J Solid State Electrochem (2007) 11: 339-349
DOI 10.1007/s10008-006-0142-y

ORIGINAL PAPER

M. Lukaszewski + A. Czerwinski

Electrochemical behavior of Pd—Rh alloys

Received: 15 December 2005 / Revised: 4 January 2006 / Accepted: 20 February 2006 / Published online: 23 March 2006

© Springer-Verlag 2006

Abstract Pd—Rh alloys were prepared by electrochemical
codeposition. Bulk compositions of the alloys were
determined by the energy dispersive X-ray analysis
method, while surface compositions were determined
from the potential of the surface oxide reduction peak.
Cyclic voltammograms, recorded in 0.5 M H,SO, for Pd—
Rh alloys of different bulk and surface compositions, are
intermediate between curves characteristic of Pd and Rh.
The influence of potential cycling on electrochemical
properties and surface morphologies of the alloys was
studied. Due to electrochemical dissolution of metals, both
alloy surface and bulk become enriched with Pd. Carbon
oxides were adsorbed at a constant potential from the range
of hydrogen adsorption. The presence of adsorbed CO,
causes remarkable diminution of hydrogen adsorption but
it does not significantly influence hydrogen insertion into
the alloy bulk. On the other hand, in the presence of
adsorbed CO, both hydrogen absorption and adsorption are
strongly suppressed. Oxidative removal of the adsorbates
results in a characteristic voltammetric peak, whose
potential increases with the decrease in Rh surface content.
Electron per site (eps) values calculated for the oxidation of
the adsorbates change with alloy surface composition,
more for CO, than CO adsorption, indicating the variation
of the structure and composition of CO, and CO adsorption
products. The course of the dependence of eps values on
surface composition suggests that the products of CO, and
CO adsorption on Pd—Rh alloys are similar but not totally
identical.
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Introduction

The electrochemical behavior of binary alloys of noble
metals has been widely investigated [1-37], mainly in the
context of their electrocatalytic properties. Among the
systems studied, including Pt-Rh [1-10], Pt—Ru [4, 11—
13], Pd-Pt [14-20], Pd-Au [1-3, 21-30], and Pt-Au [1,
21, 31-37] alloys, the Pd—Rh system belongs to rather
rarely examined ones. Most research of Pd—Rh alloys has
been devoted to the phenomenon of hydrogen absorption.
This system is particularly interesting in that aspect
because alloys containing small amounts of Rh can absorb
more hydrogen than pure Pd [38-42]. However, the basic
electrochemistry of Pd—Rh alloys has not been sufficiently
explored and few such reports are available in the literature
[1, 2, 4, 10].

Although Pd and Rh are neighboring elements in the
periodic table, their electrochemical properties are mark-
edly different, which is well reflected in different courses of
cyclic voltammograms characteristic of those metals [1, 2].
Pd can absorb large amounts of hydrogen, while for Rh,
bulk hydrogen dissolution is negligible [42]. On the other
hand, both these metals are known to electrochemically
adsorb hydrogen at potentials positive to the reversible
hydrogen potential, i.e., underpotential deposition of
hydrogen (UPD H) occurs on these materials [1, 43]. The
elements also differ between each other in their electro-
chemical behavior at sufficiently high potentials where the
oxidation of electrode material takes place. Surface oxide
formation and reduction on Rh electrodes, as well as the
beginning of the electrochemical dissolution of Rh, occur
at potentials lower than on Pd [1, 44-46]. It should be
mentioned that under certain conditions of a cyclic
voltammetric experiment, the process of surface oxide
reduction gives a well-defined peak whose potential is
characteristic of a particular noble metal and varies linearly
with surface composition in the case of homogeneous
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binary noble metal alloys [1, 2, 16, 17], and this peak is
utilized for in situ determination of surface composition of
such electrodes.

Among the reactions investigated when the electro-
chemical behavior of alloy electrodes is examined are the
processes of adsorption of small carbon-containing mole-
cules, including carbon oxides. This subject is strictly
linked to the constant search for new electrode materials for
methanol fuel cells, in which various forms of adsorbed
CO,; and CO are the fuel oxidation products. It has been
established that in acidic solutions, CO, adsorption on Pt
and Rh takes place only at potentials from the hydrogen
adsorption region [47—49], while CO can be adsorbed at
potentials from both the hydrogen and double-layer regions
[50-53]. In contrast to Pt and Rh, Pd electrode in acidic
solutions is totally inert in CO, adsorption reactions at
potentials positive to the reversible hydrogen potential [54,
55], despite the existence of UPD H on its surface. On the
other hand, CO can be adsorbed on all platinum group
metals, including Pd [50, 55]. The adsorption of CO, and
CO is electrochemically irreversible; the potential of the
adsorbate oxidative removal is much higher than the
adsorption potential.

In the literature, there have been many reports on the
nature of the product of CO, [49, 56-59] and CO [50, 52,
53, 60—-63] adsorption on Rh electrodes in acidic solutions.
However, there is still a controversy about whether CO,
and CO adsorption products are identical or different [52,
53]. Although the authors generally agree on the presence
of linearly and bridge-bonded CO species, other adsorbates
have also been postulated in the literature, namely, a
reduced form of adsorbed CO [57, 58] or such species as
CHO, CH,, CH, COH, or even C radicals [49, 52, 53, 56].
Additionally, geminal CO adsorbates (i.e., two CO
molecules linearly bonded to one surface site) were
observed on the electrochemically modified Rh electrodes
[60]. It should be added that the product of CO,/CO
adsorption on Rh is regarded as generally more reduced
than on Pt [49, 52, 53, 56-58]. On Pd, the product of CO

90 -

Fig. 1 The dependence of bulk 8
and surface composition of Pd— r bS]
Rh alloys on the deposition 80 |-
potential during electrolysis L
from a bath containing 0.4 M 70
RhCl; + 0.022 M PdCl, + L
0.2 M HCI = 60k
©
<2 L
= S50
c L
%}
5 40 -
o L
T 30}
20
10
I |

adsorption consists mainly of linearly and bridge-bonded
CO, possibly with the addition of a more reduced form [55,
64]. For alloys, it has been found that the structure and
composition of CO,/CO adsorption products are dependent
on the surface composition [5, 10, 14].

Recently, we have reported on hydrogen electrosorption
into Pd—Rh alloys [41]. In this paper we present the results
of studies on selected aspects of the electrochemical
behavior of Pd—Rh binary alloy electrodeposits of rough
surfaces. We describe some general electrochemical
properties of Pd—Rh alloys under conditions of cyclic
voltammetric experiments and show the comparative
data concerning carbon oxides adsorption on Pd-Rh
electrodes for a wide range of alloy compositions. In
particular, we have been interested in the possible
similarities and differences in CO, and CO adsorption
products on Pd—Rh alloys.

Experimental

Pd-Rh alloys were prepared by potentiostatic deposition
on gold wires (99.9%, 0.5 mm in diameter) from baths
containing 0.4 M RhCl; + 0.022 M PdCl, + 0.2 M HCl or
0.014 M RhCl; + 0.024 M PdCl, + 0.22 M HCIL. The
electrolysis time was in the range of 400—1,000 s. The
higher the potential was, the longer the time necessary for
the deposition of a layer of a given thickness was, because a
higher potential resulted in a lower current density.
Different alloy compositions were obtained applying dif-
ferent deposition potentials (see Fig. 1). For Pd-rich alloys,
bulk and surface compositions of freshly prepared elec-
trodes were similar, but for alloys containing more than ca.
20% Rh in the bulk, the surface was strongly enriched with
Rh (Fig. 2). Therefore, the preparation of Pd—Rh alloys of
bulk compositions between 0 and 50% Rh covered prac-
tically the whole spectrum of surface compositions. The
significant disagreement between surface and bulk com-
position of the alloys at higher Rh content probably results
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from the continuous changes in metal concentration with
the progress of the electrodeposition process. It is also
likely that electrolyte components in the double layer
present at the metal—solution interface interact with Pd and
Rh atoms, leading to alloy surface enrichment with one of
the metals. However, regardless of the possible inhomo-
geneity of the alloy bulk due to the preparation method
resulting in certain composition differences between
particular atomic layers, the surface state was always
well defined, as can be judged from the course of cyclic
voltammetric curves recorded for freshly prepared Pd—Rh
electrodes (see Fig. 3 below). Various surface compositions
could also be obtained by controlled potential cycling of
freshly prepared electrodes (see “General cyclic voltam-
metric behavior of Pd—Rh alloys”). The thickness of the
deposited alloy layers was of the order of microns (0.5—
0.8 um). The roughness factor of the deposits, as estimated
from surface oxide reduction charge measurements [1]
(using a conversion factor 424 nC cm 2 for reduction of a
monolayer of surface oxide), was in the range of 100-350.
Bulk compositions of the alloys were determined by an
energy dispersive X-ray analysis (EDAX) analyzer (EDR-
286) coupled with a LEO 435VP scanning electron
microscope (SEM). Surface compositions were determined
using the literature method [1, 2] based on a linear
dependence of the potential of surface oxide reduction peak
on the surface content of an alloy component. A calibration
curve for such calculations was constructed using the
values of the potential of the aforementioned peak on pure
metals, obtained from cyclic voltammograms for Pd and
Rh recorded under identical experimental conditions as for
alloys. All alloy compositions given in this work are
expressed in atomic percentages.

All experiments were performed at room temperature in
0.5 M H,SO, solution deoxygenated using an Ar stream. A
three-electrode cell was used with Hg|Hg,SO,40.5 M
H,SO, as the reference electrode and a Pt gauze as the
auxiliary electrode. All potentials are recalculated with
respect to the standard hydrogen electrode.

Fig. 2 Surface composition as a
function of bulk composition for
freshly deposited Pd—Rh alloys

Rh surface content / % at.
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In CO, and CO adsorption experiments, the solution was
saturated with 99.9% purity gas at a potential from the
hydrogen region. After completing the adsorption, which
took 45 min for CO, and 20 min for CO, the gas was
always removed from the solution with Ar and a
voltammogram was recorded at a scan rate 0.05 Vs '

Results and discussion
General cyclic voltammetric behavior of Pd—Rh alloys

Figure 3a—f present cyclic voltammograms recorded for Pd,
Rh, and Pd-Rh alloys of different bulk and surface
compositions. One can distinguish hydrogen adsorption
(1) and desorption (1) signals (the hydrogen region), then a
potential range free from faradaic processes (the double-
layer region—?2), followed by surface oxide formation (3)
and reduction (3') currents (the oxygen region). Due to the
presence of Pd, the alloys can also absorb hydrogen [38—
42], which is mirrored by the presence of additional current
signals due to electrochemical hydrogen insertion (la) and
removal (1a").

The double-layer region is more pronounced for alloys
rich in Pd, while for Rh and Rh-rich alloys in region (2)
there is an overlapping of hydrogen desorption signals and
surface oxidation currents. In the oxygen region, one
should note various potentials of the onset of the processes
of surface oxidation (oxygen adsorption) and surface oxide
reduction (oxygen desorption). Interestingly, in the case of
Rh-rich Pd-Rh alloys, the process of surface oxide
formation happened to begin at a potential as low as that
for pure Rh. The enrichment of the alloy surface with Pd
results in the onset of surface oxide formation and
reduction shifted to higher potentials. As it can be seen
in Fig. 3, a single peak of surface oxide reduction (3") was
observed for all freshly prepared Pd—Rh electrodes
independently of bulk and surface composition, indicating
phase homogeneity of the alloy surface [1].

10 20 30 40 50 60
Rh bulk content / % at.
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Fig. 3 Cyclic voltammograms for Pd, Rh, and Pd—Rh alloys recorded in the hydrogen—oxygen potential range (from —0.04 to 1.36 V), scan
rate of 0.05 Vs ' a pure Rh; b Pd—Rh alloy, 51% Rh bulk, 83% Rh surface; ¢ Pd—Rh alloy, 36% Rh bulk, 63% Rh surface; d Pd—Rh alloy,
32% Rh bulk, 37% Rh surface; e Pd—Rh alloy, 11% Rh bulk, 10% Rh surface; f pure Pd

It should be emphasized that the cyclic voltammetry
technique seems to be the most appropriate method for in
situ investigations of the electrochemistry of such systems.
Some techniques useful in surface investigations, like X-
ray photoelectron spectroscopy, Auger electron spectros-
copy, ion scattering spectroscopy, and secondary ion mass
spectrometry, are ex situ techniques and they cannot
provide results concerning the surface state of the electrode
in the solution and subjected to polarization. As it was
established during electrochemical studying on pure noble
metals and their binary alloys [1-37], a cyclic voltammetric

curve could be treated as a basic means of characterizing
and analyzing the surfaces of electrodes of this type. The
voltammogram recorded under given experimental condi-
tions is characteristic of the individual noble metal and it is
an electrochemical “fingerprint” of the investigated sam-
ple. Thus, we can draw qualitative and quantitative
conclusions about the surface state of binary Pd—Rh alloys
on the basis of the course of cyclic voltammetric curves by
utilizing the distinctive features associated with each
component. Such an analysis is possible, owing to the
fact that the voltammograms for pure Pd and Rh electrodes



differ markedly from each other in respect to the region of
surface oxide formation and reduction, as well as the
appearance of the region where hydrogen electrosorption
takes place [1, 2]. Figure 3 clearly demonstrates that with
the change in alloy composition the voltammogram shape
transforms from a cyclic voltammetric curve typical of Rh
into that characteristic of Pd.

As reported in earlier papers [1, 2, 4, 8, 19-25, 27, 28,
31, 34, 36, 65], long potential cycling of noble metal alloys
involving polarization to the oxygen region causes signif-
icant changes in the surface state of the electrode, resulting
from electrochemical dissolution of the alloy components.
These changes are reflected in the voltammogram course
and are observed for both oxygen and hydrogen signals.
This course is illustrated in Fig. 4 presenting a series of
cyclic voltammetric curves recorded for a Pd—Rh alloy
(containing initially 47% Rh in the bulk and 87% Rh on the
surface) subjected to electrochemical aging, i.e., cycling in
the hydrogen—oxygen potential range (from —0.04 to
1.36 V, scan rate 0.1 Vs ).

It should be noted that at the beginning of the cycling
procedure, the potential of the surface oxide reduction peak
(3") is not altered, suggesting constant surface composition
despite both Rh and Pd dissolution, as expected on the
basis of the literature data [44]. Such a steady state can be
explained assuming that the ratio between the dissolution
rates of Rh and Pd is similar to their relative surface content
[2]. However, long potential cycling (175-200 cycles)
causes the splitting of the surface oxide reduction peak into
two signals (insert a in Fig. 4). This splitting indicates that
the surface of Pd—Rh alloys becomes heterogeneous [1],
i.e., a separation occurs into two surface phases of different
compositions, namely, one rich in Rh and one rich in Pd.

Fig. 4 Cyclic voltammograms
for a Pd-Rh alloy (initial com-
position: 47% Rh in the bulk
and 87% Rh on the surface)
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The mechanism of this segregation might involve a partial
cathodic redeposition of previously dissolved metals in
proportions different than that for dissolution. Moreover,
the Pd—Rh system is not expected to be homogeneous over
the whole composition range [2]. During further potential
cycling, the initial peak disappears and the surface
becomes, again, homogeneous, but strongly enriched
with Pd, as can be concluded from the voltammogram
shape (insert b in Fig. 4). It should be pointed out that the
process described above could be facilitated by the fact that
the surface of the fresh alloy investigated was strongly
enriched with Rh. Such surface arrangement is energeti-
cally unfavorable because, under conditions of minimum
surface energy, the stable surface of binary Pd—Rh alloys is
enriched with Pd [66, 67]. In contrast to the Pd—Rh system,
surface modifications leading to alloy heterogeneity were
not observed in the case of Pt—Rh alloys subjected to the
same procedure, where a continuous shift of the potential
of the surface oxide reduction peak was observed, indicat-
ing continuous changes in composition of a single alloy
surface phase [2, 8]. Similar behavior was observed here
for a Pd—Rh electrode initially less rich in Rh (37% in the
bulk, 70% on the surface) than the previous one. In the case
of the electrode less rich in Rh, the electrode surface
remained homogeneous during its progressive enrichment
with Pd.

The comparison of the compositions before and after the
potential cycling (see Table 1) showed that such electro-
chemical treatment produced Pd—Rh alloys enriched with
Pd at the expense of Rh. Because significant changes in
composition can be detected by EDAX technique, ex-
amining thicknesses of the order of thousand atomic layers,
it means that the metals are removed not only from the
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surface but also from the bulk of the alloy (at least from
some layers close to the surface). Because of a small
electrode thickness, the region involved with composition
changes might be relatively large with respect to the sample
volume. The composition changes detected by EDAX
measurements indicate that the process of metal redeposi-
tion is limited and a predominant part of the metal is
irreversibly removed from the electrode.

The effect of composition changes occurs simultaneous-
ly with the decrease in the real surface area of the electrode
indicated by the decrease in hydrogen adsorption/desorp-
tion (signal 1 and 1), as well as oxide formation and
reduction currents (3 and 3’). As it was reported in the
literature [68, 69], the surface roughness of noble metal
electrodes subjected to the procedure of potential cycling
through the oxygen region may increase or decrease, and
the tendency depends on the parameters applied in a cyclic
voltammetric experiment. In our experiments the latter case
takes place, which is consistent with the results reported
earlier for Pd—Au [23], Pt—-Au [31], and Pd—Pt-Rh alloys
[65] under similar conditions.

The tendency of a monotonic current decrease is
exhibited by all signals, with the exception of the peaks
la and 1a’ (see Fig. 4) originating mainly from hydrogen
absorption and removal. At the beginning of potential
cycling these signals increase, indicating the rise in the
alloy’s ability to absorb hydrogen, which is in line with
EDAX results showing the enrichment of alloy with Pd.
These composition changes could facilitate hydrogen
absorption in the alloy both kinetically—by removing
from the surface Rh atoms, and therefore improving the
surface stage of hydrogen insertion into alloy bulk pro-
ceeding via Pd surface centers—and thermodynamically—
by removing Rh from the bulk and producing an alloy
containing more Pd, i.e., absorbing more hydrogen. Further
lowering of hydrogen absorption signals can be explained
by the progressive diminution of the thickness of the
hydrogen-absorbing layer caused by metal dissolution.

SEM images (Fig. 5) confirm the alteration of the alloy
surface during the potential cycling procedure. As can be
seen in Fig. 5, we observe changes in crystallites sizes, and
consequently, in the surface roughness, as a result of the
surface oxide formation/reduction processes accompanied
by metal dissolution and subsequent partial redeposition.
Besides, because for Pd and Pd alloys the lattice parameter
increases due to the formation of the hydride phase [40,

42], hydrogen penetration into the bulk of the electrode
causes an increase in sample volume leading to cracking.

Carbon oxides adsorption on Pd—Rh alloys

Carbon oxides adsorption was performed on Pd—Rh alloys
at potentials of hydrogen adsorption for a wide range of
surface compositions. In contrast to the Pt—Rh system [5,
10], where both elements are active in CO, adsorption and
the reaction proceeds for the full composition spectrum, in
the Pd—Rh system the decrease in surface Rh content
markedly weakens the alloy affinity to CO,, because
hydrogen adsorbed on Pd atoms does not take part in the
reaction with CO, molecules [54, 55]. For Pd-rich Pd-Rh
alloys, containing less than ca. 20% Rh on the surface, the
amount of adsorbed CO, was negligible. On the other
hand, CO can be adsorbed on both metals [50, 55] and,
therefore, also on their alloy, regardless of its composition.

Figure 6 presents anodic parts of voltammograms
recorded after CO, (solid line) and CO adsorption (dashed
line) together with a blank curve (dotted line) recorded in
the absence of the adsorbate for a Pd—Rh alloy containing
39% Rbh in the bulk and 72% Rh on the surface. The main
features of the voltammograms recorded in the presence of
the adsorption product are: (1) a decrease in hydrogen
oxidation currents reflecting blocking hydrogen adsorption
reaction on surface sites occupied by adsorbed CO, or CO
and (2) a peak of the adsorbate oxidation, placed at
potentials in the oxygen region.

The influence of the presence of adsorbed CO, and CO on
hydrogen signals is different for both adsorbates. The peak at
higher potentials originating mainly from the oxidation of
adsorbed hydrogen is significantly decreased in the presence
of adsorbed CO,, while the peak placed at lower potentials,
attributed mainly to the oxidation of absorbed hydrogen, is
less affected by adsorbed CO,. The little influence of the
presence of adsorbed CO, on the processes of hydrogen
absorption and its removal from the alloy bulk has been
demonstrated in recent reports [14, 70]. On the other hand,
adsorbed CO causes strong suppression of both hydrogen
peaks, which means that this adsorbate creates a barrier not
only for hydrogen adsorption but also for hydrogen
absorption.

The general shape and potential of the oxidation peaks of
adsorbed CO, and CO are different. A flat and broad peak
of adsorbed CO, oxidation is always placed at a potential

Table 1 Bulk and surface compositions of fresh and aged Pd—Rh alloys

Sample Alloy thickness (nm) Electrode state Bulk composition Surface composition
at.% Pd at.% Rh at.% Pd at.% Rh
1 0.79 Fresh electrode 53 47 13 87
After 450 cycles 71 29 98 2
2 0.63 Fresh electrode 59 41 15 85
After 600 cycles 90 10 96 4
3 0.74 Fresh electrode 63 37 30 70
After 230 cycles 83 17 90 10




Fig. 5 SEM images taken for
Pd-Rh alloys: a fresh alloy
containing 47% Rh in the
bulk and 87% Rh on the
surface (a) and after 450
cycles (b); a fresh alloy
containing 37% Rh in the
bulk and 70% Rh on the
surface (¢) and after 230
cycles (d). Potential cycling
range from —0.04 to 1.36 V;
scan rate 0.1 V s'

higher than that corresponding to the onset of surface
oxidation, and its descending part extends far into the
oxygen region. The peak of CO oxidation is much sharper
than in the case of CO, and is placed at a higher potential.
For both adsorbates the peaks of their oxidation are shifted
into higher potentials with the decrease in Rh surface
concentration (see Fig. 7). This is again in contrast to the
situation for Pt—Rh alloys where, for certain compositions,
the oxidation of adsorbed CO, occurred at potentials
markedly lower than on pure metals [10].
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In the case of Pd—Rh alloys of Rh surface content higher
than ca. 70%, the surface state was unstable, as could be
concluded from changes in the surface oxide reduction
peak observed during CO, and CO adsorption experi-
ments. As can be seen in Fig. 8, after the adsorption
procedure, not only the peak of surface oxide reduction but
also the onset of surface oxidation was shifted into lower
potentials by several millivolts. This might mirror the
modifications of surface composition resulting from the
interactions of Pd and Rh atoms with CO, or CO
molecules, which lead to the surface enrichment with the

blank curve
after CO, adsorption
fffff after CO adsorption

Fig. 6 Anodic parts of cyclic
Voltammograms (scan rate 5.0x103 -
0.05 V s ) recorded after CO,
adsorption 45 min at 0.06 V
(solid line), after CO adsorption 4.0x103 F
20 min at 0.06 V (dashed line),
and without CO,/CO—blank
curve (dotted line)—for a Pd— 3.0x103
Rh alloy (39% Rh in the bulk <
and 72% Rh on the surface) =
2.0x103 -
1.0x103 -
0.0}
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alloy component of a greater affinity to the adsorbate, i.e.,
Rh, as can be concluded from a negative potential shift. A
typical enrichment was ca. 10%. It should be stressed that
the shift of the peak was observed only after the first
adsorption run on a given electrode, and further CO, or CO
adsorption did not cause any additional effects. The
possibility that this was the result of the interactions of
the alloy surface with hydrogen (an effect reported for Pd—
Au alloys [23]) was excluded because prolonged electrode
polarization in the hydrogen region in the absence of
carbon oxides in the solution did not change the position of
the surface oxide reduction peak.

On the basis on the voltammetric signals it is possible to
calculate the electron per site (eps) value, i.e., a number of
electrons taking part in the process of the adsorbate
oxidation from one surface site. This quantity can be
obtained from the ratio of the adsorbate oxidation charge
(OFo, ) to the difference between the charges of adsorbed

Fig. 8 Cyclic voltammograms

(scan rate of 0.05 V s™!) before 1.0x103

(dotted line) and after (solid

line) CO adsorption on a Pd—Rh

alloy containing in the bulk 50% 5.0x104 F

Rh. Surface composition: ini-

tially—83% Rh, after CO ad-

sorption—95% Rh. Adsorption 00k

potential of 0.01 V, time of <

20 min =
-5.0x107 |-
-1.0x103 -
-1.5x103 -

|

Rh surface content / % at.

hydrogen oxidation (calculated from the area under peak
1) in the absence and presence of the adsorbate (AQ%; ;s ):

eps = QOCXOX/AQ?;LILIIS (1)

Figure 9 presents eps values plotted against Rh surface
concentration for CO, and CO adsorption on Pd—Rh alloys.
In general the values are not integers, indicating a mixed
nature of the adsorbate, composed at least of two kinds of
species of different eps values. In the case of eps values
between 1 and 2, the products of CO, and CO adsorption
can be linearly (eps=2) and bridge-bonded (eps=1) CO
molecules in various relative amounts. When eps is higher
than 2, additional products might be proposed, such as
multibonded C—H or C—OH species, suggested earlier
for Rh electrodes [49, 52, 53, 56]. It should be stressed that
due to the strong acidity of the solutions used in our
experiments (0.5 M H,SO,), the possibility of carbonate
formation from dissolved CO, can be excluded.

before CO adsorption
after CO adsorption

1.0 1.2 1.4
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Figure 9 demonstrates that the alloy surface composition
affects the eps value, and therefore, the nature of the
adsorbate. For both carbon oxides, eps values are the
highest for pure Rh and decrease when Rh is alloying with
Pd. It should be noted that the general course of the
dependence of eps on alloy surface concentration is
different for CO, and CO. In the case of CO,, adsorption
eps values markedly decrease with the decline of Rh
content, while for CO adsorption they are practically
constant for a wide composition range. This quantitative
difference might reflect a qualitatively different nature of
the adsorbate. Such behavior is possible due to the fact that
in the Pd-Rh system, both components can adsorb CO,
while only Rh is active in CO, adsorption. Interestingly, the
changes in eps values with Pd content suggest that, despite
the inertness of Pd atoms in CO, adsorption reaction, their
presence on the electrode surface affects the behavior of
CO, molecules towards Rh atoms in the Pd—Rh alloy.

Fig. 10 Cyclic voltammograms 4.0x103

(scan rate 0.05 V s~ ') recorded

after CO adsorption 20 min at

0.06 V on a Pd—Rh alloy (40% 3.0x103 |

Rh in the bulk and 88% Rh on

the surface): / blank curve, 2

oxidation of adsorbed CO in a 2.0x10° -

full potential range, 3 partial

oxidation of adsorbed CO in a

limited potential range, 4 oxi- < 1.0x103 |

dation of the remaining part of =

adsorbed CO after its partial

oxidation in procedure (3) 0.0 -
-1.0x10°%
-2.0x103

Rh surface content / % at.

As it is demonstrated in Figs. 7 and 9, there is only little
influence of the adsorption potential on the values of the
potential of the adsorbate oxidation peak and eps for a
given carbon oxide. On the other hand, some differences in
the electrochemical behavior are observed between CO,
and CO adsorption products formed at a given adsorption
potential. The comparison of voltammogram shapes and
eps values suggests that the products of CO, and CO
adsorption on Pd-Rh alloys are similar but not totally
identical. The differences in the processes of CO, and CO
adsorption on Rh electrodes were suggested in earlier
reports [52, 53]. It is possible that the adsorbates consist of
two or more kinds of species of different ratios. The
similarity of eps values for some alloy compositions might
indicate that the major products of CO, and CO adsorption
are the same (linearly and bridge-bonded CO species in
various relative amounts) but the constitution of minor
products is probably different.

0.0

0.4 0.6 1.2 1.4

E/V

0.2 0.8 1.0
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The above statements seem to be confirmed in an
experiment where adsorbed CO was oxidized in two steps.
After partial removal of the adsorbate by its incomplete
oxidation in a limited potential range, the remaining
amount was oxidized in a full potential range. As it can be
seen in Fig. 10, the voltammogram (curve 4) resembles that
typical for CO, oxidation (compare with Fig. 6). This
means that after the removal of the more easily oxidizable
part of CO adsorption products, the remaining species
behave very similar to CO, adsorption products. This
might suggest that among CO adsorption products there are
the same species, which are also in CO, adsorption
products. It is possible that surface centers occupied by
adsorbed CO, and CO are not the same. Some amount of
adsorbed CO might occupy additional sites which are
energetically less favorable than the main sites occupied by
the rest of the CO and CO, adsorption products. It should
be stressed that these two kinds of surface sites should not
be identified with two alloy components (Pd and Rh atoms)
because a similar effect was also observed on pure Rh.

Conclusions

Cyclic voltammograms for Pd—Rh alloys are intermediate
between cyclic voltammetric curves for Pd and Rh with
well-defined hydrogen electrosorption (adsorption, absorp-
tion, and desorption) peaks, as well as surface oxide
formation and reduction signals.

As a result of prolonged potential cycling of Pd—Rh
alloys through the oxygen region, both electrode surface
and bulk are enriched with Pd. During the procedure of
electrochemical aging, the surface can become temporarily
heterogeneous.

Adsorbed CO, causes a diminution of currents originat-
ing from hydrogen adsorption on Pd—Rh alloys, but it has
much less influence on signals connected with hydrogen
absorption. In the presence of adsorbed CO, both hydrogen
adsorption and absorption currents are strongly suppressed.

The potentials of the oxidation peaks of adsorbed CO,
and CO, as well as the number of electrons required for the
oxidation of the adsorbate from one surface site (eps),
depend on the alloy surface composition. The changes in
Rh surface content influence the eps values for CO,
adsorption more than for CO adsorption. The comparison
of voltammogram shapes and eps values suggests that the
products of CO, and CO adsorption on Pd—Rh alloys are
similar, but not totally identical.
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