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ABSTRACT: Tungsten carbide (WC) is an alternative to the costly and resource-
constrained Pt-based catalysts. Herein, a one-step facile and easily scalable approach
is reported to synthesize ultrafine WC nanocrystals encapsulated in porous N-doped
carbon nanospheres (NC) by simple self-polymerization, drying, and annealing. It is
worth mentioning that this developed method has four novel features: (1) the
synthesis process, without any hard template or hydrocarbon gas feeding, is,
notably, very facile and efficient with low cost; (2) the carbon coating on WC
nanocrystals not only restrains coarsening of particles but also creates strong
coupling interactions between the nanocrystallines and the conductive carbona-
ceous matrix; (3) uniform grape-like WC@NC nanospheres with high specific
surface area can be obtained in a large scale; and (4) single-phase WC can be
achieved. As a result, WC@NC demonstrates remarkable hydrogen evolution
reaction (HER) electrocatalytic performance with overpotentials of 127 and 141
mV at a current density of 10 mA cm™ and Tafel slopes of 56.3 and 78.7 mV dec™!
in acid and alkaline media, respectively. Our density functional theory calculations manifest that the strong synergistic electronic
effect between WC and its intimately bonded carbon shell vastly boosts the HER electrocatalytic activity. WC@NC catalysts as
a cathode are further tested in a home-made electrolyzer with 0.78 A cm™> achieved at a cell voltage of 2 V at 80 °C and
operated stably at 200 mA cm™* for more than 20 h.

KEYWORDS: hydrogen evolution reaction, tungsten carbide, density functional theory, grape-like nanospheres,
proton exchange membrane water electrolyzer
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1. INTRODUCTION

Hydrogen is one of the most prospective energy carriers
because of its pollution-free nature, high energy density, and
sustainable properties. Water-splitting using electricity from
renewable energy, for example, solar and wind, is an
environmentally friendly approach for cost-effective and
sustainable hydrogen production.' As we all know, platinum
group metals (PGMs) and their alloys are the best hydrogen
evolution reaction (HER) electrocatalysts because of their
ideal hydrogen—PGMs bonding energy.” However, the high
price and scare earth reserve of noble metals restrict their
massive applications. Hence, developing highly active, earth-
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abundant, and cost-efficient nonprecious metal (NPM) HER
electrocatalysts is indispensable for partial or even complete
replacement of PGMs.” Despite the advancements of transition
metal—chalcogenides,* phosphides,® and nitrides® as HER
electrocatalysts, only a few candidates can synchronously
satisfy the electrocatalytic activity and stability demands.®™®
In the past few decades, numerous efforts have been devoted
to exploring the catalysis of transition-metal carbides (TMCs)
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in view of their platinum-like catalytic behaviors, for example,
for hydrolgenolysis,9 desulfurization,'” and oxygen reduction
reaction.'’ Among the studied TMCs, tungsten carbide (WC)
has been considered one of the most promising HER
electrocatalysts because of its efficient catalytic activity, robust
chemical and electrochemical stability, and low cost.'”
However, the traditional method for preparing WC usually
takes place in a high temperature (1400—1600 °C) furnace by
the calcination of WO; with gaseous CH, or CO, leading to
serious problems, such as particle coarsening, low surface area,
and poor morphology control.'*'* To acquire nanoscale WC
particles, a variety of methods, including ball milling"® and
chemical vapor deposition,'®"” have been applied. In general,
these methods have the following drawbacks: lengthy
preparation process, high temperature, and high energy
consumption. Most importantly, pure phase of WC is not
guaranteed with the generation of W, W,C, or WC,_, phases
during the synthesis process, which can significantly lower the
HER performance.'® Research by Harnisch and co-workers
indicated that the HER electrocatalytic activity of the mixed
catalysts was strongly correlated with their WC contents,
whereas the other compositions (W,C, WO,, and W) played a
minor role.'” Recent routes for WC synthesis mainly employ
the carbothermal reduction approach, in which carbon-
containing precursors are mixed with tungsten-containing
species for pyrolysis in inert gases.”””>* Nevertheless, both
the synthesis of single-phase WC and its morphology control
are rarely reported.

Additionally, despite the platinum-like behaviors of WC, Sun
et al. reported that H adsorption on the WC surface is too
strong, which severely hampers H desorption.” It is clear that
ideal HER electrocatalysts should involve moderate hydrogen-
binding energy.”* Generally, there are two effective approaches
for the modulation of H-binding strengths: (i) heteroatom
dopants for electronic configuration regulation to optimize the
physicochemical property of active sites”**~>” and (ii) hetero-
interface construction of TMC to regulate interfacial electronic
configuration or satisfz synergic electronic effect of the
coupling counterparts.2 ! However, most of the reported
literature studies are based on Mo,C while the H-binding
strength modulation for WC is rarely reported.

Herein, we developed a one-step pyrolysis method to
synthesize ultrafine single-phase WC nanocrystals encapsulated
in porous N-doped carbon nanospheres (NCs). It is worth
mentioning that this developed method, without any hard
template or hydrocarbon gas feeding, is, notably, very facile
and efficient with low cost. The electrocatalytic performance of
the as-prepared products was evaluated in a half-cell test
followed by measurements in an actual polymer electrolyte
membrane (PEM) electrolyzer. WC@NC displays prominent
HER performance in both tests, which is superior to most of
the WC-based catalysts reported previously, showing a great
potential for practical water electrolysis applications. The
remarkable HER performance of WC@NC is consistent with
the density functional theory (DFT) calculation, proving that
carbon-encapsulated shells commendably modulate the H-
binding energy of WC and thereby boost its HER electro-
catalytic activities.

2. EXPERIMENTAL SECTION

2.1. Material Preparation. The reagents ammonium metatung-
state hydrate ((NH,)sH,W,0,40:«H,0, AMT, 99.5%) and dopamine
hydrochloride (dopamine, 98%) purchased from Aladdin were used

without any further purification. A detailed synthesis process of WC@
NC is described as follows. First, 400 mg of AMT (4AMT) was
dissolved into 70 mL of deionized water. After stirring for 10 min, 300
mg of dopamine was added into the solution and stirred for another
30 min. Then, 150 mL of ethanol was added into the above solution
under stirring for 30 min. Subsequently, 1 mL of ammonium
hydroxide (NH;H,O, 25—28 wt %) was dropwise added into the
obtained solution and the pH was adjusted to 9—10. The solution was
continually stirred for another 3 h and transferred into a fume hood
afterward to age for 2 days. The precursor was collected by heating
and continuous stirring at 80 °C. The powder was then heated up to
950 °C at a rate of 5 °C/min for 90 min in a N, atmosphere to obtain
final WC@NC nanospheres. For comparison, different amounts of
AMT (300 and 500 mg) were added to obtain 3AMT and SAMT
(WC@NC), respectively,. The commercial Pt/C (20 wt %, Sunlaite)
and WC (Aladdin) were used as reference catalysts.

2.2. Material Characterization. X-ray diffraction (XRD)
patterns were obtained by Bruker D8 ADVANCE ECO. Raman
spectroscopy was implemented using LabRAM HR Evolution
(Horiba) at 532 nm excitation. Scanning electron microscopy
(SEM) was carried out on TESCAN VEGA 3 LMH. Transmission
electron microscopy (TEM) and energy-dispersive X-ray spectrum
(EDXS) mapping characterizations were conducted on a JEOL 2100F
microscope with 200 kV voltage. X-ray photoelectron spectroscopy
(XPS) was performed on Thermo Fisher Scientific K-Alpha+. The
spectra of XPS were corrected with the main line of C 1s spectrum
(284.8 V). Micromeritics (ASAP 2020 analyzer) was used to
measure the nitrogen adsorption—desorption isotherms.

2.3. Electrode Preparation and Electrochemical Measure-
ments. The electrocatalyst inks were prepared by mixing 6 mg of
catalyst powder, 1 mg of carbon, 0.8 mL of isopropyl alcohol, 0.2 mL
of deionized water, and 30 L of S wt % Nafion solution (Dupont)
and sonicated for 1 h in an ice bath. Then, 24 uL of this ink was
pipetted (four times using an aliquot of 6 uL) on a glassy carbon
electrode with a diameter of 5 mm (0.196 cm?).

A three-electrode cell was chosen to evaluate the electrochemical
performances in both acid and alkaline media using an rotating disk
electrode (RDE) setup (5 mm, Pine Instruments, USA) and a
Solartron analytical CellTest system (1470E/1400). A hydrogen
reference electrode and a saturated calomel electrode (Epyy = Egcg +
0.059 X pH + 0.241) were used as reference electrodes in acid (0.5 M
H,S0,) and alkaline media (1 M KOH, pH = 14), respectively. A
carbon rod was used as the counter electrode.

Linear sweep voltammetry was run between 0.15 and —0.5 V [vs
reversible hydrogen electrode (RHE)] at a sweep rate of 5 mV s~
Electrochemical impedance spectroscopy (EIS) measurements were
performed over a frequency range from 100000 to 0.1 Hz with an
amplitude of 10 mV. The electrochemical double-layer capacitances
(Caq) of electrocatalysts were evaluated in the non-faradic region
(0.1-0.3 V vs RHE). The cyclic voltammetry (CV) curves for Cy
were carried out with different scan rates (25—300 mV s™!). For the
stability study, CV cycles were performed from 0.1 to —0.25 V (vs
RHE) at 100 mV s™' in both acid and alkaline media.
Chronopotentiometric measurements tests were also conducted
using RDE by applying a constant potential. All the polarization
curve data presented were corrected with iR compensations. All
potential values in this work are relative to the RHE.

2.4. Preparation of Membrane Electrode Assembly. The
membrane electrode assembly (MEA) was prepared with modifica-
tions to our previous work.*> The catalyst-coated membrane (CCM)
was manufactured using N212 (Dupont) membrane, and the as-
prepared WC@NC and IrO, (Sunlaite) act as the cathode and anode,
respectively, with a cathode loading (WC@NC) of 4.2 mg cm™ and
an anode loading (IrO,) of 2.5 mg cm ™2 Other parameters, such as
ink treatment process and hot pressing conditions, were the same as
mentioned in our previous work.”>

2.5. Theoretical Calculations. DFT calculations were performed
employing the Vienna Ab initial Simulation Package with the
projector-augmented wave pseudopotential and Perdew—Burke—
Ernzerhof of exchange—correlation function. The space group of
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Figure 1. Schematic illustration for the preparation of WC@NC nanospheres.
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Figure 2. (a) XRD patterns of WC@NC synthesized with different AMT—dopamine ratios at 950 °C. (b) XRD patterns of WC@NC (4AMT)
pyrolyzed at different temperatures. (c,d) SEM images of WC@NC at low and high magnifications, respectively.

P6m2 (no. 187) with a hexagonal crystal structure was used. The
lattice constants of WC in our first-principles calculations are a = b =
2919 A, ¢ = 2.845 A, which are in good agreement with the previous
experimental result.*’ For the pure WC(001) surface, W-termination
was used as the active site with four layers of W atoms and three
layers of C atoms. For WC@NC calculations, the p13 X p13 supercell
for graphene layers and the 3 X 3 supercell for WC layers were
applied. To eliminate the interaction between surfaces, 10 A vacuum
was used for all models. It needs to be emphasized that these
calculations followed the method proposed by Nerskov et al.** More
details of the calculation can be found in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology Characterization.
Figure 1 demonstrates a typical synthesis process of the
WC@NC nanospheres. As shown in Figure 1, dopamine
hydrochloride (dopamine) is selected to initiate the complex-
ation of AMT ((NH,)sH,W,,0,0:xH,0) because of its
favorable chelation with anion (MoO,>", etc.).>>*¢ After the
addition of NH;-H,O, self-polymerization of AMT—dopamine
takes place at the water/oil interface. Subsequently, ultrafine
WC nanocrystals can be achieved, uniformly confined in grape-
like carbon nanospheres via the carbothermal reduction of the
dopa—AMT precursor in an inert atmosphere. Although this

25125

synthesis process looks quite concise, multiple factors,
including pyrolysis temperature, pyrolysis time, water and
ethyl alcohol proportion, pH value, and precursor weight ratio,
could affect the final morphology and structure of products.
To investigate these influence factors during the preparation
of WC@NC, a series of experiments were implemented. Figure
2a shows the XRD patterns of as-synthesized WC@NC
samples with different AMT—dopamine ratios at 950 °C. As
can be seen, single-phase WC is more likely to be formed at a
higher AMT—dopamine ratio while small W,C peaks appear in
the 3AMT sample. It is worth emphasizing that no other
diffraction peaks, such as W,C and W, are observed in the
XRD pattern of 4AMT, indicating the highly pure phase of as-
prepared catalysts. The XRD characteristic peaks at 31.5°,
35.6° 48.3°% 64.0° 65.7°, 73.1°, 75.5°, and 77.1° of the as-
prepared WC@NC (4AMT) can be ascribed to the (001),
(100), (101), (110), (002), (111), (200), and (102) planes of
hexagonal WC (JCPDS no. 51-0939), respectively. Figure 2b
compares the XRD patterns of WC@NC (4AMT) samples
pyrolyzed at different temperatures (900—1000 °C). At 950
and 1000 °C, pure WC nanocrystals are obtained with
disappearance of the W,C phase. At a relatively low
temperature (900 °C), small W,C peaks can be observed,

DOI: 10.1021/acsami.9b04725
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Figure 3. (a,b) TEM images at (a) low and (b) high magnification; (c) high-resolution TEM image; and (d) HAADF-TEM image of the prepared
WC@NC. (e—i) Separate and overlapped EDXS mapping images of C, W, and N in WC@NC nanospheres.
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Figure 4. (a) Raman spectra of WC@NC with different precursor ratios; (b) XPS of W 4f; and (c,d) high-resolution XPS spectra of C 1s and N 1s.

suggesting the coexistence of WC and W,C. This observation
is expected because W,C is not thermodynamically stable
below 1200 °C based on the tungsten—carbon phase
diagram.”” As shown in Figure S1, the pyrolysis time of the
precursor at 950 °C was investigated. Other variables, such as
solvent ratio (water/ethanol) and pH value of the solution,
were also studied, as demonstrated in Figures S2 and S3.
Results show that both the solvent ratio and pH value have an
important effect on the formation of the product. In short, after
a series of screening experiments, the optimal condition for
synthesizing pure WC nanoparticles encapsulated in carbon
nanospheres was obtained.

25126

The morphology of WC@NC is first examined by SEM at
different magnifications, as shown in Figure 2c,d. Interestingly,
WC@NC presents uniform, grape-like, and monodisperse
nanospheres in a large scale with an average diameter of 300—
500 nm. The high-magnification SEM image (Figure 2d)
reveals that the as-prepared WC@NC is probably porous. To
check the specific surface area of as-prepared products, N,
adsorption—desorption isotherms were implemented. As
shown in Figure S4, the specific surface areas of 3AMT,
4AMT, and SAMT are 3084, 2102, and 144.5 m> g/,
respectively. Obviously, with such high specific surface areas,
more efficient active sites for HER can be exposed within
porous carbon spheres. The high specific surface area obtained

DOI: 10.1021/acsami.9b04725
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Figure 5. (a) Polarization curves for 3AMT, 4AMT, SAMT, Pt/C, and CWC in 0.5 M H,SO, at S mV s™". (b) Tafel plots derived from (a). (c)
Double-layer capacitances of 3AMT, 4AMT, SAMT, and CWC in 0.5 M H,SO,. (d) EIS curves of 3AMT, 4AMT, SAMT, and CWC at an applied
potential of —0.25 V. Inset is the equivalent circuit. The solid line curve represents the fitting results. (e) Polarization curves for 4AMT before and
after 5000 CV cycles (—0.25 to 0.1 V) at 100 mV s™". (f) Time-dependent current density curve of 4AMT under an overpotential of 0.132 V in 0.5
M H,S0,. (g) Comparison of overpotential (10 mA cm™2) and Tafel slopes of 4AMT and other electrocatalysts. The corresponding references are

listed in Table S2.

can be attributed to the massive micropores generated from
the large amount of gas releasing during the carbonthermal
reduction. For comparison, commercial WC (CWC) manifests
a quite low specific surface area of 18.2 m*> ¢! (Figure S4d).
Also, we investigate the morphology of other as-prepared
WC@NC under different conditions. Clearly, the AMT—
dopamine ratio (Figure SS), water/ethanol ratio (Figure S6),
pH value (Figure S7), and tungsten source (Figure S8) have an
important effect on the final morphology of the products.
Consequently, based on the XRD and SEM results, the final
composition and morphology of the products can be
controlled by rationally designing and carefully controlling
the synthesis condition.

Figure 3ab show the TEM images at low and high
magnifications for the as-prepared WC@NC. As shown in
Figure 3b, the surface of WC@NC is clearly porous. Figure 3¢
indicates that WC nanoparticles are well wrapped in carbon
shells with a size of ~10 nm. More details about the WC grain
size can be seen in Figure S9. This carbon-encapsulated
structure plays an important role in both electrocatalytic
activity and stability. On the one hand, such carbon layers
significantly confine WC nanoparticles and restrain their
agglomeration and coalescence.'”® On the other hand, the
carbon shell provides excellent electrical conductivity and
protects active ingredients from leaching in corrosion environ-
ments.”® Besides, Figure 3c clearly shows the lattice fringes

25127

with d-spacing of 0.285 and 0.253 nm, which are consistent
with the (100) and (001) crystal planes of the WC,
respectively. To reveal the element distribution of the as-
prepared materials, the high-angle annular dark-field
(HAADF) and EDXS mapping technologies were employed.
As can be seen in Figure 3d—i, C, W, and N are uniformly
distributed in carbon nanospheres. Compared to C, N
inherently possesses a higher electronegativity, thereby
rendering greater positive charge densities to the adjacent
carbon atoms. As such, these carbon atoms become new active
sites.”””*' In addition, owing to the N dopants in carbon
spheres, the electronic structure of WC could probably be
modulated by enriching the electron density on the carbon
surface, thus weakening the WC—H binding strength and
facilitating H desorption during the HER process.””**

Raman spectroscopy characterizations were carried out to
understand the structure property of the carbonaceous
catalyst.” Figure 4a shows the Raman spectra of the WC@
NC catalysts synthesized at 950 °C with different AMT—
dopamine ratios. As can be seen, two obvious peaks are
observed at 1345 and 1590 cm™, representing the D band
(disordered carbon) and G band (graphite carbon),
respectively.** Using the intensity of I/Ig, the defect degree
in carbon materials can be evaluated.”” Generally, the higher
the Ip/Ig ratio, the more defects in the electrocatalysts,%‘Ar7
which probably boosts the HER activity due to the changes of

DOI: 10.1021/acsami.9b04725
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surface properties. Obviously, the I,/I; ratio (4AMT) is nearly
the same as that of SAMT and higher than that of 3AMT.
Therefore, there are more defects in the 4AMT and SAMT
samples than the 3AMT sample. In addition, Raman results
also indicate that the defect concentration no longer increases
with the proportion of AMT—dopa when the AMT—dopa
proportion reaches SAMT.

XPS was implemented to further gain more insights into the
valence state and structure information of as-prepared
materials. Both spectra and their deconvolutions are presented
after the subtraction of an integral background. As shown in
Figure S10, the full XPS spectra manifests the presence of C,
W, O, and N elements in the as-prepared products. Figure 4b—
d shows the regional XPS of W 4f, C 1s, and N Is, respectively.
The peaks (Figure 4b) at 32.3 and 34.4 eV on the W 4f
spectrum can be ascribed to WC while the peaks at 36.5 and
38.7 €V are consequences of unavoidable surface oxidation of
WC nanoparticles when exposed to air.”** The C Is spectra
(Figure 4c) can be fitted with three contributions from the
corresponding peaks centered at 284.7, 285.9, and 288.8 eV,
which can be attributed to C—C, C—N, and C=0 species,
respectively.” The N 1s spectra (Figure 4d) can be fitted with
four contributions from the corresponding peaks centered at
398.5 eV (pyridinic N), 400.4 eV (pyrrolic N), 401.4 eV
(graphitic N), and 402.3 eV (oxidized N).** Among the N
Is spectra, the peak area of graphitic N is about 36.8%,
indicating that N atoms are successfully doped into the carbon
matrix.””

3.2. HER Performance in Acid Media. The HER
electrochemical performance of 3AMT, 4AMT, SAMT,
CWC, and Pt/C samples was first assessed in a three-electrode
cell with Ar-saturated 0.5 M H,SO,. Figure 5a presents the
polarization curves of as-prepared catalysts, along with the
performance of CWC and Pt/C electrodes for reference. For
the compensation resistance of electrolyte solution, the
compensation resistance value of 3AMT, 4AMT, SAMT,
CWC, and Pt/C electrodes is 5.4, 5.2, 5.3, 5.3, and 5.2 Q,
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respectively. It is clear that the HER performance of the
electrodes decreases in the following order: Pt/C > 4AMT >
SAMT > 3AMT > CWC. As shown in Table S1, the 4AMT
sample exhibits optimal HER performance with an over-
potential of 127 mV at 10 mA cm 2, much smaller than that of
3AMT (165 mV), SAMT (152 mV), and CWC (243 mV). It
is worth emphasizing that the HER catalytic activity of 4AMT
in this work is superior to most of the WCs recently reported,
as shown in Figure 5g.

To reveal the underlying mechanism of the as-prepared
electrocatalysts for HER, the kinetics for all electrodes are
presented by Tafel plots (Figure Sb). Obviously, Pt/C displays
the lowest Tafel slope of 31.3 mV dec™’, which is in
accordance with those values reported formerly.”*** The
Tafel slope of 4AMT is 56.3 mV dec™', lower than that of
3AMT (76.7 mV dec™"), SAMT (76.7 mV dec™"'), and CWC
(103.4 mV dec™). All of the above results suggest that the
rate-limiting step of the electrodes is a Volmer—Heyrovsky
kinetic process. The smaller overpotential and Tafel slope of
4AMT manifest a faster charge-transfer and H desorption
process among the studied electrodes.

To further provide insights into the electrocatalytic activities
of various electrocatalysts for HER, double-layer capacitances
(Cyq) were employed.43 Figure S11 shows the CV curves of as-
prepared catalysts with different scan rates (25—300 mV s7%).
As shown in Figure Sc, the Cy of 3AMT, 4AMT, SAMT, and
CWC are calculated to be 13.1, 24.3, 20.6, and 7.2 mF cm™?,
respectively. The electrochemically active surface area (ECSA)
can be approximately evaluated using the following equation

ECSA = (Cy/m)/60 pF cm™ (1)
where m is the catalyst loading on RDE.” As a result, the
ECSA of 3AMT, 4AMT, SAMT, and CWC are calculated to
be 31.44, 60.8, 49.1, and 16.6 m> g_l, respectively, indicating

that there are more active sites in the 4AMT electrocatalyst.
To reflect the inherent HER activities, the above comparisons
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are based on the same catalyst loading. Interestingly, while the
surface area of 3AMT is larger than 4AMT, the ECSA of
3AMT is even smaller than 4AMT. It can be explained that
3AMT does not contain as much WC nanoparticles as 4AMT.
Nevertheless, excessive W content in the precursor could result
in WC coarsening and a loss of surface porosity; that is why, a
poorer HER performance of SAMT than that of 4AMT is
observed. EIS measurements were performed to examine the
electrocatalytic property during HER. Figure 5d shows the EIS
curves of the catalysts at —0.25 V (vs RHE). An equivalent
circuit with two time constant models was used to analyze the
results. R, and CPE represent the solution resistance and
constant phase elements, respectively. R, and R, are on behalf
of the resistance of surface porosity and charge-transfer
resistance, respectively. The fitting results have been listed in
Table S3. At the same applied voltage, the charge-transfer
resistance of 4AMT (5.1 Q) is much small than that of 3AMT
(8.1 Q), SAMT (7.4 Q), and CWC (13 Q), suggesting a faster
charge-transfer process and higher HER activity of 4AMT.
Except for the electrocatalytic activity, stability/durability is
another important electrochemical property for electro-
catalysts. The electrochemical stability of 4AMT was first
evaluated by cyclic voltammograms (CVs). As shown in Figure
Se, the polarization curves do not change much even after 5000
CV cycles, manifesting its high stability in strong acid media.
The time-dependent current density curve of 4AMT for 9 h at
n = 132 mV was implemented and no obvious decay could be
observed (Figure 5f), further confirming its robust stability. As
shown in Figure S12, the crystal-phase structure of WC@NC
has no distinct changes after long-term CP measurements.
3.3. HER Performance in a Single Cell. Although the as-
prepared WC@NC shows a high HER performance in a half
cell system, from the perspective of the actual application, the
single-cell test for performance evaluation is indispensable. In
this work, single-cell test was implemented using a home-made
electrolyzer device, as shown in Figure 6a. Figure 6b shows the
polarization curves of the WC@NC (4AMT) catalyst in a
single cell. Obviously, the performance of the 4AMT-based
PEM electrolyzer is greatly improved with increasing temper-
ature. At an operation voltage of 2 V, the 4AMT-based PEM
electrolyzer demonstrates a current density of 0.78 A cm™> at
80 °C, which is superior to the previous literature (Figure
6d).”' 7 Specific conditions for this work and other reported
results are compared in Table S4. The stability/durability of
the MEA was further evaluated by monitoring the changes of
cell voltage versus time at 200 mA cm™ at 80 °C, which
demonstrated a favorable durability for NPM-based electro-
catalysts, as shown in Figure 6c. It can be seen that the
potential increases significantly after over 45000 s during the
durability test. Several possible reasons could lead to the
degradation: (1) the metallic cation poisoning.””*® The
charge-transfer and ionic resistance of the Nafion membrane
will be increased because of the occupation of the metallic
cations to ion exchange sites. (2) Catalyst layer detachment
due to excessive membrane swelling or improper assembly.’
(3) Catalyst dissolution during the durability operation.”
Additionally, Figure S13 shows the EIS curves at applied
voltages of 1.8, 1.9, and 2.0 V at 80 °C, respectively.
Apparently, with the increase of the operation voltage, the
polarization resistance of the PEM electrolyzer gradually
declines (Table SS). Additionally, as can be seen in Figure
S13, the Ohmic resistance of the PEM electrolyzer is 0.114 Q

cm?, indicating a good conductivity of the electrode and
satisfactory assembly of the single cell.

3.4. HER Performance in Alkaline Media. Because water
electrolysis is often operated in an alkaline electrolyte for actual
applications, HER electrocatalytic activities for various
catalysts are also evaluated in 1 M KOH electrolyte. Figure
Sl4a demonstrates the polarization curves of 4AMT, CWC,
and Pt/C catalyst at S mV s7L. As shown in Table S6, to drive
10 mA cm™? the required overpotential of the 4AMT
electrode is 141 mV, which is much lower than that of
CWC (312 mV). It can be seen that WC@NC (4AMT) is
quite competitive to other recently reported WCs (Table S7).
Furthermore, Figure S14b shows the Tafel plots of the 4AMT
(78.7 mV dec™"), CWC (105.4 mV dec™"), and Pt/C catalysts
(46.3 mV dec™), suggesting a Volmer—Heyrovsky kinetic
mechanism. By applying CV cycles and CP test (Figure
S14c,d), the stability measurements were carried out. Results
show that a robust stability for both stability tests is achieved in
the alkaline electrolyte.

3.5. Theoretical Calculations. To further unveil the
mechanism of the high HER performance for WC@NC
material, we carried out DFT calculations on the Gibbs free
energy (AGy:) by building relevant models for C, N-doped C
(NC), WC, and WC@NC. It is well known that AGysx is a
critical factor for the HER activity.”” Typically, the closer the
AGy+ is to zero, the better the HER electrocatalytic
performance can be achieved. As shown in Figure 7 and
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Figure 7. Gibbs free-energy diagrams of H* on C, N-doped C (NC),
WC, WC@NC, and WCN@C.

Table S8, the calculated AGys values of C, NC, WC, and
WC@NC are 1.82, 0.73, —0.56, and —0.14 eV, respectively.
Obviously, the AGysx value of individual C or WC is far away
from 0 eV, indicating too weak (C) or too strong (WC)
adsorption of H** Interestingly, the AGy: value of WC@NC
(—0.14 eV) is sharply minished when WC supercells bond
with NC shells, which manifests a strong synergistic electronic
effect between their counterparts, thus tremendously boosting
the HER electrocatalytic activity. It is also observed that the
NC shell renders a AGy+ value of 0.73 eV, which is much
lower than that of C (1.82 eV), suggesting that N dopants
could change the surface state of C and enrich the electron
density of carbon shells, further promoting the catalytic
activity. Furthermore, considering that N dopants may exist
in the WC interstice, we also build another theoretical model
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