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Dispersing active materials on a working electrode without any binder is always desirable for electrocatalytic
processes. Here we report a promising method to grow polyoxometalate-based MOFs (POMOFs) in situ on
a copper foam (CF) substrate. Impressively, CF can serve as metal nodes for the direct growth of MOFs on its
3D skeleton tightly. After ammoniating the POMOFs/CF precursor, a nitride-based composite (MoN-Cu-
NPC/CF) is achieved with such a unique structure with MoN and Cu nanoparticles embedded in N, P-
doped amorphous carbon and decorated on CF uniformly. We find that MoN-Cu-NPC/CF has an
improved HER activity over a wide pH range. Especially in an alkaline electrolyte, this composite shows
a small onset overpotential of 60 mV, a Tafel slope of 152 mV dec™* and an outstanding long-term

stability (over 20 h), outperforming most of the nitride-based HER electrocatalysts to date. Density
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Accepted 26th April 2019 functional theory (DFT) calculations reveal that the synergy between MoN and Cu can modify the
electronic structure of the active Cu sites, which significantly improves H* binding and water dissociation

DOI: 10.1039/c5ta02200g kinetics. This work provides a facile strategy for in situ growth of MOFs on a metal substrate without any

rsc.li/materials-a binder and holds substantial promise for efficient HER applications.

Published on 27 April 2019. Downloaded by Nanjing Normal University on 9/1/2019 10:18:02 AM.

Introduction

Electrolysis of water to produce gaseous hydrogen (H,) is
a promising technology to meet the growing energy demands.
In recent years, numerous research studies have been reported
for the exploration of high-performance electrode materials to
improve the kinetics of the hydrogen evolution reaction (HER),
especially in an alkaline electrolyte."* Noble metal-based
materials are well regarded as state-of-art electrocatalysts
towards the HER.*”® However, these electrocatalysts are costly
and have low abundance, which are not suitable for industri-
alization. Therefore, non-noble metal-based electrocatalysts
with excellent activity and low cost are highly desirable for
efficient production of H,.*” Despite considerable research on
these materials, such as transition metal sulphides,*® phos-
phides,'***  carbides™" and heteroatom-doped carbon
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materials,"** designing and synthesizing efficient HER elec-
trocatalysts remains a great challenge.

Metal-organic frameworks (MOFs) are a type of typical
porous crystals with distinguishing features including an
adjustable pore size, high surface area and optional metal ions/
clusters.'®"” Calcination of MOF powders provides a feasible
method to synthesize porous carbon-confined nanocomposites
for renewable energy applications.”®*" Particularly, MOF-
derived nanomaterials have been considered to be the prom-
ising commercial Pt/C replacement electrocatalysts for the
HER.*?* Despite these advantages, carbon-based nano-
composites are inclined to agglomerate to form granular
particles by high-temperature carbonization of MOF powders. If
MOFs are grown uniformly and tightly on a conductive support
(e.g., carbon fiber paper and nickel foam), the problem of
derivatives being aggregated can be solved.*>** However, MOFs,
especially large-sized crystals, directly grown on a substrate
through weak van der Waals interactions are likely to fall off,
thus decreasing the activity and stability for electrolysis. In this
regard, we can choose a specific metal support as metal nodes to
grow MOFs tightly and homogenously.”” For example, a copper
foam (CF) substrate can be surface oxidized and used as the
metal nodes to grow HKUST-1, which is a well-known MOF
assembled from paddlewheel-type Cu(u) nodes and 1,3,5-ben-
zenetricarboxylate (BTC) linkers.?® Therefore, in situ growth of
MOFs on a metal substrate can open up a new opportunity for
the development of functional electrodes mainly in frontier
electrochemical fields.
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Metal nitrides (MNs) have been regarded as effective elec-
trocatalysts in H, production recently.>*>** MNs have a variety of
advantages including excellent electronic conductivity, high
melting temperature and good mechanical strength. However,
pure-phase nitrides usually have high overpotentials and poor
corrosion stability in acidic or alkaline electrolytes during
electrocatalytic measurements. Notably, porous carbon-
confined nitrides can improve the long-term stability and
avoid corrosion effectively.*> Adopting a good method to
conduct ammoniation treatment of MOFs can yield the nitride-
based nanocomposite with a unique structure.**** Therefore,
combining the above concepts, MOFs which are in situ grown on
a substrate as a precursor can be ammoniated to synthesize
a porous carbon-confined nitride-based composite. The as-
prepared nitride-based electrocatalysts not only have high
surface areas, exposed active sites and a short electronic
transmission path but also possess good electronic conductivity
and structural stability.

In this work, we have in situ grown polyoxometalate-based
MOF (POMOF) crystals on a CF substrate (POMOFs/CF)
without any binder. The CF substrate was used as both the
conductive support and the metal copper nodes to synthesize
HKUST-1 crystals. Keggin-type polyoxometalates (POMs) of
phosphomolybdic acid (PMo;,) with an appropriate size and
shape were introduced into the pores of HKUST-1 to synthesize
POMOFs (PMo;,@HKUST-1).***¢ Then, a nitride-based
composite (MoN-Cu-NPC/CF) was prepared by directly anneal-
ing POMOFs/CF in an ammonia (NH;) atmosphere. Remark-
ably, MoN-Cu-NPC/CF served as the working electrode for the
HER with impressive activity and stability in different electro-
lytes, surpassing most reported nitride-based HER electro-
catalysts to date. Density functional theory (DFT) calculations
corroborated that the high activity was fundamentally attrib-
uted to the synergistic effect between MoN and Cu, in which the
underlying interfacial charge transfer could modify the active
Cu sites and hence accelerate the water dissociation kinetics.

Experimental
Chemicals

All chemicals were purchased and used without purification.
Ammonium persulfate ((NH,4),S,0s, =98.0%), sodium
hydroxide (NaOH, 98%), potassium hydroxide (KOH, =96%),
sulfuric acid (H,SO4, 98%), sodium dihydrogen phosphate
dihydrate (NaH,PO,-2H,0, AR), sodium phosphate dibasic
anhydrous (Na,HPO,, AR), phosphomolybdic acid (H;PMo;,-
0,40-1H,0), and 1,3,5-benzenetricarboxylate (BTC, 98%) were
supplied by Sinopharm Chemical Reagent Co., Ltd. 20% Pt/C
and Nafion solution (5 wt%) were purchased from Sigma-
Aldrich.

Preparation of the PMo,,@HKUST-1/CF precursor

First, Cu foam with a size of 1 x 2 cm? was washed with water,
ethanol and acetone, respectively. (NH,),S,0g (5 mmol, 1.14 g)
and NaOH (120 mmol, 4.8 g) were dissolved in 50 mL water to
form a clear solution. A piece of clean Cu foam was then
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immersed in the above solution at 80 °C for 20 min to ensure
surface oxidation. The oxidized Cu foam was washed with water
several times and immersed in water for use. Afterwards, BTC
(0.1 mmol, 21 mg) and PMo,, (0.02 mmol, 37 mg) were dis-
solved in a mixture of 5 mL water and 5 mL ethanol by soni-
cation. A piece of oxidized Cu foam was immersed in the above
solution and allowed to stand at room temperature for 24 h.
Finally, PMo;,@HKUST-1/CF was collected by washing with
a water/ethanol solution and dried at 60 °C overnight. For
comparison, HKUST-1/CF was prepared without adding PMo,,.

Preparation of MoN-Cu-NPC/CF

PMo;,@HKUST-1/CF was annealed at 400 °C (5 °C min"
heating rate) for 5 h under a NH; flow. After cooling to room
temperature, MoN-Cu-NPC/CF was obtained with a loading
mass of ca. 2 mg cm ™2, For comparison, Cu-NC/CF was obtained
by ammoniation of the HKUST-1/CF precursor.

Material characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a D/
max 2500VL/PC diffractometer (Japan) equipped with graphite
monochromatized Cu Ko radiation (A = 1.54060 A). The corre-
sponding work voltage and current were 40 kV and 100 maA,
respectively. Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images were obtained on
a JEOL-2100F apparatus at an accelerating voltage of 200 kV.
Morphology and microstructure analysis was conducted using
a scanning electron microscope (SEM, JSM-7600F) at an accel-
eration voltage of 10 kV. Energy dispersive X-ray spectroscopy
(EDS) was performed with a JSM-5160LV-Vantage typed energy
spectrometer. X-ray photoelectron spectroscopy (XPS) was
carried out on a scanning X-ray microprobe (PHI 5000 Verasa,
ULAC-PHI, Inc.) using Al ka radiation and the C 1s peak at
284.8 eV as the internal standard. N, adsorption-desorption
isotherms were recorded using an Autosorb-iQ (Quantachrome
Instruments, U.S.).

Electrochemical measurements

Electrochemical measurements for the HER were performed on
an electrochemical workstation (SP-150, Bio-logic) using
a typical three-electrode system. MoN-Cu-NPC/CF was used as
the direct working electrode. A saturated calomel electrode
(SCE) and a graphene rod were used as the reference and
counter electrodes, respectively. Electrolytes with different pH
values were chosen including 1 M KOH (pH = 14), 0.5 M H,SO,
(pH = 0) and 0.5 M PBS (pH = 6.8). Working potentials were
converted with respect to the reversible hydrogen electrode
(RHE) according to the equation: Egyg = Escg + 0.059 pH. The
measurement area was 1 x 1 cm?. All the polarization curves
were corrected using 85% iR compensation. Before performing
linear sweep voltammetry (LSV) at 5 mV s, the cyclic voltam-
metry (CV) curves were recorded at potentials ranging from
—0.2t0 0.2 Vvs. RHE for 100 cycles at 100 mV s~ *. The long-term
stability was measured at a constant overpotential for 20 h. The
electrochemical impedance spectroscopy (EIS) spectra were
recorded at an overpotential of 200 mV in the frequency range

This journal is © The Royal Society of Chemistry 2019
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from 1000 kHz to 10 mHz with an amplitude of 10 mV. The
electrochemical double-layer capacitance (Cq) was calculated
from the CV curves tested in a non-faradaic region (—0.8 to
—0.7 V vs. SCE) at different scan rates (10, 20, 40, 60, 80, and
100 mV s~ ') in 1 M KOH. In contrast, 10 mg commercial 20% Pt/
C was dispersed into 1 mL solution containing 0.1 mL Nafion
(5 wt%) and 0.9 mL water. The above mixture was dropped onto

Cu foam with a loading mass of 2 mg cm ™.

Computational methods

DFT calculations were performed using the revised Perdew-
Burke-Ernzerhof  generalized  gradient approximation
exchange-correlation functional®” and the projector-augmented
plane wave approach,®**® as implemented in the VASP code.***
For all structure optimizations, a plane-wave cutoff energy of
420 eV was employed with a Methfessel-Paxton smearing width
of 0.1 eV and a k-point sampling of ~0.04 A~. The convergence
threshold of energy was 4 x 10~ eV, and that of force on each
ion was 0.01 eV A~'. Denser k-point sampling (~0.02 A~!) was
utilized in electronic structure calculations. The transition state
(TS) of water dissociation was identified using the climbing-
image nudged elastic band (CI-NEB) technique,*” and was
confirmed by vibrational frequency analysis (only one imagi-
nary frequency). The details of models and free energy calcu-
lations are provided in the ESL}

Results and discussion

The synthesis process of MoN-Cu-NPC/CF involved three steps,
as illustrated in Fig. 1. First, CF with a size of 1 x 2 cm” was
oxidized using the mixed solution of (NH,),S,0z and NaOH as
the oxidant. Second, the partially oxidized CF was immersed in
PMo;, and BTC solution. After standing at room temperature
for 24 h, deep-green octahedral crystals on CF (PMo;,@HKUST-
1/CF) could be obtained. Last, NH; was used as the N source to

Cu foam
leidant

PMo12/BTC
———

solution

Oxidized Cu foam

Fig. 1 Schematic illustration for the synthesis of MoN-Cu-NPC/CF.

This journal is © The Royal Society of Chemistry 2019

PMo12@HKUST-1/CF

View Article Online

Journal of Materials Chemistry A

anneal PMo,,@HKUST-1/CF at 400 °C for 5 h to obtain the
nitride-based composite with black colour (MoN-Cu-NPC/CF)
(Fig. 2a). For comparison, HKUST-1/CF and the derived Cu-
NC/CF were synthesized without PMo,, (details are given in
the Experimental section).

The compositions of the samples were characterized by
powder X-ray diffraction (PXRD). The PXRD spectrum of the
oxidized CF shows that the diffraction peaks could be indexed
to the simulated patterns of Cu (JCPDS no. 1-1242) and CuO
(JCPDS no. 5-661), suggesting partial surface oxidization of Cu
to CuO (Fig. S11). The diffraction peaks of PMo,,@HKUST-1/CF
and HKUST-1/CF were in accordance with the corresponding
simulated patterns, demonstrating the successful synthesis of
MOFs (Fig. 2b). Fig. S2t shows the PXRD spectra of MoN-Cu-
NPC/CF prepared at different annealing temperatures (400,
600 and 800 °C). The peak intensity became strong as the
ammoniation temperature increased. The typical peaks with
a high intensity at 43.5, 50.8, and 74.6° were assigned to Cu and
are in agreement with JCPDS no. 1-1242. Other characteristic
peaks at 32.0, 36.3, 49.0, and 65.1° were consistent with the
simulated MoN diffraction pattern (JCPDS no. 25-1367).* In
addition, the PXRD pattern of MoN-Cu-NPC/CF prepared at
400 °C exhibited a weak peak at 36.3°, demonstrating the low
crystallization degree of MoN.

In order to observe the morphologies of the relevant
samples, scanning electron microscopy (SEM) images were
taken. The SEM images in Fig. S37 shows that the CF substrate
possessed a 3D skeleton with a smooth surface. In comparison,
the surface of the oxidized CF became rough due to the
formation of CuO nanosheets (Fig. 2c). PMo,,@HKUST-1/CF
showed micron-sized crystals with an octahedral morphology
and a smooth surface grown on the CF skeleton compactly
(Fig. 2d). After the ammoniation treatment of the POMOFs/CF
precursor, the as-prepared MoN-Cu-NPC/CF became surface
wrinkled but still preserved the octahedral morphology (Fig. 2e
and f). By contrast, HKUST-1/CF showed small-sized crystals on

Ammoniation

—

MoN-Cu-NPC/CF
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Fig.2 (a) Photograph of CF, PMo;,@HKUST-1/CF and MoN-Cu-NPC/
CF with a size of 1 x 2 cm?. (b) PXRD spectra of PMo;,@HKUST-1/CF
and HKUST-1/CF as well as the simulated patterns. SEM images: (c)
oxidized Cu foam with the inset being the partial enlarged image; (d)
PMo;,@HKUST-1/CF with the inset being the partial enlarged image; (e
and f) MoN-Cu-NPC/CF at different scales.

CF, suggesting that the introduction of POMs into pores had an
important influence on the particle size difference between
PMo;,@HKUST-1 and HKUST-1 (Fig. S4a and b¥). However, the
octahedral morphology of Cu-NC/CF was destroyed, which dis-
played Cu-NC particles with uneven sizes attached to the CF
surface separately (Fig. S4c and dt). Moreover, Fig. S5 and S6+
show the PXRD and SEM characterization at different time
intervals to study the minute changes and observations for the
preparation process of MoN-Cu-NPC/CF.

The transmission electron microscopy (TEM) image of MoN-
Cu-NPC sonicated from the CF substrate is shown in Fig. 3a.
The nano-sized metal particles of MoN and Cu were dispersed
in porous carbon. The lattices of MoN and Cu can be observed
in the high-resolution TEM (HRTEM) images (Fig. 3b). A lattice
spacing of 0.208 nm corresponds to the (111) plane of Cu. The
lattice fringes at the edge of the metal particles displayed
a lattice spacing of 0.247 nm, which was assigned to the (200)
plane of MoN. The porous carbon around the metal particles
was amorphous due to the relatively low ammoniation
temperature. The energy dispersive X-ray (EDX) spectrum of
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MoN-Cu-NPC/CF demonstrates the existence of all elements
including C, N, O, P, Mo and Cu (Fig. 3c). The high-angle
annular dark field (HAADF) image and the corresponding
element mappings of MoN-Cu-NPC show that Mo and Cu
elements were concentrated in the bright particle area while N,
P and C elements were uniformly distributed in the whole
sample (Fig. 3d). All these results suggest that MoN-Cu-NPC
had a special structure with MoN-Cu nanoparticles embedded
in N, P-doped amorphous porous carbon. In addition, the
porous structure of MoN-Cu-NPC/CF was determined from the
nitrogen (N,) adsorption-desorption isotherm (Fig. S71). MoN-
Cu-NPC/CF had a Brunauer-Emmett-Teller (BET) surface area
of 11.3 m® ¢! and contained mesopores mainly in the range
from 2.5 to 18 nm as analyzed through quenched solid density
functional theory (QSDFT) analysis.

X-ray photoelectron spectroscopy (XPS) was applied to
analyze the chemical valence on the surface of the sample. The
high-resolution Cu 2p XPS spectrum proves the partial oxida-
tion of the CF substrate to form CuO nanosheets (Fig. S87).
Fig. 4a shows the full-scan spectrum of MoN-Cu-NPC/CF with
sharp peaks for all existing elements. The atomic percentage
of the corresponding elements analyzed through XPS is shown
in Table S1.} The high-resolution Mo 3d spectrum exhibits two
different valence states (Fig. 4b). The binding energies at 235.2
and 233.3 eV were ascribed to Mo®* 3d;,, and Mo®" 3ds,,, while
two peaks at 232.3 and 230.4 eV were assigned to Mo*" 3d;),
and Mo*" 3d;,,. Additionally, the peak at 229.4 eV belonged to
the Mo-N bond, indicating the successful preparation of
MoN.** The Cu 2p spectrum presents two main regions
including Cu 2p,,, and Cu 2ps,, (Fig. 4c). In the Cu 2py),
region, there are two peaks located at 954.1 and 952.4 eV
corresponding to the Cu(u) and Cu(0) species, respectively.
Similarly, the Cu 2p3,, region shows the surface compositions
of Cu(u) at 934.4 eV and Cu(0) at 932.6 eV. However, the
binding energies of Cu(r) and Cu(0) were very close in the Cu
2ps/, region, which could not be distinguished by XPS.**¢
Cu,0 was usually formed by high-temperature annealing and
could not be synthesized at a low ammoniation temperature
(400 °C). The PXRD pattern of MoN-Cu-NPC/CF also proves no
evidence of Cu,O. Therefore, the existence of Cu(u) resulted
from the partial surface oxidation of MoN-Cu-NPC/CF when it
was exposed in air or the CuO did not coordinate with the BTC
ligands. The Cu(0) species was derived from the CF substrate.
The other two peaks at 962.5 and 942.7 eV can be indexed to
the satellite peaks. The N 1s spectrum possesses two main
peaks at 399.4 and 398.3 eV, which are assigned to pyrrolic N
and pyridinic N, respectively (Fig. 4d). Another peak at
396.5 eV corresponds to the Mo-N bond, which is the typical
peak of MNs. The P 2p spectrum in Fig. 4e displays the peak for
P-O species, indicating P doping in MoN-Cu-NPC/CF. The C 1s
spectrum can be deconvoluted into four peaks, which were C-
C/C=C (284.6 eV), C-N/C-O (285.4 eV), C=0 (286.4 eV) and
O-C=0 (289.2 eV), respectively (Fig. 4f). The main peak at
284.6 eV came from carbon in the MoN-Cu-NPC composite
because of the abundant carbon sources derived from BTC
linkers. All these XPS results evidenced the successful
synthesis of the MoN-Cu-NPC/CF composite.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9ta02200g

Published on 27 April 2019. Downloaded by Nanjing Normal University on 9/1/2019 10:18:02 AM.

Paper

View Article Online

Journal of Materials Chemistry A

C Cu

Inteﬁsity (a.u.)

Fig.3 Structural characterization of MoN—-Cu-NPC sonicated from the CF substrate: (a) TEM image, (b) HRTEM image, (c) EDX spectrum and (d)

HAADF image and the corresponding element mappings.

In order to determine the effect of the samples prepared with
and without POMs in the precursor, the electrocatalytic
performance for the HER was investigated in electrolytes with
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Fig. 4 XPS spectra of MoN-Cu-NPC/CF: (a) full-scan, (b) Mo 3d, (c)
Cu 2p, (d) N 1s, (e) P 2p and (f) C 1s.
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different pH values using a typical three-electrode system. The
samples including MoN-Cu-NPC/CF, Cu-NC/CF, CF and
commercial 20% Pt/C coated on CF were used as the working
electrodes and measured for comparison. Fig. 5a shows the
liner sweep voltammetry (LSV) curves of four samples measured
in 1 M KOH. MoN-Cu-NPC/CF exhibited a lower onset over-
potential (ca. 60 mV) and a higher current density than the other
samples except 20% Pt/C on CF with an onset overpotential of
0 mV. Moreover, a small overpotential of 127 mV was required
for MoN-Cu-NPC/CF to reach a current density of 10 mA cm >
(m10), which was much smaller than those of Cu-NC/CF (209 mV)
and CF (460 mV). Similarly, the LSV curves measured in other
electrolytes including 0.5 M H,SO, and 0.5 M PBS are shown in
Fig. S9a and b.f MoN-Cu-NPC/CF possessed smaller 1, values
of 188 and 158 mV than those of Cu-NC/CF and CF in acidic and
neutral electrolytes, respectively.

Tafel plots (n vs. log j) were obtained to further confirm the
HER activity (Fig. 5b). In 1 M KOH, MoN-Cu-NPC/CF had
a small Tafel slope of 152 mV dec™ ' compared with Cu-NC/CF
(179 mV dec™"), CF (344 mV dec™ ') and commercial 20% Pt/C
(55 mV dec '), suggesting the enhanced HER kinetic electro-
activity. In addition, the calculated Tafel slopes of MoN-Cu-
NPC/CF in acidic and neutral electrolytes were 144 and
203 mV dec™ ", respectively (Fig. S9¢ and dt). Such low 7, and
Tafel slopes of MoN-Cu-NPC/CF achieved in different electro-
lytes were superior to those of most reported non-noble metal-
based HER electrocatalysts, such as y-Mo,N,” WN NW,* Co-
Ni;N,* NiS,/MoS, HNW* and FeP NPs@NPC?** (Table S2+).

To verify the long-term stability of MoN-Cu-NPC/CF, the LSV
curves before and after 2000 cyclic voltammetry (CV) cycles
measured in 1 M KOH are shown in Fig. 5c. There was no
current density degradation after long-term cycling, suggesting
the excellent electrocatalytic stability of the MoN-Cu-NPC/CF

J. Mater. Chem. A, 2019, 7, 13559-13566 | 13563
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Fig. 5 (a) LSV curves of MoN-Cu-NPC/CF, Cu-NC/CF, CF and
commercial 20% Pt/C in 1 M KOH at 5 mV s~ (b) Corresponding Tafel
plots. (c) LSV curves of MoN-Cu-NPC/CF initially and after 2000 CV
cycles. (d) CA curve of MoN-Cu-NPC/CF recorded at a constant
overpotential for 20 hin 1 M KOH. (e) EIS spectrum of MoN-Cu-NPC/
CF recorded at an overpotential of 200 mV in three different elec-
trolytes. (f) Current density difference (j;—j.) vs. scan rate plots of
MoN-Cu-NPC/CF and Cu-NPC/CF.

electrode. Chronoamperometry (CA) curves were also recorded
at a constant overpotential for 20 h in different electrolytes. For
example, the CA curve measured at an overpotential of 130 mV
in 1 M KOH shows no decrease in the current density at 10 mA
cm 2, suggesting its enhanced electrocatalytic stability in
a harsh medium (Fig. 5d). In contrast, the CA curves obtained in
acidic and neutral electrolytes show 85% and 96% of the current
density after 20 h of cycling, respectively (Fig. S10t). Apparently,
MoN-Cu-NPC/CF had a better HER performance than Cu-NC/
CF, which could be attributed to the unique structure of the
POMOF precursor and the POMOF-derived nitride-based
composite. Furthermore, a series of post characterization
studies (i.e., PXRD, SEM and XPS) were applied to study the
composition and morphology of MoN-Cu-NPC/CF after the
stability test in electrolytes with different pH values (Fig. S11-
131).

Electrochemical impedance spectroscopy (EIS) was used to
estimate the electron transfer ability at the solid/electrolyte
interface. The EIS spectra of MoN-Cu-NPC/CF in all-pH-values
electrolytes all show small semicircles in the high-frequency
region (Fig. 5e). The charge transfer resistance R in alkaline,
acidic, and neutral media was 8.2, 12.4 and 8.7 Q, respectively,
confirming the fast kinetics of MoN-Cu-NPC/CF. Moreover, the
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electrochemical surface area (ESCA) could provide an insight
into the HER activity, which was related to the electrochemical
double-layer capacitance Cy. The Cq4 was the slope of the
capacitive current density difference (j,—j.) against the different
scan rates. Fig. S14f shows the CV curves of MoN-Cu-NPC/CF
and Cu-NC/CF measured in a non-faradaic region in an alka-
line medium. According to the slope calculation in Fig. 5f,
MoON-Cu-NPC/CF exhibited a large Cg; of 164 mF cm ™2, which
was more than two-fold that of Cu-NC/CF (69 mF cm ?).
Therefore, MoN-Cu-NPC/CF had a low R, and a large ECSA
because of the unique porous structure and exposed active sites,
leading to excellent HER properties.

In contrast, the increase of the ammoniation temperature
led to an obvious decrease of HER performance in an alkaline
electrolyte. According to LSV curves in Fig. S15,1 the 1, values
of MoN-Cu-NPC/CF synthesized at 600 and 800 °C were 205 and
260 mvV, respectively, which were higher than those of the
sample prepared at 400 °C. In addition, different POM loadings
in the pores of HKUST-1 were analyzed. The PXRD spectra of
PMo,,@HKUST-1/CF with less (20 mg) and more (80 mg) POM
loadings were in accordance with the simulated pattern,
demonstrating the successful synthesis of POMOFs/CF
(Fig. S161). MoN-Cu-NPC/CF with different Mo loadings
exhibited different HER performance (Fig. S1771). MoN-Cu-NPC/
CF prepared using 40 mg POMs in solution had the best elec-
trocatalytic activity for the HER in an alkaline electrolyte.

A series of first-principles DFT calculations were performed
to study the activity origin of MoN-Cu-NPC/CF toward the HER
in alkaline solutions. Here, three independent periodic surface
slabs, including the Cu (111), MoN (001), and hybrid MoN-Cu
planes, were constructed to represent the active surfaces in
MoN-Cu-NPC/CF and Cu-NC/CF. We compared the free energy
for H* adsorption (AGy~), as the Sabatier principle had estab-
lished an optimal value for H* binding (AGy+ = 0 eV).** The
optimized geometric structures of H* adsorbed on the slabs are
shown in Fig. S18.f The calculated free energy diagram
demonstrated a relatively weak H* adsorption in pristine Cu
(AGy+ = 0.21 eV) and a strong H* binding for MoN alone (AGy+
= —0.66 eV), both of which were far away from the ideal value,
suggesting that Cu or MoN alone were intrinsically inactive for
the HER (Fig. 6a). Notably, when Cu was supported on MoN, the
H* binding on the Cu sites of the hybrid MoN-Cu was signifi-
cantly enhanced to AGy+ = 0.07 eV; while as a reference, Pt had
a favorable value of —0.09 eV, implying that the synergistic MoN
and Cu could optimize H* adsorption to boost the HER process.

To gain an intuitive understanding on the synergistic effect-
driven improvement of H* adsorption on MoN-Cu, the inter-
facial electron transfer between Cu and MoN is shown in
Fig. 6b. From the charge density difference, a considerable
electron transfer from both Mo and Cu to the MoN-Cu interface
could be found, yielding electron depletion regions on the Mo
atoms and the outer Cu sites. Theoretically, such electron-
deficient Cu sites could provide more empty orbitals to bond
with the H atom, hence enhancing H* adsorption. This differ-
ence in the electronic and adsorption characteristics of Cu sites
in pristine Cu and MoN-Cu could be inferred from their elec-
tronic density of states (DOS), in which the position of the
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Fig. 6 (a) Calculated AGy+ of MoN, Cu, MoN-Cu, and the Pt refer-
ence. (b) Top and side views of electron transfer in MoN—-Cu. Red and
green colours denote electron accumulation and depletion regions,
respectively. The iso-surface value is 0.004 e A= (c) Calculated
energy diagram of water dissociation on Cu and MoN-Cu slabs. The
insets are the atomic configurations of the initial state (IS), transition
state (TS), and final state (FS). Cu, Mo, N, O, and H are represented as
orange, purple, gray, red, and green spheres, respectively.

energy level featuring the highest states, E,, was regarded as
a good descriptor.®*** Generally, with E, closer to the Fermi level
E¢, the antibonding states of the system moved higher with
a lower occupancy, which potentially resulted in stronger
adsorption to the adsorbate. As expected, the projected DOS of
Cu-3d showed that the E,, of MoN-Cu was closer to E¢ than that
of pristine Cu, in agreement with the order of H* adsorption
strength (Fig. S197).

Since the alkaline HER processes were intrinsically governed
by the kinetics of H* formation from water dissociation,* the
climbing-image nudged elastic band (CI-NEB) methodology was
used to explore the transition state and energy barrier Ej, of the
water dissociation process. According to the CI-NEB calcula-
tions, the Ey, for water dissociation on Cu was identified to be
1.40 eV (Fig. 6¢). Remarkably, with the support of MoN, the Ej;,
was reduced to 1.29 eV, indicating that synergistic MoN and Cu
could improve water dissociation kinetics. Therefore, MoN-Cu-
NPC/CF exhibited excellent alkaline HER performance. Overall,
both the experimental and theoretical results indicated that
MON-Cu-NPC/CF is a promising and highly efficient electro-
catalyst for the HER in an alkaline electrolyte.

Conclusions

In conclusion, we have presented a novel method to synthesize
PMo,,@HKUST-1 crystals in situ on a CF substrate as well as the
derived MoN-Cu-NPC/CF composite. The CuO nanosheets on
CF as the metal nodes ensured the uniform epitaxial growth of
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POMOFs on its 3D skeleton. After POMOFs/CF was ammoni-
ated, MoN-Cu-NPC/CF exhibited a unique structure with MoN
and Cu nanoparticles dispersed in N, P-doped amorphous
carbon and decorated on CF uniformly. The high HER perfor-
mance of MoN-Cu-NPC/CF was achieved with a low 7y, of
127 mV, a Tafel slope of 152 mV dec ™' and a long-term stability
(over 20 h) in an alkaline electrolyte due to the synergistic effect
of MoN and Cu confined in carbon. DFT calculations demon-
strated that the significant electron transfer from MoN and Cu
to the MoN-Cu interface could yield active electron-deficient Cu
sites, thus improving the H* binding and kinetics of H*
formation from water dissociation. Based on the scalability and
feasibility, this work will lead to a facile strategy for the growth
of MOFs on a conductive substrate that can provide metal nodes
directly, thus serving as a high-performance electrode for water
splitting, metal-air batteries and other electrocatalytic
reactions.
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