
Strong Metal−Support Interactions Enhance the Activity and
Durability of Platinum Supported on Tantalum-Modified Titanium
Dioxide Electrocatalysts
Amod Kumar and Vijay Ramani*

Center for Electrochemical Science and Engineering, Department of Chemical and Biological Engineering, Illinois Institute of
Technology, 10 West 33rd Street, Chicago, Illinois 60616, United States

*S Supporting Information

ABSTRACT: Rutile phase tantalum-modified titanium oxide (Ta0.3Ti0.7O2) was
synthesized and studied using electrochemical and spectroscopic methods to
evaluate its efficacy as a corrosion-resistant electrocatalyst support material. A 20
wt % Pt supported on Ta0.3Ti0.7O2 catalyst was prepared and compared in terms
of activity and stability against a 20 wt % Pt supported on Vulcan XC-72R carbon
catalyst (20% Pt/C; synthesized in-house) and a 46 wt % Pt/C commercially
sourced catalyst (Tanaka KK). Catalysts 20% Pt/Ta0.3Ti0.7O2, 20% Pt/C, and 46%
Pt/C possessed electrochemically active surface areas (ECSAs) of 60, 57, and 65
m2 g−1, respectively, and mass activities for the oxygen reduction reaction (at 0.9
V vs RHE) of 185, 148, and 224 mA mg−1Pt, respectively, as evaluated in an
operating polymer electrolyte fuel cell. Accelerated stability tests (ASTs) were
performed on membrane electrode assemblies (MEAs) in an operating fuel cell to investigate both support and platinum catalyst
stability. The loss in voltage at a current density of 0.4 Acm−2 after 10 000 support stability AST cycles was only 23 mV for 20%
Pt/Ta0.3Ti0.7O2, over an order of magnitude lower than the losses observed in 20% Pt/C and 46% Pt/C (∼330 mV). Although
the latter loss would correspond to catastrophic fuel cell and stack failure, the former is well within the limits of system tolerance.
Post-mortem transmission electron microscopy (TEM) analyses of the electrocatalyst recovered from cycled MEAs confirmed
the excellent stability of Pt nanoparticles supported on Ta0.3Ti0.7O2. The average Pt particle size increased by ∼20% in 20% Pt/
Ta0.3Ti0.7O2, as compared with a doubling in size in the case of 20% Pt/C and a near tripling in size in 46% Pt/C. The existence
of strong metal−support interactions in 20% Pt/Ta0.3Ti0.7O2 was ascertained from the X-ray absorption near edge structure
analysis. The number of unfilled d states in 20% Pt/Ta0.3Ti0.7O2 was found to be ∼1.47, which was lower than the value of ∼1.60
found in both the carbon-supported Pt catalysts. The decrease in the number of unfilled d states confirmed electron donation
from the Ta0.3Ti0.7O2 support to the Pt atoms, resulting in an increased electron density on Pt. This interaction enhanced both
electrocatalytic activity and catalyst stability, as evidenced by the results above.

KEYWORDS: corrosion-resistant electrocatalyst support, fuel cell, carbon corrosion, potential cycling, Ta-modified TiO2,
strong metal−support interactions

1. INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) are electrochemical
energy conversion devices with applications in the automotive,
residential, back-up power, military, portable, and space sectors.
However, PEFC technology has several underlying problems
(lifetime, reliability, and cost) that need to be resolved as a
prerequisite for large-scale commercialization. Among these,
the lifetime issue is regarded as critical.1 PEFC lifetime is a
function of the durability of its primary component parts
(electrocatalyst, electrolyte, and diffusion media) and resultant
interfaces, which are exposed during operation to an aggressive
combination of two or more of the following: low pH, severe
oxidizing/reducing conditions, excess/insufficient hydration,
temperature excursions, and high electrochemical potentials.1,2

Component lifetime is heavily influenced by various operational
factors, such as abrupt changes in load and cell start-up/
shutdown; an adverse manifestation of these factors can

accelerate component degradation. Catalyst durability during
extended operation remains a key challenge to developing
PEFCs with acceptable lifetime, especially for applications in
the automotive sector. Platinum supported on high-surface-area
carbon (Pt/C) is widely used as an electrocatalyst in PEFCs
because of its relatively high activity for the oxygen reduction
reaction (ORR). However, loss in active platinum surface area
occurs during fuel cell operation as a consequence of catalyst
and support degradation. Loss in Pt surface area is associated
with the growth in platinum nanoparticle crystal size as a result
of the following mechanisms: (i) platinum dissolution and
redeposition via the Ostwald ripening process, (ii) coalescence
of platinum particles via migration on the carbon support, and
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(iii) platinum particle detachment and agglomeration induced
by carbon support corrosion.3

The corrosion of carbon in acidic electrolytes occurs as4
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This reaction is thermodynamically feasible at the potentials
at which the PEFC cathode operates (typically 0.6−1.0 V vs
RHE) but occurs at very low rates in this potential range as a
result of the inherently slow kinetics.5 During fuel cell startup
and shutdown in automotive applications, the cathode potential
undergoes excursions of up to 1.5 V for time periods
corresponding to the residence time of the mixed fuel-air
front in the anode flow channels. Likewise, under conditions of
fuel starvation during operation, similar excursions in potential
are seen at the anode. At these high potentials, the carbon
corrosion reaction is significantly accelerated (as a result of the
exponential dependence of the electrochemical rate constant on
potential), leading to irreversible carbon loss at the electro-
de.5b,6 Electrochemical corrosion of carbon causes electrical
isolation of the catalyst particles as they are separated from the
support and also leads to aggregation of catalyst particles. Both
of these outcomes result in a decrease in the electrochemically
active surface area (ECSA) and mass activity of the catalyst.
There is also an increase in surface hydrophilicity due to surface
oxidation, which promotes condensed phase mass transport
limitations resulting from water retention within the pores of
the catalyst. The presence of Pt can accelerate the carbon
support corrosion rate.6b,7

The best way to eliminate the issue of support corrosion in
PEFCs is to develop alternate corrosion-resistant catalyst
supports. Numerous candidates, including a variety of carbon
nanostructures,8 metal oxides,9 conducting polymers,10 and
hybrid materials,11 have been exhaustively researched over the
past few decades in an attempt to develop novel PEFC catalyst
supports. Transition metal nitrides such as TiN possess high
corrosion-resistance and high conductivity, making them
excellent support candidates. However, the TiN undergoes
passivation under electrochemical conditions, leading to a loss
of conductivity.12 Transition metal carbides/borides, such as
titanium carbide, boron carbide, silicon carbide, and titanium
boride, have been shown to exhibit high conductivity and
stability.9,13 Electrocatalysts using titanium carbide as a support
have been shown to have good catalytic activity,14 although
they suffer from low surface area, which prevents high
dispersion of metal catalyst.15 Various metal oxides/mixed
oxides have been investigated as substitutes for carbon for low-
temperature fuel cell catalysts, including SnO2,

16 ITO,17

WOx,18 TiO2,
19 RuO2,

19c,20 and SiO2.
20b,c,21 Some of these

metal oxide supports have been shown to act as cocatalysts that
enhance the activity of the supported electrocatalyst. Titanium
oxide-based materials have garnered special attention because
of their excellent corrosion resistance in various electrolyte
media.19c,22 The high corrosion resistance and electrochemical
stability demonstrated by titanium oxides even at low pH has
encouraged studies of these materials in fuel cells.22a,c Titania
has the added advantage of being cost-effective, nontoxic, and
readily available.23 However, because of the low electron
conductivity of TiO2, a Pt supported on bare TiO2 electro-
catalyst is deemed unsuitable. The poor performance of this
material in an electrochemical environment has been shown
previously.24

Titania can exist in three main crystallographic forms: rutile,
anatase, and brookite. At room temperature, the rutile phase of
TiO2 has a band gap of 3.0 eV and the anatase phase has a band
gap of 3.2 eV.25 Because of this difference in their band gaps,
the conductivity of the rutile phase of TiO2 is higher than that
of the anatase phase.25,26 Stoichiometric titania is resistive, and
the presence of Ti3+ ions is essential for electronic conductivity.
Ti3+ ions can be generated by (i) creating oxygen deficiencies
by heating TiO2 in a reducing atmosphere (to obtain TiO2−x or
TinO2n−1), and (ii) introducing dopants. Magneli-phase titania,
which can be obtained by annealing TiO2 at high temperatures
of 850 °C, exhibits high conductivity (∼1000 S/cm) as a result
of the presence of induced oxygen defects.19b,27 However,
substoichoimetric titania becomes stoichiometic when exposed
to fuel cell conditions, with a resistive TiO2 layer formed at the
three-phase-reaction interface.19b

Doping rutile titania with metals such as Zr,28 Hf,29 V,30

Nb,22b,31 Ta,32 Cr,33 Mo,34 W,22e Ru,35 Os,36 and Sn37 can
increase its electron conductivity, and several such doped titania
materials, such as Nb0.06Ti0.94O2,

22d 10 mol % Nb-doped
TiO2,

31a Ta0.3Ti0.7O2,
32 Ti0.7Mo0.3O2,

34 Ti0.7W0.3O2,
22e and

Ti0.7Ru0.3O2,
35b have been previously evaluated for electro-

chemical stability. Numerous studies have been carried out
using NbxTi1−xO2, and this support and derivative electro-
catalysts have been shown to possess high activity and stability.
Park and Seol31c reported an increase in electron conductivity
from 10−6 to 0.1 S/cm of Nb-doped TiO2 prepared by
hydrothermal synthesis and annealed at 400 °C. Huang et al.22b

reported the ambient temperature electron conductivity of
niobium-doped titania (Nb0.25Ti0.75O2) prepared by a template-
assisted sol−gel method and annealed at 900 °C to be around
1.11 S/cm and also reported comparable catalytic activities for
33.8 wt % Pt/Nb0.25Ti0.75O2 and 20 wt % Pt/C catalysts (the
latter sourced from E-TEK). Both catalysts were found to have
a mass specific activity (at 0.85 V vs RHE) of ∼30 mA/mgPt, far
lower than those reported for state-of-the-art benchmark
catalysts that possess mass activity values of ∼200 mA/mgPt.

38

After accelerated durability tests (potential cycling from 0.6
to 1.4 V at 50 mV/s for 2500 cycles), the activity of 33.8 wt %
Pt/Nb0.25Ti0.75O2 was reported to be 10 times higher than that
of Pt/C as a result of carbon corrosion in the 20 wt % Pt/C
catalyst; however, the absolute value of the mass activity was
still low, as stated above. Wang et al.22d measured the
conductivity of NbxTi1−xO2 and obtained a value of 7.7 ×
10−5 S/cm at room temperature. The low reduction temper-
ature (400 °C) employed during synthesis of these materials
likely resulted in the lower electron conductivity obtained in
this case. Similarly, Sun et al. reported higher activity and
stability of Pt supported on Nb-TiO2 mesoporous spheres
when compared with commercial E-TEK Pt/C.39 Pt/Nb-TiO2
catalysts were reported to possess mass activities (at 0.9 V vs
RHE) between 82 and 92 mA/mgPt, much lower than the state
of the art benchmark catalysts. (As a general note, in many
studies, the internal benchmark mass activities fall far short of
what is considered to be acceptable: a value around 200 mA/
mgPt at the very least. Thus, although new catalysts are shown
to have mass activities “superior” to internal benchmarks, the
merit of this claim is frequently questionable, given the
suboptimal benchmark employed. A typical claim is that the
comparison was performed under similar conditions using
similar equipment; however, this cannot excuse having a larger
than 10% or so variance with the best reported benchmarks,
given that the benchmarking procedures have been carefully
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documented.38,40) After 30 000 cycles of potential sweeps from
0.6 to 1.4 V vs RHE, Pt/Nb-TiO2 retained only ∼40% of its
initial ECSA, although it was found to be more durable than the
Pt/C ETEK catalyst (which retained only 19% of its initial
ECSA). Ho et al.34 reported high stability of 20% Pt/
Ti0.7Mo0.3O2 during potential cycling from 0 to 1.1 V after
5000 cycles. This protocol, however, does not account for the
high potential excursions (∼1.5 V) experienced during start-up
of an automotive PEFC. Binary oxides of RuxTi1−xO2 were
synthesized by Haas et al.35a for application as a catalyst
support for PEFC; however, no stability results were carried
out.
Tantalum-modified TiO2 has previously been used as a thick

film gas sensor,41 nanowires for solar cells,42 and for varistor
applications43 and possesses electrical conductivities of as high
as ∼103 S/cm when synthesized as an epitaxial thin film. Our
previous work32 reported on the electrochemical properties of
Ta-modified TiO2 measured in a rotating disk electrode (RDE)
setup. The Ta0.3Ti0.7O2 support displayed very high electro-
chemical durability; the loss in capacitance was ∼12%
compared with a carbon benchmark, which showed a >100%
change in pseudocapacitance over 10 000 AST cycles (1.0−1.5
V vs RHE at a scan rate of 500 mV/s in a 0.1 M HClO4
electrolyte at 25 °C). The 20% Pt/Ta0.3Ti0.7O2 possessed
promising mass activity (at 0.9 V vs RHE; 62 mA/mgPt) for
ORR in RDE. In this study, we evaluate and benchmark the
mass and specific activity, ECSA, performance and stability
(loss in mass/specific activities, ECSA, and performance upon
exposure to realistic ASTs) of the Pt/Ta0.3Ti0.7O2 catalyst in
situ in an operating PEFC.
There have been several reports on the unique ability of TiO2

and doped TiO2 supports34,35b,44 to alter the electronic
structure of supported platinum. This phenomenon has been
classified under “strong metal−support interactions” (SMSI)
and has been shown to enhance both chemical stability and
oxygen reduction reaction (ORR) activity.45 In this study, we
have interrogated the 20% Pt/Ta0.3Ti0.7O2 catalyst using X-ray
absorption spectroscopy for evidence of SMSI, and we
investigate the role of such interactions in enhancing catalytic
activity and catalyst stability.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Support and Catalyst. Ta-modified
TiO2 supports were synthesized using a sol−gel technique
using a procedure modified from those available in the
literature.32,41,42 Briefly, alkoxides of tantalum and titanium as
precursors were used in conjunction with a high water/alkoxide
ratio. A 3.0 mL portion of 11.57 mmol of tantalum ethoxide
[Ta(OEt)5] was mixed with 8 mL of 27 mmol of titanium
isopropoxide [Ti(OiPr)4] in 92 mL of absolute ethanol, added
dropwise to an ethanol/water 1:1 solution, and the mixture was
stirred for 4 h. The resultant mixture was centrifuged and then
washed with deionized water and acetone, followed by drying in
an oven at 60 °C for 8 h. This resulted in the formation of 30%
Ta-modified TiO2. As discussed previously,32 this formulation
resulted in adequate electron conductivity (∼0.2 S/cm) for
support while also ensuring complete incorporation of Ta
inside the TiO2 structure. The resultant powder was annealed
at 850 °C in a tube furnace in a reducing atmosphere of 4% H2
in argon for 3 h. An argument for using a reducing atmosphere
for efficient large dopant (Ta) incorporation is discussed
here.46

The 20% Pt supported on carbon and 20% Pt supported on
Ta0.3Ti0.7O2 were prepared by a modified incipient wetness
technique. The details of Pt deposition on Ta0.3Ti0.7O2 have
also been described elsewhere.32,47 A similar procedure was
adopted to prepare 20% Pt/C. Briefly, 0.1327 g of H2PtCl6·
6H2O was added to 30 mL of ethanol, and the mixture was
stirred for 30 min. A 0.2 g portion of support (Vulcan carbon/
Ta0.3Ti0.7O2) was added to the mixture, and the resultant
suspension was sonicated for 1 h. The suspension was then
stirred continuously at 60 °C to evaporate the solvent. The
resultant slurry was dried completely at 80 °C and ground to a
fine powder using a mortar and pestle. To ensure complete
reduction of the Pt precursor to metallic platinum, the powder
was placed in a ceramic boat and heated in a tube furnace at
120 °C under flowing 4% H2/Ar. The resultant 20% Pt/
Ta0.3Ti0.7O2 and 20% Pt/C catalysts were tested and compared
against a commercially available benchmark 46% Pt/C (TKK)
that has gained wide acceptance in industry.

2.2. Microstructure and Electronic Properties. Trans-
mission electron microscopy (TEM) micrographs were
obtained using a JEOL 3010F electron microscope operating
at 300 kV. X-ray absorption spectra (XAS) were recorded at the
Pt L2 and L3 edges in transmission mode at the Materials
Research Collaborative Access Team (MRCAT) beamline,
Sector 10 μB,

48 at the Advanced Photon Source at Argonne
National Laboratory. The water cooled Si (111) monochro-
mator was operated in step scan mode with an entire spectrum
collected in 20 min. An appropriate metal foil (Pt metal) was
used for energy calibration. The powder samples (between 5 to
20 mg) were first ground into a fine powder and then evenly
spread on kapton tape and folded; measurements were made at
room temperature. The total amount of the sample was
adjusted to reach the optimum absorption thickness (Δμx =
1.0; Δμ is the absorption edge and x is the thickness of the
sample) so that the proper edge jump step could be achieved
during the measurements. Higher harmonics were eliminated
by detuning the double-crystal Si(111) monochromator. Three
gas-filled ionization chambers were used in series to measure
the intensities of the incident beam (I0), the beam transmitted
by the sample (It), and the beam subsequently transmitted by
the reference foil (Ir). The third ion chamber was used in
conjunction with the reference sample, which was a Pt foil for
Pt LII and LIII-edge measurements. X-ray absorption near edge
spectroscopy (XANES) data were processed with Athena49 by
first aligning the reference spectra for all data sets and then
adjusting the normalization parameters so as to have all spectra
match before the edge and approximately 150 eV above the
edge.

2.3. Electrochemical Properties. 2.3.1. Preparation of
Catalyst Ink and MEAs. To prepare the catalyst ink, 0.3 g of
catalyst was taken in a glass vial, and deionized water was added
dropwise to blanket the catalyst surface. Six milliliters of
methanol and 5 wt % Nafion 1100 (loading of 30% with respect
to total catalyst weight) were added. Methanol was found to be
a good dispersing agent for the catalysts. However, to prevent
any reactions with the catalyst and air, drops of water were first
added to completely wet the catalyst prior to methanol
addition. This Nafion loading translated to an ionomer/catalyst
weight ratio of 0.43/1. The resultant dispersion was sonicated
for 1 h to obtain the catalyst ink. To prepare the MEA, a Nafion
211 membrane was cut into a square, 3.5 cm by 3.5 cm, and the
catalyst ink was sprayed on the either side of the membrane
using a spray gun, under flowing nitrogen gas. The spraying was
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done intermittently (i.e., layer by layer) to prevent any damage
to the membrane. To ensure controlled and uniform drying, a
heating lamp was placed behind the membrane during the
spraying process. The electrocatalyst loading was determined
gravimetrically. The anode loading was maintained at 0.2 mgPt
cm−2 and the cathode loading was kept at 0.4 mgPt cm

−2. For all
MEAs, the anodes were prepared with commercially sourced
46% Pt/C TKK catalysts, whereas the cathodes were made with
20% Pt/Ta0.3Ti0.7O2, 20% Pt/C, or 46% Pt/C. After the desired
loading was obtained, two 5 cm2 pieces of gas diffusion layer
(GDL; SGL carbon 10 BB) were used to sandwich the catalyst-
coated membrane. The entire assembly was then hot-pressed at
120 °C for 1 min at 7 MPa. The resultant MEAs were used for
fuel cell testing.
2.3.2. MEA Performance. Polarization curves were obtained

using a Compact Fuel Cell Test System, model 850C (Scribner
Associates, Inc.). Before testing for fuel cell polarization, linear
sweep voltammetry (LSV) and cyclic voltammetry (CV)
experiments were performed, and cell conditioning was carried
out. LSV was performed by passing H2 on the anode at 200 cc/
min and N2 on the cathode at 200 cc/min and measuring the
hydrogen crossover current while scanning the working
electrode (cathode) potential from 0.05 to 0.8 V vs the
anode pseudoreference electrode at a scan rate of 4 mV/s. This
was done to ensure MEA integrity was not compromised as a
result of either excessive hydrogen crossover or internal short
circuits or both. The CV experiment was performed by passing
H2 on the anode at 200 cc/min and N2 on the cathode at 200
cc/min and measuring the current while scanning the working
electrode (cathode) potential from 0.05 to 0.8 V, back to 0.05,
vs the anode pseudoreference at a scan rate of 20 mV/s. Before
measuring the CV, the cathode was subjected to potential
cycling at 100 mV/s from 0 to 1.2 V at least 10 times to
standardize the electrode surface. The electrochemically active
surface area (ECSA) was estimated using the hydrogen
desorption peak on the CV measured at 80 °C. The method
is provided in the Supporting Information (SI).32

Fuel cell polarization experiments were performed after
conditioning the MEA by holding the cell at a constant voltage
of 0.55 V for 90 min, followed by running current scans
repeatedly until convergence to ensure stable operation at 80
°C and 75% relative humidity (RH; corresponding to a
saturator dew point of 73 °C). Fuel/oxidant stoichiometric
ratios of 2, with minimum flows of 0.2 SLPM at each electrode,
were employed during testing. Subsequently, after stabilization,
MEA polarization was recorded under these conditions with
hydrogen as the fuel and oxygen, air, 21% oxygen (balance
helium), and 4% oxygen (balance nitrogen) as oxidants. The
current was scanned from zero (corresponding to open circuit)
to a value where the cell voltage dropped below 0.3 V, with
each current held for 4 min; an average of 8−10 measurements
were recorded at each current value. At the end of all
polarization experiments (with all oxidants) for a given MEA,
LSV and CV experiments were performed again to ensure that
the MEA had remained intact during performance testing and
had not degraded in any way during the performance test.
Three repeat measurements were performed for each type of
MEA.
2.3.3. Evaluation of Catalyst Stability Using Accelerated

Stability Test (AST) Protocols. The AST protocol20b,50

employed in this study to study support stability (hereinafter
termed start−stop protocol) was as follows: The working
electrode (cathode) potential was cycled in a triangular

waveform between 1.0 and 1.5 V vs RHE at a scan rate of
500 mV/s for 10 000 cycles (see SI Figure S2). This protocol
aggressively simulated the startup−shutdown transients in an
operating PEFC. A second AST protocol (termed load cycling
protocol) was used to investigate the degradation/dissolution
of the platinum catalyst. The protocol involved cycling the
cathode potential in a rectangular waveform from 0.6 to 0.95 V
vs RHE for 10 000 cycles and mimicked no-load to full-load
transitions during fuel cell operation (see ESI Figure S2). Both
of these tests were performed in H2/N2 mode (at the anode
and cathode, respectively) at 80 °C and 75% RH. After 10 000
cycles, MEA polarization data was again obtained using
hydrogen as the fuel and oxygen, air, 21% oxygen (balance
helium), and 4% oxygen (balance nitrogen) as oxidants, as
described earlier, to investigate the influence of support, catalyst
degradation, or both on performance. Post-mortem TEM
studies were performed to identify changes in the catalyst/
support microstructure after exposure to these ASTs. The
MEAs were disassembled, and the catalyst was recovered from
the electrode using a diamond-tipped tool after wetting the
electrode with a few drops of isopropyl alcohol. Samples were
taken from various locations along the electrode.

3. RESULTS AND DISCUSSION
3.1. Microstructure. The microstructure of the Ta-

modified TiO2 supports and derivative catalysts as elucidated
by the X-ray diffraction and TEM has been described earlier.32

Briefly, Ta was found to be completely incorporated into the
Ta0.3Ti0.7O2 structure (no peaks from TaO2 or Ta2O5 were
observed). Ta0.3Ti0.7O2 particles ranged in size from 70 to 85
nm, had a BET surface area of 26 m2/g, and had an electron
conductivity of 0.2 S/cm. The electron conductivity was
measured using a technique we have described in prior work.32

The details are reproduced in the SI. Pt particle sizes in 20%
Pt/Ta0.3Ti0.7O2 and 20% Pt/C catalysts were found to be 4.4
(±0.4) nm and 4.1(±0.6) nm, respectively; the similarity in
sizes was deliberate and induced by the identical Pt synthesis
procedure followed, with the intent of comparing catalyst
samples with similar surface free energies. The 46% Pt/C
catalyst had an average Pt particle size of 3.0 (±0.2) nm.
The Pt L3-edge X-ray absorption near edge spectroscopy

(XANES) region of the 20% Pt/Ta0.3Ti0.7O2 catalyst has been
plotted and compared with 20% and 46% Pt/C (see Figure 1).

Figure 1. Pt L3-edge XANES spectra of 20% Pt/Ta0.3Ti0.7O2, 46% Pt/
C, 20% Pt/C catalysts, and Pt foil.
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The Pt L2-edge XANES regions of the 20% Pt/Ta0.3Ti0.7O2,
20% Pt/C, and 46% Pt/C are shown in SI Figure S3.The area
under the white line curve, the magnitude of which is a direct
measure of d band vacancies, was in the order 46% Pt/C ∼ Pt
foil ∼ 20% Pt/C > 20% Pt/Ta0.3Ti0.7O2, with the 20% Pt/
Ta0.3Ti0.7O2 showing the lowest area under the white line curve,
that is, exhibiting the greatest shift of electron density from the
support to Pt. The large decrease in its white line intensity, and
concomitantly the area under the curve, was attributed to
SMSI,51 between Pt and the Ta0.3Ti0.7O2 support. This
mechanism explains the facile nature of electron donation
from the Ta0.3Ti0.7O2 support to Pt metal, leading ultimately to
a drastic decrease in the d band vacancy of Pt, as reflected in the
results of the calculation to determine the number of unfilled d
states (hTs).
The 20% Pt/Ta0.3Ti0.7O2 catalyst had the lowest number of

unfilled d states (hTs = 1.47) compared with all the other
samples, namely, Pt foil (1.60), 20% Pt/C (1.59), and 46% Pt/
C (1.61), as shown in Figure 2. XPS data, shown previously32

and reproduced in SI Figure S4, also revealed that the Pt 4f
signal for Pt deposited on Ta0.3Ti0.7O2 was observed at a
binding energy (BE) of 71.20 eV, which was ∼600 meV lower
when compared with the corresponding signal for Pt deposited
on carbon (71.73 eV). This difference in the Pt 4f BE was
attributed to a local increase in the electron density at the Pt
site when it was deposited on Ta0.3Ti0.7O2 and corroborated
that SMSI existed in 20% Pt/Ta0.3Ti0.7O2. A similar decrease in
the Pt 4f BE has also been reported for Pt deposited on other
oxides of titanium.51b,52 These results unequivocally confirmed
that the SMSI between Ta0.3Ti0.7O2 and Pt resulted in facile
electron donation from the Ta0.3Ti0.7O2 support to Pt metal.
Variations in the adsorption strength of oxygen and/or oxygen
intermediates (formed during ORR) on the surface of Pt due to
the SMSI-derived modification in the electronic structure of Pt
can lead to improvement in electrocatalytic activity.44,45,53

Therefore, unlike carbon, Ta0.3Ti0.7O2 can play an important
role as cocatalyst for Pt for the ORR.
3.2. Electrochemical Properties. 3.2.1. Fuel Cell

Performance. The beginning of life (BoL) H2−air polarization
curves for the different MEAs, shown in Figure 3, clearly
indicate that 20% Pt/Ta0.3Ti0.7O2 has very promising perform-
ance in an operating fuel cell comparable to and even exceeding
performance obtained using other noncarbon support materi-

als22a,34 under similar operating environments. The polarization
data obtained on each type of MEA with the four different
oxidants are shown in th eSI, Figures S5−S7. This polarization
data obtained was analyzed following the method initially
proposed by Williams et al. and is found in the
literature.19c,20b,54 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. In
implementing the methods described, four main sources of
polarization losses were estimated: (1) nonelectrode ohmic
overpotential (ηohmic,nonelectrode, due to ohmic losses in the
electrolyte membrane and any contact resistances), (2)
electrode ohmic overpotential (ηohmic,electrode, due to ohmic
losses in the electrode), (3) nonelectrode concentration
overpotential (ηconc,nonelectrode, due to mass transport losses in
the GDL and through binder film in the electrode where
oxygen is not consumed), and (4) electrode concentration
overpotential (ηconc,electrode, arising from mass transport losses
due to combined reaction and diffusion within the electrode
where oxygen is consumed).

Ohmic Losses. Table 1 reports the overpotential at 1000
mA/cm2, with air as oxidant, for each MEA tested. Given that
all MEAs had the same membrane, there should have been no
variation in membrane resistance. The observed values
suggested that the contact resistances at the membrane
electrode interface were similar for all three electrocatalysts.

Figure 2. Variation in unfilled d states for 20% Pt/Ta0.3Ti0.7O2, 46%
Pt/C, 20% Pt/C catalysts, and Pt foil.

Figure 3. H2−air fuel cell performance of MEAs prepared using 46%
Pt/C at the anode (loading = 0.2 mgPt cm

−2) and 20% Pt/Ta0.3Ti0.7O2,
20% Pt/C, and 46% Pt/C (loading =0.4 mgPt cm

−2) at the cathode at
80 °C and 75% RH.

Table 1. Distribution of Overpotential: H2/Air Operation at
80 °C and 75% RH at a Current Density of 1000 mA/cm2

overpotential
(mV)

20% Pt/Ta0.3Ti0.7O2
i = 1000 mA/cm2

20% Pt/C
i = 1000
mA/cm2

46% Pt/C
i = 1000
mA/cm2

ηohmic,nonelectrode 61 ± 2 59 ± 3 59 ± 4
ηohmic,electrode 49 ± 2 36 ± 3 31 ± 1
ηconc,nonelectrode 144 ± 5 125 ± 5 64 ± 4
ηconc,electrode 33 ± 2 28 ± 2 31 ± 3
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The effective “electrolyte + contact” resistances are reported in
Table 2.
The ohmic resistance in the electrode, Re, was estimated

using the data corrected for ηohmic,nonelectrode. The calculated Re
values for MEAs prepared using Pt/Ta0.3Ti0.7O2, 20% Pt/C,
and 46% Pt/C were 45, 33, and 30 mΩ cm2, respectively
(Table 2). The values obtained for the Pt/C-based electrodes
were in line with expectations and were largely attributed to the
resistance to proton transport in the electrode layer. The higher
Re for 20% Pt/Ta0.3Ti0.7O2 compared with Pt/C-based
electrodes was attributed to the fact that electron conduction
through the Ta0.3Ti0.7O2 support was inhibited somewhat by
the higher proportion of ionomer in this electrode, as discussed
below.
Mass Transport Losses. The ηconc,nonelectrode was larger for the

MEAs prepared with 20 wt % Pt loadings, and the electrode
concentration overpotential (ηconc,electrode) was almost identical
for all MEAs. In the case of 20% Pt/C, the electrode thickness
was higher because the Pt loading on the cathode was
maintained consistent for all catalysts. This contributed to the
larger mass transport losses. For 20% Pt/Ta0.3Ti0.7O2, although
the electrode layer thickness was about the same as that of 46%
Pt/C (due to the denser support), the proportion of ionomer
to support was higher. The 20% Pt/Ta0.3Ti0.7O2-based MEA
therefore had a thicker ionomer layer covering the Pt surface
and, hence, was more prone to condensed phase transport
limitations (transport of oxygen through this film to reach
active catalyst surface), leading to a larger ηconc,nonelectrode.
Among the three different electrocatalysts, the magnitudes of
this overpotential were consistent with the limiting current
densities that were estimated.
The helox−air gain was plotted against the O2−air gain for

each current density (Figure 4) to identify whether O2
transport within the various electrodes studied was hindered
by gas phase or condensed phase diffusion limitations (or by
both).54a All the MEAs primarily exhibited gas phase transport
limitations. The 20% Pt/Ta0.3Ti0.7O2, however, showed a
greater tendency toward condensed phase transport limitations
(smaller slope of the gain plot), which related well to the
magnitude of nonreacting transport and electrode ohmic losses
estimated from polarization data analysis (attributed to a
thicker ionomer film in the electrode).
Activation Losses. Subsequent to these corrections, low

current density data (10−100 mA/cm2) was used to calculate

the Tafel slope (Figure 5). The Tafel slopes for all catalysts
were similar (70 ± 2, 74 ± 2, and 68 ± 2 mV/decade for 20%
Pt/C and 20% Pt/Ta0.3Ti0.7O2, respectively), suggesting similar
ORR mechanisms were at play and that the support did not
unduly influence the reaction mechanism.
46% Pt/C was the most active among the 3 catalysts and

exhibited higher ECSA, exchange current density, and mass
activity (Table 2) than the other catalysts. This was quite in line
with expectations, given that this catalyst had a much smaller Pt
particle size. The trends in mass activity values were consistent
for the catalysts across the RDE32 and MEA techniques. In both
methods studied, Pt/Ta0.3Ti0.7O2 was found to have a lower
mass activity than Pt/C TKK.
When comparing across samples with similar Pt particle sizes,

20% Pt/Ta0.3Ti0.7O2 exhibited a higher ECSA, exchange current
density, and mass activity than 20% Pt/C (Table 2), although
the 20% Pt/Ta0.3Ti0.7O2 catalyst had an average Pt particle size
that was slightly greater than 20% Pt/C. Although this trend
seemed anomalous at first sight, it could be rationalized. As
demonstrated earlier using XANES analysis, the Ta0.3Ti0.7O2
support donated electrons to the Pt catalyst, thereby decreasing
its d band vacancy through SMSI. These interactions altered
the adsorption strength of oxygen molecules on the Pt surface

Table 2. Characteristic Parameters for MEAs Tested at 80 °C, 75% RH and Ambient Pressurea

parameter/metric 20% Pt/Ta0.3Ti0.7O2 20% Pt/C 46% Pt/C

b (mV/dec) 70 ± 2 74 ± 2 68 ± 2
i0 (mA/cm

2) (6.8 ± 0.3) × 10−3 (2.1 ± 0.2) × 10−3 (10.2 ± 0.2) × 10−3

jm (mA mg−1Pt) @ 0.9 V 185 ± 2 148 ± 3 224 ± 6b

js (μA cm−2
Pt) @ 0.9 V 219 ± 3 196 ± 2 241 ± 3

ECSA (m2/gPt)
c 60 ± 2 57 ± 1 65 ± 2

nonelectrode ohmic resistance (mΩ cm2) 61 ± 3 59 ± 1 59 ± 2
electrode ohmic resistance (mΩ cm2) 45 ± 2 33 ± 2 30 ± 3
limiting current, air (mA cm2) 1605 ± 64 1540 ± 62 1680 ± 54

Post AST (start stop cycling)
jm (mA mg−1Pt) @ 0.9 V 174 ± 3

Post AST (load cycling)
jm (mA mg−1Pt) @ 0.9 V 184 ± 3 146 ± 3 224 ± 4

a2 times stoichiometric flow rate of reactants. Anode catalyst loading, 0.2 mg/cm2; cathode catalyst loading, 0.4 mg/cm2. bConsistent with typical
mass activity values for 46% Pt/C reported in the literature, ∼200 mA/mgPt.

38,40 cIn a PEFC, the OCV of Pt/TiO2 was found to be as low as 0.75 V
vs RHE, whereas the ECSA was found to be lower than 5 m2/gPt.

Figure 4. Helox−air gain vs O2−air gain of MEAs prepared with 46%
Pt/C, 20% Pt/C, and 20% Pt/Ta0.3Ti0.7O2 at 80 °C and 75% RH.
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favorably, resulting in enhanced catalytic activity. Other
candidate mechanisms contributing to increased fuel cell
performance include adlineation (proposed by Fleischmann et
al.55) or the formation of an interface between the support and
catalyst and enhanced diffusion of intermediates to the surface,
as described by the spillover model proposed by Boudart et
al.56 Although no evidence of any SMSI was observed (from
XANES data) in 46% Pt/C, the fact that it possessed the
highest activity among the catalysts studied was not an anomaly
and could be attributed to the lower Pt particle size in this
material.
3.2.2. Electrochemical Stability of 20% Pt/Ta0.3Ti0.7O2 in a

PEFC. Start−Stop cycling: Figure 6 represents the polarization
curves of the MEAs prepared by 46% Pt/C, 20% Pt/C, and

20% Pt/Ta0.3Ti0.7O2 electrocatalysts in a single cell before and
after this AST. The effects of start−stop cycling on cell
performance were negligible in the case of the 20% Pt/
Ta0.3Ti0.7O2 electrocatalyst; a slight decrease in cell voltage
(∼23 mV) at 0.4 Acm−2 was observed after 10 000 AST cycles.
However, the MEAs prepared with 46% and 20% Pt/C catalysts
exhibited a large voltage drop (∼330 and 340 mV, respectively,
at 0.4 Acm−2) after 10 000 AST cycles; this was patently due to
carbon corrosion and subsequent detachment and agglomer-
ation of catalyst particles.22c The changes in mass activity for
each catalyst as a result of the AST are shown in Table 2 and
reinforce the claim to high stability of the 20% Pt/Ta0.3Ti0.7O2

electrocatalyst. The electrochemical corrosion of the carbon
surface led to changes in the surface chemistry of the carbon
and an increase in the hydrophilicity of the catalyst layer and
the GDL, which negatively affected the transport of the reactant
gas.22b Carbon corrosion also results in thinning of the
electrode layer, leading to a reduction in the electrical contact
with the GDL. All these factors lead to a significant decrease in
fuel cell performance.
To examine the influence of start−stop potential cycling on

the structure of the 20% Pt/Ta0.3Ti0.7O2 catalyst, samples from
the tested MEA were analyzed by TEM. Figure 7 shows TEM
images of the catalyst particles of 20% Pt/Ta0.3Ti0.7O2, 20% Pt/
C, and 46% Pt/C before and after 10 000 cycles of the start−

Figure 5. Analysis of H2/O2 polarization data for MEAs with 46% Pt/
C, 20% Pt/C, and 20% Pt/Ta0.3Ti0.7O2. The straight lines correspond
to data corrected for ohmic (membrane + cathode) and nonreacting
O2 transport losses.

Figure 6. H2−air fuel cell performance of MEAs prepared using 46%
Pt/C at the anode (loading = 0.2 mgPt cm

−2) and 46% Pt/C, 20% Pt/
C, and 20% Pt/Ta0.3Ti0.7O2 (loading = 0.4 mgPt cm

−2) at the cathode
at 80 °C and 75% RH before and after the AST using the start−stop
protocol.

Figure 7. TEM images of 20% Pt/Ta0.3Ti0.7O2, 20% Pt/C and 46% Pt/
C particles before and after the AST using the start−stop protocol.
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stop AST. Extensive growth of Pt particles was observed for
46% and 20% Pt/C, which is consistent with literature
reports.3a,57 Moreover, irregularly shaped particles were
observed after the AST. The degradation mechanism of Pt/C
catalysts during potential cycling occurs via Pt dissolution and
redeposition (growth via Ostwald ripening); coalescence, via
crystal migration; and detachment of Pt particles, from the
carbon support.3a Carbon corrosion promotes particle
coalescence via crystal migration, which likely leads to the
formation of such irregularly shaped Pt particles. In contrast,
although samples from more than 10 points within the
electrode were exhaustively examined, no significant differences
between the pristine and cycled 20% Pt/Ta0.3Ti0.7O2 catalysts
were observed. The shapes of the Pt particles in post-test 20%
Pt/Ta0.3Ti0.7O2 samples were almost identical to those in
pristine samples. Strong interactions between Pt particles and
the oxide support and the inherent superior support stability at
high potentials account for this exceptional stability of 20% Pt/
Ta0.3Ti0.7O2. This high stability is consistent with predictions
based on the XANES results. The XANES results, which
showed the existence of SMSI between Pt and Ta0.3Ti0.7O2,
could also be used to explain the higher stability of the 20% Pt/
Ta0.3Ti0.7O2 electrocatalysts during start−stop cycling because
the SMSI observed facilitated strong Pt attachment to the
support, thereby leading to enhanced overall catalyst stability.
Load Cycling. Figure 8 shows the performance of the MEAs

prepared by the 20% Pt/Ta0.3Ti0.7O2, 20% Pt/C, and 46% Pt/C

catalysts before and after 10 000 cycles of the load cycling AST.
None of the catalysts showed significant deterioration in
performance. Although each of these catalysts showed a large
decrease in ECSA upon load cycling, the fuel cell performance
of the catalysts was not significantly impacted. The ECSA of
20% Pt/Ta0.3Ti0.7O2, 20% Pt/C, and 46% Pt/C decreased by
35%, 44%, and 47%, respectively. This confirmed that platinum
dissolution did occur on all the supports when they were
subjected to load cycling.

Figure 9 shows the TEM images of the catalyst particles of
20% Pt/Ta0.3Ti0.7O2, 20% Pt/C, and 46% Pt/C before and after

10 000 cycles of the load cycling AST. All catalysts showed
evidence of Pt particle growth; however, the extent of platinum
growth was lower in the case of 20% Pt/Ta0.3Ti0.7O2 when
compared with 20% Pt/C and 46% Pt/C. Although the higher
platinum dissolution/agglomoration rate of 46% Pt/C could be
attributed to the higher initial surface free energy of the smaller
Pt nanoparticles, the fact that the 20% Pt/Ta0.3Ti0.7O2 exhibited
less platinum dissolution under identical conditions than 20%
Pt/C further reinforced the presence of SMSI that stabilized the
platinum particles. Clearly, the synthesis and processing of 20%
Pt/Ta0.3Ti0.7O2 can be further optimized to reinforce the SMSI
and further stabilize the platinum particles, and this is an
ongoing task. At 1 A/cm2, the loss in voltage of 20% Pt/
Ta0.3Ti0.7O2, 20% Pt/C, and 46% Pt/C was ∼15, 50, and 30
mV, respectively. The performance losses in 20% Pt/C and
46% Pt/C were negligible compared with the catastrophic
losses observed during start−stop cycling. These results
demonstrate conclusively that support corrosion is far more
severe in terms of consequences on performance than platinum
dissolution. Pt dissolution and agglomeration does occur during

Figure 8. H2−air fuel cell performance of MEAs prepared using 46%
Pt/C at the anode (loading = 0.2 mgPt cm

−2) and 46% Pt/C, 20% Pt/
C, and 20% Pt/Ta0.3Ti0.7O2 (loading = 0.4 mgPt cm

−2) at the cathode
at 80 °C and 75% RH before and after AST using load cycling
protocol.

Figure 9. TEM images of 20% Pt/Ta0.3Ti0.7O2, 20% Pt/C and 46% Pt/
C particles before and after the AST using the load cycling protocol.
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load cycling, but its impact on MEA performance by itself is not
as acute as the support corrosion phenomenon.

4. CONCLUSIONS
A robust noncarbon Ta0.3Ti0.7O2 support has been synthesized,
characterized, catalyzed with platinum, and tested in an
operating fuel cell. The 20% Pt/Ta0.3Ti0.7O2 catalyst demon-
strates fairly good activity and very high durability in an
operating fuel cell when compared against a commercial 46%
Pt/C (TKK) benchmark, and a like-for-like 20% Pt/C catalyst
synthesized in-house, with a similar platinum particle size and
loading. The 20% Pt/Ta0.3Ti0.7O2 catalyst exhibited an initial
fuel cell mass activity of 185 mA/mgPt (at 0.9 V vs RHE) that
was higher when compared with that of 20% Pt/C (148 mA/
mgPt). The 20% Pt/Ta0.3Ti0.7O2 catalyst exhibited exceptional
electrochemical stability compared with both the carbon
supported catalysts and showed a loss of only 23 mV at 0.4
A/cm2 compared wtih a loss of 330 and 340 mV at the same
current density after 10 000 cycles of a simulated start-up/shut
down potential cycling AST. This clearly evidenced that the
Ta0.3Ti0.7O2 served as a highly corrosion-resistant support.
Exposure to load-cycling ASTs revealed that platinum
dissolution did occur in all the catalysts, but it was somewhat
lower for the 20% Pt/Ta0.3Ti0.7O2 catalyst. Unlike the start−
stop AST, exposure to the load cycling AST had minimal
impact on performance, confirming that the fuel cell is far more
forgiving of platinum dissolution in itself than it is of support
corrosion. XANES analysis unequivocally revealed the presence
of strong metal/support interactions between Pt particles and
Ta0.3Ti0.7O2. These interactions contributed to the higher
activity and stability of the 20% Pt/Ta0.3Ti0.7O2 catalyst.
Although the initial fuel cell performance of 20% Pt/
Ta0.3Ti0.7O2 fell short of the accepted benchmark of 46% Pt/
C, this catalyst shows much superior durability by virtue of the
highly stable support, suggesting that it is very much a viable
material for automotive fuel cell stacks.
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