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Abstract

The oxidation kinetics of H, and H, + 100 ppm CO were investigated on Pt, Ru and Pt—Ru electrocatalysts
supported on a high-surface area carbon powder. The atomic ratios of Pt to Ru were 3, 1 and 0.33. XRD, TEM,
EDS and XPS were used to characterize the electrocatalysts. When alloyed with ruthenium, a decrease in mean
particle size and a modification of the platinum electronic structure were identified. Impedance measurements in
H,SO,, at open circuit potential, indicated different mechanisms for hydrogen oxidation on Pt/C (Tafel-Volmer
path) and Pt—-Ru/C (Heyrowsky—Volmer path). These mechanisms also occur in the presence of CO. Best
performances, both in H, and H, + CO, were achieved by the catalyst with the ratio Pt/Ru = 1. This is due to a
compromise between the number of free sites and the presence of adsorbed water on the catalyst. For CO tolerance,
an intrinsic mechanism not involving CO electroxidation was proposed. This mechanism derives from changes in

the electronic structure of platinum when alloyed with ruthenium.

1. Introduction

Polymer electrolyte fuel cells (PEFCs) are very inter-
esting devices as power systems for electrical vehicles,
due to a high power density at low temperatures (70—
90 °C). In such types of fuel cell the anode gas-stream
is hydrogen rich (also containing CO, and CO),
produced by reforming or partial oxidation of a
hydrocarbon.

The most efficient anode catalyst for hydrogen elec-
trochemical oxidation is nanosized platinum (particles
of 2-4 nm) supported on high-surface carbon particles
(Pt/C). This catalyst suffers poisoning by the presence of
CO, even at low concentrations (10 ppm), in the anode
gas stream [1, 2].

Oetjen et al. [3] claim that the behaviour of a PEFC,
fed with a H,/CO mixture at the anode, can be explained
by two competing reactions (H, and CO adsorption):

2Pt + Hy — 2Pt-Hyg, (1a)

Pt + CO — Pt—CO,q;s (1b)
Therefore, the reduction in PEFC performance can be
associated with CO adsorption, which consequently
blocks a large number of sites used for the adsorption
and oxidation of hydrogen.

The possibility of eliminating adsorbed CO is tied to
the following reactions:

Pt + H,O — Pt-OH,q, + H" + ¢~ (2)
Pt-CO,gs + Pt-OH,gs — 2Pt + CO, + H +e= (3)

Platinum does not adsorb water at an electrode
potential lower than 0.5 V vs NHE. Reaction 3 takes
place at electrode potentials (~0.6 V vs NHE) at which
oxygen-containing species are formed on the metal sites.
For this reason a Pt anode, which cannot achieve such a
potential in an actual PEFC, is a very ineffective
electrocatalyst for CO oxidation.

A possible solution to the poisoning problem of the
catalyst is the use of a CO-tolerant electrocatalyst.
Several authors [3-6] proved that an electrocatalyst
obtained by alloying Pt with a second metal M (i.e., Ru,
Sn, W etc.) improves the CO tolerance. However, the
mechanism responsible for this improvement is not
clear. Best performances obtained by Pt-M binary
systems could be explained by a promotion effect for
the adsorbed CO oxidation, according to a bifunctional
mechanism [7].This involves water activation by M and
subsequent CO oxidation on neighbouring Pt atoms:

M 4+ H,0 — M-OH,¢s + H" + ¢~ (4)
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Pt—-CO,4s + M—OHp4s —» Pt+ M +CO> + H" + ¢~
(5)

The metal M should supply sites adjacent to platinum
for the adsorption of water or oxygenated species. The
bifunctional mechanism for the Pt—Ru catalyst was
inferred from CO stripping [5], rotating disc electrode [8]
and FTIR spectroscopy data [9]. Mass spectrometric
studies on porous Pt—Ru catalysts are in agreement with
this bifunctional model, predicting that the optimal
composition for the oxidation of adsorbed CO should
be Pt/Ru =1 [9].

Nevertheless, further investigations highlighted the
limits of such mechanism in the explanation of the CO
tolerance. Several authors [7, 8, 10-12] showed that the
peak potential for CO stripping on a Pt/Ru=1 catalyst,
was located in the 0.4-0.5V vs NHE range. Such a
range is certainly lower than that of pure platinum, but
nevertheless far from the working potential of a PEFC
anode [10].

Oetjen et al. [3] analysed the PEFC performance with
Pt—Ru anodes fed with a H,/CO mixture. In their work,
at low current density, the alloy Pt/Ru=1 showed
performances similar to that of a Pt catalyst in pure
hydrogen; no significant anode overpotential was
observed. Therefore, the authors suggested a different
mechanism for CO tolerance, which did not involve
CO oxidation. Finally, Cooper et al. [10] identified
an intrinsic mechanism completely different from the
bi-functional one. They used a semi-cell device and
analysed the exit gas by means of a mass spectrometer,
revealing the presence of CO, only at anode potentials
higher than 0.3 V vs NHE.

In conclusion, two mechanisms have been hypothe-
sized to explain the CO tolerance of Pt—Ru catalysts.
The ‘promotion mechanism’ (bifunctional model) is
based on the promotion of H, oxidation by a second
metal which catalyses the oxidation of adsorbed CO to
CO, through H,O activation; in this way the CO
coverage is reduced and the number of active sites for
H, oxidation is increased. The ‘intrinsic mechanism’
(electronic model) is based on the idea that the second
metal in the catalyst modifies the electronic properties of
the pure noble metal. As a consequence, the chemisorp-
tion properties of the catalyst, for both H, and CO, are
also modified so that the CO coverage degree on the
sites used for H, oxidation is reduced.

At present, the understanding of the exact mechanism
remains open to debate: if on one hand the promotion
mechanism explains the CO tolerance in a simple way,
on the other it does not consider that the working anode
potential in an actual PEFC is lower than 0.3 V vs
NHE.

The development of an efficient electrocatalyst for
PEFC (i.e., with both high catalytic activity for H,
oxidation reaction and good CO tolerance) is connected
to the understanding of the reactive mechanism acting
on the electrode. Until today, the best CO-tolerant
electrocatalyst seems to be Pt/Ru = 1, which, in typical

working conditions of a PEFC [13] at 90 °C, is less
active than Pt/C in pure hydrogen and four times more
active in H, + 100 ppm CO.

Based on these premises, the present work has been
focused on the investigation of the H, oxidation
reaction (HOR) and the CO tolerance mechanism on
Pt/C, Ru/C and Pt-Ru/C catalysts.

2. Experimental details
2.1. Electrodes preparation

Commercially available Pt, Ru and Pt/Ru (3, 1 and 0.33
Pt/Ru atomic ratio) catalyst powders with the same total
metal loading (20 wt %) on carbon black (Vulcan
XC72) were obtained from E-TEK.

Three layered (substrate/diffusion layer/catalyst layer)
electrodes were prepared using a spray technique
[14-16]. The substrate was carbon paper (Toray
TGPHO090). The ink for the diffusion layer was prepared
by mixing appropriate amounts of carbon powder and
polytetrafluoroethylene (PTFE 35 wt % dispersion, Ho-
staflon 5033, Hoechst), as binding agent, with water/
isopropyl alcohol at room temperature, under ultrasonic
stirring for about 0.5 h. The resulting ink was sprayed
over the carbon paper, then thermally treated in air at
70 °C for 0.5 h, at 120 °C for 1 h and at 280 °C for
0.5 h, to remove the solvents and the additives, and
sintered at 350 °C for 0.5 h to provide a homogeneous
distribution of the polymer. The weight composition of
the diffusion layer was 80 wt % of carbon and 20 wt %
of PTFE, with a carbon loading of 2.4 mg cm™ and a
PTFE loading of 0.6 mg cm™. Catalyst ink was ob-
tained by mixing proper amounts of the catalyst sup-
ported on carbon, Nafion® ionomer (5 wt % solution
Aldrich), to bind the catalyst particles and ionic electro-
lyte, and glycerol (catalyst/Nafion/glycerol = 1.0/0.6/2.5
dry weight ratio) with ethanol at 50 °C under ultrasonic
stirring for about 0.5 h. The ink was sprayed on the
previously prepared diffusion backing, and then dried in
air at 70 °C for 0.5 h. In the Pt and Pt—Ru electrodes, the
platinum loading was kept constant at 0.50 mg cm™> and
Ru loading was changed according to the Pt/Ru atomic
ratio. In the Ru electrode, a metal loading of
0.26 mg cm™> was adopted in order to obtain a Ru
concentration equimolar to that of Pt.

2.2. Microstructure characterization

X-ray diffraction data were acquired by a powder
diffractometer (Philips mod. PW1710) using a Cuk,
source. The 20 angular region between 20° and 140° was
explored at a scan rate of 0.025° s~ Particle dimensions
and distribution were obtained by means of a transmis-
sion electron microscope (Jeol model 4000-FX). Micro-
analysis of the Pt—Ru/C catalysts was carried out by using
a scanning electron microscopy (Jeol model 8600) with an
EDS analyser system (Tracor Northern model 5700).



2.3. Surface analysis

XPS measurements were performed by an Escalab
MKII V.G. spectrometer. Prior to being analysed,
powder catalysts were pressed into a stainless steel
sample holder and left one day in the analysis chamber
at the base pressure of 10~ mbar, to facilitate residual
contamination desorption.

Photoemission spectra from Pt 4f, C 1s, O 1s and Ru
3p levels were taken with non monochromatic AlK,
radiation at 1486.6 eV, operating in constant energy
analyser mode. The working parameters were a pass
energy of 20 eV, which provided a FWHM of 1.2 eV for
Ag 3ds); line, and a step size of 0.1 eV.

Peak decomposition was obtained using mixed gauss-
ian/lorentzian curves, after applying background sub-
traction using the Shirley method.

2.4. Electrochemical measurements

The electrochemical measurements were carried out in a
conventional three-electrode cell containing 1 M H,SOy4
electrolyte at 25 °C. The gas diffusion electrode was
mounted into a Teflon holder containing a platinum
ring current collector and having provision for gas back
feeding. The geometric area of the electrode exposed to
the electrolyte was 1 cm® A flat, large area platinum
electrode was used as the counter electrode. A Hg/
HgSO, reference electrode was placed outside the cell.
This electrode was connected to the main compartment
through a Luggin capillary whose tip was placed as close
as possible to the working electrode’s surface. The
electrochemical cell was connected to a potentiostat/
galvanostat (Solartron model 1287) and to a frequency
response analyser (Solartron model 1260); both were
interfaced with a GPIB card to a personal computer.
Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in H, and H, + 100 ppm CO, in
the frequency range 20 kHz to 0.05 Hz (the amplitude
of the ac signal being always 10 mV,,) at open circuit
potential (OCP).

Cyclic voltammetry and CO stripping voltammetry
were carried out in the same cell configuration described
above; however the gas back feeding to the diffusion
electrode was excluded. Data were acquired with a
potentiostat/galvanostat (EG&G model 273A) inter-
faced with a GPIB card to a personal computer. The
three-electrode cell was purged with argon for 10 min.
Ten consecutive cyclic voltammetries (sweep rate
10 mV s™') were then performed in the potential range
1000-25 mV vs NHE to verify the surface cleanliness
and reproducibility. Pure CO was bubbled into the
electrolyte for five min and then its adsorption on the
electrode was driven under potential control at 25 mV
vs NHE for 3 min. The electrolyte was purged for 5 min
with argon, maintaining the electrode potential at
25 mV vs NHE, to eliminate the CO, which had
reversibly adsorbed on the surface. Anodic sweep from
400 to 1000 mV was performed (sweep rate 20 mV s~ )
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Fig. 1. XRD patterns of carbon (A), Ru/C (B), Pt-Ru/C (1:3 C, 1:1 D,
3:1 E) and Pt/C (F) powders.

to electroxidate the irreversibly adsorbed CO. Finally, a
cyclic voltammogram was recorded from 1000 mV to
25 mV in order to verify the completeness of the CO
oxidation.

3. Results
3.1. Microstructure characterization

The X-ray diffraction patterns of Pt/C, Pt—-Ru/C, Ru/C
and carbon powder (Vulcan XC-72) are compared in
Figure 1. Carbon paper shows the C(002) reflection of
graphite. The diffraction spectrum of the carbon paper
contributes in terms of a linear background in the
angular region considered. The Pt/C catalyst exhibits the
diffraction peaks of the Pt f.c.c. structure; the Ru/C
catalyst exhibits the diffraction peaks of the Ru hcp
structure. In the XRD spectra of Pt—Ru/C the angular
position of the Pt(111) reflection is shifted towards
higher values as Ru content increases. This suggests the
formation of Pt—Ru alloy and the progressive decrease
of lattice parameter as Ru is increased. When Pt/
Ru = 0.33, the alloy is in the two-phase region
(f.c.c. + h.c.p.) [39].

The mean particle size obtained from TEM measure-
ments dy,, (A) are shown in Table 1, which also reports the
specific surface area (m? g~') calculated according to [16]:

Table 1. Mean particle size (d,,) and surface area (A4s) of different
catalysts from TEM data

Catalyst Me/C dm |A A jm? g
Pt 26 107
Pt/Ru = 3 19 156
Pt/Ru = | 21 150
Pt/Ru = 0.33 20 169
Ru 21 174
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Table 2. Pt/Ru atomic ratios of catalysts in the gas-diffusion electro-
des from EDS analysis

Nominal Pt/Ru Pt/Ru from EDS

3 2.7
1 0.8
0.33 0.30
60000
A=
o (6)

where the catalyst density p(g cm ™), has been obtained
through the following relation: pp_r, = XptPpi+ XRuPRru
(X is the metal fraction in the alloy). A particle size
reduction is observed in the binary catalysts.

The results of the EDS microanalysis of the gas-
diffusion electrodes (Table 2) agree with the nominal
composition of the alloys.

3.2. XPS surface analysis

Catalyst powders Pt/C, Ru/C and Pt—Ru/C with differ-
ent atomic ratios (Pt/Ru = 0.33, 1, 3) and the reference
Pt were analysed by XPS, to study electronic structure
and chemical environment. The whole set of measure-
ments was repeated several times at both short and long
time intervals.

Photoemission spectra of Pt 4f doublets are reported
in Figure 2 for a representative run of measurements. A
positive energy shift of 0.3 = 0.1 eV, with respect to
reference Pt bulk was observed for the Pt/C catalyst,
according to literature data. Most of the reported
experimental data show core level positive shifts in
small metal clusters supported on insulating or semime-
tallic substrates. These shifts have been interpreted
either as predominantly due to photoemission final state
effects [18-20] or as dominated by initial state effects,
electronic reconfiguration of surface atoms and interac-
tion with the substrate [21, 22].

Further slight displacement to higher binding energies
of about 0.2-0.3 ¢V (£0.1 ¢V) was noticed for all Ru
containing samples, regardless of the Pt/Ru atomic ratio.
This last shift is unlikely due to the occurrence of
different platinum—oxygen interactions in the binary
catalysts compared to Pt/C. The reason for this is that
the Pt line shape and peak decomposition is the same for
both mono- and bimetallic samples. In fact, by curve
fitting, the Pt 4f doublet was decomposed into three
components: a main component ascribed to Pt’ at the
lowest binding energy; a second one, shifted about
0.8 eV attributed to Pt*"; and a third one, at about
2.7 eV higher than the previous peak due to Pt* " signals.
Neither relative intensity nor energy separation of the
various components changed between the Pt/C and the
binary catalysts, indicating the same Pt—O interaction.

Contrary to what other authors have claimed [23], a
possible reason for the larger positive shift of bimetallic
samples is that the Pt electronic structure is modified by

Pt 4f
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Fig. 2. XPS Pt 4f spectra of Pt bulk (solid line), nanometric Pt/C
(square symbol) and Pt-Ru/C catalysts with different composition (3:1
circle symbol, 1:1 triangle symbol, 1:3 diamond symbol).

the presence of Ru. The sign of the resulting shift would
be in agreement with the work of McBreen and
Mukerjee [23], who found, by XAS measurements, that
Ru increases vacancies in the Pt valence band, leading to
more tightly bound electrons in core levels. The same
conclusions were derived by TPD and TPR measure-
ments [25].

The less intense Ru 3p;,» was recorded due to the
overlapping of the predominant Ru photoemission line,
Ru 2p, with the carbon peak. Small shifts of this line
were also observed (Figure 3), but they were not
unambiguously correlated to alloying effects. This is
not surprising since these peaks are rather large and
asymmetric for two reasons. First, line width is influ-
enced by the contribution of nonstoichiometric oxides
and weak bonds with oxygen-containing groups. Sec-
ond, peaks have an asymmetric shape induced by the tail
at about 464 eV, attributed to very low signals from
stoichiometric oxides.

In addition, from the O 1s spectra reported in
Figure 4, it can be seen that two different interactions
with oxygen take place. On the one hand, spectra
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Fig. 3. XPS Ru 3p spectra of nanometric Ru/C (solid line) and Pt—Ru/C catalysts with different composition (3:1 circle symbol, 1:1 triangle

symbol, 1:3 diamond symbol).
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Fig. 4. XPS O ls spectra of nanometric Pt/C (solid line), Ru/C (square
symbol) and Pt—Ru/C catalysts with different composition (3:1 circle
symbol, 1:1 triangle symbol, 1:3 diamond symbol).

relative to Ru/C and Pt—Ru/C showed a main line at
about 530.5 eV, which is typical of oxide and hydroxide
bonds. On the other hand, the Pt/C catalyst exhibited
the major component centred in the range of contam-
ination species (C=0O bond at ~532 eV and water at
~535 eV). A constant intensity of these contributions
could not be reproduced for each time interval, due to
its random nature.

3.3. Hydrogen oxidation reaction and influence
of ruthenium content

Impedance data for Pt/C and Pt—Ru/C catalysts, at OCP
in pure H,, with constant platinum loading and different
amounts of ruthenium in the Pt-Ru alloys are shown in
Figure 5. The observed semicircle can be ascribed to the
hydrogen oxidation reaction (HOR) on the catalytic
sites, and its diameter represents the polarization resis-
tance, R, (charge transfer, diffusion and adsorption).
The R, increased in the following order: Pt < Pt-
Ru <« Ru. Among the Pt-Ru/C catalysts, the R, order
was: (Pt/Ru = 1) < (Pt/Ru = 0.33) < (Pt/Ru = 3).
Polarization resistance of the Pt/C catalyst was 10-20
times lower than Pt-Ru/C alloys, while the Ru/C
polarization resistance was 20-30 times higher than for
Pt—Ru/C alloys and 350 times higher than for Pt/C.
All impedance data have been fitted using Boukamp’s
software [14]. Many equivalent circuits were tested to
individualise three fundamental models. Figures 6 and 7
show the three equivalent circuit models used for the
different catalysts, the experimental data and the related
best-fit results. The models were in good agreement with
the experimental data and permitted a quantitative
analysis to estimate different phenomena acting on the
catalysts. The best fit circuit for Pt/C (Figure 6(a)) was a
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lated from Cq[27] was 83 m? g~ !, which was in agreement
with TEM data (Table 1). By means of the Warburg
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Fig. 6. Impedance diagrams of Pt/C (a) and Ru/C (b) gas-diffusion
electrode at OCP with hydrogen gas feeding (H,SO4 1 M, 25 °C).
Experimental data (O) fitted (—) with the displayed equivalent circuit.

Randles circuit, characteristic for single-step charge
transfer processes limited by a diffusion phenomena.
This model includes an external ohmic resistance, Rq, a

element, the product CD*° (4.7 x 107® mol cm™ s7%)
was calculated, where D and C are, respectively, the
diffusion coefficient and the concentration of H,. The



same parameter CD°, calculated from literature data
[28] for hydrogen in 0.5 M sulphuric acid at 25 °C, is
4.4 % 107 mol ecm™2 s7.

The circuit model for Ru/C (Figure 6(b)) is very
similar to the Pt/C one but without the presence of the
Warburg element. The exchange current density i, was
100 times lower than that of Pt/C (9 x 107° A cm™),
indicating a slow hydrogen oxidation reaction. The same
conclusion was reported by Gasteiger et al. [38] by
means of the RDE technique. Also for the Ru/C, the
EAS obtained from double layer capacitance
(161 m* g™") was in agreement with TEM data.

The equivalent circuit, used for data fitting of Pt-Ru/
C catalysts (Figure 7) is characteristic of the electrical
response of an electrochemical reaction with a strongly
adsorbed intermediate. The model includes the same
elements as the Ru/C catalyst (Rq, R, and Cg)) and two
new ones: the adsorption pseudocapacitance Cp,s and the
adsorption resistance R,4s. These two terms respectively
contain the contribution of the surface concentration
(coverage) of the adsorbed intermediates and the rate of
adsorption/desorption. The results of the fittings are
shown in Table 3.

Exchange current density (i, from R) of all Pt-Ru/C
catalysts was of the same order of magnitude as that of
the Pt/C catalyst (~107> A cm™?). Considering the
polarization resistance R, as the sum of charge transfer
and adsorption resistance, the changes in R, values were
totally ascribed to the adsorption resistance R,gs. AsS
reported by Conway et al. [29] an adsorption pseudoc-
apacitance is usually 10-100 times higher than the
double layer capacitance. The value of C, from our EIS
data was found to be 10-20 times higher than double
layer capacitance values.

Considering the components of the circuit models,
two time constants were found, related to two different
processes: charge transfer R.Cq and adsorption
R,4sCps. However, only Pt-Ru/C also showed the
R,4sCps time constant, which referred to an adsorption
process in the low frequencies range. The order of
magnitude for the reactive RC time constant was 1200
times higher than the adsorption one. This second
phenomenon was attributed to to the presence of Ru,
which probably involves oxygenated species (H,O,
OH") adsorbed on ruthenium sites, as reported by other
authors [30, 31]. Figure 8 shows the Cps and R,4; trend
for all the Pt—-Ru/C catalysts. The lowest R,qs and
highest C,s was found for Pt—Ru/C catalysts with an
atomic ratio Pt/Ru = 1.

Table 3. Results of the fitting, by using the equivalent electrical circuit
of Figure 7, for the hydrogen oxidation on Pt—Ru electrocatalysts

Catalyst Cal R Cps Rgs

Me/C /JuF em™  /mQ cm?  JuF cm™2 /mQ cm?
Pt/Ru = 3 35 £ 12 18 + 4 562 £ 15 363 £ 6
Pt/Ru = 1 56 + 13 14 £ 2 1400 + 46 170 + 3
Pt/Ru = 0.33 40 + 8 24 £ 5 1040 £ 39 213 + 4

331

1500 . 400
i
]
1300 : 1 350
‘\“ 1
~, 1
1100 1, Decrease of 300 ~
I f [H,O ]
= nerease of [H:0la Pt-free sites for ] S
o y 4 . g
= gg0 | ™ H, adsorption 250 =
E ‘ . :
5 ;—> : -2 3
© 700 b Ta00 J
~. 1, ."
e TE%
500 | ] 1 150
fcc 5>  hep
]
300 1 160
Pt/Ru 3:1 Pt/Ru 1:1 Pt/Ru 1:3

Fig. 8. Adsorption pseudoresistance and pseudocapacitance of Pt-Ru/
C catalyst as a function of Pt/Ru ratio.

3.4. Influence of CO poisoning on hydrogen oxidation
reaction

Polarization resistance against time for all catalysts in
H, + 100 ppm CO at OCP is shown in Figure 9. After
150 min, the R, of Pt/C and Ru/C had a value an order
of magnitude higher than Pt-Ru/C alloys. On the one
hand, polarization resistance of Pt/C catalysts increased
800 times in only 180 min, showing that the CO
adsorption is a fast process, while the R, of Ru/C
maintained a constant value. On the other hand, the R,
of Pt—Ru/C catalysts increased 2-3 times the initial
values for all samples, showing a good tolerance of Pt—
Ru alloy to CO poisoning. Figure 10 shows the R,
values as a function of the Ru atomic fraction, both at
the beginning of the experiments and after 164 min, with
flowing gas H, + 100 ppm CO. The trend observed for
R, in the presence of CO was the same as that observed
in pure H,: (Pt/Ru=1) < (Pt/Ru=0.33) < (Pt/
Ru = 3). Catalysts with atomic ratios of Pt/Ru =1
yielded the best performance.

The CO stripping voltammetry on the Pt/C catalyst
showed the CO oxidation peak at 0.83 V vs NHE. In the
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Fig. 9. Polarisation resistance against time for Pt/C (triangle filled
symbol), Ru/C (circle filled symbol) and Pt—Ru/C (1:3 triangle open
symbol, 1:1 circle open symbol, 3:1 square open symbol) gas-diffusion
electrodes fed with H, + 100 ppm CO at OCP (H,SO4 1 M, 25 °C).
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case of Pt—Ru/C catalysts, the CO oxidation peaks are
located in the potential range 0.67-0.83 V. The increase
of ruthenium in the catalyst layer produced a shift of CO
oxidation peaks, towards lower potential (Figure 11).

4. Discussion and conclusions
4.1. Hydrogen oxidation reaction (HOR)

In pure hydrogen the NLLS equivalent circuit obtained
for Pt/C (Figure 6(a)) describes a single-step charge
transfer process with a diffusive phenomenon at low
frequencies (Randles circuit). The experimental data
were in agreement with the Tafel-Volmer mechanism
[32] for H, oxidation (Figure 12(a)). The reaction
mechanism was of the CE type (chemical adsorp-
tion + discharge):

2Pt + H, — 2Pt-H,q4s

(Tafel) (7a)

Pt-H,gs + H,O — Pt + H3;0" + ¢~ (Volmer) (7b)

The alloying of platinum with ruthenium modifies the
electronic properties of Pt and introduces into the HOR
a different intermediate step with strongly adsorbed
oxygenated species. The equivalent circuit (Figure 6(b))

suggests a different mechanism for HOR, on Pt—-Ru/C
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Fig. 11. Influence of the ruthenium content in the Pt—Ru alloy on the
CO oxidation peak of the cyclic voltammetry.

Hy

H
/
N\
(a) i, l
H----H AT - H
o Pt e’ Pt Ptox,
H H /—l
H /H \0+
H 0 (b) |
- - H.
Pt e’ Ru S
N RN
Pt 4,

Fig. 12. Hydrogen oxidation mechanism on Pt/C (a) and Pt—-Ru/C (b)
electrocatalyst.

catalysts, based on the Heyrowski—Volmer path [33]
(Figure 12(b)). The reaction mechanism is of the CEE
type (chemical adsorption + electrochemical adsorp-
tion + discharge):

Pt + Hy — Pt—Hj,qs Ru + H,O — Ru—-H»0O,4

(8a)
Pt—H,qs + Ru—H; 0,45
— Pt-H,4s + Ru+H3;0" +¢~  (Heyrowski)
(8b)
Pt-H,gs + H,O — Pt + H3;0" + ¢~ (Volmer) (8¢c)

In the Pt—Ru alloys, the Ru atoms attract water
molecules and hold them more strongly than the
surrounding surface Pt atoms. The Ru atoms may be
able to hold and orient H,O molecules, perhaps dis-
rupting hydrogen bonded molecules, so that they can
dissociate.

The best performance of the Pt/Ru = 1 catalyst for
the HOR is related to the Heyrowski—Volmer mecha-
nism. In fact, two different contributions act when the
Ru atomic fraction decreases in the alloy (Figure 8): (i)
the decrease of adsorbed H,O on Ru sites, as also shown
by our XPS data (Figure 4) and confirmed by ASED-
MO calculations [34]; (ii) the increase of free Pt atoms
for H, adsorption. This last effect takes place when the
Ru content increases and the crystallographic structure
changes from f.c.c. to f.c.c. + h.c.p. [39]. In the latter

Metal-d-band

Orbitals involved in the
CO-metal bond

CO-orbitals
in gas phase

Fig. 13. Influence of ruthenium in the Pt-Ru alloys on the CO-Pt
adsorption bond.



structure, the Pt atoms are closely packed and are not
free for H, adsorption. Therefore, the best HOR
performance of Pt/Ru = 1 alloy is related to a compro-
mise between these effects: number of free Pt sites and
presence of adsorbed H,O.

4.2. CO poisoning

Although CO poisoning does not seem to influence Ru/
C catalyst, it is a fast process on the Pt/C catalyst
(Figure 9). CO poisoning of Pt—Ru alloys is strongly
limited by the presence of ruthenium atoms. The
performance of Pt—Ru alloys in H, + CO always shows
the same trend as in pure H, with a maximum for Pt/
Ru = 1. As was demonstrated in the discussion about
the behaviour in pure hydrogen, this optimum ratio is
related to the H, oxidation mechanism (Heyrowski—
Volmer path, Equation 8), rather than to the bifunc-
tional CO oxidation mechanism (Equation 5).

In agreement with other authors [10, 24, 25], an
intrinsic mechanism, which does not involve CO oxida-
tion, was hypothesized; in fact, all impedance data were
collected at OCP, therefore well below the onset of CO
oxidation to CO,. Furthermore, our cyclic voltammetry
measurements on Pt—Ru catalysts showed the CO
oxidation peak at potentials (0.67-0.83 V vs NHE),
very far from the hydrogen oxidation region (0.0-0.3 V
vs NHE).

According to the Blyholder model [35], the adsorption
of CO on platinum can be explained by two simulta-
neous bond stabilization effects (Figure 13): (i) electron-
ic transfer from the filled 5o-orbital of CO to the empty
d-band of platinum; (ii) backdonation of electrons from
metal dz to the empty 27* antibonding orbital of CO
(Figure 13). This bonding mechanism is synergetic, since
the drift of metal electrons into CO orbitals will tend to
make the CO molecule entirely negative and hence
increase its basicity via the ¢ orbital of carbon. At the
same time, the drift of electrons to the metal tends to
make the CO positive, thus enhancing the acceptor
strength of the 7 orbital [36, 37].

A change that would tend to inhibit the shift of
electrons from metal to CO = orbitals, such as placing a
positive charge on the metal, should lead to a weaker
CO-metal bond. The Ru presence induces such modi-
fications by changing the electron density of states N(E),
with a shift of the Fermi energy level with respect to CO
orbital energy. This decreases the backdonation effect
with an inhibition of the electron shift from metal to CO
7 orbitals. As a consequence, the Pt—CO synergetic
bonding mechanism looses its stabilization effect.

In agreement with these considerations, Bautier et al.
[25] reported that an increase in CO tolerance of Pt—Ru
could be at least partially explained by the reduced CO
adsorption energy. This is caused by an electronic
modification of Pt atoms, due to the interaction with the
neighbouring Ru atoms. Rodriguez [37] reported that
the heat of adsorption for CO on a metal should be
inversely proportional to the separation between the
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centroid of the metal d-band and the CO (27*) orbital.
As already mentioned, this phenomenon was highlight-
ed by McBreen et al. [24] by XAS data; they concluded
that alloying with Ru causes an increase in the number
of Pt d-band vacancies. The XPS data obtained
(Figure 2) agree with this hypothesis. In fact, in the
alloys , the increase of the Pt core levels binding energy
can be interpreted as arising from changes in the
electronic density of the d-band.

5. Conclusions

In conclusion, the following considerations can be

drawn:

(i) hydrogen oxidation reaction (HOR) proceeds with
different mechanisms on Pt/C and Pt—Ru/C cata-
lysts;

(ii)) the presence of ruthenium in the alloy catalyst

modifies the electronic structure of the platinum

and introduces a different intermediate step in

HOR, with strongly adsorbed oxygenated species;

Tafel-Volmer mechanism for HOR on the Pt/C

catalyst was confirmed, while a Heyrowski—Volmer

mechanism on Pt—Ru/C catalysts is proposed;

CO poisoning of catalysts is partially limited by the

presence of ruthenium in catalyst alloys;

(v) the performance of Pt—Ru/C catalysts in the pres-

ence of CO shows the same trend as in pure

hydrogen;

the observed difference of performance among the

Pt—Ru/C catalysts appear to be related to HOR

mechanisms and do not involve CO oxidation; and

(vii) a CO tolerance intrinsic mechanism for Pt-Ru/C
catalysts was postulated: ruthenium atoms, at every
atomic fraction, modify the electronic properties of
platinum, thus reducing CO adsorption.

(iif)

(iv)
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