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Abstract
The development of low-cost and high-efficiency hydrogen evolution reaction (HER) electrocatalysts has become extremely 
essential to address global energy issues. Herein, we have fabricated arrays of nitrogen and sulfur co-doped CoMoO4 ultrathin 
nanosheets grown on nickel foam (N, S-CoMoO4/NF400). The experimental results demonstrate that modulating the electronic 
structure of CoMoO4 by co-doping N and S atoms is one of the most powerful methods to boost the performance of HER. 
N, S-CoMoO4/NF400 displays superior HER activity under alkaline environment, with overpotentials of 58 and 119 mV 
at 10 and 100 mA cm−2. The excellent performance of the N, S-CoMoO4/NF400 electrode proves that the N, S co-doping 
engineering can significantly improve the catalytic activity of transition metal-based oxide HER.
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Introduction

The massive consumption of fossil fuels has led to a global 
energy crisis, and it is vital to develop green and sustainable 
utilization of energy [1]. As a clean, non-polluting, renew-
able energy with high energy density by weight, hydrogen 
exhibits broad application prospects in energy conversion 
and energy storage system [2, 3]. Among the various scal-
able methods for high-purity hydrogen production, electro-
cracking of water is one of the most convenient and envi-
ronment friendly strategies [4, 5]. Currently, the precious 
metal platinum is the most active electrocatalyst for catalytic 
hydrogen evolution reactions, but its scarcity and instability 
have prevented its widespread application [6, 7]. For this 
reason, it is imperative to develop earth-rich and non-noble 
metal catalysts to replace Pt-based electrocatalysts.

In recent years, a wide spectrum of transition-metal oxides 
[8, 9], sulfides [10, 11], and phosphides [12, 13], have exhib-
ited excellent catalytic performance for HER. Among the 
many non-precious metal electrocatalysts, transition metal 
oxide (TMOs) catalysts are of great interest owing to their low 

price, abundant reserves, low toxicity and high activity [14, 
15]. Various modification methods have been used to solve the 
above problems, such as doping engineering, vacancy engi-
neering, and morphology control [16]. Currently, bimetallic 
cobalt-molybdenum oxide (CoMoO4) is of great interest due 
to the fact that the composite of two elements of CoMo can be 
an efficient electrocatalytic material [17–20]. However, with 
the limited electrochemical active sites and low electrical 
conductivity, pure CoMoO4 still maintains undesirable HER 
performance, which is an urgent problem to be solved [21]. 
Among the above modification methods, doping engineering 
with non-metallic elements is widely used. The reason is that 
with a large variety of available doping elements, the elec-
trochemical properties of transition metal oxides can be opti-
mized from multiple aspects [22]. For example, the doping 
of N atoms can enhance the HER performance of the catalyst 
dramatically. The small radius of N atoms has a tendency to 
occupy the gaps between metal atoms forming a dense lat-
tice interstitial structure which is close to that of pure metal 
catalysts, resulting in strong metal abundance and fast electron 
transfer rates [23]. Recently, Xie et al. revealed that the doping 
of nitrogen could change the surface properties of CoMoO4, 
and the high-valent Mo ions were reduced to the low-valent 
state, which enhanced the HER performance [17]. Huang 
and co-workers fabricated N-doped Ni-Mo-based sulfides 
with the nickel foam substrates, showing low overpotential 
values of 68 and 322 mV at HER current densities of 10 and 
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1000 mA cm−2. Experimental results show that the entry of 
N atoms into the substrate lattice reduces H atoms adsorption 
energy of the catalysts and modulates the electron density of 
the sulfides, which enhances the electronic conductivity and 
accelerates the HER process [24]. Moreover, the doping of S 
atoms is also reported to be a feasible method for enhancing 
the catalytic performance of the composites. The doping of S 
atoms could increase the oxygen vacancies and induce defects 
on the catalyst substrate surface, which is beneficial to boost 
the HER activity [25]. Sun et al. found that the doping of S 
elements could cause epitaxial phase transition and surface 
reconfiguration of the catalyst, increasing the cation redox 
centers [26]. Wang and associates reported that the type and 
number of VMoOx active centers were improved by S doping 
and induced a reasonably effective synergistic effect, which 
presented a overpotential of 73 mV for HER at 10 mA cm−2 
[27]. Actually, the majority of the current studies have focused 
on the single element N or S doping of composites. Recently, 
Naveen et al. prepared a N, S co-doped coordination polymer 
with an operating potential of only 30 mV at a current density 
of 10 mA cm−2 [28]. Experiments reveal that the HER per-
formance of electrode materials can be effectively enhanced 
by the co-doping of N and S atoms. Combined with the above 
discussion, it is proved that the N and S co-doping can be 
more effective to modulate the electron density of metal nano-
particles and change the electronic structure of the particles, 
which is promising to further enhance the HER performance 
of the electrode.

In this work, we propose to prepare CoMoO4 precur-
sors by a simple hydrothermal method, and then fabricate 
N, S co-doped CoMoO4 nanosheet arrays with atmosphere 
treatment strategy. The results reveal an effective enhance-
ment of the electrical conductivity of the nanosheets via N, 
S co-doping, an optimization of the Co/Mo-H* interaction 
and a significant reduction of the energy barrier to water 
dissociation. Based on the beneficial composition and out-
standing structural advantages, the formed N, S-CoMoO4/
NF400 nanosheet arrays exhibit excellent HER activity. 
The catalysts have low overpotentials of 58 and 119 mV at 
current densities of 10 mA cm−2 and 100 mA cm−2. This 
work provides an economical and efficient HER catalyst 
that improves the electrocatalytic performance of transition 
metal-based electrocatalysts, and also demonstrates an effec-
tive strategy for designing efficient water cracking catalysts.

Experimental section

Materials

The nickel foam (NF) was produced by Changde Liyuan 
New Material Co., Ltd. Cobaltous nitrate hexahydrate 
(Co(NO3)2·6H2O), and Sodium molybdate (vi) dihydrate 

(Na2MoO4·2H2O) were supplied by Shanghai Aladdin 
Biochemical Technology Co., Ltd. Urea (CH4N2O), Sulfur 
sublimed (S), ethanol (C2H5OH), acetone (CH3CHO) and 
hydrochloric acid (HCl) were also used for experiments.

Synthesis of CoMoO4/NF

In a typical synthesis, 1.25 mmol of Na2MoO4·2H2O and 
Co(NO3)2·6H2O (Co:Mo = 1:1) were added to 40 mL of 
deionized water. The solution was stirred uniformly and 
transferred to a 50 mL Teflon-lined stainless-steel autoclave. 
After holding at 180 °C for 12 h, the NF was removed and 
washed several times with distilled water, and then dried at 
60 °C for 12 h. Finally, the hydrothermal prepared NF was 
annealed in air at 500 °C for 2 h.

Synthesis of N, S‑CoMoO4/NFx

N, S-CoMoO4/NFx were prepared via chemical vapor 
deposition (CVD) at 300℃, 400℃, and 500℃ for 2 h in 
N2 atmosphere, where sulfur powder and urea were the 
sources of S and N elements. The obtained working elec-
trodes were named as N, S-CoMoO4/NF300, N, S-CoMoO4/
NF400, N, S-CoMoO4/NF500, respectively. As a comparison, 
S-CoMoO4/NF and N-CoMoO4/NF nanosheet arrays were 
obtained by the same method, except that sulfur and urea 
were added separately at 400℃.

Synthesis of Pt/C catalyst on NF

To make Pt/C/NF catalyst, commercial catalyst (5 mg) was 
dispersed in a mixture of 180 ml of isopropyl alcohol and 
20 ml of 5% Nafion to form a homogeneous ink. The catalyst 
ink was dropped on NF (1 cm × 1 cm) with a catalyst load-
ing of 2 mg.

Characterizations

The crystallinity of the sample was calibrated by X-ray dif-
fraction (XRD, Bruker D8 Advance, scanning range 10–80°, 
scanning speed 2°/min). Scanning electron microscopy 
(SEM, Hitachi, S2400) and transmission electron micros-
copy (TEM, FEI Talos F200S) were applied to study the 
microstructure of all samples. Elemental species, composi-
tions and valence states were obtained by X-ray photoelec-
tron spectroscopy (XPS) of the PHI Quantera II electron 
spectrometer.

Electrochemical measurements

Electrochemical tests were conducted by CHI660e electro-
chemical workstation. The Hg/HgO electrode and the Pt 
electrode were chosen as the reference electrode and counter 
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electrode, respectively. The 1 M KOH solution (PH = 13.8) 
was used as the electrolyte. Linear sweep voltammetry 
(LSV) was used to evaluate the working electrode activity 
at a scan rate of 2 mV s−1. Cyclic voltammetry (CV) curves 
were used to measure the capacitance values of the bilayer 
at scan rates of 5 to 25 mV s−1. Electrochemical impedance 
spectroscopy (EIS) was tested in the range between 0.1 Hz 
and 105 Hz. All potentials were converted to RHE by Nernst 
equation (ERHE = EHg/HgO + 0.0591pH + 0.098).

Result and discussion

Figure 1 depicts the procedure for the preparation of N, 
S-CoMoO4/NFx. Firstly, this work successfully synthe-
sized CoMoO4/NF nanosheet arrays on NF substrates with 
a hydrothermal method. The formation of N, S-CoMoO4/
NFx can be reflected by the change of the surface color in 
the electrocatalysts. Clearly, the bare NF turns lavender after 
the hydrothermal reaction, then becomes dark yellow during 
the annealing and finally changes into black after the N, S 
doping process. The changes in color indicate that the phase 
composition of the catalyst has been transformed through 
atmospheric treatment.

Figure 2a-c shows the SEM images of the CoMo-precur-
sors from high magnification to low magnification. After 
hydrothermal treatment, the precursors show a smooth sheet-
like structure with a lateral size of about 1.4 μm. Low mag-
nification image shows the formation of the flower cluster 
structure due to the accumulation of nanosheets, providing a 
mass of nucleation sites. Figure 2d-f shows SEM images of 

the CoMoO4 nanosheet arrays at different resolutions after 
high temperature calcination. The lateral size decreases 
after high temperature annealing at 500 °C. CoMoO4/NF 
possesses a rough surface and the clusters are more closely 
packed than before. Figure 2g-i  are SEM images of N, 
S-CoMoO4/NF400. Notably, the structure of nanosheet arrays 
is well maintained after N, S co-doping of the catalysts, 
and the N, S-CoMoO4/NF400 nanosheets grown on nickel 
foam are further reduced. The above results clearly show 
that the NF is loaded with a large number of nanosheets 
and the ultrathin nanosheets are grown uniformly. These 
ultra-thin nanosheets would provide more active sites for 
HER processes and enhance their close contact with the 
electrolyte, increasing the mass transfer efficiency. Moreo-
ver, the catalysts morphology is significantly affected by 
the heat treatment temperature, which is also experimen-
tally investigated. Figs. S1 and S2 show SEM images of N, 
S-CoMoO4/NF300 and N, S-CoMoO4/NF500. At relatively 
low heat treatment temperatures, the reduction in the num-
ber of nanosheets grown on NF results in a lower number 
of exposed active sites. When the temperature is raised to 
500 °C, the nanosheets are transformed into needles. The 
needle-like structure is sparsely distributed and reduces the 
mass transfer rate, resulting in low electrochemical activ-
ity. SEM images of the pure nitride and pure sulfide dop-
ing samples are also investigated, as shown in Figs. S3 and 
S4, revealing the rough surface. The above morphological 
comparison shows that N, S-CoMoO4/NF400 benefits from 
a porous ultra-thin sheet structure that can expose abundant 
active sites. The ultra-thin nanosheet arrays have a large 
specific surface area, which can enable close contact at the 

Fig. 1   Schematic diagram of the 
preparation of N, S-CoMoO4/
NF400 nanosheet arrays
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electrode/electrolyte interface, accelerate the gas release 
rate, and facilitate the structural stability of the catalyst dur-
ing operation.

XRD was employed to evaluate the chemical compo-
sition of all samples. N, S-CoMoO4/NF400 displays three 
strong characteristic peaks at 44.45°, 51.86° and 76.37°, 
which is in good correspondence with Ni (PDF#04–0850) 
(Fig.  3) [29]. Other characteristic peaks demonstrate 
that the N, S-CoMoO4/NF400 is hybrid of CoMoO4 
(PDF#21–0868) [30], CoS2 (PDF#41–1471) [31], and 
MoS2 (PDF#02–1133) [24]. After N, S co-doping, the char-
acteristic peak at 25.51° of the (002) plane of CoMoO4 is 
slightly shifted to a higher diffraction angle, which can 
be due to the reduction of the crystal plane spacing as a 
result of the N atom occupying the O sites. Similarly, Fig. 2 
also shows that the characteristic peaks at 62.7° and 33.21° 
attributed to the (102) plane of CoS2 and the (100) plane 
of MoS2, respectively, are shifted toward higher diffraction 
angles. This is caused by the substitution of S atoms by N 
atoms with smaller radius [32]. The above results dem-
onstrate that N and S have been successfully doped into 

the crystals of CoMoO4. Fig. S5a and b shows the phase 
compositions of the samples obtained at the atmosphere 
temperatures of 300 °C and 500 °C. Low-temperature sulfi-
dation produces Co3S4 and Mo3S4 phases. The stability 
and conductivity of the Co3S4 phase are lower than those 
of the CoS2 phase, respectively [32]. Although the HER 
activity of the Mo3S4 phase is comparable to that of the 
MoS2 phase, the cathodic desorption of [Mo3S4]4+ from 
the catalyst support is gradually slow with time [33]. When 
the temperature is increased, the sulfur powder reacts with 
the nickel foam substrate to form the NiS2 phase. The N 
doping greatly reduces the hydrogen adsorption free energy 
(ΔG*H) of NiS2 [24]. Fig. S5c and d shows the XRD images 
of N-CoMoO4/NF and S-CoMoO4/NF. The presence of 
nitride and sulfide phases reveals the successful doping of 
N and S atoms into the compounds. The above results show 
that the CoS2 and MoS2 phases with higher conductivity 
are produced by annealing at 400 °C. Meanwhile, the dop-
ing of nitrogen and sulfur can effectively reduce the ΔG*H 
of Co and Mo, which is beneficial for the electrocatalyst to 
improve the HER performance [34, 35].

Fig. 2   SEM images of (a–c) CoMo precursors, (d–f) CoMoO4 and (g–i) N, S-CoMoO4/NF400
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Transmission electron microscopy (TEM) was also per-
formed to further reveal the microstructure and morphology 

of N, S-CoMoO4/NF400. Figure 4a and b are TEM images 
of the N, S-CoMoO4/NF400 nanosheet, which is agreeable to 

Fig. 3   XRD patterns of N, 
S-CoMoO4/NF400 and 
CoMoO4/NF

Fig. 4   (a–b) TEM and (c) HRTEM images of N, S-CoMoO4/NF400, (d) SAED pattern of N, SCoMoO4/NF, (e) Dark-field TEM (DFTEM) 
images and (f–j) corresponding elemental maps of N, S-CoMoO4/NF for Co, Mo, Ni, S, and N
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the micromorphology observed in the SEM images. Close 
observation reveals that these ultra-thin nanosheets pos-
sess the rough and porous surface. This porous nanosheet 
structure possesses more active centers, which contributes 
to the transfer of electrons and optimizes the electrochemical 
performance of the catalyst. In Fig. 4c, the high-resolution 
TEM (HRTEM) image clearly displays the N, S-CoMoO4 
film grown on the nickel foam. And carefully observed, 
the N, S-CoMoO4 film has the characteristics of MoS2 lay-
ered structure. The HRTEM images exhibit lattice stripes 
with planar spacing of 0.217 and 0.336 nm, corresponding 
to the (222) and (002) planes of CoMoO4. The crystalline 
surface of MoS2 and CoS2 can also be observed in the N, 
S-CoMoO4 film. Remarkably, the mismatch between the lat-
tices of CoS2 and MoS2 will produce numerous defects. The 
interface and defects promote fast electron transfer, which 
increases the catalytic activity. The SAED pattern shows 
multiple concentric circles, showing (222) and (002) planes 
of CoMoO4, (200) planes of CoS2, and (103) planes of 
MoS2, which proves the N, S-CoMoO4/NF400 polycrystalline 
properties (Fig. 4d). Figure 4e-j shows the DFTEM images 
of N, S-CoMoO4/NF400 and the corresponding EDX elemen-
tal mapping images of Co, Mo, Ni, S and N. Additionally, 
Figure S6 demonstrates the contents of the five elements. 
The five elements are uniformly distributed in the entire 
nanosheet array, indicating the successful incorporation of 

N and S into the CoMoO4 crystal, in agreement with the 
XRD results.

The chemical valence states of N, S-CoMoO4/NF400 were 
analyzed by XPS analysis. The coexistence of Co, Mo, Ni, 
N, S, and O is evidenced by the XPS survey in Fig. 5a. For 
Mo 3d, the characteristic peak of Mo6+ binding energy of 
235.8 eV indicates partial oxidation of Mo to MoO3. Simi-
larly, the peaks of Mo4+ 3d3/2 and 3d5/2 are 232.79 eV and 
229.24 eV, and the peak of Mo-S bond is 226.9 eV (Fig. 5b) 
[36]. In comparison, the XPS spectra of the Co 2p region 
are rather weak, indicating that the relatively small amount 
of CoS2 present in the nanocomposites (Fig. 5c), which is 
consistent with the EDX mapping analysis. The binding 
energy peaks at 797.1 eV and 779.2 eV correspond to Co3+ 
2p1/2 and 2p3/2, and the peaks at 799.2 eV and 782.4 eV are 
assigned to Co2+ 2p1/2 and 2p3/2 [11]. The slightly higher 
binding energy of the Co2+ species is likely attributed to 
the strong electron-withdrawing effect of the coordinated 
N, which indicates the presence of Co − N catalytic active 
sites [37]. And the presence of Co3+ species is caused by 
the strong electronegativity of N and S, which changes the 
electronic structure of the Co nucleus, leads to an eleva-
tion of the valence state and facilitates the desorption of the 
active H atoms [38]. Figure 5d shows the high-resolution S 
2p spectrum in N,S-CoMoO4/NF400, which is decomposed 
into two peaks along with a shaky satellite peak (SO4

2−) 

Fig. 5   High-resolution XPS spectra of (a) survey, (b) Co 2p, (c) Mo 3d, (d) S 2p, (e) N 1 s and (f) O 1 s for N, S-CoMoO4/NF400
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[39]. The peaks at 164.1 and 162.9 eV are considered as S 
2p1/2 and S 2p3/2 in N, S-CoMoO4/NF400. The spectrum of N 
1 s (Fig. 5e) is characterized by the presence of three peaks 
located at 395.3, 398.9 and 401.3 eV. The peak at 401.3 eV 
corresponds to the N–H group, which is believed to facilitate 
the HER process [40]. The two peaks at 398.9 and 395.3 eV 
belong to the N-metal bond and Mo 3p, respectively. The 
above results demonstrate the successful incorporation of N 
and S elements. Figure 5f shows the O 1 s spectra which are 
associated with partial oxidation, and the obtained electro-
catalyst peaks at 533.4 and 531.9 eV match the absorption 
of water molecules and lattice O (Co–O and Mo–O), respec-
tively [17]. These results suggest that the co-doping strategy 
of nitrogen and sulfur could have a role in modulating the 
electronic structure of CoMoO4. That is, after doping with 
nitrogen and sulfur, the electrons of CoMoO4 are transferred 
to N and S atoms, resulting in a decrease in electron density. 
The co-doping of N, S atoms decreases the electron density 
of metal ions and O atoms which results in a reduction of the 
bond energy of metal-O bonds. This situation diminishes the 
hydrogen adsorption, promotes hydrogen release and accel-
erates the catalytic decomposition process [24]. The above 
discussion confirms the preparation of N, S-CoMoO4/NF400, 
which is consistent with all previous characterization results. 
Based on these analyses, N, S co-doping ultrathin nanosheet 
arrays are successfully constructed. The flower cluster-like 
structure formed by the stacked nanosheets can boost the 
rate of electron transition and accelerate the release of H2. 
It will be beneficial to improve the HER performance of the 
electrocatalyst.

The above structural characterization demonstrates that 
ultrathin porous N, S-CoMoO4/NF400 nanosheets are pre-
pared on nickel foam substrates. The HER performance of 
the prepared electrocatalysts was evaluated in 1.0 M sat-
urated KOH solution. In comparison with other samples, 
N, S-CoMoO4/NF400 demonstrates excellent HER activ-
ity with an operating potential of 58 mV at a current den-
sity of 10 mA cm−2, which is significantly outperformed 
N-CoMoO4/NF (69  mV), S-CoMoO4/NF (72  mV) and 
CoMoO4/NF (283 mV) (Fig. 6a). The good catalytic per-
formance certifies the essential role of the N, S co-doping 
for the boosted HER activity. Furthermore, comparing their 
overpotentials when operating at large current densities, N, 
S-CoMoO4/NF400 can provide overpotentials of 102 and 
119 mV at 50 and 100 mA cm−2 (Fig. 6b and Fig. 6c). It is 
noticeable that the overpotential of N, S-CoMoO4/NF500 and 
N, S-CoMoO4/NF400 at low current densities are approxi-
mately equal. However, the overpotential of N, S-CoMoO4/
NF500 increases significantly at large current densities. 
The XRD result reveals that the sample produces a NiS2 
phase at 500 °C, which improves the HER performance. 
The catalyst is excessively brittle due to annealing under 
high temperatures, so it is unable to operate stably at high 

currents. With the combination of the above results, the best 
HER performance of the ultrathin porous nanosheets pre-
pared by co-doping CoMoO4 with N and S at 400 °C can 
be demonstrated.

Accordingly, Tafel slopes of 48.68, 103.09, 61.49, 
68.63, 73.23 and 81.29  mV dec−1 for N, S-CoMoO4/
NF400, CoMoO4/NF, N-CoMoO4/NF, N, S-CoMoO4/NF500, 
S-CoMoO4/NF and N, S-CoMoO4/NF300 are obtained, 
respectively (Fig.  6d), indicating the excellent reaction 
kinetics of N, S-CoMoO4/NF400. Typically, there are two 
reactions involved in the HER process in alkaline solutions. 
The Volmer reaction is first performed, where water dis-
sociates on the catalyst surface into adsorbed H atoms and 
OH−. Then, the Tafel reaction or Heyrovsky reaction occurs, 
enabling the adsorbed H atoms to combine and produce H2 
[41]. The Tafel values reveal that the HER catalytic pro-
cess of N, S-CoMoO4/NF400 obeys the Volmer-Heyrovsky 
mechanism and the electrochemical desorption of hydrogen 
is the key step. For the materials composition, although each 
component has significance in the catalysts, the active site 
of HER is mainly dependent on the anionic active center, 
M-S, and M–N (M: Co, Mo) edge sites. N and S atoms 
replaced O atoms, and bonded with Co and Mo atoms to 
lead to a weakening of the free energy of adsorbed H and 
promote the desorption of H atoms [30, 42]. Furthermore, 
the N atom could replace the S sites in M-S [43]. In com-
parison to S atoms, N is more electronegative and changes 
the electron density of metal atoms more, which facilitates 
the HER process. For the structure, it is clear from the TEM 
images that the catalysts possess an abundance of interfaces, 
which accelerates the electron transfer rate. The structural 
advantages of the catalysts and more anionic active centers 
improve the electrochemical reaction kinetics. In summary, 
simultaneous doping of N, S elements in the catalysts can 
make N, S-CoMoO4/NF400 possibly easier to break H–O-H 
bonds and increase adsorbed H, resulting in beneficial HER 
catalytic activity compare to CoMoO4/NF, S-CoMoO4/NF 
and N-CoMoO4/NF [17, 44]. Similarly, the experimental 
results reveal that the Tafel slope of N, S-CoMoO4/NF400 
decreased from 103.09 to 48.68 mV dec−1, indicating that 
the hydrolysis kinetics of the Volmer reaction was acceler-
ated during the doping process.

Cyclic voltammetry measurements were obtained for 
the double layer capacitance and estimated electrochemi-
cally active surface area (ECSA). Figure S7 presents the 
CV curves of all prepared catalysts at scan rates from 5 to 
25 mV s−1. As shown in Fig. 6e, N,S-CoMoO4/NF400 dis-
plays the optimum Cdl value (125.81 mF cm−2), which is in 
preference to N-CoMoO4/NF (88.48 mF cm−2), S-CoMoO4/
NF (67.72 mF cm−2), N, S-CoMoO4/NF500 (47.32 mF cm−2), 
N, S-CoMoO4/NF300 (20.3 mF cm−2) and CoMoO4/NF (2.6 
mF cm−2), suggesting that the CoMoO4 nanosheet arrays 
co-doped with N and S elements expose more active sites. 
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Further EIS studies were used to reveal the effect of N and 
S atoms on the HER process of the electrocatalyst. The N, 
S-CoMoO4/NF400 electrode shows a smaller charge trans-
fer resistance (Rct) compared to CoMoO4/NF, S-CoMoO4/
NF400, N-CoMoO4/NF400, N, S-CoMoO4/NF300 and N, 
S-CoMoO4/NF500 (Fig. 6f). It indicates that the interfa-
cial electron transfer rate was accelerated after co-doping 
with N and S, which improves the HER performance. The 
agreement of ESCA, EIS, Tafel and LSV results proves the 
best electrochemical activity of the N, S-CoMoO4/NF400 
electrode. The above results are in accordance with the 
expected findings of SEM, XRD, TEM and demonstrate 
that the nanosheet arrays have a great enhancement effect 
on the HER performance of N, S-CoMoO4/NF400. It is fur-
ther shown that N, S co-doping could effectively modulate 

the electronic structure and surface chemistry of the catalyst, 
thus enhancing the catalytic activity of HER. As shown in 
Fig. 6g, the increment of cathodic potential was negligible 
after 1000 cycles. Figure 6h shows that the potential of N, 
S-CoMoO4/NF400 remains almost unchanged at 10 mA cm−2 
for 16 h with a retention rate of 97.2%. Furthermore, the 
stability of N, S-CoMoO4/NF400 was measured at high cur-
rent densities. The potential retention of the catalyst is 87.5% 
over 40 h when the current density is 200 mA cm−2 (Fig. 6i). 
It indicates that the HER of N, S-CoMoO4/NF400 nanosheet 
arrays on NF exhibits excellent stability in alkaline media. 
Moreover, it can be observed that the electrocatalytic activity 
of N,S-CoMoO4/NF400 for HER is significantly superior to 
those reported high-performance of hydrogen evolution elec-
trocatalysts [35, 44–62], such as N-Co-S/G (67.7 mV) [35], 

Fig. 6   HER performance of different catalysts: (a) polarization 
curves, (b)–(c) comparison of the overpotential at the current den-
sities of 10, 50 and 100 mA  cm−2, (d) Tafel plots of different elec-
trodes, (e) Capacitive current versus scan rate, (f) Nyquist plot of 

the prepared catalyst, (g) polarization curves before and after 1000 
cycles for N, S-NCO@CMO400, (h) chronoamperometry curve at 
10 mA cm−2 and (i) chronoamperometry curve at 200 mA cm.−2
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CuSNC@MoS2-Pt(102.6 mV) [44], N,S-NiCo2S4 (92.7 mV) 
[45], N,S-CNTs/N,S-G (126 mV) [46], CoP@N,S-3D-GN 
(118 mV) [47], N,S-Co9S8 (103 mV) [48], N,S co-doped 
MoO2@C (83 mV) [49], and so on (Fig. 7).

Conclusion

In summary, we report the synthesis of an exquisitely 
designed nanosheet array of N, S-CoMoO4/NF400 elec-
trocatalysts with ultrathin porous structures. The surface 
properties are modified by direct doping with N and S ele-
ments to improve the HER performance of the electrocata-
lyst. With the advantage of its structure and composition, 
N, S-CoMoO4/NF400 exhibits excellent HER property with 
overpotential of 58,119 mV at current densities of 10 and 
100 mA cm−2. In addition, N, S-CoMoO4/NF400 can operate 
stably for 16 h at a current density of 10 mA cm−2. Based 
on the above findings, this study facilitates the exploration 
of electrocatalysts with great catalytic activity for hydrogen 
evolution reaction.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11581-​022-​04707-z.
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