COMMUNICATION

ADVANCED
SCIENCE

Open Access,

Water Splitting

www.advancedscience.com

Rationally Designed Hierarchically Structured
Tungsten Nitride and Nitrogen-Rich Graphene-Like
Carbon Nanocomposite as Efficient Hydrogen

Evolution Electrocatalyst

Yanping Zhu, Gao Chen, Yijun Zhong, Wei Zhou, and Zongping Shao*

Practical application of hydrogen production from water splitting relies
strongly on the development of low-cost and high-performance electro-
catalysts for hydrogen evolution reaction (HER). The previous researches
mainly focused on transition metal nitrides as HER catalysts due to their
electrical conductivity and corrosion stability under acidic electrolyte, while
tungsten nitrides have reported poorer activity for HER. Here the activity of
tungsten nitride is optimized through rational design of a tungsten nitride—
carbon composite. More specifically, tungsten nitride (WN,) coupled with
nitrogen-rich porous graphene-like carbon is prepared through a low-cost
ion-exchange/molten-salt strategy. Benefiting from the nanostructured WN,,
the highly porous structure and rich nitrogen dopant (9.5 at%) of the carbon
phase with high percentage of pyridinic-N (54.3%), and more importantly,
their synergistic effect, the composite catalyst displays remarkably high cata-
lytic activity while maintaining good stability. This work highlights a powerful
way to design more efficient metal-carbon composites catalysts for HER.

Hydrogen, as a renewable energy material with zero-emission
feature, has been hailed as an ideal sustainable alternative to
finite fossil fuels, while one of the key issues to realize the
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practical use of hydrogen is to find an effec-
tive way for its large-scale generation at
low cost. Nowadays, electrochemical water
splitting for hydrogen has received tremen-
dous attention considering its high theo-
retical efficiency, easy accessibility of water,
and potentially high hydrogen production
rate.'2] Water electrolysis involves oxygen
evolution reaction over the anode and
hydrogen evolution reaction (HER) over the
cathode. The practical energy conversion
efficiency, however, strongly relies on the
catalytic activity of both electrodes toward
the respective reaction. Until now, platinum
(Pt) group precious metals are still the most
efficient catalysts for HER, but their high
cost and scarcity seriously hamper their use
in real devices.™! Innovative Pt-free HER
electrocatalysts are urgently needed for real-
izing large-scale hydrogen generation from
water electrolysis.

The performance of a HER catalyst is closely related to its
surface property, electronic conductivity, and number of active
sites. To achieve high HER activity, hydrogen adsorption on the
catalyst surface should not be too strong or too weak, while the
electronic structure of a catalyst can affect the Gibbs adsorption
energy of hydrogen over the catalyst surface.l’! On the other
hand, electrocatalytic efficiency is also affected by the electronic
conductivity of the catalyst, while the insufficient electron con-
ductivity may cause the formation of Schottky barrier at both
catalyst—electrolyte and catalyst—support electrode interfaces,
requiring an extra overpotential to overcome, thus leading to
decreased energy conversion efficiency.”! In addition, the HER
performances of the electrocatalysts are also affected by the dis-
persity of active sites.”] Therefore, the design of a good catalyst
should take into account of all these three factors.

Many strategies have been applied in the development of pre-
cious metal-free catalysts for HER. Among them, the formation
of transition metal with nonmetal element(s), such as C, N, P,
S, and B, has turned out to be an attractive way to design new
active HER eletrocatalysts.®1% Tungsten-based materials are an
important family of catalysts. Alloying W with C, S, P, and N
can form active catalysts for hydrodesulfurization (HDS), solar
cells, oxygen reduction reaction, and HER.''" In particular,
in the HER field, tungsten phosphides and tungsten sulfides
have emerged as electrocatalysts, but less attention has been
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bides, phosphides, or nitrides with carbon
materials is found rather effective to create
a synergistic effect between the compo-
nents. Such coupling can enhance dispersity
of the metal phase (increased active sites), modulate the elec-
tron density as well as the distribution of electronic potential
in the hybrid materials (improved hydrogen surface adsorption
behavior), and increase the electronic conductivity (enhanced
charge transfer process), thus enhancing the HER activity and
stability with respect to their individual component.”#! Since
the synergy between the two components is highly dependent
on the microstructure of the composite, in order to maximize
such synergistic effect, the composite should be rationally
designed, while the facile synthesis of such composite with
maximized synergistic effect is a big challenge.

In this study, a nanocomposite of tungsten nitride (WN,)
nanoparticles decorated on nitrogen-rich porous graphene-like
carbon nanosheets (WN,-NRPGC) as a new hydrogen evolution
electrocatalyst is reported, demonstrating remarkable electro-
catalytic activity toward HER in acidic electrolyte, comparable
or even overperforming other transition metal nitrides. We fur-
ther propose a facile one-pot synthesis technique based on ion
exchange of resin and molten salt heating under NH; atmos-
phere for the preparation of such strongly coupled composite.
During the one-step calcination, transformation of the resin
skeleton to porous graphene-like carbon nanosheets, the doping
of abundant nitrogen atoms into the carbon structure with pref-
erable pyridinic nitrogen, the formation of WN, nanoparticles
and the uniform anchoring of such WN, nanoparticles over
the surface of carbon nanosheets were realized simultaneously,
resulting in the formation of hierarchical porous WN,-NRPGC
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Graphene-Like Carbon Nanosheets

Scheme 1. Procedure for the synthesis of the WN,-NRPGC composite.

3D networks. Such hybrid demonstrates outstanding activity
and stability, superior to most of the reported non-Pt HER elec-
trocatalysts in acidic medium to date.

The procedure for one-pot synthesis of WN,-NRPGC
hybrid is illustrated as schematically illustrated in Scheme 1:
An appropriate amount of pretreated D201 was firstly immersed
in a sodium tungstate dihydrate (Na,WO,-2H,0) aqueous solu-
tion for sufficient time to allow the full exchange of the OH~
groups in D201 with WO,> anions. The WO,* -exchanged
resin was then thoroughly mixed with KCI/NaCl in powder
form and calcined under a flowing NH; atmosphere at elevated
temperature for certain time. Upon heating, KCl/NaCl was
melted to form a molten salt, which performed both the func-
tions of pore former to generate rich pores in the as-derived
functional carbon and promoter to rearrange the polymer skel-
eton of resin with sp? hybridized carbons into a 2D graphene-
like nanosheets with sp® hybridized carbons.*¥) Simultaneously,
the conversion of WO,*~ to WN,, and the doping of nitrogen
into the carbon from both the quaternary amine of resin and
the annealing atmosphere of ammonia also appeared. Finally,
the 3D-networked WN,-NRPGC was successfully obtained by
removal of the porogen in the sample through water washing.

The successful formation of WN, crystalline phases after
the one-step calcination of the WO,*-exchanged D201 resin
was first confirmed by room-temperature X-ray diffraction
(XRD). As revealed in Figure 1a, all the diffraction peaks of the
as-prepared WN,-NRPGC sample are readily indexed based

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) XRD pattern, b,c) SEM, d,e) TEM, and f) HRTEM images of the WN,-NRPGC composite.

on a mixture of the hexagonal W,¢N, (JCPDS no. 77-2001)
and the cubic WN (JCPDS no. 75-1012) crystalline phases,
while no impurities such as tungsten oxides or tungsten car-
bides are detected. No obvious diffraction peaks for crystal-
lized carbon phase were detected, suggesting the amorphous
nature of the as-formed carbon, and any weak diffraction
peaks for graphitic carbon were masked by the peaks of WN,.
Figure 1b,c shows the particulate morphology of the as-pre-
pared WN,-NRPGC sample, which was composed of graphene-
like nanosheets with their surface decorated with many nano-
particles, and such nanosheets were curled and randomly con-
nected to form a networked architecture. The corresponding
transmission electron microscopy (TEM) image as shown in
Figure 1d,e demonstrates =100 nm in size for the nanoparti-
cles, while the substrate is predominantly in thin lamellar
architecture. The high-resolution TEM (HRTEM) image in
Figure 1f exhibits clear lattice fringes with interplanar spacings
0f 0.22, 0.25, and 0.28 nm for the nanoparticles, corresponding
to the (103) and (101) planes of WN and (110) plane of W, 4Ny,
respectively. These results confirm the WN nature of the nano-
particles. No crystal lattice for the graphene-like nanosheets
were observed by the HRTEM (Figure S1, Supporting Infor-
mation), suggesting their amorphous nature, which are then
assigned to the amorphous carbon converted from the resin.
It suggests, after the one-step calcination, a hierarchical
architecture with nanosized WN, decorated on graphene-like
amorphous carbon nanosheets was formed. From the electro-
chemical point of view, such networked architecture ensures
efficient electron diffusion, and the nanosized structure of WN,
can bring large numbers of active sites, all of these features
benefit the HER.[820]

To emphasize the important role of molten-salt heating for
the formation of such graphene-like carbon nanocomposites,
two reference samples were also synthesized for comparison:
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a nanohybrid of WN, embedded in the N-rich carbon (denoted
as WN,-NRC) through a similar preparation procedure without
the introduction of KCl/NaCl during the pyrolysis, and WN,-
free sample (defined as NRPGC) by pyrolysis of D201 alone
in the molten salt. XRD patterns of the reference samples
and their corresponding scanning electron microscopy (SEM)
images are displayed in Figure S2 (Supporting Information).
The diffraction peaks of Figure S2a of the Supporting Infor-
mation are unambiguously indexed to a mixture of W, ¢N,
and WN, and the corresponding SEM image (Figure S2b, Sup-
porting Information) showed particles of 200-300 nm that were
seriously aggregated. According to our previous study, such
grains are actually composed of many nanoparticles embedded
in amorphous carbon matrix.?!! As for the WN,-free sample
(NRPGC), two broad peaks at 260 = 24.6° and 43.5° appeared
in its XRD pattern (Figure S2c, Supporting Information), sug-
gesting its poor graphitization degree in nature.'”] According
to the corresponding SEM image in Figure S2d of the Sup-
porting information, the NRPGC sample had a similar gra-
phene-like particulate morphology to that of the WN,-NRPGC
composite. These results suggest that the molten salt played
a critical role in the formation of such porous graphene-like
nanosheets from D201, while the tungsten did not. It is well
known that lattice defects of a carbon material play an impor-
tant role in the catalytic activity for HER.®'8 To analyze the
effect of molten salt heating on the lattice defect in the carbon
structure, Raman result of the WN,-NRPGC sample was ana-
lyzed and compared with those of the WN,-NRC and NRPGC
samples. According to Figure S3 of the Supporting Informa-
tion, all three samples showed two prominent peaks at 1343
and 1597 cm™, defined as D and G band, respectively.®8 The
intensity ratio of D band to G band is widely accepted as the
degree of graphitization, defects, or the domain size of gra-
phitization. It is observed that the Ip/Ig values for the three

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. High-resolution XPS spectra of a) W 4f and b) N Ts of WN,-NRPGC. c) N, adsorption—desorption isotherms and d) the corresponding pore

size distribution curve of WN,-NRPGC.

samples are similar, (1.30, 1.27, and 1.26, respectively for
WN,-NRPGC, WN,-NRC, and NRPGC). It suggests that both
the exchanged WO,*~ anion and the molten salt actually had
negligible impact on the graphitization/defect formation of the
carbon from the pyrolysis of resin. X-ray photoelectron spec-
troscopy (XPS) measurements were performed to get informa-
tion about the oxidation state and surface composition of the
as-synthesized WN,-NRPGC composite, which is also well con-
nected with the HER activity. The survey spectrum in Figure S4a
of the Supporting Information demonstrates the concomi-
tance of W, N, C, and O elements in the composite. Figure 2a
shows the high-resolution core level spectrum of W 4f, which
can be fitted to two pairs of peaks for W—N bonds (34.7 and
32.6 eV) in the tungsten nitride and W—O bonds (37.6 and
35.4 eV). The W—O bonds were likely resulted from the inevi-
table surface oxidation of WN, nanoparticles upon exposure to
air.?223 In the N 1s spectrum (Figure 2b), the individual peak
at 397.4 eV is ascribed to the N in WN, nanoparticles, while the
other peaks represent respectively pyridinic (398.8 eV), pyrrolic
(400.3 eV), and graphitic (401.7 eV) nitrogen atoms, suggesting
the successful incorporation of nitrogen atoms into the carbon
structure during the calcination.®?* The salient C-N peak at
285.8 eV of the C 1s spectrum in Figure S4b of the Supporting
Information further supports the successful doping of N atoms
into carbon structure. The N content in the NRPGC was esti-
mated to as high as 9.5 at% from XPS, which is much larger
than those yielded from the commonly used nitrogen source
such as melamine, dicyandiamide, and polyaniline.’?>?% The
rich nitrogen in the carbon skeleton is expected to further ame-
liorate the catalytic behavior.
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The microstructure of the as-prepared WN,-NRPGC com-
posite was analyzed by the nitrogen adsorption—desorption
measurement. As plotted in Figure 2c, the sample demon-
strated a typical IV isotherm with a large hysteresis loop at P/ P,
> 0.5, indicating its rich mesopores in nature.?>?’] The corre-
sponding pore size was further analyzed based on the isotherm,
suggesting a hierarchical size distribution centered at 15 nm.
According to the Brunauer-Emmett-Teller and Barrett—Joyner—
Halenda methods, the WN,-NRPGC composite possesses a
high specific surface area (SSA) of 304 m? g~! and a large pore
volume of 0.35 cm? g~!. Such microstructure with large surface
area and abundant porosity is expected to allow easy penetra-
tion of liquid electrolyte and provide a large number of exposed
active sites as an HER electrocatalyst.[#?4 By contrast, according
to the nitrogen adsorption/desorption isotherms (Figure S5a,b,
Supporting Information), the WN,-NRC sample is mesopore-
free in nature with a quite low SSA value of 25.4 m? g™! and
small pore volume of 0.11 cm?® g™!. Meanwhile, the NRPGC
sample also demonstrated rich mesopores (Figure S5c, Sup-
porting Information) and a continuous pore distribution in the
range of 6-30 nm (Figure S5d, Supporting Information). Above
results suggest that the introduction of molten salt during the
synthesis effectively facilitated the formation of a porous struc-
ture with rich mesopores. The random stacking of the curled
graphene-like carbons as well as the molten-salt templating may
account for the rich mesopores in the WN,-NRPGC composite.

The electrocatalytic performance of the WN,-NRPGC com-
posite as an electrode for HER was evaluated in 0.5 M H,SO,
with a convenient three-electrode cell with the catalyst loading of
0.362 mg cm~2. To determine the optimal synthesis conditions for

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Polarization curves after iR compensation in 0.5 v H,SO, at a scan rate of 5 mV s™' and b) corresponding Tafel plots of WN,-NRPGC,
WN,-NRC, NRPGC, Bulk WN, and 20% Pt/C catalysts. c) Electrochemical CV scans recorded for WN,-NRPGC at different rates from 20 to 200 mV s™
in the potential range of 0.2-0.4 V. Inset: Linear fitting of the capacitive currents versus CV scan rates for WN,-NRPGC. d) Polarization curves of

WN,-NRPGC initially and after 1000 CV cycles.

WN,-NRPGC, various samples that were synthesized from dif-
ferent amounts of exchanged W source (Figure S6a, Supporting
Information) and annealed at different temperatures
(Figure S6b, Supporting Information) were studied by linear
sweep voltammetry (LSV) measurements. A concentration of
WO,> of 0.3 M and a calcination temperature of 800 °C were
determined to result in the best HER activity, which were then
selected for the preparation of all the WN,-NRPGC composites
for following investigations. For comparison, the 20% Pt/C,
WN,-NRC, bulk WN and NRPGC electrodes were also assessed
under the same condition. Here bulk phase WN was synthe-
sized by annealing WO; under ammonia atmosphere at 800 °C
for 2 h. The XRD pattern (Figure S7a, Supporting Information)
and SEM image (Figure S7b, Supporting Information) confirm
the formation of WN phase with large grains.

Figure 3a displays the LSV curves on the reversible
hydrogen electrode scale of the various working electrodes
(after IR-drop corrections). As expected, the Pt/C electrode is
highly active toward HER, demonstrating comparable activity
to that as reported in literature.?>?8 As expected, the bulk-
phase WN electrode showed rather poor HER activity, as
indicated by a large initial overpotential (Up,pee) of 331 mV
and large overpotential of 492 mV at the representative cur-
rent density of 10 mA cm™2 (1), respectively, which can be
explained Dby its low number of active sites, poor electronic
conductivity, and nonoptimized surface properties. As com-
pared to the bulk-phase WN, the WN,-NRC sample exhibited
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dramatically enhanced electrocatalytic activity, reflected by the
decreased U,y value of 123 mV and a reduced overpotential
of 255 mV at 10 mA cm™2. Clearly, the increased active sites
due to the reduced particle size of WN, phase should account
at least in part to such improvement. By applying molten-salt
heating during the synthesis, the as-derived WN,-NRPGC
catalyst showed further improved HER performance, and the
catalyst needs only 132 mV to drive 10 mA cm™? (Table S2,
Supporting Information), which is favorably compared to
most of the reported precious metal-free electrocatalysts in
acidic solutions, including W,C/MWNT,?2l np-Mo,C NWs, 2]
Co0-M0,C,2% and MoC, nanooctahedrons®!l (Table S5, Sup-
porting Information). It is noticeable that the NRPGC elec-
trode also shows remarkable HER activity (Ugyser = 233 mV,
Nio = 405 mV), outperforming most N-doped graphene-based
substrate for HER in the literature.?%>32 Anyway, the WN,
and NRPGC electrodes show much worse performance than
the WN,-NRPGC electrode. It suggests a synergistic effect
was likely created between WN, and NRPGC phases in the
WN,-NRPGC composites.

It should be noted that better activity has always been
achieved if a Pt wire or foil was used as the counter elec-
trode. The HER activity of the WN,-NRPGC catalyst deter-
mined using a Pt wire as the counter electrode (Uyyge; = 0 mV,
110 = 83 mV, Figure S8, Supporting Information) is also higher
than that determined by a graphite rod as the counter elec-
trode. It has been reported that Pt could be dissolved in acidic

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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solution and further electrodeposit on the electrode material
during long-term operation, which will confuse the intrinsic
HER performance of the tested catalyst.’] In this regard,
graphite rod as the counter electrode is preferred.

To understand the detailed underlying mechanism of HER
activity, Tafel plots were constructed from steady-state polariza-
tion measurements. As shown in Figure 3b, the liner regions
were fitted to Tafel equation (7 = b logj + a, where j refers
the current density and b refers the Tafel slope) to obtain
slope, b. The Tafel slope of Pt/C is 30 mV dec™!, consistent
with the reported values in literature.”) For comparison, the
Tafel slope of the WN,-NRPGC catalyst is 86 mV dec!, which
is lower than those of WN,NRC (115 mV dec!), NRPGC
(162 mV dec™?), and bulk WN (175 mV dec™). It further suggests
a synergistic effect was created between WN, and NRPGC phases
in the WN,-NRPGC sample, which led to a change in the reac-
tion mechanism of HER. Generally, three principal steps noted
as Volmer (120 mV dec™!), Heyrovsky (40 mV dec!), and Tafel
(30 mV dec™) steps are involved in HER.?*%’] Based on the value
of Tafel slope, the H, production on the WN,-NRPGC electrode
occurs via the Volmer—Heyrovsky mechanism, where the rate-
determining step is the electrochemical desorption. Moreover,
the exchanged current density (j,) reflects the intrinsic cata-
Iytic activity. By extrapolation to the Tafel plots (Figure S9, Sup-
porting Information), the exchanged current density of the WN,-
NRPGC catalyst is 0.37 mA cm™2, nearly five times that of the
WN,-NRC (0.077 mA cm™) and thirty times that of the bulk WN
(0.013 mA cm™, Table S5, Supporting Information), implying
more favorable HER kinetics at the WN,-NRPGC/electrolyte
interface. Electrochemical impedance spectroscopy measure-
ments were used to provide further insight into electrode kinetics
of the obtained materials. The resulting Nyquist plot collected at
1 =200 mV on the WN,-NRPGC, WN,-NRC, and Bulk WN elec-
trodes are compared. As shown in Figure S10 of the Supporting
Information, the charge-transfer resistance (Ry) of the WN,-
NRPGC catalyst is much lower than that of the WN,-NRC and
Bulk WN catalysts. The lower R is attributed to the highly porous
graphene-like carbon nanosheets of the WN,NRPGC, which
allow rapid electron transfer during the electrochemical processes.

To further illustrate the superior HER performance of the
WN,-NRPGC electrode, the electrochemically active surface area
(ECSA) was estimated from the corresponding electrochemical
double-layer capacitance (Cg), which is proportional to ECSA
(Figure 3¢).] A voltammetric analysis of the WN,-NRPGC
electrode within the potential range of +0.2 to +0.4 V implies
a Cy value of 16.6 mF cm™2, which is much larger than those
of the WN,-NRC electrode (3.1 mF cm™2, Figure S11a,b, Sup-
porting Information) and the bulk WN electrode (0.45 mF cm™2,
Figure S11c,d, Supporting Information), but less than that of the
NRPGC carbon (33.5 mF cm2, Figure S1le,f, Supporting Infor-
mation). The high Cy value of the WN,-NRPGC electrode sug-
gests a higher ECSA, which was then determined on the basis of
the capacitance measurement (see Supporting Information for
detail). Figure S12 of the Supporting Information presents the
polarization curves and the corresponding Tafel plots of the WN,-
NRPGC and WN,-NRC electrodes normalized by ECSA.B*3 It
can be observed that the WN,-NRPGC catalyst still exhibits better
HER performance, lower Tafel slope, and larger j, gcsa than the
WN,-NRC electrode.
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The electrocatalytic stability is an indispensable factor for
practical catalytic application. The polarization curves before
and after 1000 continuous cyclic voltammetric (CV) sweeps are
recorded in Figure 3d. As seen, after cycling, the catalyst pro-
vides similar polarization curve to the initial cycle with negli-
gible degradation in both the onset potential and the cathodic
current density, confirming the remarkable stability of the cata-
lyst in the acidic electrolyte. The composition characterization
of the cycled WN,-NRPGC electrode is shown in Figure S13 of
the Supporting Information (with detailed illustration) and the
corresponding TEM image (Figure S14, Supporting Informa-
tion) reveals that the morphology as well as the crystallinity was
well maintained after the cycling test. When further evaluated
through prolonged electrolysis at a fixed potential of 180 mYV,
the WN,-NRPGC electrode exhibited a stable current density at
around 20 mA cm2 for over 10 h in 0.5 M H,SO, (Figure S15,
Supporting Information), and only trace amount of W
(Table S4, Supporting Information) was detected from the induc-
tively coupled plasma (ICP) analysis of the electrolyte after the test,
further confirming the durability of the WN,-NRPGC material.

As demonstrated, the carbon derived from the pyrolysis
of D201 resin under ammonia atmosphere and molten salt
heating (NRPGC) had rich N content (9.5 at%). Both the quater-
nary amine of the resin and the NH; atmosphere can act as the
nitrogen sources for doping into the carbon structure. To give
a deeper illustration, the N-doped porous graphene-like carbon
(denoted as NPGC) was also synthesized through the same
method as for NRPGC except that the ammonia atmosphere
during the calcination process was replaced by argon. From the
comparison of Raman spectra in Figure 4a, the intensity ration
of D band to G band increased from 1.15 for NPGC to 1.26 for
NRPGC, suggesting more structure defects in NRPGC, ! pre-
sumably originating from the extra nitrogen doping from the
NH; treatment. Higher amount of lattice defect should benefit
the HER.B® According to XPS, the total nitrogen contents
are 2.3 at% and 9.5 at% for the NPGC and NRPGC samples,
respectively (Figure S16, Supporting Information). It suggests
a large portion of the doped nitrogen was originated from the
calcination atmosphere of ammonia. Figure 4b shows the dif-
ferent types of nitrogen in NPGC and NRPGC. In comparison
with the NPGC sample, the intensity of “pyridinic-N” peak
of NRPGC became more prominent, demonstrating that the
pyrolysis under NHj; treatment mainly introduced pyridinic-N
into the carbon structure. As can be seen from Figure 4c, 54.3%
of nitrogen in NRPGC sample took the form of pyridinic-N,
while the corresponding ratio in the NPGC is only 26.8%.
Experimental results and DFT calculations have demonstrated
that more nitrogen doping with high percentage of pyridinic N
is effective in enhancing the HER activity.(®!

As expected, when evaluated under the electrochemical con-
dition, the NRPGC electrode shows better HER performance
than the NPGC electrode (Figure 4d), as indicated by the Ugpget
of 233 and 325 mV, 1, of 405 and 528 mV, Tafel slope of
162 and 185 mV dec™! (Figure S17, Supporting Information),
respectively. The larger Cg of NRPGC (33.5 mF cm™) than that
of NPGC (21.2 mF cm™?, Figure S18, Supporting Information)
also implies the larger available active sites of the N-rich carbon.
It was pointed out that an interaction between C-pyridinic N
and the composited metal phase could appear to introduce a

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of NRPGC and NPGC.

synergistic effect,”? which may account for the appear-

ance of synergistic effect between WN, and NRPGC in the
WN,-NRPGC composite. On this basis, during the HER pro-
cess, the pyridinic N-enriched NC substrate of the WN,-NRPGC
composite not only provides more H* active adsorption sites,
but also reinforces the synergistic effect between the C-pyridinic
N and the WN, phase, thus contributing to a superior activity.

Based on above analysis, the enhanced HER catalytic activity
of the WN,-NRPGC composite can be attributed to the fol-
lowing aspects. First, resulting from the atom level distribu-
tion of WO,%~ over the resin structure from the ion exchange,
the growth of WN, nanoparticles was suppressed during the
pyrolysis process, thus creating more available active sites for
HER. Second, the graphene-like carbon nanosheets with robust
adhesion of WN, nanoparticles can maintain the structure
stability and endow with rapid electron transfer from WN, to
the electrode. Third, the highly porous structure is expected
to maximize the number of exposed active sites and facilitate
charge and mass transfer during the electrochemical reactions.
Fourth, the abundant nitrogen doping with high percentage of
pyridinic-N in the carbon support can improve the conductivity
of the carbon and increase the H* adsorption site, meanwhile,
the increased pyridinic N doped configuration together with
the increased synergistic effect between the C-pyridinic N and
the WN, phase contribute to a better HER performance. At
last, the robust conjugation of carbon support and WN, phase
guarantees a strong corrosion resistance to acid, confirming the
stability during long-term operation.

In summary, a new hybrid of WN,-NRPGC has been syn-
thesized using a combined ion-exchange/molten salt strategy

Adv. Sci. 2018, 5, 1700603 1700603 (7 of 8)

under ammonia atmosphere. The nanosized WN, particles,
the conducted graphene-like carbon networks, especially the
enriched nitrogen doping with high percentage of pyridinic-N
contribute to the prominent electrocatalytic activity. The fabrica-
tion is facile and scalable, and more importantly, this method
can potentially be applied to prepare other nonprecious metal-
nitrogen rich graphene-based electrocatalyst for HER.

Experimental Section

Experimental details are included in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The authors thank the Major Project of Educational Commission
of Jiangsu Province of China under contract No. 13KJA430004, the
Priority Academic Program Development of Jiangsu Higher Education
Institutions, the Changjiang Scholars Program (T2011170), and the CAS
Interdisciplinary Innovation Team.

Conflict of Interest

The authors declare no conflict of interest.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Keywords

electrocatalysis, hydrogen evolution reaction, ion-exchange, tungsten
nitride, water splitting

Received: September 16, 2017
Revised: October 17, 2017
Published online: December 8, 2017

[1] M. Gong, W. Zhou, M.-C. Tsai, J. Zhou, M. Guan, M.-C. Lin,
B. Zhang, Y. Hu, D.-Y. Wang, J. Yang, S. Pennycook, B.-]. Hwang,
H. Dai, Nat. Commun. 2014, 5, 4695.
[2] G. Chen, W. Zhou, D. Guan, J. Sunarso, Y. Zhu, X. Hu, W. Zhang,
Z. Shao, Sci. Adv. 2017, 3, e1603206.
[3] W. Wang, X. Xu, W. Zhou, Z. Shao, Adv. Sci. 2017, 3, 1600371.
[4] W. Zhou, D. Hou, Y. Sang, S. Yao, J. Zhou, G. Li, L. Li, H. Liu,
S. Chen, J. Mater. Chem. A 2014, 2, 11358.
[5] X. Xu, Y. Chen, W. Zhou, Z. Zhu, C. Su, M. Liu, Z. Shao, Adv. Mater.
2016, 28, 6442.
[6] Y.-T. Xu, X. Xiao, Z.-M. Ye, S. Zhao, R. Shen, C.-T. He, ).-P. Zhang,
Y. Li, X.-M. Chen, J. Am. Chem. Soc. 2017, 139, 5285.
[7] J. Li, Y. Wang, C. Liu, S. Li, Y. Wang, L. Dong, Z. Dai, Y. Li, Y. Lan,
Nat. Commun. 2016, 7, 11204.
[8] Y. Zhu, G. Chen, X. Xu, G. Yang, M. Liu, ACS Catal. 2017, 7,
3540.
[9] C.-Z. Yuan, S.-L. Zhong, Y.-F. Jiang, Z. Yang, Z.-W. Zhao, S.-). Zhao,
N. Jiang, A.-W. Xu, J. Mater. Chem. A 2017, 5, 10561.
[10] P. Zhang, M. Wang, Y. Yang, T. Yao, H. Han, L. Sun, Nano Energy
2016, 19, 98.
[11] H. Yan, C. Tian, L. Sun, B. Wang, L. Wang, . Yin, A. Wu, H. Fu,
Energy Environ. Sci. 2014, 7, 1939.
[12] Y. Liu, W. Mustain, ACS Catal. 2011, 1, 212.
[13] D. Braga, I. Lezama, H. Berger, A. Morpurgo, Nano Lett. 2012, 12,
5218.
[14] Z. Xing, D. Wang, Q. Li, A. Asiri, X. Sun, Electrochim. Acta 2016,
210, 729.
[15] Z. Pu, X. Ya, I. Amiinu, Z. Tu, X. Liu, W. Li, S. Mu, J. Mater. Chem. A
2016, 4, 15327.

Adv. Sci. 2018, 5, 1700603 1700603 (8 of 8)

www.advancedscience.com

[16] Y. Zheng, Y. Jiao, L. Li, T. Xing, Y. Chen, M. Jaroniec, S. Qiao, ACS
Nano 2014, 8, 5290.

[17] T. Ouyang, K. Cheng, Y. Gao, S. Kong, K. Ye, G. Wang, D. Cao,
J. Mater. Chem. A 2016, 4, 9832.

[18] X. Yue, S. Huang, Y. Jin, P. Shen, Catal. Sci. Technol. 2017, 7, 2228.

[19] X. Liu, C. Giordano, M. Antonietti, Small 2014, 10, 193.

[20] R. Ma, Y. Zhou, Y. Chen, P. Li, Q. Liu, ). Wang, Angew. Chem. Int.
Ed. 2015, 54, 14723.

[21] Y. Zhu, S. Wang, Y. Zhong, R. Cai, L. Li, Z. Shao, J. Power Sources
2016, 307, 552.

[22] Q. Gong, Y. Wang, Q. Hu, ). Zhou, R. Feng, P. Duchesne, P. Zhang,
F. Chen, N. Han, Y. Li, C. Jin, Y. Li, S.-T. Lee, Nat. Commun. 2016,
7,13216.

[23] H. Yan, M. Meng, L. Wang, A. Wu, C. Tian, L. Zhao, H. Fu, Nano
Res. 2016, 9, 329.

[24] Y. Yang, Z. Lun, G. Xia, F. Zheng, M. He, Q. Chen, Energy Environ.
Sci. 2015, 8, 3563.

[25] Y. Liu, G. Yu, G. Li, Y. Sun, T. Asefa, W. Chen, X. Zou, Angew. Chem.,
Int. Ed. 2015, 54, 10752.

[26] Y. Zhu, Y. Zhong, G. Chen, X. Deng, R. Cai, L. Li, Z. Shao, Chem.
Commun. 2016, 52, 9402.

[27] G. Chen, J. Sunarso, Y. Zhu, J. Yu, Y. Zhong, W. Zhou, Z. Shao,
ChemElectroChem 2016, 3, 1760.

[28] D. Youn, S. Han, J. Kim, J. Kim, Y. Park, S. Choi, |. Lee, ACS Nano
2014, 8, 5164.

[29] L. Liao, S. Wang, J. Xiao, X. Bian, Y. Zhang, M. Scanlon, X. Hu,
Y. Tang, B. Liu, H. Girault, Energy Environ. Sci. 2014, 7, 387.

[30] H. Lin, N. Liu, Z. Shi, Y. Guo, Y. Tang, Q. Gao, Chem. Sci. 2016, 7,
3399.

[31] H. Wu, B. Xia, L. Yu, X. Yu, X. Lou, Nat. Commun. 2015, 6, 6512.

[32] W. Zhou, ). Zhou, Y. Zhou, ). Lu, K. Zhou, L. Yang, Z. Yang, L. Li,
S. Chen, Chem. Mater. 2015, 27, 2026.

[33] G. Dong, M. Fang, H. Wang, S. Yip, H. Cheung, F. Wang, C. Wong,
S. Chu, J. Ho, J. Mater. Chem. A 2015, 3, 13080.

[34] X. Wang, Y. Xu, H. Rao, W. Xu, H. Chen, W. Zhang, D. Kuang, C. Su,
Energy Environ. Sci. 2016, 9, 1468.

[35] Y. Chen, Y. Zhang, W. Jiang, X. Zhang, Z. Dai, L. Wan, . Hu, ACS
Nano 2016, 10, 8851.

[36] Y. Jiao, Y. Zheng, K. Davey, S.-Z. Qiao, Nat. Energy 2016, 1, 16130.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



