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bstract

Tungsten nitride supported on carbon black was prepared by temperature-programmed reaction (TPR) process and is proposed as a catalyst for
he oxygen reduction reaction (ORR) in proton exchange membrane fuel cells (PEMFCs). The as-prepared catalyst was characterized by X-ray
iffraction (XRD) and transmission electron microscopy (TEM) techniques. The ORR activities of the catalyst were studied by electrochemical

easurements and single cell tests, respectively. The results indicated that the tungsten nitride electrocatalyst exhibited attractive catalytic activity

nd stability for the ORR in PEMFCs. It is expected to be a promising cathode electrocatalyst for PEMFCs, especially for the comparatively high
emperature proton exchange membrane fuel cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Platinum supported on electron-conductive carbon black has
itherto been widely used as the oxygen reduction reaction
ORR) catalyst since it has been generally recognized as the
ost active and stable catalyst for the ORR in proton exchange
embrane fuel cells (PEMFCs). However, the scarce resources

nd the high cost of platinum hamper the commercialization of
EMFCs. To reduce the cost of the Pt catalysts, two approaches
ave been adopted: exploring non-noble catalysts and reducing
he Pt loading [1,2]. Alloying Pt with other metals (Fe, Co, Ni,
u, etc.) is one effective approach pursued to reduce the Pt load-

ng and to lower the cost of the electrocatalysts. However, the
on-noble metals in the Pt alloys are usually easily dissolved in

he acid media and at the high potentials in PEMFCs. As for the
pproach using non-noble catalysts, several candidates, such as
ransition metal chalcogenides [3,4], transition metal oxides [5],
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acrocycles (porphyrin or phthalocyanine) whether heat treated
r not [6,7] and so on, have been proposed over the years for
athode electrocatalysts.

Since Boudart and Levy [8] reported the platinum-like prop-
rties of tungsten carbide (WC) for H2–O2 titration, carbides
nd nitrides were intensively investigated for their suitability as
promising substitution for platinum electrocatalysts in PEM-
Cs [9–11]. Yang et al. [11] investigated the electrocatalytic
ctivities of tungsten carbide based carbides as the electrocat-
lysts for hydrogen oxidation in PEMFCs. Palanker et al. [12]
eported that CO was inert on WC. Attempts have also been
ade to utilize carbides- and nitride-based catalysts in the ORR

13,14]. TiN has been investigated as the ORR electrocatalyst in
lkaline solution [15] and molybdenum nitride has been studied
n acid solution and PEMFCs [16]. However, there are no data
n the literature regarding the electrode performance of tungsten
itride as the primary cathode catalyst material in PEMFCs.

n this paper, we presented a novel electrocatalyst, tungsten
itride supported on carbon black, for the ORR in PEMFCs.
he presence of nanosized tungsten nitride was confirmed by
-ray diffraction (XRD) and transmission electron microscopy

mailto:Zhanghm@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.11.080
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TEM). And the ORR activities of the catalyst were assessed
y electrochemical measurements and single PEMFC tests. The
tability of the catalyst was also investigated in the single cell
est.

. Experimental

.1. Catalyst preparation

The catalyst, tungsten nitride supported on carbon black (Vul-
an XC-72R, Cabot Corp., BET: 237 m2 g−1, USA, denoted
s C) with 18 wt.% of the tungsten content, was prepared by
emperature-programmed reaction (TPR) process as described
n literature [16]. The preparation process of the catalyst was
omposed of two steps: the preparation of the precursor oxide
nd the nitrification of the precursor. The first step was the prepa-
ation of the precursor oxide by the incipient wetness method as
ollows.

Firstly, XC-72R carbon black was impregnated using the
ncipient wetness method with the required amount of ammo-
ium metal tungstate dissolved in a mixture of water and the
ispersing agent. After impregnation for 12 h, the sample was
gitated and dried in a water bath at 80 ◦C until the water had
vaporated, and subsequently transferred into an oven to dry at
20 ◦C overnight. Finally, it was calcined for 2 h at 500 ◦C in a
uartz tube furnace under N2 atmosphere to obtain the precursor
f W2N/C.

The precursor was then nitrified under flowing NH3 atmo-
phere using the following TPR process: the temperature was
rstly increased to 350 ◦C at a rate of 5 ◦C min−1, then to 450 ◦C
y 0.5 ◦C min−1 and to 750 ◦C by 2.5 ◦C min−1 and finally the
emperature maintained at 750 ◦C for 2 h. When the reaction was
ver, the sample was cooled to room temperature under nitro-
en atmosphere and the catalyst W2N/C (18 wt.% W) was thus
btained.

.2. Physical characterizations

XRD analysis of the W2N/C (18 wt.% W) catalyst was car-
ied out on a PANalytical X’Pert PRO diffractometer (Philips
’Pert PRO) using a Ni-filtered Cu K� source (λ = 1.54056 Å)

o characterize the crystalline structure of the as-prepared cat-
lyst powder. The 2θ values of X-ray diffractograms varied
etween 20◦ and 95◦ with a step size of 0.017◦, accu-
ulating data for 8.255 s per step. A transmission electron
icroscopy image of W2N/C (18 wt.% W) was recorded on a

EOL JEM-2000EX microscope operated at 100 kV. A sam-
le for TEM measurement was prepared by ultrasonically
uspending the catalyst powder in ethanol and then placing

drop of the suspension on an amorphous carbon film on
Cu grid. Particle size distributions for the catalysts were

btained by manually measuring 200 particles. The mean par-
icle diameter (D ) was calculated by the following formula
m
17]:

m =
∑

inidi
∑

ini

a
w
p
w
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.3. Electrochemical characterizations

The linear scan voltammetry (LSV) measurements were car-
ied out using an EG&G potentiostat/galvanostat Model 263A
Princeton Applied Research) and a standard three-electrode test
ell at room temperature. The working electrode was a thin layer
f Nafion® bonded catalyst inks cast on a carbon rotating disk
lectrode. A Pt foil and a saturated calomel electrode (SCE)
ere used as the counter and reference electrode, respectively.
owever, all potentials in the article were quoted to the standard
ydrogen electrode (SHE) in the same solution, unless stated
therwise. The measurements were conducted in a 0.5 M H2SO4
olution. Ultra-pure oxygen or nitrogen was bubbled into the
.5 M H2SO4 to maintain an oxygen or oxygen-free atmosphere
ear the working electrode. The glass carbon (GC) electrode
as polished with 0.05 �m alumina slurries. After polishing, the

lectrode was washed in ethanol in an ultrasonic bath and then
ried under vacuum. The electrode was subsequently washed
arefully with triple distilled water, just before placing it in the
ell for electrochemical measurement. The thin film on the GC
lectrode was prepared as follows: 10 mg W2N/C catalyst and
.0 mL ethanol and 80 �L 5% Nafion® solution (Du Pont, USA)
ere mixed and ultrasonicated about 30 min to form a homoge-
eous black ink. And then a 25 �L aliquot of this ink was cast
n the GC electrode surface. And the platinum supported on the
arbon black (20 wt.%, Johnson Matthey) was measured under
he same condition as the comparison. The LSV curves were
btained in the potential range of 1.1–0.1 V versus SHE with a
can rate of 5 mV S−1.

.4. Preparation of membrane electrode assembly and
ingle cell tests

The single cell tests were conducted with a 5 cm2 mem-
rane electrode assembly (MEA) using W2N/C (18 wt.% W) as
he cathode electrocatalyst. In all experiments reported in this
aper, Nafion®-1035 (Du Pont) was used as the membrane. The
6.2 wt.% Pt/C catalyst (TKK) was used as the anode catalyst
nd the Pt loading of anode was 0.3 mg cm−2. The catalyst was
ixed with appropriate amount of isopropanol and 5% Nafion®

olution suspension (W2N/C:Nafion® = 2:1 by dried weight) and
ltrasonicated to form an ink-like slurry. The slurry was then cast
nto a prefabricated gas diffusion layer (SGL carbon paper as
ubstrate, 40 wt.% PTFE) and heat-treated at 130 ◦C for 30 min
n a vacuum oven to obtain the cathode electrode. The Nafion®-
035 membranes were pretreated before use by the following
rocedure: the membranes were boiled in 3% H2O2 solution and
hen in 0.5 M H2SO4 to remove organic and mineral impuries,
espectively. And then they were rinsed several times with hot
istilled water. The treated membrane was sandwiched between
wo gas diffusion layers followed by a hot-pressing procedure
t 140 ◦C and 10 MPa for 1 min to form a membrane electrode
ssembly. Fuel cell polarization measurements were carried out

t different temperatures. The fuel (H2) and the oxidant (O2)
ere humidified by passing them through water bathes at tem-
eratures of 90 ◦C and 85 ◦C, respectively. The gas pressures
ere all kept at 0.2 MPa at both electrodes. Performance data
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ere recorded in the steady state and the polarization curves
ere uncorrected for internal resistance losses. The stability test
f the catalyst was also carried out under the same conditions.

.5. Electrochemical impedance spectra

The electrochemical impedance spectra (EIS) of the single
ells were recorded using an EG&G Model 1025 Solartron
requency response analyser and Model 263A potentio-
tat/galvanostat (EG&G Instruments Corp.). The amplitude of
he sinusoidal modulation voltage was 10 mV. The anodes of
he single cells were used as the reference electrode and counter
lectrode, respectively. The cathodes were used as the working
lectrode, respectively. The impedance spectra of single cells
n the high frequency range show inductive behavior, charac-
eristic to the experimental setup. Such inductive characteristics
ave been reported by other researchers in impedance studies
n batteries and fuel cells [18]. To avoid complications result-
ng from these characteristics, we limited the high-frequency
ange to 1 kHz. And the low-frequency range was 100 mHz.

. Results and discussion

.1. Characterizations of the electrocatalyst

X-ray diffraction was performed to obtain structural informa-
ion of the catalyst. As shown in Fig. 1, the XRD pattern for the
ungsten nitride exhibits characteristic diffraction peaks corre-
ponding to a single-phase fcc structure of �-W2N nanocrystals
19] and the Vulcan XC-72R support. In addition, XRD pattern
hows the (1 1 1) diffraction line to be the preferred orientation
here adatom mobilities are sufficiently high to favor crystal-

ites bounded by low energy planes. This indicated that the W
etal is not contained in the catalyst, which can cause the change

f the main peak [20]. The average crystallite size of the �-W2N

n the catalyst, calculated by using the Scherrer formula from
he peak (1 1 1) of �-W2N, is about 4 nm.

Fig. 2(a) shows the TEM image of the W2N/C catalyst.
ig. 2(b) shows the particle size distribution obtained from

t
o
n
d

Fig. 2. TEM analysis of W2N/C (18 wt.%) catalyst with 300,000 magnifica
Fig. 1. X-ray diffraction pattern of the W2N/C (18 wt. % W).

ig. 2(a). As shown in the TEM image, most of the catalyst
anoparticles are dispersed homogenously as small and uniform
pots over the surface of the carbon support. The size distribution
eak ranges between 2.5 nm and 7 nm and the average crystal-
ite diameter is about 4 nm. This result is consistent with particle
ize measured by the XRD. Some of the larger particles appear
o be agglomerates of several smaller ones due to the calcination
t high temperature during the preparation of the catalyst.

.2. Electrochemical properties

The LSV curves were measured in N2 and O2 saturated solu-
ions, respectively, to investigate the ORR activity of the W2N/C
18 wt.% W) catalyst in 0.5 M H2SO4. And the activity of com-
ercial Pt/C (Johnson Matthey) under O2 atmosphere was also

nvestigated as the comparison. As shown in Fig. 3, almost no
pparent reduction current is observed in the potential range for
he W2N/C catalyst under N2 atmosphere, which demonstrates
he high stability of the as-prepared tungsten nitride catalyst in

he N2 atmosphere. On the other hand, the reduction currents
f the tungsten nitride and Pt/C in O2 saturated solution sig-
ificantly increase with the potential scanning. The apparent
ifference between the two cases indicates that the W2N/C cata-

tions. (a) TEM image and (b) corresponding particle size distribution.
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Fig. 3. Linear scan voltammograms for different catalysts in 0.5 M H2SO4 solu-
tion. (a) W N/C (43 mg W N) in the 0.5 M H SO solution saturated with
n
o
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the thickness of the catalyst layer of the electrode is decreased,
the high frequency arc may not be as distinct as observed in the
ac impedance spectra. The large loop at intermediate frequen-
cies is attributed to the charge transfer resistance and the double
2 2 2 4

itrogen; (b) W2N/C (43 mg W2N) in the 0.5 M H2SO4 solution saturated with
xygen; (c) Pt/C (12 mg Pt) in the 0.5 M H2SO4 solution saturated with oxygen.
can rate = 5 mV s−1, 25 ◦C.

yst has good electrocatalytic activity for the ORR. And we also
an see that the ORR on the electrode modified by the W2N/C
atalyst starts at a relatively positive potential as a non-noble
atalyst, about 0.6 V, although it is still negative than that of
t/C. The comparatively high ORR activity of the as-prepared
atalyst is considered to be attributed to the synergistic effect
etween the W and N [21], as well as the nanostructure, which
s capable of providing highly active sites [22].

.3. Single cell tests

Fig. 4 shows the performances of the single cell achieved at
ifferent temperatures, from 60 ◦C to 80 ◦C, with the as-prepared

2N/C (18 wt.% W) as the cathode electrocatalyst. The load-
ng of the catalyst is 0.644 mg cm−2. As illustrated in Fig. 4, the

2N/C exhibits relatively good performance and the improve-
ent of the performances is also observed as the temperature
ncreased. At the current density of 100 mA cm−2, the cell volt-
ge at 80 ◦C is 0.367 V, which is about 146 mV and 223 mV
igher than that at 70 ◦C and 60 ◦C, respectively. And the max-
mum power densities of the single cells are 16.02 mW cm−2,

ig. 4. Polarization curves at different cell temperatures of the single cell with
he W2N/C (18 wt.% W) as the cathode catalyst.

F
p
c
i
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4.4 mW cm−2 and 39.2 mW cm−2 from 60 ◦C to 80 ◦C, respec-
ively. This behavior is indicative of an enhancement to the
lectrocatalytic kinetic reduction of the adsorbed oxygen with
he increase of temperature.

.4. EIS measurements

The EIS spectra at different temperatures obtained for the sin-
le cell with W2N/C (18 wt.% W) as the cathode electrocatalyst
re shown in Fig. 5(a). The EIS measurements are conducted
t a constant current 100 mA cm−2. It is found from the spectra
hat the semicircle is made of two high frequency (HF) capacitive
oops, small loop (usually not apparent) at the highest frequency
HF) end overlapped by a large arc at the middle high frequency
MHF). It is supposed that this HF loop is due either to the ionic
hmic drop/double layer charging inside the active layer in the
ranular electrode structure, or to electronic contact problems
etween the electronic supply and the GDE gas diffusion layer
RC parallel equivalent circuit) [23,24]. In our experiment, the
igh frequency arc is more distinct than that reported in the lit-
rature, and it is suspected due to the thick catalyst layer of
he electrode prepared by conventional method in the exper-
ment and the low loading of tungsten nitride. Especially at
ow current densities, there is insufficient water in the granu-
ar electrode structure, the agglomerates contract, so the grain
oundary resistance increases, resulting in a thinner and longer
ath for the migration of ions, increasing the ionic ohmic resis-
ance and capacitances [25,26]. Then, we may conclude that if
ig. 5. (a) EIS of PEM single cell at different cell temperatures with the as-
repared catalyst as the cathode catalyst anode humidifier temperature 90 ◦C,
athode humidifier temperature 85 ◦C; pressure 0.2 MPa/0.2 MPa. Legend spec-
fies temperature of the experiment. (b) Equivalent circuit for the single cell.
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Table 1
Parameters evaluated from fit of EIS with the equivalent circuit shown in Fig. 5(b)

Temperature (◦C) R1 (�) R2 (�) Rct (�)

60 0.0665 0.02681 0.4109
7
8
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0 0.0634 0.02495 0.2711
0 0.0621 0.02476 0.2149

ayer capacity and the relaxations of the intermediate species
27,28].

An equivalent circuit was constructed to describe the pro-
ess, as shown in Fig. 5(b). R1 represents the impedance at the
ntersection of the HF curve with the real axis. It is attributed
o the internal resistance of the cell including the total ohmic
esistance of the cell, which can be expressed as a sum of the
ontributions from uncompensated contact resistance and ohmic
esistance of the cell components such as membrane, catalyst
ayer, backing, end plate, and that between each of them [26].
2 and CPE1 represent the resistance and constant phase element
t the HF small loop, which relates to electrode structure. Rct is
he charge-transfer resistance for oxygen reduction, and CPE2
onstant phase element represents the Rct associated catalyst
ayer capacitance properties.

Table 1 shows the simulated data using the equivalent cir-
uit in Fig. 5(b) by ZView. It can be seen that, as expected,
2 decreases from 26.81 m� to 24.76 m� when the temper-
ture increases from 60 ◦C to 80 ◦C. It is supposed that the
embrane is well hydrated by the water produced in the cell

eaction with the increase of the temperature, which contributes
o the change of the properties of the electrode structure and
n result affects the R2. And the charge-transfer resistance Rct
ecreases from 410.9 m� to 214.9 m�. This demonstrates that
he charge transfer resistance greatly decreases and confirms
he increased cell performance with the temperature increased.
nd the charge transfer resistance Rct of the single cell at
0 ◦C is about 214.9 m�, which is higher than that of Pt/C
EAs [26,28]. In addition, the internal resistance of the cell

ecreases with temperature, which is also higher than that of
ormal Pt/C MEAs in the same fixture [29]. It is caused by
he thick catalyst layer of the electrode and the properties of
he catalysts itself. The high charge transfer resistance and the
igh internal resistance are major factors contributing to the
educed V–I performance of the present cell compared to the Pt/C
atalyst.

.5. Stability test

Stability test for the W2N/C electrocatalyst was carried out at
he current density of 120 mA cm−2 under fuel cell conditions.
he single cell output voltage was recorded versus the test time.
ccording to the results illustrated in Fig. 6, it was found that

he single cell output voltage maintains almost at the same value
uring the test time; there was no obvious performance degrada-

ion under fuel cell conditions. The high stability of the catalyst

ay be due to the high stability of the tungsten nitride itself in
ow potential and some oxides of WO2 on the surface maybe
lso increase the activity and the stability of the catalyst [30].
ig. 6. Stability test of the as-prepared catalyst at the constant current density.

. Conclusions

A new non-noble electrocatalyst for PEMFCs based on tung-
ten nitride was prepared by a TPR process and tested for the
lectroreduction of oxygen. The catalyst exhibited compara-
ively good activity for the ORR in both acid solutions and
EM fuel cells. And the electrocatalytic kinetic reduction of the
dsorbed oxygen can be enhanced as the temperature increased.
urthermore, the catalyst showed good stability in real single
ell tests. Although the activity of the W2N/C toward ORR
s inferior to that of the commercially available Pt/C catalysts
idely used in PEMFCs, it is a novel non-noble catalyst mate-

ial, which shows comparatively high activity among non-noble
athode electrocatalysts in PEMFCs [31–33]. We believe that
urther optimizations in both the catalyst preparation process
nd MEA manufacture could enhance the activity of the cat-
lyst toward the ORR. And probably we also can improve the
perational temperature of the single cells to enhance the activity
f the catalyst. Thus, the comparatively high temperature proton
xchange membrane fuel cells may be also a potential field for
he catalyst. Further refinement of the preparative conditions for
he catalyst is under way.
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