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well-defined mesoporous tungsten carbide structure.

Introduction

Since oxygen reduction reaction (ORR) exhibits sluggish
kinetics of molecular oxygen in low-temperature fuel cells,
platinum-based materials are well known to be utilized as the
most active ORR catalysts in the cathode.'”* However, Pt-based
catalysts have disadvantages of high cost, large overpotential
loss, and limited long-term stability.*® Currently, there have
been a variety of promising candidates for alternating Pt
catalyst such as nitrogen-doped carbon nanotubes or graphene,
and various metal-N, chelate macrocycles to enhance ORR
activities.”?” In particular, carbon supported transition metal-N,,
chelate macrocycles such as metal phthalocyanines and metal
porphyrins have been intensively investigated as promising
non-Pt catalysts since the work of Jasinski in 1964.%"% Li et al.
reported that iron and nitrogen doped carbon nanotube-
graphene complex showed a high ORR activity and superior
stability in both acid and alkaline solution."* Wu et al.
represented polyaniline (PANI)-metal-C catalysts for promising
ORR activity.”® The PANI-Fe-C and PANI-FeCo catalysts
exhibited high ORR activities in acid medium. Jiang et al
studied that the graphene-iron phthalocyanine composite
catalyst exhibits comparable activity, superior stability, and
methanol tolerance in alkaline solution.”> Fu et al. reported the
transition metal nitrogen containing moieties (M—N,, M = Fe
or/and Co, x = 2 or 4) embedded into the graphene sheets that
exhibit high ORR properties in alkaline medium.”’ The active
sites of these compounds are the four nitrogen ring coupled
with transition metals, commonly Fe or Co, representing four-
electron transfer process and highly selective catalytic activity
for ORR.%33

Furthermore, there have been many efforts to enhance ORR
catalytic activity and stability using particular supporting
materials such as transition metal oxides and carbides, because
of stability of oxides and catalytic properties of carbides.**>’ In
particular, for transition metal carbides to mimic the catalytic
properties of Pt-group metals, Levy and Boudart proposed that
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tungsten carbide (WC) displayed Pt-like behavior in catalytic
reactions, which have a similar electronic density to Pt and
exhibit a comparable catalytic activity in ORR.*® Although the
catalytic activity of WC is still lower than that of noble metals,
a considerable interest has been received in fuel cells for the
development of inexpensive systems. Recently, to solve
limitation of electrochemical activity of tungsten carbide in
ORR, there are many literatures for the controlled specific
surface area, noble metals deposited on tungsten carbides, and
tungsten carbide-based composite nanostructures.***

Here, we prepared iron-nitrogen-doped well-defined
mesoporous tungsten carbides as a cathode catalyst by means of
template-free synthesis. The iron-nitrogen-doped well-defined
mesoporous tungsten carbides were characterized by field-
emission scanning electron microscopy (FE-SEM), field-
emission transmission electron microscopy (FE-TEM), X-ray
powder diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and Raman spectrometer. The surface area and porosity
of the synthesized samples were analyzed by a nitrogen
sorption measurement. To evaluate the performance of the
catalysts for ORR, cyclic voltammograms (CVs) and linear
sweep voltammograms were obtained in comparison with Pt/C
catalyst using a potentiostat.

Experimental
Synthesis of mesoporous tungsten carbide based catalysts.
To prepare layered tungsten nitride nanoparticles, layered
tungsten oxide was prepared by a hydrothermal method. For the
layered tungsten oxide particles, ammonium tungstate
((NHy4)10H2(W,07)6) (Aldrich, 99.99%) as a precursor was
dissolved in 5 M hydrochloric acid solution (Aldrich, 35%)
with constant stirring at 25 °C for 1 h and then kept at 140 °C
for 2 h. After the hydrothermal process, the resulting precipitate
was cooled to room temperature, washed several times with
ethanol and distilled water, and then filtered by using a
filtration. The yellow layered tungsten oxide powder was
obtained after drying in 50 °C oven. For tungsten nitride
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structures from tungsten oxides, the resulting powder was
loaded into a quartz boat, which was inserted into a vitreous
quartz tube inside a cylindrical furnace, heated to reaction
temperatures until 700 °C for 1 h, and then maintained at 700 °C
for 3 h under NH; flow of 100 mL min™'. The samples were
cooled down to room temperature by flowing NH;, and
passivated for 2 h in an air flow in order to avoid drastic
reoxidation to tungsten oxide when they were exposed to air.
The as-prepared tungsten nitrides were then loaded into a
quartz boat, which was then inserted into a vitreous quartz tube
inside a cylindrical furnace. A gas mixture of 25% CH4/H, was
passed through the quartz tube at a rate of 100 mL min™' during
the entire reaction. Tungsten carbide catalysts studied in this
work were prepared at 900 °C (denoted as WC-m). After
carburization, all the samples were passivated in an air gas flow
for more than 5 h before being removed from quartz tube.
The nitrogen-doped mesoporous tungsten carbide catalysts
(denoted as WC-m-T) were prepared as follows: the WC-m
powder was mixed with 5,10,15,20-Tetrakis(4-methoxyphenyl)
-21H,23H-porphyrin (TMPP) solution (dissolved in 99.7%
acetic acid (Aldrich) solution) for 1 h. For iron-nitrogen-doped
mesoporous tungsten carbide catalysts (denoted as WC-m-FT),
5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23 H-porphine
iron(IIT) chloride (Fe-TMPP, 0.1 g, Aldrich) were dissolve in
99.7% acetic acid (Aldrich) solution for 1 h and mixed with the
WC-m. Under vigorous stirring, the mixed solutions were
completely evaporated the solvent at 70 °C and then dried in 50
°C oven at overnight. The obtained powders were placed in a
quartz boat and pyrolyzed at 700 °C for 3 h (denoted as WC-m-
T and WC-m-FT, respectively).

Electrochemical properties of the catalysts were measured in
a three-electrode cell at 25 °C using a potentiostat (CH
Instrument, CHI 700C). Pt wire and Hg/HgO (in saturated
NaOH) were used as a counter and reference -electrode,
respectively. The rotating disk electrode as a working electrode
was polished with 1, 0.3, and 0.05 pm Al,O; paste and then
washed in deionized water. The catalyst inks were prepared by
ultrasonically dispersing catalyst powders in an appropriate
amount of Millipore water and ethanol. The catalyst ink was
dropped 0.9 pL onto a rotating disk electrode (0.126 cm?). After
drying at 50 °C oven, the total loading of all catalysts was 400
pg cm>. To compare electrochemical properties and ORR
activity of the catalysts, CVs and linear sweep voltammetric
curves were obtained in 0.1 M NaOH solution. The stability test
was carried out by applying between -0.4 and +0.1 V for 2,000
cycles with a scan rate of 50 mV s in O,-saturated 0.1 M
NaOH solution at 25 °C. The oxygen reduction current—
potential curves before and after the stability test of the
catalysts were obtained by sweeping the potential from -0.9 to
0.3 V at a scan rate of 5 mV s and rotation disk speed of 1600
rpm. Methanol-tolerance ORR activity of the catalysts was
obtained in O,-saturated 0.1 M NaOH with 0.5 M CH;OH
solution. To determine the role of iron in the ORR active sites
in the catalysts, the ORR polarization curves for the samples
were obtained in O,-saturated 0.1 M NaOH with CN".

Structural and electrochemical characterization of as-
prepared catalysts.

The as-prepared samples were characterized by FE-TEM and
energy dispersive X-ray (EDX) spectroscopy using a Philips,
Tecnai F20 system operating at 200 kV. The TEM samples
were prepared by placing a drop of the nanoparticle suspension
in ethanol on a carbon-coated copper grid. FE-SEM image was

obtained on a Carl Zeiss, SIGMA microscope operating at 5 kV.
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Structural analysis of the mesoporous structures was carried out
by XRD method using a Bruker, D2 Phase System equipped
with a Cu K, radiation source of A = 0.15406 nm with a Ni
filter. The tube current was 10 mA with a tube voltage of 30 kV.
The 26 between 20° and 80° was explored at a scan rate of 5°
min”'. Raman spectra were recorded on High Resolution Micro
Raman spectrometer (Horiba Jobin Yvon, LabRAM HR
UV/Vis/NIR PL). XPS (Thermo Scientific, K-Alpha) analysis
was carried out with the Al K, X-ray source of 1486.8 eV at the
chamber pressure below 1 x 10 Torr and 200 W beam powers.
All high resolution spectra were collected using pass energy of
46.95 eV. The XPS samples were prepared by mixing with Sn
metal for making pellet. The surface area and porosity of the as-
synthesized samples were analyzed by a nitrogen sorption
measurement (Micromeritics ASAP 2020 adsorption analyzer).

Results and discussion

Fig. 1 shows TEM and SEM images of as-prepared WC-m,
WC-m-T and WC-m-FT. The as-prepared samples exhibit
porous structure with fairly uniform and regular mesopores. In
our previous study, well-defined mesoporous tungsten nitride
was synthesized by means of a template-free synthetic
approach.*® In particular, during nitridation process using
layered tungsten oxide, the tungsten nitride was gradually
reduced and then the homogeneous substitution of oxygen
vacancies in the reduced oxides with nitrogen atoms occurred.

Fig. 1 HR-TEM images of (a) WC-m, (c) WC-m-T, and (e)
WC-m-FT (The insets indicate the FE-TEM images). HR-SEM
images of (b) WC-m, (d) WC-m-T, and (f) WC-m-FT (The
insets indicate the FE-SEM images).

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) XPS survey spectra of WC-m-TF and WC-m-T. (b) XPS spectra between 700 and 730 eV of WC-m-TF and WC-m-T.
N1s XPS spectra of (¢) WC-m-T and (d) WC-m-FT. (e) Fe2p XPS spectrum of WC-m-FT.
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Fig. 3 CVs of (a) WC-m, (b) WC-m-T, and (¢) WC-m-FT in Ar- or O,-saturated 0.1 M NaOH with a scan rate of 50 mV s™ at

room temperature.

The layered tungsten oxide can offer more open sites forming
mesoporous structure. During the carburization process of the
mesoporous tungsten nitride, it is found that the tungsten nitride
is gradually carburized due to homogeneous substitution of
nitrogen atoms in the metal nitride with carbon atoms without
serious collapse and aggregation. The as-prepared WC-m, WC-
m-T and WC-m-FT show well-defined porous structures with
mesopores of 5~12 nm in diameter. Furthermore, as shown in
the FE-TEM images (Fig. la,c,e), WC-m, WC-m-T and WC-m-
FT represent carbon shell layers (1.9~2.2 nm in thickness)
having the {002} facet with the d-spacing of 0.339 nm of
graphitic layers, which is similar to {002} facet with d-spacing
of 0.335 nm of typical graphite.” The feasible formation
process of the mesoporous tungsten carbides coated by carbon
layers under CH, atmosphere is as follows:

WzN + CH4 — WC-m+ CH4
— WC-m + Cyq+2H, — WC-m@C (1)

As shown in Raman spectra of WC-m, WC-m-T and WC-m-
FT (Fig. S1), the two peaks are attributed to G band at 1584
cm ' and D band at 1350 cm ™', respectively. The G band was
related to the E,, vibration mode of sp® carbon structures. The
D band is related to structural defects and partially disordered
structures on the graphitic plane, which are caused by
heteroatom (nitrogen or oxygen) doping.*®*’ The intensity ratio

This journal is © The Royal Society of Chemistry 2012

(Ip/Ig) values of WC-m, WC-m-T, and WC-m-FT are 1.11,
1.18 and 1.19, respectively. The increased Ip/Ig was attributed
to the structural defects caused by pyrolyzed with TMPP and
Fe- TMPP as precursors, namely nitrogen or iron-nitrogen
doping.

XPS analysis was performed to analyze the content and
chemical state of the elements in the catalysts. The XPS survey
spectra for WC-m-T and WC-m-FT displayed the presence of
W, C, and N on the catalyst surfaces (Fig. 2a). As shown in Fig.
S2a, tungsten species of WC-m-T contain W4f, at 32.2 eV and
W4fs, at 34.4 eV, indicating that tungsten species are formed
during the carbide formation, with W4f;,, at 35.8 eV and W4f;),
at 38 eV related to WO;.*® In Fig. S2b, three peaks at 284.6,
286.2 and 288.5 eV, which are assigned to the carbon
component of WC-m-T in C-C, C-O and O=C-O,
respectively.!! By combining data of Cls and WA4f spectra, the
surface state WC-m almost consists of a carbide state. Also,
WC-m-T and WC-m-FT contain pyridinic, pyrrolic, graphitic,
and oxidated nitrogen species with a nominal nitrogen level of
~4.47 and ~2.26 at%, respectively (Fig. 2c,d). The high-
resolution N1s spectra of the as-prepared samples were fitted
with several different signals having binding energies of 398.3,
400.1, 401.4, 403.7 eV, corresponding to pyridinic N, pyrrolic
N, graphitic N, and oxidated N, respectively.* Nitrogen groups
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Fig. 5 Polarization curves of (a) WC-m-FT and (b) Pt/C before and after stability in O,-saturated 0.1 M NaOH solution with a scan
rate of 5 mV s and an electrode rotation rate of 1600 rpm at room temperature. Polarization curves of (c) WC-m-FT and (d) Pt/C
with a scan rate of 5 mV s™' and an electrode rotation rate of 1600 rpm in O,-saturated 0.1 M NaOH solution with or without 0.5 M

CH;O0H.

in WC-m-T and WC-m-FT result from pyrolyzing with TMPP
and Fe-TMPP. In particular, the peak at 399.8 eV might also
contain a contribution from nitrogen-bound metal (referred as
here Fe-N).>* The pyridinic N, Fe-N, and graphitic N are
typically believed to participate in the active sites for ORR.>**
In Fig. 2e, Fe2p XPS spectra of WC-m-FT consist of Fe2p;/, at
710.9 eV and Fe2p,,, at 721 eV. The Fe2p;/, spectrum of WC-
m-FT consist of metallic and oxidation states of iron with
binding energies of 707.5, 709.4 and 710.9 eV, corresponding
to Fe or Fe-C, Fe*" and Fe’* respectively.’’*? In particular, the
amount of Fe species in WC-m-FT is 1.77 at%.

Fig. S3 shows XRD patterns of WC-m, WC-m-T and WC-m-
FT. The diffraction patterns of the as-prepared WC-m are
related to the mixed phase of both WC;_, with a face-centered
cubic (fcc) lattice (JCPDS No. 20-1316) and WC with a
hexagonal closed packing (hcp) lattice (JCPDS No. 65-4539).
WC-m-T and WC-m-FT shows the mixed phase consisting of
fcc WCy_, and hep WC, representing that the samples pyrolyzed
with TMPP and Fe-TMPP as precursors have the same crystal

4| J. Name., 2012, 00, 1-3

structure as that of the WC-m. To characterize pore structure of
the samples, curves of nitrogen gas adsorption-desorption
isotherm and pore size distribution were obtained (Fig. S4a).
WC-m shows fairly uniform pore sizes of ~10.97 nm, which are
indicative of mesoporous structure, and specific surface areas
of ~47.85m? g”'.

CVs of the samples in Ar- and O,-saturated 0.1 M NaOH
were obtained to evaluate ORR properties of the samples in
alkaline solution (Fig. 3). The oxygen reduction peak potentials
of WC-m, WC-m-T, and WC-m-FT in O,- saturated 0.1 M
NaOH are -0.231, -0.164, and -0.076 V, respectively. The
reduction peaks of WC-m, WC-m-T, and WC-m-FT are shifted
into more positive potential in the CVs. The reduction peak
potential of WC-m-FT toward ORR in the polarization curves
is significantly shifted to positive direction as compared to WC-
m and WC-m-T.

This journal is © The Royal Society of Chemistry 2012
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To further characterize ORR properties of the samples in
alkaline solution, rotating ring-disk electrode (RRDE)
polarization curves of the samples in O,-saturated 0.1 M NaOH
solution were obtained as shown in Fig. 4. For comparison,
commercial Pt catalyst (20 wt%) on Vulcan carbon black (Pt/C)
was utilized. The disk current density(Ip) of WC-m-FT is much
larger than those of WC-m and WC-m-T, whereas the ring
current density(Ig) of WC-m-FT is comparably smaller than
those of WC-m and WC-m-T. WC-m-FT exhibits an excellent
ORR activity i.e. more positive onset potential (~0.05 V) and
more positive half-wave potential (E,, ~-0.088 V) compared to
WC-m and WC-m-T (Fig. 4a). The plots of electron-transfer
number (n) and generation yield of hydrogen peroxide (% HO,
) during ORR vs. electrode potentials are shown in Fig. 4b. The
n and % HO, can be obtained according to the following
equations:
ne 4i,

i, +i. /N

4—n (3)
2

@)

%HO, =

where i, is the current on glass carbon electrode, i, is the current
on ring disk electrode, and N is the collecting coefficient
number of -0.4245. The n exchanged by WC-m-FT toward
ORR at all potentials is determined to be ~3.97 i.e. almost four
electron transfer process as compared with WC-m and WC-m-T.
The WC-m-FT exhibits much lower % HO, yield at all
potentials in comparison with WC-m and WC-m-T. Thus, WC-
m-FT displays remarkably enhanced ORR activity, approaching
that of Pt/C, with the n of ~4 and extremely low % HO, yield
during the ORR in alkaline solution. The stability test of the
samples was performed by cycling the catalysts between -0.4
and 0.1 V at 50 mV s in O,-saturated 0.1 M NaOH. After

This journal is © The Royal Society of Chemistry 2012

2000 cycling test in O, atmosphere, the half-wave potential of
WC-m-FT exhibits a slight negative shift (~23.9 mV) as
compared to Pt/C (~29.2 mV). (Fig. 5a,b). In direct methanol
fuel cells, the tolerance of ORR catalysts to the CH;OH
molecule as a fuel that might pass through the polymer
electrolyte membrane from anode side should be remarkably
required. Compared to the RRDE curves in the presence of 0.5
M CH;O0H, Pt/C exhibits a serious decrease for the ORR
performance, whereas WC-m-FT displays a slight ORR activity
loss, thus representing an excellent tolerance of the catalyst to
methanol poisoning effect (Fig. 5c,d).

To determine the role of iron as an active catalytic site for
ORR in WC-m-FT, the ORR activity of WC-m-FT and WC-m-
T was compared in O,-saturated 0.1 M NaOH with or without
10 mM KCN (Fig. 6). Especially, it has been known that CN™
ions coordinate to iron, thus resulting in poisoning iron active
sites toward ORR.”> WC-m-FT exhibits a significantly
deteriorated ORR activity, i.e. more negative shift of the ORR
potential and decreased diffusion-limiting current, resulting
from the diminished catalytic active sites due to blocking of the
iron sites by CN™ ions. In contrast, WC-m-T with the nitrogen
functionalities is found to show less ORR activity loss in O,-
saturated 0.1 M NaOH with or without CN™. This suggests that
both iron and nitrogen species in the catalysts are the crucial
sites for ORR catalytic activity.

To investigate the effect of pore structure in tungsten carbide
on the ORR activity, the sample (denoted as WC-n) was
prepared by commercial tungsten oxide powder heated at 900
°C in CH4/H,. WC-n exhibits non-porous structure and low
specific surface area of ~8.536 m? g”' in comparison with the
well-defined mesoporous WC-m (Fig. S4b). In particular, WC-
m having a well-defined mesoporous structure displays
excellent ORR activity and stability compared to the WC-n (Fig.
S5). Additionally, WC-m shows a higher limiting current

J. Name., 2012, 00, 1-3 | 5
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density between -0.3 and -0.9 V, resulting from the access to
large active sites and improved mass transporting as a result of
the mesoporous structure of WC-m. The sample pyrolyzed with
Fe-TMPP on WC-n (denoted as WC-n-FT) displays the
diffraction patterns related to an hcp structure containing Fe
component of 0.88 at% (Fig. S6). The onset potential of WC-n-
FT toward ORR in the RRDE curves is similar to WC-m-FT
(Fig. 7a). However, WC-m-FT shows an excellent ORR
activity, i.e. higher kinetic and diffusion-limiting currents
compared to WC-n-FT. The current density of WC-m-FT and
WC-n-FT are 1.36 and 0.61 mA cm™, respectively, at -0.05 V,
i.e. the kinetic controlled region. Also, WC-m-FT exhibits
higher a half-wave potential (-0.088 V) in comparison with
WC-n-FT (-0.144 V). The higher kinetic current density of
WC-m-FT is ascribed to much higher active sites on the high
surface area of WOC-m. Furthermore, the well-ordered
mesoporous structure of WC-m-FT can lead to higher
diffusion-limiting current density. After cycling stablity test,
the ORR activity of WC-n-FT displays a serious loss (Fig. S7),
representing the sufficient active sites in the surface layers
compared to WC-m-FT, the active sites might be widely
distributed in the sample.

Conclusions

In summary, we have synthesized iron-nitrogen-doped
mesoporous tungsten carbide catalysts with iron coordinated by
pyridinic nitrogen atoms. WC-m-FT exhibits high ORR
catalytic activity, improved electron-transfer number, methanol
tolerance, and excellent stability in alkaline medium. The
excellent activity and stability of WC-m-FT are ascribed to
iron-containing catalytic sites surrounded by nitrogen species
and mesoporous tungsten carbide structure.
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The WC-m-FT shows excellent electrochemical properties in ORR due to iron and nitrogen species as catalytic

sites, and mesoporous structure.



