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Tungsten Carbide/Iron Sulfide/FePt Nanocomposite Supported on
Nitrogen-doped Carbon as an Efficient Electrocatalyst for Oxygen
Reduction Reaction

Zesheng Li,** Bolin Li," Zhisen Liu," Zhenghui Liu * and Dehao Li*

The development of multi-component electrocatalysts offers great promise to enhance catalytic performances
for the oxygen reduction reactions (ORR) of fuel cells. Herein, we report a novel hybrid material consisting of
multiple components of tungsten carbide (WC), iron sulfide (FeS), FePt and nitrogen-doped carbon (NC), i.e.
WC/FeS/FePt/NC hybrid architecture, as a high-performance electrocatalyst for the ORR. Due to the attractive
multiple promoting effects from these components, the present Pt-based electrocatalyst exhibits excellent mass
activity of 317 mA mg™' Pt (at 0.9 V vs. RHE), which is about 2.5 times as high as that of commercial Pt/C
catalyst (125 mA mg™ Pt). Moreover, superior durability in acidic electrolyte of the WC/FeS/FePt/NC is also
demonstrated for the ORR. Importantly, this work provides a new thought for the design of high-performance
ORR electrocatalysts by integrating the promoting effects of multiple components (especially for carbides and

sulphides) on noble metals, which presents promising potential application for fuel cells.

1. Introduction

Nowadays, proton exchange membrane fuel cells (PEMFCs) have
attracted considerable and persistent attention for both transportation
and stationary power applications advantaged from their high energy
conversion efficiency, low operation temperature, as well as low
pollution emissions.! It is common known that Platinum (Pt)-based
noble metal catalysts are still one of best candidates in the practical
application of PEMFCs.> However, developing cost-effective Pt-
based catalysts for oxygen reduction reaction (ORR) at the cathode
of PEMFC:s is a severe technological bottleneck. Because the present
Pt-based catalysis is confronted with three important problems,
sluggish ORR kinetics," and
limited durability,” which have produced deadly influence on the

including heavy Pt-dependence,’

efficiency of PEMFCs and their economic benefit. Therefore, it is of
fundamental interest to develop low-Pt-loading, highly efficient and
durable ORR electrocatalysts for the sake of the popularization and
application of PEMFCs.

It has been well demonstrated that the noble metal nanoparticles
supported on or around metal carbides (e.g. WC,, MoC,, VC,, etc.)
could perform significantly enhanced ORR kinetics owing to the
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well-known synergistic effects.” The enhancement of WC on Pt
metal has been widely demonstrated for ORR catalysis, in which the
WC as electrocatalyst promoter could greatly improve the catalytic
activity of Pt metal, originated from the electron-donating effect of
tungsten species.® To achieve the optimized synergistic effect, the
constitutive uniformity and dimensional controllability of WC
appear to be the essential requirements.’ Apparently, uniform
distributions and small particle sizes can endow WC with maximum
utilization efficiency and higher synergistic catalytic activity.'” For
this purpose, great research efforts have recently been focused on the
size controlling of WC nanoparticles. For example, He et al. reported
the synthesis of WC nanoparticles in size of 10 nm on carbon by an
intermittent microwave heating method, which showed a high ORR
catalytic activity of 207.4 mA mg"' Pt at 0.9V."' Recently, Shen and
co-workers further developed WC nanoparticles less than 2 nm on
carbon by an ion-exchange and Fe-mediated method, which showed
a higher ORR catalytic activity of 257.7 mA mg’ Pt at 0.9V."
However, it should be noted that the single WC-promoted strategy
lead to a limited improvement in ORR catalytic activity for Pt metal,
in spite of their ultra-tiny diameter of WC nanoparticles.'> Therefore,
the multi-component promoting strategy should be proposed, aiming
to more outstanding catalytic activity of Pt metal for the ORR .

On the other hand, metal chalcogenides are attracting significant
attention in a variety of energy storage and conversion including fuel
cells, solar cells, Li-ion batteries, and supercapacitors.”Particularly,
some of the metal chalcogenides (e.g. CoSe,, CoS,, FeS,, etc.) are
expected to serve as effective substitutes to Pt metal for the ORR, as
very promising non-precious metal catalysts.'> For example, cobalt
sulphides such as Co3S; and CooSg are rather active for four-electron
ORR in acidic electrolytes.'® A novel CoSe,-based catalyst recently
showed an onset potential of 0.71 V for the ORR in 0.5 mol H,SO,
electrolyte.'” Particularly, the Co,,Se and FeS, thin-film catalysts
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showed higher ORR activities and stabilities in acidic electrolytes.'®
However, the catalytic activities of these materials are much lower
than that of commercial Pt-based catalysts, which needs to be further
enhanced for practical fuel cell applications.' Fortunately, the ORR
catalytic activity of these metal chalcogenides could be effectively
enhanced via introducing extraneous functional components, such as
Fe;0, and Pt nanoparticles, due to the potential synergistic effects.”
Nevertheless, the multi-component hybrid system made up of metal
carbides, metal chalcogenides as well as noble metals has not been
reported up to now.

Recent studies have demonstrated that MPt bimetallic catalysts (M
= Fe, Co, Ni, etc.) are highly active catalysts for the ORR in fuel cell
applications.” With regard to FePt alloys, for example, the higher
ORR activity and durability can be accessible, since the involvement
of Fe species could endow Pt with profitable electronic structure and
offer a stable intermetallic M-Pt arrangement. > On the other hand,
compared to bare FePt catalysts, carbon-supported ones have been
demonstrated to be more active in ORR catalytic actions, due to the
skeleton stabilization and improved charge transport.”> Remarkably,
several important reports suggested that nitrogen-doped carbon can
achieve much increased activity for ORR catalysts under harsh fuel
cell operating conditions.?* Particularly, the fascinating synergistic
effects have been demonstrated for the ORR when nitrogen-doped
carbon is coupled with foreign components.?> With this in mind, it is
highly expected that efficient catalyst for the ORR can be achieved
by integrating FePt alloys and promoted components onto nitrogen-
doped carbon.

In this investigation, we present a novel multi-component hybrid
system, WC/FeS/FePt nanocomposite supported on nitrogen-doped
carbon (NC), as an efficient electrocatalyst for the ORR. To the best
of our knowledge, this is the first report on the integration of a metal
carbide, metal sulfide and Pt-based alloy on to NC, in the interest of
a superior catalytic activity of Pt metal. For this hybrid system, three
features have become apparent over previous reports: (i) unique 1D
WC nanorods with ultra-tiny diameter of 2 nm are harvested by the
present synthetic strategy; (ii) FePt alloy is fabricated by the in-situ
growth from FeS nanocrystals without additional Fe source; (iii) the
dual promoting effects on Pt metal might be in operation relying on
WC and FeS components. With these merits, we demonstrate that
the ORR electrocatalysts with high performances can be designed by
this WC/FeS/FePt/NC hybrid system.

Experimental
Synthesis of materials

The macroporous acrylic-type anion-exchange resin (D314) with
amidogen groups was used as the carbon and nitrogen sources for
the synthesis of WC/FeS/NC hybrid sample, by using the associated
ion-exchange process and subsequent sintering process. In a typical
synthesis, 20 g of anion-exchange resin (D314) was exchanged with
1,000 mL of aqueous solution which contains 0.1 mol of ammonium
metatungstate hydrate ((NHy)sHoyW2040), 0.05 mol of potassium
ferrocyanide (K4Fe(CN)g) and 0.2 mol of Sodium sulphate (Na,SO,).
The resulting resin/anion complex was then sintered at 900 °C for 2
h under a pure Ar flow. The product was crushed into fine powders
by mechanical milling. FeS/NC sample was prepared by using the
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same procedures above at the absence of (NH,)¢H,W,04. In
addition, WC/FeS/FePt/NC hybrid catalyst was synthesized by the
Intermittent Microwave Heating (IMH) method. Appropriate amount
of H,PtCls and WC/FeS/NC were mixed with ethylene glycol in an
ultrasonic bath for 30 min. The mixture was subjected to microwave
heating (5 s on and 5 s off for 20 cycles) using a homemade
microwave oven (2,000 W, 2.45 GHz). The product was acidified,
filtered, washed and dried at 80 °C for 12 h in vacuum.

Characterization of materials

The X-ray diffraction (XRD) measurement was carried out with a
Bluker D8-Advance diffractometer with Cu K1 radiation ( A= 1.5406
A). The morphologies of the samples were examined by using a field
emission scanning electron microscopy (SEM, Philips, FEI Quanta
200FEG) and a transmission electron microscopy (TEM, JEOL-
2010). The X-ray photoelectron spectroscopy (XPS) measurements
were carried out on an XPS apparatus (ESCALAB 250).

Electrochemical measurements

The catalytic activities of the electrocatalysts for the ORR were
evaluated by using a Rotating Ring Disc Electrode (RRDE) with a
biopotentiostat (AFCBPI1E, Pine Instrument Co., USA) at 25 °C with
Pt foil as counter electrode and reversible hydrogen electrode (RHE)
as reference electrode. A mixed solution of 5.0 mg electrocatalysts,
0.95 mL ethanol and 0.05 mL Nafion solution (0.05 wt %) was
ultrasonicated for to form a well-dispersed ink. A certain amount of
the ink was transferred onto the surface of the glass carbon in RRDE
to be working electrodes. The mass activities of the Pt-based catalyst
were calculated from the ORR data by using the mass transport
correction for a rotating disk electrode: #=i4i/(ig-i), where i is the
experimentally obtained current, iy refers to the measured diffusion-
limited current and i, the mass-transport-free kinetic current. The
to evaluate the

Chronoamperometric technique was selected

electrochemical stability of the as-prepared catalyst samples.
Results and discussion

The crystallographic structures of the as-prepared samples have been
investigated by XRD, and the resultant patterns are shown in Fig. 1.
Fig. 1 A demonstrates the wide-angle patterns attained at a scan rate
of 10° min’!, for the FeS/NC, WC/FeS/NC and WC/FeS/FePt/NC.
For FeS/NC, the diffraction peaks at 29.9°, 33.6°, 43.2°, 53.1°, and
70.8 © correspond to the (100), (101), (102), (110) and (202) planes
of FeS phase (JCPDS, 65-6841).%° For WC/FeS/NC, the additional
diffraction peaks at 31.5°, 35.7°, 48.3°, 64.1°, and 73.2° correspond
to the (001), (100), (101), (110) and (111) planes of WC phase
(JCPDS, 65-8828).” 1t is noteworthy that, different from previously
reported WC,*"* the WC in WC/FeS/NC sample exhibits a narrower
diffraction peak of (100) plane, while broader diffraction peaks of
the other planes. The crystallite sizes for the diffraction peaks of
(100), (101) and (110) planes were calculated to be 7.5, 3.1 and 4.2
nm, respectively, according to the Scherer equation.”® These results
suggest that the as-prepared WC possesses 1D crystalline structures
along the direction of (100) plane. For WC/FeS/FePt/NC, the new
diffraction peaks at 40.5°, 47.3°, 69.1° and 83.2° correspond to the
(111), (200), (220) and (311) planes of FePt phase (JCPDS, 65-
9122).” The prominent diffraction peak at 40.5 ° of the sample is

This journal is © The Royal Society of Chemistry 20xx
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due to the high diffraction intensity of the (111) plane for the FePt
alloy, which is in well accordance with many previous literatures.>
The crystallite size of the FePt is calculated to be 3.0 nm based on
(111) diffraction peak. The diffraction peaks of WC phase (marked
by four-angle stars) can be observed in WC/FeS/FePt/NC, while the
FeS phase is difficult to identified, due to its reduced content during
the growth of FePt alloy. On the other hand, Fig. | B demonstrates
the selected-angle patterns between 36 ° and 44 ° at a scan rate of 2°
min™". It is obvious that the diffraction peak of FePt (111) is shifted
to a higher 20 value (40.5 °) compared with that (39.8 °) of the Pt
(111) (for the commercial Pt/C catalyst, TKK, 46.7% Pt), indicating
that partial Fe atoms from FeS has entered into the Pt lattice and the
FePt alloy has formed.*!
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Fig. 1 (A) XRD patterns of the as-prepared samples and (B) selected-angle
patterns of Pt (111) and FePt (111).

The morphology of the WC/FeS/FePt/NC architecture was further
observed by SEM. And the chemical composition of the sample was
determined by the EDS attached to SEM. Fig. 2 reveals the typical
SEM images of WC/FeS/FePt/NC sample. It is obvious that the
sample has a well-dispersed nanoparticles structure with about 100
nm in sizes. These nanoparticles can be assigned to the NC, and the
latent WC/FeS/FePt species are supported on them. It is noteworthy
to note that a well-dispersed supported system is highly desirable for
reaching outstanding catalytic performances. Fig. 3 displays the EDS

pattern and SEM-EDS mapping images of WC/FeS/FePt/NC sample.

The components of this sample are showed in Fig. 3 A, which
suggests the presence of C, O, N, S, W, Fe and Pt elements in the
composite. The contents of these elements are also presented by the
inserted table in Fig. 3 A. Obviously, C is one dominant element

This journal is © The Royal Society of Chemistry 20xx
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corresponding to the NC and WC. The elements of O and N come
from the oxygen containing groups and amidogen groups of the resin
precursor, respectively. The content of N in the sample is 0.57 % in
atomic percent that might be a trace-doping into the NC. In addition,
the content of Pt in the sample is 28.38 % in weight percent, which
indicates that the Pt metal has been deposited onto the surface of NC.
The atomic ratio of Fe and S is about 1.55 that is higher than the
predicted one (1.00) of FeS in stoichiometry. This result further
demonstrates that partial Fe atoms in FeS entered into the Pt metal to
form FePt alloy, being in well accordance with the finding of XRD.
On the other hand, the SEM-EDS mapping images in Fig. 3 B shows
that these elements of C, O, N, S, W, Fe and Pt are homogenously
distributed on the sample within a large mapping range. A favorable
constitutive uniformity is fairly important to maximize the catalytic
activity of hybrid system.

O

Weight %

46.53 7.28 0.36 1.84 10.66 4.95

Atomic % 82.23 9.68 0.57 1.22 1.26 1.89

Fig. 3 EDS pattern (including element contents) (A) and SEM-EDS mapping
images (B) of the WC/FeS/FePt/NC sample.

Fig. 4 shows typical TEM images of the WC/FeS/FePt/NC hybrid
architecture. From Fig. 4 A, it is evident that a large numbers of FePt
nanoparticles with an average size of ~3 nm (consistent well with the
result of XRD) are uniformly distributed on the NC. Fig. 4 B reveals
a high-resolution (HR) TEM image of FeS nanocrystals, which is
magnified from the circle section in Fig. 4 A. The HR-TEM image
shows distinct lattice fringes of FeS (101) planes with a spacing of
2.654 A, as well as FeS (102) planes with a spacing of 2.092 A. The
inset shows the corresponding Fast Fourier Transform (FFT) of this

J. Name., 2013, 00, 1-3 | 3
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HR-TEM image, which suggests the same information of two planes.
Fig. 4 C evinces the HR-TEM images of WC nanocrystals magnified
from the square section in Fig. 4 A. Most significantly, all these WC
nanocrystals indicate attractive 1D nanorod structures in diameter of
2 nm and length of 5 nm, which is close to the finding of XRD
analysis. In addition, legible lattice fringes with a spacing of 2.526 A,
corresponding to that for the (100) facet of WC, are observed from
Fig. 4 C. The TEM result above demonstrated that WC/FeS/FePt/NC
hybrid electrocatalyst has been successfully achieved. The mass
ratios of WC, FeS and Pt in the WC/FeS/FePt/NC sample have been
determined by the ICP-AES technique, and the results are 19.4 wt %,
13.5 wt % and 21.6 wt %, respectively.

Fig. 4 Typical TEM images of the WC/FeS/FePt/NC sample: (A) the overall
image and magnified images for (B) FeS and (C) WC.
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Fig. 5 XPS patterns the WC/FeS/NC (red) and WC/FeS/FePt/NC (green) samples:
(A) the overall survey, (B) N 1s, (C) S 2p , (D) Fe 2p, (E) W 4f and (F) Pt 4f.

The XPS is also employed to elucidate the surface compositions
and valence states of WC/FeS/NC and WC/FeS/FePt/NC samples,
with the result shown in Fig. 5. The contents of different elements in
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the two samples are summarized in Table 1. Obviously, several
elements of C, O, N, S, Fe, and W are detected for WC/FeS/NC
sample, and an added one of Pt is found for WC/FeS/FePt/NC
sample (Fig. 5 A). The HR-XPS spectrum of N 1s peak (Fig. 5 B)
reveals graphitic (401.2 eV) and pyridinic (398.9 eV) N species in
the both samples.’ The contents of N in the two samples are very
similar (2.72 and 2.68 %), suggesting that the N species is well
maintained after the introduction of Pt metal. From the S 2p
spectrum (Fig. 5 C), it can be seen two main peaks at 163.7 and
168.5 eV, which are attributed to S%* and SO42', respectively. Based
on previous literatures®®, a small amount of SO,* might be formed
on the surface of metal sulfides, due to possible oxidation of s*
under the atmospheric environment. It is believed that the SO, is
formed only on the surface of FeS, and it can be dissolved in the
aqueous solution. Therefore, the effect of SO42' on the ORR activity
is negligible. The decreased S content (from 2.11% to 1.57%) after
the formation of FePt alloy is largely due to the partial
decomposition of FeS. The Fe 2p spectrum (Fig. 5 D) shows clear
peaks of Fe 2p;», and 2p;, at 711.8 and 728.6 eV, respectively,
suggesting the presence of a large portion of Fe**.** After the fitting
of peaks, the Fe 2p spectrum of WC/FeS/FePt/NC present slightly
negative shift (0.55 eV) compared with that of WC/FeS/NC, and a
new binding energy peak at 708 eV is observed that is attributed to
the Fe’ of FePt alloy.® Particularly, the almost equal contents of Fe
for the two samples also indicate the Fe atom in FePt alloy would be
originated from the FeS. The W 4f spectrum (Fig. 5 E) demonstrates
that the peak intensity of W 4f is greatly reduced and peak position
shifts to right with 0.2 eV after the introduction of Pt metal. The
results originate from the fact that the WC nanorods are well
surrounded by the FePt nanoparticles (as confirmed by TEM) and
potential interface interaction between WC and FePt has been
occurred. On the other hand, the contrastive Pt 4f spectrums of
commercial Pt/C catalyst (TKK, 46.7% Pt) and WC/FeS/FePt/NC
(216 % Pt) are further implemented (Fig. 5 F). The
WC/FeS/FePt/NC exhibits a 0.2 eV decrease in binding energy
compared to that of the commercial Pt/C, which is mainly due to the
electron transfer from WC to metallic Pt (i.e. the electron-donating
effect of carbide %), suggesting that the novel hybrid electrocatalyst is
catalytically more active than the single Pt catalyst. Meanwhile, the
Pt 4f spectrums also indicate a higher content of PtO (~46%) for the
commercial Pt/C (see the arrows in Fig. 5 F for the Pt** peak), while
that of the WC/FeS/FePt/NC is only ~29%, which suggests a higher
oxidation resistance of Pt for the present electrocatalysts.

Table 1 The contents (Atomic %) of different elements of the samples.

Samples C (0] N S Fe W Pt
WC/FeS/NC 71.81 | 2039 | 2.72 | 2.11 | 1.46 | 1.51 | 0.00
WC/FeS/FePUNC | 7278 | 1833 | 2.68 | 1.57 | 1.47 | 0.52 | 2.65

The ORR performances of the as-prepared electrocatalysts have
been achieved in O,-saturated 0.1 M HCIO, electrolyte by the RRDE
methodology, with the results shown in Fig. 6. Fig. 6A displays the
ORR curves at a scan rate of 5 mV s™' and a rotation rate of 1600
rpm. The FeS/NC exhibits obviously ORR catalytic activity with an
onset potential of about 0.78 V. The current density is 3.27 mA cm™
at 0.6 V, and the diffusion-limited current density reaches 5.06 mA
em™ at 0.2 V. Remarkably, a more excellent ORR catalytic activity

This journal is © The Royal Society of Chemistry 20xx
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is demonstrated for the WC/FeS/NC (with a higher onset potential of
about 0.82 V). And higher current densities, 4.23 and 5.36 mA cm?>,
are observed at 0.6 V and 0.2 V, respectively. Furthermore, the half-
potential (E;;) value of WC/FeS/NC is approximately 55 mV more
positive than that of the FeS/NC, indicating that the introduction of
WC reduces ORR overpotential effectively. The WC/FeS/FePt/NC
(21.6 % Pt) electrocatalyst shows higher ORR catalytic activity than
that of commercial Pt/C (TKK, 46.7% Pt) electrocatalyst in terms of
the onset potential and E;,. The onset potentials are 1.03 V and 0.99
V for WC/FeS/FePt/NC and commercial Pt/C, respectively. The E;,
values of WC/FeS/FePt/NC and Pt/C are 0.925 V and 0.890 V,
respectively. The reduced overpotential of 35 mV is an evidence for
the enhanced catalytic activity of WC/FeS/FePt/NC hybrid system.
Fig. 6B reveals the mass activities based on Pt metals, which are
calculated from the experimental data of ORR testing. Obviously,
the Pt-mass activity at 0.9 V of the WC/FeS/FePt/NC is up to 317
mAmg" Pt, which much higher than that of the commercial Pt/C
(125 mA mg"' Pt). The measured activity of commercial Pt/C is in
agreement with the reported values in previous literatures (100~130
mA mg”' Pt).*® At the same time, the Pt-mass activities of previously
reported alone WC-promoted Pt/C electrocatalysts are only 200~260
mAmg' Pt*'? Above results indicate that the additional promoting
effect to Pt metal from the chalcogenide of FeS would be generated
for the ORR, although the alloyed Fe and NC are considered to have
some positive effects on the Pt-based electrocatalysts.”>*> On the
other hand, the ring currents (at constant 1.2 V) and relevant H,0,
yields of these electrocatalysts are presented in Fig. 6C and Fig. 6D,
respectively. The electron-transfer number “n” calculated from the
ring currents at 0.4V are in the following order: WC/FeS/FePt/NC
(3.997) > Pt/C (3.993) > WC/FeS/NC (3.980) > FeS/NC (3.967).
Evidently, highly close four-electron processes are demonstrated for
these electrocatalysts. And the H,0O, yields are in the following
order: WC/FeS/FePt/NC (0.13%) < Pt/C (0.38%) < WC/FeS/NC
(1.02%) < FeS/NC (1.65%). The percentage of H,0O, of the
WC/FeS/FePt/NC is much lower than that of commercial Pt/C,
which further proves the excellent ORR activity of the as-prepared

To further evaluate the catalytic activity of the WC/FeS/FePt/NC,
the ORR curves of FeS/NC, WC/FeS/NC and WC/FeS/FePt/NC are
collected at different rotating rates, with the results shown in Fig.7.
From Fig. 7 A-C, it can be clearly seen that the catalytic current
densities increase with rotating rates for all these samples, which is
in agreement with the reported results.** At every rotating rate, the
current platform profiles of WC/FeS/NC are larger and steadier than
those of the FeS/NC, indicating that the WC component is highly
contributive to the efficient and steady performances for the ORR.
Significantly, for all rotating rates, the current platform profiles of
WC/FeS/FePt/NC reveal utterly steady and parallel characteristics
ranging from 0.2 V to 0.8 V. The outstanding ORR performances for
the WC/FeS/FePt/NC hybrid system are mainly attributed to the
double promoting effects from WC and FeS components. Moreover,
the catalytic mechanism of the ORR can be further analyzed with the
Koutechy-Levich plot.”” Fig. 7D displays the Koutechy-Levich plot
at 0.4 V for the FeS/NC, WC/FeS/NC and WC/FeS/FePt/NC. These
plots show linear lines which are fairly parallel to the theoretical line
of the four-electron reduction mechanism, strongly indicative of the
four-electron process for the present electrocatalysts.

With regard to the improvement of ORR catalytic activity for the
WC/FeS/FePt/NC electrocatalyst, several possible reasons have been
summarized as follows. Firstly, WC as a promoter might provide a
main promoting effect to the catalytic activity of Pt metal, which is
attributed to the electron-donating effect of carbides and changes in
electronic structure of Pt metal.® Secondly, FeS as a non-precious
metal catalyst exhibits obviously ORR catalytic activity in acidic
electrolyte,'® which is expected to strengthen catalytic efficiency for
Pt metal in some sense. Thirdly, the introduction of WC has
effectively enhanced the catalytic activity for the FeS, which
suggests the double promoting effects on Pt metal from WC and FeS
components might be in operation for the WC/FeS/FePt/NC system.
Meanwhile, the hybrid architecture of FePt alloys and nitrogen-
doped carbon also plays a fundamental role on the improvements of
ORR performance relative to Pt/C catalyst, due to their alloying
effectsand synergistic effects.”>* More controlled experiments and

hybrid electrocatalyst. detailed discussions are in progress.
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Fig. 6 Electrocatalytic performances of various electrocatalysts: (A) ORR curves,
(B) mass activities, (C) ring current and (D) percentage of H,O,.
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Fig. 7 ORR curves of (A) FeS/NC, (B) WC/FeS/NC and (C) WC/FeS/FePt/NC
electrocatalysts at different rotating rates (from 400 to 2500 rpm) with the same
scan rate of 5 mV s™'. (d) The Koutecky-Levich plots for ORR at 0.4 V.

J. Name., 2013, 00, 1-3 | §



RSC/Advances

The durability of WC/FeS/FePt/NC electrocatalysts with respect
to commercial Pt/C is investigated through the chronoamperometry
measurements in O,-saturated 0.1 M HCIO, electrolyte at a rotation
rate of 1600 rpm (see Fig. 8). Fig. 8 A and B show the corresponding
chronoamperometric curves of the electrocatalysts at 0.4 V and 0.8
V, respectively. As revealed from Fig. 8 A, the current-time (i-t)
chronoamperometric response for the WC/FeS/NC exhibits a very
slow attenuation with high current retention (86.7%) after 18000 s.
The result indicates that, as the attractive promoting components, the
WC/FeS/NC possesses excellent electrocatalytic stability in the
acidic electrolyte, which would endow with a persistent high activity
for the WC/FeS/FePt/NC electrocatalysts. Actually, the experimental
results prove that WC/FeS/FePt/NC exhibits a superior durability to
Pt/C at 0.4 V, with the current retention of 61.8% and 56.3%,
respectively. Remarkably, the WC/FeS/FePt/NC still demonstrates
an outstanding stability with a current retention of 52.4% at the high
potential of 0.8 V, while that of the Pt/C is only 33.5% (Fig. 8 B),
suggesting its superior electrocatalytic stability of our electrocatalyst
towards ORR under the rigorous oxidizing condition.

A100 B 100

S LI

=% = 80

s =

e 61.8% e

L 60 = 60

o 563% | ©

B 2

; ® kil s 40 (At 0.8 V vs. RHE)
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g ——PUC (TTK, 46.7% Pt) £ ===PICTTIGALTNPY,
5 204 WC/FeSIFePUNC (21.6% PY) 5 204 —— WCIFeS/FePUNC (21.6% Pt)
z 7.

0 0
0 3000 6000 9000 12000 15000 18000 0 3000 6000 9000 12000 15000 18000
Time /s Time /s
Fig. 8 chronoamperometric curves (under the rotation rate of 1600 rpm) of the
electrocatalysts at different potential: (A) 0.4 Vand (B) 0.8 V.

Conclusions

In summary, a novel WC/FeS/FePt/NC hybrid architecture has been
successfully synthesized via an efficient ion-exchange and sintering
associated strategy. Structural analysis shows that the unique 1D WC
nanorods with ultrafine structure are achieved and the FePt alloy is
formed by the in-situ growth from FeS nanocrystals. As a Pt-free
catalysts, the FeS/NC exhibits obviously ORR catalytic activity with
an onset potential of 0.78 V. And the WC/FeS/NC behaves a more
excellent activity to ORR with a higher onset potential of 0.82 V,
because of enhancement of WC. Owing to the collective promoting
effects from WC and FeS components, much higher catalytic activity
and stability of the WC/FeS/FePt/NC have been demonstrated for
the ORR, comparing with commercial Pt/C. Tt is highly expected
that design and synthesis of multi-component hybrid architectures
(e.g. carbides and sulphides) is a promising route to fabricate high-
performance Pt-based electrocatalysts with lower Pt loading, so as to
signicantly reduce the cost of fuel cell systems.
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Novel multi-component WC/FeS/FePt/NC electrocatalysts with excellent mass activity and superior

durability are developed for the oxygen reduction reaction in fuel cells.



