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a b s t r a c t

The electrochemical stability of Pt deposited on TiO2 based nanofibers was compared with commercially
available carbon supported Pt. Prior to the Pt deposition the TiO2 material, which was either undoped or
Nb doped, was air calcined. In one case the undoped TiO2 was also reduced in a hydrogen atmosphere. XRD
analysis revealed that the unreduced TiO2 was present in the anatase phase, irrespective of whether the
Nb dopant was present, whereas the rutile phase was formed due to reduction with H2. The diameter of
the TiO2 fibers varied from 50 to 100 nm, and the average Pt particle diameter was approximately 5 nm.
eywords:
eramic catalyst supports
anofibers
lectrochemical stability
latinum
xygen reduction reaction

Pt supported on TiO2 was more stable than Pt supported on C when subjected to 1000 voltammetric
cycles in the range of 0.05–1.3 V vs. RHE. Nb doped TiO2 showed the highest stability, retaining 60% of the
electrochemically active surface area after 1000 cycles compared to the state after 100 cycles, whereas
the carbon supported catalyst retained 20% of the active surface area. The commercial catalyst had the
highest oxygen reduction activity due to its larger specific area (17.1 m2 g−1 vs. 5.0 m2 g−1 for Pt/TiO2–Nb,
measured after 100 cycles) and the higher support conductivity. The Pt supported on Nb doped or on H2

reduced TiO was more active than Pt supported on air calcined and otherwise unmodified TiO .
2

. Introduction

There are several advantages to operating hydrogen PEM fuel
ells at temperatures above 100 ◦C. The rate of the electrochemi-
al conversion of the oxidant and fuel to water is increased, heat
nd water management are simplified, and there is a higher tol-
rance for fuel impurities (e.g., CO from natural gas reforming).
onventional Nafion® membranes are not applicable for these high
emperature conditions due to drying, inherent loss of conduc-
ivity and degradation. Therefore the development of membrane

aterials, which meet the operation requirements in terms of con-
uctivity and durability, is necessary [1–3]. Another severe problem
hat compromises the fuel cell durability is carbon corrosion, which
ccurs at potentials higher than 0.9 V vs. RHE according to Eq. (1)
4]:
+ 2H2O → CO2 + 4H+ + 4e− (1)

This degradation process is more pronounced at elevated
emperatures, and it is particularly detrimental in the case of auto-

Abbreviations: ORR, oxygen reduction reaction; PEM, proton exchange mem-
rane; RDE, rotating disk electrode; RHE, reversible hydrogen electrode; TEM,
ransmission electron microscopy; XRD, X-ray diffraction.
∗ Corresponding author. Tel.: +1 604 221 3111; fax: +1 604 221 3001.
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motive fuel cell applications where the cell voltage can reach 1.5 V
during start-up-shutdown cycles [5]. A significant loss of the active
catalyst area occurs when the carbon support disintegrates [6].
Therefore it is important to identify alternative support materials
that are cost effective while providing sufficient electronic conduc-
tivity and electrochemical stability. Alternative support materials
(i.e., conductive ceramics, such as titanium, tungsten and zirconium
oxides) with dimensions in the nanometer range were proposed in
the literature [7]. For example, TiO2 nanoparticles were synthesized
by a sol–gel method and then platinized [8]. The TiO2 supported cat-
alyst showed similar performance compared to carbon supported
Pt in a H2 PEM fuel cell when operated at 60 ◦C and 0.8 V. How-
ever, in the Ohmic regime the application of the ceramic support
yielded lower performance due to its higher electrical resistance.
Forno et al. employed a reflux method to grow either Pt nanopar-
ticles or nanowires on titania nanofibers [9]. The Pt nanowires had
an approximate diameter of 7 nm and lengths of up to 125 nm. The
surface coverage with Pt nanoparticles, which had a diameter of
2 nm, could be increased by extending the deposition time. Sev-
eral studies focused on utilizing TiO2 supported Pt for the relatively
sluggish oxygen reduction reaction (ORR), one of the main limiting

factors with respect to the PEM fuel cell performance [4,10,11]. Lee
et al. described the fabrication of TiO2 nanotubes onto which Pt was
deposited through either sputtering or evaporation. The sputtered
catalyst outperformed the Pt obtained by evaporation as indicated
by a ∼0.05 V shift of the ORR onset potential.

ghts reserved.
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Huang et al. reported very promising fuel cell polarization data.
hey showed that Pt dispersed on mesoporous TiO2 yielded simi-
ar performance as a carbon supported Pt catalyst [12]. At current
ensities below 1 A cm−2 the Pt/C catalyst yielded a slightly higher
ell voltage. However, the peak power density was increased by
12% with the TiO2 supported catalyst. Under potentiostatic fuel

ell operation at 1.2 V, a loss of 100 mV was observed for the con-
entional catalyst after 50 h, whereas the titania supported Pt was
ully stable for 200 h.

TiO2 may also improve the Pt oxygen reduction activity through
acilitating mechanisms, such as reactant surface diffusion and oxy-
en spill-over [13].

The TiO2 support conductivity can be improved by reduction in
hydrogen atmosphere at elevated temperature (e.g., 500–600 ◦C)
hereby substoichiometric titanium oxide (TiO2−x) is formed.

hus, a certain fraction of Ti3+ species is present in the TiO2 lattice
14]. Another approach to improving the conductivity is the intro-
uction of dopants, such as Nb or Ta, which have a higher valence
tate than Ti4+ [4,15]. Doping of TiO2 is also beneficial for other
pplications such as gas sensors [16] or dye-sensitized solar cells
17].

The main objective of this work is to characterize the electro-
hemical stability and oxygen reduction activity of TiO2 nanofiber
upported Pt catalysts relative to conventional carbon supported
t. Furthermore, the effects of support modification by either H2
reatment or Nb doping on the electrochemical stability and oxygen
eduction performance were investigated. This work is a prelimi-
ary study, as the target application for such catalyzed fibers is
EM fuel cell operation at temperatures in excess of 100 ◦C. The
brous TiO2 was produced by a simple electrospinning process
18–20]. Electrospinning of nanofibers can be utilized for a variety
f applications, e.g., filtration, tissue engineering scaffolds, wound
ealing, drug release control, and energy storage [21,22]. Catalyzed
iO2 nanofibers were also proposed for utilization in heterogeneous
atalysis, e.g., for the water gas shift reaction [23].

. Experimental

.1. Fabrication of TiO2 nanofibers

Electrospinning of the TiO2 nanofibers was carried out in air at
0 ◦C with a standard syringe and grounded collector plate con-
guration, as described in the literature [18,21]. To prepare the
recursor solution, 0.3 g polyvinyl pyrrolidone (Alfa Aesar) was
dded to 7.5 ml of anhydrous ethanol (Commercial Alcohols Inc.)
nd stirred until it was completely dissolved. A second solution was
repared by mixing 1.5 g of titanium(IV)isopropoxide (98%, Acros),
ml of acetic acid (Fisher) and 3 ml of anhydrous ethanol. To pre-
are the Nb doped TiO2, 0.18 g of niobium ethoxide (99.99%, Alfa
esar) was also added (approximately 10 mol% of the total num-
er of Nb and Ti atoms). The solutions were degassed by sonicating
or 20 min and then mixed together and poured into the syringe.
his precursor solution was fed at a constant feed rate of 0.7 ml h−1
hrough a stainless steel needle with a flat outlet. The distance
etween the tip of the needle and the collector plate was 6 cm,
nd the applied voltage was 11.55 kV. Due to the external elec-
rostatic field and the electrostatic repulsion between the surface
harges, a so-called Taylor cone is formed at the tip of the nee-
urces 195 (2010) 3105–3110

dle instead of a droplet [18]. During electrospinning the effects of
the surface tension are outbalanced by the electrostatic interac-
tions and a liquid jet is formed, which is transformed into a thin
elongated thread that is directed towards the collector plate. The
needle was slowly moved along two perpendicular paths to ran-
domly deposit the TiO2 fibers on a stainless steel mesh, which was
placed on top of the aluminum collector plate. Over time a white
mat of fibers was obtained. The electrospun fibers were exposed to
air at 20 ◦C for several hours to allow for the complete hydrolysis
of the polymer. In each case this step was followed by calcination
in air at 500 ◦C for 3 h to completely decompose and remove the
precursor residues. The undoped TiO2 fibers were either used as Pt
substrates without further modification or reduced in a hydrogen
gas stream at 650 ◦C for 3 h.

2.2. Pt nanoparticle deposition

50 mg of H2PtCl6 (Sigma–Aldrich) and 90 mg TiO2 nanofibers
were combined with 75 ml of ethylene glycol. The pH-value was
adjusted to 10 by drop-wise addition of NaOH (1 M in ethylene gly-
col). To reduce the Pt salt, 16 ml of 0.1 M NaBH4 in ethylene glycol
was added, followed by stirring for 2 h at 20 ◦C [24]. The Pt coated
fibers were separated from the ethylene glycol solvent with a cen-
trifuge (operated at 11,000 rpm for 9 min). The ethylene glycol was
removed and replaced with deionized water and centrifugation was
repeated. To completely remove the ethylene glycol this step was
repeated three more times. The fibers were dried in an oven at 80 ◦C
overnight. The Pt catalyst was then reduced in a furnace under a
hydrogen stream (50 vol% in N2) at 300 ◦C for 3 h.

2.3. X-ray analysis

XRD measurements were carried out with uncatalyzed TiO2
nanofibers using a Bruker D8 diffractometer with Cu-K� radiation.
The fibers were pressed onto a glass plate to form compact powders.

2.4. Imaging

Transmission electron microscopy was conducted with a Hitachi
H7600 microscope, operated at 100 kV, at the BioImaging facili-
ties located in the Biology Department of the University of British
Columbia.

2.5. Electrochemical testing

All electrochemical experiments were performed with a
Solartron multistat instrument (controlled with Corrware software,
Scribner Associates Inc., USA) and a three-electrode set-up con-
tained in a glass cell. All electrochemical experiments were carried
out at 20 ◦C and ambient pressure. The working electrode was a
glassy carbon rotating disk electrode (RDE) (Pine Instrument), and
a Hg/HgSO4 reference electrode containing 30 wt% sulfuric acid
(Koslow Scientific) was used. A Pt wire functioned as the counter
electrode. The catalyst powder was dispersed in deionized water
by sonication for 20 min before depositing the selected loading of
62 �g cm−2 (corresponding to a Pt loading of 12 �g cm−2 or 20 wt%)
onto the electrode with a micropipette. A Nafion film was cast by
pipetting 5 �l of a 0.07 wt% Nafion solution onto the powder coated
RDE. To clean the Pt surface each freshly prepared electrode was
cycled 20 times in a N2 purged 0.5 M H2SO4 electrolyte in the range
of 0.05–1.2 V vs. RHE at a scan rate of 50 mV s−1. To study the cat-

alyst stability, cyclic voltammetry was carried out at 100 mV s−1,
performing 1000 full cycles in the range of 0.05–1.3 V vs. RHE.
After 100, 500 and 1000 cycles the active surface Pt area was esti-
mated based on the H2 desorption peaks observed between 0.05
and 0.35 V vs. RHE. A hydrogen desorption charge of 210 �C cm−2
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as assumed for the active Pt area calculation [25]. Monitoring Pt
urface area decrease during extended cycling allowed for assessing
he catalyst stability.

Voltammetric oxygen reduction experiments were carried out
ith an O2 saturated 0.5 M H2SO4 electrolyte at a scan rate

f 5 mV s−1. The rotation rate was 400 rpm. The potential was
ecreased from 1.0 V vs. RHE to 0.05 V vs. RHE and then ramped
ack to the initial potential. In this paper the current density is
eported as current per geometric electrode area.

. Results and discussion

.1. XRD analysis

XRD measurements were performed on air calcined fibers,
hich were either undoped or doped with Nb, to determine
hether the Nb dopant was fully incorporated into the TiO2 lattice.

ig. 1a and b shows the presence of the anatase phase. No addi-
ional peaks were observed for the Nb doped sample compared to
ndoped TiO2. Therefore it can be assumed that the Nb atoms fully
ere incorporated into the TiO2 lattice. It was reported that the

ransition from the anatase to the rutile phase in air does not occur
t temperatures below 700 ◦C [20,26]. XRD measurements carried
ut by Ruiz et al. indicated that in the case of the anatase phase a
ole fraction of at least 10% Nb could be incorporated into the TiO2

attice, while for rutile the Nb solubility limit was 6% [27]. Further-
ore, the rutile structure was formed by the hydrogen reduction

reatment of the undoped TiO2 sample, as shown in Fig. 1c.

.2. TEM imaging

The TEM micrographs in Fig. 2 show TiO2 nanofibers with Pt
anoparticles dispersed on the surface. The fiber diameter var-

ed from 50 to 100 nm, as indicated in Fig. 2a. The approximate
verage Pt nanoparticle diameter was 5 nm. In the case of the H2
educed sample (Fig. 2b) the dispersion of the Pt nanoparticles was
ess homogeneous compared with the other samples. This obser-
ation can be rationalized by the lower surface roughness (i.e., a
ower amount of nucleation sites on the surface) of the H2 reduced
ubstrate. A certain degree of agglomeration was observed in each
ase with a more pronounced agglomeration found for the undoped
amples (compare Fig. 2b and c, for example).

.3. Electrochemical measurements

The voltammograms presented in Fig. 3 show that the active Pt
rea decreased as a consequence of continuous cycling. This trend is
ndicated, for example, by the hydrogen desorption peaks present
n the potential range of 0.05–0.35 V vs. RHE. The voltammograms
btained with titania supported Pt show a distinct double layer
egion with a quasi-constant current in the range of 0.35–0.65 V vs.
HE (anodic scans in Fig. 3b and c). By contrast, the voltammet-
ic measurements performed with the carbon supported catalyst
ielded a peak at 0.65 V vs. RHE for the anodic sweep (Fig. 3a). This
eak likely represents an interaction with acidic functional groups
n the carbon surface. Furthermore, for the cathodic sweep a con-
oluted peak was observed at 0.75 V for the 100th and 500th cycle,
espectively. After 1000 cycles the peak at 0.75 V was reduced to a
houlder, and a subtle peak remained at 0.62 V. It is hypothesized
hat these cathodic features at 0.75 and 0.62 V represent the reduc-

ion of platinum oxide and interactions with functional groups on
he carbon surface, respectively. The decline of the platinum oxide
eduction peak implies a significant loss of Pt active sites over 1000
ycles. This hypothesis is corroborated by the decrease of the hydro-
en desorption current, e.g., at an electrode potential of 0.12 V.
Fig. 1. XRD spectra for undoped (a) and Nb doped (b) TiO2 nanofibers (both samples
were calcined in air at 500 ◦C), as well as for undoped TiO2 nanofibers reduced in H2

at 650 ◦C (c).

The hydrogen desorption regime was evaluated for the active
Pt area estimation as described in Section 2.5. The commercially
available carbon supported Pt catalyst (E-tek) was compared with
the different TiO2 supported Pt samples in terms of stability by
assessing the active Pt area after 100, 500 and 1000 cycles (Fig. 4).
The active Pt area of the commercial catalyst measured after the
first 100 cycles (17.1 m2 g−1) was significantly higher than that of
the TiO2 supported catalysts (1.3–5.0 m2 g−1). After 1000 cycles the
active Pt surface area for Pt/C (3.4 m2 g−1) was comparable to that
of Pt/TiO2–Nb (3.0 m2 g−1).

The state of the electrode after 100 cycles was arbitrarily
selected as a base case for a comparison of the relative loss of the
active Pt surface due to extended cycling. Fig. 5 shows that the car-

bon supported catalyst deteriorated more severely compared with
the cases in which TiO2 was applied, as only 20% of the active Pt sur-
face area remained after 1000 cycles compared to the state after
100 cycles. Among the titania supported catalysts the Nb doped
sample had the highest stability, since 60% of the active Pt area
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ig. 2. TEM micrographs of Pt nanoparticles deposited onto TiO2 nanofibers. Before
n H2 at 650 ◦C (after calcination in air) (b), and Nb doping (10 mol%) (also calcined

as still available after 1000 cycles. On the other hand the air cal-
ined undoped TiO2 was the least stable sample with 32% of the
ctive area remaining after 1000 cycles. All TiO2 based samples
an be considered more electrochemically stable than the com-
ercial catalyst under the employed experimental conditions. The

elatively high degree of stability of the Nb doped support may be
ttributed to the differences of the electronic conductivities associ-
ted with the different materials. Both Nb doped and reduced TiO2
ave higher electronic conductivity than the air calcined TiO2 due to
he presence of Ti3+ species [14,27,28]. The TiO2 material reduced
n H2 has the highest conductivity among the ceramic materials
ested in this work. The Ti3+ in reduced TiO2 was produced by
eduction of Ti4+ and therefore left an oxygen deficient metastable
tructure. The Ti3+ produced by Nb doping was stabilized as a con-
equence of the electronic neutrality requirement when Ti4+ was
artially replaced with Nb5+. Therefore the Ti3+ produced with H2
eduction may be less stable than the Ti3+ produced through dop-
ng. In the presence of the mixed valance states of Ti3+ and Ti4+,

strong metal-support interaction has been reported for Pt/TiO2
ompounds [29–31]. Although a strong metal-support interaction

ight be present in the case of the TiO2 nanofibers, it has not been

bserved with the experimental methods applied in this work.
Chhina et al. performed potentiostatic stability tests with a

uel cell operated at 85 ◦C and 1.4 V for 20 h [10]. Pt (10 wt%) on
b doped TiO2 was compared with a commercially available Pt
t deposition the fibers had been treated by calcination in air at 500 ◦C (a), reduction
(c).

catalyst (40 wt% on Vulcan XC-72R carbon). The initial and final
states of the respective catalysts were characterized by in situ
cyclic voltammetry in the range of 0.05–1.4 V relative to the anode,
which functioned as a quasi reference electrode. The degradation of
the ceramic supported catalyst was minimal, whereas the carbon
degradation was significant, as indicated by the respective hydro-
gen desorption peaks.

The oxygen reduction experiments presented in Fig. 6 show that
the commercial carbon supported catalyst yielded the best perfor-
mance due to its higher specific Pt surface area (see also Fig. 4)
and the relatively high conductivity of the carbon support. By con-
trast, experimental data reported by Park and Seol [4] and Chhina
et al. [10] showed an improvement in the oxygen reduction activ-
ity with Nb doped TiO2 supports compared to Pt/C. In our work we
observed an improvement of the activity due to either Nb doping or
H2 reduction compared to the unmodified air calcined Pt/TiO2. This
behavior was likely due to the improved electronic conductivity of
the catalyst support [4].

XPS data reported by Ruiz et al. showed that the valence band
edge of TiO2 is shifted to higher binding energies in the presence

of Nb [27]. This implies an increase in conductivity, as the Fermi
level is shifted closer to the conduction band. Another important
observation is that the specific Pt surface areas of the doped and
H2 reduced TiO2 supported catalysts were significantly larger than
that of the air calcined sample.
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Fig. 3. Cyclic voltammograms obtained after 100, 500 and 1000 cycles for commer-
cial Pt/C (E-tek) (a), Pt/air calcined TiO2 (b), Pt/H2 reduced TiO2 (c), Pt/Nb doped TiO2

(d). Electrolyte: N2 purged 0.5 M H2SO4, scan rate: 100 mV s−1.

Fig. 4. Specific Pt surface area obtained from the hydrogen desorption peaks (see
Fig. 3) as a function of the number of cycles in the range of 0.05–1.3 V vs. RHE.

Fig. 5. Pt active surface area fraction remaining as a function of the number of
voltammetric cycles. The state of the electrode after 100 cycles was defined as the
initial state.

Fig. 6. Oxygen reduction experiments in oxygen saturated 0.5 M H2SO4. Scan rate:
5 mV s−1, rotation rate: 400 rpm.
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. Conclusions

This work suggests that applying TiO2 nanofibers as fuel cell
atalyst supports can improve the catalyst durability compared to
onventional carbon. The homogeneous dispersion of Pt nanopar-
icles onto the TiO2 surface was achieved by reduction with NaBH4
n an ethylene glycol based solution. Nb doping yielded the most
romising results in terms of stability. After calcining in air the
natase phase was present in the case of the undoped and Nb
oped support, as demonstrated by XRD. Hydrogen treatment of
he undoped TiO2 nanofibers at 650 ◦C yielded the rutile structure.
he Nb doped and H2 reduced TiO2 supported catalysts outper-
ormed the untreated TiO2 based Pt in terms of ORR activity. The
ommercially available Pt/C catalyst had the highest activity due
o the larger active surface area and the higher electronic conduc-
ivity of the support. Further tests are necessary to compare the
ctivity of ‘aged’ carbon and metal oxide supported catalysts that
ere subjected to extended voltammetric cycling. Future work will

lso include fuel cell experiments at temperatures above 100 ◦C.
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