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Abstract: Angstrom-sized tungsten carbide dots (WC®"), WC rods (WC™) and 10-nm-sized WC particles (WC™) are

synthesized and used as platinum (Pt) electrocatalyst supports for efficient oxygen reduction reaction (ORR). The

concentration of tungsten source and formula structure of carbon source (ion-exchange resin) control the size and shape of

the WC materials. The angstrom-sized WC™ promoted Pt electrocatalyst (Pt/WC™) shows slightly higher activity than the
10-nm-sized WC™™ promoted electrocatalyst (Pt/WC™™), although the WC™ costs only one tenth the W amount of the
WC™™®, indicating resource saving. In addition, the Pt/WC™ shows higher ORR efficiency and stabilization than the

commercial Pt/C. The electron transfer from WC to Pt is believed to account for the excellent performances of the Pt/WC.

The significances of the work are that less WC and less Pt can be used to achieve the same or higher ORR performances,

and the synthesis method can also be used to synthesize other angstrom-sized materials.

Keywords: Angstrom-size; Tungsten carbide; Platinum electrocatalyst; Oxygen reduction reaction; Resource saving

1. Introduction

Oxygen electro-reduction reaction (ORR) has slow kinetics [1,2],
which requires electrocatalyst with large loading of noble metal to
increase the cathode current, thus causing high cost of low
temperature fuel cells. Transition metal carbides can be used as
catalyst promoters to promote activity and stability of the noble
metal based electrocatalysts through synergistic effect [3-12] due to
electron transfer from carbides to noble metals. The addition of
carbides facilitates ORR and can reduce loading of noble metals to
some extent [13-21].

Carbide particle size is a critical factor to determine its extent of
promotion effect on noble metal electrocatalyst [22, 23]. It is thought
that atomic level mixture of carbide and noble metal in
electrocatalyst would lead to their full interactions. Precursors of
both carbon and metal affect the metal carbide particle size.
Traditional synthesis method through carburization of tungsten oxide
(WO3) leads to micro-sized tungsten carbide (WC) particles. Mixing
carbon powder and ammonium metatungstate solution leads to 40-
nm-sized WC particles [24]. Mixing solution of glucose (carbon
source) and ammonium metatungstate leads to about 30-nm-sized
WC particles [25, 26]. Mixing surfactant and tungsten precursor can
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further reduce WC particle size to about 15 nm [27, 28]. Ion-
exchange resin as carbon source can reduce WC particle size to
about 5 nm [29, 30]. To further reduce WC particle size to atomic
level is a great challenge.

Herein, we report synthesis of WC materials with at least one-
dimension of around 1 nm (angstrom-scale) through an ion-exchange
method. Pt particles were then loaded on these WC materials and
tested as electrocatalysts for ORR. Results show that the 1-nm-sized
WC promoted electrocatalyst has higher activity than 10-nm-sized
one, despite that the former only has one tenth the WC content of the
latter. The ORR stability of the angstrom-sized WC promoted
electrocatalyst is also excellent. This work indicates that nanometer-
sized materials can be further reduced in size for higher activity and
resource saving.

2. Experimental
2.1 Chemistry material

Polyacrylic weak-base anion-exchange resin (D201x1 resin, Hebi
Power Resin Factory, China). Ammonium metatungstate (AMT,
A.R., Tianjin Jinke Fine Chemicals, China). Chloroplatinic acid
solution (H,PtClg, A. R., Sinopharm Chemical Reagent Co., Ltd) and
20 ml glycol (A.R., Tianjin FuyuFine Chemicals Co., Ltd, China).
Nafion (DuPont, USA). All chemicals were of analytical grade and
used without further purification.

2.2 Synthesis of angstrom- and 10-nm-sized WC

A 10 g amount of polyacrylic weak-base anion-exchange resin
was impregnated by 100 mL of 0.3 mmol-L' ammonium
metatungstate (AMT) solution about 6 h, then separated, dried at 80
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C and calcined in N, atmosphere at 800 C for 1 h. When the
sample was cooled to room temperature, it was grinded to obtain the
angstrom-sized WC material with rod shape (denoted as WC™).

Repeating the above process but change the AMT concentration to
3 or 0.06 mmol-L", 10-nm-sized WC (denoted as WC"™) and
angstrom-sized WC with dot shape (denoted as WC™) were
obtained.
2.3 Preparation of electrocatalysts

Typically, WC material (60 mg) was put into a mixture, which
contained chloroplatinic acid solution (H,PtCly, 5.33 ml, containing
40 mg Pt) and 20 ml glycol. Then, it was ultrasonicated for 30 min
to obtain a well-dispersed ink. Its pH was then adjusted to 10 by 1
mol L"'NaOH/glycol solution. The sample was then treated by a 900
W microwave oven for heating at a 10 s on and 10 s off process for
12 times [27,31]. After that, the resultant catalyst was washed and
dried in vacuum at 40°C for 24 h, and the Pt/WC electrocatalyst was
obtained. The Pt particles supporting on WC™, WC™ and WC**
were denoted as Pt/WC™®, Pt/WC™ and Pt/WC®, respectively.
The Pt contents in these electrocatalysts were 40 wt%. The accurate
Pt contents were tested by inductively coupled plasma-atomic
emission spectrometry (ICP, USA).
2.4 Synthesisof electrodes

Pt/WC (5 mg) and commercial Pt/C (4 mg, 47.6 wt% Pt, Japan)
were dispersed in a solution containing 1.95 ml ethanol and 0.05 ml
5 wt% Nafion with the assistant of ultrasonic and got electrocatalyst
ink, respectively. The ink (0.005 ml) was loaded on the surface of a
glass carbon electrode (0.25 cm?) and dried naturally. The total Pt
content was 0.02 mg ¢,
2.5 Electrochemical characterization

The electrochemical properties of the samples were performed in
an O,-saturated 0.1 mol L™ HCIO, solution scanned between 0 to 1.1
V (vs. RHE) at a scan rate of 5 mV s™', 1600 rpm and kept at 25°C. A
reversible hydrogen electrode (RHE) and a Pt foil (1.0 cm®) were
used as reference and counter electrodes, respectively.
2.6 Physical characterization

Transmission electron microscopy (TEM) micrographs were

obtained with a JEOL-JEM-2010 (JEOL, Japan) operating at 200 kV.

The crystal phase of the samples was analyzed by X-ray diffraction
(XRD) analysis using an X-ray diffractometer (XRD, Japan, Cugg,
A=1.54 A) at a scan rate of 10° min™ in the region (20) from 20° to
80°.
3. Results and discussion

wem e, WC™ and WC* were prepared by a facile calcination
method, and then Pt was introduced on their surface to form the
electrocatalysts. The structure and shape of the catalyst were
measured. The ORR properties and the stabilities of the samples
were measured and the results showed that the Pt/WC has better
performance than the Pt/C. The interaction between the Pt and the
tungsten carbide is beneficial for the enhanced ORR ability.

Fig. 1 exhibits the XRD patterns of the WC™™, WC™* and WC™",
The peaks at 31.5°, 35.6° and 48.3° ascribed to the (001), (100) and
(101) crystal facets of WC. The peak intensities reduce with the
decrease of AMT concentrations, which correspond to the reduction
of WC contents and particle sizes. It is obvious that no other W
compounds (oxides and W,C) or W metal exist. Since WC is more
efficient than the other W compounds or W metal in exerting
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promotion effect [32-35], this synthesis method of WC is highly
efficient.
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Fig. 1 XRD patterns of the WC"™™, WC™ and WC™*

Fig. 2a is the TEM image of the WC™, it can be scen that the
width of WC rods is about 1 nm and the length is about several
nanometers. The WC rods are well-dispersed in carbonized resin.
Fig. 2b and its inset are HRTEM images of the WC™, It is clear that
a rod with width of 1.7 nm, length of 6.0 nm and facet lattice of WC
(100) can be observed. Fig. 2¢ shows the TEM image of the WC™",
which shows WC particles with the diameters of around 10 nm. Fig.
2d is the TEM image of the WC®, the dots are too small to be
clearly seen. The WC™™, WC™ and WC™" were synthesized with
different AMT concentrations; the above results indicate that the
AMT concentration controls the shape and size of the WC materials.

\WC(100)

Fig. 2 (a) TEM and (b) HRTEM images of the WC™, (c) TEM
image of the WC™™, and (d) TEM image of the WC®", Inset of (a) is
TEM image of WC™ synthesized at 1100 °C for 2 h.

This journal is © The Royal Society of Chemistry 20xx
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The structure of the ion-exchange resin (D201x1) and
concentration of AMT (or ratio of resin to AMT) may also play roles
on the sizes and shapes of WC particles. Fig. 3 shows the structural
formula of the ion-exchange resin, which has long-chain. It can be
seen that a high concentration of AMT results in agglomerated WC
chain (WC™™); a medium concentration of AMT results in
discontinuous WC chain (WC™); and a low concentration of AMT
results in dotted distribution of WC (WC'). The effect of heating
temperature and time on morphology of WC was also studied. We
changed the heating process to 1100 °C for 2 h and 550 °C for 1 h,
and got WC™ and WO;™! respectively. It is found that both the
particles have the similar sizes and shapes to the WC™ that is
synthesized at 800 °C for 1 h (TEM images are not shown). The
results indicate that the structure of resin and ratio of resin to AMT
decide the size and shape of WC™,
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Fig. 3 The formula of D201x1 resin (n=2000) and effect of
composition of resin and ratio of resin to AMT on the size and shape
of WC

Pt/WC electrocatalysts were prepared by loading Pt particles on
the as-synthesized WC materials. Fig. 4 shows XRD patterns of the
PY/WC™™®, PYWC™ and Pt/WC® electrocatalysts. Except the peaks
ascribed to WC, the peaks at 39.8°, 46.2° and 67.5° are ascribed to
the (111), (200) and (220) crystal facets of Pt, respectively. It shows
that the Pt peaks of Pt/WC™ and PYWC™ are wider than that of
Pt/WC™™, indicating that the Pt particles in PtYWC™ and Pt/WC*"
are smaller than those in Pt/WC™".

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 XRD patterns of the Pt/WC™™, Pt/WC™! and PYWC™

Fig. 5 shows TEM images of the Pt/WC™™, PYWC™ and
Pt/WC™ electrocatalysts. Insets in Fig. 5a, 5c and 5d are the
corresponding Pt particle size distributions that arerandomly selected
(the numer of Pt particles is 100). Due to that these WC materials
have different WC contents (leading to different densities or specific
surface areas), Pt particles on these WC materials show different
distributions and sizes. It can be seen that Pt distribution on WC™ is
moderate, on WC™® is dense, and on WC®" is sparse. The average
Pt diameters are calculated as 2.3 nm on WC™, 3.4 nm on WC™™
and 2.4 nm on WC®", respectively. The results are matched with the
XRD results (Fig. 4). Fig. 5b is the HRTEM image of the Pt/WC™,
displaying the WC (100) and Pt (111) lattices. The inset EDS pattern
of Fig. 5b confirms the existence of C, W and Pt elements (the
existence of Cu and Cr element are ascribed to the bottom bush).
The WC particles are very difficult to be discerned from Pt particles,
since they are overlapped and have the similar sizes; moreover, the
angstrom-sized WC has too low degree of crystallization to be
identified from its crystal lattices. However, the Pt particles on WC-
C composite should be as follows: Some Pt particles are on surface
of WC, some are around WC and some are on surface of C [36]. In
addition, Pt particles in commercial Pt/C are uniformly dispersed and
the average Pt diameter is calculated to be 2.7 nm from its TEM
image (not shown).

J. Name., 2013, 00, 1-3 | 3
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Fig. 5 (a) TEM and (b) HRTEM images of the PtYWC™, (c) TEM
image of the Pt/WC™™, and (d) TEM image of the Pt/WC™" Inset of
(b) is the corresponding EDS pattern; insets of (a), (c) and (d) are the
corresponding Pt particle size distributions

The ORR performances of the Pt/WC™™, Pt/WC™, Pt/WC*" and
the commercial Pt/C electrodes were performed in 0.1 mol-L"
HCIOy solution (which is O,-saturated) with the scan rate of 5 mV-s’
! at 25°C, 1600 rpm (Fig. 6). Fig. 6a exhibits that the onset
potentials of them are in the following sequence: PYWC™! =
Pt/WC™™ (+1.03 V) >Pt/WC*" (+1.02V) >Pt/C (+1.01 V). The half-
potential (E;;,) values of them are in the following sequence:
Pt/WC™ (+0.888 V) >Pt/WC™™ (+0.880 V) >Pt/WC™ (+0.861 V)
>Pt/C (+0.849 V). Both the onset potentials and E,, values of ORR
on all the Pt/WC electrocatalysts are higher than those of the Pt/C,
which suggests the doped WC significantly reduces ORR over
potential.

Fig. 6b displays the kinetic currents of the electrocatalysts
calculated from the experimental data by the mass transport
correction for rotating disk electrode [37]:

iy= igi/(iy- i) (D

where i is the experimentally resulted current, i, is the tested
diffusion-limited current and i, is the mass-transport-free kinetic
current. The mass activity (i,,) is determined from the calculation of
i by equation (1), and which is normalized to the introduced Pt
amount. The mass activities at +0.9 V for the electrocatalysts were
investigated and the results were displayed in Table 1. It is clear that
the mass activities of the electrocatalysts are in the following
sequence: PYWC™ (236.1 mA-mgp,!) >P/WC™™ (219.7 mA-mgp,
Y >PYWC™ (147.6 mA-mgp') >Pt/C (119.5 mA-mgp'). The
results indicate that the addition of WC greatly improves the ORR
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activity of Pt electrocatalysts. Therein, the mass activity of the
typical PYWC™ is 2.0 times of Pt/C. The ORR mass activities of the
self-made PYWC™ at 0.9 V or 0.85 V were also compared with
other Pt/WC catalysts in literatures, as shown in Table 2. It can be
seen that the Pt/WC™ has the similar activity to PYWC (5 nm-sized
WC), but much higher activity than the common WC (more than 5
nm in diameter) promoted Pt catalysts.

The inset of Fig. 6a displays the cyclic voltammograms (CV) of
the electrocatalysts in Nj-saturated 0.1 mol-L! HCIO,solutionat 25
‘C with the scan rate of 50 mV-s™. In all the CV curves, the peaks in
the potential range of 0-0.25 V are come from the adsorption and
desorption of hydrogen on the Pt surface. The peaks above 0.6 V in
the anodic scan are due to oxidation of Pt, while peaks between 0.9
V and 0.5 V in the cathodic scan are due to reduction of PtO. The
active surface areas (EASAs) of the electrocatalysts could be
calculated by equation (2) [38]:

EASA=Q2=l[@xjf(1—fo)d(E—El)] @)

H Vo !

Where E refers to the potential (V) and [ refers to the measured
current density (mA-cm™); Iy, E; and E;refer to the current density
and potentials at the initial and terminal points of hydrogen
desorption peak, which are marked in the Fig. 6a; a, is the Pt loading
normalized to the electrode surface area (mgp-cm™), v, is the scan
rate (mV-s"), O is the electric quantity in the hydrogen desorption
peak and normalized to Pt loadings (C-gp"), and Qj the hydrogen
adsorption electric quantity for a smooth polycrystalline Pt (Qy
=2.10 C'm?)[27]. The calculated EASAs are also summarized in
Table 1. They are in the following order: Pt/WC™ (62.4 m*-gp ™)
SPYWC® (57.1 m*>gp, ) >P/C (51.4 m? gp, ) SPYWC™™ (40.1
m* gp, ). The order is completely consistent with the Pt size order:
PYWC™ (2.3 nm) <Pt/WC™ (2.4 nm) <Pt/C (2.7 nm) <PtyWC"™"™
(3.4 nm). Both the Pt/WC™ and Pt/WC®" have higher EASAs than
the PtYWC™", which is due to the lower WC contents in both the
WC™ and WC™. As has been pointed out above, lower WC content
means lower density or higher specific surface area, leading to
uniform dispersion of Pt particles. However, the WC™ has higher
WC content than the WC™, but the EASA of PYWC™ is a little
higher than the P/WC®'. The reason is that strong interaction
existing between WC and Pt [3] benefits dispersion of Pt particles
too. More WC content means more interaction with Pt, favouring the
introduced Pt particles in smaller size to some extent. Therefore, to
obtain higher EASA of Pt/WC electrocatalyst, the WC content
should be moderate.

The values of the i,/EASA(i, normalized to the EASA) are also
displayed in Table 1. It is clear that with the increase of WC contents
(carbon powder <WC®'<WCP<WC™®), the values of i,/EASA of
the electrocatalysts increase (Pt/C <Pt/WC™'<Pt/WC™<Pt/WC""),
proving the promotion effect of WC on Pt. It is worth noting that
although the WC™™ has higher promotion effect than WC™, the
Pt/WC™ has higher Pt mass activity than the Pt/WC™™. The reason
is that the PYWC™ has more EASA than the PYWC™™ (Table 1).
Therefore, the promotion effect from WC and the EASA from Pt

This journal is © The Royal Society of Chemistry 20xx
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decide the ORR activity. Consequently, the WC content could be
carefully adjusted to get higher Pt mass activity.
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Fig. 6 (a) ORR curves of the electrodes at the initial cyclic
voltammetry cycles in O,-saturated 0.1 mol L™ HCIOy solution with
the scan rate of 5 mV-s” at 25°C, 1600 rpm, (b) the corresponding
mass activities of the electrocatalysts; inset of (a) is the cyclic
voltammograms (CV) of the electrocatalysts in Np-saturated 0.1 mol
L' HCIO, solution at 25°C with the scan rate of 50 mV -s’!

In order to investigate the ORR stability of the typical Pt/WC™
electrocatalyst, the 1% and 1000™ ORR curves cycles of the Pt/WC™
and Pt/C are tested in an O,-saturated 0.1 mol-L™! HCIO, solution
and the results are shown in Fig. 7. After the 1000 cycles, the
corresponding E;,, values decreased 9 mV for PYWC™ and 15 mV
for Pt/C (Fig. 7a), respectively. The corresponding mass activities
(Fig. 7b) at +0.9 V of them were computed by equation (1) and the
results are displayed in Table 3. It can be seen that the PtYWC™
electrocatalyst has the activity retention of 90.4% while the Pt/C has
only 77.6% after the 1000 cycles. The inset of Fig. 7a shows that the
EASAs have the similar retentions as the ORR mass activities after

This journal is © The Royal Society of Chemistry 20xx
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the 1000 cycles. These findings indicate excellent electrocatalytic
stability of the PYWC™,
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Fig. 7 (a) ORR curves of the PYWC™" and Pt/C at the 1% and 1000™
cycles in O,-saturated 0.1 mol-L! HCIO, solution with the scan rate
of 5 mV-s" at 25°C, 1600 rpm, (b) the corresponding mass activities
at the 1% and 1000" cycles; inset of (a) is the CV curves of the
electrocatalysts in N,-saturated 0.1 mol L! HCIO, solution at 25°C
with the scan rate of 50 mV s after the ORR curves of 1% and
1000 cycles

J. Name., 2013, 00, 1-3 | 5



Please do not adjust margins f9

ARTICLE Journal Name

Fig. 8 XPS spectra of the Pt 4f on Pt/WC™ and Pt/C

It is known that electrons can transfer between carbides and the
loaded noble metals [3,38]. Fig. 8 shows XPS spectra of the Pt 4f on
Pt/C and PYWC™. Obviously, negative shift occurred in XPS
spectra after the introduction of WC™, The result indicates that there
is electron-donating (transfer) from WC to Pt, which, on one hand,

Intensity

enhancing the ORR activity due to improved electron cloud density,
and on the other hand, improves its stability due to the interaction
force between WC and Pt.

78 76 74 72 70
Binding Energy / eV

Table 1 The EASAs and mass activity of the electrocatalysts

Pt mass inat 0.9V EASA in/EASA
Electrocatalyst .
tent R _ E
comen (mA mgp.") (i’ gp. ) (mA )
P/WC™ 37.7% 236.1 62.4 3784
PY/WC™™ 37.5% 219.7 40.1 5479
PY/WC™ 38.2% 147.6 57.1 2585
Pt/C 47.6% 119.5 514 2325

* The data were determined by inductively coupled plasma-atomic emission spectrometry (ICP)

Table 2 ORR activity comparison of the electrocatalysts

inat09Vv inat0.85V
Electrocatalyst

(mA mgp, ") (mA mgp")
PYWC™ (self made) 236.1 620
Pt/WC (5 nm-sized WC) [36] 247.7
Pt/WC (5-10 nm-sized WC) [14] 207.4
PtYWC [39] too low 287
PYWC [13] too low 181

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx



Page 7 of 9

RSC Advances

Table 3 The ORR stability comparison of the Pt/WC™ and Pt/C electrocatalysts

inat0.9V .
Activity
Electrocatalyst CV cycle )
-1 retention
(mA mgp ")
15 236.1
Pt/WC™ 90.4%
1,000" 213.5
15 119.5
Pt/C 77.6%
1,000™" 92.7
Youths (BK20140533), China Postdoctoral Science Foundation
Conclusions (N0.2014M551520, 2014M560399), Jiangsu Postdoctoral

Angstrom-sized WC rods, WC dots and 10-nm-sized WC particles
have been synthesized. The AMT concentration and formula
structure of the ion-exchange resin control the size, shape and
content of WC materials. The higher WC content leads to higher
promotion effect on Pt electrocatalyst, but too high WC content
results in large Pt particles due to reduced specific surface area. On
the other hand, the lower WC content leads to smaller Pt particles,
but too small WC content results in less promotion effect on Pt and
slightly increased Pt sizes (or reduced EASAs) because of reduced
interaction between WC and Pt. The WC™ with moderate WC
content leads to both considerable promotion effect on Pt and EASA
of Pt electrocatalyst. The typical PYWC™ shows higher Pt mass
activity for ORR than the PYWC® (with less WC content),
Pt/WC™ (with more WC content) and Pt/C (without WC). The
activity of PYWC™ (236.1 mA-mgp') is 2.0 times that of
commercial Pt/C (119.5 mA-mgp,"), indicating potential economic
value. It is significant that the Pt/WC™ shows slightly higher ORR
activity than the Pt/WC™™, but the WC™ costs only one tenth of
amount of W precursor of the WC™" during the synthesis process,
indicating resource saving. Although the cost saving from reduction
of the WC may be negligible in the total cost of the catalyst, the
method could be used to synthesize other angstrom-sized materials
to reduce consumption and cost and benefit sustainable development
of the world. Moreover, the Pt/WC™ electrocatalyst possesses much
higher ORR stability than commercial Pt/C. The efficient electron
transfer between the two materials is believed to increase the
electron cloud density of Pt and the linkage between WC and Pt,
leading to enhanced ORR activity and stability of the Pt/WC
electrocatalysts.
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