Section 3.2.1.1). 

Similar runs were performed by setting E, = 
-0.47 V, i.e. e, = 0.6 (Fig. 11). For 0 <t, < 30 min, 
peak 1: at -0.365 V can be observed (Fig. 8(c)) (see 
Section 3.2.1.1), and for t, > 1 h it develops a small 
shoulder at ca. -0.275 V and peak IIIa starts to grow 
at 0.025 V. Finally, for t, > 14 h peaks Ia’, IIa’ and IIIa 
are seen (Fig. 111, and after a very prolonged cyclic 
voltammetric treatment, the entire CV approaches that 
shown in Fig. 9(a). Throughout these experiments, the 
value of t9, continuously increases from 1 ML to 2 ML 
as t, + co. Results from these runs are assembled in 
Table 1 including the value of Q, for peak Ia and the 

Q 0.5 
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-0.5 

-1.0 

-1.5 

0.5 

0 

-0.5 

-1.0 

-1.5 

-20 
1 I I I I I I I 1 I 

6 -0.5 -06 -0.3 -0.2 -0.1 0 0.1 -0.5 -0.L -0.3 -0.2 -at 0 0.1 
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Fig. 7. Cyclic voltammograms of Cd UPD-anodic stripping for columnar Ag WEs, at 0.02 V s-l including a potential holding at E, = -0.39 V 
applied in the negative-going potential scan during different times t,, at 25°C (- CV 1; - - - CV 2): (a) th = 16 min; (b) th = 2 h; (c) 
t, = 4 h; (d) t,, = 14 h. 
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Qrpd/QF$ ratio, where QFpd and QF!“, stand for the 
residual and the initial UPD Cd charges respectively. 

Voltammograms resulting from E, = -0.575 V, i.e. 
e, = 1, largely resemble those obtained on compact 
columnar Ag WE at the same E,, although the voltam- 
metric features of the dendritic Ag WE depend on 
whether t, is smaller or larger than a critical time t, 
(tc = 10 min) (Fig. 12). For t, < t, (Fig. 12(a)) the Cd 
anodic stripping charge resulting from CV 1 exceeds 
that derived from the CV without holding the potential 
at E,, although the shape and distribution of peaks, 
including peak 1: at - 0.365 V, remain almost the 
same. Otherwise, for t, > t, (Fig. 12(b)) the height of 
peak Ia’ increases, but a poorer definition of Cd UPD 
peaks compared with those shown in Fig. 12(a) can be 
seen. For t, > 1 h peak 1: is defined, including its 
splitting into two peaks centered at -0.355 V and at 
-0.375 V (Fig. 12(c)). These CV features are also very 
sensitive to E,. Finally, a stationary Cd anodic strip- 

a 
2 

\ 

ping voltammogram is attained for t, + 12 h, and in 
this case 8,, -+ 2 ML. It should be noted that the 
conjugated pair of peaks IIIa/IIIc at ca. 0.025 V and 
8, values slightly greater than 2 ML can be obtained 
for t, > 10 h. Data derived from these runs are sum- 
marized in Table 2. 

For both columnar and rough Ag WEs, neither 
shape nor voltammetric charge changes have been ob- 
served after 24 h potential cycling at 0.02 V s-l be- 
tween 0.15 V and - 0.585 V, i.e. in the Cd UPD-anodic 
stripping potential range. These results suggest that 
both the area and the structure of the Ag surface 
remain stable during long-term potential cycling. Pre- 
sumably, the Ag surface atom mobility becomes suffi- 
ciently fast to expect any long-time-range surface 
roughness decay. Conversely, the CV changes pro- 
duced by short-time potential cycling indicate possible 
electrode surface changes mainly caused by potential 
holding at E, during t,. These changes may reflect 

Fig. 8. Cyclic voltammograms of Cd UPD-anodic stripping for columnar Ag WEs at 0.02 V s-l including a potential holding at E, = -0.575 V 
applied in the negative-going potential scan during different times th at 25°C (- 
th = 4 h; (d) t,, = 14 h. 

CV 1; - - - CV 2): (a) th = 1 min; (b) t,, = 10 min; (c) 
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different types of interactions between surface Ag and 
Cd atoms. The surface roughness relaxation probably 
occurs at a rate close to the Ag electrodeposition rate. 

3.2.2.2. The influence of Eh on the Cd underpotential 
deposition-anodic stripping voltammetric charge. 
Charge evaluation from voltammograms (Figs. 13 and 
14) was attempted for dendritic Ag WEs (q% = 50 mC 
cmp2) for t, = 15 min (Figs. 13(a) and 14(a)) and t, = 
30 min (Figs. 13(b) and 14(b)) covering the -0.35 V < 
E, < -0.588 V range by setting all variables except 
E,. From these Cd anodic stripping voltammograms 
(Fig. 131, a decrease in charge Q_ at the negative 
potential side of peak Ia, which corresponds to a 
decrease in the amount of weakly bound Cd, and an 
increase in charge Q, at the positive potential side of 
peak Ia, which represents an increase in the amount of 
strongly bound Cd, are observed. Evaluation of these 
charges was attempted by means of the scheme illus- 
trated in the inset to Fig. 14(a). In this case, the Q_ vs. 
E, (Figs. 14(a) and 14(b), open circles) and Q, vs. E, 

20- 

a- 

-a- 

-16. 

I f 1 I I I I I I 

' -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 

E/V 

(Figs. 14(a) and 14(b), solid circles) plots show two 
interesting features irrespective of t,, namely an in- 
crease in Q, when E, > E,, where E, = -0.4 V is a 
threshold potential value, and a change in Q_ over a 
rather small E, range, which goes through a maximum 
value at E, = - 0.5 V. Thus Q + and Q _ increase with 
a common slope from Et up to E, = - 0.5 V, indicat- 
ing that the decrease in the weakly bound Cd UPD 
atoms is accompanied by an increase in the strongly 
bound Cd UPD atoms. However, the Q, increase 
from E, to E, is due not only to the increase in peak 
Ia but also to the increase in peak IL, whose contribu- 
tion arises from the removal of Cd atoms from the 
Cd + Ag surface. 

3.3. Cd underpotential deposition-anodic stripping on 
Cd + Ag alloy 

Voltammograms of a Cd + Ag alloy (a phase) WE 
in solution II run at u = 0.02 V s- ’ covering different 
E,, and Es, values (Fig. 15) show a first region extend- 
ing from -0.325 V to -0.6 V, which is the main Cd 

-0.6 -0.5 -04 -0.3 0.2 -aI 0 0.1 0.2 

(b) 

06 

0 
-0.6 -05 -0.4 -03 .0.2 -01 0 0.1 ( 

Fig. 9. Cyclic voltammograms of Cd UPD-anodic stripping for dendritic Ag WEs in solution II at 0.02 V s-l: (a) E, = -0.705 V; (b) 
E,, = - 0.585 V. (c) 8, vs. Es, and 0, vs. E,, plots related to (b). Temperature, 25°C. 
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Fig. 10. Cyclic voltammograms of Cd UPD-anodic stripping for 

TABLE 1. Voltammetric data obtained with dendritic Ag WEs which 
were held at E, = - 0.47 V for different times t 

t/s Q, /ML Q;, /ML Q:""/Q:$, 

0 1 0 1 
300 1.04 0.02 1 
600 1.07 0.10 0.968 
900 1.07 0.15 0.915 

1800 1.12 0.30 0.820 
3600 1.24 0.64 0.592 
7200 1.78 1.29 0.485 

10920 1.58 1.21 0.367 
53 985 2.04 2.02 0.020 

dendritic Ag WEs at 0.02 V s-’ including a potential holding at 
E, = - 0.40 V applied in the negative-going potential scan during 
different times t,, (- CV 1; - - - CV 2): (a) t,, = 30 min; (b) 
t ,, = 3 h. Temperature, 25°C. 

UPD-anodic stripping potential range on Ag, and a 
second region from -0.1 V to 0.2 V, where three 
broad symmetric peaks related to the anodic stripping 

-2 I I I I I , 
-05 -0.4 -0.3 -02 -0.1 0 0.1 

E/V 

Fig. 11. Cyclic voltammograms of Cd UPD-anodic stripping for a 
dendritic Ag WEs at 0.02 V s-l including potential holding at 
E, = - 0.47 V applied in the negative-going potential scan for differ- 
ent times t,, at 25°C: ( -)r,=3h;(----_)t,=15h. 

II II II 11 I II 
-a6 -0.5 -0.4 -0.3 -02 -01 0 0.l 02 

I3 v 

Fig. 12. Cyclic voltammogram of Cd UPD-anodic stripping for a 
dendritic Ag WEs at 0.02 V s-l including potential holding at 
E, = - 0.575 V applied in the negative-going potential scan for dif- 
ferent times lh at 25°C (--- CVl;---CV2):(a)t,=5min; 
(b) t,, = 30 min; (c) f,, = 76 min. 
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TABLE 2. Voltammetric data obtained with dendritic Ag WEs which 
were held at Eh = -0.575 V for different times t 

t/s Qt /ML Qi, /ML Q:pd/Q,u=““, 

0 1 0 1 
60 1.07 0 1 

180 1.11 0.12 0.997 
300 1.15 0.17 0.983 
600 1.16 0.26 0.901 
900 1.29 0.42 0.874 

1800 1.50 0.85 0.684 
3720 1.48 0.93 0.549 
5400 1.81 1.32 0.488 
9000 2.0 1.67 0.333 

14400 2.18 1.88 0.297 
46 200 2.55 2.38 0.157 

of Cd atoms from the Cd + Ag bulk alloy are found. 
Those peaks assigned to electrochemical reactions at 
Cd + Ag bulk alloy are definitely absent at all types of 
Ag WE, even when E,, is set in the Cd overpotential 
electrodeposition range (Fig. 16). 
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Fig. 13. Cyclic voltammograms of Cd UPD-anodic stripping for 
dendritic Ag WEs at 0.02 V s-l: (a) E, = -0.30 V ( -1, Ea= 
-0.34V (.-.-.I and E,=-0.49V (---_) at t,=15min; (b) 
E,=-0.35V ( -1, E, = -0.45 V (.-.-.I and E, = -0.59 V 
(- - -_) at t,, = 30 min. Temperature, 25°C. 

( a’) 
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Fig. 14. Charge decrease Q_ CO) and charge increase Q, (0) vs. 
holding potential E, for (a) t, = 15 min and (b) t,, = 30 min. Data 
correspond to the cyclic voltammograms shown in Fig. 13. A scheme 
for the calculation of Q_ and Q, is shown in the inset. Apparent 
electrode area, 0.04 cm*; temperature, 25°C. 

3.4. X-ray photoelectron spectra 
X-ray photoelectron spectra of columnar-Ag-coated 

WEs, which were held at E, = -0.57 V for t, = 10 h 
in solution I, show the 367.9 eV signal which corre- 
sponds to Ag and the 404.8 eV signal of Cd which 
emerges as a weak signal from the background [29]. 
According to X-ray photoelectron spectra, the amount 
of Cd on this type of Ag substrate can be estimated as 
that expected from 8,, = 1 ML although it lies in the 
detection limit of the technique. Similar results were 

I 

I I I I 1 I 
-0.6 -a5 -a4 -0.3 -0.2 0.1 0 0.1 07 03 

E/V 

Fig. 15. Cyclic voltammograms of Cd UPD-anodic stripping on a 
Cd+Ag alloy WE in solution II at 0.02 V s-l: apparent electrode 
area, 1 cm*; temperature, 25°C. 
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Fig. 16. Cyclic voltammograms of Cd UPD-anodic stripping from 
E, = -0.65 V to Es, = 0.31 V in solution II at 0.02 V s-l: (a) 
Columnar Ag WE (apparent electrode area 0.89 cm’); (b) dendritic 
Ag WE (apparent electrode area 1.15 cm*). Temperature, 25°C. 

obtained after holding the potential at E, for t, = 24 h. 
After Ar ion bombardment, the Cd signal completely 
disappears at ca. 0.5 nm. This result indicates that Cd 
penetration depth into the substrate is no greater than 
2 ML. 

4. Discussion 

4.1. The probable structures of Ag electrodeposits 
The structure of columnar metal electrodeposits has 

been thoroughly discussed in recent papers [17,19]. It 
consists of a collection of nanometer-size columns with 
smooth tips. The fluctuations in the height of columns 
lead to a self-affine fractal surface for lengths larger 
than the average columnar size [19]. However, in this 
case, as the Cd and Pb atom sizes are smaller than the 
average columnar size, the fractal character of these 

surfaces is not observed for the electrodeposition of 
those metal atoms and the Ag substrate behaves as a 
Euclidean polycrystalline surface. 

Furthermore, the structure of dendritic Ag elec- 
trodeposits can be described in terms of self-similar 
fractals for lengths larger than the size of the smaller 
branch, which is in the micrometer range [18]. In 
addition, the individual branches are stepped single 
crystals with (111) faces as revealed by TED and STM 
measurements respectively. Thus Cd and Pb atom elec- 
trodeposition occurs on crystalline surfaces formed by 
Ag(lll) terraces and steps. 

4.2. The multiplicity of Cd underpotential deposition 
peaks for Bc I 1 and possible surface structures 

The structure of Ag electrodeposits at the nanome- 
ter level explains the voltammetric characteristics of 
Cd and Pb electrodeposition-anodic stripping peaks. 
From the electrochemical standpoint, the main differ- 
ence between columnar and dendritic Ag electrode- 
posits lies in the definition and the reversibility of Cd 
UPD-anodic stripping peaks appearing in the - 0.59 V 
to 0.15 V range. For both Ag substrates the voltammo- 
grams show a low Cd UPD range from -0.59 V to ca. 
-0.4 V where complementary voltammetric peaks are 
observed, and a high Cd UPD range from -0.4 V to 
0.15 V where the voltammetric peaks are due to al- 
loyed Cd, as confirmed by CV data on Cd + Ag alloys 
(Fig. 15). For columnar Ag electrodeposits the broad 
current peaks recorded for Cd and Pb UPD-anodic 
stripping voltammograms are consistent with a disor- 
dered polycrystalline surface. Conversely, voltammo- 
grams corresponding to dendritic Ag electrodeposits 
exhibit sharp and reversible current peaks which closely 
resemble those obtained on stepped Ag(ll1) single 
crystals [10,24,25], in agreement with STM and TED 
data. 

A model for the exchange between Cd atoms at the 
surface and Ag atoms at the first Ag layer is shown 
schematically in Fig. 17 (schemes A and B). In this 
model 1 ML of Cd can produce two layers of a 1: 1 
Cd + Ag alloy. Furthermore, a new UPD Cd ML can 
be formed on top of the first Cd + Ag layer (schemes C 
and D). Accordingly, the anodic stripping of Cd species 
from the alloy surface should differ from the anodic 
stripping of a Cd UPD on Ag, as the Cd atoms are in 
contact with Ag and Cd atoms rather than exclusively 
with Ag atoms of the substrate. Consequently, a differ- 
ent anodic stripping voltammogram should be ob- 
served. The strong distortion of the anodic stripping 
voltammogram produced by cathodizing supports this 
assumption. Thus, as the potential is positively shifted 
from E, to 0.15 V, the Cd UPD monolayer stripping 
from Cd + Ag alloy should occur first, followed by 
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removal of Cd atoms from the Ag + Cd surface. This 
process is related to peak Ii, which is located slightly 
positive with respect to the anodic stripping peak of 
the strongly bound Cd UPD atoms on Ag. Finally, the 
Cd atoms lying in the second Cd + Ag layer (schemes 
C and D> are removed at more positive potentials; this 
process is assigned to peak III’,. This model admits 
that the overall Cd stripping charge is equivalent to 
2 ML. 

4.3. Kinetics of dermalloy formation 
Let us consider the potentiostatic formation of the 

Cd + Ag dermalloy for 0.6 < Ocd < 1. From experimen- 
tal results it was concluded that a progressive decrease 
in the amount of weakly bound Cd UPD atoms is 
observed irrespective of the Ag electrode type. This 
decrease corresponds to increase in alloyed Cd which 
is stripped off at potentials even more positive than the 
anodic stripping of the strongly bound UPD Cd. The 
rate of penetration of Cd atoms at the dermalloy level 
can be obtained by assuming that the process implies 
Cd atom “diffusion” through the first Ag atom layer of 
a grain-boundary-free surface layer. For such an “un- 
idirectional diffusion” n(t), the number of Cd atoms 
on the Ag surface at time t is related to the number 
n(t = 0) of Cd atoms present on the Ag surface at t = 0 

by 1301 

n(t) = n( t = 0) erf[ ( a/4Dt)1’2] (1) 

where D is the diffusion coefficient of the slowest 
moving reacting entity and a is the diffusion layer 

+ 

C 

Fig. 17. Simplified scheme of possible Cd, Cd + Ag and Ag overlayer 
structures on Ag substrates and possible interconversion reactions: l 
Cd atoms; o Ag atoms. 
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Fig. 18. Q,/Q,, vs, t plots: o E, = -0.47 V; . E, = -0.575 V. 
Full curves correspond to data calculated using eqn. (2) as described 
in the text. 

thickness. By expressing n(t) in terms of the corre- 
sponding voltammetric charge, the following equation 
is obtained: 

QJQ,,, = erf[ (a/4Dt)“2] (2) 

where Q, and Q,, are the Cd UPD charges at t = t 
and t = 0 respectively. This equation is plotted as 

QJQc,, vs. t (Fig. 18) using experimental data ob- 
tained at E, = -0.47 V and E, = -0.575 V for a 
dendritic Ag WE. Experimental plots are compared 
with those resulting from eqn. (2) using a = 0.29 nm, 
D=5.0x10-‘2cm2 s-l for E,= -0.47V and D= 
7.7 x lo-l2 cm* s-l for E, = -0.575 V. In principle, 
the agreement between all the experimental data and 
the curve obtained using eqn. (2) with the parameters 
given above is reasonably good. The value a = 0.29 nm 
used in the calculation is equal to the lattice constant 
d,, of Cd, and it can be justified because in this case 
the diffusion of Cd atoms is limited to the first Ag 
atom layer, as has been proved by both electrochemical 
and XPS results. Otherwise, the value of D is in the 
order of magnitude of those reported for Cd atom 
diffusion on a Cd + Ag polycrystalline surface [9], but 
it is about lo3 times larger than that reported for 
Cd + Ag alloying on single-crystal surfaces [lo]. 

To understand the processes involved in the Cd + Ag 
dermalloy formation, values of the surface diffusion 
coefficients DsAg and DsCd of Ag and Cd respectively, 
found in the literature, can be discussed. DsAg values 
between lo-l2 and low9 cm2 s-l have been obtained 
by different experimental methods [31-331. For DsAB 
the smallest value is in accordance with the value 
resulting from eqn. (2); however, to the best of our 
knowledge, there are no available data for DsCd in the 
literature to be compared with that found from eqn. 
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(2). Values of DsAg and DsCd can be estimated inde- 
pendently using the equation [34,35] 

DsM = 7.4 x lo* exp( - 15T,/T) 

+ 1.4 x lo-* exp( -6.5TJT) (3) 

where DsM cm* s- ’ is the surface diffusion coefficient 
of the metal M, T,,,/K is the melting temperature of M 
and T/K is the working temperature. The validity of 
eqn. (3) has been proved through the evaluation of 
D sAU for Au in electrolyte solutions using different 
experimental methods [36-381. For T = 298 K, eqn. (3) 
gives DsAg = 2.13 X lo-l4 cm* s-l and DsCd = 2.9 X 

lo-’ cm* s-l. The value of DsAg resulting from eqn. 
(3) approaches the smallest DsAs value determined in 
this work, i.e. DsCd B- DsAg. Therefore the formation of 
the Cd + Ag surface alloy can be explained by an atom 
exchange mechanism and step growth [39,401 con- 
trolled by the surface mobility of Ag atoms at the 
surface Ag + Cd layer. Hence the kinetics of Cd + Ag 
dermalloy formation, particularly for 8,, + 0, would be 
determined by the Ag surface atom diffusion as the 
rate-controlling step. However, for Ocd > 0.6, step mo- 
tion at the substrate may contribute substantially to 
dermalloy formation as the Ag(ll1) dendritic surface 
provides a large number of steps. This explanation, 
which has been proposed for Pb + Ag alloying [12-141, 
is consistent with 8,, = 2 ML. 

Cd UPD at potentials close to E, might also involve 
both two-dimensional (2D) and three-dimensional (3D) 
island formation, as the 2D * 3D Cd adatom equilib- 
rium at the monolayer level which has been found for 
different systems [41-431 probably occurs for Cd on 
Ag. For Pb UPD on Ag at potentials close to E, the 
2D -+ 3D surface atom rearrangement can be caused 
by strains generated by the different adsorbate and 
substrate atomic sizes [44-461. In principle, this situa- 
tion can be applied to the Cd + Ag system because of 
the different size of atoms, i.e. d,, = 0.299 nm and 
d,, = 0.289 nm. This type of process leading to uncov- 
ered Ag domains could favour dermalloy formation 
through a place-exchange mechanism with the predom- 
inant participation of weakly bound Cd and substrate 
atoms. 

4.4 Possible bulk alloy formation 
Under the experimental conditions of this work the 

contribution of Cd + Ag bulk alloying becomes negligi- 
ble. However, as observed for 8, > 1, bulk Cd + Ag 
alloying would imply the penetration of Cd atoms into 
bulk Ag, a process which may either follow or accom- 
pany Cd + Ag dermalloy formation. Usually, bulk al- 
loying occurs much more slowly than dermalloying. 
Bulk alloying kinetics can frequently be described 

through the formation of vacancies followed by atomic 
vacancy interdiffusion [47], as has recently been dis- 
cussed for the penetration of Ag into bulk Pt [16]. 
Previously reported data about Cd + Ag alloy forma- 
tion at different Ag single-crystal surfaces, as well as 
polycrystalline Ag [9,101 mostly based on the condition 
that 0 > 1, involved a penetration of Cd into bulk Ag 
which was equivalent to a Cd layer of thickness about 
10 ML. Provided that grain-boundary-free Ag sub- 
strates were employed, these results are likely to be 
related to Cd + Ag bulk formation following a type of 
complex kinetics similar to that described previously. 
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