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ABSTRACT: Metal dots-nitrogen-carbon catalysts have become a hot topic in recent years because of special coordination envi-
ronment. Herein, for the study the W nanodots and nitrogen co-decorated carbon skeleton (W@NC) was prepared for hydrogen
evolution reaction (HER). In particular, NaCl templates not only restrict the growth of nanodots, but also improve the purity of
phase. By optimizing the feeding ratio of ammonium metatungstate, W nanodots (the size is about 1.2 £ 0.6 nm) dispersed well on
N-doped C skeleton, and this special structure could effectively promote electron transfer and ion diffusion during HER process.
As a result, the optimized W@NC hybrids exhibited excellent HER performance in alkaline media with a rather low over-potential
(228 mV at 10 mA cm2) and outstanding durability over 10 h.
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1. INTRODUCTION

he consumption of non-renewable energy (such as

fossil, coal) and environmental problems are becom-
ing increasingly serious, so, the demand for clean and
sustainable energy such as hydrogen and solar energy has
been increasing [1, 2]. Especially, hydrogen as a kind of
clean renewable energy has received much attention be-
cause of its high energy (142,351 kJ/kg), no pollution and
low cost [3, 4]. Water splitting, a promising method for
hydrogen production [5], requires precious metal-based
materials (like Pt, Pd, etc.) as catalysts to achieve robust
catalytic performance. However, the scarcity and high
cost of Pt-based and other precious metals-based catalysts

have seriously hindered its widespread applications [2,
6]. Therefore, it is imperative to design and manufacture
hydrogen evolution reaction (HER) catalysts with high
cost-effective, resource-rich and high-performance ad-
vantages [7].

Among various candidates, metal nanodot-nitrogen-
carbon (M—N-—C) catalysts have been proved to be ef-
ficient catalysis due to their special coordination environ-
ment, which can adjust the electronic structure [6, 8—10].
Nanodot, a zero-dimensional material, has high specific
surface area and higher catalyst utilization efficiency, which
makes M—N—C catalyst have higher catalytic activity [11—
13]. Carbon skeleton as the carrier of metal nanodots not
only can effectively avoid agglomeration of nanodots, but as
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a bridge between the nanodots also can effectively improve
their electron transport performance [4, 14]. In addition,
metal nitride (MN ) and nitrogen-doped carbon (NC) can
be produced by doping N element, which can improve the
conductivity of the catalyst and increase the number of
active sites [15—17]. For example, He and his colleagues
prepared Ni—S—W-—C electrode by pulse electrodeposi-
tion for hydrogen evolution reaction in alkaline electrolyte
with an over-potential of 262 mV at a current density of
10 mA cm~ [4]. Lin’s team successfully prepared a dual-
function electrode by encapsulating ultrafine FeNi alloy
nanoparticles in N-doped layered carbon nanosheet for
high-efficiency Zn-air batteries, which could be repeat-
edly charged and discharged for 1100 h at 5 mA cm~2 and
for 600 h at 10 mA cm~2 [8]. Tian et al. recently large-
scale prepared an economical, highly durable, and efficient
catalyst (Pt,Co alloy nanoparticles supported on carbon)
for high-performance oxygen reduction reaction by the
NaCl-template-assisted freeze drying approach as a simple
and scalable method [18].

Based on the full consideration of the potential of M—
N-C composites as an efficient catalyst, the W nanodot
and nitrogen co-decorated carbon skeleton (W@NC) con-
sisting of uniform tungsten nanodots (1.2 = 0.6 nm) and
interconnected N-doped carbon skeleton, was prepared
for hydrogen evolution reaction. Specifically, the use of
NaCl is the key to our strategy owing to that NaCl can
not only act as a template to limit the growth of nanodots,
but also participates in the pyrolysis reaction to improve
the purity of phase. When used as HER catalyst, the W@
NC electrode exhibited excellent HER performance in
alkaline media with an over-potential of 228 mV at current
density of 10 mA cm~2.

2. EXPERIMENTAL SECTION
2.1. Preparation of W@NC Catalysts

W nanodots embedded N-doped carbon (W@NC)
was prepared as follows. 150 mg (NH,) H,W 0, , 220 mg
C,HN,NaO.Zn, 20 mg CH O, and 1 g NaCl (cube
crystals template owns the advantages of low cost, envi-
ronmental friendliness, and ease of removal) were dis-
solved into 25 mL deionized (DI) water, and dry under
—273°C. The as prepared precursor was annealed at 750°C
for 2 h under Ar. The product was washed by DI water
to remove NaCl and then dried at 60°C, defined as W@
NC. For preparation of W@NC materials with lower and
higher tungsten concentrations, 75 mg and 225 mg of
(NH,) H,W 0, were instead added into the precursor
solution above, and the resulting samples were designated
as W@NC-L and W@NC-H, respectively.

To explore the role of templates, tungsten@N-doped
carbon composite was prepared without the addition of

NaCl templates using the similar procedure.

2.2. Material Characterization

The field-emission scanning electron microscopy
(FESEM; Zeciss SUPRASS5) and transmission electron
microscopy (TEM; JEOL, JEM-2200FS, 200kV) with
energy dispersive X-ray spectroscopic (EDX) were used
to observe the morphologies and structures of the catalyst.
The catalysts were identified by X-ray diffraction (XRD)
patterns (using a Rigaku Smartlab(3) D8 Advance X-
ray diffractometer with Cu Ka radiation, A = 1.5418 A).
The elemental chemical and surface electronic states of
the samples were characterized by X-ray photoelectron
spectroscopy (XPS, PHI5000 VersaProbe I1I with an Al
Ka X-ray source). Raman spectra were collected by an
HRS800 UV micro-Raman spectrometer.

2.3. HER characterizations

All the HER measurements were performed on the
CHI 660E electrochemical workstation (CH Instruments,
Inc., Shanghai, China). 5 mg W@NC and 40 uL Nafion
solution (5 wt%) were dispersed 960 mL ethanol and
coated on Nifoam (1 cm X 1 cm) for vacuum drying over-
night as working electrode. And the Hg/HgO eclectrode
was used as reference electrode, graphite rod was used as
the counter electrodes for a three electrode cell with 1 M
KOH as electrolyte. And all potentials were calibrated to
the RHE using the following equation: E . = E\etieo
0.098 + 0.0591 pH, (pH = 13.7 in 1 M KOH). The linear
sweep voltammetry (LSV) curves without the iR-cor-
rected were recorded at 2 mV s~'. Cyclic voltammetry
curve (CV) with different scanning rates (2 — 10 mV s™')
were performed at the region (—0.043 ~ 0.057 Vvs. RHE)
avoiding Faradaic currents. Electrochemical impedance
spectra (EIS) at an AC voltage (5 mV) were performed
from 100 kHz to 10 mHz. The durability of hydrogen
evolution reaction was evaluated by chronoamperometry.

3. RESULTS AND DISCUSSION

Fig. 1 illustrates the synthesis process of W@NC. First,
the four components (NH,) H W ,0,, C, H N,Na,O,Zn,
C,H 0, and NaCl were completely dlssolved in DI Water
The solution was freeze-dried to create precursor with
a stable 3D assembly. Subsequently, the precursor was
annealed in Ar to produce the W@NC/NaCl. During
the annealing process, the in situ reaction took place be-
tween (NH,) H,W O, and C, H N,Na,O,Zn on the
surface of NaCl template, formmg umform W nanodots
embedded in N-doped carbon matrix. Finally, the NaCl
template was removed with DI water to obtain W@NC.
The morphology and physicochemical properties of the
sample may be influenced by different W/C ratio, which
can affect the catalytic performance. Therefore, in order

to obtain the optimal HER catalyst, a similar synthe-
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Fig. 1. Schematic illustration of the preparation process for the W@NC

sis process was used to prepare samples with different
amounts of (NH,) H,W 0O, (75, 150 and 225 mg), named
W@NC-L, W@NC and W@NC-H, respectively.

The effect of (NH,) H ano 40 Usage on the morpho-
logy and phase was studied in Fig. 2. As expected, the
morphology of W@NC-L, W@NC, and W@NC-H are

based on carbon skeletons. With the increase of tungsten

content, nanodots or nanoparticles could be observed
on the carbon skeleton, and the diffraction peak inten-
sity of tungsten nitride (WN) increased gradually. It was
clear that the morphology of W@NC-L was identical with
carbon skeleton (Fig. 2a), and the XRD pattern (Fig. 2b)
of the W@NC-L distinctly exhibited a significant diffrac-
tion peak at around 26.2°, which was assigned to the C
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Fig. 2. SEM images and XRD patterns of (a and b) W@NC-L, (c and d) W@NC and (e and f) W@NC-H
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(JCPDS card No. 03-0401). It is noteworthy that a few
nanodots were observed on the carbon skeleton in W@NC
(Fig. 2¢), and obvious nanoparticles were observed on the
carbon skeleton in W@NC-H (Fig. 2e), indicating that
nanodots inevitably agglomerated into nanoparticles with
W dosage greater than 150 mg. The diffraction peaks of
W@NC (Fig. 2d) at 36.3, 46.8 and 64.4° corresponded to
W, N, (JCPDS card No. 77-2001). And the diffraction
peaks of W@NC-H (Fig. 2f) at 37.6, 43.8, 63.6 and 76.4°
corresponded to WN (JCPDS card No. 75-1012). The
characteristic peaks for W@NC provided direct evidence
for the existence of W and C in the hybrid.

The graphite degree of carbon in the hybrid was fur-
ther studied by Raman spectroscopy (Fig. 3a). The peaks
around 1353 and 1583 cm™' correspond to the D (the
disordered sp?-hybridized carbon) and G (the result of the
highly ordered graphite) bands of the carbon, respectively
[19, 20]. Compared with those of the W@NC-L, the G
band of the W@NC shifted up to 1587cm~', indicating
the successful doping of the N atoms [17]. Meanwhile,
the I /I; of W@NC (1.098) was the same as that of W@
NC-L (1.098), which was slightly smaller than W@NC-H
(1.151), indicating the almost similar degree of graphitiza-
tion. However, the vibration peaks of W@NC-H (Fig. 3b)

Nanob%

at 695 and 800 cm™' corresponded to the Raman peaks
of WN, confirming the successful preparation of the WN
[17, 21].

In addition, it is notable that NaCl plays a key role in
the successful preparation of W@NC. For comparison,
the tungsten@N-doped carbon composites without NaCl
present obvious nanoparticle structure (Fig. 4a and b),
and its XRD diffraction peaks (Fig. 4c) are inconsistent
with that of W@NC, which is reasonable to infer that
NaCl can not only limit the growth of nanodots to regu-
late the morphology of materials, but also participates
in the pyrolysis reaction to improve the purity of phase.

The morphology and structure of the W@NC hy-
brid were further investigated by TEM. The TEM image
(Fig. 5a and b) clearly reveals that the tungsten nanodots
were uniformly distributed on interconnected carbon
skeletons. The size distribution of W nanodots (Fig. 5¢)
conforms to a normal probability distribution, and the size
of the nanodots was around 1.2 = 0.6 nm. The black dot
in high resolution TEM (HRTEM, Fig. 5d) and the dis-
persion ring in selected area electron diffraction (SAED,
Fig. 5e) results suggested that W nanodots did not aggre-
gate into nanoparticles [10]. Besides, the elemental map-
ping of C, W and O in W@NC hybrid (Fig. 5f) showed
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Fig. 3. Raman spectra of W@NC-L, W@NC and W@NC-H
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Fig. 4. (a, b) SEM images and (c) XRD pattern of tungsten@N-doped carbon composite without NaCl
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Fig. 5. (a and b) TEM images at different magnifications, (c) Histogram of particle size distribution, (d) HRTEM im-

age, (e) SAED pattern and (f) Dark-field FE-TEM image

that all element were evenly distributed in the material.
Noting that the absence of an N signal may be due to
nitrogen levels below the instrument’s detection limit.
The surface composition and chemical states of W@
NC hybrids were also determined by X-ray photoelectron
spectroscopy (XPS). The survey XPS spectrum in Fig. 6
reveals that the surface of W@NC consisted of C (72.9%),
W (3.2%), N (8.8%) and O (15%) elements, which in-
dicates that N was doped in the carbon skeleton. The
high-resolution C 1s spectrum in Fig. 7a can be split into
four peaks. The peaks centered at 284.8, 285.9, 286.8 and
288.2 eV corresponds to the C = C, the C—N, C—0 and
C = O bonds, respectively [22, 23]. The high resolution
spectrum of W 4f can be deconvoluted into two doublets
(Fig. 7b). Two peaks at 33.3 and 35.6 eV were ascribed to
W+ and the other two peaks at high band energy (35.8
and 38.0 eV) belonged to W¢", which is the predominate
component of Win W@NC hybrid [24]. The N 1s spec-
trum (Fig. 7¢) shows three peaks at 398.5 eV, 400.4 eV
and 402.0 eV, which were indexed to pyridinic N, pyrro-
lic N and graphitic N, respectively [6, 22]. Additionally,

with EDS mapping images of W@NC

— W@NC

O1s
C1s
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Fig. 6. XPS survey of W@NC
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Fig. 7. The XPS spectra of (a) C 1s, (b)W 4f, (c)N 1s and (d) O 1s in W@NC

the XPS spectra of O 1s (Fig. 7d) confirms the existence
of oxygen vacancy (O, 531.2 V), lattice oxygen atoms
of metal-oxygen (M-0, 530.5 eV) and surface-adsorbed
hydroxyl group (M-OH, 532.8 eV) in the sample [25, 26].

The hydrogen evolution activities of all catalysts
were evaluated by linear scanning voltammetry (LSV)
in Ar-saturated 1 M KOH. Fig. 8a shows the polariza-
tion curves without iR-compensation at a scan rate of
2 mV s~'. The W@NC exhibited optimal catalytic HER
performance with 228 mV over-potential at a current
density of 10 mA cm~2, which is comparable to that of
recently reported non-noble metal catalysts (Tab. 1).
The LSV curve of W@NC-H almost coincides with that
of W@NC, and the performance was better than that of
W@NC-L, indicating that the hydrogen evolution per-
formance reaches saturation when the dosage of W was
150 mg. Tafel slope in Fig. 8b was obtained by linear fit-
ting of polarization curve. Noting that the Tafel slope
of W@NC (165.8 mV dec™') was similar to W@NC-H
(165.4 mV dec™'), which was lower than that of W@NC-L
(210.4 mV dec™"). The lower Tafel slope value indicated
that the reaction dynamics processes of W@NC and W@

NC-H were relatively faster and thus HER activity was
higher. Fig. 8c shows the Nyquist plots of catalysts at
—0.19 Vvs. RHE. The charge transfer resistance (R ) of
the material decreased with the increase of W content,
indicating that HER electron dynamics accelerates with
the increase of W content [27, 28]. However, the R  of
W@NC-H (7.97 ohm) was similar with that of W@NC
(8.35 ohm), indicating that when the W content is greater
than 150 mg, its influence on R  decreases.

In order to further explore the effect of W content
on the electrochemical active surface area (ECSA), the
cyclic voltammetry of the material (Fig. 9) was mea-
sured in the region without Faradaic currents at scan
rates varying from 2 to 10 mV s~' to calculate the double
layer capacitance (C,), which is proportional to ECSA
[7, 29-32]. As shown in Fig. 8d, the C  values were
ranked as follows: W@NC-L (236.2 mF cm~?) > W@
NC (219.9 mF cm™?) >> W@NC-H (91.4 mF cm™?), in-
dicating that high loading will reduce the active specific
surface area. Based on the above analysis, the optimal
HER activity of W@NC can be ascribed to the optimal
synergistic catalytic effect between the active W nanodots
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Fig. 8. (a) Polarization curves without iR correction, (b) Tafel plots, (c) EIS Nyquist plots and (d) C, for W@NC-L,
W@NC and W@NC-H. (e) Time dependence of current density under static over-potential of 293 mV for W@NC.
(f) Polarization curves without iR correction of the W@NC before and after i-t tasting

;?lflifﬂilll'y of HER properties on our W@NC catalyst and the reported catalysts

Catalysts at (1)(;’ f;z’:;f_‘iﬁ(‘:m r{;%l ds‘::ﬂ(; Electrolyte References
W@NC 228 165.8 1 M KOH This work
Ni-S-W-C 262 105 30% KOH [4]
Mo,C 262 114 1 M KOH [7]
WN 571 164.0 1 M KOH [22]
WC, 216 122.2 1 M KOH [22]
Meso-WO, ., 287 95 1 M KOH [25]
0,-WO @NC 434@20 125 1 M KOH [26]
WN NA/CC 285 92 1 M KOH [33]
b 332 136 1 M KOH [34]
WwC 227 142.4 1 M KOH [35]
WN 313@20 118 1 M KOH [36]
W/WO, NA@CP 297 74.5 1 M KOH [37]
WNx-NRC 255 115 0.5M H,SO, [38]
WS, 704 109 0.5M H,SO, [39]
C-WP 216 59 0.5M H,SO, [40]
WS @OMC 213 74 0.5M H,SO, [41]
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Fig. 9. CV curves of (a) W@NC-L, (b) W@NC and (c) W@NC-H with different rates from 2 to 10 mV s!

and the conductive carbon skeleton. The long-term sta-
bility of W@NC at a constant over-potential of 293 mV
was evaluated by chronoamperometry. As shown in Fig.
8e, the current density almost remained unchanged, and
the negligible degradation could be ignored after the
continuous test over 10 h. And the polarization curve of
W@NC catalyst after 10 h stability test showed negligible
decay (Fig. 8f).

Based on the above results of electrochemical study,
the increased catalytic activity of W@NC can be attrib-
uted to the following reasons: 1) The unique structure
can increase the contact area between catalyst and elec-
trolyte, which is more conducive to mass charge transfer.
2) N-doped conductive C skeleton not only facilitates
electron transfer, but also acts as a “spacer” to effec-
tively prevent W nanodots from agglomeration. 3) An
appropriate amount of W nanodots was uniformly an-
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