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This paper describes the preparation of a Pt-Rh alloy surface electrodeposited on Pt electrodes and its
electrocatalytic characterization for methanol oxidation. The X-ray photoelectronic spectroscopy
(XPS) results demonstrate that the surface composition is approximately 24 at-% Rh and 76 % Pt. The
cyclic voltammetry (CV) and electrochemical quartz crystal (EQCN) results for the alloy were
associated, for platinum, to the well known profile in acidic medium. For Rh, on the alloy, the
generation of rhodium hydroxide species (Rh(OH); and RhO(OH);) was measured. During the
successive oxidation-reduction cycles the mass returns to its original value, indicating the reversibility
of the processes. It was not observed rhodium dissolution during the cycling. The 76 / 24 at % Pt-Rh
alloy presented singular electrocatalytic activity for methanol electrooxidation, which started at more
negative potentials compared to pure Pt (70 mV). During the sweep towards more negative potentials,
there is only weak CO re-adsorption on both Rh and Pt-Rh alloy surfaces, which can be explained by
considering the interaction energy between Rh and CO.
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1. INTRODUCTION

The electrocatalytic oxidation of small organic molecules has been extensively studied due to
the interest in the development of fuel-cell anodes [1 - 3]. Several systems have been investigated with
the aim of reducing the level of CO poisoning that occurs during the oxidation of methanol, ethanol,
formic acid or formaldehyde at Pt-group electrodes [4 - 7].

The study of alloy surfaces is interesting as it is well known that alloying modifies the catalytic
properties of transition metals [8] and can also reduce poisoning by CO. Different kinds of alloys have
been investigated: Pt-Ru [9], Pt-Sn [10], Pt-Mo [11,12] and Pt-Rh [13]. Among these, several papers
report that for Pt-Ru there is a considerable reduction in CO poisoning during methanol oxidation
[14,15]. Also, it is widely accepted that Pt-Ru alloys are the most active electrocatalysts for methanol
oxidation. But alloying Pt with oxophilic metals, such as Sn and Rh, can also result in a reduction of
the methanol oxidation overpotential [15]. Besides, recently [16], Pt-based binary or ternary catalysts
containing Rh for use as anodes in direct methanol fuel cells (DMFC) have been synthesized by
borohydride reduction method combined with freeze-drying. This proposal shows that the Pt/Rh (2:1)
and Pt/Ru/Rh (5:4:1) alloy catalysts showed better catalytic activities for methanol electrooxidation
than Pt or Pt/Ru (1:1), respectively. However, the specific role of Rh in alloy catalysts was not
evaluated.

The enhancement of the catalytic activity when Pt-Ru alloys are used for methanol
electrooxidation is generally related to their superior CO tolerance, as explained by the bifunctional
mechanism [17] or by electronic effects [18 — 20]. A mechanism involving a mixture of the two effects
has recently been proposed by Waszczuk et al. [18].

Many techniques are used for preparing and characterizing electrodeposited films [21 - 23].
Among them, the EQCN technique is an important approach for the investigation of adsorption and
electrodeposition processes [24 - 27]. Hence, the simultaneous measurement of the current, charge and
the mass changes during alloy electrodeposition, or during the redox processes at a metal or alloy,
make the combination of EQCN with cyclic voltammetry a powerful tool to investigate
electrochemical processes [21].

In this paper, the electrochemical and spectroscopic characterization of an electrodeposited Pt-
Rh alloy using an electrochemical quartz crystal nanobalance (EQCN) coupled with cyclic
voltammetry is reported. X-ray photoelectron spectroscopy (XPS) measurements were performed in
order to quantify the composition of the Pt-Rh surface. Finally, the electrocatalytic performance of the
alloy was evaluated for methanol oxidation using cyclic voltammetry and chronoamperometric
techniques.

2. EXPERIMENTAL PART

The working electrode was a Pt film deposited on a 9 MHz AT cut quartz crystal (provided by
Seiko EG&G PARC). The platinum electrode was cleaned by oxidation-reduction cycles in 0.1 M
HCIO,. The geometric area of the Pt electrode was approximately 0.2 cm” with a roughness factor of
1.15, as calculated by hydrogen desorption.
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The sensitivity factor for the EQCN was determined following the method described previously
[28— 30]. The value of the sensitivity factor thus obtained was 800 Hz ug™. The counter electrode was
a Pt foil with a geometric area of 0.5 cm®. The reference electrode was a hydrogen electrode in the
same solution (HESS).

The electroactive areas for Pt [31], Rh [32] and Pt-Rh alloy [33] electrodes were determined by
the H-UPD desorption charge. The values obtained for the electroactive areas were used to normalize
the cyclic voltammetric and electrochemical quartz crystal microbalance results. The thickness of the
catalytic Pt-Rh layer electrodeposited was 40 monolayers, measured by the mass versus time
experiment (Am = 14 ug cm™ or 3 g considering the surface area of 0.23 cm?).

The reagents used were HC1O0, (Merck Suprapur®), H,PtClg (Merck P.A.), and RhCl; (Merck
P.A.). All solutions were prepared with Millipore Milli Q water and purged with oxygen-free nitrogen.

The Pt-Rh alloy was electrodeposited at 0.05 V vs HESS for 300 s from a solution of 0.1 M
HCI1O, that contained 1.7 x 10* M H,PtClg and 3.33 x 10° M RhCl;. This alloy was characterized by
X-ray photoelectron spectroscopy (XPS) using a Kratos Analytical XSAM HS spectrometer having a
Mg Ka (hv= 1253.6 eV) X-ray source, with power supplied by the emission of 15 mA at a voltage of
13 kV. The high-resolution spectra were obtained with an analyzer energy of 20 eV. An Argon ion flux
was employed to sputter the surface, with energy of 4 keV, emission of 10 mA and incidence angle of
45°. The samples were analyzed at the electron take-off angle, 90° and 45°, measured with respect to
the surface plane. The Shirley background, mixed Gaussian/Lorentzian functions and a least-square
routine were used for peak-fitting. The XPS spectrum related to the PtRh alloy was measured after,
immediately, removing the sample from the electrochemical cell. However, neither contamination with
carbon, oxygen and chlorine atoms nor any evidence of these atoms using cyclic voltammetry and
EQCM was observed.

Electrochemical and frequency measurements were carried out at room temperature (25 °C)
using a model 273 EG&G PARC Potenciostat and a model QCA917 Seiko EG&G PARC quartz
crystal analyzer, both controlled by an IBM-type PC-486 microcomputer using EG&G PARC M270
software.

3. RESULTS AND DISCUSSION

Figure 1 presents the Pt 4d (1 and 2) and Rh 3d XP-spectra (3 and 4) for the Pt-Rh alloy for the
take-off angle of 90°. An overlap of Rh 3d;,, and Pt 4ds,, occurs at around 312 eV (3). For the binding
energy of the Rh 3d doublet (around 950 eV), the escape depth is approximately 6 monolayers for the
take-off angle of 90° and approximately 4 monolayers for the take-off angle of 45°. The concentration
of Rh was evaluated to be 24 at-%.

The cyclic voltammetric profiles for the Pt electrode (solid line), Rh (2.3 monolayers)
electrodeposited on the Pt electrode [34] (dotted line) and Pt-Rh alloy (dashed line) obtained from a
0.1M HCIOy solution are presented in Figure 2a. The behavior of the Pt electrode is described in the
literature [30,35]. For the Pt electrode presents typical behavior that corresponds to: i) underpotential
deposition and desorption of H at E = 0.05 to 0.4 V, ii) double layer region at E = 0.4 to 0.8 V and iii)
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Pt oxide formation in the potential range between 0.8 and 1.55 V. When the potential sweep is
reversed, the opposite reactions occur [30,35].

Intensity / Arb. Units
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Figure 1. Pt 4d and Rh 3d XPS-spectra for Pt-Rh alloy, acquired at a take-off angle of 90°.

The corresponding mass response for the Pt electrode is presented in Figure 2b. During the
positive potential sweep, the following reactions occur: a) H UPD desorption and water incorporation
on the electrode surface (between 0.05 and 0.4 V, A m = 40 ng cm'z), b) adsorption of anions (ClO4".2
H,0) between 0.4 Vand 1 V (Am =20ng cm™) and ¢) Pt oxide formation (0.8 and 1.55 V, Am =40
ng cm™). During the negative potential sweep (1.55 to 0.05 V), reduction of Pt oxide, desorption of
anions and water and H adsorption occur, leaving the surface with the original mass value [30,36,37].

For the Rh electrode (electrodeposited on a Pt substrate), the cyclic voltammetric profile
presented in Figure 2a can be described by: i) hydrogen adsorption on the Rh layer (0.05 to 0.3 V), ii)
Rh oxidation (0.3 to 1.1 V) and the formation of Rh(OH); (Am = 100 ng cm™) and iii) Rh(OH);
oxidation to RhO(OH); (Am = 40 ng cm’z). Sweeping the potentials towards more negative values,
total Rh oxide reduction and H adsorption on Rh occur. The formation of rhodium oxide species was
recently described by Oliveira et al. [34] as:

Rh +3 H,0 — Rh(OH); +3H" +3 ¢ (03-1.1V) (1)
Rh(OH); + HO — RhO(OH); + 2 H" + 2¢ (1.1-1.55V) (2)

The results obtained here are in agreement with this mechanism.

The voltammetric behavior of the Pt-Rh alloy (24 at-% Rh) is presented in Figure 2a. A mixed
profile that involves both Pt and Rh can be observed, as expected for Pt-Rh alloys [38]. However, Rh
dissolution was not observed in the results obtained here, contrary to those described for Pt-Rh in
H,S04 solutions [38,39].
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The mass profile for the Pt-Rh alloy (Figure 2b) can be described as: i) formation of rhodium
hydroxide (Rh(OH); between 0.35 and 1.1 V (reaction 1), ii) formation of PtO and RhO(OH); between
1.1 and 1.55 V. During the reverse sweep the oxide reduction process occurs at different potentials:
for PtO at 0.7 V and RhO(OH); between 0.5 V and 0.05 V. A secondary reaction (H adsorption) was
also expected in the same region as rhodium oxide reduction, as described for Rh electrodeposited on
Pt [34]. Using surface composition obtained by XPS (24 at-% of Rh and 76 at-% of Pt), the
nanogravimetric data (see Figure 2b) can be ascribed to: i) hydrogen desorption from Pt (coverage of
76 at-%) with simultaneous water adsorption (31 ng cm™) between 0.05 and 0.35 V, ii) rhodium oxide
formation (Rh(OH)3) (coverage of 24 at-%, Am = 25 ng cm™), anion adsorption on Pt (coverage of 7
at-% — ClO4.2 H,O, Am = 19 ng cm'z), platinum oxide formation (coverage of 76 at-%, Am = 31 ng
cm'z) and rhodium oxide formation RhO(OH); (coverage of 24 at-%, 10 ng cm'z). The overall mass
variation between 0.35 V and 1.55 V was 85 ng cm™, which is close to the experimentally obtained
value (90 ng cm'z).
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Figure 2. (a) Voltammetric profile of: Pt (solid line), Rh (dotted line) and Pt/Rh alloy (24% Rh,
dashed line). (b) Mass profile of: Pt (solid line), Rh (dotted line) and Pt/Rh alloy (24% Rh, dashed
line). The electrolyte was 0.1 M HCIO4 and the sweep rate =0.1 V s
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Comparing Figures 2a and 2b, it becomes clear that the oxidation of the surface that contains
24 at-% Rh begins at 0.3 V (represented by the current and mass increases), which is more negative
than that observed for the pure Pt surface (0.8 V). It can be proposed that the enhanced behavior for
methanol oxidation at the Pt-Rh alloy (compared to Pt) could be due to the generation of rhodium
oxide species (Rh(OH)y) at these low potentials.
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Figure 3. Voltammetric profile of methanol oxidation (0.5 M) in 0.1 M HCIlO; at polycrystalline Pt
(solid line), at Rh (dotted line) and at Pt/Rh alloy (24% Rh, dashed line). Sweep rate = 0.1 V s

In Figure 3 methanol oxidation was investigated over three substrates: Pt (solid line), 2.3
monolayers of Rh (dotted line) and Pt-Rh alloy with 24 at-% of rhodium (dashed line). In the presence
of methanol Pt presents the well-known oxidation profile [40,41] characterized by two oxidation peaks
at 0.85 V and 1.25 V during the positive sweep. The first process is attributed to the oxidative removal
of adsorbed/dehydrogenated methanol fragments (CO,qs for example) by oxygen-containing species
PtOH [42,43]. During this process, which occurs at 0.85 V, CO, CO,, HCOOH, HCOH, and
HCOOCH; are formed and CO molecules are re-adsorbed, poisoning the surface [40,44]. The second
anodic process (current peak at 1.25 V) can be attributed to the oxidation of the species produced
[45,46]. During the sweep toward negative potentials from 1.55 V to 0.05 V, the Pt oxide is reduced.
This process reactivates the surface and the methanol oxidation reaction occurs as indicated by the
presence of an intense anodic peak in the double-layer region at 0.69V. Fig. 3 (dotted line) presents the
behavior of 2.3 monolayers of Rh electrodeposited on Pt, which displayed poor catalytic activity for
methanol electrooxidation in the positive sweep. As it has been proposed recently [47] using both
electrochemical and surface-enhanced raman spectroscopic studies show Rh has no discernible activity
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toward the electrooxidation or dissociation of methanol in acidic solutions. Rh becomes active and its
activity increases with the decrease of the solution acidity. Besides, it has been discussed using first
principles quantum mechanics [non-local density functional theory (B3LYP)] [48] that the overall
methanol oxidation reaction can be considered in three stages in transition metals (Pt, Ir, Os, Pd, Rh,
and Ru): (1) dehydrogenation of methanol, (2) dehydrogenation of water, and (3) formation of the
second C-O bond. For pure Pt, it has been found that (CO),g; is the thermodynamic sink in the reaction,
in agreement with experimental evidence that this species poisons catalytic activity if not actively
removed from the surface. In the six metals including rhodium, methanol dehydrogenation is most
facile on Pt. For water dehydrogenation, Ru is the most active while Pt performs very poorly. These
results support the bifunctional mechanism of Pt-Ru or Pt-Rh whereby Pt is responsible for the
dehydrogenation of methanol and Rh or Ru for the dehydrogenation of water.

During the potential sweep toward negative potentials from 1.55 to 0.05 V the behavior
observed (a low current for methanol oxidation) is suggested to be explained by weak CO re-
adsorption on the electrode surface. Van Santen [49] observed the weak interaction between CO and
Rh. Furthermore, the high energy for CO adsorption on Rh [50], as compared to Pt, can probably
explain the low currents observed for methanol oxidation on Rh. Furthermore, methanol
dehydrogenation is easier on Pt compared with rhodium [48].

Methanol electrooxidation at the Pt-Rh alloy is presented in Figure 3 (dashed line). In
agreement with literature data, the best Pt-Rh alloy composition for methanol electrooxidation is of
about 20-30% at % in Rh where there is a synergistic effect which causes the highest activity [38,39].
Furthermore, the catalytic activity of Pt-Rh alloys for oxidation of pure-hydrogen or CO-contaminated
hydrogen exhibited a maximum at 24 % Rh [33]. For these reasons, it was decided to use the
composition 24% at % in Rh. Methanol oxidation on a Pt electrode starts at 0.42 V vs. HESS. At the
alloy, electrooxidation begins 70 mV more negative than for the Pt electrode. The anodic peak
potential for methanol oxidation at the Pt-Rh alloy was also observed to be more negative (0.79 V)
than at Pt (0.87 V). In the reverse sweep the alloy displayed a significant decrease in the CO re-
adsorption process and the current density peak is at 0.7 V vs. HESS. The decrease in the re-adsorption
process it is suggested to be explained by the repulsive interaction of CO with hydroxide species that
are present in the alloy [49] Thus, the voltammetric results for methanol oxidation on the Pt-Rh alloy
showed an enhanced activity when compared to Pt. In fact, this behavior can probably be explained by
considering the generation of oxygenated Rh species (Rh(OH)) at more negative potentials when
compared to Pt, as described for Figures 2a and 2b, and this effect could be associated with the
bifunctional mechanism that has been discussed for other binary systems [17,40]:

Rh + H,O — RhOH + H" + ¢ (1)
Pt + H;COH — Pt-COH + 3 H" + 3¢ 2)
RhOH +Pt-COH — CO, + 2 H + 2¢ 3)

As suggested for Ru [18], another important factor could involve a change in the electron
density of Pt, which leads to the weakening of the CO-Pt bond, or a mixture of both effects.
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The chronoamperometric experiments performed at 0.5 V vs. HESS (Figure 4) demonstrated
that the Pt-Rh alloy (dashed line) presented higher electrocatalytic activity compared to Pt (solid line).
It can be observed that the oxidation current for methanol (0.5M) in HCIO, at Pt decreases rapidly
compared to the Pt-Rh alloy, due to irreversible CO poisoning. The Pt-Rh alloy studied here presents
higher activity for methanol oxidation than pure Pt (the current during constant polarization is about
280 % higher for Pt-Rh compared to Pt). The current increase is due to a reduced amount of CO
adsorption. This reduction is the result of the generation of oxy-hydroxyl species at more negative
potentials when Rh is present (24 at-%) than for pure Pt. These rhodium hydroxide species react with
the CO adsorbed on Pt and liberate sites for methanol oxidation.
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Figure 4. Chronoamperometric measurements of methanol oxidation at (a) Pt (solid line) and (b) Pt-
Rh alloy (24% Rh, dashed line). Eox = 0.5 V and t = 20 min. [H3COH] = 0.5 M in 0.1 M HCIO,.

Although, the results for methanol oxidation over the Pt-Rh showed as enhancement of the
eletrocatalytical performance when compared to platinum, the Pt-Ru alloy [51] showed a higher
catalytic activity than that one here measured. However, the catalytic activity depends on the ratio of
Pt, Ru or Rh in the alloy. Recently [16], it was pointed out that Pt/Rh (2:1) and Pt/Ru/Rh (5:4:1) alloy
catalysts showed better catalytic activities for methanol electrooxidation than Pt or Pt/Ru (1:1),
respectively. Then, considerable effort continues to be focused on the developed of a new ternary or
quaternary alloy catalysts [16,52]. These alloys will be a theme of our further work.

4. CONCLUSIONS

In this paper the XPS, EQCN and voltammetric characterization of Pt-Rh alloy surface has
been described. The effect of this alloy surface on methanol oxidation was also investigated. XPS
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experiments indicate the formation of a Pt-Rh alloy with a composition of 24 at-% Rh and 76 at-% Pt.
The EQCN and cyclic voltammetric measurements indicated that the mass and current profiles can be
ascribed as: 1) the oxidation of rhodium with the formation of Rh(OH); and RhO(OH); (24 at-%) and
ii) the processes of hydrogen adsorption/desorption on Pt, Pt oxide formation and reduction (PtO) and
anion adsorption (Cl104 2H,0) (taking into account 76 at-% of exposed platinum).

The electrocatalytical activity of the Pt-Rh alloy surface is improved because the
electrooxidation potential of methanol is 70 mV more negative than for Pt. The density current for
methanol oxidation over the Pt-Rh alloy is also higher than on Pt before 0.8 V. In addition, during the
reverse sweep there is only weak CO re-adsorption, which is associated with the weak interaction of
CO with Rh, the high energy of CO adsorption on Rh and the repulsive interaction between rhodium
hydroxide and CO.

Chronoamperometric measurements for methanol oxidation presented a current increase of
approximately 280 % for the Pt-Rh alloy compared with pure platinum during constant polarization
(0.5 V) for 20 minutes. This observation indicates that there is a reduction in the poisoning effect of
strongly adsorbed CO molecules, which is related to the presence of rhodium in the alloy and the
generation of oxy-hydroxyl species at more negative potentials than for Pt.
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