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Pt-Rh and Pd-Rh alloys were prepared by electrochemical codeposition. Surface compo-
sitions of the alloys were determined from the potential of surface oxides reduction peak.
Carbon dioxide was electrosorbed at constant potential in the range where
underpotentially deposited hydrogen exists on the electrode surface. The presence of ad-
sorbed CO2 causes remarkable diminution of hydrogen adsorption signals on the
voltammograms recorded after CO adsorption for both Pt-Rh and Pd-Rh alloys. In the
case of hydrogen-absorbing Pd-Rh electrodes adsorbed CO2 does not influence signifi-
cantly hydrogen insertion into the alloy bulk. Oxidative removal of CO2 adsorbed on
Pt-Rh and Pd-Rhresults in a characteristic voltammetric peak, whose potential and shape
depend on alloy surface composition. Eps (electron per site) values calculated for the oxi-
dation of CO; adsorbed at a fixed potential (0.015 V) and alloy surface composition, be-
ing higher for alloys containing more Rh, with a maximum for pure Rh. It suggests that
the structure and composition of CO, adsorption product vary with electrode surface
properties and experimental conditions.

Key words: binary noble metal alloys, carbon dioxide electrosorption, cyclic
voltammetry

The main part of electrochemical studies on noble metals and their alloys have
concerned their electrocatalytic properties. Among the reactions investigated there
have been the processes of electrosorption of hydrogen and oxygen, as well as small
carbon-containing molecules, including carbon dioxide. The last subject is strictly
linked to the constant search for new electrode materials for methanol fuel cells, in
which CO, is one of the fuel oxidation products.

Platinum group metals are known to electrochemically adsorb hydrogen at poten-
tials positive to the reversible hydrogen potential, i.e. underpotential deposition of
hydrogen occurs on these materials [1-6]. Pd can additionally absorb hydrogen while
for Pt and Rh bulk hydrogen dissolution is negligible [ 7]. Binary alloys formed by Pt,
Rh and Pd possess various properties towards hydrogen adsorption and absorption,
depending on their surface and bulk compositions [1,3,7-13]. All the elements also
differ between each other in their electrochemical behavior at sufficiently high poten-
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tials where oxidation processes take place, involving the formation of surface oxides
(oxygen adsorption) and the electrochemical dissolution of the electrode material
[1,3,14-18]. Surface oxides generation and reduction on Rh electrode occurs at po-
tentials markedly lower than on Pd and particularly Pt [1,3,14,16,17], while Pt is
much more resistive to electrochemical dissolution than Pd and Rh [1,18]. Under cy-
clic voltammetric conditions the process of surface oxides reduction gives a well-de-
fined peak whose potential is characteristic for a particular noble metal and varies
linearly with surface composition in the case of a homogeneous binary noble metal al-
loy [1,3,18-23]. The latter fact allows for in situ determination of surface composi-
tion of such alloy electrodes as Pt-Rh, Pd-Pt, Pd-Rh and Pd-Au.

The process of electrosorption of carbon dioxide on platinum group metals has
been a subject of numerous investigations [e.g. 24—57] carried out electrochemically
as well as using electrochemistry combined with an additional technique such as IR
spectroscopy, mass spectrometry, radiochemistry and gas chromatography. It has
been established that in acidic solutions Pt and Rh can adsorb CO, at potentials from
the hydrogen adsorption region, in a relatively slow reaction of CO, molecules with
atoms of underpotentially deposited hydrogen (UPD H). Electrosorption of CO, is
electrochemically irreversible; the potential of the adsorbate oxidative removal is
much higher than the adsorption potential. It was proved in radiometric experiments
that the adsorbate did not exchange with CO, molecules from the bulk of the solution
[32], which indicates the chemical irreversibility of the reaction between CO, and ad-
sorbed hydrogen. CO, adsorption on Rh is much slower than on Pt and results in a
lower surface coverage with the adsorbate [35]. Due to a narrower hydrogen region
[1,3,4] and stronger anion adsorption [58] the potentials of CO, adsorption on Rh in
sulfuric acid solution are shifted into negative direction with respect to Pt[35,52,54].

In contrast to Pt and Rh, Pd electrode in acidic solutions is totally inert in CO,
electrosorption reaction at potentials positive to the reversible hydrogen potential
[40,59], despite the existence of UPD H on its surface [2]. CO, is adsorbed on Pd only
at potentials considerably lower than the reversible hydrogen potential [60].

There have been many reports and discussions on the nature of the product of CO,
electrosorption (denoted in the literature as adsorbed CO,, “reduced CO,” or “CO,”)
on polycrystalline Pt and Rh electrodes in acidic solutions [see e.g.
24,27-33,36-38,40,41,43-45,47-50,52,53,56,57,61]. Although there is a general
agreement on the presence of linearly and bridge bonded CO species on Pt surface af-
ter CO, electrosorption [27-29,36,38,48,50-53,56,57], other adsorbates have also
been postulated in the literature, namely COH [28,38,40,45], HCO [43] and COOH
species [24,28,30-33,41,47,50]. In particular, the results of combined electrochemi-
cal and radiochemical experiments suggest a dominant contribution of COOH radi-
cals in the CO, adsorption products on Pt electrode [30-33]. It was also postulated
that CO, molecules only block hydrogen atoms, becoming blocked itself by water
molecules and anions [26,44,46,51]. In the case of Rh electrode the product of CO,
adsorption is regarded as generally more reduced than on Pt [34,35,37,52,54,61]. It
indicates the existence of a mixture of a CO-type adsorbate with a reduced form of
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adsorbed CO [52,54] or such species as CH, [34], CH, COH or even C radicals
[35,61]. The process of CO, electrosorption on Pt and Rh depends on various factors,
namely: potential and time of adsorption [28-35,38-40,45,46,50-55], electrode sur-
face morphology [41,51,55], method of electrode pretreatment [51,55] and solution
composition [39,46,51,53,54].

The process of CO, electrosorption on noble metal alloy electrodes has not been
studied as extensively as on pure metals. The results of experiments performed on
smooth Pt-Rh alloys [62] showed that in general the surface coverage, structure and
composition of the adsorption product are dependent on the alloy surface composi-
tion. It was found that the product of CO, adsorption on Pt-Rh alloys containing sev-
eral percent of Rh is more homogeneous than in the case of smooth Pt or Rh. However,
these studies were restricted only to Pt-rich alloys and a more thorough examination
is needed for that system in the aspect of CO, adsorption.

Recently, CO, electrosorption on Pd-Pt alloys has been studied [8]. It has been
demonstrated that Pt and Pd retain their individual properties towards CO, despite
forming a homogeneous alloy. These results suggest that CO, can be adsorbed only
on Pt surface sites, which means that UPD hydrogen adsorbed on Pd atoms in the al-
loy is still inactive in the reaction with CO, molecules. On the other hand, only hydro-
gen generated on Pd surface atoms is the precursor state for hydrogen absorption in
the alloy, the process occurring unaffected by the presence of adsorbed CO, on Pt
sites. These findings have been confirmed for the Pt-Pd-Rh system [63].

In this paper we present the results of cyclic voltammetric studies on
electrosorption of carbon dioxide on Pt-Rh and Pd-Rh binary alloy electrodeposits of
rough surfaces. We show the data for a wide range of alloy surface compositions, in-
cluding Rh-rich electrodes. We demonstrate the influence of the presence of adsorbed
CO, on the processes of hydrogen adsorption and absorption. We also describe some
general electrochemical properties of Pt-Rh and Pd-Rh alloys under conditions of cy-
clic voltammetry.

EXPERIMENTAL

Pt-Rh and Pd-Rh alloys were prepared by potentiostatic deposition on gold wires (99.9%, 0.5 mm di-
ameter) from baths containing RhCl; and HC1 with H, PtClg or PdCl,, respectively. The thickness of the
deposited alloy layers was of the order of microns (0.3—0.8 um). The roughness factor of the deposits, as
estimated from adsorbed hydrogen oxidation [1,62] and surface oxides reduction charge measurements
[1,16,17], was ca. 50-200. Surface compositions were determined using the literature method [1,3,21,22]
based on a linear dependence of the potential of surface oxides reduction peak on the surface content of an
alloy component. Various surface compositions were obtained utilizing different dissolution rates of the
metals during the procedure of potential cycling through the oxygen region. Selective removal of alloy
components during potential cycling allowed for in situ preparation of alloy electrodes possessing vari-
ous electrosorption properties towards hydrogen and CO,. Such electrochemical treatment produced
Pt-Rh and Pd-Rh alloys enriched with Pt and Pd, respectively, in both cases at the expense of Rh, which is
much less resistive to oxidation under the conditions applied [1,3,18,21]. Prolonged potential cycling en-
abled us to obtain Pd-Rh electrodes constituting of two separate surface phases, i.e. superficially hetero-
geneous Pd-Rh alloys. All experiments were performed at room temperature in 0.5 M H, SO, solution
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deoxygenated using an Ar stream. A three electrode cell was used with Hg|Hg, SO40.5 M H,SO, as the
reference electrode and a Pt gauze as the auxiliary electrode. All potentials are recalculated with respect to
the SHE. All alloys compositions given in this work are expressed in atomic percentages.

In CO, adsorption experiments the solution was saturated with 99.9% purity gas at a potential from
the hydrogen region (0.015 V). After completing the adsorption, which took 45 min, CO, was always re-
moved from the solution with Ar and a voltammogram was recorded at a scan rate 0.05 V sh

The purity of the system was checked using Pt electrode. The fact that no additional currents were re-
corded after electrode polarization at potential in the double layer charging region indicated that both so-
lutions and CO, gas supply were free from impurities like CO or “organics”.

RESULTS AND DISCUSSION

General voltammetric behavior of Pt-Rh and Pd-Rh alloys. Figs. 1a and 1b
present cyclic voltammograms recorded in the full hydrogen-oxygen potential range
for Pt-Rh and Pd-Rh alloys, respectively. The CV curves are similar to those reported
previously in the literature [1,3,21,22,64]. One can distinguish hydrogen adsorption
(1) and desorption (2) signals (the hydrogen region), then a potential range free from
faradaic processes (the double layer region — 3), followed by surface oxides genera-
tion (4) and oxides reduction (5) currents (the oxygen region).

The hydrogen region on CV curves of Pt-Rh alloys (Fig. 1a) is narrower for higher
Rh content and it is getting wider when the increasing surface contribution of Pt
makes alloy surface properties closer to Pt. In the case of Pt-rich electrodes split hy-
drogen signals resemble two peaks attributed to strongly and weakly adsorbed hydro-
gen, typical of pure polycrystalline Pt [1-4]. On the other hand, Pd-Rh alloys can
absorb hydrogen [3,11,65], which is mirrored by the presence of additional current
signals (Fig. 1b) due to electrochemical hydrogen insertion (1') and removal (2').

In the oxygen region one should note various potentials of the onset of the pro-
cesses of surface oxidation (oxygen adsorption) and surface oxides reduction (oxy-
gen desorption). For the Pt-Rh system surface oxidation starts at potentials
intermediate between those for pure Rh and Pt. The enrichment of the alloy surface
with Ptresults in the onset of surface oxides generation markedly shifted to higher po-
tentials. Interestingly, in the case of Rh-rich Pd-Rh alloys the process of surface ox-
ides formation happened to begin at a potential as low as for pure Rh. As it can be seen
in Fig. 1a, a single peak of surface oxides reduction (5) was observed for all Pt-Rh
electrodes independently of surface composition indicating phase homogeneity of
the alloy surface [1]. According to the method of surface composition analysis of ho-
mogeneous binary noble metal alloys [1,3,18-23], the potential of the oxygen
desorption peak (5) is a linear function of the surface composition. Since the surface
oxides on Rh are reduced at much lower potentials than on Pt, a lower peak potential
indicates a higher Rh content on the alloy surface. In contrast, the Pd-Rh system is not
homogeneous over the whole potential range [3,65]. The occurrence of a miscibility
gap is probably the reason for an asymmetric, wide signal of surface oxides reduction
observed on CV curves for some Pd-Rh electrodes (see dotted line in Fig. 1b).
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Figure 1. Cyclic voltammograms recorded in the full hydrogen-oxygen potential range, scan rate 0.05 V s™'. The surface compositions are calculated from the
potential of surface oxides reduction peak (signal 5). a) Pt-Rh alloys: — 62% Rh on the surface, --* 32% Rh on the surface, --- 3% Rh. b) Pd-Rh
alloys: — 86% Rh on the surface, --- 62% Rh on the surface, ‘- superficially heterogeneous alloy with phases containing ca. 61% Rh and 23%
Rh.
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Long potential cycling of Pd-Rh alloys resulted in the electrode surface becoming
heterogeneous, reflected by the splitting of the surface oxides reduction peak into two
signals [1]. Such surface modifications were not observed in the case of Pt-Rh alloys
subjected to the same procedure. The presence of two rather poorly separated surface
oxides reduction peaks causes certain problems with reliable accurate determination
of surface composition of a superficially heterogeneous Pd-Rh electrode. However,
when Rh content is high, this signal appears as a symmetric peak, whose potential can
be easily defined (solid line in Fig. 1b).

Carbon dioxide electrosorption. It has been found that carbon dioxide can be
adsorbed on the surface of Pt-Rh and Pd-Rh alloys in the range of potentials, where
underpotential deposition of hydrogen takes place. In the case of the Pt-Rh system
both elements are active in CO, adsorption and the reaction proceeds for the full com-
position spectrum, although the potential range of UPD H, i.e. the range accessible
for CO, adsorption, is narrower for higher Rh surface concentration. On the other
hand, in the case of the Pd-Rh system the decrease in Rh content on the surface mark-
edly weakens the alloy affinity to CO,, since hydrogen adsorbed on Pd atoms does not
take part in the reaction with CO, molecules [8,40,59,63]. For Pd-rich Pd-Rh alloys,
containing less than ca. 20% Rh on the surface, the amount of adsorbed CO, was neg-
ligible.

Figs. 2a—2d present voltammograms recorded after CO, adsorption (solid line)
together with blank curves (dotted line) recorded in the absence of adsorbed CO,, for
Pt-Rh alloys with various surface compositions. Figs. 3a—4e show the results of the
same kind of experiment performed on Pd-Rh alloys. CO, electrosorption was per-
formed for 45 minat0.015 V,i.e. a potential low enough to obtain high surface cover-
age with adsorbed hydrogen [1,3,4], but higher than the potential of the hydrogen
evolution reaction. The main features of the voltammograms recorded in the presence
of'the product of CO, adsorption are: (i) a decrease in hydrogen oxidation currents re-
flecting blocking hydrogen adsorption reaction on surface sites occupied by adsorbed
CO, and (ii) a peak of the adsorbate oxidation, placed at potentials in the double layer
or at the beginning of the oxygen region.

The influence of the presence of adsorbed CO, on hydrogen signals is different
for both alloys. In the case of Pt-Rh alloys, on which hydrogen can be adsorbed but
not absorbed in the bulk, all the oxidation currents in the whole hydrogen region are
markedly diminished when adsorbed CO, is present on the surface. On the other
hand, in the case of hydrogen-absorbing Pd-Rh alloys, the influence of adsorbed CO,
on hydrogen signals is varied, depending on the origin of a particular peak. The peak
at higher potentials originating from oxidation of adsorbed hydrogen again is signifi-
cantly decreased, while the peak placed at lower potentials, attributed mainly to oxi-
dation of absorbed hydrogen, is less affected by adsorbed CO,. The lowering of the
latter signal probably results from the fact that certain amount of adsorbed hydro-
gen is also oxidized in this potential range, although major part of the charge origi-
nates from oxidation of absorbed hydrogen. The little influence of the presence of ad-
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Figure 2. Cyclic voltammograms for Pt-Rh alloys after CO, adsorption for 45 min at 0.015 V: — 1% anodic scan, - next cycle; scan rate 0.05 V s,

Alloy surface composition: a) 62% Rh; b) 22% Rh; ¢) 32% Rh; d) 10% Rh.
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Figure 3. Cyclic voltammograms for Pd-Rh alloys after CO, adsorption for 45 minat 0.015 V: — I an-
odic scan, - next cycle; scan rate 0.05 V s™'. Alloy surface composition: a) 97% Rh; b) 87%
Rh; ¢) 71% Rh; d) 53% Rh; e) superficially heterogeneous alloy with phases containing ca.
96% Rh and 22% Rh.
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Figure 4. The influence of Rh surface concentration on the potential of the peak of adsorbed CO, oxida-
tion (E) on Pt-Rh and Pd-Rh alloys. CO, adsorption potential 0.015 V, time 45 min, scan rate
during adsorbate oxidation 0.05 V s

sorbed CO; on the bulk processes of hydrogen absorption/desorption has been dem-
onstrated in recent reports [8,63].

The general shape and potential of the peak of adsorbed CO, oxidation are differ-
ent for Pt-Rh and Pd-Rh alloys and for a given system change with surface composi-
tion. For the Pt-Rh system the increase in Rh surface content up to ca. 65% causes a
negative shift of the oxidation signal of adsorbed CO, (Fig. 4). At this alloy composi-
tion the potential of adsorbed CO,oxidation peak reaches minimum values, and a fur-
ther increase in Rh concentration shifts the position of that signal into higher
potentials. It means that on Pt-Rh alloys containing ca. 65% Rh on the surface the oxi-
dation of adsorbed CO, proceeds much easier than on pure Pt and Rh. Possibly for
higher Rh surface concentration an additional product of CO, adsorption is formed,
which is removed with a greater difficulty, i.e. at more positive potentials.

The comparison of CV curves recorded in the presence of adsorbed CO, (solid
line in Figs. 2 and 3) with those for clean alloy surfaces (dotted line) shows that there
are some differences in the mechanism of the adsorbate oxidation depending on the
kind of alloy and its surface composition. When Rh content on the surface of a Pt-Rh
electrode is high, the onset of adsorbed CO, oxidation overlaps with the beginning
partof the oxygenregion (see Fig. 2a), indicating on OH radicals (formed in the initial
stage of the process of surface oxidation) as the main oxidant species. On the contrary,
in the case of Pt-rich Pt-Rh electrodes CO, oxidation starts in the double layer region
(Fig. 2d), which suggests that adsorbed water molecules participate in the process of
adsorbed CO, oxidation. The position of CO, oxidation peak on Pt-Rh alloys with a
dominant amount of a particular component is similar to its position observed for pure
metals under similar experimental conditions [35,41,47,52,61]. One should also note



1130 H. Siwek, M. Lukaszewski and A. Czerwinski

that for alloys with high Rh surface content this signal is rather broad, in contrast to a
sharp and narrow peak observed on Pt-rich electrodes. For Pd-Rh alloys the flat and
broad peak of oxidation of adsorbed CO, is always placed at a potential higher than
that corresponding to the onset of surface oxidation (see Figs. 3a—3¢) and its descend-
ing part extends far into the oxygen region. The potential of the peak of oxidation of
adsorbed CO, on superficially homogeneous Pd-Rh alloys also increases with the de-
crease in Rh surface content (Fig. 4). Interestingly, for Pd-Rh electrodes of heteroge-
neous surfaces (obtained after long potential cycling from an initially homogeneous
Pd-Rh electrode) this peak potential was slightly lower than for the homogeneous
ones (compare Fig. 3e with Figs. 3a—3d). However, it was very difficult to correlate
the peak position with alloy surface composition, since due to splitting of surface ox-
ide reduction peak into two wide and poorly defined signals it was possible to make
only a rough estimation of the composition of particular surface phases.

In the case of Pt-Rh alloys of Rh surface content higher than ca. 80% the surface
composition was very unstable, as could be concluded from changes in surface oxide
reduction peak observed during CO, adsorption experiments. It might mirror the
modifications of surface composition resulting from the interactions of Pt and Rh atoms
with CO, molecules, which lead to the surface enrichment in one of alloy compo-
nents. However, further investigations are needed to explain the nature of this phe-
nomenon.

From the voltammetric signals it is possible to derive some quantitative data con-
cerning the nature of the product of CO, adsorption. The ratio of the “CO,” oxidation
charge (Q%"02 ) to the difference between the charges of hydrogen oxidation in the ab-
sence and presence of “CO,” (AQpg) can be treated as the eps (electron per site) value,
i.e. a number of electrons taking part in the process of the adsorbate oxidation from
one surface site:

eps =Q%"02/AQH (1)

If we assume that CO, adsorption does not influence the amount of absorbed hy-
drogen,i.e. all changes in hydrogen oxidation currents should be the result of reaction
between CO, and adsorbed hydrogen, such a calculation also gives eps for CO, ad-
sorption on Pd-Rh alloys. However, in the case of Pd-Rh alloys of Rh surface concen-
tration lower than ca. 40% a reliable calculation of eps was impossible due to small
amounts of adsorbed CO, resulting in a poorly defined oxidation signal.

Fig. 5 presents eps values plotted against Rh surface concentration for both Pt-Rh
and Pd-Rh homogeneous alloys of stable and well defined surface compositions. In
general the values are not integers indicating a mixed nature of the adsorbate, com-
posed from at least of two kinds of species of different eps. In the case of eps values
between 1 and 2 the products of 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 multi-bonded C—H or C—OH species,
suggested earlier for Rh electrodes [34,35]. Recently, it has been confirmed spectro-
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Figure 5. The influence of Rh surface concentration on the eps (electron per site) values calculated for
CO, adsorption on Pt-Rh and Pd-Rh alloys. CO, adsorption potential 0.015 V, time 45 min,

scan rate during adsorbate oxidation 0.05 V s\

scopically that on Rh electrodes some additional CO, adsorption products exist
which are more reduced than adsorbed CO [54].

We have found that the eps values (calculated for the same adsorption potential)
are higher in experiments performed on alloys containing more Rh on the surface than
for those conducted on alloys with lower Rh content (see Fig. 5). Although on the ba-
sis of the eps values obtained from electrochemical experiments we cannot determine
definitely the structure and composition of adsorbed CO,, we can state that the alloy
surface composition affects the nature of the adsorbate. Interestingly, for a fixed Rh
content, eps calculated for Pd-Rh alloys are lower than those for Pt-Rh alloys. This
quantitative difference might reflect a qualitatively different nature of the adsorbate
present on each alloy. Such behavior is possible due to the fact, that in the Pt-Rh sys-
tem both components can adsorb CO,, while in the Pd-Rh system only one component
does, i.e. Rh. However, the changes in eps values for Pd-Rh alloys with Pd content
suggest that despite the inertness of Pd atoms in CO, adsorption reaction their pres-
ence on the electrode surface affects the behavior of CO, molecules towards Rh
atoms in Pd-Rh alloys.

It is noteworthy that for both alloys with the increase of the Rh content on the sur-
face the eps values approach those obtained for pure Rh. It probably mirrors the fact,
that the electrode surface of Rh-rich Pt-Rh and Pd-Rh alloys possesses adsorption
properties similar to Rh. On the other hand, the behavior of the product of CO, ad-
sorption on Pt-rich Pt-Rh alloys is similar to that observed for Pt, in respect of eps val-
ues close to unity and the adsorbate oxidation proceeding in the double layer region.
The substantial differences in the processes of CO,electrosorption on Pt and Rh elec-
trodes were proved earlier using radiochemical methods [35].
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CONCLUSIONS

1. Carbon dioxide can be adsorbed on Pt-Rh and Pd-Rh alloys in a reaction of CO, mole-
cules with underpotentially deposited hydrogen. In the case of the Pt-Rh system CO,
adsorption occurs for the whole composition range. In the case of the Pd-Rh system
the decrease in Rh surface content markedly weakens alloy ability to adsorb CO,.

2. The presence of adsorbed CO; causes diminution of currents originating from hydro-
gen adsorption on both Pt-Rh and Pd-Rh alloys, but it has much less influence on si-
gnals connected with hydrogen absorption.

3. Under fixed experimental conditions (adsorption time, potential and scan rate) the
shape and potential of oxidation peak of adsorbed CO» depend on the alloy surface
composition. In the case of Pt-rich Pt-Rh alloys this signal is placed in the double layer
region, while for Rh-rich Pt-Rh alloys and Pd-Rh alloys it is placed at the beginning of
the oxygen region. It suggests some differences in the mechanism of the adsorbate
oxidation depending on the kind of alloy and its surface composition. In the case of
Pt-Rh alloys containing ca. 65% Rh on the surface the oxidation of adsorbed CO,
occurs at potentials markedly lower than on pure Pt and Rh.

4. The number of electrons required for the oxidation of adsorbed CO, from one surface
site (eps) calculated for given adsorption conditions increases with the increase in Rh
content on the alloy surface. It means that the structure of the adsorbate is altered with
alloy composition.
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