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In  this paper, we  report  the  synthesis  of both  NbO2 and  Ti4O7 nanofibers  using  an  electrospinning  tech-

nique  in an effort to use metal oxides as  a possible replacement  for  carbon  as  PEM  fuel  cell catalyst

supports.  The synthesized  nanofibers  are physically  characterized using several  methods  including XRD,

SEM,  TEM, BET,  ICP-MS as  well  as  XPS.  The thermal,  chemical, and  electrochemical  stabilities as  well  as

the electronic  conductivities  of these  two  supports are also  evaluated  in order to  check  their  feasibility

as  catalyst  supports  in the  temperature  range of 95–200 ◦C. Two catalysts,  20-wt%  Pt/NbO2 and  20-wt%

Pt/Ti4O7,  are  prepared and  tested  for  both  ORR mass  activity and stability  in acidic  solution. XPS measure-

ments of samples analyzed  before  and after  the  durability  tests  suggest  the  formation of electronically

insulating  surface  oxides, which  can  be partially  responsible  for  both  low  ORR  mass activity  and  catalyst

durability.

Crown Copyright ©  2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In polymer electrolyte membrane (PEM) fuel cells, the most

practical catalysts, which are used to catalyze the slow oxygen

reduction reaction (ORR) at the cathode and the fuel (hydrogen)

oxidation reaction (HOR) at the anode, respectively, are carbon sup-

ported Pt-based catalysts. Generally, use of carbon material as a

catalyst support is  due to its inherent large accessible surface area,

well-developed mesoporous structure, as well as high electrical

conductivity, which are of critical importance for both heteroge-

neous and homogenous catalysis. Unfortunately, the major issue

for carbon supported Pt  catalysts is the electrochemical oxidation

of carbon support [1] under fuel cell operation conditions according

to Eq. (1) [2]:

C + 2H2O → CO2 +  4H+
+ 4e− (E◦

= 0.207 Vvs.NHE, 25 ◦C) (1)

The harsh conditions at the cathode include oxidative oxygen,

hot water, acidic environment as well as high electrode potentials.

These conditions are favorable to the oxidation of carbon support,

especially in the temperature range of 95–200 ◦C.  This type of elec-

trochemical corrosion of carbon support will eventually result in
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platinum (Pt) catalyst particle agglomeration and sintering in  acidic

media, leading to catalytic performance degradation. Moreover,

carbon corrosion can also lead to electrically isolated Pt catalyst

particles detached from carbon supports that provide no contribu-

tion to catalytic activity. The overall consequence is the reduced

lifetime and poor performance of a  PEM fuel cell.

In order to overcome this carbon corrosion challenge, devel-

oping alternative catalyst supports to replace carbon in  polymer

PEM fuel cells has received much attention in recent years. In the

effort to develop non-carbon materials, high conductivity, strong

support-catalyst nanoparticle interaction, and high surface area

are key requirements for support materials to be  used in Pt  based

electrocatalysts. In addition, properties such as chemical, thermal,

and electrochemical stability also have to  be taken into considera-

tion when choosing a  catalyst support material. For example, some

metal oxides such as TiO2 have received much attention owing to

their chemical stability in acidic medium, thermal stability, and low

cost. However, their electronic conductivities appear insufficient.

Recent studies have explored conductive NbO2 and magneli

phase titanium oxide (suboxides) materials such as TinO2n − 1

(4 < n >  10) as potential fuel cell catalyst supports. The magneli

phases are  known as Ebonex materials and are commercially avail-

able to purchase. Sasaki et al. [3] studied the use of carbon/niobium

oxide composite (NbO2 and/or Nb2O5)  to form supported Pt

monolayer catalyst (such as Pt/NbO2–C), demonstrating that this

Pt/NbO2–C  electrocatalyst was three times more active than that

of commercially available Pt/C electrocatalyst, as well as having a

0013-4686/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier Ltd. All rights reserved.
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higher durability under oxidizing conditions up to 30,000 cycles

in 0.1 M HClO4.  In another study, NbO2/C was used to support Pt

to form Pt/NbO2/C catalyst for methanol oxidation. Its activity was

compared with both PtMLRu/C and commercially available Pt–Ru/C

catalysts, and found that the mass activity of this catalyst, normal-

ized by the total noble metal mass, was higher than both of these

Pt–Ru/C catalysts. The result suggested that NbO2 has a  poten-

tial to be used as a support for Pt catalysts [4].  However, NbO2

is still not thoroughly explored as a fuel cell catalyst support as

is evident by the availability of only a few literature reports. Simi-

larly, sub-stoichiometric titanium–oxygen compositions (magneli

phases) have received considerable attention. Among these distinct

oxides, Ti4O7 has been proposed and investigated as a  possible Pt

support material for PEM fuel cell cathodes owing to its high elec-

trical conductivity, resistance to oxidation [5] and corrosion [6].

For  example, Ebonex (Atraverda Ltd., UK),  in which the main com-

ponent is Ti4O7, has been widely studied as a  conductive matrix in

microelectrode arrays and as a  substrate for electrode materials [7],

and in ceramic electrodes [8].  Chen et al. [9] studied both Ebonex

and pure Ti4O7 as  viable replacements to  carbon, and as supports for

Pt, Ru, and Ir containing bifunctional catalysts for unitized regen-

erative fuel cells. It was discovered that both Ebonex and Ti4O7

showed limited electrochemical durability in 0.5 M  H2SO4 followed

by gradual loss of activity due to an increase in electronic resistance

with time. Ioroi et al. [5] explored electrochemical performance of

Pt/Ti4O7 catalyst under actual fuel cell operating conditions, and

showed that Pt/Ti4O7 was equally as active as Pt/XC-72. They claim

that given the initial electrochemical activity, Pt/Ti4O7 might be

used as a corrosion-resistant anode and cathode catalyst in  PEM

fuel cells.

In this paper, we developed an electrospinning synthesis

method to prepare both NbO2 and Ti4O7 nanofibers and explored

them as alternative Pt  catalyst supports. Their chemical and ther-

mal stabilities at 95 ◦C and 200 ◦C,  as well as electrochemical

stability at 30 ◦C were investigated. To validate their catalytic activ-

ity and durability toward oxygen reduction reaction (ORR), these

catalysts were individually coated on an electrode to form catalyst

layers for ORR testing using conventional rotating disk electrode

technique.

2. Experimental methods

Nanofibers of niobium oxide (NbO2) and titanium dioxide

(Ti4O7) were synthesized using a  similar route employed in the syn-

thesis of TiO2 [10] and several other oxides such as Al2O3 [11], V2O5,

ZnO [12], and doped-oxides [13,14]. The synthesis involved elec-

trospinning of a  mixture of metal alkoxides, niobium(V) ethoxide

or titanium(IV) isopropoxide, and polymer polyvinyl pyrrolidone

(PVP) in anhydrous ethanol. The PVP polymer served to  add a visco-

elastic behavior to the precursor solution. This helped to maintain

a continuous spinning jet  of polymer/metal alkoxide composite.

In a typical synthesis of niobium oxide nanofibers, 1.5 mL of nio-

bium(IV) ethoxide (Nb(oet)5, Alfa Aesar, 99.9%) was  mixed with

3.0 mL  of anhydrous ethanol (Commercial Alcohols Inc.) and 3.0 mL

of  glacial acetic acid (Fisher Scientific) with magnetic stirring for

15 min  to form a  precursor solution. In a  separate vial, 0.3 g of

polyvinyl pyrrolidone (PVP, Across Organics, M.W.  130,000) was

dissolved in 7.5 mL  of anhydrous ethanol and sonicated for 15 min

to remove trapped air. This polymer solution was then gradually

mixed with the precursor solution with stirring in  a  tightly capped

glass vial to form the electrospinning solution. For the electro-

spinning process, this electrospinning solution was  loaded into a

20.0 mL  dry glass syringe equipped with a  0.04 mm gauge blunt

ended stainless steel needle. The spinning process was  carried out

at a solution-feeding rate of 0.7 mL  per hour with the application

of  12 kV at the needle tip. A piece of Ni foil placed at a  distance of

6.0  cm from the needle tip was used as a  sample collector. The col-

lected fibers were left overnight in air in  order to allow complete

hydrolysis of metal ethoxide precursors. After that, the samples

were calcined in air at 550 ◦C  for 3 h in a  digitally controlled fur-

nace in  order to achieve a  complete decomposition, and removal

of the PVP polymer, and crystallization of niobium oxide. The pre-

calcined fibers were then reduced at 900 ◦C for 30 min  in  a flow of

H2:N2 (1:1) to yield NbO2 fibers. A  similar fabrication procedure

was  followed in  order to synthesize TiO2 nanofibers using tita-

nium(IV) isopropoxide (Ti(OiPr)4, 98%, Acros) as the precursor. For

Ti4O7 fiber synthesis, the obtained as-spun TiO2 fibers were first

calcined at 550 ◦C for 3 h  in air, and then reduced at 1050 ◦C for 6 h

in a  continuous stream of H2:N2 (1:1) to form Ti4O7 fibers.

For synthesizing metal oxide supported Pt  catalysts, Pt  deposi-

tion on NbO2 or Ti4O7 support was  performed using the NaBH4

reduction method. Briefly, a  known amount of oxide support

was  first dispersed in absolute ethanol by sonicating for 1 h in  a

sonicator bath. Then, the required amount of chloroplatinic acid

hexahydrate (H2PtCl6, Sigma–Aldrich) was  mixed with the oxide

support dispersion (with a  target of 20-weight percent (20-wt%) Pt

loading) and stirred for 2 h  to form Pt precursor-support dispersion

solution. Excess of 0.1 M NaBH4 solution, prepared by dissolving the

required amount of NaBH4 in absolute ethanol, was  added into this

support dispersion solution and stirred 15 h to  complete Pt  depo-

sition. The Pt  catalyst fibers formed (Pt supported on the metal

oxide support (NbO2 or  Ti4O7),  abbreviated as 20-wt% Pt/NbO2

or  20-wt% Pt/Ti4O7), were collected, purified by centrifugation at

10,000 rpm for 15 min, and then washed with de-ionized water

three times. Finally, the 20-wt% Pt/NbO2 or 20-wt% Pt/Ti4O7 fiber

catalyst was dried in an oven at 60 ◦C until a  dry powder was

formed.

For physical characterization of the synthesized samples, a

Bruker D8 Advance X-ray diffractometer equipped with a  Cu K�

anode source was  used for X-ray powder diffraction (XRD) analysis.

In this measurement, a  thin smear of vacuum grease was applied on

zero background quartz (0 0 0 1) holder on which a  uniform layer of

sample powder was placed. The X-ray patterns were identified by

matching with available phases from the EVA diffraction database.

For transmission electron microscopic (TEM) imaging, a  Hitachi

H7600 microscope, operated at 100 kV,  was employed. For  speci-

men  preparation, the nanofiber powder was  dispersed in  ethanol

by sonication in a  sonicator bath for approximately 5 min and then

a drop of the resultant dispersion was placed on a  carbon-coated

copper grid and allowed to  dry at room temperature under ambi-

ent conditions. The  images were collected under the bright field

mode. For scanning electron microscope (SEM) imaging, a Hitachi

3500-S instrument was used. For  SEM specimen preparation, a

small amount of powder was  spread on a  carbon tape adhered to

aluminum specimen holder. The Quartz PCI software was  used to

collect and record the images.

For thermogravimetric analysis (TGA), A Perkin-Elmer Pyris

1 thermogravimetric analyzer was used to determine the oxi-

dation temperature of NbO2 and Ti4O7 nanofibers. During the

measurement, the nanofiber sample was  heated up  to 750 ◦C  with

a  temperature ramp rate of 10 ◦C min−1 in continues flow of  air.

A  Beckman Coulter SA 3100 Surface Area Analyzer was  used in

surface area and porosity analyses. Powder sample was out-gassed

at 120 ◦C for  30 min prior to analysis. The specific surface areas

and pore size distribution of the samples were evaluated using the

Brunauer, Emmet, and Teller (BET) method and the Barrett, Joyner,

and Halenda (BJH) method, respectively.

Room temperature electronic conductivity measurements of

both NbO2 and Ti4O7 nanofiber powders were conducted using

a specially designed gold-coated copper cell connected to a  Sola-

tron Analytical 1252A frequency response analyzer coupled with
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Solatron SI 1287 potentiostat electrochemical interface. A  con-

stant pressure (2.55 kg  cm−2) was applied on the sample during

the measurements in order to achieve proper contacts among the

nanofibers tested as well as between the gold-coated copper and

the nanofiber sample. The Z-plot and Z-view software were used to

collect the bulk resistance data. The resistance of porous powders

were measured and then converted into the conductivity. The con-

ductivities obtained here should not  reflect the materials’ crystal

conductivity values because the sample disks had a porous struc-

ture. This porous structure may  be more close to those in fuel

cell catalyst layers. Therefore, the conductivities reported here are

those at specific conditions such as a  fixed pressure and tempera-

ture.

For investigating the degradation mechanism of catalyst sup-

ports, X-ray photoelectron spectroscopy (XPS) was used to measure

the XPS spectra before and after the electrochemical durabil-

ity testing. A gold mesh, on which the NbO2 fiber powder was

deposited, was used as the working electrode. XPS measurements

were performed on a  Leybold Max 200 spectrometer using a  non-

monochromatic Mg K� radiation operated at 200 W (10 kV, 20 mA).

All data were calibrated with respect to  C 1s excitation in  order to

account for charging effects by  the electron beam. Narrow scans

for Nb were acquired in 0.2 eV step sizes. The XPS spectra were

fitted and evaluated with XPS PEAK 4.1 software and a  mixed

Gaussian–Lorentzian function was used to deconvolute the peak

shape. The Shirley function was applied in  order to subtract the

background.

For the evaluation of chemical stability of the synthesized sup-

port samples, the samples were tested according to the protocol

outlined as follows: The nanofiber material (0.2 g), mixed with

50 mL of 1 M H2SO4 in a  round bottom flask fitted with reflux-

ing set up, and refluxed while stirring magnetically at 95 ◦C for

24 h in a silicone oil bath heated with a  digitally controlled hot

plate. After 24 h of refluxing, the solution and un-dissolved solid

in the mixture were separated. Then, the collected solution was

analyzed by elemental analysis (ICP/MS), and un-dissolved solid

collected was analyzed using powder X-ray diffraction (PXRD) anal-

ysis. For 200 ◦C solubility test, a specially designed solubility test

apparatus was used. Briefly, the oxide support was mixed with

50 mL of 1 M H2SO4 in a  zirconium autoclave fitted with a  ther-

mocouple. The tightly capped autoclave was pressurized with N2

gas up to 200 psi and was immersed in  a pre-heated silicon oil  bath

at 200 ◦C. Inside temperature was monitored using a thermocou-

ple  attached to a  temperature read-out. Refluxing was continued

for 2 h at 200 ◦C  followed by  recovery of solution for elemental

analysis.

For electrochemical measurements, a  conventional three-

electrode test cell was used. This cell contained three electrodes,

one was a catalyst-coated glassy carbon-working electrode (GCE,

0.5 cm diameter and 0.20 cm2 geometric surface area, Pine  Instru-

ments), the second was a Pt  wire as the counter electrode, and the

third was a reversible hydrogen electrode (RHE) as the reference

electrode. For working electrode preparation, a known amount

of catalyst powder was dispersed in a mixture of isopropyl alco-

hol (IPA) and de-ionized water (95:5 ratio by volume), followed

by sonication in a sonicator bath for 1 h.  Then the required vol-

ume  of the ink was placed on GC electrode and dried to  form

a catalyst layer with a  loading of 47.8 �g  Pt cm−2. A Nafion®

coat was then cast by pipetting out 7.0 �L of 1:100 dilution of

5 wt% Nafion® in methanol on to the top of catalyst layer cov-

ered electrode. The freshly prepared electrode was  subjected to

potential cycling for 20 cycles in  N2-purged 0.1 M  HClO4 elec-

trolyte in the range of 0.05–1.2 V vs.  RHE at a scan rate of

20 mV  s−1.  Electrochemical durability testing of catalyst was car-

ried out at 20 mV  s−1 with 1000 full cycles in  the potential range

of 0.05–1.2 V  vs. RHE. The electrochemical surface area (ECSA) was

calculated based on the H2 adsorption–desorption peaks observed

between 0.05 and 0.4 V using a  hydrogen adsorption–desorption

charge of 210 �C cm−2 as the standard charge for a smooth

Pt surface. Oxygen-reduction reaction (ORR) experiments were

carried out in  O2-saturated 0.1 M HClO4 electrolyte at a  scan

rate of 5 mV  s−1 and a 1600-rpm of electrode rotation rate in

the potential range of 0.4–1.2 V vs. RHE. The current–voltage

curve at anodic scan was used for ORR activity calculation.

The ORR mass activity (mA/mg Pt) was calculated using the

current at 0.9 V vs. RHE and the Pt loading on the working elec-

trode.

All electrochemical measurements were performed at 30 ◦C

using a Solartron multistat instrument, controlled with Corrware

software (Scribner Associates Inc., USA).

3. Results and discussion

3.1. Structural and morphological characterization of NbO2 and

Ti4O7 nanofibers

Powder X-ray diffraction (PXRD) analysis was used to collect

structural information of nanofibers of both NbO2 and Ti4O7,

and the observed XRD powder patterns are shown in  Fig. 1. As

mentioned previously, NbO2 was prepared by reducing Nb2O5 in

H2/N2, and the XRD pattern of the resultant powder after reduction,

shown in Fig. 1(a), is  marked as “initial”, which matches very well

with calculated pattern of NbO2.  It  can be seen that besides the

NbO2 peaks, no other additional peaks can be  observed, indicating

that the synthesis here can give a  pure phase NbO2. In addition, it

can also be observed that the synthesized NbO2 fibers are highly

crystalline, as evidenced by the sharp diffraction peaks. This can be

expected as these fibers were calcined at 550 ◦C and then reduced

at 900 ◦C in the presence of H2. Similarly, TiO2 nanofibers, obtained

by calcination of electrospun fibers at 550 ◦C, were transformed

into Ti4O7 fibers upon reductive treatment at 1050 ◦C  followed by

a structural identification using XRD (Fig. 1(b)).

Fig. 2 shows the BET N2 adsorption–desorption isotherm plots

((a) and (b)) and percentage pore distribution as a  function of

pore diameter ((c) and (d)) of NbO2 and Ti4O7 nanofibers, respec-

tively. Similar plots of Nb2O5 and TiO2 nanofibers have been also

included in Fig.  2 for comparison. The surface areas of Nb2O5 and

TiO2 nanofibers decreased from 54 to 13 m2/g and 51  to  6 m2/g,

respectively, after they were transformed into NbO2 and Ti4O7

nanofibers. However, the surface areas reported here for NbO2

and magneli-phase Ti4O7 nanofibers are still much higher than

that of commercially available NbO2 (∼1 m2/g), and literature

reported Ti4O7 (∼2 m2/g) [15].  The decrease in surface areas can

be  attributed to  both surface smoothing as well as fiber growth

induced by reductive heat treatment at higher temperatures

(900–1050 ◦C), as evidenced by TEM images (Fig. 3). The pore size

distribution plots in  Fig. 2 clearly indicate that a large fraction

of available pores belong to meso-regime (2–50 nm)  for both

metal oxides. However, the pore distribution, after forming NbO2

or Ti4O7,  at a  given pore diameter, dramatically decreases as

a  result of disappearance of meso-pores, which were present

in Nb2O5 or TiO2,  possibly due to high temperature reductive

treatments.

The morphology of metal oxide nanofibers was determined

using both the scanning and transmission electron microscopic

techniques (SEM and TEM). Fig. 3 shows the TEM images of  both

NbO2 and Ti4O7 nanofibers together with SEM images of the

as-spun respective metal oxide  nanofibers. The TEM images of

calcined NbO2 and Ti4O7 nanofibers are  shown as insets into

Fig. 3(c) and (d), respectively. The nanofibrous nature of  the as-

spun (metal oxide/PVP composite) nanofibers, which could stretch
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Fig. 1. Powder X-ray diffraction (PXRD) patterns of NbO2 (a) and Ti4O7 (b) nanofibers (marked as “initial”) formed after reduction in H2/N2 .  Nanofibers heat-treated at 200 ◦C

in  air for 1 day and 7 days are also shown. Peaks marked with asterisks belong to  Nb2O5 phase.

up to several microns or even centimeters with a  narrow poly-

dispersion, can be  clearly seen (Fig. 3(a) and (b)). The difference of

fiber thickness before and after calcination seems not significant.

However, the fiber thickness of both metal oxides increases upon

the reduction treatment at high temperatures (900 and 1050 ◦C

for NbO2 and Ti4O7,  respectively). For  example, compared Fig. 3(c)

to its inset, and Fig. 3(d) to its inset, the NbO2 nanofiber diameter

grows approximately from 50 nm to  150 nm after the reduction
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Fig. 3. Scanning and transmission electron microscopic images of NbO2 and Ti4O7 nanofibers. (a)  as-spun Nb2O5/PVP composite, (b) as-spun TiO2/PVP composite, (c) NbO2

nanofibers, (d) Ti4O7 nanofibers, (e)  20-wt% Pt/NbO2 , and (f) 20-wt% Pt/Ti4O7 .

treatment, and the Ti4O7 fiber grows even up to micron size, and

at the same time, the fibers become more like bulbous features.

Mechanistic aspects of this growth have  not  been investigated

here. However, high temperature sintering might be a  reasonable

explanation.

Fig. 3(e) and (f) shows the Pt  catalyst particle distribution on

the nanofibers. It seems that this Pt dispersion is not as uniform as

expected. The average Pt particle size is  7.0 ± 1.2 nm. The inhomo-

geneity of the Pt particles may  be rationalized by the lower surface

roughness of nanofibers that is  caused by the reduction treat-

ment. Furthermore, the NaBH4 reduction method for Pt deposition

may  also be responsible for poor dispersion and poly-dispersity

of Pt particles. Relatively low surface area of nanofibers along

with the absence of coordinating agents to prevent agglomera-

tion in the reaction medium may  caused the agglomeration of Pt

particles.

3.2. Chemical stability in 1  M H2SO4

Chemical stability in terms of solubility and phase integrity of

NbO2 and Ti4O7 nanofibers were tested in  1 M H2SO4 at  95 and

200 ◦C, separately and metal concentration and percentage solubil-

ity have  been summarized in the Table 1. The percentage solubility

of NbO2 and Ti4O7 in 1 M H2SO4 was significantly low (<1%) at both

95 and 200 ◦C  under the applied experimental conditions. It was

also found that this chemical dissolution process in acid did not

cause significant changes in the bulk crystalline structure of NbO2

and Ti4O7 as well. However, it is  worthwhile to  note the possibility

of surface oxidation, which is difficult to  evaluate by XRD mea-

surements. These insignificant solubilities of both NbO2 and Ti4O7

in  acidic solution suggest that they are favorable enough for fuel

cell applications in  the range of 95–200 ◦C if they are to be used as

catalyst supports.
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Table 1

ICP/MS elemental analysis data for NbO2 and Ti4O7 nanofibers refluxed at  95  and 200 in 1 M H2SO4 for 24  and 2 h, respectively.

Metal oxides Metal concentration in solution (mg  mL−1) Percentage solubility (wt%)

95 ◦Ca 200 ◦Cb 95 ◦C 200 ◦C

NbO2 0.004 0.016 0.12 0.51

Ti4O7 0.006 0.028 0.25 0.70

Superscripts ‘a’ and ‘b’ denote refluxing in 1 M H2SO4 for 24 and 2 h, respectively

3.3. Thermal stability of NbO2 and Ti4O7 nanofibers as  a function

of temperature in air

Thermal stability of NbO2 and Ti4O7 nanofibers was  determined

by employing thermogravimetric analysis (TGA) in air  at a  temper-

ature range of 30–750 ◦C and the data plots are shown in  Fig. 4.

The apparent weight gains observed for both NbO2 and Ti4O7 were

probably induced by their oxidation into most stable Nb2O5 and

TiO2.  The gain of NbO2 was about 6%, which is slightly less than

the theoretical value (6.4%). This difference in  weight gain might

be due to the presence of remnant Nb2O5,  which may  have been

formed by surface oxidation in  the initial NbO2. Similarly, Ti4O7

showed a 6.2% weight gain, which is 0.9% higher than that of the

theoretical value (5.3%). It is still not fully understood yet about

this difference. For NbO2 phase transformation, TGA data show the

largest weight gain at 300 ◦C as determined from derivative curves

of TGA data. However, the transformation initiates around 150 ◦C,

which is well below 200 ◦C and reaches a  completion at 300 ◦C. This

result indicates that NbO2 may  only be  used as a  support for PEM

fuel cell catalysts with a operational temperature less than 150 ◦C.

Interestingly, Ti4O7 phase transformation maximum is relatively

higher than that of NbO2 nanofibers and locates around 550 ◦C,  and

this material does not show any potential thermal oxidation below

300 ◦C, which is in agreement with the literature reported data [9].

This indicated that  the thermal stability of Ti4O7 is acceptable to

use it as PEM fuel cell support in the fuel cell desired temperature

range of 95–200 ◦C.

To further evaluate the phase transformation of both NbO2 and

Ti4O7 fibers, we conducted prolonged heat treatment analysis for

NbO2 and Ti4O7 nanofibers in  air at 200 ◦C from 1 to 7 days. It  was

observed from PXRD data shown in Fig. 1 that 1-day heat treatment

could induce a  slight phase transformation of NbO2 nanofibers,

which is indicative by  the appearance of new diffraction peaks.
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Fig. 4. Thermogravimetric analysis data of NbO2 and Ti4O7 nanofibers heated in  air

up  to 500 ◦C and 750 ◦C, respectively.

Newly appeared peak pattern matches very well with the peak

position and intensity of calculated pattern of Nb2O5.  Subsequent

peak broadening was  observed as a  result of new phase forma-

tion. The breath of peaks is  indicative of nanocrystalline domains

that  form new nanofiber structure (Fig. 1(a)). Further heating at the

same temperature for longer period of time (for example, 7  days)

could increase the peak intensities of Nb2O5 phase while decrease

that of NbO2 phase. However, commercially available NbO2 that

was  subjected to the similar heat treatments (surface area ∼ 1 m2/g,

Aldrich) showed no visible phase transformation according to PXRD

analysis (data not  shown). It  is still not clear why NbO2 nanofibers

thermally behave differently from NbO2 powders. We speculate

that either the relatively high surface area (13 vs. 1 m2/g) possesses

a higher surface energy, leading to an increase in the transforma-

tion rate of NbO2 nanofibers, or the synthesis method plays a  vital

role in the stability of NbO2.

Nevertheless, Ti4O7 nanofibers showed a different behavior rel-

ative to  NbO2 fibers under the similar heat treatment conditions.

No phase transformation could be  observed even after heating at

200 ◦C for 7 days in  air, which was evidenced by unchanged PXRD

patterns (Fig. 1(b)). It is  possible that the phase transformation actu-

ally occurs on the surface, which is undetectable by PXRD. However,

as a bulk, the phase still retained as Ti4O7.  These observations are in

good agreement with the TGA results obtained for both NbO2 and

Ti4O7 nanofibers.

3.4. Electrical conductivity of NbO2 and Ti4O7 nanofiber supports

The bulk electrical conductivities of both  NbO2 and Ti4O7

nanofibers were measured in order to evaluate the feasibility of

using these materials as PEM  fuel cell supports. The room tempera-

ture conductivities of NbO2 and Ti4O7 nanofibers are  6.9 × 10−6 and

3.4 × 10−5 S cm−1, respectively. For comparison, bulk conductivity

of commercially available Ebonex was also measured using the

same set-up, and the resultant conductivity was 3.2 × 10−5 S  cm−1,

which is  similar to  that of the observed conductivity of Ti4O7

nanofibers. However, the observed conductivities of both NbO2

and Ti4O7 nanofibers are significantly lower than those reported

in the literature, mainly because the literature reported values

were derived from single crystal materials. Moreover, Gallego and

Thomas [16] showed that NbO2 films prepared by sputtering, which

was  consisted of NbO2 and some Nb2O5,  had conductivity values

ranging from 10−3 to 10−9 S cm−1.

3.5. Electrochemical performance and stability of NbO2 and Ti4O7

nanofiber supports

Fig.  5 shows the cyclic voltammograms (CVs) acquired for a  thin

layer of NbO2 (a) and Ti4O7 (b) nanofiber supports fabricated on

a glassy carbon electrode in N2-saturated 0.1 M HClO4 solution.

The potential was  scanned between 0.05 and 1.2 V vs. RHE at a

scan rate of 20 mV s−1 in N2 atmosphere. Obviously, no pronounced

oxidation–reduction current peaks were observed. The reasons for

observed slight difference in the shapes of CVs  of NbO2 nanofiber

support before and after durability are  not fully known. The absence

of oxidation peaks in  both NbO2 and Ti4O7 demonstrated that they

are reasonably stable in  acidic medium in the applied potential
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Fig. 5. Cyclic voltammograms of NbO2 (a) and Ti4O7 (b) nanofibers on a glassy carbon electrode (area: 0.20 cm2)  in N2-saturated 0.1 M HClO4 at  30 ◦C  with a  potential scan

rate  of 20 mV  s−1 . Metal oxide loading: 47.8 �g cm−2 for both NbO2 and Ti4O7 nanofibers.

range and make them distinct from metal carbides i.e. TiC  [17] or

WC [18] reported in the literature.

3.6. Electrochemical performance and stability of Pt/NbO2 and

Pt/Ti4O7 nanofiber catalysts

Fig. 6(a) and (b) shows the CVs of Pt/NbO2 and Pt/Ti4O7,

respectively, recorded at 30 ◦C  during continuous potential cycling

between 0.05 and 1.2  V in N2-saturated 0.1  M HClO4 solu-

tion. The CV curves for both catalysts exhibit typical cyclic

voltammograms with clear hydrogen adsorption–desorption and

oxidation–reduction regions. However, those regions are promi-

nent and well-defined in CV curves of Pt/Ti4O7 catalyst as the

electrical conductivity of Ti4O7 is known to be higher than that

of NbO2 (3.4 × 10−5 S cm−1 vs. 6.9 ×  10−6 S  cm−1). Therefore, the

current generated by  Pt catalysts is better conducted through the

Pt/Ti4O7 catalyst layer into the GC electrode.

In order to test catalyst stability, cyclic voltammetric scanning

between 0 and 1.2 V vs. RHE was carried out. Then the electro-

chemical surface areas (ECSAs) were calculated from the hydrogen

adsorption–desorption region, as a  function of CV cycle number

(Fig. 7). It can be seen that both Pt/NbO2 and Pt/Ti4O7 catalysts

undergo a reduction in ECSA with increasing number of potential

cycles, suggesting degradation in the electrochemical environment.

However, percentage ECSA loss of Pt/NbO2 catalyst is even larger

than that of Pt/Ti4O7 after 1000 potential cycles (62 vs. 23%). This

ECSA drop may  be  attributed to  two major factors: (1) the surface

of support becomes quite resistant due to the formation of  less

conductive oxide layers (Nb2O5 and TiO2,  respectively), and (2) Pt

particle dissolution and subsequent agglomeration to yield larger

particles [19].

3.7. ORR activity of Pt/NbO2 and Pt/Ti4O7 nanofiber catalysts

For ORR activity and stability, both Pt/NbO2 and Pt/Ti4O7

nanofiber catalysts were tested using a  rotating disk electrode

technique in an O2-saturated 0.1 M  HClO4 solution at 30 ◦C.  The

obtained current–voltage curves at different electrode rotation

rates are shown in Fig.  8. Fig. 8(a) shows the ORR curves before

the potential cycling of Pt/NbO2 catalyst in a  N2-saturated 0.1 M

HClO4 solution, and (b) shows that ORR curves after the 1000

CV cycling in the potential range of 0–1.2 V vs. RHE. Similarly,

Fig. 8(c) and (d) shows the ORR curves for Pt/Ti4O7 catalyst. As

expected from diffusion theory, the increase in diffusion cur-

rent with increasing electrode rotation rate can be observed.

It  can be  clearly seen that after the 1000 CVs, the ORR cur-
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Fig. 6. Cyclic voltammograms of 20-wt% Pt/NbO2 (a) and 20-wt% Pt/Ti4O7 (b) catalysts before and after durability testing, on a  glassy carbon electrode (area: 0.20 cm2)

recorded in N2-saturated 0.1 M HClO4 at 30 ◦C  with a  scan rate of 20 mV s−1 .  Pt loadings: 47.8 �g Pt cm−2 for both Pt/NbO2 and  Pt/Ti4O7 .
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rent is reduced significantly, indicating the catalyst activity has

decreased.

For a more quantitative estimation, the ORR mass activities were

calculated using the currents measured at 0.9 V vs.  RHE of the

anodic sweep at 1600 rpm. The onset potential occurred around

0.97 V for Pt/NbO2 catalyst before durability test and remained

almost the same after durability test. The mass activity of  Pt/NbO2

catalyst dropped significantly, from 3.0 to 1.3 mA/mg Pt after dura-

bility testing, and corresponded to  a  loss of 57% of ORR mass activity.

Similarly, ORR activity of Pt/Ti4O7 catalysts also drastically drops

from 11.1 to 1.6 mA/mg  Pt) after the durability test, which corre-

sponds to 86% loss of ORR mass activity.

3.8. Mechanism understanding using XPS measurements

To understand the possible cause of low mass activity and severe

degradation of Pt/NbO2 catalyst, the surface structural properties

of NbO2 nanofibers were examined before and after the durabil-

ity test, conducted under potential cycling in N2-saturated 0.1 M

HClO4 in the potential range of 0.4–1.2 V for 2000 cycles, using

the X-ray photoelectron spectroscopy (XPS) technique. The sur-

face chemical composition and any changes to oxidation state of

Nb (either Nb4+ or Nb5+)  would give some clues for understand-

ing the low mass activity of Pt/NbO2 catalyst and its degradation

mechanism. Fig. 9 shows the valence band XPS spectra of NbO2

nanofibers recorded before and after the durability test. The XPS

spectrum acquired before potential cycling shows a  peak at bind-

ing energy 207.8 eV that corresponds to Nb5+ spin–orbit doublet.

A less prominent shoulder that appears at 206 eV corresponds to

Nb4+ [15].  We  believe that this Nb5+ should have come from sur-

face Nb2O5,  which is  an electronic insulating Nb2O5 material. This

observation indicates that part of the NbO2 nanofiber surface has

been oxidized into Nb2O5 even before subjecting to  electrochemi-

cal potential cycling. This may  be considered the factor limiting the
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Fig. 9. High-resolution XPS spectra in the Nb3d region of NbO2 samples (a)  before and (b)  after electrochemical stability test up to  2000 cycles in N2-saturated 0.1 M HClO4
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ORR mass activity of Pt/NbO2 catalyst. The XPS spectrum of NbO2

acquired after potential cycling (Fig. 9 (b) is  very much similar to

the initial XPS spectrum Fig. 9 (a)). However, the ratio of Nb5+/Nb4+,

calculated using the corresponding XPS peaks, is increased from 5.9

to 7.8 after the durability test, indicating that the electrochemical

potential cycling could result in more insulating Nb2O5 on the NbO2

nanofiber surface. Due to more insulating Nb2O5 is formed on the

catalyst with increasing CV cycling, the drop in  ORR mass activ-

ity should be understandable. This result approximately agrees

with those observed and explained by  Zhang et al. [20]. Similarly,

Ti4O7 surface may  also undergo a surface oxidation due to  potential

cycling. For example, Li et al. [21] reported the surface transforma-

tion of Ti4O7 into TiO2, analyzed by XPS after the Ti4O7 was kept

at 0.55 V vs. Hg/HgO for 360 h. We speculate that even though the

Nb2O5 or TiO2 layers, formed due to durability tests, may  be fairly

thin, their effect on electrical conductivity would be significant,

which could create a poor electrical communication between the

Pt catalyst particle with the nanofiber support, leading to  a  lower

mass activity. Therefore, the rapid deterioration of mass activity

may  be attributed to two factors: (1) Nb2O5 or TiO2 existence on

the nanofiber surface limiting the electron transport between the

Pt particle and the NbO2 or Ti4O7 support; and (2) possible disso-

lution and agglomeration of Pt catalyst particles reducing the ORR

reaction active surface area, which is  evident by the decrease in

ECSA (Fig. 7).

4. Conclusions

Two electronically conductive NbO2 and Ti4O7 nanofibers were

synthesized using a modified electrospinning technique in an

effort to synthesize metal oxides as a  possible replacement for

carbon as PEM fuel cell catalyst support. The first step in the

synthesis was to fabricate Nb and Ti metal oxide nanofibers,

which then were transformed into NbO2 and Ti4O7 nanofibers

by a high temperature reduction treatment in H2/N2 environ-

ment. The synthesized nanofibers were physically characterized

using several instrument methods such as XRD, EDX, SEM, TEM,

BET as well as XPS. The thermal, chemical, and electrochemical

stabilities as well as the electronic conductivities of these two sup-

ports were also evaluated in  order to check their feasibility as

catalyst supports in a  temperature range 95–200 ◦C.  Thermogravi-

metric analysis confirmed that NbO2 is  more prone to oxidation

into a higher metal oxidation state (Nb2O5) at relatively lower

temperatures (∼150 ◦C) whereas the thermal stability of Ti4O7 is

relatively higher (∼400 ◦C). Both supports are chemically stable in

mild acidic conditions (1 M H2SO4)  in the temperature range of

95–200 ◦C.

Pt catalysts, 20-wt% Pt/NbO2 and 20-wt% Pt/Ti4O7, were also

synthesized and tested for both ORR mass activity and stability in

acidic solution. ORR mass activities obtained were 3.0 mA/mg Pt

and 11.1 mA/mg  Pt for 20-wt% Pt/NbO2 and 20-wt% Pt/Ti4O7 cata-

lysts, respectively, before the durability tests. After durability tests,

these values dropped to 1.3 mA/mg  Pt and 1.6 mA/mg  Pt, indicating

the ORR mass losses of 57% and 86% for 20-wt% Pt/NbO2 and 20-

wt%  Pt/Ti4O7 catalysts, respectively. Through XPS measurements of

the catalyst samples obtained before and after the durability tests,

the formation of electronically insulating surface Nb2O5 on NbO2

nanofibers was found to be responsible for low ORR  mass activ-

ity and the catalyst degradation as well. Similar conclusions can be

made for Ti4O7 based on literature findings that the formation of

TiO2 layer on Ti4O7, which adversely affects the electrochemical

performance.
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