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HIGHLIGHTS GRAPHICAL ABSTRACT

e CogWsC—N@CNFs expose
numerous active sites for HER with
the ultrathin size.

e The synergetic effect in CogWsC
—N@CNFs boosts the catalystic
performance.

e The modification of N-doping op-
timizes the adsorption energy of
CogWsC—N@CNFs surface.

e CogWsC—N@CNFs exhibit
outstanding HER properties both

in acidic and base.

¢ Exceeding carbon provides protec-
tion with CogWsC to achieve du-
rable stability.
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116 mV at n;o and small Tafel slopes of 85 and 101 mV dec™! in acidic and alkali, respec-
tively, as well as outstanding long-term stability, rivalling its potential to be used inten-
sively in water electrolysis technologies.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The environmental pollutions and fossil fuel-starved future
are main pressing issues to 21° century. Hydrogen energy has
been recognized as promising alternative to supersede con-
ventional fossil fuel. Among plentiful methods for large-scale
hydrogen production [1—-4], water electrolysis with zero
emission and genuine purity of H, has captured intense
attention [5]. In order to improve the efficiency of water
splitting, great effort has been devoted, for instance, exploring
reaction kinetic [6,7], optimizing electrolyze [8] and most
attractively, designing and synthesizing excellent nano-
structured electrocatalysts. To date, the main HER electro-
catalysts are aimed to acidic condition, due to faster reaction
kinetics than that in base [9], nonetheless, it is become
increasingly arduous to ignore pH-universal HER catalysts to
meet the demands. Owing to the all-pH efficiency and durable
HER catalytic performance [10], Pt-based materials have
remained the commercial benchmark catalysts by far, yet the
dearth and valuableness of Pt impede their wide application.
Thence, great endeavors have been focused on precious-
metal-free electrocatalysts for HER in all-pH values, like
metal alloys [11,12], oxides [13], nitrides [14], nanocarbon-
based materials [15—-17] and transition metal compounds
(TMCs [18,19], TMDs [20—23] and TMPs [17,21,24,25]) to achieve
small overpotentials and fast reaction kinetic.

As an ideal catalyst, it demands both the intrinsic catalytic
activities and high efficiency of charge transfer. By known the
superior conductivity of graphene [26], carbon-based materials
have been widely applied as reactors for electrocatalysts
[27—29]. In addition to that, ascribing to the different electro-
negativity between C and N [30—32], N-doping carbon materials
have been intensively explored [17,25,33] in electrochemistry
field. The excellent conductivity, high specific surface area, as
well as the tunable surface properties of carbon nanofibers, and
the modification behavior of N atoms which can be used to
tune the electrical properties of CNFs and create highly local-
ized states near the Fermi level, contributing to favorable
adsorption [34,35] makes N-doping carbon materials efficiently
promoting the charge transfer process during HER [36,37].
Moreover, carbon layers can protect metal catalysts simulta-
neously from corrosion and enhance the stability in both acidic
and alkaline environment [38].

Otherwise, transition metals (TMs) possess excellent elec-
trochemical performance due to their exceptional natural 3d
orbit electron configuration, which can provide abundant
active sites to adsorb H* [39]. Among TMs, Cobalt-based ma-
terials with their stunning catalytic activities [40,41] are one of
the most widely used groups for HER. Moreover, tungsten was

confirmed its Pt-like catalytic behaviors half a century ago
[42], making it emerged as preferred catalysts for HER. Yet,
monoatomic catalysts are liable to be corroded by solution
which gives rise to reduce their instinct catalytically proper-
ties [9]. Over the years, bimetal carbides have increasingly
been recognized by prominent electrocatalytical activities, not
only because they could accelerate the graphitization of the
carbon species to enhance the resistance to electrochemical
oxidation [36], but also for their unique synergetic effects be-
tween two metals that reaps huge fruits to the charge transfer
process [43]. Researchers therefore, paid a great deal of effort
to investigate transtion metal carbides (TMCs), such as
Ni—Fe@C [44], Co—Cu@C [36], Ni-Mo/C [45], Ni-W@C [46]
(Table S1), but the exploration of Co—W—C is limited. Tradi-
tionally, TMCs are synthesized via liquid metal solvent based
co-segregation strategy [42], NaBH, reduction [47], impregna-
tion method [19] and in-site solid state reaction [48]. However,
these approaches fail to precise control of catalyst particle
sizes, and powder outcomes need to be further processed
during electrochemical test stage, as well as the weak binding
between catalyst and substrate obstacle their universal
application.

In this work, we proposed an environmentally-friendly
electrospun method to achieve TMCs nanoparticles
anchored closely in N-doping carbon nanofibers with PAN as
the precursor of N and C with no more excrescent carbon
additions, taking advantage of the nano-confinement effect of
electrospinning [49]. Simply, by accurate control of the pre-
cursor and calcination temperature, we prepared series of
electrocatalysts with bimetals (Co and W) embedded N-doping
carbon-nanofibers (CNFs). Another highlight of this strategy is
the products are self-supported which eliminates extra
interference during the electrode treatment. The entire
strategy for the construction of CogW¢C—N@CNFs is sche-
matically illustrated in Fig. 1 The nanofiber membranes
collected by electrospun were firstly dried at 60 °C in an oven
for 12 h. After sequent peroxidation process, catalysts were
heated in Ar atmosphere at 900 °C to obtain the CogWs.
C—N@CNFs, which possesses superior HER catalytic activities
and stability in both acidic and base solution with very low
overpotentials of 85 and 116 mV at n;0 and small Tafel slopes
of 86 and 101 mV dec™?, respectively.

Experimental methods
Chemicals and materials

Ammonium metatungstate hydrate ((NH4)eHyW12040-xH,0)
was purchased from Sigma-Aldrich. Cobaltous nitrate
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Fig. 1 — The schematic illustration of the CosW¢C—N@CNFs synthesis process.

(Co(NOs),-6H,0) was supplied by Shanghai Macklin
Biochemical Co., Ltd. China. Dimethylformamide (DMF, 99.5%)
were procured from Shanghai Civi Chemical Technology Co.,
Ltd. Sulfuric acid (H,SO4) and potassium hydroxide (KOH)
were supplied by Aladdin Co., Ltd. Polyacrylonitrile (PAN,
M, = 1.4 x 10°, copolymerized with 10 wt % methyl acrylate)
was purchased by Sinopec Shanghai Petrochemical Co., Ltd.
Ultrapure water (Milli-Q) was used throughout the experi-
ments. All the chemicals mentioned are analytical grade and
employed as received without any purification.

Synthesis of stacked CoWC nanocrystals anchored on
carbon nanofibers

All the samples were prepared according to typical synthesis
process [50]. A total metal salt of 1.2 g with different mass ratio
of Co/W (1/2, 1/1, 2/1) were firstly added into 12.5 g DMF dis-
solved with 1.5 g PAN, followed by stirring for 12 h until the
solution turn to be homogeneous, after which the clear solu-
tion was transferred into a plastic inject connected to a high
voltage power supply. The applied voltage was 12.5 kV, the
needle-to-collector distance was 12 cm, and the flow rate of
the solution was 0.5 mL h™'. The electrospun nanofiber
membranes were carefully detached from the home-built
collector, and then dried entirely at 60 °C for 12 h. After this
stage, membranes were firstly peroxided in the furnace at
230 °C for 1 h, and then the chemical vapor deposition (CVD)
treatment was carried out in Ar flow at high temperatures,
ranging from 700 °C to 1000 °C, with heating rate of 7 °C min~?
and maintained for 3 h.

Synthesis of CNFs

Firstly, 1.5 g PAN was dissolved in 12.5 g DMF, before stirring
for 12 h until the solution clear and followed by being trans-
ferred into a same plastic inject with concordant condition of
voltage, needle-to-collector distance and flow rate. The sub-
sequent peroxidation and CVD process were also keep the
parallel as the synthesis of COWC—N@CNFs.

Materials characterization

Field emission scanning electron microscopy (FE-SEM) images
were characterized using a JSM-6700F FE-SEM (JEOL, Japan) at

an accelerating voltage of 3 kV. Transmission electron mi-
croscopy (TEM) images were taken using a JSM-2100 trans-
mission electron microscope (JEOL, Japan) at an accelerating
voltage of 200 kV. The high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images and
STEM-EDX mappings (Tecnai G2 F30S-Twin, Philips-FEI) were
observed by a STEM (Tacnai G2 F30 S-Twin, Philips-FEI) at an
acceleration voltage of 300 kV. X-ray diffraction (XRD) patterns
were analyzed using a Bruker AXS D8 DISCOVER X-ray
diffractometer with Cu K, radiation (A = 1.5406 A) at a scan-
ning rate of 5° min~" in the 26 range of 20—80°. X-ray photo-
electron spectra (XPS) of the products were recorded using an
X-ray photoelectron spectrometer (Kratos Axis Ultra DLD)
with an Al (mono) K, source (1486.6 eV). The Al K, source was
operated at 15 kV and 10 mA.

Electrode preparation

Traditionally, to prepare the working electrode, glassy car-
bon electrode (GCE, 3 mm diameter) was polished with 1.0,
0.3 and 0.05 pm alumina slurry, and thoroughly washed
before surface modification. 3 mg commercial Pt/C (Johnson-
Matthey, 20 wt %) was dispersed in 1 mL of 3/1 (volumetric
ratio) water/isopropanol mixed solvent with 20 puL of Nafion
solution (5 wt %) under ultra-sonication for 30 min until a
homogeneous ink formed. The Nafion solution was used as a
proton conducting binder to ensure good adhesion onto the
electrode. Thereafter, 5 pL of catalyst ink was dropped onto a
GC disk electrode using a micropipette, and then drying at
room temperature (loading 212.3 ug cm™2). Moreover, the as-
prepared catalyst film was stored in a desiccator at room
temperature before use.

Electrochemical measurements

The electrochemical measurements were performed on a
CHI660E workstation (Shanghai Chenhua, Shanghai) in a
standard three-electrode system. A modified GCE, a Pt wire
and a saturated calomel electrode (SCE) were served as the
working electrode, counter electrode and reference electrode
in 0.5 M H,S0,4 and 1 M KOH electrolytes, respectively. All the
potentials were referenced to a reversible hydrogen electrode
(RHE) by adding a value of (0.244 + 0.0592 x pH) V. The catalyst
was first subject to cyclic voltammetry (CV) scans between
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0 and 1.20 V vs the RHE at a scan rate of 100 mV s~* until a
stable CV was obtained. Then, linear sweep voltammetry
(LSV) polarization curves were performed at scan rate of
1 mV s™* and all the polarization curves were iR-compensa-
tion. The accelerated stability test was performed by potential
cycling between —0.2 and 0.8 V vs RHE in acidic and between
—2.0 and —1.0 V vs RHE in base at a sweep rate of 100 mV s*
for 1000 cycles. At the end of the cycles, the resulting elec-
trodes were used for polarization curves at a scan rate of
1 mV s, Additionally, the frequencies used to obtain the
Electrochemical impedance spectroscopy (EIS) ranged from
100 kHz to 0.001 Hz, and the stability test of the CogWs.
C—N@CNFs were also used a typical three electrode cell. The
CosWsC—N@CNFs membrane was tailored into a neat square
(1 x 1 cm) and directly utilized as the working electrode, and
the current-time response was monitored by chronoampero-
metric measurements in 0.5 M H,SO4 and 1 M KOH electrolyte
for 22 h and 12 h respectively. The electrochemically active
surface areas (ECSA) were estimated by electrochemical dou-
ble layer capacitance (Cq;). The CVs were measured in a non-
Faradaic region at different scan rates of 20, 40, 60, 80, 100,
120, 140, 160, 180 and 200 mV s~'. By plotting the anodic and
cathodic current densities difference ((anodic - Jjcathodic)/2)
against the scan rate, a linear relationship was fitting and the

slope is equal to Cg;. All measurements were performed at
room temperature.

Results and discussion

The structure and morphology of CosWsC—N@CNFs were
firstly characterized and the SEM images (Fig. 2a and b) reveal
the nanoparticles loaded on the surface of nanofibers with
highly density. TEM result (Fig. 2c and d) further demonstrates
that numerous stacked CocW¢C nanocrystals disperse uni-
formly on CNFs, indicating abundant active sites for HER.
HRTEM image in Fig. 2e presents that the diameter of CogWsC
nanocrystal is ~2—6 nm and well-defined lattice fringes of
0.220 and 0.294 nm, corresponding to the (440) and (511) facets
of CosW,C, respectively. Notably, distorted carbon layers are
obviously observed around CogsWeC particles, triggered by
catalytic graphitization behavior at high calcination temper-
ature, which cannot only shorten the charge transport and
then improve the conductivity but also provide protection
with catalysts [S51]. EDX element mappings (Fig. 2f) also illus-
trate the uniform dispersion of C, N, O, Co and W in CogWs.
C—N@CNFs. These results all manifest the homogeneously
loaded CosWeC—N on carbon nanofibers.

Fig. 2 — (a,b) SEM images of CogW¢C—N@CNFs with a low (a) and high (b) resolution, (c—e) TEM images of CosWsC—N@CNFs:
(c) Low-resolution, (d) HRTEM images of stacked CogW¢C nanocrystals, (€) HRTEM images of CosWeC nanocrystal and (f)
STEM-EDX elemental mapping of G, N, O, Co and W respectively.


https://doi.org/10.1016/j.ijhydene.2019.11.123
https://doi.org/10.1016/j.ijhydene.2019.11.123

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (2020) 190I—I9IO0

1905

~
&
-

—Co:W-1:1
——Co:W-1:2
Co:W-2:1
Co,W,C JCPDS no 27-1125

'S
'

Co,W,C, JCPDS no 06-0616

Intensity (a.u.)

Co,W,C JCPDS no 23-0939

60

30 40 50
2 Theta (degree)

20

~
(]
~

Intensity (a.u.)

775 780 785 790 795 800 805 810
Binding Energy (eV)

Cls |

7~
()
-

Intensity (a.u.)

280 282 284 286 288 290 292 294

Binding Energy (eV)

(b) ¢ Co,W,C JCPDS no 23-0939 Co W C-800
¥ Co,W,C JCPDS no 27-1125 C OGWGC-900
6 6
o —— Co,W,C-1000
Ly
2
«
N’
ey
o
17/}
=
[
=]
=
]
20 3 40 50 60 70 80
2 Theta (degree)
(d)|w af W 4f,,
C06W6C
=
=
<
A d
o
o
17/}
=
3
=
]
30 32 34 36 38 40 42 44
Binding Energy (eV)
) IN1s
pyrrolic N

Intensity (a.u.)

394 396 398 400 402 404 406 408 410
Binding Energy (eV)

Fig. 3 — (a) XRD patterns of Co;W3C—N@CNFs, CogW¢C—N@CNFs and Co;W,;Co—N@CNFs, (b) XRD patterns of CosW¢G-800,
CogWsG-900 and CosW;G-1000, (c—d) XPS spectra of Co;W3C—N@CNFs, CogW¢C—N@CNFs and Co;W,;C;—N@CNFs. Peaking
fitting of (c) Co 2s, (d) W 4f, (e—f) XPS spectra of CosWsC—N@CNFs. Peaking fitting of (e) C 1s and (f) N 1s.

Fig. 3a and b describe the X-ray diffraction (XRD) patterns
of all samples prepared in this work, with unequal ratios of
metal salt (Fig. 3a) and different carbonization temperatures
(Fig. 3b). Fig. 3a reveals that three different compounds formed
depending on series of Co/W ratio. When the ratio came to 2/1,
CogW,C was produced, fitted with the standard card of JCPDS
23-0939; When it came to 1/1, CosW3C was prepared (Fig. S1),
which is confirmed by the standard card of JCPDS 27-1125;
When the mass of W doubled to the Co, CosW,Cy was formed,
as shown in Fig. S2. The influence of carbonization tempera-
ture for crystal formation can be presented in Fig. 3b that
demonstrates the crystal transformation and the crystal size
are closed related to high temperature. The broad peaks
around 26° and 45° were characteristic peaks of carbon from

matrix, the other peaks were fitted well with CosW5C and
CogW,C. Compared to the morphology of CogWsC-800, Figs. S3
and S4 manifest that the crystal size shrank from 30 nm to
5 nm with the temperature rising from 700 °C to 900 °C, which
benefits catalytic property by increasing the number and the
specific surface area of active sites. Notably, when tempera-
ture increased, CogWeC crystals transferred to CosW5C phase
(which is also named as CogWeC, (Fig. S5)) [52], and in this
work, XRD patterns of samples show a slightly positive shift
from 900 °C to 1000 °C.

Further electronic structure analysis in Fig. 3c and d pre-
sent the high-resolution spectra of Co 2p and W 4f of three
samples, respectively. It is worth note that in Fig. 3c, all the
samples showed four obvious peaks of Co 2ps/,, Co 2py/, and
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their shakeup satellites. In comparison to the XPS peak
centered at 781.1 eV corresponding to standard Co 2ps/, [53],
here are negative shifts of CogWsC (AE = 0.6 eV) and CosW4Co
(AE = 0.5 eV) inferring the electron transportation from donor
Co to W and N, which is also confirmed by a 0.3 eV negative
shift of the corresponding peak of Co 2p4/, in CosW5C. And it
can also verify the stronger electronic interaction between Co
and W in CogW,C than that in others. In addition, the peaks at
779 eV (CosWeC and CosW,Co) and 778.7 eV (CosW,C) are
attributed to metallic Co (Co°) [54,55], and peaks at 781.5 eV are
ascribed to Co—N bonding, which is manifested straightfor-
wardly the coupling effect between Co and N elements [56].

Fig. 3d compares the spectra of W 4f from samples, in
which CogWeC and CosW,Cy show the same patterns of two
apparent characteristic peaks of W 4f;, (34.9 eV) and W 4fs,
(37 eV) [57], with a 0.2 eV positive shift of W 4f;/, in CogWeC. A
relatively strong peak at 41 eV in CosW,C is attributed to the
oxidation of N-WC [58], while the remaining peak at 40.3 €V in
Co3W,Cy is assigned to W—C [59], which can also be observed
in CosW3C. However, the chemical environment of W 4f in
Co3zW;C is more complex with four peaks appearing at 31.7 eV,
33.9 eV, 35.6 eV and 37.7 €V corresponded to W 4f;,,, W 4fs,
and their satellite structures, respectively [53]. Additionally,
because of the inevitable oxidation in the surface [57], hereis a
peak at 34.9 eV represents the existence of WOs. Furthermore,
Fig. 3e and f reveal the high-resolution XPS of C 1s and N 1s of
CosW¢C—N@CNFs. Fig. 3e describes the major bonding energy
of C is originating from the graphene-like sp?, sp® carbon and
C—OH [53]. The main peaks in Fig. 3f are ascribed to pyrrolic
and pyridinic N that reported as promoting substances for
HER [60]. Other peaks at 397.7 eV and 403.3 eV are corre-
sponded to N—Co and N—O, respectively [61], further con-
firming the coupling interaction between Co and N, while the
N-O is attributed to the oxidation of matrix, as shown in
Fig. S5.

The HER catalytic performance of CosWsC—N@CNFs was
firstly accessed by LSV in acidic medium (0.5 M H,SO4, pH = 0).
The polarization curves with 95% iR-correction are shown in
Fig. 4a The 20 wt % Pt/C catalyst delivers the best HER catalytic
activity. A tiny overpotential of 85 mV at no, only 50 mV larger
than that for Pt/C, was required for CogWsC—N@CNFs, indi-
cating its outstanding HER electrocatalytic performance. In
terms of the overpotential of niy, Co3W,Co—N@CNFs and
CosW3C—N@CNFs exhibit sluggish catalytic activities with
overpotentials of 222 and 204 mV, respectively. The corre-
sponding Tafel slope of CosW¢C—N@CNFs is 85 mV dec™! in
0.5 M H,SOq (Fig. 4b), also lower than that of CosW3C—N@CNFs
(173 mV dec™ %) and CosW,Co—N@CNFs (197 mV dec™?), which
indicates the most efficient reaction kinetics upon CosWse.
C—N@CNFs hybrids to undergo a rapid hydrogen production.
The value of 85 mV dec™! manifests a Volmer-Heyrovsky
mechanism [62], where the Heyrovsky reaction is considered
as the main time-controlling step and the Volmer reaction of
H™ to Haps is much faster [63]. Thus, the accelerated kinetics
could be ascribed to promote the Volmer process, paving a
direct and smooth pathway for subsequent reactions [24].
Meanwhile, we also investigated their electrocatalytic per-
formance in base environment. As shown in Fig. 4c and d,

CogW¢C—N@CNFs possesses the superior HER activity among
as-prepared samples, with overpotential of 116 mV at n10 and
Tafel slope of 101 mV dec '. These results reveal the parallel
favorable reaction kinetics of CosWgC—N@CNFs in base
media, albeit hydrone has to decompose in advance due to a
lower H" environment, where the HER mechanism turns to:
(1) HO + e + * — Haps + OH™ (Volmer reaction); (2) Haps-
+ H,0 + e~ — H, + OH™ + * (Heyrovsky reaction) [64].

Moreover, we also evaluated the impact of carbonization
temperature to HER activity in acidic and alkali solution. With
the rise of carbonization temperature, the overpotentials at
Nio increased firstly from 246 mV at 800 °C, reaching to the best
performance at 900 °C (86 mV), and then dropped to 204 mV at
1000 °C in acidic solution (Fig. 4e). The Tafel slope values show
the parallel result of 229 and 115 mV dec ™" attributed to 800 °C
and 1000 °C, respectively, which are both larger than that of
900 °C (85 mV dec™?), manifesting that 900 °C is the optimal
temperature for catalytically active CogWsC crystal growth.
Then we carried out the further investigation of HER kinetics
in alkali environment. Likewise, the electrocatalytic proper-
ties of HER in base environment show a similar pattern in
Fig. S6, with overpotential of 182 mV, 168 mV and 116 mV
required for 800 °C, 900 °C and 1000 °C samples, respectively.
Perhaps the crystal transformation and crystal growth influ-
ence the number and exposure of active sites, thus make a
difference on catalytic property, which conduces to the cor-
responding Tafel slope of CogW¢C-900 in 1.0 M KOH (Fig. 4f) is
101 mV dec?, lower than that of 177 and 185 mV dec™? for
Co3W5C-1000 and CosWsC-800, respectively, suggesting the
faster kinetics for sample produced at 900 °C.

EIS tests were also applied to examine the interface char-
acteristics and electrochemical kinetics of CogW¢C—N@CNFs.
Nyquist plots in Fig. 5a were fitted by the equivalent circuit,
which consists of two pathways: CPE1-R. for charge-transfer
and CPE2-R;, for surface porosity, and the R. and R, represent
the contact resistance among catalyst layers and the solution
resistance, respectively [54]. This result reveals that at open-
circuit voltage, the R values for CogWsC—N@CNFs, CosW3.
C—N@CNFs and CosW,Co—N@CNFs in acidic solution are 5.0,
8.2 and 13.8 Q, respectively, indicating the resistances of
electron transfer and mass transport upon CogWsC—N@CNFs
are lower than others. Compared to Fig. S10, the R, values in
base environment is much larger than those in acidic solution
(5.8 Q for CogW¢C—N@CNFs, 8.4 Q for CosW3;C—N@CNFs and
13.8 Q for CosW,Co—N@CNFs), showing the slower HER reac-
tion kinetics that caused by an additional hydrone decompo-
sition step in base medium. Meanwhile, in pH = 14, CogW,C-
1000 possesses lower resistance than CogWsC-800, as shown
in Fig. 5b, at 11.8 and 14 Q, respectively. The parallel results
were also presented in acidic condition in Fig. S10. Overall, itis
worth mentioning that CogWsC—N@CNFs exhibits the small-
est R among these catalysts both in acidic and base
environment.

The double-layer capacitance (Cq, Fig. 5c¢) of CogWe.
C—N@CNFs in acidic solution gives a high value of
179.49 mF cm 2, which is 42.3, 56.3, 75.2 and 131.1 mF cm 2
larger than that of CosW5C-1000, CosW3C—N@CNFs, CosW,.
Co—N@CNFs and CogWeC-800, respectively. The Higher Cg


https://doi.org/10.1016/j.ijhydene.2019.11.123
https://doi.org/10.1016/j.ijhydene.2019.11.123

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 45 (9090) I90I—IQ9IO

1907

-2)»-\
&
~—

(b) 0.5

—_ — Co,W,C-N@CNFs pH=
= — Co,W,C,-N@CNFs

0.4F —CoW,C-N@CNFs A

—Pt
7]
» 03
>
N’
E 0.2} goc”
) \Y
850

§ 0.1 /
e 'l 35 mV dec
By

0.0 L 2 . .

(

0
g |.pPEY =T
= 20
< -
g
~ -40
iy
Z 60
=]
S
- 80 = Co,W,C-N@CNFs
E = Co,W,C,-N@CNF|
b -100 = Co,W,C-N@CNFs
= - Pt
O 120 N N 2 N N
-0.5 04 03 0.2 -0.1 0.0 0.
Potential (V vs RHE)
c)
@ 0
pH=14

— Co,W,C-N@CNFs
= Co,W,C,-N@CNFs
= Co,W,C-N@CNFs,
—-pt

Current density (mA ecm™)_

s a4 a8 02 a1 0b
e) Potential (V vs RHE)
Q 0

— Co,W,C-800
— Co,W,C-900
— C0,W,C-1000
— Pt

a :
o & o
& © o

0
-
N
o

Current density (mA ecm™)

.
ot
o

-0.4 -0.3

Potential (V vs RHE)

-0.2 -0.1 0.0 0.1

1.0 1.2 1.4
log |j | (mA cm?)

o
~'

0.5
— Co,W,C-N@CNFs pH=14

fay — Co,W,C,-N@CNFs
& oa} — Co,W.C-N@CNFs
2 [ =
17}
> 0.3
g
N’
- 0.2
<
IE
Q@ 0.1 4
= dec
e __3gmvdec
R

o.o L s s s

0.8 1.0 12 14 1.6
log lj | (mA cm?)

(

S

0.5
5 — Co,W,C-800 pH=0

04 — Cov.c00
E | =—cCo,w,C-1000
" —pt
> 03}
>
N’
® 0.2
o - A
- gp my 9%
3 A
=) 0.1p 35 mVv dec’
=

0.0 . : A A

0.8 1.0 1.2 1.4 1.6

log |j | (mA cm?)
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value indicates the larger electrochemical active surface area
of CogWsC—N@CNFs and also represent growing abundant
active sites [65]. Similarly, the outcome in base solution was
deduced in Fig. 5d, CogWgC—N@CNFs at 143.1 mF cm™2,
CosW3C-1000 at 794 mF cm 2, CosW;C—N@CNFs at
62.9 mF cm 2, CogWeC-800 at 51.9 mF cm 2 and CosW,Ce.
—N@CNFs at the thinnest 34.5 mF cm 2

Another dimension of superb performance was reflected at
robust durability. As shown in Fig. 5e and f, the catalytic ac-
tivities could be maintained for at least 20 h and 12 h at n40in
acidic and base, respectively. And there is no obvious decay in
the LSV curve after 1000 cycles of CV (insets of Fig. Se and f) in
both solution. After electrochemical test, we characterized the
morphology of the material, showing in Figs. S13—S14. The

CogWsC—N particles of the catalysts remained relatively intact
with slight drop in acidic, while in base condition, there are
obvious impurities on the surface due to the oxidation of Co
species [66].

Our work demonstrated the superb HER catalytic perfor-
mances of the CogWsC—N@CNFs catalyst, ascribed to its
abundant active sites and the synergistically catalytic
improvement of Co and W incorporated in N-doping carbon
nanofibers. Importantly, the ultrathin nanocrystal size plays
to the exposure of active sites. Moreover, the choice of matrix
materials successively provides highly conductive network
that enhances fast charge transport and stability in the both
conditions, and carbon layers conduce to protect metal cata-
lysts from agglomeration and corrosion during HER.
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electrolysis in 0.5 M H,SO,. (f) 1 M KOH.

Furthermore, the introduction of N atoms can not only opti-
mize the adsorption energy of the surface, but also further
promote the connection between the conductive substrate
and the catalysts. Indeed, all these factors above cooperate
synergistically to achieve optimal HER catalytic activities of
the CogW¢C—N@CNFs.

Conclusion

In this investigation, stacked CogWeC nanocrystals
anchored on N-doping carbon nanofibers were assembled

and exhibit exceedingly low overpotentials and small
Tafel slopes in acidic (10 = 86 mV, 85 mV decfl) and base
(n10 = 116 mV, 101 mV dec™ %), with excellent stability. On
the account of wultrathin nanocrystal sizes, CogWs.
C—N@CNFs expose numerous active sites for HER. Due to
the strong synergetic behavior between Co and W, and the
modification of electronic structure by doping N atoms,
which will optimize the adsorption energy of its surface,
the CogWgC—N@CNFs show excellent catalytic activities.
Moreover, because of the existence and protection of
carbon, it presents superb conductivity and durable
stability.
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