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Abstract
To explore low-cost, high-efficiency, and noble-metal-free catalysts for electrocatalytic water
splitting in both acidic and alkaline media, the metal-metal carbide Janus hierarchical structure
comprising Mo and 3-Mo,C embedded on a carbon layer (Mo/3-Mo0,C)@C is synthesized by a
hydrothermal reaction and subsequent low-temperature magnesium thermic process. Systematic
characterization by XRD, XPS, Raman scattering, and SEM/TEM reveals the successful
formation of metallic Mo and 5-Mo,C nanoparticles. The synthesized (Mo/3-Mo,C)@C has a
large specific surface area and boasts highly efficient hydrogen evolution reaction activity
including low overpotentials of 152 and 171 mV at a current density of 10 mA c¢m ™2 and small
Tafel slopes of 51.7 and 63.5 mV dec ™' in acidic and alkaline media, respectively. In addition,
the catalyst shows outstanding stability for 48 h in both acidic and alkaline media. The excellent
catalytic activity originates from more active sites and greater electron conductivity bestowed by
the carbon layer, which also improves the long-term stability in both acidic and alkaline
solutions.
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1. Introduction

The great challenge nowadays is to reduce the emission of
greenhouse gases such as carbon dioxide (CO,) [1-5] and
clean hydrogen energy has emerged to be a potential alter-
native to fossil fuels [6-9]. The hydrogen evolution reaction
(HER) in water splitting is the ideal way to produce clean
hydrogen but requires efficient and economical electro-
catalysts [10, 11]. So far, noble metals such as platinum (Pt)
exhibit the best electrocatalytic HER activity with low over-
potentials due to its suitable binding ability with hydrogen
[12—-15]. However, the high cost and scarcity of precious
metals hamper wider commercial adoption and it is impera-
tive to identify noble metal-free and low-cost electrocatalysts
for efficient water splitting. To date, several Earth-abundant
electrocatalysts have been designed for HER in acidic solu-
tions [10, 16-20]. However, despite recent advances, it is still
challenging to fabricate nanocatalysts for HER in both acidic
and alkaline media on a large scale.

Molybdenum-based materials especially molybdenum
carbide (Mo,C) have attracted a lot of attention for HER due to
the diverse electronic state and tunable phases [21, 22]. More-
over, the Fermi level of Mo,C is similar to that of Pt resulting in
high stability and environmentally friendliness [23-25]. How-
ever, Mo,C has large electrical resistance which can partially be
overcome by producing Mo,C on conductive substrates [26, 27].
For instance, Wang et al [27] have prepared Mo,C on carbon
sheets showing an overpotential of 178 mV for a current density
of 10 mA cm 2 in alkaline HER. Integration of metal and metal
carbide heterojunctions further boosts the HER performance in a
wide pH range. For example, Ni atomically dispersed on
0-Mo,C exhibits superior HER catalytic activity in a wide
pH range [28]. To further enhance the catalytic activity as well as
long-term stability in HER, integrating a metal-metal carbide
heterojunction with graphene or carbon nanofibers is a promising
approach [29-33]. Carbon nanomaterials provide a large surface
area and excellent conductivity to facilitate electron transport
[16, 34, 35].

Herein, a facile approach is described to synthesize Janus
Mo/3-Mo,C encapsulated with carbon layers ((Mo/
-Mo,C)@C). The heterojunction electrocatalyst is prepared by
a hydrothermal reaction and subsequent low-temperature mag-
nesium thermic reaction of MoO,-ethylenediamine (MoO,-
EDA). During the thermic process, Mo and $-Mo,C are pro-
duced from the MoO,-EDA precursor and the mass ratio of
MoO,-EDA and magnesium (Mg) affects the concentration of
metallic molybdenum (Mo) in the materials. The thermic reac-
tion decomposes NaHCO; into CO, that immediately reacts
with Mg to release carbon and consequently, the Mo/ 3-Mo,C
heterostructure is encapsulated by carbon to increase the surface
area, conductivity, and electron transfer. The (Mo/3-Mo,C)@C
heterojunction shows excellent HER characteristics in both
acidic and alkaline media due to more abundant reactive sites
and higher electrical conductivity rendered by carbon which also
stabilizes the catalyst by preventing corrosion and oxidation
during long-term electrolysis. This study reveals the large
potential of the design and materials for high-performance HER
in acidic and alkaline media.

2. Experimental

2.1. Synthesis of MoO,-EDA inorganic-organic hybrids

MoO,-EDA was prepared according to the technique for
WO;-EDA with modification [36]. In brief, 300 mg of
molybdic acid (MoO3-H,0) powders were dispersed in 30 ml
of ethylenediamine (EDA) in a beaker and stirred for 1 h
before transferring to a 50 ml Teflon-lined stainless-steel
autoclave. The reaction proceeded at 180 °C for 3 h and the
white products formed were collected and rinsed with ethanol
and deionized water.

The Mo/ 3-Mo,C)@C nanorods were produced by a low-
temperature magnesiothermic reduction (MTR) [16, 37, 38].
Typically, 300 mg of sodium bicarbonate (NaHCO;) and 100
mg of MoO,-EDA were mixed, and then 25, 50, and 100 mg of
magnesium powders were introduced to the mixture and
transferred to a half-sealed stainless steel can placed at the
center of a quartz tube in a tube furnace. The can was heated at
650 °C, 700 °C, and 750 °C (5 °C min~") for 3 h and then
cooled to room temperature under an argon flow (99.99%). The
product was rinsed with an excess amount of 3 M HCI to
remove the residual Mg and by-product (MgO), washed with
deionized water and ethanol 5 times to remove HCI, and
vacuum dried at 80 °C overnight. The sample was denoted as
(Mo/3-Mo,C)@C. For comparison, MoO,-EDA powders
were calcined in H,/Ar at 750 °C (5 °C min~") for 3 h directly
to produce Mo/ 3-Mo,C.

2.2. Characterization

The morphologies of the as-prepared samples were analyzed
by field-emission scanning electron microscopy (SEM,
Gemini 300). Transmission electron microscopy (TEM)
images and high-resolution TEM (HRTEM) images were
obtained by using JEM-F200 TEM. The crystalline phases of
the as-prepared samples were analyzed by using D8 focus
x-ray diffraction (XRD, Mini Flex 600, Bruker) with
A=15406 A Cu Ko irradiation. X-ray photoelectron
spectroscopy (XPS, ESCALB MK-II, VG Instruments, UK)
was employed to examine the chemical states of the samples,
with Cls XPS peaks used for calibration for the binding
energies. The vibrational bonds of the as-prepared samples
were examined by Raman scattering (HR RamLab) using a
532 nm laser. Brunauer-Emmett-Teller (BET) method was
employed to estimate the specific surface area of the as-pre-
pared samples.

2.3. Electrochemical evaluation

The electrochemical measurements were conducted on a
CHI760E potentiostat (CH Instruments Inc.) using a three-
electrode system consisting of the Hg/HgO electrode, graphite
rod, and electrocatalyst or commercial 20 wt% Pt/C (particle
size is around 5 nm) coated glassy carbon electrode (GCE,
0.071 sz) as the reference, counter, and working electrodes,
respectively. To prepare the working electrode, 10 mg ml™" of
the electrocatalyst or commercial 20 wt% Pt/C was placed and
sonicated in 75% ethanol containing 0.5% Nafion (Dupont).
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Figure 1. Schematic illustration of the synthesis of the hierarchical (Mo/3-Mo,C)@C heterostructure.

10 pl of the ink was dropped onto the GCE and dried in air to
form the working electrode. The catalyst or commercial load-
ing was about 1.4 mg cm 2. All the potentials were converted
to the potentials referenced to the reversible hydrogen electrode
(RHE) according to Nernst equation (Egpugy = Eg/me0) +
0.098 + 0.059 V x pH). The HER properties were studied by
linear sweep voltammetry at a scanning rate of 5 mV s~ in 1
M KOH (pH = 13.8) and 0.5 M H,SO, (pH = 0.37),
respectively. Electrochemical impedance spectroscopy (ELS)
was carried out at —0.15 V in the frequency range between 100
kHz and 0.1 Hz with an AC perturbation of 5 mV. In the
non-Faradic window, CV was conducted to determine the
double-layer capacitance (Cgq;) at different scanning rates
(5-25 mV s '). The long-term stability was assessed by
cyclic CV at a scanning rate of 100 mV s~ ' between 0.05
and —0.15 V as well as chronoamperometry at a current
density of 15 mA cm 2. All the presented data were iR
corrected.

3. Result and discussion

Synthesis of the Janus (Mo/(3-Mo,C)@C heterostructure is
schematically illustrated in figure 1. The MoO,-EDA nanor-
ods are prepared by a hydrothermal process using MoO3-H,O
and EDA. As shown in figure S1, the prepared MoO,-EDA
has a nanorod-like morphology and low-temperature MTR is
then conducted to produce the Janus (Mo/3-Mo,C)@C het-
erostructure with the metal-metal carbide heterojunction
encapsulated with carbon.

The pristine MoO,-EDA was mixed with NaHCO; and
magnesium powders and then treated at a temperature of 650,
700, and 750 °C for 3 h, respectively. Figure S2 shows the
morphology and the crystal structure of the products. After
the MTR treatment at 650 °C, the morphology remains almost
unchanged, but the phase is transformed to MoOC (JCPDS
Card no. 17-0104) as compared to that of MoO,-EDA. The
increase in reaction temperature to 700 °C provides a porous
structure consisting of metallic molybdenum (JCPDS Card no.
42-1120) and 5-Mo,C (JCPDS Card no. 35-0787) (figure S2d).
With an increase in the MTR temperature to 750 °C,
the nanorod structure is broken and the main product is
metallic molybdenum (figure S2d). Figure S3 compares the

Figure 2. SEM images of (a) Mo/3-Mo,C and (b) (Mo/3-Mo,C)
@C; (c) XRD patterns and (d) Raman scattering spectra of the Mo/
(-Mo,C and (Mo/3-Mo,C)@C heterostructures.

electrocatalytic HER activity (in 1 M KOH) of the MTR sam-
ples treated at different temperatures. The results show that the
optimal temperature of MTR treatment is determined to be 700
°C, and the (Mo/(3-Mo,C)@C heterostructure is fabricated at
this optimum temperature as will be discussed later.

As shown in figures 2(a)—~(b), the heterostructured
Mo/ 3-Mo,C and (Mo/3-Mo,C)@C samples are prepared using
the MoO,-EDA nanorods as precursors. The former is prepared
by calcination at 750 °C for 3 h under H,/Ar (figure 2(a)),
whereas the latter is fabricated by a magnesium thermic process
at 700 °C for 3 h (figure 2(b)). During the magnesium thermic
process, Mg, MgO, Mo, and 3-Mo,C are produced (figure S4)
via reduction of MoO,-EDA to metallic Mo and 3-Mo,C which
facilitate formation of the heterojunctions by possible metal and
metal carbide (metal-metal carbide) interactions. Moreover,
NaHCOj; thermally decomposes at 400°C-500°C to release CO,
that further reacts with Mg to form carbon leading to the for-
mation of the Mo/3-Mo,C heterostructure encapsulated with
carbon (Mo/3-Mo,C)@C) with a larger surface area. To verify
the proposed formation mechanism of the hierarchical
(Mo/3-Mo,C)@C, control experiments (Mg + MoO,-EDA,
Mg + NaHCO3) are conducted. As shown in figures S5 and S6,
the products after Mg + MoO,-EDA reacting at 700 °C for 3 h
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Figure 3. TEM and HR-TEM images of Mo/(3-Mo,C (a)—(c) and Mo/3-Mo,C@C (d)(e).

without rinsing are MgO, Mo, and (3-Mo,C (XRD pattern) with
a negligible amount of carbon (Raman spectra). Carbon species
are formed after rinsing the Mg and NaHCO; reaction (figure
S6). In addition, we also investigated the effect of the ratios of
MoO,-EDA : Mg on the structures of (Mo/3-Mo,C)@C. As
shown in figures S7(a)-(c), the morphology of the samples
changes with the MoO,-EDA and Mg mass ratio and the rod-
like structure deteriorates with increasing Mg.

The crystal structure is examined by XRD. The peaks at
40.5°, 58.6°, and 73.7° correspond to the (110), (200), and
(211) facets of metallic molybdenum (JCPDS Card no.
42-1120) arising from excess metallic molybdenum
(figure 2(c)). The amount of metallic molybdenum (Mo) is
positively related with the Mg mass ratio. As shown in figure
S7(d), the peaks corresponding to metallic molybdenum
changes with the ratio of MoO,-EDA to Mg and the optimal
ratio is 2:1 which will be discussed further later. The other
peaks at 34.3°, 37.9°, 39.3°, 52.1°, 61.5°, 69.5°, 72.3°, 74.6°,
and 75.5° stems from the (100), (002), (101), (102), (110),
(103), (200), (112), and (201) planes of 3-Mo,C (JCPDS
Card no. 35-0787), respectively. Moreover, the Raman
scattering results are presented in figure 2(d). In the
(Mo/3-Mo,C)@C heterostructure, the peaks at 1,349 and
1,589 cm™! represent the disordered (D) band and graphitic
(G) band of carbon [35], respectively, confirming the suc-
cessful encapsulation of the catalyst by carbon as will be
discussed later. However, those peaks are hardly observed
from the Mo/B3-Mo,C heterostructure.

TEM is conducted to observe the structure of Mo/ 3-Mo,C
and (Mo/(-Mo,C)@C. As shown in figures 3(a)—(b), the
surface of Mo/ 3-Mo,C is smooth, and the particles are closely
packed with no obvious channels and pores within the struc-
ture. The lattice fringes of 0.221 and 0.238 nm in the high-

resolution TEM (HR-TEM) image (figure 3(c)) are corresp-
onding to the (110) and (002) crystal planes of metallic
molybdenum and Mo,C, respectively, in line with the XRD
analysis. As shown in figure 3(d), (Mo/3-Mo,C)@C has a
porous networked structure with small nanoparticles between
10 and 30 nm in size embedded in the carbon layer. The large-
magnification TEM image (figures S8 and 3(e)) clearly shows
the (Mo/3-Mo,C)@C catalyst has an inter-connected nano-
particles associated with the carbon network. The HR-TEM
image (figure 3(f)) shows the Janus structure with nanopores of
the (Mo/3-Mo,C)@C. The lattice fringe of 0.220 nm corre-
sponds to the (110) plane of metallic Mo and the interplanar
spacings of 0.261 nm and 0.240 nm are indexed to the (110)
and (002) planes of Mo,C consistent with XRD result. The
metal-metal carbide heterojunction at the interface of Mo and
(-Mo,C is expected to create active sites for electrocatalytic
hydrogen evolution. The carbon layer not only improves
electron transport, but also bodes well for prolonged operation
by protecting Mo and (§-Mo,C NPs from dissolution and
oxidation during the electrocatalytic reaction [39].

XPS is carried out to determine the chemical composition
and chemical states of Mo/3-Mo,C and (Mo/3-Mo,C)@C
(figure 4), which showed similar peaks for both samples. The
six deconvoluted peaks of Mo 3d in figure 4(a) indicate the
three oxidation states of Mo®, Mo™2, and Mo and those at
227.7 and 230.9 eV arise from metallic molybdenum [40]. The
deconvoluted peaks of Mo ™ and Mo stem from MoO, from
air exposure and Mo,C [41, 42], respectively. As shown in
figure 4(b), the peaks at 284.8 and 283.3 eV arise from C—C
and Mo—C bonds [40, 43], respectively.

The HER characteristics of (Mo/3-Mo,C)@C are
determined in both alkaline and acidic media with a deposi-
tion amount of 1.4 mg cm ™2 on the GCE. The electrocatalytic
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Figure 4. XPS spectra of (a) Mo 3d and (b) Cls (up: Mo/3-Mo,C,
down: (Mo/3-Mo,C)@C).

Figure 5. (a) Polarization curves of the samples synthesized using
MoO,-EDA : Mg ratios from 1:1 to 4:1; (b) Polarization curves and
(c) Tafel plots of Mo/3-Mo,C, (Mo/3-Mo,C)@C, and commercial
Pt/C in 1 M KOH; (d) Nyquist plots of Mo//3-Mo,C, (Mo/3-Mo,C)
@C, and commercial Pt/C at —150 mV with inset showing the
electrical equivalent circuit; (e) Estimation of Cy by plotting the
current density variation at 0.2 V versus RHE against scanning rates
to obtain linear fits; (f) Stability evaluation of Mo/(3-Mo,C and
(Mo/3-Mo,C)@C showing the chronoamperometric curves at a
current density of 15 mA cm™? with the inset showing the initial and
5000th cycle polarization curves of (Mo/3-Mo,C)@C.

HER properties are first investigated in a 1 M KOH solution.
Figure 5(a) shows the polarization curves of the
(Mo/3-Mo,C)@C fabricated with MoO,-EDA to Mg ratios
varied from 1:1 to 4:1 and the best performance is achieved
with a MoO,-EDA:Mg ratio of 2:1. The properties of
Mo/ 3-Mo,C and commercial 20 wt% Pt/C are also compared

with the same loading amount. As shown in figure 5(b), Pt/C
has good HER properties especially at low current densities,
whereas the HER current density of (Mo/(-Mo,C)@C
increases rapidly at more negative potentials. In addition,
(Mo/3-Mo,C)@C has better HER activity than Mo/ 3-Mo,C.
In particular, (Mo/3-Mo,C)@C shows current densities of 1
and 10 mA cm 2 at low overpotentials of 66 (n;) and 171 mV
(n10), whereas 7, and 7,9 of Mo/3-Mo,C are 149 and 207 mV,
respectively, indicating faster hydrogen formation on
(Mo/3-Mo,C)@C. The corresponding Tafel slopes obtained
from the polarization curves of (Mo/(-Mo,C)@C and
Mo/ 3-Mo,C are 51.7 and 55.8 mV dec_l, which are less than
120 mV dec™! (figure 5(c)) suggesting the Volmer—Heyrovsky
mechanism [44] with better HER kinetics on (Mo/
(3-Mo,C)@C. EIS measurement is employed to elucidate the
mechanism at the electrode/electrolyte interface. As shown by
the Nyquist plots in figure 5(d), the semicircle diameter
observed from (Mo/33-Mo,C)@C is smaller than that of
Mo/ 3-Mo,C, indicating the fast electron transfer at the elec-
trode/electrolyte interface [45]. The smaller charge transfer
resistance (R.) obtained from the (Mo/3-Mo,C)@C is due to
the encapsulated carbon layer that improves the conductivity
and electron transport [29, 36]. The equivalent circuit
employed for data fitting is indicated in the inset of figure 5(d),
where R, denotes the barrier that electrons must cross to
combine with the electroactive species adsorbed on the surface
of the electrode.

The better electrocatalytic activity of the Janus
(Mo/3-Mo,C)@C nanostructure may stem from the larger
electrochemical active surface area which is directly related to
the electrochemical double-layer capacity (Cy). Therefore, Cy, is
estimated by CV conducted at different scanning rates (figure
S8). The Cy value of (Mo/3-Mo,C)@C is 28.0 mF cm 2,
which is about 3 times larger than that of Mo/3-Mo,C (9.4 mF
cmfz) (figure 5(e)), confirming that the magnesium thermic
reaction increases the surface roughness as showed by SEM
(figures 2(a)—(b)). This is further confirmed by the specific
surface areas (Sggt) of the Mo/ 3-Mo,C and (Mo/3-Mo,C)@C
using the BET method (figure S9). (Mo/3-Mo,C)@C has a
larger Sgr of 78.4 m”* g~ compared to the 59.3 m* g~ ' of Mo/
0-Mo,C. The large specific surface area of the (Mo/
(G-Mo,C)@C catalyst stems from a large amount of exposed
active sites due to the successful encapsulation with the carbon
layer that eventually results in an excellent HER catalytic
activity [46]. Because the emerged porous network in the
encapsulated catalyst allows an increased exposure of active site
and thus, surges the HER activity[47]. In addition, the encap-
sulation, of the closely attached carbons, could also contribute to
HER activity due to their better conductivity which enables fast
electron transfer [36]. Long-term electrolysis is carried out by
chronoamperometry. at 15 mA cm > for 48 h and negligible
deactivation is observed from (Mo/3-Mo,C)@C (figure 5(f)).
Similarly, as shown in the inset in figure 5(f), the polarization
curve of (Mo/3-Mo,C)@C obtained after 5000 cycles is almost
the same as the initial one and the SEM and XRD result in
figures S10 and S11 reveal no noticeable change in the
morphology and crystal structure after chronoamperometry. In
addition, the durability of the (Mo/3-Mo,C)@C catalyst is
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Figure 6. (a) Polarization curves and (b) Tafel plots of Mo/3-Mo,C,
(Mo/3-Mo,C)@C, and commercial Pt/C obtained in 0.5 M H,SOy;
stability evaluation of (Mo/3-Mo,C)@C: (c) initial polarization
curve and that after 5000 cycles and (d) chronoamperometric curve
at a current density of 15 mA cm 2.

investigated at a large current density of ~100 mA cm ™~ and the
plot shows excellent stability up to 48 h (figure S12). The TEM
images of the sample after the HER stability test reveal no
apparent changes (figure S13). The outstanding stability is rea-
lized due to the encapsulation of the catalyst with carbon which
improves the presence of active sites for HER. Therefore,
encapsulation of the catalyst not only enables to boost the HER
activity but also improves the long-time electrolysis.

In the second step, the HER catalytic activity of
Mo/3-Mo,C and (Mo/(3-Mo,C)@C is evaluated in 0.5 M
H,SO,. Similar to the performances obtained in the alkaline
solution discussed above, the Janus (Mo/(-Mo,C)@C com-
posite shows higher catalytic activity in the acidic electrolyte
than Mo/(-Mo,C (figure 6(a)). The Tafel slopes of
(Mo/3-Mo,C)@C and Mo/3-Mo,C are 63.5 mV dec™' and
95.3 mV dec ™!, respectively, suggesting faster electrocatalytic
HER kinetics on (Mo/(3-Mo,C)@C [48]. (Mo/3-Mo,C)@C
also shows outstanding long-term stability in 0.5 M H,SO, as
evidenced by the negligible decline in the activity after
chronoamperometry for 5000 cycles and 48 h (figures 6(c)-
(d)). Similar to the alkaline conditions, the (Mo/3-Mo,C)@C
catalyst shows reasonable durability at large current density
(~100 mA cm?) in acidic electrolyte for 48 h (figure S14),
suggesting the importance of encapsulation for long-term
operation in both acidic and alkaline media.

4. Conclusion

The metal-metal carbide Mo/3-Mo,C and (Mo/3-Mo,C)@C
heterojunctions are synthesized and the HER properties are
determined in both acidic and alkaline media. Promoting from
the greater conductivity and fast electron transport of the
carbon layer, and the metal-metal carbide active interfaces,
the prepared (Mo/3-Mo,C)@C heterojunction shows better
HER activity in both alkaline and acidic media. The low

overpotentials recorded from (Mo/3-Mo,C)@C are 152 and
171 mV at a current density of 10 mA cm ™2 and small Tafel
slopes of 51.7 and 63.5 mV dec™' in acidic and alkaline
media, respectively. The (Mo/3-Mo,C)@C heterojunction
exhibits not only outstanding HER activity but also long-term
durability in both acidic and alkaline electrolytes. Because the
encapsulating carbon layer prevents the active sites from
corrosion and oxidation leading to better stability and dur-
ability. The materials and design have large potential in the
development of high-performance noble-metal-free catalysts
for water splitting and other applications.
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