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site nanofibers as an efficient
electrocatalyst for photoelectrochemical hydrogen
evolution

Yueyue Cao, Lanfang Wang, Moyan Chen and Xiaohong Xu*

A tungsten-based electrocatalyst for hydrogen evolution reaction is vital for developing sustainable and

clean energy sources. Herein, W2N/WC composite nanofibers were synthesized through electrospinning

technology and simultaneous carbonization and N-doping at high temperature. The composite

nanofiber has higher catalytic activity than any simple compound. It exhibits remarkable hydrogen

evolution performance in acidic media with a low overpotential of �495 mV, at a current density of �50

mA cm�2. The excellent hydrogen evolution performance of the composite nanofiber could be

attributed to the abundant active sites, strong light absorption and fast charge transfer. The method used

in this work provides a new possibility for the fabrication of high-performance electrocatalysts rationally.
1. Introduction

With the increasing intensity of global warming and the energy
crisis, looking for renewable and clean energy has triggered
broad attention.1 Among the potential clean energy sources,
hydrogen energy is one of the most sustainable and clean ones.2

However, most current hydrogen energy production mainly
relies on the steam reforming reaction of fossil fuels, which not
only consumes fossil fuel energy, but also inevitably produces
CO2 and even sulfur oxide gas emissions.3 Fortunately, elec-
trocatalytic hydrogen evolution is considered to be a clean and
efficient method of producing high-purity hydrogen.4,5 Thus,
choosing a suitable electrocatalyst to drive the hydrogen
evolution reaction (HER) has become the top priority of
research. Up to now, the Pt-based metal catalyst has been the
most effective HER electrocatalyst.6,7 Unfortunately, due to the
relatively low reserves and relatively high cost, Pt-based metal
catalysts cannot be widely used. Therefore, non-precious metal
catalysts, such as transition-metal suldes, nitrides, carbides,
oxides, and phosphides and their complexes, have been widely
studied to replace noble metal catalysts.8–13

Among the earth-abundant and inexpensive catalysts, tungsten-
based catalysts, such as carbides and nitrides, have gained
considerable interest for HER because of their unique properties,
such as Pt-like electronic structure, good electrical conductivity
and chemical inertness in acidic and basic solutions.14–16 Espe-
cially, due to the narrow band gap of 2.2 eV, W2N was usually used
as a potential photocatalyst for photoelectrochemical hydrogen
production.17 Moreover, it has been theoretically and
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experimentally displayed that tungsten nitride/tungsten carbide
(W2N/WC) heterostructure catalyst exhibits outstanding syner-
gistic enhancement in HER activity, which is much better than
their individual material.18–20 On account of this, a great deal of
fabricationmethods has been used to prepare the heterostructure,
including solvothermal, solid-state synthesis and colloidal chem-
istry.21–23 Unfortunately, as a notably general technique to prepare
nanobers with more active sites, electrospinning is rarely used to
prepare W2N/WC heterostructure nanobers.

In this work, W2N/WC heterostructure nanobers have been
successfully synthesized by using electrospinning technology and
simultaneously carbonization and N-doping at high temperature.
This synthesized W2N/WC heterostructure nanober is displayed
remarkable photoelectrochemical hydrogen production perfor-
mance. The nanober architecture exposes more active sites for
electrochemical HER. The light harvesting as well as the interface
betweenW2NandWC facilitates charge transport and thus promotes
HER kinetics. We believe that it is a versatile way to develop heter-
ostructure materials with better conductivity and HER activity.
2. Experimentals
Materials

The polyvinylpyrrolidone (PVP), tungsten hexachloride (WCl6),
melamine and Dubang D520 Naon with a content of 5% are
from Aladdin. N,N-Dimethylformamide (DMF) and isopropanol
were purchased from Tianjin Komiou Chemical Reagent Co.,
Ltd. Ethanol absolute was purchased from Tianjin Guangfu
Technology Development Co., Ltd. Sulfuric acid was purchased
from Luoyang Chemical Reagent Factory. Commercial Pt/C
catalyst was from Macklin, the content was 20%. The carbon
paper is provided by Toray, the model is TGP-H-060 hydrophilic
carbon paper.
RSC Adv., 2021, 11, 20285–20291 | 20285
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Synthesis of WO3 nanobers

First, a mixed solution of absolute ethanol and DMF with
a volume ratio of 1 : 4 is used as a solvent. Subsequently, 4 g of
PVP was added to 50 ml of the mixed solution and stirred at
room temperature until completely dissolved. Aerward, 4 g
WCl6 was slowly added to the stirring 20 ml PVP solution and
stirred at room temperature for 12 h to obtain a royal blue
spinning solution. The spinning solution is transferred to
a 10 ml syringe. The distance between the needle and the
collector is 11 cm. Electrospinning is carried out at a ow rate of
0.4 ml h�1 under a high voltage electric eld of 11 kV. During
the spinning process, the equipment has vents that can be
exchanged with outside air. The sample obtained on the
collector is retains royal blue. Aer the sample is dried in
a vacuum drying oven at 80 �C for 12 h, the color of the sample
will change to light yellow. Then, the precursor nanobers were
calcined at different temperatures (T ¼ 470 �C, 480 �C, 490 �C,
500 �C, 510 �C) for 0.5 h (rising rate 1 �C min�1) in air atmo-
sphere. Finally, WO3 nanobers was obtained.

Synthesis of W2N/WC nanoarray

WO3 nanobers and melamine are heated to different temper-
atures (600 �C, 700 �C, 750 �C, 800 �C, 900 �C, 1000 �C) at
a heating rate of 5 �C min�1, maintained in Ar/H2 atmosphere
(VH2/VAr ¼ 1 : 19, 40 ml min�1) for 3 h, and nally cooled to
room temperature.

Characterization methods

The samples were characterized and analyzed by X-ray diffrac-
tion (XRD, Ultima IV-185, Rigaku) with ltered Cu ka radiation
and X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientic K-AlPHA5, US) with Al ka radiation. The morphology
and structure of the samples were characterized using scanning
electron microscopy (SEM, JEOL JSM-7500F, Japan) and trans-
mission electron microscopy (TEM). The light absorption of the
sample was measured using an ultraviolet-visible spectropho-
tometer (UV-vis, TU-1901).

Electrochemical measurements

The electrochemical test was carried out in 0.5 M H2SO4 solu-
tion using a standard three-electrode system. We used Ag/AgCl
electrodes as reference electrodes, platinum wire electrodes as
counter electrodes, and platinum sheet electrodes sandwiched
with sample-loaded carbon ber paper as working electrodes.
Fig. 1 Schematic diagram of preparation of W2N/WC composite nanofi

20286 | RSC Adv., 2021, 11, 20285–20291
Typically, the sample electrode is ultrasonically processed at
room temperature with a mixture of 4 mg of sample, 2.5 ml of
Naon dispersion, and 0.25 ml of isopropanol to obtain
a uniformly dispersed catalyst ink. Then, 20 ml of catalyst ink
was dropped evenly on the 1 � 1 cm carbon ber paper. Finally,
the carbon ber paper was placed in a vacuum drying oven at
60 �C for 2 h. The hydrogen evolution performance of CFP and
commercial Pt/C catalyst was tested as a reference. The Pt/C
electrode was made by the same procedure as the sample
electrode. The loading capacity of our prepared catalyst and
commercial Pt/C catalyst are both 0.32 mg cm�2. The photo-
current response were carried out under 300 W Xenon lamp.
3. Results and discussion

W2N/WC composite nanobers were prepared by electro-
spinning technology and simultaneously carbonization and N-
doping (see the “Experimentals” for details). As shown in
Fig. 1, WO3 nanobers were fabricated by electrospinning and
post-annealing treatment, and then an in situ reaction with
melamine was employed under high temperature for the
controllable N-doping.

Fig. 2a–f shows SEM images of the as-spun precursor nano-
bers and WO3 nanobers annealed at different temperature
(470–510 �C). It can be clearly observed that the precursor
nanobers have good continuity with a diameter of about
500 nm, and the surface of nanober is smooth. Aer annealed
at high temperature, the surface of nanober begins to show
some bumps and unevenness. With the increase of annealing
temperature, there are more and more non-smooth scaly
protrusions on the surface of the sample, which is consistent
with the results of existing reports.24,25 Fig. 2g shows the XRD
patterns of the as-spun precursor nanobers and WO3 nano-
bers treated with different annealing temperatures (470–510
�C). Aer high temperature treatment, the sample begins to
show the characteristic peaks of WO3. The diffraction peak
appearing at 20–25� corresponds to the composite peaks of WO3

(001), (020) and (200), the peak at 30–35� corresponds to the
composite peak of WO3 (021), (201) and (220). The appearance
of recombination peak may be due to the poor crystallinity of
WO3 annealed at lower temperature. As the annealing temper-
ature increases, the peaks at 20–25� and 30–35� begin to appear
split peaks, and some new, weaker characteristic peaks appear.
The peak at 28.7� corresponds to WO3 (111), the peak at 41.5�

corresponds to WO3 (221). The positions of various peaks
bers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the as-spun precursor nanofibers (a) and WO3 nanofibers annealed at 470 �C (b), 480 �C (c), 490 �C (d), 500 �C (e) and
510 �C (f). The corresponding XRD images (g).
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correspond to the standard XRD pattern of WO3 (PDF#20-
1324).26 It can be seen that with the annealing temperature
increases, the diffraction peaks become more and more
obvious, which means the increased crystallinity of sample. In
the subsequent high-temperature conversion treatment, the
sample should not only have the typical diffraction peak of
WO3, that is, good crystallinity, but also have good ber conti-
nuity and cannot be broken. So we choose the nanober
annealed at 490 �C undergoes subsequent high temperature
carbonization and N-doping.

Aer carbonization and N-doping, the SEM images of
nanobers prepared at different conversion temperatures (600–
1000 �C) are shown in Fig. 3a–f. It can be observed that the
nanobers still maintain a linear morphology without adhesion
Fig. 3 SEM images of the nanofibers after carbonization and N-doping at
The corresponding XRD images (g).

© 2021 The Author(s). Published by the Royal Society of Chemistry
during the high-temperature conversion process. As the
annealing temperature increases, the diameter of nanobers
tends to decrease. This may be because the crystallinity of
nanobers becomes better at high temperatures and nanobers
become denser.17,27 Fig. 3g shows the XRD patterns of nano-
bers treated with different conversion temperatures. When the
conversion temperature is 600 �C, the characteristic peak of
W2N rst appears. The characteristic peak at 37.7� can be well in
line with the (111) plane of W2N. The characteristic peak at
43.8� can be attributed to (200) of W2N, which corresponds to
W2N (PDF#25-1257).20 There is no WC characteristic peak at all,
indicating that all nanobers are nitrided to W2N. When the
conversion temperature reaches 750 �C, the characteristic peak
of WC begins to appear. The peak at 48.3� can match with WC
600 �C (a), 700 �C (b), 750 �C (c), 800 �C (d), 900 �C (e) and 1000 �C (f).

RSC Adv., 2021, 11, 20285–20291 | 20287
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Fig. 4 (a) LSV curve and (b) EIS diagram of CFP, WO3, carbonization and N-doping W2N/WC composite nanofibers at different temperatures
(600–1000 �C).
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(101), corresponding to WC (PDF#51-0939).18 This indicates that
the W2N/WC heterostructure nanober was constructed. As the
temperature increases, the content of WC gradually increases, and
the content of W2N gradually decreases. When the conversion
temperature reaches 1000 �C, the characteristic peaks of WC
appear, corresponding to WC (001), WC (100), WC (101). There are
almost no characteristic peaks of W2N, which means that the
nanobers annealed at 1000 �C are mainly WC. Therefore, by
controlling the annealing temperature, we can adjust the degree of
carbonization of WO3 nanobers, and adjust the content of WC in
Fig. 5 The CV curve of CFP (a), WO3 (b), carbonization and N-doping W2

s�1) treated at 600 �C (c), 700 �C (d), 750 �C (e), 800 �C (f), 900 �C (g), 100
CV curves in (a–h).

20288 | RSC Adv., 2021, 11, 20285–20291
the W2N/WC composite nanobers to transform pure W2N into
W2N/WC composites, eventually transformed into WC.

To investigate the effect of conversion temperatures on the
catalytic performance, the catalytic properties of nanobers
toward HER were measured in 0.5 M H2SO4 solution. Fig. 4a
displays the LSV curve of CFP, WO3, as well as carbonization
and N-doping W2N/WC composite nanobers. They are tested
under dark conditions. The tested voltage range is 0 V to �0.9 V
(V vs. Ag/AgCl). The speed is 10 mV s�1. It can be seen that as the
conversion temperature increases, the onset overpotential
N/WC composite nanofibers with different scanning speeds (5–30 mV
0 �C (h). (i) The average charge current as a function of scan rate from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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decreases and then increases. The W2N/WC composite nanobers
treated at 750 �C have the smallest onset potential, the required
overpotential is approximately �516 mV at �50 mA cm�2. This
indicates that theW2N/WC composite nanobers treated at 750 �C
have the largest hydrogen evolution catalytic activity. Fig. 4b is the
EIS diagram of each sample tested at�0.8 V. It can be seen that the
W2N/WC composite nanobers treated at 750 �C have the smallest
arc radius, which means smaller resistance and fast interface
charge transfer.1,28 Therefore, the W2N/WC composite nanobers
treated at 750 �C have a relatively small overpotential, which can
correspond well to Fig. 4a.

In order to clearly elucidate the increasing catalytic activity of
W2N/WC composite nanobers treated at 750 �C, we tested the
electrochemically active specic surface area (ECSA) of each sample.
The CV curve with different scan rates (5, 10, 15, 20, 25, 30 mV s�1)
was used to characterize the electrochemical capacitance behavior of
the sample with the same apparent area in the faradaic zone.
Fig. 5a–h shows the CV curves of different samples in 0.5 M H2SO4

solution. According to the following formula, the double-layer
capacitance Cdl (mF) of different samples can be obtained:29

Cdl ¼ I/n

In the formula, I (mA) is the average charging current of the CV
loop, I ¼ (jjaj + jjcj)/2, and n (mV s�1) is the corresponding scan
rate. Take the scan rate as the abscissa and the average charge
current corresponding to the scan rate as the ordinate to draw the
graph, as shown in Fig. 5i, thus the slope is the Cdl value. In
general, the ECSA is proportional to Cdl, higher Cdl corresponds to
larger ECSA.30 Therefore, we can conclude that the W2N/WC
Fig. 6 (a and b) TEM image, (c) SAED image and (d–g) element mappin

© 2021 The Author(s). Published by the Royal Society of Chemistry
treated at 750 �C have the largest Cdl value (2.200 mF cm�2), cor-
responding to the largest ECSA. This composite nanobers archi-
tecture exposes more active sites for electrochemical HER. This is
also consistent with the best hydrogen evolution performance and
the smallest resistance value in Fig. 4.

In order to further analyze the morphology and composition
of W2N/WC composite nanobers treated at 750 �C, we con-
ducted transmission electron microscopy (TEM) and selected
area electron diffraction. Fig. 6a is the TEM image of W2N/WC
nanober. It can be seen that the nanobers have uniform
diameters and rough surfaces, showing good nanobers
morphology. Fig. 6b is a high-resolution transmission electron
microscope image. It can be seen that the lattice spacing of
0.23 nm correspond to the (111) plane of W2N, and the lattice
spacing of 0.18 nm corresponds to the (101) plane of WC. The
diffraction rings in the selected area electron diffraction pattern
are shown in Fig. 6c, which can corresponds to the (111), (200),
(222) crystal planes of W2N and the (101), (110) crystal planes of
WC, respectively.20 Fig. 6d–g is the element mapping diagram
of W, C, and N. Obviously, the elements of W, C, and N are evenly
distributed on the nanobers. These results conrm that the
nanobers treated at 750 �C are W2N/WC composite nanobers.

In order to identify the surface elements and valence state
information of the W2N/WC composite nanobers treated at
750 �C, X-ray photoelectron spectroscopy (XPS) are shown in
Fig. 7. Fig. 7a is the XPS total spectrum. We can observe the
presence of W, C, N, and O elements. Fig. 7b is a high-reso-
lution W 4f spectrum. The two peaks at the lower binding
energy of 32.2 and 34.4 eV are typical characteristic peaks of W–

C.31,32 The peaks at 35.6 and 37.9 eV are attributed to the W–N
bond.33 Fig. 7c is the spectrum of C 1s. The peak at 284.5 eV can
g image of W2N/WC nanofiber.

RSC Adv., 2021, 11, 20285–20291 | 20289
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Fig. 7 (a) W2N/WC nanofiber XPS total spectrum; (b) W 4f; (c) C 1s; (d) N 1s high-resolution XPS image.
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be attributed to the existence of the W–C bond. The N 1s
spectrum in Fig. 7d also proves the existence of the N–W bond.
The tting peaks at 398.8 and 401.6 eV can be attributed to the
characteristics of the N–C bond, while the peak at 397.6 eV is
attributed to the N–W bond.34 This further conrms the
formation of W2N/WC composite nanobers.

The photoelectrocatalytic HER performance of WO3, W2N
(treated at 600 �C), W2N/WC (treated at 750 �C) and WC (treated
Fig. 8 (a) LSV curve of CFP, WO3, W2N, W2N/WC, WC and commercia
conditions. (b) The photocurrent response curve under �0.6 V. (c) Ultra

20290 | RSC Adv., 2021, 11, 20285–20291
at 1000 �C) was also investigated. Fig. 8a is the LSV curve of
different samples under simulated sunlight. Compared with
W2N and WC catalyst, the onset overpotential of W2N/WC
composite catalyst is smaller. When a current density of �50
mA cm�2 is obtained, the W2N/WC composite catalyst only
needs an overpotential of �495 mV, which is much lower than
that for W2N catalyst (�549 mV), WC catalyst (�619 mV) and
WO3 catalyst (�641 mV). This means that W2N/WC composite
lly available Pt/C catalysts tested in 0.5 M H2SO4 solution under light
violet-visible absorption spectrum. (d) EIS spectrum under �0.8 V.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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catalyst has the highest hydrogen evolution performance.
Noteworthily, these values are lower than that for the corre-
sponding catalysts under dark condition (as shown in Fig. 4a).
Fig. 8b shows the photocurrent response (I–t) results of various
catalysts. Compared with WO3, W2N and WC catalysts, W2N/WC
composite catalysts have greater photocurrent response. The cor-
responding ultraviolet-visible absorption spectrum is shown in
Fig. 8c.W2N/WC composite catalyst has a stronger light absorption
than W2N and WC, and has a wider absorption spectrum than
WO3, which means the maximize use of sunlight. Fig. 8d is an EIS
image under simulated sunlight. W2N/WC catalyst also shows the
smallest interface resistance, which means that the interface
charge transfer rate is faster. Nevertheless, the larger ECSA,
stronger light absorption and faster charge transfer in the W2N/
WC composite nanober are largely responsible for such excel-
lent hydrogen evolution performance.

4. Conclusion

In summary, we have successfully constructed a WO3 nanober
as precursor and performed subsequent carbonization and N-
doping for the formation of the W2N/WC composite nano-
bers. The optimized W2N/WC composite nanobers with
abundant active sites exhibits outstanding photoelectrocatalytic
activity for HER in acid media, including low onset over-
potential and large photocurrent response. The fast transfer of
interfacial charge, the larger ECSA and stronger light absorp-
tion, eventually improves the HER performance of W2N/WC
composite nanober. This preparative strategy opens a new
avenue to prepare tungsten-based HER catalyst, and thus
provides a new possibility for the fabrication of high-
performance electrocatalysts rationally.
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