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ABSTRACT: High surface area SiO2−RuO2 (SRO) supports
with various SiO2: RuO2 ratios were synthesized using a wet
chemical method. The supports were catalyzed by depositing
platinum nanoparticles on their surface. The synthesized
materials were characterized by XRD, TEM, BET, and linear
sweep voltammetry to study microstructure and properties.
The electrochemical stability, electrochemical surface area,
electrocatalytic activity and fuel cell performance were also
measured. The optimal 1:1 mol ratio of SiO2−RuO2 (SRO-1)
possessed a BET surface area of 305 m2/g and an electrical
conductivity of 24 S/cm. This SRO support demonstrated 10-fold higher electrochemical stability than Vulcan XC-72R carbon
when subjected to an aggressive accelerated stability test (AST) involving 10,000 potential cycles between 1 and 1.5 V. The mass
activity of Pt-doped SRO-1 was 54 mA/mgPt, whereas its specific activity was 115 μA cmPt

−2. The fuel cell performance obtained
with this catalyst was lower, but compared favorably against a commercial Pt/C baseline. Analysis of fuel cell performance data
confirmed that the lower fuel cell performance resulted largely from ohmic and mass transport losses within the unoptimized
electrocatalyst layer.

KEYWORDS: electrocatalyst support, noncarbon support, polymer electrolyte fuel cell, carbon corrosion, metal oxide

■ INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) have the potential to
alleviate major problems associated with the production and
consumption of energy. In contrast to a focus on performance
during the early development of PEFCs, current research has
been expanded to investigate the improvement of fuel cell
reliability and durability.1−4 One of the major factors affecting
the lifetime of PEFCs is carbon corrosion.5 Carbon is
commonly used as a catalyst support for PEFCs because of
its large surface area, high electrical conductivity, and favorable
pore structure, stabilizing high nanoparticle dispersion.
However, carbon will oxidize to CO2, as indicated by the
following reaction6

+ → + +

= °

+ −

E

C 2H O CO 4H 4e

0.207 V vs NHE, 25 C
2 2

o

Oxidation of the carbon support is thermodynamically favored
during fuel cell operation; the rate of this reaction can increase
significantly under certain transient conditions (e.g., start-up/
shut-down; fuel starvation).7 The local electrode potential at
the anode and/or the cathode can escalate up to 1.5 V under
these transient conditions, resulting in an extremely large
overpotential (and hence high reaction rate) for the carbon
oxidation reaction.8 The resultant irreversible loss of carbon
causes the release of Pt nanoparticles, which become electrically
isolated, leading to a lower Pt utilization as well as diminished
fuel cell performance.9,10 Carbon corrosion also causes the

agglomeration and sintering of Pt particles, which leads to a loss
in the electrochemical surface area (ECSA) of the electrode.11

Considerable effort has been expended to develop carbon
materials with higher graphitic character to increase stability.
These carbon materials include carbon nanotubes,12,13 nano-
coils,14,15 nanohorns,16 nanofibers,17,18 and grapheme.19 How-
ever, these materials still do not prevent irreversible carbon
oxidation at high electrode potentials.20 Therefore, various
alternatives, such as metal oxides, carbides and nitrides, have
been studied as candidates for oxidation resistant catalyst
supports; examples include SnO2,

21,22 ITO,23 WOx,
24,25

TiO2,
26,27 RuO2,

28,29 SiO2,
30,31 WC,32,33 and WN.34 Any

successful alternative support material should demonstrate the
following properties: (i) high surface area; (ii) suitable porosity;
(iii) high electrical conductivity, and (iv) high stability at low
pH under fuel cell operation conditions.35

SiO2 has been used in fuel cell applications as a filler in
composite membranes, which have been prepared following
several procedures and employed for PEFCs36,37 and direct
methanol fuel cells (DMFCs).38 SiO2/C composite aerogels
have been used as catalyst supports to improve the activity.39

Seger et al. have used silica-supported Pt electrocatalysts for
PEM fuel cells.31 Here, the SiO2 was coated with Pt and the
Pt−SiO2 particles were linked together, forming a conducting
network. The 2:1 ratio of Pt: SiO2 particles attained both high
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conductivity and high surface area. With an increase in the ratio
of Pt to SiO2, the platinum particles tended to aggregate. The
stability of this support was not reported.
The objectives of this work were to synthesize and evaluate

SiO2−RuO2 (SRO) with high electrical conductivity and BET
surface area, to determine the applicability of this class of
materials as an alternate, corrosion-resistant electrocatalyst
support. Ordered mesoporous SiO2 (SBA-15) was used as a
high-surface-area matrix. The electrically conductive RuO2
component was loaded onto the surface of the high-surface-
area silica matrix. SRO with different Si/Ru ratios were
synthesized and characterized by XRD, TEM, BET and linear
sweep voltammetry. The stability of SRO supports and Pt/SRO
catalysts were examined using industry-standard accelerated
stress test (AST) protocols. Membrane electrode assembles
(MEAs) were prepared and evaluated with Pt/SRO catalysts at
both the cathode and the anode, because carbon corrosion can
occur at both anode and cathode.7 The sources of polarization
in MEAs prepared using Pt/SRO electrocatalysts were analyzed
and are presented.

■ EXPERIMENTAL SECTION
Materials. The following chemicals were used as received: Pluronic

P-123, hydrochloric Acid, (HCl, 37% Fisher), tetraethyl orthosilicate
(TEOS, 99%, Sigma-Aldrich), ruthenium(III) chloride hydrate
(RuCl3.xH2O, 35−40% Ru, Acros Organics), chloroplatinic acid
hexahydrate (H2PtCl6·6H2O, ACS reagent, ≥37.50% Pt basis, Sigma-
Aldrich), formic acid (HCOOH, ∼98%, Fluka), potassium hydroxide
(KOH, ACS, Fisher), 5 wt % Nafion (1100 EW, Solution
Technologies, Mendenhall, PA).
Preparation of SiO2−RuO2 (SRO). High-surface-area SiO2 (SBA-

15) was synthesized as follows - Pluronic 123 (3.1 mmol) was
dissolved under stirring in DI water (560 g) and concentrated HCl
(100 g) at room temperature. TEOS (0.19 mol) was added to the
solution and stirred for 5 min, followed by stirring at 35 °C for 20 h.
The mixture was aged at 80 °C for 24 h. The precipitate was filtered
and dried at 60 °C for 24 h. The resultant powder was annealed to
remove Pluronic 123 using the following temperature profile: (1)
heating to 200 °C at 1 °C /min, (2) holding at 200 °C for 1 h, (3)
heating to 550 ◦C at 1 °C /min, (4) holding at 550 °C for 6 h, and (5)
cooling to 200 °C at 1 °C /min. This yielded SBA-15 silica. SiO2−
RuO2 (SRO) was prepared by depositing RuO2 on the resultant silica
support. The SBA-15 was immersed in an aqueous solution containing
0.1 M RuCl3·nH2O. 0.1 M KOH (aq) was dropped into the mixture
under stirring until the pH of the solution reached seven. The resultant
black powder was filtered out and washed repeatedly with distilled
water. The solid was dried at 120 °C and annealed at 450 °C. Different
composites with RuO2 to SiO2 mole ratios of 1.5, 1, 0.5, 0.42, 0.33,
0.25, 0.1, and 0 were synthesized using this method. In the
accompanying discussion, the synthesized supports are denoted as
SRO-a, where a represents the mole ratio.
Preparation of Pt/RuO2−SiO2 Catalysts. Platinum nanoparticles

were synthesized by the chemical reduction of chloroplatinic acid with
formic acid.40 In a typical synthesis, a suspension of 5 mmol of SRO in
reaction solution (1.9 mmol of H2PtCl6·6H2O and 30 mL of HCOOH
in 600 mL of water) was sonicated for 30 min. All aqueous solutions
were prepared with DI water from a Millipore water system. After this
initial dispersion, the solution was heated at 80 °C for 2 h under
vigorous stirring. The product was collected by vacuum filtration and
washed several times with DI water, and then dried in an oven at 120
°C. The catalyst was denoted as 40% Pt/SRO.
Characterization Techniques. X-ray diffraction (XRD) was

performed using a Rigaku Miniflex diffractometer to confirm the
presence of ruthenium oxide and platinum and to estimate platinum
crystallite size. Diffractograms were recorded in the range 2θ = 20−80°
with a step of 2°/min.

Transmission electron microscopy (TEM) was used to determine
the size and distribution of the platinum particles and support
aggregates. TEM micrographs were obtained using a Jeol 2100F
microscope equipped with a liquid nitrogen Si (Li) EDX detector, at
an acceleration voltage of 200 kV.

A Brunauer−Emmett−Teller (BET) surface area analyzer was used
to calculate the BET specific surface area by a multipoint analysis of
nitrogen desorption isotherms.

The two-point probe technique was used in conjunction with linear-
sweep voltammetry to measure the electrical conductivity of the
supports. All experiments were conducted at room temperature.

Evaluation of Electrochemical Surface Area (ECSA). Electro-
chemical characterization was performed in a three-compartment
electrochemical cell in 0.1 M HClO4: The support/catalyst material of
interest was made into an ink and deposited onto a glassy carbon disk
(0.196 cm2) to yield a thin film. This was used as the working
electrode; a saturated calomel electrode (SCE) was used as the
reference electrode; a Pt foil was used as the counter electrode. Details
about ink preparation and deposition are provided in the Supporting
Information.

The electrolyte was purged with nitrogen gas for 30 min before the
measurement. Due to minor contamination from the binder, the
electrode potential was cycled 20 times at a scan rate of 100 mV/s
between 0.05 and 1.2 V vs NHE to produce a clean surface.
Subsequently, a cyclic voltammogram (CV) was measured by scanning
the working electrode potential between 0.05 and 1.2 V vs NHE at a
scan rate of 20 mV/s.

The ECSA were calculated by measuring the charge associated with
hydrogen desorption (C) between 0.05 and 0.4 V vs NHE and
assuming 210 μC cm−2 as the conversion factor corresponding to the
charge associated with the adsorption of one monolayer of hydrogen
on the surface of polycrystalline platinum.41 The ECSA of Pt was
calculated on the basis of the relation
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Where LPt is the loading of Pt (mgPt cm
−2) on the working electrode

and Ag (cm
2) is the geometric area of the working electrode.

Evaluation of Stability Using Accelerated Stability Test
(AST) Protocols. The AST protocols (start−stop and load cycling
protocols)42 employed in this study are as follows: For evaluating the
stability of the support (support corrosion), the working electrode
potential was cycled between 1 to 1.5 V vs NHE at a scan rate of 500
mV/s for 10,000 cycles. This protocol aggressively simulated the
startup-shutdown transients in an operating PEFC (see Figure S1
under the Supporting Information). For evaluating the stability of the
electrocatalyst (Pt dissolution), the working electrode potential was
cycled between 0.6 and 0.95 V vs NHE for 10 000 cycles to simulate
full load-no load transients in an automotive drive cycle (See Figure S2
under the Supporting Information). Both series of tests were
performed in nitrogen-saturated electrolyte at room temperature.
The support stability test was also performed on the catalyzed support
to investigate the impact of platinum catalyst on the corrosion rate.
For each AST, CVs were periodically recorded at regular intervals
during the test to monitor the extent of support and/or catalyst
degradation. Vulcan XC-72 carbon was used as a baseline catalyst
support and 46.5% Pt/C obtained from TKK was used as the baseline
electrocatalyst for benchmarking purposes.

Preparation of MEAs. MEAs were prepared by spraying multiple
layers of catalyst ink directly onto both sides of a Nafion 211
membrane. After both the anode and cathode catalyst layers were
applied, the MEAs were hot pressed at 60 °C for 30 s at 2000 psi. All
prepared MEAs had an active area of 5 cm2. The Pt loading at the
cathode, estimated gravimetrically, was 0.4 mg/cm2 and the Pt loading
at the anode was 0.2 mg/cm2. Additional details about ink preparation
and MEA preparation are provided under the Supporting Information.

PEFC performance. Polarization curves were obtained using a
Compact Fuel Cell Test System model 850C (Scribner Associates,
Inc.). The performance testing was conducted at 80 °C with an inlet
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relative humidity of 75% (corresponding to a saturator dew point of 73
°C). Stoichiometric ratios of 2 for the anode and cathode, with
minimum flows of 0.2 SLPM were employed during testing. Further
details about operating conditions and oxidants used are provided
under Supporting Information.

■ RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Measurements. XRD was used

to confirm the crystal structure and to obtain a quantitative
estimate of the crystallite size. Figure 1 shows the XRD patterns

of SRO supports with different Ru/Si ratios. The as-synthesized
SBA15 was in an amorphous phase. No RuO2 peak was
obtained for the materials annealed at 120 °C. For materials
annealed at 450 °C, the main diffraction peaks around 28, 36,
and 55° arose from diffractions of Rutile RuO2 (110), (101),
and (211) planes, respectively.43

The crystallite size was then estimated using the Scherrer
equation44 and the RuO2 (211) peak. The average RuO2
crystallite sizes for SRO-0.5, SRO-1, and SRO-1.5 were 8.9,
9.4, and 9.9 nm, respectively. RuO2 aggregation at higher
loadings leading to larger crystallite size was thereby confirmed.
Figure 2 shows the XRD patterns of Pt deposited on the

SRO supports. All catalyst samples had crystalline Pt particles.
The main diffraction peaks around 39, 46, and 68° arose from
diffractions at Pt (111), (200) and (220) planes, respectively.45

The crystallite size was then estimated using the Scherrer
equation44 and the Pt (111) peak. The average Pt crystallite
sizes for Pt/SRO-0.5, Pt/SRO-1, and Pt/SRO-1.5 were 4.5, 7.7,
and 9.4 nm, respectively. This observation confirmed that
supports with higher BET surface area yielded Pt particles with
smaller crystallite sizes (see also discussion below under BET
Surface Area).

TEM. The surface morphology and dispersion of Pt particles
on the synthesized supports were examined by TEM. Figure 3
shows high-resolution TEM images of Pt/SRO-0.5, Pt/SRO-1
and Pt/SRO-1.5 catalysts. The Pt particle sizes were on the
order of 3−5, 4−7, and 8−12 nm, respectively, for Pt/SRO-0.5,
Pt/SRO-1, and Pt/SRO-1.5, respectively. The results were in
agreement with the Pt crystallite sizes estimated from XRD.

Electrical Conductivity. The electrical conductivity of
support materials annealed at 120 and 450 °C was measured at
room temperature (Figure 4, Table 1). The materials annealed
at 450 °C showed higher electrical conductivity, which was
attributed to the improved crystallinity induced during the
annealing process (see Figure 1).
As shown in Figure 4, the conductivity of the SRO support

increased with RuO2 loading within the silica matrix. The rate
of increase in conductivity with RuO2 loading at RuO2 to RuO2
+ SiO2 mole ratios below 0.35 was greater than the
corresponding rate at larger RuO2 to RuO2 + SiO2 mole
ratios. This difference rate of increase was attributed to the
amount of particle contact required for creating optimal
pathways to conduct electrons. Increasing RuO2 content at
lower RuO2 loadings created substantially more pathways for
electron conduction, resulting in near percolation at the break
point (a loading corresponding to 0.35 mol ratio). Further
addition of RuO2 above a certain loading did not add
significantly more pathways. Similar percolation behavior has
been seen in other systems.46

BET Surface Area. The BET surface areas obtained for the
various samples synthesized are presented in Table 1. The BET
surface area of all SRO variants was much less than pure SBA-
15 and the surface area of SRO decreased with increasing RuO2
loading. This observation was attributed to the facts that the
RuO2 was denser than SiO2 and that the porous surface of SBA-
15 was blocked by the deposited RuO2 molecules.47 The
deposited RuO2 first filled the micropores of SBA-15 (<2 nm),
which resulted in a lower BET surface area compared to
pristine SiO2. With the increase in RuO2 loading, the deposited
RuO2 blocked the mesopores of SBA-15 (2−50 nm), which
caused further decrease in surface area. Nonetheless the surface
area of the SRO-1 was as high as 305 m2/g, which is greater
than that of a typical graphitized carbon. The samples retained
their surface area upon annealing.

■ ELECTROCHEMICAL CHARACTERIZATION
Support Stability. The CVs recorded for Vulcan XC-72

carbon during the accelerated support stability test (1−1.5 V vs
NHE; 10 000 cycles)42 showed evidence of substantial surface
oxide formation through increased peak current assigned to the
hydroquinone−quinone (HQ−Q) redox couple of carbon48

(Figure S3, Supporting Information). On the other hand, the
CVs remained essentially unchanged upon cycling up to 10 000
cycles for the SRO supports (see Figures S4−S6 in the
Supporting Information). These results suggested that the
RuO2 with an Ru oxidation state of IV was electrochemically
stable under this aggressive AST, which agreed with prior
reports.49 The capacitance of the support (calculated from the

Figure 1. XRD patterns of SRO supports and SBA-15. Supports were
annealed at 450 °C. SRO-1* represents the sample annealed at 120
°C.

Figure 2. XRD patterns of Pt/SRO. The SRO supports were annealed
at 450 °C.
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CV) was used as a measure of support surface area and
monitored as a function of cycle number (Figure 5). Although
carbon showed a change in capacitance of more than 100%, the
observed change in the capacitance (normalized to initial value)
was only ±10% for the SRO supports. This confirmed the
exceptional electrochemical stability of the SRO supports even
under extremely stringent test conditions.
Catalyst Stability. Several factors can cause a lowering in

ECSA, including support corrosion, Pt dissolution and
redeposition via Ostwald ripening, and Pt aggregation.9,10

The durability of the catalyzed supports was evaluated by
monitoring the change in ECSA (normalized to initial ECSA)

as a function of cycle number under the load cycling protocol
(0.6−0.95 V vs NHE).42

All Pt/SRO catalysts demonstrated higher stability than the
baseline Pt/C electrocatalyst, as seen from the normalized
ECSA values presented in Figure 6. The electrocatalyst stability
apparently improved with an increase in the RuO2 content.
Given that the SRO supports were not designed in any way to
mitigate any of the platinum degradation mechanisms, the
trend seen was attributed to the fact that all the SRO supports
yielded electrocatalysts with larger platinum particle sizes than
the Pt/C benchmark. Because the larger particles had lower
surface free energies, they demonstrated a smaller propensity to
degrade/agglomerate.50 Thus, the apparent increase in stability
was more due to the intrinsic size of the platinum particle than
to the support. Note that the absolute value of the ECSA of the

Figure 3. TEM images of (a) Pt/SRO-0.5 (b) Pt/SRO-1, and (c) Pt/SRO-1.5.

Figure 4. Electrical conductivity of SRO annealed at 120 and 450 °C.

Table 1. Electrical Conductivity and BET Surface Area of the
SRO Samples

sample electrical conductivity (S/cm) BET surface area (m2/g)

Vulcan XC-72 31 ± 5 207 ± 4
SRO-0 ∼0 1057 ± 89
SRO-0.1 7.7 ± 1 × 10−3 470 ± 34
SRO-0.25 9.4 ± 1 × 10−2 460 ± 62
SRO-0.33 3.6 ± 0.4 × 10−1 460 ± 39
SRO-0.42 1.1 ± 0.2 440 ± 27
SRO-0.5 2.1 ± 0.6/3.3 ± 0.5a 430 ± 21/420 ± 38a

SRO-1 12 ± 1/24 ± 6a 290 ± 18/305 ± 42a

SRO-1.5 20 ± 5/33 ± 8a 220 ± 17/195 ± 8a

aThe sample annealed at 450 °C.
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Pt/C catalyst was still higher than that of the Pt/SRO catalysts
after the AST tests.
The capacitive current at potentials between 0.4 and 0.6 V

due to charging/discharging of the double layer was recorded
while performing the accelerated load cycling test on the
catalyzed supports. The capacitive current remained the same
for all tested catalysts over 10 000 cycles (see Figures S7−S10
in the Supporting Information). The results confirmed that the
SRO and C supports did not corrode under the AST protocol
and confirmed that the ECSA degradation was primarily due to
dissolution/aggregation of platinum, and not due to support
corrosion.
Platinum has been reported to accelerate the rate of carbon

support corrosion.51 The durability of Pt/SRO-1 was evaluated
under the start−stop cycling protocol to examine the impact of
addition of platinum on the rate of support corrosion. The CVs
obtained (and the effective capacitance) remained identical
before and after the AST test (see Figure S11 in the Supporting
Information). This result confirmed that SRO was electro-
chemically stable and that the added platinum did not catalyze
the SRO support corrosion, unlike in carbon supports.
Fuel Cell Performance and Polarization Data Analysis.

The performance obtained from MEAs prepared with Pt/SRO-
0.5, Pt/SRO-1, and Pt/SRO-1.5 as well as 46.5 wt % Pt/C
(TKK), with air as the oxidant, are shown in Figure 7. The
polarization data obtained on these MEAs with four different
oxidants (O2, air, Helox and 4% O2) are plotted in Figures
S12−S15 in the Supporting Information.

The performance obtained with Pt/SRO-0.5 was significantly
lower than Pt/SRO-1 and Pt/SRO-1.5. The polarization data
obtained was analyzed following the method initially proposed
by Williams et al.52 and subsequently utilized by Sambandam et
al.53,54 The analysis is briefly described here, please refer to
Williams et al.,52 for details. The objective of this analysis was to
quantitatively estimate key ohmic, mass transport, and kinetic
parameters as well as the distribution of overpotentials in the
MEAs prepared using the various electrocatalysts studied.
Implementing the methods described, four main sources of
polarization losses were estimated: (1) nonelectrode ohmic
overpotential (ηohmic, nonelectrode, ohmic losses due to membrane,
gas diffusion layer (GDL) and any contact resistances); (2)
electrode ohmic overpotential (ηohmic, electrode, ohmic losses in
the electrode); 3) nonelectrode concentration overpotential
(ηconc, nonelectrode, mass transport losses in the GDL and through
binder film in the electrode where oxygen is not consumed);
(4) electrode concentration overpotential (ηconc, electrode, mass
transport losses due to combined reaction and diffusion within
the electrode where oxygen is consumed). Polarization curves
obtained with four different oxidants (O2, air, Helox, and 4%
O2) were used for this analysis (see Figures S12−S15 in the
Supporting Information).

Ohmic Losses. Table 2 reports the overpotential at two
different current densities, 200 and 600 mA/cm2, with air as
oxidant, for each MEA. The nonelectrode ohmic overpotential
(ηohmic, nonelectrode) was higher for the MEAs prepared with the
SRO-based catalysts. Given that all MEAs had the same
membrane, in principle, there should have been no variation in
membrane resistance. The observed variation was attributed to
contact resistances at the membrane electrode interface due to
less than ideal binding between the SRO-based catalyst layer
and the Nafion membrane. The effective “electrolyte + contact”
resistances are reported in Table 3.
The ohmic resistance in the electrode, Re, was estimated

using the data corrected for ηohmic, nonelectrode. Under certain
assumptions,52 the ratios of current density obtained from
polarization data of O2 to that obtained from polarization data
of air should be equal to 4.76 (ratio of oxygen concentration O2
and in air). The polarization data was iteratively adjusted using
various Re values until this condition was satisfied. The
calculated Re values for MEAs prepared using Pt/C, Pt/SRO-
0.5, Pt/SRO-1, and Pt/SRO-1.5 were 33, 240, 90, and 140 mΩ

Figure 5. Change of normalized capacitance of the catalyst supports as
a function of cycle number.

Figure 6. Loss of ECSA of the catalysts as a function of cycle numbers.

Figure 7. Polarization data for H2/air PEFCs with different catalysts at
80 °C, 75% RH and ambient pressure. Two times stoichiometric flow
rate of reactants. Anode catalyst loading: 0.2 mg/cm2 and cathode
catalyst loading: 0.4 mg/cm2.
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cm2, respectively (Table 3). The value obtained for the Pt/C-
based electrode was in line with expectations and was largely
attributed to the resistance to proton transport in the electrode
layer. In the case of SRO-0.5, the high electrode resistance was
primarily due to poor electrical conductivity of the support
material. Both SRO-1 and SRO-1.5 yielded lower Re values than
SRO-0.5 due to their higher electron conductivity. The higher
Re for SRO-1.5 compared to SRO-1 (despite its higher
conductivity) suggested that in addition to electrical con-
ductivity, the distribution of ionomer within the electrode was
important. This is governed by the surface properties and the
pore structure of the catalyst support, neither of which were
optimized in this study.
Mass Transport Losses. To obtain ηconc, nonelectrode, the

limiting current density (ilim) was estimated for each MEA. The
procedure52 involves altering the ilim iteratively until the plot of
log(1/(1 − i/ilim)) vs overpotential (corrected for all ohmic
resistances) yielded a straight line. The final ilim values are
reported in Table 3. The ηconc, nonelectrode was calculated at each
current density by finding the difference in voltage between the
initial and corrected curves. The ηconc, nonelectrode was larger for
the SRO supports than for the carbon support. Given that the
gas diffusion layers used were the same, this observation was
attributed to the fact that the SRO supports were significantly
denser than carbon, leading to a much thicker binder film layer
in the electrode (the binder loading employed was the same for
all MEAs). Transport of oxygen through this binder film was
hindered, leading to larger ηconc, nonelectrode. Within the SRO
supports, the magnitude of this overpotential tracked well with
the limiting current densities that were estimated by this
analysis.
The overpotential due to combined reaction and transport

(ηconc, electrode) in the cathode was estimated by extrapolating the
Tafel slope from the activation region and subtracting this
“kinetic” Tafel slope line from the overpotential corrected for
all ohmic and nonelectrode concentration losses. To calculate
the kinetic Tafel slope, in mV/dec, we used the activation-
controlled region where current density was 10−100 mA/cm2

to ensure that concentration overpotentials, ohmic over-
potentials, as well as mixed-potentials could be neglected. In

general, SRO supports exhibited higher mass transport losses
than carbon support. This was attributed to water retention
within the electrode due to the hydrophilic nature of the
support.
To identify whether O2 transport within the various

electrodes studied was hindered by gas phase and/or
condensed phase diffusion limitations, the helox-air gain was
plotted against the O2−air gain for each current density (Figure
8).53 If there were no mass transfer limitations, the gain plot

would reduce down to a cluster of points at (48, 0),
corresponding to the expected oxygen−air gain of 48 mV.53

This is unlikely to be realized in practice. Realistically, the
current density at which the points begin to deviate from (48,
0) could be considered as a measure of severity of mass-
transport losses. The higher this current density, the less severe
the mass transport losses. If gas phase diffusion were a limiting
factor, a finite helox−air gain would be observed because O2
diffusivity in helox is higher than that in air.55 An oxygen−air
gain would also be observed, over and above the expected value
of 48 mV.53 Hence, the gain plot would yield a straight line
with a positive slope. On the other hand, if condensed phase
diffusion were a limiting factor, the helox−air gain would be

Table 2. Polarization Sources in Air Operation at 80 °C and 75% RH at Current Densities of 200 mA/cm2 and 600 mA/cm2

Pt/C Pt/SRO-0.5 Pt/SRO-1 Pt/SRO-1.5

overpotential (mV) i = 200 i = 600 i = 200 i = 600 i = 200 i = 600 i = 200 i = 600

ηohmic, nonelectrode 12 ± 1 35 ± 3 20 ± 2 N/A 17 ± 1 50 ± 6 16 ± 2 48 ± 3
ηohmic, electrode 7 ± 0.5 19 ± 1 180 ± 25 N/A 18 ± 2 54 ± 5 50 ± 6 150 ± 12
ηconc, nonelectrode 16 ± 2 57 ± 3 57 ± 4 N/A 0 131 ± 21 0 164 ± 18
ηconc, electrode 0 0 93 ± 7 N/A 0 55 ± 5 0 81 ± 6
total 35 ± 3.5 111 ± 7 350 ± 38 0 35 ± 3 290 ± 37 66 ± 8 443 ± 39

Table 3. Characteristic Parameters for MEAs at 80°C, 75% RH and Ambient Pressurea

Pt/C Pt/SRO-0.5 Pt/SRO-1 Pt/SRO-1.5

b (mV/dec) 62 ± 3 124 ± 11 74 ± 4 71 ± 4
io (mA/cm

2) 2.93 ± 0.1 × 10−3 1.08 ± 0.1 × 10−3 5.59 ± 0.8 × 10−3 4.07 ± 0.7 × 10−3

jm (mA mgPt
−1) 131 ± 25 11 ± 0.7 54 ± 5 49 ± 6

js (μA cmPt
−2) 238 ± 31 51 ± 6 115 ± 10 101 ± 8

ECSA (m2/g) 55 ± 5 22 ± 2 47 ± 5 49 ± 6
nonelectrode ohmic resistance (mΩ cm2) 58 ± 5 100 ± 10 85 ± 5 80 ± 10
electrode ohmic resistance m (Ω cm2) 33 ± 2 240 ± 33 90 ± 10 140 ± 17
limiting current, air, (mA cm2) 1604 ± 118 270 ± 31 980 ± 120 789 ± 89

a2 times stoichiometric flow rate of reactants. Anode catalyst loading: 0.2 mg/cm2 and cathode catalyst loading: 0.4 mg/cm2.

Figure 8. Helox-air gain vs O2−air gain at 80 °C and 75% RH.
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close to zero, whereas the oxygen−air gain would increase,
leading to a line with a slope close to zero in the gain plot.53

By examining the current densities at which the plots
departed from (48, 0) [or alternately, by comparing the
position of a fixed current density on the plot], the extent of
mass transport losses in the various electrodes was ascertained.
The electrode prepared with Pt/C had the lowest mass
transport resistance, followed by Pt/SRO-1, Pt/SRO-1.5, and
Pt/SRO-0.5. This trend agreed exactly with findings from the
polarization data analysis, reported in Table 2. All supports
exhibited gas phase mass transport limitations as evidenced by
the nonzero slope of the gain plot. Pt/SRO-0.5 and Pt/SRO-1
exhibited a larger propensity toward condensed phase transport
limitations (evidenced by their smaller slopes).
Activation Losses. The H2/O2 polarization curves

corrected for ohmic and nonreacting O2 transport losses are
plotted in Figure 9. The Tafel slope, exchange current density

(io), mass activity (jm, 0.9 V,NHE), specific activity (js, 0.9 V,NHE),
and ECSA were calculated and are summarized in Table 3. The
results obtained for Pt/C (benchmark) agreed with the
literature.56 The Tafel slopes obtained with Pt/C, Pt/SRO-1
and Pt/SRO-1.5 catalysts were close to the theoretical value of
70 mV/dec at 80 °C. The large Tafel slope obtained with Pt/
SRO-0.5 indicated either an altered mechanism for the oxygen
reduction reaction or the presence of a mixed activation/
transport regime, giving rise to a double Tafel slope. The
exchange current density of Pt/SRO-0.5 and its ECSA were
also lower than the other samples, suggesting intrinsically low
activity. The Pt/SRO-1 and Pt/SRO-1.5 catalysts exhibited
higher exchange current densities, but lower mass and specific
activities than Pt/C, largely because fo their larger platinum
particle sizes when compared to Pt/C.
The performance obtained using these catalysts and the

initial mass and specific activities obtained in this study are
promising when taken in conjunction with the exceptional
stability of this support toward oxidative degradation and the
fact that minimal optimization of the platinum particle size or
electrode structure was performed (contrary to the Pt/C
electrode, wherein carbon corrosion was severe and optimized
and highly refined electrode formulations were used).

■ CONCLUSIONS
High-surface-area SiO2−RuO2 (SRO) catalyst supports were
synthesized using a wet chemical process. The SRO supports
exhibited high electrical conductivity (2−20 S/cm) when the
RuO2 − SiO2 mole ratio was greater than 0.33. The BET
surface area of the composite support decreased with increasing
loading of RuO2. The optimal formulation, SRO-1, possessed a
BET surface area of 305 m2/g. SRO supports exhibited much
higher (by a factor of at least 10) electrochemical stability than
the benchmark carbon material when interrogated using
aggressive accelerated test protocols that simulated 10 000
start-up and shut-down cycles. Unlike in carbon, the addition of
platinum onto the support did not accelerate the support
corrosion rate. The particle size of platinum on the surface of
SRO support was on the order of 5−10 nm. The fuel cell
performance of MEAs prepared using Pt/SRO was excellent,
but was nevertheless lower than that of the Pt/C benchmark.
This was attributed to the lower mass activity of the Pt/SRO
catalysts (larger Pt particle size) as well as enhanced ohmic and
transport losses attributed to the nonoptimized nature of the
prepared electrodes (in contrast with the optimized Pt/C
benchmark). In closing, the outstanding stability of the support
in conjunction with its high surface area, excellent electrical
conductivity, and promising activity of derived electrocatalyst
renders it an excellent candidate for a corrosion-resistant
support, especially for automotive applications.
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