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a  b  s  t  r  a  c  t

Platinum  catalyst  nanoparticles  (20  wt.%)  were  deposited  on  a mixed  support,  which  consisted  of  25  at.%
Nb doped  TiO2 nanofibers  and  carbon  agglomerates.  XRD  analysis  revealed  that  titania  was present  in
the rutile  phase.  The  catalyst  was  characterized  electrochemically  with  respect  to durability  and  oxygen
reduction  activity.  Based  on  cyclic  voltammetry  tests,  the  Nb–TiO2/C supported  catalyst  was  more  stable
compared  to  a commercially  available  carbon  supported  Pt  catalyst  (E-tek)  over  1000  cycles.  The  apparent
active  Pt area  decreased  by 5% due  to cycling,  whereas  in the  case  of Pt/C  the  decrease  was  23%.  The  oxygen
reduction  performance  was  comparable  for both  cases.  For  example,  during  the  anodic  sweep  the  mass

−1 −1

onductive ceramics
atalyst support
anofibers
oped titanium oxide

activity  at  0.9  V vs.  the  reversible  hydrogen  electrode  (RHE)  was  19  A gPt and  20  A gPt for  the  freshly
prepared  in-house  prepared  and  commercial  catalysts,  respectively.  After  the  durability  experiment  both
types  of catalysts  yielded  a mass  activity  of 17  A gPt

−1. Fuel  cell  tests  with  a single  cell  configuration  were
also  carried  out with  the  Nb–TiO2/C supported  catalyst  on  the  cathode  side  (gas  diffusion  electrode),
yielding  a  peak  power  density  of  0.34  W  cm−2 at 75 ◦C when  pure  oxygen  was  supplied  on the  cathode
side.

Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
. Introduction

Ceramic catalyst support materials were widely researched in
ecent years due to their promising characteristics for applications
n proton exchange membrane (PEM) fuel cells, in particular high
emperature (HT) PEM fuel cells, where high catalyst durability
s required [1–10]. The feasibility of such ceramic catalyst sup-
orts in HT PEM fuel cells operated in the temperature range of
20–180 ◦C can be rationalized by the conductivity increase of the
eramic support with increasing temperature. As recognized, the
enefits of operating at higher temperatures include high toler-
nce toward contaminants, improved reaction kinetics, simplified
ater management, and fast heat dispersion reducing the load of

he cooling system. Unfortunately, the corrosion or oxidation of
ractical Pt-based catalysts is inevitable at high temperature and
igh electrode potential. Therefore, ceramic materials represent a
iable alternative as catalyst supports due to their well known cor-
osion resistance. Among those ceramic materials, titanium dioxide

ased supports were identified as being particularly stable [2,7,11].

In general, the conductivity of titania is rather low. Therefore
he support is typically doped with metals that have an atomic

∗ Corresponding author. Tel.: +1 604 221 3111; fax: +1 604 221 3001.
E-mail address: rob.hui@nrc-cnrc.gc.ca (R. Hui).

378-7753/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2012.02.093
radius similar to Ti, such as Nb or Ta, which yields a certain fraction
of Ti3+ species. The conductivity can also be increased by expos-
ing the TiO2 to reducing conditions at high temperatures (∼650 to
850 ◦C) in order to form substoichiometric titanium oxides, such
as Ti4O7 [12–16].  Huang et al. [17,18] demonstrated the feasibil-
ity of a 25 at.% Nb doped TiO2 support, which was treated at high
temperature under reducing conditions. The fuel cell performance
obtained with this support was comparable to the output recorded
when operating with carbon supported Pt catalyst (Pt/C).

Another approach toward improving the conductivity of such
metal oxide support structures is to incorporate a certain amount
of carbon so that a composite is formed, and then used as the cat-
alyst support (TiO2–C) [19–24]. It was demonstrated previously
for the case of mesoporous carbon supports that TiO2 stabilized
carbon is more durable than carbon alone while yielding similar
oxygen reduction activity [23]. Comparable fuel cell performance
with TiO2–C supported Pt relative to Pt supported on carbon was
reported [24].

In order to improve the surface area and catalyst distribution,
TiO2 supports can be designed having a variety of morpholo-
gies, such as nanoparticles, mesoporous spheres, and nanofibers

[1,7,11,25,26].

In this work, we  report the synthesis and application of a
TiO2-based support, which consists of Nb doped TiO2 nanofibers
interlinked with carbon agglomerates. The nanofibers were

ghts reserved.
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roduced by electrospinning, which is a technique that generally
llows good control of the fiber diameter [10,24].  In our previ-
us work, the electrospun fibers were treated by air calcination
t 500 ◦C for 3 h, which led to a pure Nb-doped TiO2 support with
o carbon component [11]. In this work, we intentionally main-
ain some residue of carbon agglomerates on the nanofibers to
mprove the support’s conductivity. This support was then cat-
lyzed with Pt nanoparticles using a straightforward microwave
ssisted deposition technique with ethylene glycol acting as both

 solvent and a template. The electrochemical performance of this
n-house prepared catalyst material was evaluated in terms of both
atalyst activity and stability toward the oxygen reduction reaction,
nd the obtained results were compared to the performance of a
ommercially available carbon supported catalyst. Fuel cell exper-
ments were also conducted with a single cell setup with an active

embrane electrode assembly (MEA) area of 5 cm2.

. Experimental

.1. Catalyst support synthesis

For the Nb-doped TiO2 solution preparation, a precursor solu-
ion with 1.5 g of titanium(IV)isopropoxide (98%, Acros), 3 ml  of
cetic acid (Fisher) and 3 ml  of anhydrous ethanol as well as 434 �l
iobium ethoxide (corresponding to 25 at.% Nb) was mixed and
hen sonicated for 20 min. For the carbon source solution, 0.3 g
olyvinyl pyrrolidone (Alfa Aesar) was dissolved in 7.5 ml  anhy-
rous ethanol (Commercial Alcohols Inc.) via sonication at T = 80 ◦C
or 1 h. After that, both solutions were combined and sonicated for
0 min, and then filled into a syringe, which had a stainless steel
eedle with an inner diameter of 0.5 mm for electrospinning, which
as performed at ambient conditions [11]. During the electrospin-
ing process the feed rate was 0.7 ml  h−1, and the distance between
he tip of the needle and the collector plate was 6 cm.  A constant
oltage of 11.55 kV was applied.

After the electrospinning procedure was completed, the fibers
ere maintained at ambient conditions for 6 h to complete the

norganic polymer hydrolysis and condensation. The material was
hen treated in a hydrogen gas stream. First, the temperature was
amped to 500 ◦C at a rate of 3 ◦C min−1. The temperature was kept
onstant at 500 ◦C for 2 h, and then the temperature was increased
t the same rate to 850 ◦C and then held constant for 6 h. The tem-
erature was then lowered to 20 ◦C at a rate of 3 ◦C min−1. This way,

 composite support (Nb–TiO2–C) was expected to be obtained.
t supported on carbon (20 wt.% Pt on Vulcan) was  supplied as
ommercial available products from E-Tek.

.2. Pt nanoparticle deposition

The Pt nanoparticle catalyst was dispersed onto the Nb–TiO2–C
anofiber support by an intermittent microwave heating polyol
ethod [27–29].  In this process, Nb–TiO2–C (50 mg)  was  mixed
ith 20 ml  ethylene and 29 mg  H2PtCl6 (Aldrich), which corre-

ponded to a Pt loading of 20 wt.% The slurry was  then stirred
igorously for 20 min. The pH of the bath was adjusted to a value of

 by gradually introducing a 1 M NaOH in ethylene glycol solution
ith a micropipette. The following duty cycle was carried out four

imes: (i) heating of the bath for 1 min  in a microwave oven at a set-
ing of 600 W and (ii) briefly stirring the mixture and letting it cool
t ambient conditions for 5 min. Once these heating-cooling inter-

als were completed, centrifugation at 10,000 rpm (Sorvall Legend
T+, Thermo Scientific) was  performed for 20 min. Then the solvent
as replaced with fresh deionized water. The centrifuging and sol-

ent replacement procedure was carried out three more times, and
 Sources 210 (2012) 15– 20

then the sample was finally dried in an oven at 80 ◦C overnight to
form supported Pt catalyst (Pt/Nb–TiO2–C).

2.3. XRD, EDX and TEM analysis

The XRD pattern for the uncatalyzed support was  recorded with
a Bruker D8 diffractometer equipped with a graphite monochro-
mator and a vertical goniometer, utilizing Cu K� radiation. The 2�
regime was  scanned at a rate of 6◦ min−1 with a step size of 0.02◦

from 15◦ to 90◦.
The elemental analysis was  performed using an EDX analyzer

(Oxford Instruments, UK) with a resolution of 60 eV and a spot
diameter of 5 nm,  coupled with a Hitachi S-3500N scanning elec-
tron microscope. The microscope was  operated at a voltage of 20 kV,
an emission current of 90 �A, and 70 to 100-fold magnification.
The amount of elements was  quantified using the Isis Series 300
software, Version 3.2.

Transmission electron micrographs were obtained with a
Hitachi H7600 microscope, which was  operated at 100 kV in bright
field mode. This work was carried out at the BioImaging facilities
at the University of British Columbia.

2.4. Electrode preparation and electrochemical testing

For the working electrode preparation, the catalyst powder was
dispersed on a glassy carbon rotating disk electrode (RDE) (Pine
Instrument) with a geometric area of 0.20 cm2. The catalyst pow-
der was  mixed with isopropanol and dispersed by sonication for
20 min. The ink was  applied to the RDE surface with a micropipette
so that a Pt loading of 48 �g cm−2 was present. A Pt wire counter
electrode and a Hg/HgSO4 reference electrode, which contained a
30 wt.% sulfuric acid solution (Koslow Scientific), were employed.
A Nafion® film was cast by applying 7.1 �l of a 0.05 wt.% Nafion®

in methanol solution onto the dry powder coated RDE to prevent
detachment of the catalyst. The coated electrode was  cycled 20
times in N2 purged 0.5 M H2SO4 between 0.05 V and 1.2 V vs. RHE
(reversible hydrogen electrode) at a scan rate of 50 mV s−1.

The electrochemical experiments were carried out using a
Solartron multipotentiostat instrument (controlled by Corrware
software, Scribner Associates Inc., USA). The electrochemical cata-
lyst stability was monitored over 1000 cycles in the same potential
range between 0.05 V and 1.2 V vs. RHE at 100 mV  s−1. The active Pt
surface was estimated based on the H2 desorption charge, which
was measured during the anodic sweeps between 0.05 V and 0.35 V
vs. RHE. The hydrogen desorption charge measured during the
100th cycle was used to quantify the active area for the fresh
catalyst state. For Pt surface calculation, a standard hydrogen des-
orption charge of 210 �C cm−2 on a pure Pt surface is assumed
[30].

Oxygen reduction reaction (ORR) tests were conducted by cyclic
voltammetry in an O2-saturated 0.5 M H2SO4 aqueous electrolyte.
The potential was  decreased from 1.1 V to 0.2 V vs. RHE and then
ramped back to the initial setting at a scan rate of 5 mV  s−1. Dur-
ing this voltage scan, the electrode rotation rate was maintained
at1600 rpm. The ORR activity was determined for fresh catalysts
and catalysts that were subjected to 1000 voltammetric cycles as
described above. All electrochemical tests were carried out at 20 ◦C
and ambient pressure. All current density values are reported as
current per geometric electrode area.

2.5. Membrane electrode assembly fabrication and fuel cell
experiments
For fabrication of fuel cell membrane electrode assembly (MEA),
the gas diffusion layer (GDL) used in this study is 35DC from SGL
group with 20 wt.% PTFE loading. The half-MEA consists of NR-212
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ig. 1. XRD patterns for Nb doped titania as contained in a support structure that
lso contains carbon (a) and without carbon (b). Both graphs show the characteristic
eaks for the rutile phase.

embrane and single side coated catalyst of 0.4 mg  Pt cm−2 from
on-Power. The cathode was prepared by brushing an ink, which
onsisted of isopropanol, Pt/Nb–TiO2–C, and Nafion® (∼25 wt.%
er dry mass), onto a gas diffusion layer, which was placed on a
ot plate (T = 80 ◦C) to facilitate solvent evaporation. After drying,
n additional Nafion® layer having a loading of 0.2 mg  cm−2 was
rushed on. The cathode and the anode catalyst coated membrane
s well as the anode gas diffusion layer were stacked together using

 hot press (conditions: 140 ◦C, ∼450 kg, 5 min) to form a MEA. The
node and cathode Pt loadings were 0.3 mg  cm−2 and 0.4 mg  cm−2,
espectively. The active geometric MEA  area was  5 cm2. The mem-
rane electrode assembly was conditioned in situ in galvanostatic
ode by adjusting the current density so that the voltage would

lternate between ∼0.7 V (3 min) and ∼0.4 V (5 min) until the volt-
ge stabilized. This state was achieved after ∼2 h. The cell testing
emperature was 75 ◦C and the relative humidity was 100% with-
ut pressurization. The hydrogen and oxidant (air or O2) flow rates
ere 0.5 l min−1 and 1 l min−1, respectively.

. Results and discussion

.1. XRD analysis

Fig. 1(a) shows the XRD pattern for the Nb–TiO2 support syn-
hesized and treated as described in Section 2.1. It is evident from
he peak positions in the diffractogram that the rutile structure
as formed [25]. Other groups also reported the formation of the
utile phase under similar heat treatment conditions [7,18].  Fig. 1(b)
hows the diffractogram for a sample that was air-calcined at 500 ◦C
or 3 h before treatment in H2 (ramp to 500 ◦C, dwell for 2 h, ramp
o 850 ◦C, dwell for 6 h). The peak positions were identical to those
Fig. 2. Sample EDX spectrum for the Nb doped titania and carbon mixed compound
support.

shown in Fig. 1(a), but the intensities are significantly higher. It is
hypothesized that the presence of carbon in the sample, which was
not air-calcined, decreases the peak intensity.

3.2. EDX analysis

The atomic ratio of Ti:Nb and the amount of carbon present in
the support material was quantified by EDX. The Ti:Nb ratio was
2.9:1, which is close to the targeted ratio of 3:1. The metal to car-
bon weight ratio varied considerably from 5:1 to 1:4 depending on
the point of measurement. Therefore it can be concluded that the
amount of carbon is not evenly distributed relative to the titania
fibers. Fig. 2 shows a typical EDX spectrum obtained for the TiO2
fiber/carbon mixture.

3.3. TEM imaging

The micrographs shown in Fig. 3 indicate that the catalyst
was dispersed homogeneously on the titania fiber surfaces with
a diameter Pt of ∼5 to 10 nm.  Agglomerates of ∼20 to 30 nm in
diameter were also observed. The fiber diameter varied from 80 nm
to 100 nm,  and the length of the fibers ranged from ∼0.5 �m to
∼2 �m.  The dark regions shown in the micrographs indicate carbon
agglomerates (diameter = ∼25 to 50 nm), which were also coated
with Pt catalyst nanoparticles. The distribution of carbon relative
to the Nb doped TiO2 fibers is inhomogeneous, which is consis-
tent with the observations by EDX. It was  thus confirmed that
some regions are relatively carbon-rich in comparison to others. In
general, there was good connectivity between titania and carbon,
which is crucial for the enhanced electronic conductivity relative
to the metal oxide without carbon, since the contact resistance
between the titania fibers can be very detrimental.

3.4. Voltammetric tests

The cyclic voltammetry durability tests conducted with Pt
deposited on the Nb–TiO2–C composite and carbon are shown
in Fig. 4(a) and (b), respectively. The measured electrochemical
active surface area (ECSA) for Pt/Nb–TiO2–C and Pt/C after 100
cycles is 1.3–5.0 m2 g−1 and 17.1 m2 g−1, respectively. With the
ceramic–carbon based support the loss in the active Pt surface area
was 4% and 5% after 500 and 1000 cycles, respectively. By contrast,
with Pt supported on carbon, the active area decreased by 10% after

500 cycles and by 23% after 1000 cycles compared to the state of
the electrode after 100 cycles. One reason for the higher stability
of the composite support could be that Pt was deposited predom-
inantly on the Nb doped TiO2 fibrous structure. Fig. 5 shows the
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Fig. 4. Voltammetric stability experiment conducted with Pt supported on the

(results not shown). The absence of carbon in this case resulted in
a lower support conductivity, which led to a decrease of the ORR
performance.
ig. 3. TEM micrographs of Pt dispersed on the mixed Nb doped TiO2

anofiber–carbon substrate. The micrographs show examples of regimes with rel-
tively low (a) and higher (b) carbon content, respectively.

orrelation between progressive cycling and the remaining active
t area as estimated from the hydrogen desorption charge.

Oxygen reduction experiments were carried out conducting full
ycles for each catalyst. Fig. 6 shows the 5th sweep for each com-
osition. During the cathodic sweep the mass activity observed
or the fresh E-Tek catalyst was 10 A gPt

−1, whereas Pt supported
n Nb doped titania–carbon composite yielded 15 A gPt

−1. On the
everse scan the commercial catalyst marginally outperformed the
n-house prepared materials; i.e., 20 A gPt

−1 vs. 19 A gPt
−1 in terms

f mass activity. When the ORR activity was measured after the
urability test both catalysts yielded 17 A gPt

−1 during the anodic
weep. On the cathodic scan with the ‘aged’ catalysts the E-tek cata-
yst yielded 4 A gPt

−1 while a mass activity of 9 A gPt
−1 was  obtained

ith the titania based support.
Therefore in the kinetic regime the overall performance

f Pt/Nb–TiO2–C was comparable to Pt/C or higher depend-
ng on the point of reference. The di/dE slope is steeper for
he commercially available catalyst, as shown in the poten-

ial regime between 0.95 V and 0.8 V vs. RHE, which can be
xplained by the higher conductivity of the carbon support. The
onductivity of Vulcan XC-72 carbon (E-Tek catalyst) is 3 S cm−1

31], whereas a value of 0.1 S cm−1 was obtained for the in-house
Nb–TiO2 nanofiber–carbon composite (a) and Pt supported on commercially avail-
able  carbon (E-Tek) (b). Conditions: 0.5 M H2SO4 (N2 purged), potential scan
rate  = 100 mV s−1.

prepared composite support. The conductivity of the in-house pre-
pared support was measured using a resistance meter and a hollow
Teflon cylinder containing the uncatalyzed powder compressed
between two  copper coated brass pistons, which functioned as the
conductivity probes. This measurement was  corroborated by an
impedance test using the same cylinder–probe setup.

The mass transport limited current density was higher for the
commercial catalyst due to the higher specific Pt surface area. It
should be noted that with a Nb–TiO2–C support that was air cal-
cined before H2 treatment the mass activity was  ∼4 times lower
compared to the support that was treated in hydrogen exclusively
Fig. 5. Active Pt area remaining relative to the state after 100 cycles. Platinum sup-
ported on Nb–TiO2–carbon composite compared with commercially available Pt
supported on Vulcan XC-72 carbon.
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Fig. 6. Oxygen reduction linear sweep voltammetry experiments conducted with
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t  supported on Nb–TiO2–C and commercially available carbon (E-Tek). Conditions:
.5  M H2SO4 (O2 purged), scan rate = 5 mV s−1, rotation rate = 1600 rpm.

.5. Fuel cell polarization experiments

During the fuel cell polarization tests, the current density was
aintained constant for 3 min  for each data point and the lowest

ell potential value recorded during that period was reported. The
olarization data obtained with a 5 cm2 single cell are presented
n Fig. 7. As expected, the performance is significantly improved
hen supplying pure oxygen on the cathode side instead of air.

n the kinetic regime the voltage at current density of 2 mA cm−2

ig. 7. Fuel cell polarization tests. Conditions: 100% relative humidity, 75 ◦C, oxidant
ow rate = 1 l min−1, hydrogen flow rate = 0.5 l min−1, no backpressure applied.
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was increased from 0.85 V to 0.89 V as a result of the higher oxygen
partial pressure. Furthermore, the peak power density increased
from 0.23 W cm−2 to 0.34 W cm−2. The onset of the mass transport
limited regime, indicated by a slight increase of the slope of the
V–i plot, occurred at ∼0.7 A cm−2 with air and at ∼1 A cm−2 with
oxygen.

4. Summary and conclusions

A ceramic–carbon composite based fuel cell catalyst support
was synthesized by a process containing steps of electrospinning
and heat treatment under reducing conditions. The support was
coated with Pt nanoparticles using a microwave assisted polyol
process to form a supported Pt catalyst. The electrochemical oxygen
reduction performance and stability of this catalyst was assessed
using cyclic voltammetry and rotating disk electrode techniques.
The obtained oxygen reduction activity was  comparable with that
of a commercially available carbon supported Pt catalyst. Cyclic
voltammetry tests showed a slight decrease in the active Pt area
over 1000 cycles for the in-house prepared ceramic–carbon support
catalyst. By contrast, the active Pt area loss was more pronounced
for the commercial catalyst. Therefore the composite supported
catalyst can be considered more stable compared to Pt/C. The
support was  found to be feasible for fuel cell operation, as was
demonstrated by polarization tests using a single cell setup. How-
ever, the mass activity of the ceramic supported catalyst was
still low, which is most likely due to the low conductivity and
low surface area of ceramic support in this work, comparing to
the carbon support reported in the literature. The high electrical
conductivity of the Nb–TiO2 relies on the heat treatment temper-
ature at high temperatures. However, high temperature treatment
leads to sintering and grain growth or agglomerations of ceramic
particles. The effort to obtain high electrical conductivity with
high surface areas is still needed for the ceramic support in the
future.
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