
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 8

:3
4:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A mesoporous tu
aQingdao Industrial Energy Storage Research

and Bioprocess Technology, Chinese Acade

266101 Qingdao, PR China. E-mail: chenxia
bCollege of Environment and Safety Engine

Technology, Qingdao 266042, PR China

† Electronic supplementary informa
characterization of SBA-15 and g-C3N4

electrochemical catalysts. See DOI: 10.103

‡ These authors contributed equally to th

Cite this: RSC Adv., 2018, 8, 27973

Received 11th July 2018
Accepted 31st July 2018

DOI: 10.1039/c8ra05905e

rsc.li/rsc-advances

This journal is © The Royal Society of C
ngsten carbide nanostructure as
a promising cathode catalyst decreases
overpotential in Li–O2 batteries†
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Xiaogang Wang,a Xiao Chen*a and Guanglei Cui *a

Lithium–oxygen (Li–O2) batteries as promising energy storage devices possess high gravimetric energy

density and low emission. However, poor reversibility of electrochemical reactions at the cathode

significantly affects the electrochemical properties of nonaqueous Li–O2 batteries, and low charge–

discharge efficiency also results in short cycle-life. In this work, functional air cathodes containing

mesoporous tungsten carbide nanoparticles for improving the reversibility of positive reactions in Li–O2

cells are designed. Mesoporous tungsten carbides are synthesized with mesoporous carbon nitride as

the reactive template and carbon source. And mesoporous tungsten carbides in cathode materials

display better electrochemical performance in Li–O2 cells in comparison with mesoporous carbon

nitride and hard carbon. Tungsten carbide-1 (WC-1) with larger specific surface area promotes reversible

formation and decomposition of Li2O2 at the cathode and lower charge overpotential (about 0.93 V) at

100 mA g�1, which allows the Li–O2 cell to run up to 100 cycles. In addition, synergistic interaction

between WC-1 and LiI could further decrease the charging overpotentials of Li–O2 cells and improve the

charge–discharge performances of the Li–O2 cells. These results indicate that mesoporous

electrocatalysts can be utilized as promising functional materials for Li–O2 cells to decrease overpotentials.
Introduction

Lithium–oxygen (Li–O2) batteries have attracted more and more
attention due to their high energy density, which is higher than
that of conventional rechargeable Li-ion batteries.1,2 Neverthe-
less, Li–O2 batteries are limited in practical applications due to
several shortcomings such as low rate performance, limited
cycle life, and poor reversibility. Based on the electrochemical
process in Li–O2 batteries, poor reversibility of the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
could induce the loss of battery capacity.1 Hence, the design of
functional cathodes with good ORR and OER activities is
important for promoting cycling performances of Li–O2

batteries. Several kinds of cathodes with ORR and OER catalysts
such as noble metal,3 carbon materials,4,5 and transition-metal
oxides/nitrides6–11 have been focused on in the past. For
example, porous carbon is a desired choice for cathodes due to
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the outstanding electronic conductivity, the tunable porous
structures and the high specic surface area,4,5 but the poor
OER activity leads to high charging potentials over 4.5 V causing
negative reactions to the electrolyte and electrode.4,5

The charge–discharge overpotential plays an important role
in cycling performances of Li–O2 batteries.12–19 Many electro-
catalysts such as mesoporous titanium nitride20,21 are designed
to decrease the overpotential. Noble metal catalyst Ru sup-
ported on three-dimensional reduced holey graphene oxide
could reduce the overpotential of Li–O2 to about 0.9 V at rst
cycle and maintain the <1 V overpotential until 19 cycles.3

According the cost of noble metal, non-noble catalysts are
developed.4–11 Transition metal carbides have also received
extensive interest as air cathode materials due to their good
catalytic activities and stability during ORR and OER.22–25 For
example, the MoxC-based electrocatalysts display good perfor-
mance to reduce overpotential in Li–O2 batteries.24,25 Similar to
MoxC, tungsten carbide (WC) has excellent electrocatalytic
performance in fuel cell,26–30 which makes it an interesting
potential as a cathode material in Li–O2 batteries. And WC
coating on cathode reduced the overpotential to 0.88 V.31

However, there are fewer reports on the effect of catalysts
surface area in Li–O2 cathode on performance of batteries.
Several tungsten carbides used in Li–O2 batteries are relatively
larger particles with a smaller specic surface area.32–35 The
effect of specic surface area of electrocatalysts on
RSC Adv., 2018, 8, 27973–27978 | 27973
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electrochemical activities in fuel cells has been investigated in
recent.36–38 For example, Co-based catalysts dispersed on porous
supports with large active area displays good performance for
hydrogen evolution reaction (HER) and oxygen evolution reac-
tions (OER).36 According to previous reports, the high electro-
chemical active area may enhance the electrochemical catalytic
activities of electrocatalysts.6,7,9 Although the electrocatalysts
used in Li–O2 batteries in many reports have relative large
surface area, the relationship between surface area of catalysts
and performances of batteries has not been systematic
investigated.6–11

In this study, tungsten carbide structures are prepared
through calcining tungsten precursors with mesoporous carbon
nitride (g-C3N4) in inert gas at certain temperature. The
precursor compositions and reaction temperature could change
the size and surface area of the nal tungsten carbide struc-
tures. Herein, the effects of specic surface area of electro-
catalysts on overpotential of Li–O2 cells have been investigated.
Mesoporous tungsten carbide structures (WC) are used in
highly efficient air cathode of Li–O2 cells to reduce over-
potentials, which endow cells with good cycling performances.
WC-1 could signicantly reduce the overpotential of Li–O2 cell,
which is comparable to performances of state-of-the-art elec-
trocatalysts used in Li–O2 cells in recent reports (Table S1†).
These results the electrocatalysts with large surface area could
effectively reduce the overpotential of cells. It demonstrates the
hierarchical electrocatalysts with large surface area could be
designed to enhance cycling performances of Li–O2 batteries.
Experimental
Synthetic procedures

Pluronic P123 (EO20PO70EO20) as a template agent was used to
prepare SAB-15 mesoporous materials.39 The data of SBA-15 can
be obtained in ESI le (Fig. S1).† And SBA-15 was acidied using
hydrochloric acid at 80 �C for one day and dried at 80 �C for 12
hours. Then, acid-treated SBA-15 with cyanamide was heated at
60 �C under sonication and vacuuming for several hours. Third,
the excess cyanamide was washed by water. The obtained solid
was dried and calcined at high temperatures. The yellow
powders were etched with NH4HF2 aqueous solution for one day
to remove template. Then the mixture was ltrated, and the
solid was washed with water and ethanol for three times.

For synthesis of WC, mesoporous carbon nitride (g-C3N4)
template was added into ethanol solution of WCl6 (99.9%) to
allow the precursor enter the channel of g-C3N4 and the weight
ratio between the precursor compounds and g-C3N4 was 1 : 1.26

The nal mixture was treated at 950 �C in an alumina crucible
under N2 at certain heating rate.26
Fig. 1 Structural characterization of g-C3N4-1. (a) FE-SEM image of g-
C3N4-1, (b) TEM image of g-C3N4-1, (c) nitrogen adsorption–
desorption isotherms and pore size distribution of g-C3N4-1, (d) XRD
patterns of g-C3N4-1.
Characterizations

X-ray diffractometer (XRD) was used to conrm crystal structure
of catalysts at the power 9 kW (SmartLab). Scanning electron
microscopy (SEM, Hitachi S-4800) and transmission electron
microscope (TEM, TF30) were used to characterized morphol-
ogies and structures of the samples. X-ray photoelectron spectra
27974 | RSC Adv., 2018, 8, 27973–27978
(XPS) were collected with an ESCALAB 250Xi. Nitrogen adsorp-
tion–desorption data were obtained to investigate specic
surface area and pore size distribution (Autosorb iQ2).
Li–O2 cell assembly and electrochemical measurements

Nonaqueous Li–O2 cells were assemblied. To prepare the air
cathode electrodes, tungsten carbide (20 wt%) as catalyst was
mixed with super-P (SP, 70 wt%) and polytetrauoroethylene
(PTFE, 10 wt%) binder. The Swagelok Li–O2 batteries were
assemblied in glove box lled with Ar, which contained lithium
foil as the anode and a glass bre membrane as separator. The
electrolyte was 1 M bis(triuoromethanesulfonyl) imide lithium
(LiTFSI)/tetraethylene glycol dimethyl ether (TEGDME). The cell
worked in pure oxygen to decrease negative effects from water
and CO2. All of the electrochemical measurements were tested
using a LANHE battery testing system at 25 �C. All electro-
chemical data were calculated based on the weight of cathode
materials with 0.5 mg cm�2.
Results and discussion

The morphological and structural features of g-C3N4 are clearly
revealed from SEM data in Fig. 1. As shown in Fig. 1a and b, the
rodlike morphologies of g-C3N4-1 is similar with that of SBA-15
templates, even the ordered grooves on the surface. The
precursor of g-C3N4 could penetrate into SBA-15 mesopores by
vacuumizing and polymerize at elevated temperature, which
makes it to reversely replicate the mesoporous structure of SBA-
15.40,41 Ordered textural framework of g-C3N4-1 is further evi-
denced by TEM image in Fig. 1c and the size of pore is about
5 nm. There are clear and orderly channel structures in g-C3N4-1
just reverse replica of SBA-15 (Fig. S1†), which may make the g-
C3N4-1 serve as a good template and support.42,43 And Nitrogen
adsorption–desorption characterization is performed to inves-
tigate the porous properties of g-C3N4 and tungsten carbides.
The specic surface area and pore volume of g-C3N4-1 with
This journal is © The Royal Society of Chemistry 2018
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Table 1 Specific surface area of different samples

Sample name Abbreviation
Specic surface
area, m2 g�1

Graphitic C3N4-1 g-C3N4-1 336.0
Graphitic C3N4-2 g-C3N4-2 259.0
Graphitic C3N4-3 g-C3N4-3 223.0
Graphitic C3N4-4 g-C3N4-4 160.0
Tungsten carbide-1 WC-1 121.2
Tungsten carbide-2 WC-2 67.5
Tungsten carbide-3 WC-3 24.6
Tungsten carbide-4 WC-4 5.6
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View Article Online
highest specic area are 336.0 m2 g�1 and 0.36 cm3 g�1, which is
used as template for preparation WC-1. The distribution of pore
diameter in Fig. 1c is mainly located at 4 nm and 9 nm, which
allows the precursor solution of WC penetrate into pores. In
addition, nitrogen adsorption–desorption isotherms of others
g-C3N4 with different specic surface area are displayed in
Fig. S2.† The specic surface area of g-C3N4 become large with
increase of vacuum time, which may originate from better
lling of g-C3N4 precursor into channels of SBA-15. Fig. 1d
shows the XRD patterns of g-C3N4-1. Two peaks can be
conrmed at 27.4� for (200) planes and 13.0� for (100) planes,
which are the characteristic peaks of graphitic-like C3N4.39 In
FT-IR spectra (Fig. S2†), the peak at 808 cm�1 is assigned to
bending vibration of heptazine ring, the bands at 1250–
1650 cm�1 are corresponding to stretching mode of heptazine
ring and the band at 3100–3400 cm�1 is ascribed to the
stretching vibration of N–H in residual NH2.43

The structural features of WC samples are presented in
Fig. 2a–e, showing different of nanostructures and specic
surface areas. Four WC samples possessed different specic
surface areas are synthesized by g-C3N4 with different specic
surface areas (Table 1). WC-1 was synthesized by g-C3N4-1 with
largest specic surface area. However, the WC nanoparticles did
not fully replicate the mesoporous structure, which may be
induced by high reaction temperature above 900 �C during
synthesis of WC materials. The g-C3N4 could decompose above
700 �C,44 which may cause the damage of mesoporous channel.
In high-resolution TEM image (HR-TEM, Fig. 2e), crystal lattice
of WC-1 particles is corresponding to the (010) plane of the
Fig. 2 The structural characterization of WC. TEM images of WC-1 (a),
WC-2 (b), WC-3 (c), WC-4 (d); (e) HR-TEM images of WC-1; (f) XRD
patterns of WC.

This journal is © The Royal Society of Chemistry 2018
tungsten carbide, which is in corresponding to the XRD spec-
trum (Fig. 2f).26 As in previous studies, XRD patterns of WC
nanoparticles could vary with the weight ratio between starting
precursor and carbon source while keeping the temperature
constant at 950 �C. In this study, usage of ethanol, heating rate,
calcination temperature between 900 �C and 1000 �C are no
signicant effects on specic surface area and size of nal WC
in this study. In addition, the peaks at 40.26� reect of the
metal W in the WC-3 and WC-4, which illustrates a little tung-
sten form in tungsten carbide nanoparticles during calcina-
tion.26 These results indicate that WC nanoparticles with
different specic surface areas are practicable via g-C3N4 as
carbon source and template.

X-ray photoelectron spectroscopy (XPS) is applied to study
the surface properties of samples. W4f and C1s spectra are
recorded in Fig. 3a and b. In XPS spectra, two strong signals at
32.0 and 34.2 eV are corresponding to W4f5/2 and W4f7/2 of the
WC-1 (Fig. 3b), which agrees with that of WC in previous
report.26 Fig. 3c presents nitrogen adsorption–desorption
isotherms curves of mesoporous WC. BET surface areas are
121.2 m2 g�1, 67.5 m2 g�1, 24.6 m2 g�1 and 5.6 m2 g�1 for WC-1,
WC-2, WC-3 and WC-4, respectively. And g-C3N4 with greater
surface area as template could accommodate more precursor of
WC nanoparticles to produce WC with larger specic surface
area. The results demonstrate specic surface area of g-C3N4

could inuence structure of WC.
Fig. 3 (a and b) C1s andW4f spectra of WC-1, (c) nitrogen adsorption–
desorption isotherms of mesoporous tungsten carbides.

RSC Adv., 2018, 8, 27973–27978 | 27975
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We test electrocatalytic activity of different catalysts in 1 M
LiTSFI/TEGDME to study electrocatalytic performances of
mesoporous tungsten carbides in Li–O2 cell. Fig. 4a gives the
initial voltage curves of mesoporous tungsten carbides (WC), g-
C3N4 and hard carbon (C). It is observed that the Li–O2 cells with
mesoporous tungsten carbides WC-1 and WC-2 show lower
overpotential than those cells with WC-3 and WC-4, g-C3N4 and
C electrodes throughout the rst discharge. In addition, the Li–
O2 cell with WC-1 exhibits the lowest overpotential (0.93 V at
rst cycle) through reducing the charging voltage, which indi-
cates WC-1 displayed good ORR activity. The property of
reducing overpotential for WC-1 has been compared with state-
of-the-art electrocatalysts in Table S1.† For the catalysts listed in
Table S1,† the overpotentials of Li–O2 cells at rst cycle are
lower than 1.30 V. And the catalysts containing Mo2C could
reduce the overpotential to less than 0.5 V.11 The ability of
reducing the overpotential of WC-1 is comparable to that of
state-of-the-art electrocatalysts used in Li–O2 cells in recent
reports (Table S1†). The cycling stabilities of WC, g-C3N4 and C
are also evaluated in Fig. 4b and d. The cycle proles of WC-1
show relatively stable discharge voltage plateau around 2.7 V,
and charge voltage plateau increases gradually from 3.6 V to
4.1 V when running at xed capacity of 500 mA h g�1 during 100
cycles. The charge platform of Li–O2 cells presents much more
stable during cycling under low current density. It is indicated
that Li–O2 cell with WC-1 electrode gives favorable combination
between initial capacity and cycle performance. Li–O2 cells
containing WC-3 and WC-4, g-C3N4 and C electrodes display
lower electrochemical performances than those with WC-1 and
WC-2 electrodes (Fig. S3†). In addition, the cell with WC-1 can
display a discharge capacity of 665 mA h g�1 at current density
of 500 mA g�1, as shown in Fig. 4c. The stable cycles for Li–O2

cell were reduced to 50 times at 1000 mA h g�1 (Fig. S4†), which
should be attributed to side reactions caused by a large amount
Fig. 4 (a) Full discharge–charge capacity profiles of Li–O2 cells with
WC-1, WC-2, WC-3, WC-4, g-C3N4 and C at current density
100mA g�1. (b) Cycles of Li–O2 cells withWC-1 under fixed capacity of
500 mA h g�1 at current density 100 mA g�1. (c) WC-1 cathodes at
different current densities. (d) The cycling performances of the six cells
with WC, g-C3N4, and C.

27976 | RSC Adv., 2018, 8, 27973–27978
of lithium peroxide.45 It's obviously that the Li–O2 cells withWC-
1 and WC-2 electrodes present superior cycling performance
than those with WC-3 and WC-4 in Li–O2 cells, which could be
attributed to the better catalytic activity and larger surface area
of WC-1 and WC-2.

The structural properties of discharge products are impor-
tant to the electrochemical behavior of Li–O2 cells. It is known
that Li2O2 as discharge product with small size oen exhibits
better electrochemical property with low overpotential.46,47 In
previous studies, charge voltage plateaus reduced as the
decrease of Li2O2 size, which was attributed to the decrease of
polarization and enhancement of oxidation reaction rate of
Li2O2.24,25 SEM images (Fig. 5b) of electrodes with WC-1
demonstrate that discharge products cover the electrode
surface aer rst discharging process. The toroid-like Li2O2 is
found in SEM image of cathode products (Fig. 5c) aer rst
discharge process, which is corresponding to formation of Li2O2

in solution (Fig. 6).48 XRD pattern of cathode electrode at the
rst discharged status exhibits two peaks at 32.8� and 34.9�, in
accord with the (100) and (101) crystal planes of Li2O2 (Fig. 5d).48

However, XRD patterns do not show characteristic peaks of
Li2O2 for the pristine electrode, rst charging electrode, and
100th charged electrode. These results indicate the Li2O2 could
form in discharge stage and disappear aer charging. These
results proved that WC-1 with larger specic surface area could
promote the reversible formation and decomposition of Li2O2

efficiently with greatly reducing overpotential and improve cycle
property of Li–O2 cells.

For optimal performance, lithium iodide (LiI) as a redox
mediator (RM) is employed in the tungsten carbides-based Li–
O2 cells, which facilitates decomposition of Li2O2 and decreases
charging overpotential by improving the transfer of charge in
charging.49 The lower overpotential in the cycles is benecial for
cycle performance of Li–O2 cell at a constant capacity condition.
Fig. 7a displays initial voltage proles of Li–O2 cells using
tungsten carbides and LiI. Li–O2 cells containing WC with LiI
both show almost identical charging proles. It is observed that
the Li–O2 cell with WC-1 shows lower overpotentials than those
Fig. 5 SEM images of WC-1 cathode electrode at the pristine (a), after
first discharge (b), and Li2O2 morphology in cathode electrode after
first discharge (c). (d) XRD patterns of cathode electrode at different
charge–discharge status.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Proposed formation mechanism of toroid-like Li2O2 in pres-
ence of WC.
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with other tungsten carbides at the rst cycle with LiI. In
addition, the charging overpotentials with LiI decrease to 0.34 V
for WC-1, while the charging overpotentials are 0.65 V, 0.82 V,
0.80 V for WC-2, WC-3 and WC-4, respectively. It is indicated
that transfer of charge is more key than electronic transmission
of cathode for outstanding charging process.

The cycle performances of mesoporous tungsten carbides
are investigated under xed capacity of 500 mA h g�1 (Fig. 7).
Cycle prole of Li–O2 cell with WC-1 electrode when xing
capacity at 500 mA h g�1 shows relatively stable discharge
plateau around 2.7 V. In addition, the charging plateau of Li–O2

cell with WC-1 electrode gradually increases from 3.1 V to 3.5 V
during 97 cycles. The charge platform of Li–O2 cell using WC-1
presents much more stable than that of other Li–O2 cells. As
contrast, Li–O2 cell containing WC-2, possessing lower surface
area than WC-1, shows relatively stable discharge–charge
voltage platform even aer 70 cycles. Due to WC only used as
cathodic catalyst, decomposition of electrolyte also occurred
inducing by reactive intermediate.31 In addition, Li–O2 cells
Fig. 7 Electrochemical performances of Li–O2 cells with different
cathode electrodes. Full discharge–charge capacity profiles of Li–O2

cells with WC-1, WC-2, WC-3 and WC-4 at 100 mA g�1 (a). Charge–
discharge curves of Li–O2 cells under fixed capacity of 500mA h g�1 at
100 mA g�1 and different cycles: (b) with WC-1 and LiI, (c) with WC-2
and LiI, (d) with WC-3 and LiI.

This journal is © The Royal Society of Chemistry 2018
with WC-1 andWC-2 also appear lower overpotential than those
withWC-3 andWC-4. We suspect that the mesoporous tungsten
carbides displayed excellent electrochemical properties in Li–O2

cell are closely relative to the mesoporous structure. As transi-
tion metal carbides, mesoporous structure with large specic
surface area may providemore catalytic sites and perform better
electrochemical properties.

Conclusions

In summary, we successfully synthesized tungsten carbide
nanoparticles from the connement of the pores of the g-C3N4

nanostructure. Mesoporous WC with different specic surface
areas shows different electrochemical properties in Li–O2 cells.
Mesoporous tungsten carbide with higher surface area could
display a better discharge capacity 2035 mA h g�1 at 100 mA g�1

in non-aqueous Li–O2 cell. Due to the mesoporous structure
and good catalytic properties, WC with higher surface area
could promote Li–O2 cells to run over 90 cycles when capacity is
xed at 500 mA h g�1. In addition, specic surface area of
mesoporous WC is larger, charging overpotential of Li–O2 cell is
lower and with the assistance of LiI, the overpotentials of Li–O2

cells could be further decreased for the WC electrocatalyst. In
principle, transition metal carbides with mesopores may be
used as outstanding electrocatalysts to enhance properties of
Li–O2 cells by enhancing reaction reversibility in cathode.
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