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Abstract: The materials currently used in proton-exchange membrane fuel cells (PEMFCs) require complex
control of operating conditions to make them sufficiently durable to permit commercial deployment. One of
the major materials challenges to allow simplification of fuel cell operating strategies is the discovery of
catalyst supports that are much more stable to oxidative decomposition than currently used carbon blacks.
Here we report the synthesis and characterization of Tip7W, 30, nanoparticles (approximately 50 nm
diameter), a promising doped metal oxide that is a candidate for such a durable catalyst support. The
synthesized nanoparticles were platinized, characterized by electrochemical testing, and evaluated for
stability under PEMFC and other oxidizing acidic conditions. Tiy ;W 30, hanoparticles show no evidence
of decomposition when heated in a Nafion solution for 3 weeks at 80 °C. In contrast, when heated in
sulfuric, nitric, perchloric, or hydrochloric acid, the oxide reacts to form salts such as titanylsulfatehydrate
from sulfuric acid. Electrochemical tests show that rates of hydrogen oxidation and oxygen reduction by
platinum nanoparticles supported on Tip7W; 30, are comparable to those of commercial Pt on carbon black.

Introduction

Fuel cells were invented in 1839 by Sir William Grove.
Unlike the internal combustion engine, the efficiency of fuel
cells is not subject to the Carnot limit, since they are not heat
engines. Calculations suggest the possibility of free energy
conversion efficiencies of perhaps 90% in fuel cells, though the
limited kinetics of the oxygen reduction reaction (ORR) have
restricted the achieved efficiencies to lower values. The promises
of high efficiency, low regulated emissions, and (with a proper
energy chain) low greenhouse gas emissions have made fuel
cells an attractive research and development objective as an
alternative to current energy conversion technologies.>®

There are various types of fuel cells, based on the temperature
of operation, fuels that can be used, and components such as
the electrolyte. However, the proton-exchange membrane fuel
cell (PEMFC) is of interest for many applications, including
portable electronics and automobiles, due to its low temperature
of operation and fast start—stop capabilities.*

The materials currently used in PEMFCs require complex
control schemes and associated hardware to achieve adequate
durability.® The catalyst support, electrodes, and membrane can
undergo chemical degradation, especialy after many start—stop
cycles, if operating conditions are not tightly controlled.
Furthermore, the catalyst is expensive and easily poisoned.
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Hence, there are several materials challenges associated with
each component of the membrane electrode assembly, the core
of a PEMFC. This work is focused on the synthesis and
characterization of more durable catalyst supports.

Current PEMFC technology uses carbon black as a catalyst
support because it offers two important characteristics: (i)
sufficient electronic conductivity to transport charge to and from
the catalyst (at least 0.1 S/cm)® and (i) a morphology with open
porosity for movement of fuel, oxidant, and product species.
Further, carbon black particles (50—100 nm) have been
devel oped to bind 3—5 nm platinum or platinum-based catalyst
nanoparticles. In particular, one form of carbon black commonly
used is VulcanXC-72.° However, as a catalyst support, these
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carbons corrode too rapidly, especially under inadequately
controlled transient-load and on/off operation conditions.>*>"#

PEMFCsfunction at low pH (1—2), and the cathode el ectrode
can experience potentials up to +1.5 V vsthe normal hydrogen
electrode (NHE) under fuel starvation.? No nonprecious metal
is thermodynamically stable at al these potentias in acidic
aqueous media.® Sulfides, carbides, and nitrides are all thermo-
dynamically driven to oxidize or hydrolyze to oxides, at least
at the surface, under these conditions. However, some oxides
with metals in their highest oxidation state demonstrate good
stability in air/water mixtures. But under some conditions (pH
= 7, elevated temperature, with other ions in solution, applied
potential, etc.), surface reactions can occur. Such reactions take
on even more importance in nanoscale materias, due to the
high ratio of surface to bulk atoms.

There are few oxides that demonstrate structural and chemical
stability at the potentials and pH of interest: TiO,, Nb,Os, TapOs,
and WO3.° Unfortunately, since in each case the metal isin its
highest oxidation state, none of these oxides are conducting.
However, these oxides can be partially reduced™® *? or doped
with other metal cations,** 22 resulting in metallic or semicon-
ducting behavior. For example, it is known that rutile (TiO,)
can be doped with other cations to prepare Ti;—,M,O,, where
M is ametal from group V or greater.*>~2* Also, according to
Pourbaix diagrams,® TiO, is highly stable in water over a broad
range of pH values (—1 to 14) and from low to high potential
(pH-dependent). Hence, doped TiO, has the possibility of being
both electrically conducting and kinetically stable under fuel
cell conditions, assuming that the doping does not radically alter
the chemical stability of the host lattice. Some transition metal
oxides have been studied as electrodes or supportsin a variety
of electrochemical systems.??23~27
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Rutile has a tetragonal structure and is a large-band-gap
semiconductor (3.0—3.5 eV).222° Since pure titania has very
few charge carriers, resulting in low electronic conductivity,
conductivity must be achieved either by aeovaent cation
substitution or by introduction of oxygen vacancies. On the other
hand, WO, is a conductive material with a distorted rutile
structure resulting from W—W bonding,° but it is thermody-
namically stable only over a narrow range of potentials (around
—0.1 V). However, when WO, is doped into TiO,, especially
at low concentrations, achemically stable and conductive system
can be obtained. Though the expected percolation limit for near-
neighbor W—O—W connectivity is near x = 0.5 (where X is
the mole fraction of WO, in TiO,),%! DFT calculations predict
metallic conductivity from overlap of occupied W 5d orbitals
with orbitals of neighboring O and Ti*? even at much lower
concentrations of W. Fuel cell technologists have proposed a
modest target for the minimum conductivity of new catalyst
supports of 0.1 S/cm®. Initial high-temperature synthesis experi-
ments suggested that this target could easily be met with 30%
W doping. Further, W has the advantage over other doping
elements (e.g., Nb) in that W—W pairing does not cause
complete localization of the electrons.

In this paper, the Tip7 W30, system is discussed. We report
the sol—gel synthesis of nanoparticles and their electrochemical
behavior. We are currently examining the use of other dopants
in TiO, as well as other oxide hosts for catalyst support
applications, but these topics will not be discussed here.

Experimental Section

Ti1—xW,O, has been successfully synthesized through traditional
solid-state techniques. These involve high temperature (1100 °C)
and long reaction times, and they result in micrometer-size
particles® which are too large to be used as catalyst supports. The
sol—gel technique is widely used for the synthesis of mixed-metal
oxides, giving atomic-scale mixing that enables lower calcination
temperatures, resulting in high-purity, single-phase, mixed-cation
oxides at low temperature.®> Hence, in order to produce 50 —100
nm nanoparticles of the desired composition, a sol—gel based
multistep process has been developed. The process is a variation
of traditional Pechini synthesis,**=® involving in situ polymerization
of citric acid and ethylene glycol.

Materials. Titanium tetra-isopropoxide was purchased from
Gelest; citric acid from Fisher Scientific; tungsten hexa-ethoxide,
Zr fail (0.025 mm thick, annealed), and anhydrous ethylene glycol
(ACS, spectroscopic grade) from Alfa Aesar; anhydrous ethanol
(ACS grade) from Pharmco Aaper; and Nafion (5 wt % in lower
diphatic alcohols and water) from Sigma-Aldrich.

Synthesis. Titanium tetra-isopropoxide (0.52 mL) and ethylene
glycol (0.14 mL) were added to 10 mL of ethanol each, while
tungsten hexa-ethoxide (0.34 g) and citric acid (0.96 g) were
dissolved in 45 and 15 mL of anhydrous ethanol, respectively. The
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solutions were then mixed together on a Schlenk line under air-
free conditions, resulting in a2:1:1 citric acid-to-metal-to-ethylene
glycol molar ratio solution. The mixture was then exposed to air,
poured into a Petri dish, and heated in air to evaporate the solvent
and polymerize the citric acid and ethylene glycol at 75 °C for up
to 12 hin adrying oven. The resulting clear gel was then calcined
at 450 °C in air for 6 h. The calcined product is a free-flowing,
white to light tan powder. At this point, the W is fully oxidized
(6+) and needs to be reduced (4-+). This was achieved by heating
the calcined sample in a seadled, evacuated silica tube with
stoichiometric amounts of Zr foil at 750 °C for up to 2 days.*® The
Zr metal is kept separate from the oxide by putting it in a small
open silica tube. The Zr forms ZrO, on heating, thereby reducing
the W from 6+ to 4+. Tig7/ W30, is ablack, free-flowing powder.
A TGA scan of the calcined product was conducted prior to heating
with Zr to quantify the water adsorbed on the relatively high surface
area of the cool, air-exposed calcined material (generaly close to
3.5 wt %) and to precisely determine the exact amount of Zr fail
required to reduce the W& just to W**. All of the H,O was carefully
removed from the calcined materia before sealing the tube by
pumping under vacuum and gently heating until no increase in
vacuum pressure was seen with further heating. The presence of
H>O not only would preclude the proper reduction of W, it also
acts as a good W-transport agent at elevated temperatures® and
would result in an inhomogeneous fina product.

Characterization. The samples were characterized by powder
X-ray diffraction using aRigaku Ultima V1 diffractometer. Scanning
electron microscopy (SEM) and energy dispersive X-ray analysis
(EDX) were performed using a LEO-1550 field emission SEM
(FSEM). Thermogravimetric analysis (TGA) was conducted using
aTA Instruments Q50. Tunneling electron microscopy (TEM) was
conducted using a Tecnai F20 instrument, and a Horiba elemental
analyzer (EMGA, EF-600) was used to determine the oxygen
content.

Stability Tests. About 0.1 g of the Tig7Wq 30, hanopowder was
placed in 4 mL of 3 M agueous solutions of four different acids:
H,S0O,4, HNO3, HCI, NaClO,4/HCI. A fifth mixture was prepared in
a4 mL Nafion solution (5 wt %). All mixtures were held in glass
vias at 80 °C (nomina PEMFC conditions) for up to 3 weeks.

Platinization. Platinization of the nanoscale powders using
hydrazine was done at GM research laboratories according to the
following procedure. About 1 g of Tip7Wo30, was sonicated in
300 mL of H,O, heated to 80 °C, and mixed with a solution of
1.6 g of (NH3),Pt(NO,), in 100 mL of H,O. This mixture was heated
to 80 °C with CO bubbling at 400 sccm for up to 30 min with
constant stirring. The pH of the solution was adjusted to 3 using
acetic acid, and a solution of hydrazine (0.333 g in 10 mL of H,0)
was added. The mixture was stirred with CO bubbling at 80 °C for
up to 3 h, and then stirring was continued overnight at room
temperature. The final product was obtained by filtration and
vacuum drying.

Electrochemical Testing. Tig7W30,. A stable suspension of
the Tip7Wo 30, nanopowder was prepared by mixing 10 mg of the
nanopowder, 3.98 mL of distilled water, 1 mL of isopropyl acohol,
and 20 uL of Nafion solution (5 wt % in acohols and water) and
sonicating for 2 h. About 20 uL of the suspension (200 ug of oxide
cm2) of Tig, W30, was applied to a polished 5 mm diameter
glassy carbon electrode and dried in air for rotating disk electrode
(RDE) dectrochemicd studies. A NaCl-saturated Ag/AgCl electrode
and a carbon electrode were used as the reference and the counter
electrode, respectively. Tests were conducted in a 0.1 M sulfuric
acid solution saturated by Ar, O,, and H,, respectively.

Platinized Tig7;W(30,. The catalyst was mixed with 20 vol %
2-propanol and 4 wt % Nafion in water and sonicated to form an

ink. A 20 uL aliquot of the dispersed ink was deposited onto a
polished 5 mm diameter glassy carbon disk and allowed to dry
under ambient air. Catalyst loadings were 25—35 ugr/CmZye, With
4—5 wt % Nafion in the dried film to act as abinder. For reference,
similar methods were used to prepare RDES using a 46 wt % Pt/
Vulcan baseline catalyst (TEC10V50E from TKK).

A Pyrex cell was filled with about 100 mL of 0.1 M HCIO,
(prepared from concentrated HCIO, from GFS Chemicals) and
covered with a Teflon cap. A reversible hydrogen electrode (RHE)
reference was placed in a separate beaker and connected to the
cell by a bridge tube; and the beaker, bridge, and RHE were all
filled with the same electrolyte. The counter electrode was a
platinum mesh connected to the cell through a coarse glass frit.
All potentials were referenced to the RHE.

The electrode film was immersed at open circuit as the electrolyte
was being actively sparged with argon, and it was activated by
cycling 400 times between 50 and 1100 mV at 1 V/s. Once the
CV current was stabilized by the rapid cycling, three additional
voltage sweeps were run at 20 mV/s. The Pt surface area was
estimated by the adsorption charge of the underpotential-deposited
(UPD) hydrogen assuming 210 xCl/cm?p,.

Oxygen was sparged for aminimum of 30 min initialy to saturate
the electrolyte and then continuously throughout the ORR measure-
ment. With the electrode being rotated at 1600 rpm, the film was
initially held at +150 mV for 60 s and then swept to +1100 mV
at 5 mV/s. The geometric current measured at 900 mV is corrected
using the diffusion current through the hydrodynamic boundary
layer to estimate the kinetic current, 1/ix = Uigeo — Vijim, and the
catalyst activity was calculated from this kinetic current.

Results and Discussion

The powder X-ray diffraction pattern for the Tig7Wo30,
nanoparticles (Figure 1a) can be completely indexed with a
tetragonal unit cell that is slightly shifted from pure TiO, due
to doping with tungsten. Thered lines indicate the peak positions
for pure rutile TiO, (PDF no. 01-072-4812). Some peaks shift
to higher values of 26, while others shift to lower values
compared to pure rutile TiO,. This behavior reved s an expansion
of the a-axis and a contraction of the c-axis due to W—W pairing
in the doped compound. Such pairing is also seen in WO, and
is expected in the doped Ti0,.3%? The lattice parameters of
pure TiO, area = 4.6021 A, c = 2.9563 A, withZ=2and V
= 62.612 A3 The whole powder pattern fitting (WPPF)
technique was used to calculate the lattice parameters of
Tio7/Wo202 a = 4.683(1) A, c = 2.919(1) A, v = 63.87 AS,
As predicted by theory®? and as seen in the high-temperature
product, the unit cell volume increases by about 2% with 30%
W doping. The X-ray peaks are broad due to the nanoscale size
crystallite domains and/or small compositional inhomogeneities.
Assuming uniform composition, the crystallite domain sizes are
caculated to be 29 £ 3 nm using the Williamson—Hall
method. 3840

The samples were examined by SEM and EDX. Figure 1b
illustrates closely packed particles on the surface of the flake-
like morphology of the Tig7;Wo30,, which results from the
multistep synthesis in a Petri dish. Figure 1c shows a cross-
section of the flake, highlighting an open network of smaller
particlesin the middle with more densely packed, larger particles
on the edges. The robustness of the flakes suggests partial
sintering of the particles, which results in the desired open

(36) Marezio, M.; Bordet, P.; Capponi, J. J; Cava, R. J.; Chaillout, C,;
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Figure 1. (a) Powder X-ray diffraction pattern for Tip;Wo30,. The red lines indicate peak positions for pure rutile TiO,. Measured peaks are shifted due
to W-doping. (b) SEM image showing the top surface of the flake-like morphology of the Tig ;W 30, prepared by the sol —gel method outlined in the text.
The particles form awell-connected network on the surface and are about 100—200 nm in size. (¢) SEM image of a cross-section of the flake-like morphology,
with smaller particles and higher porosity in the interior of the flake. The flake surface runs vertically on the right-hand side of the image.
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Figure 2. (&) X-ray diffraction pattern of Tip7 W30, nanopowder after
treating with 3 M H,SO, solution at 80 °C for 3 weeks. (b) SEM image of
the acid-treated sample.

porosity. Synthesis design leading to the desired uniform particle
size and open porosity of the oxide network is currently being
optimized and will be the subject of a future publication. The
average ratio of Ti to W was determined to about 2:1 through
EDX. The oxygen content was measured using a combustion
technique® before (29.2 4 1 wt %) and after (25.5 & 1 wt %)
reducing the tungsten. These are quite close to the expected
theoretical values of 29.3% and 26.5%, respectively.

The electrical conductivity of moderately compacted flakes
of approximately 0.02 S/cm was obtained using a four-point
probe, while a conductivity of about 0.9 S/cm was measured
using a two-point probe. Some variability from method to
method is expected due to different particle—particle contact
resistances and differences in applied pressure distribution in
the compaction.

The chemical stability of Tig7Wo30, was tested in consider-
able stoichiometric excesses of various acids at 80 °C for up to
3 weeks. In H,SO, or HNO;3, the tungsten was partially leached
out and formed tungstite (WOs+H,0), while the TiO, formed
either titanyl sulfate or titanyl nitrate.*?~** Figure 2b shows the
SEM micrograph of a Tip7;Wo30, sample treated with 3 M

(41) Kikkawa, S.; Nagasaka, K.; Takeda, T.; Bailey, M.; Sakurai, T.;
Miyamoto, Y. J. Solid State Chem. 2007, 180, 1984-1989.

(42) Jablonski, M. J. Therm. Anal. Calorim. 2008, 93 (3), 717—720.

(43) Kolen'ko, Y. V.; Burukhin, A. A.; Churagulov, B. R.; Oleinikov, N. N.
Inorg. Mater. 2004, 40, 822-828.

(44) Sivakumar, S;; Pillai, P. K.; Mukundan, P.; Warrier, K. G. K. Mater.
Lett. 2002, 57, 330-335.
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H,SO, for 21 days at 80 °C. SEM images of samples treated in
both hydrochloric acid and a mixture of NaClO, and HCI
showed some needles of oxides of tungsten (by microprobe),
but there were no noticeable changes in the X-ray patterns of
these samples, indicating only slight reaction. Sulfuric and nitric
acids are observed to be more aggressive than the other agueous
acids due to the formation of titanyl sulfate and titanyl nitrate
complexes, exposing the tungsten to further oxidation, forming
hydrates of WOs;. Interestingly, neither the X-ray pattern nor
the SEM images of the sample treated with concentrated Nafion
solution showed any changes (Figure 3). The reaction rate of
the acids with the oxide was highest for sulfuric acid; however,
the reaction was only about 50% complete even after 3 weeks
at 80 °C. For application as a catalyst support in PEM fuel cells,
stability in Nafion is essential; hence, Tig7 W30, appearsto be
a promising candidate on the basis of these results.

The electrochemical stability of Tig7Wo30, nanopowders was
examined under pH and applied potential conditions comparable
to those of afuel cell. The sample was tested, without any added
Pt, over apotentia range of 0.0—1.2V vsRHE in 0.1 M sulfuric
acid solution at room temperature. Since both the temperature
and acid concentration are much lower than in the above stability
tests, and since the electrochemical testing takes no more than
afew hours, no evidence of corrosion of the oxide is seen. As
shown in Figure 4a, when the sulfuric acid solution is degassed
with argon, the oxide is not electrochemically active in the
potential range of fuel cell operation (0 to +1.5 V vs RHE),
suggesting a stable surface. Electrocatalytic activity tests
revealed the onset of alow level of oxygen reduction at about
—200 mV, and peaks for hydrogen evolution were noticed below
—800 mV (Figure 4a). Generaly, a material with activity for
hydrogen evolution can also catalyze hydrogen oxidation; hence,
the sample was tested for activity toward hydrogen oxidation.
As seen in Figure 4b, the sample shows a small activity for
hydrogen oxidation. It is important to notice that, in both the
hydrogen oxidation reaction (HOR) and oxygen reduction
reaction (ORR), the CV results are reproducible after multiple
cycles, which indicates the electrochemical stability of the
Tig7Wo30, nanopowders. However, the onset potentials for
HOR and ORR are much too low to be of interest for application
of the material as a fuel cell electrocatalyst rather than as a
support. Nevertheless, these data confirm at least short-term
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Figure 3. (a) X-ray diffraction pattern comparing Tio7W30, nanopowder before and after treating with Nafion solution at 80 °C for 3 weeks. (b) SEM
image of the sample post-treatment. The intensity of the Nafion-treated sample is low due to the small mass of the sample.
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Figure 4. Electrochemical behavior of Tig;Wq30,-coated glassy carbon electrode: (a) oxygen- and argon-saturated and (b) hydrogen- and argon-saturated

in 0.1 M H,SO, (scan rate, 10 mV/s; rotating rate, 2000 rpm).

(meta) stability of Tip7 W30, in the potential range of fuel cell
operation. The results for oxide nanoparticles with lower
W-doping are provided in the Supporting Information.

In order to compare Tig ;W30 with the commercialy used
carbon black, the sample was coated with platinum nanoparticles
following industry protocols and tested for oxygen reduction
using a RDE technique. Figure 5a compares the X-ray diffrac-
tion pattern before and after deposition of Pt nanoparticles, and
the various Pt peaks are easily distinguished. Further, the
distribution of Pt nanoparticles was examined through TEM,
and, as evident in Figure 5b, the Pt nanoparticles aggregate on
the surface of the oxide. Figure 5¢ is a TEM image of one of
the larger Pt aggregates. Nonethel ess, after the deposition of Pt
nanoparticles, the material showed a typical CV of Pt (Figure
6a), in which the hydrogen and “oxide” electrosorption/
desorption regions were clearly visible. The CV curves con-
firmed the presence of electrochemically active (i.e., electricaly
connected) Pt on the surface of the oxide; however, the
electrochemically active surface area of Pt on Tig7 W30, (24
m?/g Pt) was |ower than that on Vulcan (61 m%g Pt). This could
be either a result of insufficient electrical conductivity of
Tip7Wo030- (0.02 to 0.9 S/lcm, vs 2 S/cm for Vulcan) or due to
aggregation of Pt particles. Although this Pt deposition technique
is currently used for carbon black, it may still require optimiza
tion for oxide supports.

Figure 6b shows positive-going scans of RDEs coated with
Pt/Tio7Wo3002 and Pt/Vulcan. Roughly comparable currents
were obtained for the two electrodes, but the Pt/Tig7Wo3002
electrode contained 1.7 times the amount of the Pt on the Pt/
Vulcan electrode. From the data at 0.9 V RHE, corrected for

the diffusion-limited currents at low potentials, one calculates
Pt-mass activities of 0.05 A/mgg for the Pt/Tip7 W30, and
0.09 A/mgg for the Pt/Vulcan. The Pt area-specific activities
were 200 uAlcm?y for the Pt/Tig7Wo3002 and 150 uA/cm?y
for the Pt/Vulcan. Even though the electrode preparation and
testing methods were not reoptimized for the oxide support, the
oxide-supported catalyst showed initial activity roughly com-
parable to that of standard Pt/Vulcan.

Conclusions

A useful material step toward improving durability in
simplified proton exchange membrane fuel cell (PEMFC)
systems is a catalyst support which is not susceptible to
oxidative degradation, unlike the currently used carbon
blacks. We successfully synthesized Tig ;W 30, nanoparticles
using a sol —gel technique and demonstrated their short-term
electrochemical and chemical stability under conditions
comparable to those in a PEMFC. Furthermore, these oxide
nanopowders were successfully platinized, and the resulting
electrochemical tests show oxygen reduction rates comparable
to that of commercial Pt on carbon black. The activity per
unit Pt surface area on Tig7Wo30, (200 uA/cm?y) was
comparable to that on Pt/Vulcan (150 uA/cm?g), but the mass
activity of Pt/Tip7W30, (0.05 A/mgg) was lower than that
of Pt/Vulcan (0.09 A/mgg) due to the lower specific surface
area. These results are very promising, considering that the
electrical conductivity of the oxide (0.02—0.9 S/cm) is quite
low compared to that of Vulcan (2 S/cm). Further work to
characterize the functional durability of such supports in
complete fuel cells is planned. Ongoing experiments are
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Figure 5. (@) X-ray diffraction patterns for Tig; W30, and Pt/Tig7 W30, (39 wt %), with Pt peaks identified with asterisks and corresponding hkl values.
Pt nanoparticles were deposited using the hydrazine reduction method. (b) TEM image showing aggregates of Pt nanoparticles on the surface of Tig7W30;.

(c) TEM image of one of the larger Pt aggregates.
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Figure 6. Comparison of platinized Vulcan (46 wt % Pt, 20.6 ugp/Cm?, 61 M?p/gp) and Tig7 W30, (39 wt % Pt, 34.6 uge/Cm?, 24 m?p/gp). (8)
Cyclic voltammogram and (b) oxygen reduction rates tested in an oxygen-saturated solution using a RDE. The active Pt specific surface area on the
oxide was significantly lower than that of platinized Vulcan, and the Pt mass-specific activity of the Pt/Tip;W,30, was within a factor of 2 of that

of the Pt/Vulcan.

aimed at increasing the conductivity, optimizing the open
porosity, and testing the longer term stability of doped oxides
based on TiO, and other early transition metal oxides.
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