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Abstract The underpotential deposition (UPD) of cop-
per on partially oxidized rhodium electrodes was studied
in acid medium using potentiodynamic techniques. The
process was analyzed as a function of the potential and
time of deposition. The potentiodynamic I-E patterns
for the oxidative dissolution of Cu provide evidence for
the existence of a chemical reaction between Cu and
oxygen existing on the electrode surface. Redistribution
of the active sites is also possible when appreciable
quantities of oxidized species are simultaneously reduced
by the UPD process. The partially oxidized rhodium
electrodes were prepared by cyclic voltammetry and
anodic polarization. The later method provided the most
oxidized surfaces, but, even in this case, the degree of
oxygen surface coverage was lower than that corre-
sponding to a monolayer.
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Introduction

The underpotential deposition (UPD) of foreign metals
onto substrates has been widely studied as an important
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theoretical and applied facet of electrocatalysis [1, 2].
However, few studies have examined the UPD of metals
with interference of the oxygen electrosorption process
produced on electrodes of the Group VIII metals [3]. On
these electrodes, the UPD of a metal can be accom-
plished with oxygen electroadsorption when the equi-
librium potential for the M/M”" redox couple of
the metal deposited is sufficiently positive, such that the
underpotential deposition of metal interferes with
the oxygen electroadsorption, as occurs with the silver-
platinum system [4-9], and/or when the oxygen elec-
troadsorption process on the substrate is initiated at
relatively low potential values, depending fundamentally
on the nature of the substrate [3]. Consequently, the
presence of the oxygen species on the electrode surface,
due either to simultaneous adsorption of oxygen with
the metal UPD or the preparation method of the elec-
trodes before the metal UPD, might have an important
influence on the formation of the metal layer. Although
this effect has been studied for the silver-platinum sys-
tem [4-9], it has not been reported for other systems.
Understanding the influence of O electroadsorbed on the
UPD process of metals is fundamental for clarifying the
mechanisms of electrochemisorption and electrocatalysis
in these systems.

Rhodium is a metal which, like platinum, is impor-
tant as an electrocatalyst [10—-11]. The UPD process of
Cu on platinum electrodes has been widely studied, and
its electrochemical behavior is well understood [12-17].
However, for rhodium electrodes, few studies deal with
the metallic UPD in relation to platinum, and existing
publications are mainly concerned with the study of the
UPD of copper processes [18-19]. Some discussions of
the effect of the coadsorption of anions on this type of
process have been published [20, 21], yet, unlike the Pt/
Cu’" system, the Rh/Cu?" system does not exclude the
possibility that the UPD process can be affected by the
existence of traces of oxide on the Rh surface, as indi-
cated by Parajon et al. [18].

Therefore, the aim of this work is the obtention of
partially oxidized rhodium electrodes in order to study
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the effect of the coadsorbed oxygen on the UPD process
of copper in acid media.

Experimental

A glass electrochemical cell with three electrodes, suitable for
working in a nitrogen atmosphere, was used. The working elec-
trode was a polycrgstalline rhodium wire (Johnson Matthey,
99.99%) of 0.164 cm”~ geometric area, previously treated with hot
chromic acid followed by thorough washing in triple-distilled
water, polished with alumina 5-um grit, cleaned with HNO;z;+
H,SO, and finally rinsed with triple-distilled water. A carbon rod
(spectroscopic grade) was used as a counter electrode and the
reference was an Hg/Hg,SO,/K,SO, saturated electrode con-
nected to the cell by means of a Luggin capillary. In this work, all
potentials are referenced to the standard hydrogen electrode
(SHE).

All experiments were performed at room temperature in
1 M H,SO,4 prepared from sulfuric acid (Merck AR), and
triple-distilled water, deionized with a Millipore system. The
deaerated electrolytes satisfied the purity criterion established
by the repetitive voltammetric I-E response of the Pt/H,SO,
(aq) [22].

The working electrode was subjected to triangular potential
cycling between 0.05 and 0.96 V at 40 mV s™! until no changes
occurred in the voltammogram (~20 cycles). The real surface area
of the rhodium electrode was determined by hydrogen adsorption
according to [23], and the roughness factor, f,, was calculated
(f = 8.52).

The oxidized rhodium electrodes were prepared in two ways: (1)
by application of a triangular potential scan until a constant I-E
pattern was obtained and (2) by anodic polarization of the elec-
trode for a constant time, 7,,. Details of these procedures are de-
scribed below. Surface oxides of the rhodium electrode were
characterized by cyclic voltammetry in 1 M H,SO4. Two condi-
tions of the degree of surface oxidation were obtained, and both
imply a partial oxidation of the electrode; these are the working
surfaces used to study the UPD process of copper.

The partially oxidized rhodium electrodes were prepared in situ
using a working solution of 1 M H,SO4 + 4.2 x 107* M CuSO,
(Merck AR). The electrodes were used immediately to analyze the
UPD process of copper.

The UPD process of copper was studied as a function of time at
a constant potential. The effect of the oxide is discussed from the /-
E potentiodynamic profiles (40 mV s™!) for the oxidative dissolu-
tion of copper adatoms.

A PAR 273 potentiostat was used. The presence of oxidized
species on the electrode surface was corroborated with electron
spectroscopy for chemical analysis (ESCA), done with a PHI
5600 ci, using Mg Ka (15kV, 400 W) radiation source, a
concentric hemispherical analyzer operating in a fixed trans-
mission mode, and a multichannel detector. The operating
pressure of the system was better than 5 x 107 torr, and the
take-off angle for the photoelectrons was 45°. Survey spectra
were acquired with a 93.9-eV pass energy. The analysis area for
all measurements was 700 pm. High-resolution multiplex spectra
were recorded using pass energy of 11.750 eV. At least five
scans were done for each energy region. Binding energy was
referenced to the C(I s) line at 284.8 eV to correct for any shift
due to charging. The samples were analyzed before and after
the sputtering process. An Ar™ ion gun at a current of 25 nA
and a gas pressure of 4 mPa was used for the sputtering
process.

Results and discussion

Methodology for the copper UPD process
on partially oxidized rhodium electrodes

Oxidation of the electrode surface and subsequent cop-
per deposition were carried out in 1 M H,SO4, +
42 x 107" M CuSO, by the application of the polar-
ization routines shown in Fig. 1. The rhodium electrode
in 1 M H,SO, was subjected previously to a repetitive
triangular potential sweep between 0.05 and 0.96 V, at
40 mV s~ for several cycles in order to obtain repro-
ducible and comparable responses. According to dia-
gram a of Fig. 1, the surface oxidation is produced
during the anodic scan between the values E; (lower
limit) and £, (upper limit), while in diagram b of Fig. 1
the surface oxidation is produced by anodic polarization
at the E, potential during the oxidation time 7,,. These
oxidation procedures produced different degrees of
surface oxidation despite the £, potential being the same
in both cases, 0.96 V. The lower limits of potential were
fixed at two values, 0.42 and 0.32 V, to study the copper
UPD process.

Electrochemical characteristics
of partially oxidized rhodium electrodes

Figure 2 shows the two potentiodynamic /-E profiles for
a rhodium electrode in 1 M H,SO, in the potential range
0.32-0.96 V, recorded at 40 mV s~ ' potential scan rate.
Curve a is the stabilized I-E response obtained from
repetitive triangular potential scans (~20 cycles), and
curve b is the I-E response for a potential scan after
polarization of the electrode at E, for 20 min, as indi-
cated in Fig. 1. The polarization time was selected from
several experiments at different oxidation times, and the
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Fig. 1 Potential-time patterns used to prepare the working electrodes:
a triangular potential sweep and b anodic polarization
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Fig. 2 Voltammograms of rhodium electrodes in 1 M H,SO, at
40 mV s™': a cyclic voltammetry and b linear potential scan after
anodic polarization

I-E response in Fig. 2 (curve b) corresponds to the
minimum time needed to obtain the maximum cathodic
peak current.

The I-E curves in Fig. 2 show a wide anodic peak
between 0.5 and 0.96 V caused by the formation of ox-
idized species of rhodium on the electrode surface
without interference of oxygen evolution since E, was
not sufficiently positive [23-25]. Furthermore, a wide
cathodic peak starting from 0.8 V is observed and at-
tributed to the electrochemical reduction of the oxidized
species [23-25]. Similar behavior is observed when the
lowest potential limit was placed at 0.42 V (dashed
curves in Fig. 2).

Comparison of the cathodic /-E curves in Fig. 2
shows that potentiostatic anodic polarization (Fig. 2,
curve b) produces a cathodic peak current approxi-
mately 50% higher than that obtained by cyclic
voltammetry, and the peak potential is displaced about
50 mV to less positive potentials. This clearly indicates
that anodic polarization produces the highest degree of
oxidation of the surface and that the Rh-oxygen species
thus formed are more stable than those generated by
cyclic voltammetry [24].

The amount of oxide on the electrode surface was
indirectly estimated by measuring the charge Q,.q of
each cathodic peak in Fig. 2. From curve a, Q.q is
0.23 mC, and from curve b, Q,.q 1s 0.39 mC. The oxygen
surface coverage of the rhodium electrode was evaluated
using the equivalence between Q,.q and 20y ¢ [23], where
Ons 1s defined as the monolayer hydrogen charge, and
one hydrogen atom is assumed to be adsorbed on one
surface metal atom [26]. The values obtained for oxygen
surface coverage were 0.40 and 0.68 for the electrodes of
curves a and b, respectively.
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From these results, two conditions of partial surface
oxidation were established, denoted here as PORh® and
PORK®. PORK® corresponds to the partially oxidized
rhodium electrode obtained by cyclic voltammetry (di-
agram a, Fig. 1), and PORh® corresponds to the elec-
trode prepared by anodic polarization (diagram b,
Fig. 1). Electron spectroscopy for chemical analysis
(ESCA) measurements showed that the oxygen contents
on the two electrodes are in the same ratio as that pre-
viously determined from the Q,.q data. These were the
base surfaces to study the copper UPD process.

Copper UPD process on PORh* and PORK®

The UPD process of copper on PORh? and PORh® was
studied as a function of the deposition time (74, Fig. 1) at
two fixed potentials, 0.42 and 0.32 V. The potentiody-
namic /-E profiles for the oxidation and dissolution of
Cu adatoms are discussed separately for each applied
deposition potential.

UPD of copper on PORh® and PORh® at E; = 0.42 V

When the applied deposition potential was 0.42 V and at
low values of ¢4, the potentiodynamic /-E profiles for the
oxidation of Cu from PORh* (Fig. 3a) and PORK®
(Fig. 3b) showed only an anodic peak at 0.58 V, which is
attributed to the oxidation and desorption of strongly
adsorbed Cu adatoms [18]. The evolution of the oxida-
tion peak with changing ¢4 is similar for both types of
electrodes, i.e., the anodic peak current increased when
tq was raised and the maximum peak current was ob-
tained when 74 was 360 s for PORh® and 900 s for
PORM® without changes in the peak potential value. The
additional increment of 74 produced significant changes
in the I-E pattern: the oxidation peak current decreased
and the corresponding peak potential was displaced to
more positive values, indicating that the Cu adatoms are
in a more stable energy state than those formed at the
lowest t4 values.

These results show that the UPD process of copper
follows a typical behavior pattern [1, 15, 16, 27, 28] on
PORhL® and PORL® at relatively low values of 1.
However, at the highest ¢4 values the electrochemical
behavior of the oxidation peak differs from that re-
ported for the same adsorbate [15-19, 26-28]. Therefore,
the UPD process on both types of electrodes starts on
equivalent active sites, but the subsequent deposition
steps (high #4 values) involve the formation of more
stable adsorbed species.

Because of the metallurgical properties of these met-
als [29], obtaining very stable species of Cu UPD could
be due to a penetration effect of Cu into the rhodium
electrode. D.W. Goodman [30], however, studied the
interaction between ultrathin copper films and Rh (100)
by XPS and found no evidence for the formation of
rhodium-copper alloys. Because our experiments were of
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relatively short duration, the production of Cu-Rh al-
loys was unlikely.

After correcting for surface oxidation, the integral
under the oxidation peaks in Fig. 3a and b allowed us to
evaluate the electric charge due to the desorption process
of copper adatoms (Qc,). Variation of Qc, with respect
to t4 for PORh® and PORK" is given by curves a and b in
Fig. 4, respectively. When ¢4 was smaller than 300 s, the
increase in Oc, was faster in PORh® than in PORh®,
indicating that in PORh® the amount of active sites
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Fig. 4 Oc, vs 1q graph for PORh® (a) and PORW® (b) electrodes;
Eg = 042V
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available for copper adsorption is higher than in PORh®.
This is expected since PORI® is the more oxidized
electrode. In both curves (Fig. 4) a maximum was ob-
served at 0.143 mC (7g = 600s) for PORh* and
0.102 mC (z4 = 1800 s) for PORK®, demonstrating that
in PORK® the density of active sites is lower than in
PORA®. These results indicate that the oxidized species
remain on the electrode surface in spite of the 74 and
deposition potential applied. From the maximum ob-
served in Fig. 4 and the equivalence between Q¢, and
20u s [31], the degree of surface coverage by Cu adatoms
was evaluated: 0.26 for PORh® and 0.20 for PORK". The
lower value was as expected for PORK®, since this elec-
trode is more oxidized than PORhA®.

A decrease in Qc, was observed in Fig. 4 for the
highest ¢4 values. The decrease was 17% for PORh® (in
relation to the maximum value) and the curve flattened
to a constant value from ty4 = 1800 s. However, in
PORK® the drop in Qc, was continuous even after
tq = 3000 s. It is important to emphasize that Qc, in
POR? was always higher than in POR® for the applied
tq values in this set of experiments.

These results show that the adsorbed oxygen on the
electrode surface is only partially reduced during the
copper UPD process. However, to corroborate the co-
existence of Cu and oxygen on the electrode surface,
ESCA measurements were performed. For these mea-
surement, the PORh? and PORK® electrodes were used
after UPD copper deposition at Ey = 0.42 V for the
most extreme condition of ¢4, i.e. 3600 s. The corre-
sponding spectra gave evidence for the coexistence of Cu
and oxygen on both types of electrodes, as illustrated by
the ESCA spectrum of Cu/PORK? in Fig. 5.

The decrease in Qc, when ty4 was high observed in
both oxidized electrodes (Fig. 4) could be due to the
chemical interaction between the copper adatoms and
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Fig. 5 ESCA survey spectrum (Mg Ko) for Cu/PORIh?*

the oxygen existing on the electrode surface. As recently
discussed, the coexistence of copper and oxygen on the
electrode surface produces the chemical reaction [32]

1
2CUags + EOZ,ads - (Cu2o) (1)
which takes place simultaneously with the UPD process
of copper

ads

Cu®™ + 2™ — Cuygs (2)

Chemical reaction 1 implies the existence of Cu" as
well as Cu® on the electrode surface. When the potential
scan is applied in the anodic direction, the total current
is due to the oxidation of both copper species and the
oxidation of rhodium, whose contribution is eliminated.
For the lowest 74 values, the total charge of the oxida-
tion of copper to obtain Cu®" is practically due to the
oxidation of Cu°. However, when 74 is increased, the
quantity of Cu”’ increases, and, therefore, the total
charge of the dissolution process decreases, as shown in
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Fig. 4. This effect is more important for the PORK® than
for the PORI? electrode since it is the more oxidized of
the two. The observed displacement of the peak poten-
tial to more positive values in Fig. 3 for the highest 74
values can be justified by the existence of chemical re-
action 1, which provides more stable chemical species.

UPD of copper on PORh® and PORh® at Eq = 0.32 V

When the applied deposition potential was 0.32 V, the
potentiodynamic I-E profiles for the oxidation of Cu
adatoms from PORh® (Fig. 6a and b) and PORA®
(Fig. 7a and b) showed two peaks at 0.48 V (peak I) and
0.58 V (peak II). These are normally attributed to the
oxidation of weakly and strongly adsorbed Cu adatoms,
respectively [18].

The shape of peaks I and II, as a function of the
applied 74, was influenced significantly by the surface
condition of the electrode. In PORh?® (Fig. 6a), peak II
was clearly observed from 74 <60 s, while peak I was
present only from ¢4 = 120 s. The heights of peaks in-
creased as t4 increased, and peak II was the highest for
all the applied values of ¢4 (Fig. 6b). This indicates that
the UPD process of copper takes place mainly on high-
energy active sites, but, also, at the same time, on lower-
energy active sites (peak I). The maximum current for
peak II was reached when 74 360 s, while the region
of peak I showed a continuous increase up to a certain
point and there reached a plateau from 74 = 1800 s.
When 74> 360 s, peak II decreased and showed a slight
displacement to more positive potentials (Fig. 6b).

The integral under the curves in Fig. 6a and b is
shown in Fig. 8 (curve a) as a function of #4. In this case,
the charge due to the electrodissolution of copper

Fig. 6 Anodic potential scan of 100 100
PORK? electrode after UPD of PORhK? PORhK?
copper at Eq = 0.32 V for low
(a) and high (b) deposition times I 360s
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Fig. 7 Anodic potential scan of 100 100
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adatoms from PORhK® was practically constant from
tq = 900 s. However, when t4 was 360 s, the electric
charge had not yet reached its maximum value, and the
observed increase was due to the UPD process taking
place only on low-energy active sites (peak I). Therefore,
the observed decrease in peak Il from 74 = 360 s can be
attributed to a surface rearrangement of the substrate
which promotes active sites to be transformed from high
energy to low energy. This is an additional effect that
favors the growth of the current in peak I. Conse-
quently, the total quantity of copper deposited through
UPD is reached at high values of 74 (>900 s), when the
low and high energy active sites have been occupied by
the copper adatoms and only after the surface rear-
rangement has concluded. Application of a t4 higher
than 3600 s did not lead to a major decrease in peak II
(Fig. 6b), demonstrating that the surface rearrangement
was already completed. In this case, the possibility of
surface diffusion of the copper adatoms to the low-en-
ergy active sites can be disregarded, since such diffusion
would be incapable of producing the observed decrease
in peak II current (Fig. 6b). This interpretation is rein-
forced by the results obtained for the PORI® electrode
which are described below.

For the PORK® electrode (Fig. 7a and b), peaks I and
IT showed a gradual variation of peak current as ¢4 was
varied. Initially, only growth of peak II was observed
(tqg < 60 s) and peak I appeared only for #z4 > 60 s.
When z3 < 120 s, peak II was higher than peak I, but the
opposite was observed when 74 > 120 s (Fig. 7a). The
maximum current of peak II was achieved for
tqg = 120 s, and a higher 74 led to a gradual decrease of
this peak. For peak I, the maximum current was ob-
tained for 7y = 360 s (Fig. 7a), and this current and
peak potential remained unchanged when a higher #4

Potential / V

was applied (Fig. 7b). However, peak II gradually de-
creased, eventually to a plateau, as observed in Fig. 7b.

The observed behavior of the oxidation peaks I and
IT as a function of ¢4 in Fig. 7a and b indicates that the
UPD process of Cu on the PORI® electrode takes place
initially on high-energy active sites, as mentioned above.
When t4 was increased, peak I appeared (Fig. 7a) and
the UPD process occurred simultaneously on high- and
low-energy active sites. The peak potentials for peaks I
and II are the same as observed in Fig. 6a and b, indi-
cating that the active sites are equivalent on the two
types of electrodes. Again, a decrease in peak II, previ-
ously attributed to a surface rearrangement of the sub-
strate, was observed for 74 > 120s. In this case,
however, the growth of peak I is very important, as this
peak is finally higher than peak II, indicating that, for
the PORA® electrode, there are more low-energy than
high-energy active sites. This result can be a consequence
of the exhaustive oxidation of the electrode at E, and the
subsequent reduction of the oxidized species during the
UPD process at an Eq4 value less positive than the one
applied in the case of Fig. 3a and b. In addition, the
surface rearrangement process indicates a decrease in the
quantity of high-energy active sites, and, as the total
charge due to the dissolution process of copper is
practically constant (Fig. 8, curve b), such a phenome-
non promotes the transformation of high- to low-energy
active sites.

Evidence of the increase of low-energy active sites on
a rhodium electrode due to the reduction of oxidized
species has been obtained by Parajon et al. [18], but was
not recognized by these authors. The existence of this
phenomenon is revealed by comparison of Fig. 2 with
Fig. 3 in [18]. In the same reference, the surface rear-
rangement process is not clear, since it can only be
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confirmed from the development of peak II when suffi-
ciently high z4 values are applied, as we report here. We
describe how prior oxidation of the electrode (PORhP)
provided a significant quantity of oxide which, by re-
duction during the UPD process, led to a predominance
of low-energy active sites. This predominance of low-
energy active sites is evidenced by the observation that
peak I is higher than peak II only at high z4 values.
However, as peak II is highest at low z4 values, we must
ascribe this effect to kinetic influences.

The variation of Qc¢, as a function of ¢4 for PORK"
(Eqg = 0.32 V) is shown in Fig. 8. For this electrode
(Fig. 8, curve b), Oc, increased as 74 was increased, and
a maximum of 0.39 mC was obtained. However, for the
PORhK? electrode, the charge only increased up to
0.34 mC. In addition, for all the applied values of #4,
Ocu. values in PORK® were higher than the corre-
sponding values in PORK®. This proves that the total
quantity of active sites for Cu adsorption on PORh® was
higher than on POR?, since both electrodes have the
same geometric area and reduction of the more oxidized
electrode (PORI®) would provide a slightly rougher
surface. The degree of coverage of the rhodium surface
by co]:b)per adatoms was 0.59 in PORh® and 0.68 in
PORhK®, indicating a coverage degree lower than a
monolayer. These values are higher than those previ-
ously obtained when the UPD process was performed at
042 V.

The curves shown in Fig. 8 imply higher charge
quantities than the corresponding curves in Fig. 4, since
in Fig. 4 the electrodes (where, additionally, reaction 1
takes place) were partially blocked by oxidized species.
In Fig. 8 the electrodes were subjected to a fairly strong
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reduction, sufficient to produce the classical effect of a
UPD process, i.e., where a plateau in the Q vs t4 graph
was obtained. We can therefore assume that the oxidized
species, initially present on the electrode surface, were
almost completely reduced during the copper UPD
process.

According to thermodynamics, the UPD process is
initially preferential for high-energy active sites, re-
gardless of the oxidized or reduced state of the surface,
producing the corresponding peaks in the potentiody-
namic diagram without potential variation and indicat-
ing unaltered work function. Only at high UPD times is
it possible to observe the effects of a chemical reaction
and/or a surface rearrangement by means of the elec-
trochemical behavior of the dissolution peaks generated
by the adsorbed species.

Conclusion

The presence of oxidized species on the rhodium elec-
trode surface caused important effects on the copper
UPD process. In this work, the UPD process was per-
formed simultaneously with reduction of the oxidized
species, and such reduction was partial or total. In the
case of partial reduction, the remaining oxidized species
provoked a blocking effect on the electrode surface that
led to low values of degrees of coverage; besides, a
chemical reaction on the electrode surface is possible. On
the other hand, when the reduction of the oxidized
species was completed simultaneously with the UPD
process, it caused a redistribution process of the active
sites and favored the formation of the low-energy active
sites, of which there has not previously been clear evi-
dence. In consequence, the corresponding peak in the
potentiodynamic diagram showed an important in-
crease, and such a peak can become higher than the
dissolution peak, corresponding to the strongly ad-
sorbed species.
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