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Hydrogen is one of the most promising energy carriers to replace fossil fuels and electrolyzing water to produce hydrogen is a
very effective method. However, designing highly active and stable non-precious metal hydrogen evolution electrocatalysts that
can be used in universal pH is a huge challenge. Here, we have reported a simple strategy to develop a highly active and durable
non-precious MoO2-Ni electrocatalyst for hydrogen evolution reaction (HER) in a wide pH range. TheMoO2-Ni catalyst exhibits
a superior electrocatalytic performance with low overpotentials of 46, 69, and 84 mV to reach −10 mA cm−2 in 1.0 M KOH, 0.5
M H2SO4 , and 1.0 M PBS electrolytes, respectively. At the same time, the catalyst also shows outstanding stability over a wide
pH range. It is particularly noted that the catalytic performance of MoO2-Ni in alkaline solution is comparable to the highest
performing catalysts reported. The outstanding HER performance is mainly attributed to the collective effect of the rational
morphological design, electronic structure engineering, and strong interfacial coupling between MoO2 and Ni in heterojunctions.
This work provides a viable method for the synthesis of inexpensive and efficient HER electrocatalysts for the use in wide pH
ranges.
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1 Introduction

Hydrogen produced from water electrolysis is a clean energy
carrier with the potential to replace fossil fuels and the water
electrolysis is the most economical way of producing hy-
drogen from the renewable sources [1–4]. However, the cost
of hydrogen is still several times higher than that of produced
from methane reforming. The price of hydrogen generated
from electrolysis is mainly determined by the price of the
electricity and the catalysts. A typical electrolyzer is com-

posed of three parts, including electrolytes, catalysts, and
membranes [5]. The membrane is selected according to the
pH of the electrolyte where the Nafion-based membrane has
a similar conductivity but a much higher ion (H+) exchange
rate in the acidic electrolyte than the OH− ion transport rate
of the alkaline membrane (Zirfon filled with a 30 wt% KOH
solution), thereof resulting in an higher current density than
that of alkaline electrolysis. Besides, due to the low con-
centrations of freely moving H+ and OH− ions in neutral
solutions, the overall water splitting usually requires much
higher cell voltages. Meanwhile, the H+ moves much faster
than the OH−. Therefore, the low pH electrolyzer shows a
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better energy efficiency than that of the alkaline and neutral
electrolyzers. However, the low pH electrolyzer requires
noble metal-based catalysts such as Pt and IrO



far better than most of the currently reported catalysts.
Moreover, a detailed catalytic mechanism has been proposed
based on the synergy between Ni and MoO2 species.

2 Experimental

2.1 Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, ≥98%), am-
monium molybdate tetrahydrate (H24Mo7N6O24·4H2O),
thioacetamide (CH3CSNH2, ≥99%), trimesic acid (C9H6O6,
98%), N,N-dimethylformamide (C3H7NO, 99.5%) were
analytical reagent and used without further purification.
Commercial Pt/C (20 wt% for platinum) was purchased from
Alfa Aesar.

2.2 Preparation of Ni-species/CC by electrodeposition

Carbon cloth (CC, 1 cm × 1.5 cm) was ultrasonically clea-
nized three times to remove impurities in 0.5 M H2SO4,
ethanol, and H2O for 5 min, respectively. The Ni-species/CC
samples were fabricated by electrodeposition for 1.0 h at
−10 mA cm−2 in 0.1 M Ni(NO3)2. These samples were wa-
shed with abundant water and air-dried.

2.3 Synthesis of Ni-Mo-species/CC

Molybdate tetrahydrate (240 mg), trimesic acid (42 mg), and
thioacetamide (15 mg) were dispersed in 20 mL of H2O/
DMF (v/v=1/1). The resulting mixture was sonicated to a
homogeneous solution. Then, two pieces of Ni-species/CC
were put into the above mixture in a glass bottle with a lid
and heated to 80 °C for 12 h. After cooling to room tem-
perature, the two samples were taken out, rinsed with plenty
of water, and dried in air. The resulting samples were no-
minated as Ni-Mo-species/CC (Figure S1(a)).
For comparison, we also run a series of controlled ex-

periments. First, the Ni-Mo-species/CC was prepared with
adding either trimesic acid or thioacetamide. Second, Ni-
species/CC was prepared without the addition of ammonium
molybdate tetrahydrate (Figure S1(b)). Third, we failed to
prepare Mo-species/CC by immersing fresh CC into the
above mixture (Figure S1(c, d)). Therefore, Mo-species/CC
material was prepared by directly dropping the ammonium
molybdate tetrahydrate aqueous solution onto the CC sur-
face. Fourth, the commercial Pt/C (Johnson Matthey, 20 wt%
Pt on the activated carbon) was dispersed in a certain amount
of Nafion, H2



All reported curves had been corrected by iR compensation
and all the electrochemical tests were performed at room
temperature (25±1 °C).

3 Results and discussion

The X-ray diffraction (XRD) patterns are used to study the
crystal structures of MoO2-Ni/CC, Ni/CC, and MoO2/CC. As
shown in Figure 1(b), the diffraction peaks of MoO2-Ni/CC
synthesized at 500 °C, and MoO2/CC synthesized by the
hydrothermal method (Figure S1(d)) are consistent with the
standard MoO2 (JCPDS: 78-1069) and Ni (JCPDS: 87-
0712), respectively. Meanwhile, MoO2/CC and Ni/CC pre-
pared in control experiments also show high crystallinity
(Figure S3). It is noteworthy that no diffraction peaks of
MoO2 were observed without the Ni pretreatment, indicating
that the electrodeposited Ni species is a prerequisite for the
co-growth of MoO2-Ni composites on CC. Besides, the
MoO2-Ni/CC composites become more crystalline with the
increased calcination temperature (Figure S4(a)). Moreover,
the precursors have a negligible effect on the crystallinity of
as prepared MoO2-Ni/CC (Figure S5(a)). Figure 1(c) shows
the Raman spectra of MoO2-Ni/CC and commercial MoO2

powder, where there are eight distinct MoO2 characteristic
peaks in the range of 150 to 750 cm−1 [35,36]. These unique
Raman characteristic peaks are also observed in
MoO2-Ni/CC composites synthesized at different calcination
temperatures (Figure S4(b)) using different precursors

(Figure S5(b)).
The morphology and microstructure of the materials were

investigated by SEM and TEM, which shows that the sheet-
like Ni species array grows vertically on the CC surface and
creates large pores between the nanosheets (Figure 2(a)).
After the hydrothermal reaction and calcination at 500 °C,
the TEM image shows that the 2D structural porous MoO2-
Ni composite is mainly composed of a large number of
particulate materials (Figure 2(b)). The high-resolution TEM
image shows clear lattice fringes with lattice spacings of 0.34
and 0.20 nm corresponding to the (011) crystal plane of
MoO2 and the (111) crystal plane of Ni, respectively (Figure
2(c)) [37,38]. The high-angle annular dark-field (HAADF)
TEM element mappings indicate that Ni, Mo, and O are
uniformly distributed throughout the structure of MoO2-Ni
composites. Besides, the inductively coupled plasma atomic
emission spectroscopy (ICP-AES) results show that the mass
fractions of Mo and Ni are 23.2 and 39.6 wt% in the
MoO2-Ni composites, and the molar ratio of Mo/Ni is ca. 1/
2.79 (Table S1).
The surface composition and chemical states of MoO2/CC

were further analyzed by XPS, which confirmed the presence
of Mo, Ni, O, and C elements in MoO2-Ni/CC (Figure S6
(a)). The high-resolution C 1s spectrum is fitted to four
peaks, including C=C (284.0 eV), C–C (284.8 eV), C–O
(286.0 eV), and C=O (288.0 eV) as shown in Figure S6(b)
[39,40]. Generally, the binding energy is inversely related to
the surface electron density [41]. Therefore, electron transfer
can also be reflected by XPS measurements [24]. As shown

Figure 2 SEM images of (a) Ni-species/CC, (b) TEM image and (c) high-resolution TEM image of MoO2-Ni/CC. (d) HAADF TEM image and elemental
mappings of MoO2-Ni/CC (color online).
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in Figure 3(a), the Mo 3d region of MoO2-Ni/CC presents



quency (TOF) was further used to assess the number of H2

molecules evolved per second per active site. The TOF is the
direct indicator of evaluating the intrinsic activity of an
electrocatalyst [25]. Using ICP results to calculate TOF is a
widely practiced approach in this type of catalytic systems
[1,51,52]. However, it could underestimate the number of the
active site on the surface. To have a fair comparison with
literature reports, a similar approach was used in this work.
As shown in Figure 4(e), the TOF value of MoO2-Ni/CC
rises rapidly when the applied potential increases under
acidic, alkaline, and neutral conditions. In 1.0 M KOH, the
TOF was calculated to be 1.47 s−1 at an overpotential of
100 mV, which is higher than most previously reported cat-
alysts (Figure 4(f), Table S3). Under the same overpotential,
the TOF ofMoO2-Ni/CC in 1.0 M PBS and 0.5MH2SO4 was
0.42 and 1.50 s−1, respectively. These high TOF values in-
dicate that MoO2-Ni/CC can effectively promote the reaction
in a given time under all conditions, which is the inherent
reason for excellent performances at universal pH [25].
The MoO2-Ni/CC catalyst also shows excellent HER ac-

tivity under acidic and neutral conditions. Figure 5a shows
the polarization curves of MoO2-Ni/CC, MoO2/CC and
20 wt% Pt/C in 0.5 M H2SO4. Since Ni can be dissolved in a
strongly acidic solution, the catalytic performance of the
control Ni/CC has not been studied. The overpotential at
10 mA cm–2 of MoO2-Ni/CC is only 69 mV, which is ob-
viously lower than that of MoO2/CC (238 mV) and many
other transition metal catalysts (Table S4). As shown in
Figure 5(b), the Tafel slope of MoO2-Ni/CC of

(31.0 mV dec–1) is the smallest except the state-of-the-art
Pt/C (30.1 mV dec–1), demonstrating that MoO2-Ni/CC has
faster kinetics than those of the rest [53]. Figure 5(c) show
that the overpotential of MoO2-Ni/CC at 10 mA cm–2 in
1.0 M PBS solutions (pH 7) is only 84 mV, much smaller
than MoO2/CC (359 mV) and Ni/CC (332 mV), and better
than most of the reported non-precious metal catalysts (Table
S5). Moreover, the MoO2-Ni/CC has a Tafel slope of
75.3 mV dec–1, lower than that of MoO2/CC
(108.8 mV dec–1) and Ni/CC (150.6 mV dec–1). Long-term
stability is another critical factor for evaluating catalyst
performances. As shown in Figure 5(e), the MoO2-Ni/CC
exhibits a good catalytic stability for the HER in alkaline
solutions, with only decay of about 4.1%. However, it de-
clined by about 25.2% and 25.1% in acidic and neutral so-
lutions, respectively. The stability of Ni-MoO2 in acidic
media could be because Ni is uniformly doped into MoO2

crystal lattice, and no free Ni is available in any form in the
catalyst. The decrease of the HER activity during the stabi-
lity test is mainly ascribed to the deterioration of the catalyst
morphology, crystallinity (Figure S12) and chemical states
(Figure S13).
Based on the results above, it can be reasonably inferred

that the MoO2-Ni/CC is a highly active HER catalyst. To
further evaluate the catalytic activity, we performed the two-
electrode electrolyzed water splitting with RuO2/CC as the
anode and MoO2-Ni/CC as the cathode (Figure 6(a)).
Meanwhile, a large number of bubbles are generated on the
surfaces of the two electrodes during the reaction. Notably,

Figure 4 (a) LSV polarization curves, (b) corresponding Tafel slopes, (c) Nyquist plot, and (d) summarized double layer capacitance (Cdl) of MoO2-Ni/CC,
MoO2/CC, Ni/CC and 20 wt% Pt/C in 1.0 M KOH. (e) The turnover frequency (TOF) profiles versus potenti]䐀儀2



the two-electrode LSV polarization curve shows that only a
potential of 1.52 V is required to reach −10 mA cm−2, which
is among the list of the high performing reported catalysts in
the alkalized two-electrode system (Figure 6(b), Table S6).
As we discussed above, excellent HER activity is due to

the unique heterojunction and the strong synergistic effect
through the Ni and MoO2 interface. The shift in binding
energies, as shown in XPS (Figure 3), demonstrates the

electron transfer effect between MoO2 and Ni species, re-
sulting in partially negative and positive charges on MoO2

and Ni, respectively. In the alkaline and neutral environment,
the positively charged Ni species can adsorb H2O molecules
at the interface and synergistically promote the dissociation
of H2O, thereby forming an active intermediate for adsorbing
hydrogen on the surface of MoO2 species (M–Had) (Scheme
1). The created M–Had can further bind to one electron and

Figure 5 (a) LSV polarization curves, (b) corresponding Tafel slopes of MoO2-Ni/CC, MoO2/CC and 20 wt% Pt/C in 0.5 M H2SO4. (c) LSV polarization
curves, (d) corresponding Tafel slopes of MoO2-Ni/CC, MoO2/CC, Ni/CC and 20 wt% Pt/C in 1.0 M PBS. (e) Durability tests of MoO2-Ni/CC at
−10 mA cm−2 in 1.0 M KOH, 0.5 M H2SO4 and 1.0 M PBS (color online).

Figure 6 (a) The two-electrode polarization curve of MoO2-Ni/CC as a cathode and RuO2/CC as an anode for overall water splitting. (b) Comparison the
cell voltages of the currently available electrolytic cells at 10 mA cm−2 in 1.0 M KOH (color online).
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more H2O molecules, and simultaneously release H2 through
the Heyrovsky step (M–Had + e− + H2O → M + H2 + OH−)
[54]. It is important to note that the HER in an acidic solution
is dominated by the Tafel recombination step (M–Had + M–
Had → 2M + H2) [53].

4 Conclusions

In summary, we constructed a MoO2-Ni heterostructure by
the simple electrodeposition and hydrothermal methods. The
optimal MoO2-Ni exhibits a Pt-like HER activity with a low
overpotential of 46, 69 and 84 mV at −10 mA cm−2 in 1.0 M
KOH, 0.5 M H2SO4 and 1.0 M PBS electrolytes, respec-
tively. Besides, the MoO2-Ni heterostructured electrocatalyst
exhibited a high durability in the full pH range for nearly 36
hours. The high HER activity and the long term stability are
attributed to the synergy between MoO2 and Ni, which en-
hances the electronic interaction between MoO2 and Ni
species through MnO2 and Ni interface. As a result of the
effective charge transfer from Ni to MoO2, it increases the
water adsorption on the catalyst surface and thereof pro-
motes the HER. It is worth to note that catalyst stability in
acidic solutions indicates that the Ni species mast has cap-
sulated by MoO2.
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