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Regulating chemical bonds to balance the adsorption and disassociation of water molecules on catalyst
surfaces is crucial for overall water splitting in alkaline solution. Here we report a facile strategy for
designing Ni2W4C-W3C Janus structures with abundant Ni–W metallic bonds on surfaces through inter-
facial engineering. Inserting Ni atoms into the W3C crystals in reaction progress generates a new Ni2W4C
phase, making the inert W atoms inW3C be active sites in Ni2W4C for overall water splitting. The Ni2W4C-
W3C/carbon nanofibers (Ni2W4C-W3C/CNFs) require overpotentials of 63 mV to reach 10 mA cm�2 for
hydrogen evolution reaction (HER) and 270 mV to reach 30 mA cm�2 for oxygen evolution reaction
(OER) in alkaline electrolyte, respectively. When utilized as both cathode and anode in alkaline solution
for overall water splitting, cell voltages of 1.55 and 1.87 V are needed to reach 10 and 100 mA cm�2,
respectively. Density functional theory (DFT) results indicate that the strong interactions between Ni
and W increase the local electronic states of W atoms. The Ni2W4C provides active sites for cleaving
H–OH bonds, and the W3C facilitates the combination of Hads intermediates into H2 molecules. The
in situ electrochemical-Raman results demonstrate that the strong absorption ability for hydroxyl and
water molecules and further demonstrate that W atoms are the real active sites.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Rational design of highly efficient, low cost and durable electro-
catalysts is fundamentally crucial for developing new energy tech-
nologies [1]. For the sake of sustainable and efficient hydrogen
production, electrochemical water splitting is paramount signifi-
cant due to its inherent advantages, including feasibility of large-
scale production and highly pure product [2]. The involved two
half reactions, hydrogen evolution reaction (HER) and oxygen evo-
lution reaction (OER) usually perform well at different electrolyte
[3]. It is known that even the individual state-of-the-art Pt/C and
IrO2 catalyst cannot effectively catalyze HER and OER in overall
water splitting cells simultaneously. It is because the Pt/C catalysts
are intrinsically highly active for HER and in contrast, the IrO2
catalysts are only excellent for OER [4]. For industrial condition,
the HER and OER involved in alkaline electrolyte always suffer
from sluggish reaction kinetics for the multistep proton coupled
electron transfer process [5]. Therefore, it is highly desirable to
develop the alternative materials featured with earth abundant
and high electrocatalytic activity, which is comparable to state-
of-art noble metals [6].

To meet the increased demands of overall water splitting, it
requires to design bifunctional catalysts to catalyze the HER and
OER in the same electrolyte simultaneously. However, transition
metal sulfides and nitrides usually exhibit superior activity for
HER, while transition metal oxides and hydroxides/oxyhydroxides
are active materials for OER [7]. In addition, many OER and HER
catalysts are only active in either acidic or alkaline electrolytes
[8,9]. Transition-metal carbides, such as tungsten carbide featured
with platinum-like catalytic behavior, have been extensively inves-
tigated in HER due to the low price, high corrosion resistance, and
superior electronic conductivity [10]. In order to realize the appli-
cation in both HER and OER in alkaline, it requires researchers to
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tackle a few big challenges. Pure tungsten carbide has too strong
adsorption for H* and thus exhibits low activity for HER in alkaline
media [11]. An ideal HER electrocatalyst should have fast water
adsorption and H* releasing ability [12]. Therefore, developing
essential strategies to modify the electronic structure of tungsten
carbide to promote the activity is highly desirable. The integration
of active component with tungsten carbide could be an effectively
feasible strategy to improve the electrocatalytic activity.

The general reported approaches to improve the HER activity of
transition-metal carbide are introducing a second transition metals
(Co, Ni, and Fe) as additives [13–15]. However, the doping different
components with carbide into one architecture without forming
new phases and interfaces have limited effects on the improve-
ment of overall efficient OER and HER in one electrolyte. The inte-
gration of different phase’ features with different functionalities
can induce remarkable synergistic effects, including electronic reg-
ulation, interfacial stabilization, atomic arrangement etc. [16]. One
approach is the adoption of Janus structures particle which surface
exhibits distinct composition/physical properties and therefore
exhibits a distinct interface. Particularly, the abundant interfaces
between different phases play crucial roles in binding, transform-
ing, and transporting the surface species such as adsorbents, elec-
trons and intermediates [14–16]. Designing and constructing of
novel Janus structures with multi-interfaces could be a fundamen-
tal strategy to maximize the advantages of hybrid catalysts
towards the overall water splitting [17].

Herein, we provide a facile strategy for designing the unique
Ni2W4C-W3C Janus structures with abundant interfaces and super-
ficial Ni–W metallic bonds through in situ interfacial engineering
by combining the electrospinning technology and graphitization
process. The advantages of this approach would be the new forma-
tion of Ni2W4C phase, making inert W atoms in W3C be active sites
in Ni2W4C for the overall water splitting. In the Janus structures,
the Ni2W4C provides active sites for cleaving H–OH bonds, and
the W3C facilitates the combination of Hads intermediates into H2

molecules. The in situ electrochemical-Raman results demon-
strated the strong absorption ability for hydroxyl and water mole-
cules and the in situ Raman spectra for HER and OER process
further demonstrated that W atoms is the real active sites.
2. Experimental

2.1. Synthesis of Ni2W4C-W3C/CNFs hybrid

In a typical procedure, 0.17 g nickel nitrate hexahydrate and
0.43 g ammonium met tungstate were dissolved in 12 mL
polyacrylonitrile/dimethylformamide (PAN/DMF) solution with a
mass fraction of 13% PAN and stirred by magnetic stirring appara-
tus to obtain homogeneous solution. Then the mixed solution was
transferred to a syringe with a stainless copper needle at the tip.
The electrospinning experiment was performed in a home-made
electrostatic spinning machine with a flow rate of 0.6 mL h�1

and high voltage of 12 kV. The distance between collector and
needle was 13 cm. All experiments were operated at room
temperature and ultimately Ni–W-PAN precursor nanofibers were
acquired. The directed growth of the Ni2W4C-W3C/CNFs were
carried out in a chemical vapor deposition (CVD) furnace.
The as-collected nanofibers mats were placed in a ceramic boat
and calcined at the center of heating zone of the furnace. Next,
the Ni-W-PAN mats were heated to 230 �C in air for pre-oxidation
at a rate of 5 �Cmin�1 andmaintained 3 h for stabilization. After this
process, the furnace was heated up to 1000 �C indirectly at a rate of
5 �Cmin�1, and the temperaturewas held constant for 3 h under the
protection of Ar. After the heat treatment, the furnacewas cooled to
room temperature in an Ar atmosphere.
2.2. Materials characterizations

The field emission scanning electron microscopy (FE-SEM)
images were characterized via a JSM-6700F FE-SEM (JEOL, Japan)
at an acceleration voltage of 3 kV. Transmission electron micro-
scopy (TEM) images were taken using a JSM-2100 transmission
electron microscope (JEOL) at an acceleration voltage of 200 kV.
High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images and STEM mapping were
recorded using a STEM (Tecnai G2 F30S-Twin, Philips-FEI, USA) at
an acceleration voltage of 300 kV. X-ray diffraction (XRD) patterns
were analyzed using a Bruker AXS D8 DISCOVER X-ray diffrac-
tometer with Cu Ka radiation (k = 1.5406 Å) at a scanning rate of
0.02 (2h)–1 in the 2h range of 10�–90�. X-ray photoelectron spectra
of the samples were recorded using an X-ray photoelectron spec-
trometer (Kratos Axis Ultra DLD, Japan) with an Al (mono) Ka
source (1486.6 eV). The Al Ka source was operated at 15 kV and
10 mA. Raman spectra were recorded using a Renishaw in Via
Raman microscope (LabRAM HR800, France) with a 532 nm laser
excitation source.
2.3. Electrochemical characterization

The electrochemical measurements were performed with a CHI
660D electrochemical work station (CH Instruments, Inc., China).
The conventional three-electrode system was used, which incorpo-
rate working electrode, count electrode and reference electrode.
The carbon rod was used as count electrode and the saturated calo-
mel electrode (SCE) was utilized as reference electrode. The NiWC-
2/CNFs were tailored into a neat square of 1 cm2 and directly used
as the working electrode. The potential reported in this study were
calibrated and converted to the reversible hydrogen electrode
(RHE) by the equation ERHE = ESCE + 0.244 + 0.059 � pH. All tests
were carried out without the ohmic potential drop (iR) compensa-
tion. The polarization curves were acquired by linear sweep
voltammetry (LSV) at a scan rate of 2 mV s�1 in KOH solution.
The HER tests were performed between 0.1 and –0.4 V (vs. RHE)
and the OER tests were performed between 1.2 and 1.8 V (vs.
RHE). Before LSV tests, cyclic voltammograms were conducted for
stability and electrode activation at a scan rate of 100 mV s�1

between –0.5 and 0.5 V (vs. RHE). Tafel plots were obtained by tak-
ing the logarithm of current density as X-axis and overpotential as
Y-axis according to the Tafel equation
g ¼ aþ b log j; ð1Þ
where a is the Tafel constant, b is the Tafel slope, j is the cathodic
current density and g is the overpotential. The electrochemical
impedance spectroscopy spectras (EISs) were operated in a poten-
tiostatic mode in the frequency ranging from 105 to 0.1 HZ with
the amplitude of 15 mV at 1.5 V (vs. RHE) in the basic media. To
evaluate the electrochemical active surface area (ECSA), the
electrochemical double layer capacitances (Cdl) were conducted
with different scan rates form 20 to 100 mV s�1. The chronopoten-
tiometry tests for stability performance were measured at a con-
stant potential of –0.14 V (vs. RHE) for HER and 1.5 V (vs. RHE)
for OER for 12 h. The overall water splitting was also carried out
in three-electrode system. The voltage ranged from 0 to 0.5 V (vs.
RHE). The stability test was conducted with the voltage of 1.5 V.
For overall water splitting, the experiment conducted in two-
electrode system, in which the samples worked as working
electrode and count electrode at the same time. Polarization
curves for overall water splitting was obtained at a scan rate of
2 mV s�1.
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2.4. In situ electrochemical-Raman tests

The Raman test were carried out with a LabRAM HR800
confocal microscope (Horiba, France). A long-distance objective
lens with a numerical aperture of 0.1 were used to focus a
diode-pumped solid-state laser beam on the sample. The laser
wavelength is 785 nm. The Raman signal was collected in a
back-scattering geometry.
2.5. First-principles calculations

All the calculations in this paper were performed by using the
Vienna ab initio simulation package (VASP), the exchange and cor-
relation energy functional was treated by the Perdew-Burke-
Ernzerh of variant of the generalized gradient approximation
(GGA). Interaction between ion and electrons were described with
projector augmented wave pseudo potentials (PAW) approach, and
the energy cutoff for the plane wave basis set was set to be 500 eV.
The k-point sampling was performed using-centered 6 � 6 � 1
points, which gives the total energy of complex within 10�5 eV.
The MoS2 slab was attached on the (0 1 0) plane of W3C and Ni2W4-
C based on experimental data, of which the vacuum slab was set to
be 15 Å.
3. Results and discussion

As shown in Fig. 1a, large amounts of small nanoparticles uni-
formly distribute on the surfaces of CNFs. The CNFs host provides
a stable bracket and reaction zone for the spontaneous formation
of the Ni2W4C-W3C nanoparticles and exhibits a unique 3D net-
works, which are beneficial for the efficient charge separation
and fast change transfer [18]. The Ni2W4C-W3C nanoparticles dis-
play pea-like morphology and the size ranges from 10 to 80 nm
(Figs. 1b and S1 (online)). Fig. 1b and c exhibit the HAADF-STEM
image and STEM energy dispersive X-ray (STEM-EDX) mapping
images of a single Ni2W4C-W3C nanoparticle. As shown in Fig. 1c,
the pea-like Ni2W4C-W3C nanoparticle displays the uniform distri-
bution of C, Ni and W elements. It is interesting that the C and W
elements both exhibit the same distribution with pea-like mor-
phology. However, the Ni element only locates at the one side of
the pea-like morphology. The STEM-EDX mapping results indicate
that the pea-like Ni2W4C-W3C nanoparticle exhibits two different
crystals phase, Ni2W4C and W3C phases, forming a unique Janus
heterostructures. High-resolution TEM image of a single Ni2W4C-
W3C nanoparticle (Fig. 1d) suggests that the Ni2W4C-W3C nanopar-
ticle exhibits grain boundary and two different crystal phases. The
W3C phase indicates the lattice fringes with the interplanar dis-
tances of 2.03 Å, corresponding to the (2 1 1) planes (Fig. 1e).
The Ni2W4C phase exhibits the lattice fringes of (6 2 0) planes with
interplanar distances of 1.76 Å (Fig. 1f). The line scan STEM-EDX
spectra of a single Ni2W4C-W3C nanoparticle further demonstrates
that the Ni element only exists at one side of the Janus nanoparticle
while the C and W elements exist throughout the Ni2W4C-W3C
nanoparticle (Fig. 1g). The results confirmed the successful forma-
tion of Janus-like Ni2W4C-W3C heterostructures with abundant
interfaces.

The in situ temperature XRD is conducted from 50 to 1000 �C
with heating rate of 5 �C min�1 to investigate the formation pro-
cess of the Ni2W4C-W3C Janus structures. As shown in Fig. 1h
and i, three peaks locate at 38.6�, 44.7�, 44.8� could be attributed
to (2 0 0), (2 1 1) and (2 0 6) plane of WCx (PDF 35-0776). In the
heating process, these peaks have tendency of blue shifts, suggest-
ing that the Ni atoms are partially inserted into the crystal lattice of
WCx. The interplanar spacings of WCx crystals enlarge during the
Ni inserting process, resulting in the decrease of 2h. While in the
cooling process from 1000 to 50 �C, these peaks exhibited red shifts
due to the formation and perfection of Ni2W4C crystals (Fig. 1j).
The XRD pattern of Ni2W4C-W3C (50 �C) exhibited several new
peaks which are quite different with theWCx, suggesting that there
are new phases formed during the graphitization process in carbon
nanofibers. The in situ temperature XRD results strongly revealed
the in situ formation process and mechanism of Ni2W4C by insert-
ing the Ni atoms into the crystal lattice of WCx.

From the crystal structure of Ni2W4C in Fig. 2a, the density func-
tional theory (DFT) calculation results indicate that with the insert-
ing of Ni into the W3C unit cell, the Ni2W4C structure generates
large amount of Ni–W metallic bonds, which could be the active
sites for overall water splitting. As shown in the XRD pattern
(Fig. 2b) of the Ni2W4C-W3C/CNFs (50 �C), a broad peak in 22� is
ascribed to (0 0 2) plane of amorphous C in CNFs [3]. The diffrac-
tion peaks located at 41.6�, 51.3�, 71.0� and 72.7� can be well
indexed to the (5 1 1), (6 2 0), (8 2 2) and (7 5 1) planes of Ni2W4C
phase (JCPDS No. 20-0796). The peaks at 35.6�, 40.0�, 44.1� and
75.3� are in according with the (2 0 0), (2 1 0), (2 1 1) and
(4 0 0) planes of W3C phase (JCPDS No. 42–0853). The XRD results
indicate that the cubic Ni2W4C and cubic W3C phases both exist,
verifying the unique Ni2W4C-W3C Janus structures. Based on the
in situ XRD results, the WCx crystals form in CNFs at initial stage
(50–400 �C), and the Ni atoms begin to insert into the crystal of
WCx at high temperature stage (500–1000 �C). After the cooling
stage to room temperatures (1000–50 �C), the formed Ni2W4C
grown up to better crystals with the WCx phases transform into
W3C phases. As control, the individual W3C/CNFs and Ni3C/CNFs
are also prepared at the same synthesis procedure. As shown in
Figs. S2 and S3 (online), the XRD patterns of W3C/CNFs and Ni3C/
CNFs exhibit the characteristic peaks of pure phase W3C and
Ni3C, respectively. Therefore, when the Ni atoms meet W atoms,
it will form the unique Ni2W4C-W3C Janus structures.

The XPS is used to investigate the surface electronic state,
chemical composition and electron interactions of Ni2W4C-W3C/
CNFs. XPS spectra of individual W3C/CNFs and Ni3C/CNFs are also
investigated as control. The N 1s region, O 1s region, XPS surveys
of W3C/CNFs, Ni3C/CNFs and Ni2W4C-W3C/CNFs are shown in
Figs. S4 and S5 (online). As shown in Fig. 2c, the individual W3C/
CNFs indicates two spin-orbit doublets with binding energies
(BEs) at 32.1, 32.6, 34.2, 35.6 and 37.8 eV, respectively [19]. The
spin-orbit doublets with BEs at 32.1 and 34.2 eV correspond to
theW 4f7/2 andW 4f5/2 for the attribution of metallic W0. The other
spin-orbit doublets at 32.6 and 35.6 eV could be assigned to the W
4f7/2 and W 4f5/2 orbits of W–C bonds. The peak at 37.8 eV could be
ascribed to some WOx species due to the exposure in the air [20].
Focusing on the high-resolution W 4f spectrum of Ni2W4C-W3C/
CNFs, the spin-orbit doublets shift to the lower BEs at 31.0 and
33.2 eV and these correspond to the W 4f7/2 and W 4f5/2 of metallic
Ni–W bond in Ni2W4C crystals, suggesting strong electron interac-
tion between the Ni andW atoms. The spin-orbit doublets with BEs
at 31.4 and 34.5 eV could be assigned to the W 4f orbits of W–C
bonds in W3C crystals.

Fig. 2d shows the high-resolution Ni 2p XPS spectra of Ni2W4C-
W3C/CNFs and individual Ni3C/CNFs. In Ni 2p XPS spectra of Ni3C/
CNFs, the characteristic peaks located at 871.8 and 853.9 eV corre-
spond to the Ni 2p1/2 and Ni 2p3/2 of metallic Ni in Ni3C/CNFs and
the BEs of two satellite peaks are located at 880.9 and 862.1 eV.
Due to the formation of Ni2W4C-W3C Janus structures, the corre-
sponding peaks of Ni 2p1/2 and Ni 2p3/2 shift to the higher BEs of
874.1 and 856.3 eV, indicating the strong electron transfer from
Ni to W atoms. XPS results confirm the strong electron interaction
between the Ni and W atoms due to the formation of Janus struc-
tures. The inserting of Ni atoms into the W3C crystals could
enhance the local electronic state of W atoms, making the inert
W atoms in W3C be active sites for the water splitting.



Fig. 1. (Color online) FE-SEM image (a) and HAADF-STEM image (b) of the Ni2W4C-W3C/CNFs. STEM-EDX element mapping (c) and HRTEM images (d) of a Ni2W4C-W3C
nanoparticle. HRTEM images of the W3C phase (e) and Ni2W4C phase (f), scale bar is 2 nm. (g) Line-scan EDX spectra of the Ni2W4C-W3C nanoparticle. Inset in Fig. 1g is the
corresponding HAADF-STEM image. (h) In situ temperature XRD patterns of Ni2W4C-W3C/CNFs. (i) The enlarged range of 2h from 42� to 48�. (j) Three main peaks of Ni2W4C-
W3C/CNFs in XRD patterns obtained at different temperatures.
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The control of Ni2W4C-W3C Janus structures is the key factor for
the rational design of advanced electrocatalysts for electrocatalytic
water splitting. Through changing the mole ratio of Ni and W pre-
cursor, the structures of binary nickel tungsten carbide evolve from
mixed Ni3C andW3C to Ni2W4C-W3C Janus structures. Three differ-
ent binary nickel tungsten carbide are prepared by adjusting the
molar ratio of Ni and W precursor. The various catalysts are
denoted as NiWC-1/CNFs (Ni2+/W6+=1/2), NiWC-2/CNFs (Ni2+/
W6+=1/3) and NiWC-3/CNFs (Ni2+/W6+=1/4). Fig. 3 shows the mor-
phologies and structures of NiWC-1/CNFs and NiWC-3/CNFs and
the morphologies of NiWC-2/CNFs are shown in Fig. 1. As shown
in Fig. 3a and e, numerous small nanoparticles are evenly immobi-
lized on the NiWC-1/CNFs and NiWC-3/CNFs. Fig. 3b and f display
that the size of nanoparticles ranges from 10 to 80 nm.

The morphology of NiWC-1/CNFs and NiWC-3/CNFs are similar
with NiWC-2/CNFs. However, the XRD results (Fig. 3c and g) show
that the main phases have changed to Ni3C, NiCx, W3C and WCx

with the reduced contents of Ni2W4C in NiWC-1/CNFs and NiWC-
3/CNFs, respectively. Fig. S6 (online) shows the W 4f and Ni 2p
XPS spectra of the NiWC-1/CNFs and NiWC-3/CNFs. The Ni concen-
tration changes from NiWC-1 to NiWC-3 would lead to the positive
shifts of BEs from 353.2 to 355.3 eV, respectively. Fig. 3d and h
show the element distribution of NiWC-1/CNFs and NiWC-3/
CNFs in a signal nanoparticle, respectively. Compared with the
NiWC-2/CNFs (Fig. 1d–g), the Ni andW distribute in the whole area
with no Janus structure forming. The different mole ratios in pre-
cursor result in different morphology and structure, thus leading
to variant electrocatalytic performance. The Ni/W mole ratio of
1/3 could lead to a better Janus Ni2W4C-W3C without other NiCx

and WCx phases.
Electrocatalytic water splitting could be divided into two half

reactions, HER and OER. The HER performance of NiWC-1/CNFs,



Fig. 2. (a) Crystal model of the Ni2W4C. Blue: Ni; cyan: W; white: C. (b) XRD pattern of Ni2W4C-W3C/CNFs. W 4f (c) and Ni 2p (d) XPS spectra of and Ni2W4C-W3C/CNFs, W3C/
CNFs and Ni3C/CNFs.
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NiWC-2/CNFs and NiWC-3/CNFs is conducted in alkaline elec-
trolyze with typical three electrode systems. Fig. S7 (online) shows
the electrocatalytic activity of CNFs, indicating that the CNFs is
inert to water splitting. As shown in Fig. 4a, LSV measurement indi-
cates that in alkaline condition, the NiWC-2/CNFs with Janus struc-
tures only require an overpotential of 63 mV to reach the current
density of 10 mA cm�2. Meanwhile, the NiWC-1/CNFs and NiWC-
3/CNFs with larger amounts of mixed Ni3C and W3C phases exhibit
higher overpotentials of 92 and 126 mV to afford the current den-
sity of 10 mA cm�2. At low current density, the commercial Pt/C
exhibits the lowest the overpotential of 28 mV (10 mA cm�2).
However, when the current density is more than 88 mA cm�2,
the commercial Pt/C needs a higher overpotential of 300 mV at
95 mA cm�2, which is higher than that of the prepared Ni2W4C-
W3C Janus structures (285 mV). Fig. S8 (online) also demonstrates
the HER performance of individual Ni3C/CNFs and W3C/CNFs. The
overpotentials of Ni3C/CNFs and W3C/CNFs are 128 and 107 mV
(10 mA cm�2), respectively. Notably, the Ni2W4C-W3C Janus struc-
tures display superior HER activity in alkaline condition than the
mixed Ni3C and W3C phases, due to the emerging active sites of
Ni–W bimetallic bond for HER [21].

The Tafel slope is used to characterize the rate-determining step
of hydrogen evolution. Electrocatalytic hydrogen generation in
alkaline media could be explained by three steps. The first step is
the adsorption of hydrogen intermediates (Had) on the surface of
catalysts (H2O(l) ¢ Had + OH–

(aq), Volmer step). Afterwards, by a
chemical recoupling of two Had atoms (2Had ¢ H2(g); the Tafel step)
or a second electron transfer (H2O(l) + Had + e� ¢ H2(g) + OH�
(aq), the

Heyrovsky step), molecular hydrogen is formed. As shown in the
Figs. 4b and S9 (online), the NiWC-2/CNFs electrode displays a Tafel
slope (derived from the current density of 10 mA cm�2) of 112 mV
dec–1, which is more superior to that of NiWC-1/CNFs (158 mV
dec–1), NiWC-3/CNFs (256 mV dec–1), W3C (437 mV dec–1) and
Ni3C (422 mV dec–1). It is demonstrated that the reaction kinetic
on the NiWC-2/CNFs electrocatalyst is a coupled Volmer-Tafel
mechanism, while the NiWC-1/CNFs and NiWC-3/CNFs follow the
Volmer-Heyrovsky mechanism, implying the remarkable intrinsic
HER activity of NiWC-2/CNFs with Ni2W4C-W3C Janus structures.
Fig. 4c summarizes the Tafel slopes and overpotentials of various
electrocatalysts. The binary nickel tungsten carbide exhibits strong
structure-dependent activity and the Ni2W4C-W3C Janus structures
show the best electrocatalytic HER performance in alkaline media.

OER involves a four-electron pathway and exhibits slow
dynamic process, which is the bottleneck of overall water splitting
[22]. The OER performance of the various electrocatalysts are
shown in Figs. 4d–f and S10, S11 (online). Due to the high redox
peak appearing in some electrocatalysts, many researchers also
used the overpotentials at 20, 50 or 100 mA cm�2 to evaluate the
performance [23]. As shown in Fig. 4d, the polarization curve of
NiWC-2/CNFs exhibits superior electrocatalytic performance with
lowest overpotentials of 0 mV at 30 mA cm�2. These values are
much smaller than NiWC-1/CNFs (310 mV), NiWC-3/CNFs
(380 mV) and commercial IrO2 (310 mV). At high current density
of 50 and 100 mA cm�2, the NiWC-2/CNFs also exhibits the lowest



Fig. 3. (Color online) FE-SEM image (a), TEM image (b), XRD pattern (c) and STEM-EDX mapping images (d) of NiWC-1/CNFs. FE-SEM image (e), TEM image (f), XRD pattern
(g) and STEM-EDX mapping images (h) of NiWC-3/CNFs.
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overpotentials of 350 and 410 mV, which are much smaller than
NiWC-1/CNFs (390 and 450 mV) and NiWC-3/CNFs (410 and
480 mV), and is very closer to that of commercial IrO2 (340 and
400 mV). In addition, the NiWC-2/CNFs electrode indicates small
Tafel slope of 52 mV dec–1, which is smaller than the commercial
IrO2 (74 mV dec–1) (Fig. 4e). Similar to HER activity as expected,
the NiWC-2/CNFs electrode with Ni2W4C-W3C Janus structures
obtains the enhanced OER activity when compared with other cat-
alysts and commercial IrO2/C (Fig. 4f). HER and OER overpotentials
of Ni2W4C-W3C Janus structure have been tested in 0.5 mol L–1

H2SO4 and 0.1 mol L–1 PBS solution. As shown in Fig. S12 (online),
for HER, the Ni2W4C-W3C/CNFs requires overpotentials of 82 and
177 mV to reach 10 mA cm�2 in acidic and neutral media, respec-
tively. For OER, the Ni2W4C-W3C/CNFs requires overpotential of
280 and 490 mV to reach 10 mA cm�2 in acidic and neutral media.
Notably, the Ni2W4C-W3C/CNFs electrode shows great activity in
acidic and netural media.
In order to investigate the ECSA, the double-layer capacitance
(Cdl) is calculated via cyclic voltammetry (CV) tests at various scan
rates ranging from 20 to 100 mV s�1 [24]. As illustrated in Figs. 4g
and S13–S15 (online), the Cdl of NiWC-2/CNFs is 160 mF cm�2,
which is much higher than these of NiWC-3/CNFs (152 mF
cm�2), NiWC-1/CNFs (143 mF cm�2) and W3C (Fig. S16 online,
87.0 mF cm�2). The higher electrochemical active surface area indi-
cates that the Ni2W4C-W3C Janus structures exhibit abundant
active sites [25]. The EIS spectras of as-prepared electrocatalysts
are shown in Fig. 4h. The charge transfer resistance (Rct) reflected
the electrochemical kinetics could be acquired through the semi-
circle in the high frequency range. According to the equivalent cir-
cuit (Fig. S17 online), the semicircle Nyquist plots in Figs. 4h and
S18 (online) illustrate that the charge transfer process is a control
step of electrode process. The NiWC-2/CNFs electrode exhibits
smallest Rct of 35.8 X at the potential of 50 mV (vs. RHE) when
compared with the NiWC-1/CNFs (91.6 X) and NiWC-3/CNFs



Fig. 4. (Color online) Polarization curves (a), Tafel plots (b), and summarized overpotentials and Tafel slopes (c) at 10 mA cm�2 of NiWC-1/CNFs, NiWC-2/CNFs, NiWC-3/CNFs
and commercial Pt/C electrodes for HER in 1.0 mol L�1 KOH solution without IR-correction (scan rate 2 mV s�1). Polarization curves (d), Tafel plots (e), and summarized
overpotentials and Tafel slopes (f) at 10 mA cm�2 of NiWC-1/CNFs, NiWC-2/CNFs, NiWC-3/CNFs and commercial Pt/C electrodes for OER in 1.0 mol L�1 KOH solution without
IR-correction (scan rate 2 mV s�1). The Cdl (g) and EIS Nyquist plots (h) of NiWC-1/CNFs, NiWC-2/CNFs and NiWC-3/CNFs. (i) Chronoamperometric responses (i–t) recorded
from the NiWC-2/CNFs for HER and OER, respectively.
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(251.6 X). Significantly, the electrocatalytic durability is another
crucial factor for the industrial application. As shown in Fig. 4i,
the long-term cycling performance of NiWC-2/CNFs is evaluated
via chronopotentiometry for 12 h. The current density of NiWC-
2/CNFs under continuous OER process keeps stable around
30 mA cm�2 while the NiWC-2/CNFs used as HER electrode also
exhibit slightly degradation in the current density of about
15 mA cm�2. The stability tests demonstrate that the Ni2W4C-
W3C/CNFs electrocatalysts both display superior OER and HER sta-
bility in alkaline solution. XPS spectra is utilized to indicate the
chemical state change of NiWC-2/CNFs after HER and OER
(Fig. S19 online). Fig. S19 (online) shows the W 4f, Ni 2p and O
1s XPS spectra of Ni2W4C-W3C/CNFs after HER and OER stability
test for 12 h. For W 4f region, the BEs of W–O, W–C and metallic
W did not change when compared with the original Ni2W4C-
W3C/CNFs (Fig. 2d). As for Ni 2p region, the peaks at 874.1 and
856.3 eV could be ascribed to the Ni 2p1/2 and 2p3/2, also demon-
strating the negligible changes after HER and OER tests. Fig. S18c
(online) shows the O 1s region of NiWC-2/CNFs. The peaks at
533.3 and 531.7 eV correspond to C=O and C–O bond and no
metal–O bond emerges, indicating the excellent stability of Ni2W4-
C-W3C. Authors also provide the ECSA results after OER test
(Fig. S20 online). The Cdl of Ni2W4C-W3C/CNFs is 159 mF cm�2 after
OER test, which is similar with the original Ni2W4C-W3C/CNFs (160
mF cm�2), demonstrating that there are no additional active sites
formed during the OER test.

The intrinsic HER and OER activity based on the ECSA were also
investigated. The ECSA of the NiW-1/CNFs, NiW-2/CNFs and NiW-
3/CNFs are 2383, 2667 and 2533 cm2, respectively. As shown in
Fig. S21 (online), the NiW-2/CNFs exhibits the lowest overpoten-
tials of 164 mV at 0.01 mA cm�2 for HER and 470 mV at
0.05 mA cm�2 for OER than those of the NiW-1/CNFs (193 mV
for HER and 520 mV for OER) and NiW-3/CNFs (236 mV for HER
and 590 mV for OER), suggesting the excellent intrinsic HER and
OER activity. The geometric and intrinsic activity of samples for
HER and OER exhibit the same trends.

Encouraged by the excellent HER and OER performance in the
same alkaline media, the NiWC-2/CNFs served as self-supported
electrode for overall water splitting is investigated (Fig. 5a).
Fig. 5b shows the polarization curve of NiWC-2/CNFs||NiWC-2/
CNFs cell in 1.0 mol L–1 KOH solution. The measured overpotentials
are only 270 mV for HER and 450 mV for OER at the current density
of 100 mA cm�2, which is much lower than these reported electro-
catalysts. The overall water splitting results demonstrate that the
NiWC-2/CNFs electrodes possess superior electrochemical activi-
ties towards HER and OER in 1.0 mol L–1 KOH. Fig. 5c describes



Fig. 5. (Color online) (a) The schematic shows the home-built electrolyser using Ni2W4C-W3C/CNFs as both anode and cathode. (b) Polarization curves for overall water
splitting with the NiWC-2/CNFs electrode as both anode and cathode at a scan rate of 2 mV s�1. (c) LSV curves of water electrolysis for NiWC-1/CNFs, NiWC-2/CNFs, NiWC-3/
CNFs in a two-electrode configuration with a scan rate of 2 mV s�1 without iR correction. (d) LSV curves of the NiWC-2/CNFs after 5000 cycles. (e) Stability test of NiWC-2/
CNFs in the potential of 1.72 V (vs. RHE). (f) Optical photograph showing the generation of H2 and O2 bubbles on the electrodes. (g) Comparison of the overpotentials required
at 10 mA cm�2 among our catalyst and available reported electrocatalysts [26–48].
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the polarization curves of NiWC-1/CNFs, NiWC-2/CNFs and NiWC-
3/CNFs for overall water splitting in 1.0 mol L–1 KOH at the scan
rate of 2 mV s�1. The NiWC-2/CNFs displays the best electrocat-
alytic for overall water splitting by obtaining a cell voltage of
1.55 V (10 mA cm�2), which is much lower than those of NiWC-
1/CNFs (1.72 V) and NiWC-3/CNFs (1.71 V) under the same condi-
tion. As shown in Fig. S22 (online), with a cell voltage of 2.0 V, the
NiWC-2/CNFs obtains the current density of 200 mA cm�2 in 1 mol
L–1 KOH, and it is 4.3 and 4.2 times higher than those of NiWC-1/
CNFs (48 mA cm�2) and NiWC-3/CNFs (46 mA cm�2), respectively.
To examine the durability of this cell device, the CV measurement
and chronopotentiometry for overall water splitting are investi-
gated. As shown in Fig. 5d and e, the polarization curve of NiWC-
2/CNFs before and after 5000 cycles only indicate slightly changes
in the current density, suggesting the excellent durability of NiWC-
2/CNFs for overall water splitting. Moreover, the obvious hydrogen
and oxygen bubbles could be seen in specific photograph (Fig. 5f)
of NiWC-2/CNFs during the continuous overall water splitting test.
Compared with the recently reported new electrocatalysts for
overall water splitting, the Ni2W4C-W3C/CNFs obtains a relatively
small overpotential at 10 mA cm�2 comparing to reported electro-
catalysts. (Fig. 5g) [26–48].
DFT calculation is applied to understand the intrinsic influence
of Ni2W4C-W3C Janus structures on the HER activity. Firstly, sur-
face possibilities of W3C and Ni2W4C are examined. There are three
configurations of surfaces for W3C, W3C (Fig. S23 online), W3

(Fig. S24 online), and W3C3 (Fig. S25 online). Based on the struc-
tural symmetric, we chose the [2 2 2] plane as the basic model.
There are three for [2 2 2] plane, and the optimized structures
and the corresponding free energies are shown in Fig. S26 and
Table S1 (online), respectively.

The configuration of W3C@W3 (layer 2) with three W atoms
outside of the layer is the most energetically stable. For Ni2W4C,
there are also three kinds of surfaces, Ni3W3C (Fig. 6a), Ni3W3

(Fig. 6b), and W3C3 (Fig. 6c). However, the layer 3 (Ni2W4C@W3C3)
with three tungsten and three carbon atoms outside the layer is the
most possible one (Fig. S27 online), which means the Ni2W4C@Ni3-
W3 surface cannot be formed spontaneously. Thus, the formation
of W3C@W3 makes it possible that doping Ni atoms grow along
the surface of W3C@W3 to form Ni2W4C@Ni3W3 with Ni–W metal-
lic bonding all over it. Thus, the effective area of the active surface
has doubled. The density of states for the Ni2W4C@Ni3W3 surfaces
are also calculated, as shown in Figs. 6d and S28 (online). The main
electron density near the Fermi level comes from the W, which



Fig. 6. (a–c) Three configurations of surfaces for Ni2W4C. (d) The density of state (DOS) plot of W atoms in W3C and Ni2W4C-W3C. (e) HER free-energy diagram for [2 2 2]
plane of W3C and Ni2W4C and [1 1 1] plane of Pt. (f) Electron density differences between H and Ni-W alloys. (g) Raman spectra of pure Ni2W4C-W3C (blank) and Ni2W4C-W3C
put in the in situ electrochemical-Raman cell in 1.0 mol L�1 KOH solution (red). In situ electrochemical-Raman spectra during OER (h) and HER (i) process.
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means the W is still the active point after Ni inserting. This is in
good agreement with the XPS examination.

The HER activity is based on the H trapping and H2 desorption,
which requires a Gibbs free energy (DGH* based on Pt [1 1 1]) to be
zero. Next, we examined the H binding energy on the surfaces of
W3C@W3, Ni2W4C@W3C3 and Pt [1 1 1]. The adsorption energy is
derived according to Eq. (1).

DEH ¼ 1
n

E surf þ nHð Þ � E surfð Þ � nE Hð Þð Þ; ð2Þ

where n is the number of adsorbed hydrogen atoms, E(surf) is the
total energy of the surface without H adsorption, and E(surf + nH)
is the total energy of the surface with n adsorbed atoms, and the
results are shown in Fig. 6e. H binding energy of W3C@W3 surface
is nearly�0.92 eV, which is 0.42 eV larger than that of Pt [1 1 1] sur-
face. The H binding energy of Ni2W4C@Ni3W3 is only 0.15 eV higher
than Pt [1 1 1], indicating a high reactivity for HER performance. In
the Janus structures, the Ni2W4C provides active sites for cleaving
H–OH bonds, and the W3C facilitates the combination of Hads inter-
mediates into H2 molecules. The formation of Ni2W4C is a secondary
growth of Ni on W3C, where Ni3 alloys are formed between W3 sub-
stitute. A d band center calculation was performed, where d band
centers of W of W3C and Ni2W4C are both �2.98 eV, indicating that
there is few electron transfers between Ni and W. A separate charge
density difference (Dq(r)) method is used to identify the charge
transfer between H and Ni-W alloys, as shown in Fig. 6f, where yel-
low density means positively charged and blue density means neg-
atively charged. The charge transfer between the Ni–W makes Ni
with low charge density, leading to a low binding energy of H ions.

The real active sites and structural changes of the Ni2W4C-W3C
during HER and OER process are monitored by using in situ
electrochemical-Raman spectroscopy. The electrochemical-Raman
spectras are conducted in 1.0 mol L–1 KOH with the sample acting
as working electrode, Ag/AgCl acting as reference electrode and Pt
wire acting as count electrode. As shown in the Fig. 6g, the Raman
peaks located at 148, 215, 703, 806, 886, 966 cm�1 could be attrib-
uted to Ni2W4C-W3C while the peaks at 1340 and 1572 cm�1 are
ascribed to the D band and G band of CNFs (black line). However,
when the sample is put in the electrolyte solution (red line), many
new peaks aroused at 337, 409, 495, 608, 733, 843, 909, 1058 cm�1,
respectively. These peaks changes suggested the formation of new
chemical bonds among the Ni2W4C-W3C, hydroxyl, protons and
water molecules in 1.0 mol L–1 KOH solution, indicating the strong
absorption ability for ions and molecules. For the OER process
(Fig. 6h), when applying bias potential of 0.5 V, the emerged peaks
at 337 and 909 cm�1 correspond to the mW-OH and mW-OOH bands of
Ni2W4C-W3C [49,50]. With the increased potentials in the range of
0.5–1.1 V (vs. SHE), the intensities of these bands of Ni2W4C-W3C
enhanced gradually, probably due to the fact that OH– in alkaline
media are driven to adsorb on the W atoms and the formation of
the OOH* intermediates. For the HER process (Fig. 6i), with the
increased potentials in the range of �1.2–�1.5 V vs. SHE, there is
no mW-OOH bands at 337 cm�1 can be observed. At high potential
of �1.5 V, there is a very slight peak for mW-OH at 909 cm�1

emerged, suggesting the adsorbed water molecules dissociate into
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Hads species and OH� ions during cathodic polarization. Designing
the Ni2W4C-W3C Janus structures through the in situ interfacial
engineering could generate the Ni–W metallic bond all over the
surface of Ni2W4C, leading to the doubled effective area of the
active surface. The strong interaction between Ni and W increases
the local electronic state of W atoms, decreasing the hydrogen
adsorption energy for protons on W atoms and increasing the
intrinsic activity of catalysts.
4. Conclusions

In summary, the unique Ni2W4C-W3C Janus structures with
abundant interfaces and superficial Ni–W metallic bonds have
been demonstrated through the in situ interfacial engineering by
combining the electrospinning technology and graphitization pro-
cess. The in situ temperature XRD results strongly reveal the in situ
formation process of Ni2W4C by inserting the Ni atoms into the
crystal lattice of WCx. The Ni2W4C-W3C/CNFs showed outstanding
electrocatalytic performance, requiring overpotentials of 63 mV to
reach 10 mA cm�2 for HER and 270 mV to reach 30 mA cm�2 for
OER in alkaline, respectively. The Ni2W4C-W3C/CNFs steadily
drives alkaline electrolyzer at cell voltage of 1.55 V (10 mA cm�2)
and 1.87 V (100 mA cm�2), which is much lower than the values for
Pt/C-IrO2/C couple and the reported catalysts in literatures. DFT
results indicate that the generated Ni–W metallic bond all over
the surface of Ni2W4C leads to the doubled increased effective area
of the active surface. The strong interaction between Ni and W
increases the local electronic state of W atoms, decreasing the
hydrogen adsorption energy for protons on W atoms and
increasing the intrinsic activity of catalysts. The in situ
electrochemical-Raman results demonstrate the strong absorption
ability for hydroxyl, protons and water molecules and the in situ
Raman spectra for HER and OER process further demonstrate that
W atoms are the real active sites.
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