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ARTICLE INFO ABSTRACT

Hydrogen evolution reaction (HER) from water electrolysis, currently, is fundamental for large-scale solar fuel
production by utilizing earth-abundant element and non-noble metal-based catalysts. Herein, Mo,C on hier-
archical porous carbon rods composed of cross-linked carbon networks (Mo,C/CLCN) was synthesized by using
Cu-MoO, rods as Mo source and Cu template. The copper plays key roles in protecting Mo,C from excess cov-
ering carbon to enhance the HER performance. When evaluated for HER activity, Mo,C/CLCN exhibit a low
onset potential of —85 mV with a Tafel slope of 48.2 mV dec ™", an operating overpotential of 145 mV at the
cathodic current density of 10 mA cm ™~ and outstanding long-term cycling stability in acidic electrolyte, which
superior to most of non-doping Mo,C. This work suggests that the in-situ template method by multi-element
compounds is an inspiring strategy for synthesizing the efficient water splitting electrocatalysts with high
electrochemical active area and more catalytically active sites.
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1. Introduction

Currently, the surge in the field of renewable energy targeting to
exploit clean energy technology is ongoing to upsurge [1-4]. To satisfy
the twofold challenges of fossil fuel exhaustion and global greenhouse
emission, so hydrogen has been proved to be one of the advantaged
candidates for an eco-friendly and even renewable energy carrier. Hy-
drogen evolution reaction (HER) is receipting increasing public atten-
tions in virtue of water electrolysis, which requires high-performance
electrocatalysts. Although Pt-based and other noble metal catalysts are
competent HER catalysts possessing high production efficiency at low
overpotential, the scarcity and expensiveness of them impede their
widespread industrialization applications [5-8]. Therefore, research
focus has been shifted to precious-metal-free based materials for an
efficient HER [2,9-12]. Transition metal carbides (Mo,C [13,14], WC
[15], and TaC [5] etc.) have been recognized as low cost catalyst al-
ternatives for HER reaction because of their earth-abundant
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composition and highly catalytic activity.

Particularly, molybdenum carbide (Mo,C) has been suggested to be
a capable substitution of Pt-based electrocatalysts for water electrolysis
owing to its electronic structure is analogous to that of Pt metal [16,17].
The catalytic performance of Mo,C for HER primarily relies on the
exposed Mo catalytic site numbers, conductivity and efficient active
surface. Researchers have given a demonstration that the electro-
catalytic activity of HER may perhaps be improved by means of struc-
turing appropriate Mo»C nanostructures, such as nanoporous Mo,C
nanowires [18], Mo,C nanocrystallites [19], and hierarchical Mo,C
nanotubes [20]. Prof. Lou et al. [13] reported a novel copper-based
metal-organic frameworks-assisted approach for constructing nano-
structured MoC, nano-octahedrons as an exceedingly efficient electro-
catalyst for water splitting. Prof. Zou et al. [21] reported a simple
preparation process of the ultra-small Mo,C nanoparticles implanted
within plentiful nitrogen-doped carbon nanolayers (Mo,C@NC), which
possess the noteworthy HER activity and excessive robustness at all-pH
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of 0-14. Nevertheless, it is still greatly eager for innovative efficient
methods to synthesize pure Mo,C catalysts with high HER activity and
eliminate the influence of the nonmetal doping.

Hu and his colleagues [22] speculated that Mo atoms of Mo,C may
behave just like noble metals, and serve on the active sites for HER.
Therefore, how to expose more Mo active sites is an important strategy
of enhancing the catalytic activity of Mo,C. All kinds of carbon sources,
such as CH, [23], glucose [24], dicyandiamide [21,25], aniline [18,26]
and dopamine [27] were used to synthesize Mo,C. In the usual synth-
esis process, the nonmetal elements doping, such as N atoms from ni-
trogen-containing compounds [18,21,25-27], can regulate electronic
state density of carbon to enhance the HER activity of Mo,C. However,
phase-pure Mo,C synthesized by pure carbon sources, such as CH4 and
glucose, usually possessed the poor HER activity [18], because the re-
sidual carbon may risk extensive coking of Mo active sites [28]. Prof.
Roman-Leshkov reported that the silica-encapsulated tungsten oxide
nanoparticles were carburized by CH4/H,, then removed silica protec-
tive cover to synthesize metal-terminated tungsten carbide (WC) na-
noparticles. The silica protective cover can avoid surface impurity de-
position to expose W active sites during carbonation process, which
possessed the activities about 100-fold higher than commercial WC and
within an order of magnitude of platinum based catalysts for HER [29].

Herein, we developed a novel process of self-template to grow Mo,C
on hierarchical porous rods composed of cross-linked carbon network
(Mo,C/CLCN). In which, Cu-MoO, were used as Mo source and Cu
template and CH, was used as pure carbon source to synthesize phase-
pure Mo,C. The copper plays key roles in the formation of hierarchical
porous carbon to increase electrochemical active area and exposure of
Mo,C without excessive surface carbon to enhance the HER activity.
Mo,C/CLCN without nonmetal doping exhibited efficient HER elec-
trocatalytic activity with a small onset potential of —85 mV, a Tafel
slope of 48.2 mV dec ™! in acidic electrolyte and outstanding long-term
cycling stability in broad pH range.

2. Experimental
2.1. Chemicals and materials

The analytical grade of ammonium molybdate
((NH4)6Mo0,044'4H,0), copper(Il) chloride dihydrate (CuCl,-2H,0) and
20 wt% Pt/C, were purchased from Sinopharm Chemical Reagents
Beijing Co., and Nafion solution (~ 5% in a mixture of lower aliphatic
alcohols and water) were purchased from SIGMA-ALDRICH Shanghai
Co. Mixed gases of argon and hydrogen (H,-Ar, 10 vol% H,) and me-
thane (CH,) were obtained from Guangzhou YIGAS Gases CO., LTD.

2.2. Synthesis of Cu-MoO, rods

CuCl,2H,0 (1.4mmol) in 40mL deionized water and
(NH4)Mo07,0244H,0 (1 mmol) in 40 mL deionized water were mixed by
magnetic stirring for 3 h. After drying, the obtained green precursor
was placed at the center of the quartz tube (length: 50 cm and diameter:
5 cm) inside a tubular furnace. Subsequently, the mixture was heated
from room temperature to 450 °C with a heating rate of 5 °C/min and
was maintained at 450 °C for 4 h under an Ar-H, (10%) mixture gas
flow of 50 scem. After the calcination, the black Cu-MoO, rods were
obtained. Except for special instructions, the Cu-MoO, rods were syn-
thesized with molar ratio between Cu and Mo (1:5). In addition, the
high molar ratio of Cu/Mo (1:1) was employed to synthesize Cu-MoO,
rods to study the effect of structural regulation by Cu.

2.3. Synthesis of Mo»C on hierarchical porous rods composed of cross-
linked carbon network (Mo,C/CLCN)

The Cu-MoO, rods in a ceramic crucible were placed in the tube
furnace, heated up to 1000 °C under Ar (10 sccm) atmosphere. Once the
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1000 °C reached, the Ar was shut off and CH4 (400 sccm) was in-
troduced into the tube for 8 min. Finally, the tube furnace was cooled to
room temperature naturally under Ar. The as-made material was de-
nominated as Cu-Mo,C/CLCN rods. The Cu was etched by 0.01 M FeCl;
aqueous solution for 80 min to obtain Mo,C/CLCN, which were sepa-
rated by filtration, washed repeatedly and then desiccated by the va-
cuum freeze-drying. The effect of etching time by 0.01 M FeCl; (10 min,
40 min, 80 min and 120 min) and 3 M FeCl; aqueous solution combined
with ultrasonic treatment (80 min) on HER performance of Mo,C/CLCN
was also studied.

The blank samples of Mo,C-S1 and Mo,C-S2 were synthesized as
followed. In order to study the rod structure and HER activity of Mo,C/
CLCN regulated by Cu, the Mo,C-S1 was synthesized by using
(NH4)Mo0,0,44H,0 powders first reduced by Ar/H, (50 sccm) at
450 °C for 4 h and then carbonized by CH,4 (400 sccm) at 1000 °C for
8 min in a quartz tube furnace, which was prepared following the same
calcining procedure as Mo,C/CLCN. In order to study the Cu protective
effect of Mo catalytic sites in Mo,C/CLCN, the Mo,C-S2 was synthe-
sized. The porous MoO, rods obtained by removing Cu of Cu-MoO, rods
by 0.01 M FeCl; was used as Mo precursor, then carbonized by CH4
(400 sccm) for 8 min at 1000 °C in a quartz tube furnace.

2.4. Characterization

Phase compositions of the as-made materials were measured by D8
Advance (Germany Bruker) X-ray diffractometer (XRD) with Cu Ka
radiation (A 0.15406 nm). Raman spectra were obtained by a
LabRAM HR800 spectrometer (Horiba Jobin Yvon, FR.) equipped with
an Ar laser (wavelength = 514.5 nm) and a long working distance 50
X objective lens. Morphologies of the materials were identified by a
field emission scanning electron microscope (FESEM, MERLIN
Compact, Carl Zeiss) and a transmission electron microscope (TEM, a
JEM-2100F Field Emission Electron Microscope, JPN) at an accelera-
tion voltage of 200 kV. The two kinds of Mo,C/CLCN, including entire
rod and fragment from Mo,C/CLCN obtained by common and super
ultrasonic processing, respectively, were characterized by TEM. X-ray
photoelectron spectroscopic (XPS) measurement was performed using a
PHI X-tool instrument (Ulvac-Phi). Brunauer-Emmett-Teller (BET)
specific surface area (SSA) and pore size distribution (PSD) were ob-
tained by using a Quantachrome Autosorb-IQ, instrument with ni-
trogen adsorption at 77 K using the Barrett-Joyner-Halenda (BJH)
method.

2.5. Electrochemical measurements

Electrochemical measurements were performed with an electro-
chemical workstation (CHI 760E, Chenhua Instruments Inc.) in 0.5 M
H,SO4. An Hg/Hg,Cl, electrode (SCE, saturated KCl) and carbon rod
were used as the reference and counter electrode, separately. 5 mg
sample was dispersed in 1 mL of 4:1 (v: v) water/ethanol mixed sol-
vents along with 50 pL Nafion solution, and the mixture was sonicated
enough. Then, 5 pL mixture was dripped over the glassy-carbon elec-
trode of 0.07 cm? at a catalyst loading of 0.357 mg cm ™~ 2. Polarization
curves were achieved by sweeping the potential from 0 to —0.5V vs.
RHE at a sweep rate of 5mV s™!in 0.5M H,SO4 (pH 0.25), 1M
phosphate buffer (pH 7) and 1 M KOH (pH 14), which were used as
electrolytes. Unless specifically mentioned, all the electrochemical
measurements were iR-uncorrected. AC impedance was detected with a
frequency range and an amplitude of 5mV from 0.01 Hz to 100 kHz.
The main arc in electrochemical impedance spectroscopy (EIS) spectra
was matched utilizing a simplified Randles equivalent circuit, which
was comprised of a resistance (Rs) in series with a parallel arrangement
of a charge-transfer resistance (Rct) and a constant phase element
(CPE), and the fitting parameters were appraised through the
Levenberg-Marquardt minimization procedure. Cyclic voltammetry
(CV) was applied to measure the electrochemical double layer
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capacitance at nonfaradaic potentials as another way to reckon the
efficient electrochemical active area of HER. Current-time responses
were detected for 12h by chronoamperometric measurements. Gas
chromatographic measurements (GC-2060F, LuNan Analytical
Instruments, LTD, China) were employed to quantify the amount of
hydrogen gas production.

2.6. DFT calculation

The calculations were performed using the density functional theory
(DFT) as implemented in the Vienna Ab Initio Simulation Package
(VASP) [30,31], the projector augmented wave method and the PBE
exchange-correlation function were used [32,33]. A 4 x 4 X 1 mo-
lybdenum carbide supercell with a vacuum layer of 15 A was con-
structed and then cleave the (001) facet to simulate the surface of
MoC. The Brillouin zone integration was performed on a I'-center 5 X
5 X 1 k-point mesh, and the Gaussian smearing width was 0.05 eV. The
cutoff energy was 520 eV during the calculation. The atomic positions
were fully optimized until the maximum residual forces of all of the
atoms were less than 0.02 eV A~'. The Gibbs free energy of hydrogen
absorption (AGy) was calculated as follows: AGy = AEy + 0.24 eV,
where AEy = Ey + u— Em — 1/2Ey, (Em + u is the total energy of the
Mo-C surface with a single hydrogen atom absorbed on the surface, Ey
is the total energy of the Mo,C surface, and Ey, is the total energy of a
hydrogen molecule in the gas phase) [34].

3. Results and discussion

Based on prior structural data, Mo,C can be described as a hex-
agonal-close-packed layer of Mo atoms, with C atoms randomly filling
half of the octahedral interstitial sites. A supercell (4 X 4 x 1) of
molybdenum carbide with (001) plane was constructed. DFT calcula-
tions were used to calculate the Gibbs free energy of H* adsorption
(AGy+) of Mo atoms and C atoms on different sites of Mo,C. Mo-1 and
Mo-2 atoms of Mo,C possessed the smaller |AGy:| values of 0.03 eV and
0.06 eV, respectively, which were much lower than that of C-1 atom
(0.45 eV), implying that Mo atoms on C plane are the main catalytic
sites of M0o,C (Scheme 1a). Usually, the residual carbon atoms during
carbonation process saturated the surface of as-obtained Mo,C (inset of
Scheme 1b), which covered Mo catalytic sites, only remained the inert
carbon atoms of C-1 (—0.46 eV) and C-2 (—0.8 eV). Thus, how to ex-
pose the catalytic active Mo sites of Mo,C is the important research
content.

Herein, we reported a self-template of Cu-MoO, rods as Mo source
and Cu template, followed by the Cu etching process, to grow Mo,C/
CLCN. The transformation of structural models and schematic illustra-
tion of the detailed synthetic procedure for Mo,C/CLCN were shown in
Scheme 2. When carbonization reaction occurred, the Mo,C and
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graphene sheets on Cu were synthesized, respectively. The Cu atoms
protected Mo,C from being covered by excessive carbon. After re-
moving the Cu, the Mo,C were exposed and CLCN was obtained. The
detailed synthetic procedure for Mo,C/CLCN was listed as follow. Step
(a), Cu-MoO,, rods were synthesized at 450 °C by reducing the Cu-Mo
precursors (Cu/Mo 1:5) with Ar-H, (10%) mixture gas and the ex-
istence of Cu played a crucial role in forming Cu-MoO,, rods. However,
the too much copper (Cu/Mo = 1:1) will melt out from Cu-MoO, rods
and form Cu nanoparticles on the surface of rods (Fig. S1). Step (b), Cu-
MoO, rods were transformed into Cu-Mo,C/CLCN by carbonizing re-
action via CH4 as carbon source. During the process, the MoO, was
transformed into Mo,C. Meanwhile, the carbon sheets catalytically
synthesized on the surface of Cu. Step (c), the Cu was removed by
0.01 M FeCl; via redox reaction (2Fe®* + Cu = Cu®>* + 2Fe?") and
then the Mo,C were exposed, which enhanced the HER activity.

To confirm the formation process of Mo,C/CLCN, the field emission
scanning electron microscope (FESEM) (Fig. 1), X-ray diffractometer
(XRD) (Fig. 2a), Raman (Fig. 2b) and X-ray photoelectron spectroscopy
(XPS) (Fig. 2¢ and d) analyses were used to monitor the morphological
and structural evolution as a function of the reaction process. The Cu-
MoO, rods were synthesized in an Ar-H, atmosphere at 450 °C for 4 h.
As shown in Fig. 1a, the well-crystalline Cu-MoO, microrods with a
smooth surface possessed an average diameter of ~ 2 um and length of
5-6 um. After the carbonizing reaction, Cu-MoO, rods were trans-
formed into Cu-Mo,C/CLCN. The rod-shaped morphology was retained,
but the coarse carbon layers on the surface of rods were observed
(Fig. 1b). In this process, the Cu not only catalytically synthesized
porous carbon but also protected Mo,C from covering excessive carbon.
Eventually, Mo,C/CLCN were produced by dissolution of Cu in 0.01 M
FeCl; solution. After removing Cu, the rod structure was remained and
plentiful pores were produced in the meanwhile (Fig. S2, Fig. 1¢ and
d). The walls of the claviform structure were randomly constructed by
the connective graphene-like ultrathin nanosheets.

Energy dispersive spectrometer (EDS) mapping of Cu, Mo and C was
used to characterize the changed element composition of synthetic
process. The main components of Cu, Mo, O and the noise signals of
carbon were detected in Cu-MoO, with evenly distributed rods
(Fig. 1e). After carbonation, main elements of Mo, Cu and C were the
main components of Mo,C/CLCN (Fig. 1f). After the etching process, Cu
element was not detected, implying the successful removal of Cu
(Fig. 1g). The element percentages of Cu, Mo and C in Cu-MoO,, Cu-
Mo,C/CLCN and Mo,C/CLCN were summarized in Fig. 1h and Table
S1.

During the reaction, the phase transformations from Cu-MoO, to
Cu-Mo,C/CLCN, then to Mo,C/CLCN were confirmed by XRD mea-
surements (Fig. 2a). As for Cu-MoO,, the main characteristic diffraction
peaks of MoO, were observed at 26°, 36.98°, 41.62°, 53.46°, 60.32°,
66.5° attributable to the crystal faces of (011), (211), (210), (311),

1/2 H2

H* + e

Reaction Coordinates

Scheme 1. Gibbs free energy of H* adsorption of (a) theoretical Mo,C and (b) Mo,C with the saturated carbon atoms. Inset are the according structural models and calculated sites.
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Scheme 2. Structural models and schematic illustration of the synthetic procedure for Mo,C/CLCN.
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Fig. 1. SEM images and according C, Mo and Cu elements mapping of (a, €) Cu-MoO,; (b, f) Cu-Mo,C/CLCN; (c, d, g) Mo,C/CLCN; (h) element percentage of Cu-MoO,, Cu-Mo,C/CLCN
and Mo,C/CLCN.
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Fig. 2. (a) XRD patterns; (b) Raman spectra; XPS spectra of (¢) Cu 2p and (d) Mo 3d; (e) N, adsorption-desorption isotherms and (f) the corresponding pore size distributions of Cu-MoO,,
Cu-Mo,C/CLCN, and Mo,C/CLCN.

(013), (402) (PDF# 78-1069). Additionally, the weak diffraction peaks carbonization treatment, the diffraction peaks of Cu still existed, but the
of cubic Cu (PDF# 85-1326) were detected at 43.3° and 50.5°, in- MoO, were fully transformed into the (3-Mo,C with the according dif-
dicating the coexistence of Cu and MoO, in Cu-MoO, rods. After fraction peaks at 34.4°, 38.0°, 39.4°, 52.1°, 61.5°, and 69.6°
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corresponding well to the crystal planes of (100), (002), (101), (102),
(110) and (103) (B-Mo,C, PDF# 35-0787). After etching treatment by
FeCls, the diffraction peaks of Cu disappeared, and only main 3-Mo,C
was remained. In addition, the weak diffraction peak at ~ 26° of
crystalline carbon was detected as shown in inset of Fig. 2a. The Raman
spectra also confirmed the similar transformation process as shown in
Fig. 2b. After carbonation, the characteristic peaks of defective carbon
(D peak, at 1356 cm™!) and crystalline carbon (G peak, at 1583 cm™ Y
appeared. In addition, after etching treatment, the ratio of Ip/Ig in-
creased from 0.55 to 0.59, suggesting the introduction of more defects
in Mo,C/CLCN. These samples were further analyzed by XPS. As shown
in Fig. 2c, the Cu® were detected in Cu-MoO, with the characteristic Cu
2p of spectra at ~ 932 eV and ~ 952 eV. After carbonization, only Cu°
was still detected possibly due to the further reduction reaction of
carbon and nonexistence of oxidation state in Cu-Mo,C/CLCN. After
etching treatment, no Cu was detected in Mo,C/CLCN, implying the Cu
as template was removed. In addition, as shown in Fig. 2d, the peak
fitting of Mo 3d at 235 eV, 232 eV, 232 eV and 229 eV suggested the
+6 and + 4 states of Mo in Cu-MoO,, [35,36]. After carbonization, the
main Mo>* with peaks at 231 eV and 228 eV (Mo 3ds,» and Mo 3ds,»)
were observed in Cu-Mo,C/CLCN. The following etching treatment, the
oxidation states (Mo®* species) were detected on the surface of Mo,C/
CLCN due to the oxidation of FeCl, which are commonly observed on
the surface of molybdenum carbide exposed to air [18,22,37,38]. A
trace of Mo®™ species on the surface of Mo,C/CLCN did not affect the
HER activity, which was confirmed in Fig. S3. No residual Fe were
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Fig. 3. (a-c) (HR)TEM images of Mo,C/CLCN, inset
of (a) is electron diffraction pattern of Mo,C/CLCN;
(d) HRTEM image of the fragment from Mo,C/CLCN
by crushing processing; (e) Mo and C element map-
pings of Mo,C/CLCN.

===

detected in Mo,C/CLCN after full washing by deionized water (Fig. S4).

In order to study the pore-creating effect of Cu, the Brunauer-
Emmett-Teller (BET) method was applied to measure the BET surface
area and porous structure. Fig. 2e displayed the N, adsorption-deso-
rption isotherms of Cu-MoO,, Cu-Mo,C/CLCN and Mo,C/CLCN, which
showed the according BET specific surface areas of 0.7m?*g™?,
0.9m?g ™! and 193 m? g, respectively. Mo,C/CLCN can be categor-
ized as a typical II isotherm with the hysteresis loop (belong to type
H3), which indicated the existence of mesoporous network structure. It
was drawn attention that the uptrend of isotherm terminal was con-
nected with the isotherms of plate-like materials due to the increasing
aggregates of macropores or slit-shaped pores. Besides, the pore volume
of 0.97 cm® g ™! with the pore size distribution of 5-30 nm in Mo,C/
CLCN was measured, but no porous structure was observed in Cu-MoO,
and Cu-Mo,C/CLCN as shown in Fig. 2f. The results confirmed that the
Cu played an important role in forming the porous structure of CLCN. In
order to discuss the effect of Cu on the morphological control and
formation of CLCN, some blank samples were synthesized. Sample 1 of
Mo,C (Mo,C-S1) was synthesized by similar process without Cu. XRD
results in Fig. S5a confirmed the successful synthesis of Mo,C with same
crystal phase. SEM image of Mo,C-S1 showed the numerous thick Mo,C
plates instead of Mo,C rods, demonstrating that the existence of Cu can
regulate the synthesis of rod structure (Fig. S5b). Furthermore, before
carbonizing reaction, the porous MoO, rods (Figs. S6 and S7) synthe-
sized by removing Cu from Cu-MoO, were used to synthesize Mo,C
porous rods, which were labeled as Sample 2 (Mo,C-S2). SEM image



J. Jia et al.

(Fig. S8a) and XRD (Fig. S8b) result displayed the porous rods were
constituted of the numerous Mo,C particles. However, the BET surface
area of Mo,C-S2 was significantly decreased, which was only
14.2m? g~ ! as shown in Fig. S8c, demonstrating that the existence of
Cu regulated the synthesis of CLCN with high surface area [39]. May
safely draw the conclusion that, because the existence of copper, Cu-
MoO, not only acts as the regulating agent of rod morphology but also
provides the template for the preparation of CLCN.

The structural transformation and the highly porous texture
throughout the cross-section of Mo,C/CLCN were characterized by
transmission electron microscopy (TEM). The single-crystal structure of
Cu-MoO, rod possessed the lattice spacing of 0.34 nm corresponding to
the (011) plane of MoO, (Fig. S9a). A lot of defect areas were observed
in rod possibly due to the existence of Cu. However, no obvious Cu
nanoparticles were detected in rod possibly due to the small particle
size. At last, the EDX mapping of single Cu-MoO; rod confirmed that the
Mo and Cu elements were evenly distributed in rod (Fig. S9b). After
carbonization, Cu-Mo,C/CLCN possessed the solid rod structure with
carbon layer, as shown in Fig. S10. After removing of Cu to form Mo,C/
CLCN, the porous rods were consisted of the graphene-like nanosheets
with the thickness of 5-20 nm were observed (Fig. 3a and b). A re-
presentative high-resolution TEM (HRTEM) image clearly showed the
lattice fringes with the interplanar spacing of 0.34 nm on the edge,
corresponding to the (002) planes in the broadside of carbon sheet
(Fig. 3c). Curiously, no obvious Mo-,C nanoparticles were observed on
the surface of CLCN. However, the selected-area electron diffraction
(SAED) pattern of Mo,C/CLCN confirmed the polycrystalline nature
with multiple-unit of diffraction rings, which was composed of (002) of
carbon and (101), (102) of Mo,C, as shown in inset of Fig. 3a. In ad-
dition, SEM (Fig. 1), XRD (Fig. 2a) and XPS (Fig. 2d) results also con-
firmed the existence of abundant and high crystalline Mo,C. According
to synthetic procedure in Scheme 2, the synthesized Mo,C was loaded
on the internal surface of CLCN. In order to confirm the speculation, the
Mo,C/CLCN rods were broken by super ultrasonic processing to obtain
the fragments (Fig. S11). As expected, a large area of lattice fringes with
the interplanar spacing of 0.23 nm (Fig. 3d), matching with the (101)
plane of Mo-,C were observed on the surface of carbon sheets. In similar
reported result, Cu foil as catalyst substrate fabricated large-area 2D
ultrathin Mo,C sheets [22]. At last, EDX-mappings further confirmed
that the uniform distributions of Mo and C of Mo,C/CLCN in rod
structure (Fig. 3e). Therefore, the multilevel structures of Mo,C/CLCN
rods were visually splited into two parts: 3D porous rods composed of
the cross-linked carbon nanosheets and Mo,C nanoparticles on the in-
ternal surface of carbon nanosheets.

The electrocatalytic HER activities of Mo,C/CLCN along with Cu-
MoO,, Cu-Mo,C/CLCN, Mo,C-S1, Mo,C-S2 and commercial 20 wt% Pt/
C were investigated in 0.5 M H,SO,4 solution by employing a typical
three-electrode setup. The HER polarization curves in Fig. 4a showed
that Mo,C/CLCN have the lowest onset potential (o) of —85mV vs.
RHE (achieve 1 mA cm ™ 2), which was much lower than those of Cu-
MoO, (—450 mV) and Cu-Mo,C/CLCN (—231 mV), implying the cat-
alytic activity was regulated by the crystal phase and porous structure.
The electrochemically active area of Mo,C/CLCN (0.7 mF cm ™ %) was
11-16 times larger than that of Cu-MoO, (0.04 mF cm~2) and Cu-
Mo,C/CLCN (0.06 mF cm™2) as shown in Fig. 4b and Fig. S12, in-
dicating more available active sites for porous Mo,C/CLCN. Besides, the
HER performance was also better than those of Mo,C-S1 (—175 mV),
and Mo,C-S2 (—337 mV), implying the shaped rod structure and the
exposed Mo catalytic sites protected by Cu were beneficial to the en-
hanced catalytic activity. As shown in Scheme 2, Cu atoms in the Cu-
MoO, protected neighboring Mo atoms from being covered by carbon.
After removing Cu, the Mo catalytic sites in Mo,C were exposed.
However, the n;o value (145 mV) of Mo,C/CLCN required to arrive at
the current density of 10 mA cm ™2 was still poorer than that (33 mV) of
commercial 20 wt% Pt/C.

The corresponding Tafel plots of electrocatalysts were presented in

754

Nano Energy 41 (2017) 749-757

Fig. 4c. Although still larger than the Tafel slope of 31.2 mV dec™ ' of
20 wt% Pt/C, the Tafel slope of 48.2mV dec™ ! for Mo,C/CLCN was
much smaller than those of Cu-Mo,C/CLCN (140.5 mV/dec), Cu-MoO,,
(90 mV dec™ 1), Mo,C-S1 (76 mV dec™ 1), and Mo,C-S2
(218.7 mV dec™ ), demonstrating a faster kinetic HER. The HER in-
herent activities of these catalysts were assessed by the exchange cur-
rent density (jo) based on the Tafel plots. Remarkably, Mo,C/CLCN
exhibited a high j, value of 0.062 mA cm ™2, and outperformed those of
Cu-MoO, (25 x 107°mAcm™?), Cu-Mo,C/CLCN (3.0 X
10" *mA cm %), Mo,C-S1 (4.3 x 10 3mAcm™?), and Mo,C-S2
(0.025 mA cm~2), as shown in Fig. S13. The Nyquist plots and its
equivalent circuit of Mo,C/CLCN modified electrodes were shown in
Fig. 4d. The charge transfer resistance (Rct) is associated to its elec-
trocatalytic kinetics and low numerical value consistent with the
quicker reaction rate, which can be obtained from the semicircle in the
high-frequency zone. Rct value of Mo,C/CLCN was measured to de-
crease significantly with swelling overpotentials, from ~ 118 Q at
230 mV to ~ 44 Q at 290 mV, signifying the quick electron transfer and
the advantageous HER kinetics towards the electrolyte interface. In
addition, Rct value of Mo,C/CLCN at 270 mV was much lower than
those of Cu-MoO,, Cu-Mo,C/CLCN, Mo,C-S1, Mo,C-S2, implying the
high conductivity and porous structure of CLCN and low HER kinetics,
as shown in Fig. S14.

The component of Mo,C/CLCN, including Cu and Mo,C, can be
regulated by the concentration and etching time of FeCl; together with
ultrasonic treatment. As shown in XRD (Fig. 5a) and XPS (Fig. 5b and
c) results, the Cu were gradually removed by 0.01 M FeCl; aqueous
solution with increased etching time from 10 min, 40-80 min, until no
Cu residues were detected. In addition, Mo content maintained un-
changed with increased etching time, implying the low concentration of
FeCl; (0.01 M) cannot remove Mo,C. However, the high concentration
of FeCl; (3 M) combined with ultrasonic treatment can remove both
Mo-C and Cu to obtain pure porous carbon of CLCN. On the basis of the
content of carbon in Mo,C/CLCN, the contents of Cu and Mo elements
changed with increased etching time were summarized in Fig. 5d. The
according morphologies of samples were observed by SEM, and
showing that the porous structure gradually appeared by removing Cu
and Mo,C (Fig. S15).

The polarization curves of Mo,C/CLCN with increasing etching time
were shown in Fig. 5e, and the according catalytic activities toward
HER were dramatically improved. The n;o value of Mo,C/CLCN-10,
Mo,C/CLCN-40 and Mo,C/CLCN-80 were decreased from 450 mV,
235mV to 145 mV. The etching time of 80 min was long enough to
remove all Cu to obtain pure Mo,C/CLCN. The longer etching time of
120 min obtained the same component with Mo,C/CLCN-80 min (Fig.
$16), which also possessed the similar HER performance (Fig. S17). The
CLCN without Cu and Mo,C obtained by 3 M FeCl; etching (80 min)
combined with ultrasonic treatment possessed poor HER activity with
1o value of 499 mV. CLCN without anchored Mo,C has negligible
electrocatalytic activity, which indicates the robust structure formed by
Mo,C and CLCN reduces the energy input needed to activate HER.
Moreover, the electrochemically active area gradually increased with
etching time, from 0.09 mF ¢m ™2 of Mo,C/CLCN-10, 0.44 mF cm ™2 of
Mo,C/CLCN-40 to 0.67 mF cm ™2 of Mo,G/CLCN-80 (Fig. 5f, Fig. S18).
The CLCN possessed the largest electrochemical area of 2.8 mF cm ™2,
implying porous structure. Therefore, the component and enhanced
HER activity of Mo,C/CLCN can be controlled by FeCl; etching.

Long-cycle durability of the HER catalyst is of vital significance in
practical applications, which are measured by accelerated degradation
testing. The i-t testing of Mo,C/CLCN showed a catalytic current of
about 10 mA cm ™2 remained for over 12 h with no decay at a fixed
potential of 150 mV in 0.5 M H,SO4 (Fig. 4e). As shown in Fig. 4f, the
cathodic current density showed almost no change in the polarization
curves of continuous operation before and after i-t testing. In addition,
in order to confirm the practical application, the large current density
of 20mA cm ™2 and 50 mA cm ™2 remained for 12 h with no obvious
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Fig. 4. (a) Polarization curves of Cu-MoO,, Cu-Mo,C/CLCN, Mo,C/CLCN, Mo,C-S1, M0,C-S2 and 20 wt% Pt/C; (b) Distinction of double-layer charging currents at + 0.05 V with various

scan rates; (c) Corresponding Tafel plots processed from (a); (d) Nyquist plots of Mo,C/CLCN

at varied overpotentials; (e) Current-time plots with different overpotentials of 155 mV,

180 mV and 225 mV; (f) HER polarization curves for Mo,C/CLCN before and after i-t testing. Inset is the SEM image of Mo,C/CLCN after i-t testing.

attenuation (Fig. 4e). The gathered bubbles on Mo,C/CLCN modified
electrode were authenticated to be H, by gas chromatography, and the
corresponding hydrogen production rate was 6.5 mmol mg~' h~! with
faradic efficiency of ~ 98%, as shown in Fig. S19. In addition, no sig-
nificant changes of morphology (inset of Fig. 4f) and crystalline phase
(XRD, Fig. S20) confirmed the structural integrity as well as catalytic
stability of Mo,C/CLCN. Furthermore, Mo,C/CLCN had a highly

competent HER performance over a broad pH range, from 0.5 M H,SO,4
(pH 0.25), 1 M phosphate buffer solution (pH 7) to 1 M KOH (pH 14),
which were confirmed by polarization curves (Fig. S21a and S21b) and
current-time plots (Fig. S21c).

All these results indicated that Mo,C/CLCN was an excellent active
material for Mo-based HER catalysts and displayed excellent electro-
chemical properties. The Cu-MoO5 rods as Mo source and Cu template

$-Mo,C (b) CLCN

~

&
-’
4

\ 80 min” r
40 min ) \ 'MM

#Cu

*.C =
’; pod 5 CLCN s
‘5.’ 80 min | A <

A M
w
40 mi n s

-] s . A £ +21| 10 min i
E [10min__ | \ A = 0

Cu 2p

Mo 3d CLCN

~
()
—’

+2

Intensity (a.u.)

- 0
Cu-Mo,C/CLCN . Cu-Mo,C/CLCN
$ $& . : “u-Mo,C/CLC
p it o § $s% | S girn i i SALAA
20 30 40 S0 60 70 80 960 950 940 930 240 236 232 228 224
2 theta (°) Binding Energy (eV) Binding Energy (eV)

~
=8
~'
~
(¢
~

(

5 so S 20 QO.G
E E
4o L 40 9, 205
E E
$3 Laoe 2 S0.41
?_‘ - 3; -4 ) )
z z = 2034 % (‘I.(“\' 2.80 ml-:/cm;
52- -20§ 5 o] ¢ 5o CLCN 5 A 80 m!n 0.67 ml~/cm2
. = ¢ = 10 mi M Z0.24 e 40 min (.44 mF/cm
i s & wlOmin ¢ 0. ! .
1 \ 10 5 g : s ed40min @ £ = 10min  0.09 mF/cm
. B - ¢ -
.. = ¢ = A80min @ = 0.1
o \.—. Lo 5 & .l .. 4 5
[ [
0 10 40 80 80 10 +—F— —e— - 0.0 : : -
0.01M 001M 0.01M 3M -0.5 -0.4 -0.3 -0.2 -0.1 0.0 40 80 120 160 200
Time (min) Potential (V vs. RHE) Scan rate (mV/s)
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played the significant and multifunctional effect on enhancing the HER
activity of Mo,C/CLCN. First, the Cu regulated the morphology to ob-
tain the Cu-MoOs rod structure as precursor; Second, the Cu catalyti-
cally synthesized the graphene sheets to form cross-linked carbon net-
work, and then removing Cu to form porous carbon structure; Third, the
steric protection of Cu limited the particle size of Mo,C even at a high
calcination temperature of 1000 °C; Fourth, the Cu protected Mo,C
from covering excess carbon during carbonation and exposed Mo,C by
removing Cu. So, the excellent HER performance was due to the 3D
porous carbon structure and exposed Mo,C, which were regulated by
Cu. Strikingly, the Mo,C/CLCN possessed the integrated HER perfor-
mance with onset potential of —85 mV, Tafel value of 48.2 mV dec™!
and low overpotential (145 mV at 10 mA cm ™) with a large exchange
current density (0.062 mA cm ™ 2), which performed superior or close to
most of the documented non-noble-metal catalysts in acidic electro-
lytes, such as Mo,C/CNT (Tafel value of 65 mV dec™ ! and overpotential
of 152mV at 10 mA cm™2) [40], Mo,C/GCSs (onset potential of
—120 mV, Tafel value of 62.6 mV dec ™! and overpotential of 200 mV
at 10 mA cm ™~ ?) [41], B-Mo,C nanotubes (onset potential of —82 mV,
Tafel value of 58mVdec™! and overpotential of 136mV at
10 mA cm~2) [20], Mo,C nanowires (onset potential of —70 mV, Tafel
value of ~ 53mVdec™' and overpotential of ~ 200mV at
10mA cm~2) [18], MoC, nano-octahedrons (onset potential of
—87 mV, Tafel value of 53 mV dec ™' and overpotential of 142 mV at
10 mA cm ™2, exchange current density of 0.023mAcm™2) [13],
Mo,C/CNT-graphene (onset potential of —62mV, Tafel value of
62 mV dec™ ! and low overpotential of 172 mV at 10 mA cm~?) [42],
Mo,C@NC (onset potential of —60 mV, Tafel value of 60 mV dec™!
and overpotential of 124 mV at 10 mA cm™2) [21], Mo.C (onset po-
tential of —105 mV, Tafel value of 70 mV dec ™! and overpotential of
192 mV at 10 mA cm ™~ ?) [26], Mo,C-C (onset potential of —100 mV,
Tafel value of 85mVdec™! and overpotential of 164mV at
10 mA cm™?) [24] (Table S2).

4. Conclusions

In summary, we have reported that Mo,C on hierarchical porous
carbon rods composed of cross-linked carbon networks (Mo,C/CLCN)
were synthesized by using Cu-MoO,, rods as Mo source and Cu template.
DFT calculation confirmed Mo atoms on C plane were the main cata-
lytic sites of Mo,C but the residual C atoms covered Mo atoms reduced
catalytic activities of Mo,C. This strategy presented significance in the
formation of hierarchical porous carbon to increase electrochemical
active area and exposure of Mo,C toward efficient HER. Profiting from
the unique nanostructure, the Mo,C/CLCN demonstrated noteworthy
electrocatalytic activity toward HER in all pH values with robust sta-
bility. The Mo,C/CLCN possessed the high HER catalytic activity, in-
cluding no of —85 mV, o of 145 mV, Tafel slope of 48.2 mV dec ! and
robust stability in 0.5 M H,SO4. Moreover, such a synthetic stratagem
may well make great efforts for the better popularization and applica-
tion to manufacture nano/microstructured framework of Mo,C, thus
paving the way for developing improved performance functional ma-
terials for various applications.
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