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CO celectrooxidation on a Pt—Ru/C catalyst was investigated in sulphuric acid electrolyte. The
physico-chemical properties of the Pt—Ru/C catalyst were studied by X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). The influence of temperature, CO partial pressure and
proton concentration on the electrochemical oxidation rate was investigated by steady-state gal-
vanostatic polarization measurements. The apparent activation energy decreased from 70 to
30 kI mol™! as the overpotential increased from 0.5 to 0.9 V vs NHE. The reaction order with respect
to carbon monoxide increased, passing from 0.4 to 1, with the increase of the overpotential from 0.5

to 0.7V vs NHE; a reaction order close to —1 with respect to the protonic concentration was

observed, irrespective of the potential. Tafel slopes of about 136 mV dec™

oxidation of CO and CO/N, mixtures.

! were determined for
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1. Introduction

CO electrooxidation is a major item in the electro-
chemical conversion of hydrogen-rich carbon based
fuels for energy purposes. As is well known, CO acts
as a strong deactivating agent for the anode electro-
catalyst in low temperature fuel cells [1-5]. This re-
action has been widely investigated on porous gas-
diffusion electrodes composed of carbon supported Pt
catalyst especially in relation to the CO poisoning of
phosphoric acid fuel cell anodes [6-15]. Dhar and
coworkers [13, 15] observed that the anodic overpo-
tential increased linearly with In(CO/H,) at low cur-
rent densities in phosphoric acid. The same authors
[15] have also determined the activation energy for the
oxidation of various CO/H, mixtures on porous Pt/C
electrodes in H;PO,4 at temperatures above 110 °C.
Encouraging catalytic performance has been
recently reported for Pt—Ru alloy-based electrodes in
the electro-oxidation of H,/CO mixtures [16, 17]. In
contrast to pure Pt, these binary catalysts appear to
facilitate the reaction path through the nucleation of
oxygen-containing species on the alloying component
at low potentials, therefore promoting the oxidation
of adsorbed CO, according to a widely accepted
bifunctional mechanism [18]. All these fundamental
studies, carried out on well defined Pt—Ru surfaces
(bare electrodes) have led to a good understanding of
the elementary steps of the process occurring on the

0021-891X © 1997 Chapman & Hall

catalyst material. On the basis of the previous results,
it was considered of interest to investigate the
CO electrooxidation process using carbon supported
Pt—Ru gas diffusion electrodes of the type commonly
employed in low-temperature fuel cells.

A significant complexity encountered in studying
electrode kinetics at porous electrodes concerns the
evaluation of diffusion and ohmic overpotentials [19].
These are, in fact, so strictly connected with electron
transfer kinetics to make the deconvolution of the
electrode polarization into its components difficult.
Gas-diffusion electrodes based on carbon black sup-
ported Pt or Pt-alloy catalysts consist of a distribu-
tion of pores with different radii (micro- and
macropores) and shapes, often interconnected and
with a significant degree of tortuosity. Although
various physical models have been proposed, which
take into account the wetting characteristics of the
catalytic layer [20-24], the penetration of current
inside electrode pores is not yet well known under
real operating conditions. For electrodes with partial
wetting behaviour two cases are mainly considered
[25]. In the first case, a thin film extends out above the
meniscus at the electrode—electrolyte interface and
maintains a constant thickness over the catalyst; in
the second case there is a finite contact angle.
Recently, a.c. impedance studies of oxygen reduction
at PTFE-bonded gas-diffusion electrodes in sulphuric
acid have shown that the electrochemical data may be
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suitably fitted by the thin film model of porous elec-
trodes [26]. In the case of the thin film electrolyte
there is a relative uniformity of current inside the
pores even at high current densities [25]. The con-
centration gradient of electroactive species between
the film—gas interface and the catalyst sites is gov-
erned by both diffusion coefficient of the reactant and
thickness of the film within the pores as well as by
Tafel kinetics. Notwithstanding the above difficulties,
derivation of electrode-kinetic parameters for high
surface area catalysts is of fundamental importance
since, small Pt or Pt-based alloy particles, having a
significant fraction of surface atoms behave differ-
ently from bulk materials. Furthermore, application
of a.c.-impedance analysis to electrode polarization
allows the determination of the ionic resistance
within the pores [26], hence, the ohmic overpotential
can be evaluated at the various current densities.
Besides, an evaluation of the contribution of mass-
transport to the electrode polarization could be made
by digital simulation of current-potential data [27].
Thus, the aim of this study was to understand to
what extent the results obtained for CO oxidation
on smooth electrodes were also valid for dispersed
Pt—Ru particles supported on carbon.

2. Experimental details

A 20%Pt-10%Ru catalyst supported on a high sur-
face area, conductive carbon black (Vulcan XC72)
was purchased from Electrochem. Inc. (Woburn,
MA). XRD analysis was carried out with a Philips
X-Pert diffractometer using a Cuk, source. The XPS
measurements were performed using a VSW Scientific
Instruments spectrometer (Manchester, England);
X-ray source was AlK, operating at a power of
150 W. The samples were introduced into the spec-
trometer using a separate differentially pumped fast
entry chamber, then into desorption chamber in
ultrahigh vacuum for desorption of high volatile
species adsorbed on carbon support, and finally into
the analyser chamber.

Porous electrodes comprised a Teflon -bonded
Pt—Ru catalyst layer deposited onto a wet-proofed
carbon paper acting as diffusion layer. The electrodes
were prepared by first mixing the catalyst powder
with water at 60°C in an ultrasonic bath. Subse-
quently, a suspension of polytetrafluoroethylene
(PTFE) was added to the catalyst up to obtain a 40%
PTFE loading in the catalytic layer. The as-obtained
paste was spread by doctor-blade technique over a
Toray carbon paper (Toray TGP 90) wet-proofed
with a solution of fluoroethylenepropylene polymer
(FEP T120, DuPont). The electrode was pressed at
70°C under 15kgem™ for 30 min, then treated in air
at 350°C for 25min. The platinum loading in the
electrodes was 0.5 mgcm ™.

Electrochemical measurements for the electrooxi-
dation of carbon monoxide and CO/N, mixtures
were carried out at various H,SO, concentrations
(0.5, 1, 2.5, 4m). The apparatus consisted of a water-

thermostated three-electrode cell. The gas diffusion
electrode was mounted into a Teflon holder con-
taining a Pt ring current collector. The electrode area
exposed to the electrolyte was 0.5cm?®. A large area Pt
gauze was used as counter electrode. An AMEL
saturated calomel reference electrode (SCE) was
placed in an external compartment filled with the
same electrolyte and connected to the main body with
a Luggin capillary whose tip was placed appropri-
ately close to the working electrode. Electrode
potentials in the text were reported with respect to the
normal hydrogen electrode (NHE). The electro-
chemical cell was connected to an EG&G PAR model
273-A potentiostat/galvanostat and a Solartron 1255
frequency response analyser. Series resistance values
were obtained from a.c. experiments.

3. Results
3.1. X-ray diffraction analysis

The X-ray diffraction pattern of 20%Pt—10%Ru/C
catalyst is shown in Fig. 1. The catalyst exhibits the
diffraction peaks of the Pt f.c.c. structure (JCPDS
4-802) and the C(002) reflection of graphitic carbon
black. A lattice parameter of 390.5pm was deter-
mined by least-squares fitting of the (22 0) reflection
(see inset in Fig. 1) which accounts for the presence of
a Pt—Ru solid solution.

The average particle size of the catalyst was de-
termined from the broadening of the (22 0) reflection
by using the Debye—Scherrer equation. The full width
at half maximum (FWHM) value was corrected for
the instrumental broadening by using the Warren
formula. A mean particle size of 3.8 nm was deter-
mined for the Pt—Ru particles in the catalyst.

3.2. XPS analysis

The XP spectra of the Pt—Ru catalyst are shown in
Fig. 2(a)—(c). The C 1s signal (Fig. 2(a)) from carbon
support at about 284.6eV overlaps to Ru 3d3)
(284 eV) peak, averting the investigation of oxidized
Ru species in this spectrum.

More detailed information is obtained by the
investigation of Ru 3p;/, signal (Fig. 2(b)). This lat-
ter derives from the contribution of two components
with binding energy of 463.37 and 466.90eV having
84% and 16% relative intensities, respectively; such
peaks could be attributed to RuO, and RuO; species
[28]. Yet, the large width (~ 4¢eV) of the main peak
would suggest that it derives from the convolution of
two species with similar binding energies [29], asso-
ciated with RuO, species and Ru atoms in the alloy.

The Pt 4f signal for the Pt—Ru/C sample is shown
in Fig. 2(c). To achieve a consistent fit of the spectral
data, three components were needed for the Pt 4f; ),
at binding energies 71.78 (Pt°), 73.20 (Pt") and
74.65eV (Pt'V) [30, 31]. The oxidized Pt(i1) and Pt(1v)
species (Fig. 2(c)) show a significantly lower relative
intensity with respect to zero valent Pt.
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Fig. 1. X-ray diffraction pattern of carbon supported Pt—Ru catalyst. C indicates the graphitic carbon. The inset shows the Pt—-Ru (220)

peak profile fitting.
3.3. Electrochemical polarization experiments

Figure 3 shows the steady state galvanostatic polar-
ization for 50 kPa CO at 70°C for different H,SO,
concentrations (0.5, 1, 2.5, 4Mm). The shape of the
curves denotes strong activation control at low cur-
rent densities, afterwards mixed ohmic losses and
mass transfer limitations influence the polarization
behaviour [27]. An increase in the electrolyte con-
centration negatively affects the electrocatalytic per-
formance, consistently with the hydrogen ions release
in the electro-oxidation of methanol. Furthermore, as
the concentration of sulphuric acid increases, the
sulphate ions compete with water dipoles for the
electrostatic adsorption on the electrode surface. This
effect may depress the water discharging reaction
which is involved in the oxidation of adsorbed
CO species. The series resistance values (R,) were
obtained from a.c. experiments by the high frequency
intercept on the real axis of the Nyquist plot [32]. The
observed values vary significantly with the electrolyte
concentration, decreasing from 0.35Qcm? to
0.2Qcm? as the sulphuric acid concentration in-
creases from 0.5 to 4 M, and they increase only slightly
with the current density (< 0.03 Qcm?). Series resis-
tance values were employed for the correction of
ohmic drop effects in the derivation of electrode-
kinetic parameters. No significant evidence of Ru
dissolution during electrode polarizations is observed
in the absence of CO, even when the positive potential
limit is above 0.75V vs NHE (see inset in Fig. 3).
The temperature-activated nature of the reaction is
denoted in Fig. 4, where higher overpotentials are
recorded as temperature decreases from 70 to 40 °C.

Figure 5 shows the Arrhenius plots at potentials
varying between 0.5 and 0.9V vs NHE. Activation
energies (E,) [15] in the range 30-70kJmol™" for
50kPa CO are observed. As shown in Fig. 6, a nearly
two-fold decrease in E, is observed passing from 0.5
to 0.9V vs NHE. This is thought to be connected
with a significant potential activation of the rate-
determining step (r.d.s.); besides, the formation of a
suitable coverage for the species involved in the r.d.s.
could be strongly dependent on the potential. At low
overpotentials, the water discharging is impeded due
to the large affinity of the catalyst surface towards
CO adsorption (~ 120 kI mol™') [33], whereas at high
overpotentials (0.9 V vs NHE) formation of platinum
oxide can hinder the strong adsorption of carbon
monoxide at Pt.

3.4. Effect of CO partial pressure on the
electrooxidation process

Figure 7 shows the polarization curves obtained at
different CO partial pressures (5, 10, 50, 100 kPa). At
low current densities the overpotential decreases
passing from 5 to 50 kPa CO, then it increased again
passing from 50 to 100 kPa CO. At current densities
above 50mA cm™ the performance of the polariza-
tion curve in presence of 10 kPa CO is better than in
100kPa CO, although mass transfer limitations are
observed above 200mA cm ™ in the first case. The
results suggest that the increase of CO coverage on
the electrode surface with the increase in partial
pressure produces a significant increase of the reac-
tion rate, yet, this reaches a maximum for the 50 kPa
CO in N, mixture, after that a decrease is observed
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Fig. 2. X-ray photoelectron spectra of the Pt-Ru/C catalyst. The
experimental spectra are shown by dots and the fitted spectra by
lines.

for 100 kPa CO. It appears that a large coverage of
catalyst sites by strongly adsorbed CO could hinder
the water discharging process that produces OH,g4s
species participating to the bimolecular reaction.
Carbon monoxide is strongly adsorbed on both Pt
and Ru sites [16, 17], thus a competition between CO
and water molecules for these sites is established.

3.5. Tafel analysis

The variation of current density (/) with potential (E)
for an irreversible anodic process is described by the
following equation [34]:

RT . I,(I. — 1)

E=E. — In=
T meF L

where I, is the exchange current density, E., is the
reversible potential, n, is the number of eclectrons

+ IR, (1)

involved in the rate-determining step, « is the anodic
charge transfer coefficient. /i is the diffusion limiting
current, the other parameters have the usual mean-
ing. Iy values were obtained by an analytical least-
square regression procedure [27]. Series resistance
values were determined by the a.c. impedance meth-
od. Figures 8 and 9 show the ohmic drop and mass
transfer corrected Tafel plots [27] for the oxidation of
CO at two different partial pressures and proton
concentrations, respectively. A single Tafel region is
observed, which extends over almost three decades of
current density. It is interesting to note that the Tafel
slope (B) in all the cases is close to (3XI) or
136mVdec™! at 70°C, which could account for a
single electron transfer in the r.d.s.

3.6. Electrochemical rate equation for CO oxidation
on Pt—Ru/C catalyst

The previous results indicate that the reaction rate for
the electrooxidation of carbon monoxide is strongly
dependent on CO partial pressure and protonic
concentration, besides electrode potential and reac-
tion temperature. Accordingly, the reaction rate (r)
could be mathematically expressed as follows:

r =k PLoCO. exp(oan,Fiy/RT) (2)

where k is the intrinsic reaction rate, 5 is the over-
potential (5§ = F — Eyey), Pco is the CO partial pres-
sure and Cj; the proton concentration.

The reaction orders with respect to CO (y) and H ™"
(9), at various potentials, can be determined from the
ohmic drop-corrected polarization curves by plotting
In I against In Pco and In / against InCjf, respec-
tively; these plots are shown in Figs 10 and 11, res-
pectively. A suitable linear trend is observed only in
the range from 5 to 50 kPa CO in N, and at potentials
lower or equal to 0.7V vs NHE (Fig. 10). The slope
of In [ against In Pco increases with the overpoten-
tial, passing from about 0.4 at 0.5V to 0.5 at 0.6V
and to 1 at 0.7V vs NHE. The mass-transfer over-
potential, i.e., §oone = —(RT/nF)In(1 — (I/1L)) [35], is
estimated to be less than 20mV in the range of cur-
rent densities reported in the plots of Figs 10 and 11
at potentials below 0.7V vs NHE. The influence of
concentration polarization on the reaction order is
considered to be less than 10% of the estimated
value. From 50 to 100kPa CO partial pressure a
decrease of reaction rate is observed (Fig. 10), indi-
cating a negative reaction order probably due to a
partial blocking effect of Ru sites for water
displacement [36]. A similar analysis is carried out for
proton concentration. The reaction order with res-
pect to [H'] was determined from plots of In /
against In[H"] in the potential range from 0.5 to 0.9V
vs NHE; a value close to —1 is found, irrespective of
the potential (Fig. 11).

The variation of oxidation current as a function of
CO partial pressure (range 5-50 kPa CO) and proton
concentration was analysed with respect to Langmuir
and Temkin relationships [37-39]. The best fit of
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Fig. 3. Galvanostatic polarization curves for carbon monoxide (50 kPa) oxidation at 70 °C on Pt—Ru/C electrode at various concentrations
of H,SOy4. The inset shows the polarization data of Pt—Ru/C in absence of CO in 0.5 M H,SO,4. Concentrations: (W) 0.5, (¢) 1.0, (®) 2.5 and

(A) 4.0M.

experimental data is observed in the Temkin diagram
(Fig. 12), suggesting that the adsorption energy de-
creases as a function of the coverage of electrode
surface by CO and OH species. In a previous paper,
Dhar et al. [15] observed that the CO adsorption on
porous Pt electrodes in phosphoric acid was governed
by the Temkin adsorption isotherm. The fact that a
suitable Temkin relationship is observed for CO
partial pressures between 5 and 50 kPa suggests that,
under these conditions, the CO coverage does not
reach the complete monolayer.

4. Discussion

The electrochemical oxidation of CO on bare Pt and
Pt alloy electrodes has been widely investigated in
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Fig. 4. Galvanostatic polarization curves for carbon monoxide
(50 kPa) oxidation on Pt—Ru/C electrode at various temperatures in
0.5Mm HzSO4.

literature [3-6, 16, 17]. In situ FTIR spectroscopic
analyses in combination with electrochemical mea-
surements have allowed to identify the reaction in-
termediates on the electrode surface [40-43]. The
results obtained on porous clectrodes are substan-
tially in agreement with those reported in literature
for bare electrodes. Yet, a few aspects need a more in
depth analysis. At low overpotentials, the availability
of OH species influences more significantly the reac-
tion rate than the CO adsorption strength. In fact, the
reaction orders with respect to CO and H™ are +0.4
and —1, respectively, at 0.5V vs NHE. However, the
rate of CO oxidation is directly related to both cov-
erages of CO and OH species; this is consistent with a
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Fig. 5. Arrhenius diagram for the oxidation of 50kPa CO in N,
mixture on the Pt-Ru/C electrode at various potentials in 0.5M
H,S0,. Potentials: () 0.5, (@) 0.6, (®) 0.65, (X) 0.7, (A) 0.8 and
(m) 0.9V vs NHE.
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Fig. 6. Variation of the activation energy with the electrode potential for the oxidation of 50 kPa CO in N, mixture on Pt-Ru/C electrode
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r.d.s. involving a surface reaction of adsorbed CO
and OH molecules.

Recently, Gasteiger et al. [36] have observed a
cathodic shift of the onset of CO oxidation with Pco
on a smooth Pt—Ru surface and, thus, a negative
reaction order with respect to CO at low electrode
potentials (<0.45V vs RHE). A decrease of current
density with CO partial pressure is observed, in the
present case, in the range between 50 and 100 kPa CO
at higher overpotentials (>0.5V vs NHE). The
transition point, that is, the value of Pco at which the
reaction order changes from positive to negative, is
found to shift as the potential decreases below 0.5V
vs NHE. Unfortunately, no clear estimation of reac-
tion order is possible from the data collected at very
low overpotentials on carbon supported Pt—Ru/C
catalyst. A transition from a poisoned to a highly
active surface with the potential was observed by
Gasteiger and coworkers[17, 36] on both Pt and Pt—Ru

bare electrodes. Accordingly, a modification of the
reaction order at higher potentials would be expected
in the same range of CO partial pressures.

XPS analysis has revealed the presence of RuO,
species, besides Pt—Ru alloy, in our catalysts. The
formation of labile oxygen species especially on
Ru(1v) sites, being in close proximity to Pt-rich region
in the catalyst, can allow the chemical interaction
between these groups and the CO species adsorbed
onto Pt sites; the Ru oxide species are hence regen-
erated by water discharging on free Ru sites [44]. It
was suggested in the literature that the oxygen transfer
mechanism would better operate on an open Ru
oxyhydroxide structure having a significant number
of labile Ru—OH species [44]. Besides, the high mo-
bility of adsorbed CO species on Pt sites [5] could
facilitate the migration of CO towards Ru-oxide
species. This reaction path can occur in parallel to the
surface reaction on Pt—Ru pairs in the f.c.c. alloy.
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Fig. 7. Galvanostatic polarization curves for carbon monoxide oxidation at 70 °C on Pt—Ru/C electrode at various CO partial pressures in

0.5m HzSO4.
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The observed activation energy for the electroox-
idation of CO at relatively low overpotentials
(~ 70kJ mol™") is significantly higher than that of a
process controlled by surface migration of reacting
species; thus, the observed activation energy is likely
associated to the formation of the surface complex
between CO and OH species [45]. The decrease of
activation energy with the increase of overpotential
could be related to an increased availability of OH
species through the water displacement [16] and/or to
the decrease of the adsorption strength between CO
and Pt sites due to the formation of Pt-oxide. This
latter conjecture seems to be supported by the
observed increase of the reaction order with respect
to CO with the increase of overpotential.
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Fig. 9. Ohmic drop and mass-transfer corrected Tafel plots for
oxidation of 50 kPa CO in N, mixture (70 °C) at different H,SO,4
concentrations.

In(Peo / kPa)

Fig. 10. Dependence of the oxidation current on CO partial pres-
sure at various potentials in 0.5m H,SO,4 at 70 °C. Potentials: (A)
0.5, (¢) 0.6, (m) 0.7, (@) 0.8 and (V) 0.9V vs NHE.

5. Conclusions

The analysis of the electrochemical oxidation of CO
on Pt—Ru/C surfaces has allowed information on the
reaction mechanism occurring on gas diffusion elec-
trodes to be obtained. The following conclusions may
be drawn:

(1) The r.d.s. appears to involve a surface reaction
between CO and OH adsorbed species. This
evidence is supported by the observed reaction
orders, Tafel slope and activation energy.

(i1) At low overpotentials the influence on the elec-
trochemical rate of OH coverage on the surface
seems to be slightly prevailing with respect to CO
adsorption. This would account for a labile OH
adsorption under such conditions.

In(lI/mA cm?)
N

[ ]
% 0.5 vs NHE
* + 0.6V vs NHE
or ©0.65V vs NHE
\ ¥ 0.8V vs NHE
® 0.9 Vvs NHE
-2+
| | | ] | ]
0.5 0 05 1 1.5 2 25

In[H* /mol dm? ]

Fig. 11. Dependence of the oxidation current of 50 kPa CO in N,
mixture on concentration of hydrogen ions at various potentials at
70°C.
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pressure (a) and concentration of hydrogen ions for 50 kPa CO in
N, mixture (b) with respect to the Temkin relationship at various
potentials in 0.5M H,SO4 at 70 °C.

(iii) The observed decrease of activation energy with

(iv)

the increase of overpotential would indicate an
increased availability of adsorbed OH species on
the surface and a faster nucleophilic attack on CO.
According to the surface properties of the
Pt-Ru/C catalyst, the possible interaction of
RuO, species with adsorbed CO molecules on
Pt-rich regions is emphasized. This mechanism
could occur in parallel to the surface reaction on
Pt—Ru pairs in the alloy.
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