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ABSTRACT 

Hydrogen energy derived from water splitting is the cleanest renewable energy source, 

but it is also very challenging to achieve because the hydrogen evolution reaction (HER) 

requires highly efficient and low-cost electrocatalysts. We fabricate a novel hierarchical 

system of amorphous molybdenum oxy/sulfide microspheres with crystalline Ni3S2 

intergrown in situ on Ni foam (MoOxSy/Ni3S2/NF) as an outstanding electrocatalyst for 

HER. The MoOxSy/Ni3S2/NF demonstrates ultra-low overpotential of 58 mV at current 

density of 10 mA cm-2 and extremely durable stability (>200 h), suggesting superior 

performance comparable to Pt-C/NF in acidic conditions. X-ray absorption fine 

structure (XAFS) determines the average valence state of Mo to be +(5+δ), with 

coordination motif by O and S. To explain such high HER activity, a [Mo2O2(S,O)4] 

dimer-based periodic model structure with average composition of [Mo4O8S4] 

interfaced with Ni3S2(101) surface is proposed. The interactions between the Ni of 

Ni3S2 and bridging S/O of [Mo4O8S4] result in an average formal Mo charge state 

between +5 and +6, and significant charge transfer from Ni3S2 to [Mo4O8S4] activates 

the Mo=O bonds. The calculated |∆GH*| of less than 50 meV suggests that the double 

bonded O is the most active site. This work points to the importance of oxy/sulfides 

with Mon+ (+5<n<+6) as exceptional electrochemical catalysts for HER. 
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INTRODUCTION 

With increasing demand for energy and gradual depletion of traditional fossil fuels, it 

is necessary to develop more sustainable and clean energy systems.1 Hydrogen energy 

is the cleanest and most renewable energy source, and has been regarded as the most 

promising alternative.2 Electrochemical splitting of water produces hydrogen via an 

important cathodic half reaction of hydrogen evolution reaction (HER).3 However, high 

overpotentials and sluggish kinetics in HER impede efficient hydrogen generation from 

water.4 Exceptional electrocatalysts are needed to reduce the overpotentials and 

accelerate hydrogen production rate.5 Platinum (Pt) based materials are known as the 

most effective electrocatalysts towards HER,6 while their high cost and unsatisfactory 

stability limit the large-scale applications. Thus, it is urgently needed to develop 

electrocatalysts with low cost, high efficiency, and high durability that replace platinum. 

Researchers have made great efforts to investigate transition metal (such as Mo, Co, 

Ni, and Fe)-based electrocatalysts.7 MoS2 has been recognized as a promising HER 

electrocatalyst,8 due to the optimal hydrogen adsorption energy on the edge sites.9 

However, catalytic performance of bulk MoS2 is not ideal, because of poor intrinsic 

conductivity and limited number of active sites.10, 11 Loading MoS2 on conducting 

substrates, for example TiO2,12 metal foam13 and carbon cloth,4 has proven effective to 

increase the activity. To expose as many active sites as possible, versatile MoS2 such as 

small-sized nanoparticles/nanosheets,14, 15 vertically aligned nanofilms,16 defect-rich 

nanosheets,17 and mesoporous foams18 have been developed. Our group reported 

MoS2/Co9S8 nanosheets grown on nanorods of Ni3S2 supported on Ni foam (NF), 

fabricating a hierarchical co-assembly with abundant active sites beneficial to the 

enhancement of HER activity.19 In addition, amorphous MoSx (a-MoSx) usually have 

HER-active defect sites on the surface, giving rise to attractive performance.12, 20-22 At 

the same time, unsaturated sulfur atoms on the surface of MoSx may participate in the 

discharge reactions and adsorb more hydrogen ions with favorable binding energies.23 

Chang et al. explained that the high HER efficiency of MoSx is attributed to bridging 

S22- and apical S2-.24 For synthesis of a-MoSx, electrochemical deposition is the most 
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common method.25 Using electrodeposition, Rees and coworkers prepared a-MoSx thin 

films on Si/Ti/Au and investigated its inherent electrochemical features.25 Wang et al. 

constructed polypyrrole(Ppy)/MoSx films by electrochemical copolymerization of 

pyrrole and (NH4)2MoS4.26 Other routes such as precursor-thermolysis24 were also 

developed, but simple and direct methods have rarely been exploited. 

Molybdenum oxides (MoOx), on the other hand, have been found to be 

electrocatalytically active toward HER. The α-MoO3 nanobelts exhibited good HER 

performance requiring a 120 mV overpotential to achieve the current density of 10 mA 

cm-2 (η10=120 mV).27 Oxygen incorporation in crystalline MoS2 was found to increase 

structure disorder, which offered more active sites beneficial to HER (η10=180 mV).28 

In addition, molybdenum-oxo complex showed high stability and catalytic activity for 

HER.29 Rees and coworkers revealed that the presence of Mo−O in AE-MoSx (anodic 

electrode deposited a-MoSx) played a key role in improving the HER performance.25 

However, easy preparation of well-defined molybdenum oxy/sulfides, especially in an 

amorphous state, is still challenging. 

Here, we newly fabricate amorphous molybdenum oxy/sulfide microspheres with 

crystalline Ni3S2 intergrown in situ on NF, using a one-pot solvothermal reaction of 

Na2MoO4 and thiourea (CH4N2S) under the presence of cetyltrimethylammonium 

bromide (CTAB) (Figure 1a). The hierarchical MoOxSy/Ni3S2/NF structure 

demonstrates exceptional HER performance with an ultra-low overpotential (η10 = 58 

mV) in acid media (0.5 M H2SO4) and dramatically durable stability (>200 h). X-ray 

absorption fine structure (XAFS) analyses reveal the valence of Mo in MoOxSy is +5.24, 

with the presence of Mo−O and Mo−S bonding. We note that this material is very 

different from the various MoSx HER catalysts reported so far. In general, the reported 

a-MoSx have mixed Mo oxidation states (with mainly Mo4+ and Mo6+), and the 

coordination atoms of Mo are mainly S.24, 26, 30 In our MoOxSy/Ni3S2, all Mo atoms have 

uniform oxidation state of +(5+δ). Moreover, each Mo is coordinated to terminal 

double-bonded O and bridging S/O atoms. Based on a broad battery of experimental 

evidence for the MoOxSy/Ni3S2 hierarchical structure, and the known structurally 
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established [Mo2S2O2]2+ dimer-based compounds,31, 32 we propose a model structure 

with the repeating unit of [Mo4O8S4] to represent the key local structural characteristics 

of amorphous MoOxSy supported on the crystalline Ni3S2 structure. The [Mo4O8S4] 

chain-like structure features [Mo2O2(S,O)4] dimers with M=O bonding bridged by S or 

O atoms (see Figure S1). The bonding arrangement between [Mo4O8S4] and Ni3S2(101) 

surface results in an average formal Mo charge state of +5.32. Density functional theory 

(DFT) calculations suggest that Mo=O unit is activated by the electron transfer from 

Ni3S2 to [Mo4O8S4], making the double bonded O the most active HER sites with the 

low free energy of hydrogen adsorption, |∆GH*|. The combination of these favourable 

characteristics of [Mo4O8S4] with the activating action of Ni3S2 and good electrical 

conductivity of the Ni3S2/NF support can explain the outstanding electrocatalytic 

performance. 

 

EXPERIMENTAL SECTION 

Synthesis of electrocatalyst samples. The electrocatalysts were synthesized via a 

simple one-step solvothermal reaction. Na2MoO4·2H2O (2 mmol) and CTAB (2 mmol) 

were dissolved in an ethanol: water mixed solvent (1:1) to get a solution of 30 mL. 

After stirring for 15 min, 10 mmol of thiourea (CH4N2S) was dissolved in the above 

solution. The resulting solution was put into a Teflon-lined stainless-steel autoclave (50 

mL) with immersing a piece of pre-treated NF. The autoclave was sealed and heated to 

certain temperature (160 and 180 °C) for 18 h. After cooled down, the products were 

taken out and rinsed with DI water and ethanol and dried in an oven at 45 °C for 12 h. 

Synthesis of other samples please see Supplementary Note 1. Characterization 

techniques are shown in Supplementary Note 2. 

XAFS measurements. Mo L3-edge XANES was recorded with a beamline 16A1 using 

total X-ray fluorescence yield (TFY) mode at the National Synchrotron Radiation 

Research Center (NSRRC), Hsinchu, Taiwan. Mo and Ni K-edges XAFS were collected 

in transmission mode at 1W1B endstation of Beijing synchrotron Radiation Facility and 

BL14W1 beamline of Shanghai Synchrotron Radiation Facility (SSRF). For details of 
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XAFS measurements and data fitting, see Supplementary Note 3. 

Electrochemical measurements. Electrochemical measurements were performed in 

acidic solutions (0.5 M H2SO4) using a three-electrode system with the as-prepared 

substrate electrodes, Ag/AgCl (saturated KCl) and graphite electrode as working 

electrode, reference electrode and counter electrode, respectively. We cut the obtained 

samples with the size of 2 × 2 cm into two pieces of sample with the size of 1 × 2 cm, 

and kept the area immersed in the electrolyte at 1 × 1 cm during the electrochemical 

measurements. Details of electrochemical measurements are shown in Supplementary 

Note 4. Mass loadings of catalysts on NF were shown in Table S1. 

DFT calculations. Based on the Mo-Mo dimer building block of [Mo2S2O2]2+,31-32 

structurally characterized polymeric chain of [Mo4O8S4]n32 as a model for the local 

structure present in the MoOxSy was adopted. This model reproduces the local structure 

of the amorphous MoOxSy where the bridging O/S atoms are connected to the Ni3S2 

support. The (101) and (110) surface orientations of Ni3S2 are adopted based on the 

orientations deduced from our HRTEM images. It is found that the (101) surface is 

energetically more stable than the (110) surface, consistent with previous computational 

studies.33  

The two-electron HER can be modeled by two electrochemical reaction steps each 

with an (H+ + e-) pair transfer. The free energy change of each (H+ + e-) pair transfer 

reaction step was calculated using the computational hydrogen electrode (CHE) 

method.34-36 The free energy was calculated by adding a Gibbs free energy correction35 

to the total energy calculated in VASP. The calculated free energy correction for H 

adsorption energy is 0.20 eV, fairly comparable to reported values.37, 38 To identify the 

most active site, we have sampled multiple representative sites on the structure. 

Other details involving DFT calculations, see Supplementary Note 5. 

RESULTS AND DISCUSSION 

Structural characterization. Products reacted at 160 °C and 180 °C with addition of 

2 mmol CTAB are marked as 160-2CTAB and 180-2CTAB, while products reacted 

without CTAB are labeled as 160-no CTAB and 180-no CTAB. Figure 1a depicts the 
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formation process of 160-2CTAB. From Figure 1b and Figure S2, in all samples, 

regardless of CTAB addition, there are strong X-ray diffraction (XRD) peaks from Ni0 

of the NF substrate. Besides, a series of reflections at 2θ of 21.7°, 31.1°, 37.8°, 50.1° 

and 55.3° are assigned to (101), (110), (003), (211) and (300) planes of hexagonal 

Ni3S2,19 which is generated in-situ from the reaction of HSˉ with Ni2+ or the NF (Ni0). 

No diffraction peaks related to MoSx (or MoOx) are detected in any of the samples. 

However, scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-

EDX) analyses of 160-2CTAB (Figure S3) show the existence of Mo and S, suggesting 

the formation of Mo-based phases possibly in an amorphous form. At higher 

temperature of 180 °C (Figure S2), we found that the weak peak at around 2θ = 16° 

(marked with ‘■ ’) could be observed in the product with CTAB (180-2CTAB), 

indicating the formation of crystalline MoS2. For 180-no CTAB, the peak at about 16° 

is too weak to identify. While in the following XPS spectra we found the presence of 

Mo4+, suggesting that the MoS2 phase is still generated, although its content may be 

small. 

Observations of morphology by SEM show that the 160-no CTAB (Figure 1c) grows 

into irregular particles, while 160-2CTAB (Figure 1d) presents regular microspheres 

(with a diameter of 2-3 μm). As the reaction temperature rises to 180 °C, microspheres 

with uneven size are formed (Figure S4). Transmission electron microscope (TEM) 

observations (Figure 1e-h) show that the average diameter of the 160-2CTAB 

microspheres is ∼2 μm (Figure 1f), in agreement with the SEM results (Figure 1d). 

HRTEM images (Figure 1e,g) show interplanar spacings of 0.28 and 0.40 nm 

respectively ascribed to (110) and (101) planes of Ni3S2.39 No distinguishable 

crystalline lattices of other phases are observed, suggesting the amorphous structure of 

the other substances. The interface between an amorphous phase and Ni3S2 phase can 

be clearly observed (Figure 1e, g). Elemental mapping indicates the existence of S and 

O besides Mo and Ni (Figure 1h), so we mark the amorphous phase as MoOxSy, and the 

160-2CTAB as MoOxSy/Ni3S2/NF according to its composition. 

The chemical valence of Mo was analysed by X-ray photoelectron spectroscopy 
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(XPS) (Figure 2a, b, d, e). For 160-2CTAB (Figure 2a), binding energies of 233.9 (Mo 

3d3/2) and 230.7 (Mo 3d5/2) eV close to energy level of Mo5+ 7, 25, 40, suggesting an 

intermediate valence of Mon+ (4<n<6). By contrast, at 180 °C, 180-2CTAB has two sets 

of peaks (Figure 2d), whose slightly larger energies of 234.1 and 230.9 eV indicate a 

higher valence of Mom+ (n<m<6). Besides, the 232.4 and 229.2 eV energies assigned 

to Mo4+ 3d3/2 and Mo4+ 3d5/2 verify the formation of MoS213, 19 at elevated temperature. 

If CTAB was absent in the reactions, the as-prepared 160-no CTAB (Figure 2b) presents 

only a pair of peaks at 235.6 and 232.4 eV related to Mo6+, assigned mainly to MoS42- 

rather than MoO42- on the basis of Raman results discussed below. The presence of S in 

the products indicates that the starting material of thiourea decomposes to form HSˉ 

ions and participates in the reactions. Here, the different valence of Mo between 160-

2CTAB (∼Mo5+) and 160-no CTAB (Mo6+) highlights the role of CTAB in controlling 

the redox process. From Figure 2e, for 180-no CTAB, besides the Mo6+ peaks (235.6 

and 232.4 eV), there exists a pair of peaks at 232.0 and 228.8 eV assigned to Mo4+ of 

MoS2.41 This proves that higher temperature is conducive to MoS2 generation. XPS data 

of S 2p (Figure S5) exhibit both S2- and S22- are present in all samples. From the Ni 2p 

shown in Figure S6, we observe all samples contain Ni2+. Raman spectra (Figure 2c) of 

160-2CTAB and 160-no CTAB indicate peaks ranging from 250 to 350 cm-1 belong to 

Mo−S modes.25 Interestingly, obvious peaks at 800-950 cm-1 assigned to ν(Mo−O)25, 42 

are observed only in 160-2CTAB, confirming the significant presence of Mo−O bonds. 

FT-IR spectra (Figure 2f) depicts two distinguishing bands at 945 and 875 cm-1 ascribed 

to Mo=O and Mo−O, respectively.40 The Mo=O data in IR are similar to those of 

dimeric species, such as [Mo2O2(µ-S)2(S2)(S4)]2 (Mo=O at 925 cm-1)43 and [Mo2O2S6]2- 

(Mo=O at 928 cm-1).44 

To further probe the electronic state of Mo in MoOxSy and coordination environment, 

we analysed the X-ray absorption near edge structure (XANES). Figure 2g shows the 

shape of the L3-edge in MoOxSy which is different from MoS2 (Mo4+) indicating that 

the oxidation state of Mo in MoOxSy is not +4. The Mo L3-edges of MoOxSy and MoO3 

both depict a split doublet, which can be interpreted as a ligand field splitting of d-
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orbitals.45 The intensity of first peak (t2g peak) decreases linearly with electron filling.46 

Compared with MoO3 (Mo6+), the weaker t2g peak in MoOxSy implies the oxidation 

state of Mo is lower than +6. Figure 2h exhibits normalized Mo K-edge XANES spectra 

of MoOxSy and MoO3 (Mo6+) and MoS2 (Mo4+). The energy shift of the X-ray 

absorption edge originates from the change in oxidation state of Mo.47 The energy of 

absorption edge for MoOxSy is higher than that of MoS2 while lower than that of MoO3 

(Figure 2h inset), indicating oxidation state of Mo in MoOxSy is >4 and <6. The 

oxidation state of Mo can be derived from the energy shift of the X-ray absorption 

edge.47 As shown in Figure 2i, we tested Mo K-edge XANES of Mo foil, MoS2 and 

MoO3, and the Mo average valence were obtained by use of the absorption edge.48 From 

linear fitting of the valence state (see Figure 2i), the average Mo valence in MoOxSy is 

determined to be +5.24, which can be generalized to +(5+δ) given the amorphous nature 

of the material. 

Extended X-ray absorption fine structure (EXAFS) analyses were performed to 

investigate coordination structure of Mo and local bond lengths.49 As depicted in Figure 

2j, good fitting of the Fourier transform (FT) in R-space is obtained. Table S2 indicates 

local structural parameters of the control samples of MoS2, MoO3 and MoOxSy. For 

MoS2, the peak at 2.41 Å (phase shift uncorrected) corresponds to the Mo−S bond.50 

For MoO3, the two main peaks at 1.74 Å and 1.96 Å correspond to Mo−OI and Mo−OII 

bonds, which are consistent with the reported Mo-O bond lengths of 1.7-2.2 Å.51 For 

MoOxSy, the Mo−O distances are 1.68 (Mo−OI) and 1.92 Å (Mo−OII), and the Mo−S 

distance is 2.33 Å. The coordination numbers (CN) are 1.2, 1.7 and 2.0 related to 

Mo−OI, Mo−OII and Mo−S, respectively. The slight difference in Mo−S and Mo−O 

distances in MoOxSy relative to MoS2 and MoO3 originates from different coordination 

motifs and oxidation state of Mo. The Mo−Mo distance (dMo-Mo) in MoOxSy is ∼2.85 Å, 

much smaller than the distances in MoS2 (dMo−Mo = 3.15 Å) and MoO3 (dMo−Mo = 3.49 

Å). It is noted that, the dMo−Mo of ∼2.85 Å is very close to the value reported for dimeric 

clusters, such as [Mo2O2S6]2- (dMo−Mo = 2.828 Å)44 and [Mo2O2(S)2(S2)2]2- (dMo−Mo = 

2.825 Å).52 The Ni K-edge XANES spectra of MoOxSy (MoOxSy/Ni3S2/NF) and 
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Ni3S2/NF are shown in Figure S7. This shows that the absorption edge of Ni in 

MoOxSy/Ni3S2/NF has an obvious shift to higher energy compared to Ni3S2/NF, 

suggesting that Ni electrons of Ni3S2 are delocalized after interfacing with MoOxSy.53 

This suggests that there would be electron transfer from Ni3S2 to MoOxSy moiety. 

In order to provide physical insights for the high HER performance of such a system, 

we have adopted a polymeric structure deriving from the dimer units of [Mo2O2(S,O)4] 

(Figure S1) as a prototype to model the local structural characteristics of such 

amorphous MoOxSy in our DFT calculations. The proposed Mo5+ dimer structure model 

is based on the dimer core building block of [Mo2S2O2]2+ 31,38,46 and the related cyclic 

molecule of [Mo2S2O2(OH)2]6.32 As suggested by our HRTEM experiments (Figure 

1e,g), both Ni3S2 (101) and (110) surfaces are exposed at the MoOxSy/Ni3S2 interfaces. 

We have considered both surface orientations, while the MoOxSy/Ni3S2(101) shows to 

have much better performance for HER activity. Hereafter, we will focus on the 

discussions of the MoOxSy/Ni3S2(101). As shown in Figure 2k, 2l, the [Mo4S8O4] unit 

is supported on the Ni3S2(101) surface, where both Ni-O and Ni-S bonds are formed 

(denoted as [Mo4O8S4]@Ni3S2(101)), generating a heterojunction structure. Because of 

the difference in distances along the chain and distances between surface Ni atoms, 

some of the bridging oxygen atoms are unable to coordinate to the Ni atoms of the Ni3S2 

structure, leading to a higher oxidation state of the nearest Mo ion. This model structure 

results in an average formal Mo charge state of 5.32, representing well the average Mo 

charge of ~5.24 obtained by XANES. The charge state above +5 causes some 

destabilization of the Mo-O double bonds, which become activated for H adsorption 

and hydrogen evolution that will be discussed below. 

The calculated coordination numbers and bond distances are in agreement with the 

experimental values. The dMo−Mo is ~2.97 Å, about 4% longer than the measured value 

of 2.85 Å in the amorphous MoOxSy, but significantly shorter from the dMo−Mo values 

in MoS2 (3.15 Å) and MoO3 (3.49 Å), suggesting formation of Mo-Mo bond (via d1-d1 

orbital interactions of Mo5+ atoms) similar to that observed in the reported molecular 

Mo dimers.44, 52 The average distances are 1.67 Å for the Mo=O double bond (Mo−OI, 
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CN=1), 1.98 Å for the Mo−O (bridging O) bond (Mo−OII, CN=2), and 2.44 Å for Mo−S 

bond (CN=2). The dMo−S values vary slightly at different sites ranging 2.38~2.51 Å; 

while the dMo−OII values differ when the bridging O is bonded to surface Ni (dMo−OII = 

2.03 Å) or not (dMo−OII = 1.93 Å). 

Formation mechanism analysis. We analyze the reason for formation of spherical 

microstructure of MoOxSy/Ni3S2 as discussed in Supplementary Note 6. The proposed 

formation mechanism is described by Figure 1a and postulated in reactions 1-3. First, 

NH2CSNH2 decomposes to form HSˉ ions (reaction 1) which reacts with Ni to produce 

Ni3S2 (reaction 2). At the same time, due to electrostatic interactions, positively-charged 

CTA+ cations associate with MoO42- anions forming the MoO4-2CTA units in the form 

of micellar spherical vesicles (reaction 3). Then HSˉ and MoO4-2CTA engage in the 

sulfidation step. In general, the sulfidation requires an excess of sulfide species, while 

the vesicle, especially in its interior, provides a S-deficient environment. This prevents 

complete sulfidation, which possibly enables the retention of some Mo−O bonding, 

thus producing oxygen-rich MoOxSy (reaction 3). To explore the influence of substrates 

on products, we used carbon cloth (CC) instead of NF as substrate under the same 

reaction conditions. We found that there was almost no product grown on CC (Figure 

S8). This suggests the Ni3S2 generates preferentially on NF, providing a good second 

substrate favorable for the deposition of MoOxSy. 

NH2CSNH2 + 3H2O → 2NH4+ + HSˉ + HCO3ˉ                  (1)        

3Ni + 2HSˉ + 2H2O → Ni3S2 + 2OHˉ +2H2                     (2) 

 

Electrocatalytic HER performance 

The HER performance of 160-2CTAB and control samples was studied in an acid 

electrolyte (0.5 M H2SO4), with the results shown in Figure 3. Before the 

electrochemical test, 10 cycles of CV test was performed on all samples. The samples 

HS MoOxSyMo
O

O 2CTA
O

O ...... CTACTA
2-
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grown in situ on NF were directly used as working electrodes. As shown in Figure 3a, 

the as-obtained 160-2CTAB shows an extremely low overpotential of 58 mV at the 

current density of 10 mA cm-2 (η10 = 58 mV), which is much lower than those of 160-

no CTAB (η10=128 mV) and Ni3S2/NF (η10 = 246 mV). The η10 value of 58 mV of 160-

2CTAB approaches the Pt-C/NF (η10 = 43 mV) and Pt-C/GC (η10 = 36 mV, here GC is 

glass carbon electrode). For 180-2CTAB, the η10 of 86 mV is larger than 160-2CTAB, 

proving appropriate temperature is critical for improved HER activity. As summarized 

in Tables 1 and 2, HER activity of 160-2CTAB is comparable to or better than most 

reported Mo-/Ni- based electrocatalysts.11, 24, 54-74 Remarkably, the ultra-low η10 value 

of 58 mV of 160-2CTAB points to its extremely attractive potential for HER. 

The Tafel slope represents the intrinsic nature of an electrocatalyst and helps to 

understand rate determining steps in a reaction mechanism. The Tafel slope corresponds 

to one of three rate-determining steps (Volmer, Heyrovsky and Tafel) in the HER 

catalytic process.75 Generally, a smaller Tafel slope suggests a faster reaction rate. As 

depicted in Figure 3b, 160-2CTAB has a slope of 43 mV/dec, near to Pt-C/NF (30  

mV/dec), and much smaller than those of 160-no CTAB (136 mV/dec), 180-2CTAB 

(128 mV/dec, Figure S9b), and Ni3S2/NF (165 mV/dec). Based on the measured Tafel 

slopes, 160-no CTAB and 180-2CTAB are limited by the Volmer step, whereas 160-

2CTAB is suggested to have the rate-limiting Heyrovsky step, and Pt-C adopts a rate-

limiting Tafel step.38 The smaller Tafel value of 160-2CTAB suggests that the reaction 

rate related to hydrogen adsorption (Volmer reaction, H3O+ + eˉ → Hads + H2O) is very 

fast, meaning that H3O+ is easily adsorbed on the surface of the catalyst. The exchange 

current density (j0) is obtained by extrapolating the Tafel plot. From Figure S10, j0 value 

of 160-2CTAB is 2.75 mA cm−2, which is higher than the values of 160-no CTAB (2.00 

mA cm−2), Ni3S2/NF (0.32 mA cm−2) and even higher than that of Pt-C/NF (2.31 mA 

cm-2). 

Electrochemical impedance spectroscopy (EIS) of 160-2CTAB shows a smaller 

diameter of semicircle than that of 160-no CTAB and Ni3S2/NF (Figure 3c). Thus, 

enhanced catalytic activity of 160-2CTAB over that of 160-no CTAB is demonstrated 
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by the significant reduction in the charge transfer resistance. The Nyquist plots and the 

charge-transfer resistance (Rct) values were fitted by the equivalent circuit model 

(Figure S11). The 160-2CTAB shows a significantly decreased Rct value (2.52 Ω), 

visibly smaller than 160-no CTAB (6.44 Ω) and Ni3S2/NF (21.65 Ω), suggesting a much 

faster charge transfer kinetics during the HER process (Table S3). 

The electrochemically active surface area (ECSA) was evaluated through measuring 

the double layer capacitance (Cdl) in a non-faradaic region at different scan rates. The 

magnitude of Cdl indicates the number of active sites, which is a crucial factor affecting 

electrocatalytic performance. Figure 3d shows cyclic voltammograms of 160-2CTAB 

tested at varied scan rates (5, 10, 20, 40, 60 and 80 mV s-1), and Figure 3e presents 

corresponding capacitive currents as a function of the scan rates, giving a Cdl of 81.5 

mF cm-1. As displayed in Figure S12, 180-2CTAB has a smaller Cdl value (45.0 mF cm-

1). The larger capacitance of 160-2CTAB indicates abundant active sites contributing 

to electrocatalytic activity. The Faradaic efficiency at a constant overpotential (-60 mV 

vs. RHE) in 0.5 M H2SO4 was measured by a home-made setup (Figure S13) to study 

the hydrogen conversion rate. The details on the testing of the Faradaic efficiency and 

related calculations are shown in Supplementary Note 7. Figure S14 displays the 

volume change of the produced H2 at different time. The chronoamperometry curve 

taken at -60 mV is depicted in Figure S15. The good agreement of the experimentally 

generated and theoretically calculated amount of H2 reveals a Faradaic efficiency of 

approximately 100% for the HER (Figure 3f and Table S4). 

Stability is another important factor to evaluate the performance of catalysts. The 

time-dependent current density (I-t) of 160-2CTAB was monitored at constant potential 

of 120 mV and stayed basically constant under continuous operation for more than 200 

h, suggesting superior stability (Figure 3g). At the initiation of the process, the current 

density of the 160-2CTAB increased gradually, and reached the maximum current 

density of 17.3 mA cm-2 at 15 h. In this stage (0-15 h), with increased electrolysis time, 

more electrolyte can access the nanointerface of the MoOxSy and Ni3S2, yielding an 

improved HER performance. Then the 160-2CTAB exhibited good stability under 
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continuous operation for the following 185 h. Finally, the catalyst retained nearly 99%  

current density after such a long time of electrolysis (17.3 mA cm-2 as maximum current 

density and 17.2 mA cm-2 as final current density). The inset of Figure 3g is the 

photograph showing generation of H2 bubbles on the electrode. The video gives a 

visualized view of the large amounts of hydrogen produced during electrolysis (see 

Video S1). Figure 3h presents a partial enlargement of Figure 3g, clearly indicating 

accumulation-release process of the bubbles. The linear sweep voltammetry (LSV) 

curves of 160-2CTAB before and after I-t test were examined, and even after such a 

long test, there was little change in the overpotential at the same current density (Figure 

3i). Also, the morphology of the 160-2CTAB well retained after 200 h of testing (Figure 

3j,3k). XRD (Figure S16) and HRTEM (Figure S17) measurements confirmed the 

presence of crystalline Ni3S2 and amorphous phase, indicating the not significant 

change of the 160-2CTAB material after such long time (200 h) of HER testing. In order 

to verify the repeatability of the stability experiment, we conducted the stability test at 

a shorter time interval. As shown in Figure S18, the change trend of current density 

over the 50 h was similar to that of 200 h (Figure 3g). For this sample, we measured the 

XPS with corresponding analyses shown in Figure S19. As shown, after long-term HER 

reaction such as 50 h, the valence state of Ni and S did not change, while Mo presents 

mixed valence state of Mo5+, Mo6+ and Mo4+, in which the Mo5+ is the main component 

and the fraction of Mo6+ is relatively higher than that of Mo4+. This suggests Mo5+ is 

disproportionated to form Mo6+ and Mo4+ during HER. To investigate if 160-2CTAB 

still exhibited long-term stability at a high current density, a chronoamperometric test 

was carried out at a potential of -300 mV (vs. RHE). Figure S20 showed that 160-

2CTAB exhibited a high current density of 70 mA cm-2 without obvious attenuation for 

50 h. All these indicated the exceptional stability of 160-2CTAB under low and high 

current density, suggesting an advanced electrocatalyst with prospects in devices based 

on HER in acidic media. 

In order to study the chemical stability of the MoOxSy/Ni3S2/NF system in acidic 

conditions, we measured the dissolution rates of Mo and Ni during long-time 
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electrolysis of 60 h and even 200 h. From Table S5, in the first 60 h, the dissolution rate 

of Mo is higher than that of Ni, while within 200 h, the average dissolution rate of Ni 

becomes much higher than that of Mo. This result is consistent with our speculation 

about the formation mechanism of MoOxSy/Ni3S2. Since Ni3S2 is wrapped in MoOxSy, 

in the early stage of the electrolysis, the electrolyte mainly contacts with the exposed 

MoOxSy. As the electrolysis reaction goes on, the MoOxSy slowly dissolves, and the 

inwrapped Ni3S2 phase is gradually exposed to the solution. Because the Ni3S2 is more 

soluble in acidic solutions, giving a larger dissolution rate of Ni relative to Mo. In any 

case, the dissolution rates of Mo and Ni during 200 h electrolysis are only 30-50 ppb 

(μg/L)/h, indicating high chemical stability of the material. The much enhanced 

stability of Ni3S2 in acidic condition would be due to the envelop of Ni3S2 by the 

MoOxSy. At the same time, ultrasonication treatment was performed to confirm the 

mechanical stability of the MoOxSy/Ni3S2/NF (Figure S21), as shown no material loss 

occurred after ultrasonication in the solution for 30 min. The ultra-durable 

chemical/mechanical stability of MoOxSy/Ni3S2/NF is attributed to i) acid-resistant 

MoOxSy coating on Ni3S2 and ii) MoOxSy/Ni3S2 microspheres in situ growing on NF. 

The balance of activity and stability of one catalyst can be defined by the ratio of the 

rate of hydrogen/oxygen production (current density J) to the rate of metal dissolution 

(equivalent dissolution current density, S). This activity-stability assessment is 

expressed as Activity-Stability Factor (ASF), described as Eq. (1).76 

ηASF |J S
S
−

=    (Eq. 1) 

Good catalyst normally have a high ASF value at constant overpotential (η). Evaluated 

by Eq. (1), the ASF value for 160-2CTAB is 43.47×103 (Table S6), being the largest 

among the reported samples, such as MoS2/Co9S8/Ni3S2/Ni (ASF = 0.036×103 for HER 

in acid)19 and dealloyed-thin-film Ir25Os75 (ASF = 20.67×103 for OER in acid).76 The 

large ASF of the present 160-2CTAB material suggests an excellent balance between 

HER activity and stability. 

Wettability results suggest that the MoOxSy system (160-2CTAB) has an optimum 

structure that facilitates the electrolyte entering the catalyst surface aiding the HER 
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performance in acidic solutions. The contact angle of bare NF was 127.3° (Figure S22a), 

indicating hydrophobicity. In contrast, as shown in Figure S22b, the water droplet 

entered the MoOxSy sample upon contact with the surface, meaning it is very 

hydrophilic. 

 

Calculations of H adsorption free energy 

DFT calculations can help to identify active sites and provide insights for the enhanced 

HER activity in the 160-2CTAB (Figure 4). Hydrogen adsorption free energy (∆GH*) 

correlates with activity for HER.4 Generally, an optimal electrocatalyst with high HER 

activity would have a |∆GH*| close to zero. When ∆GH* > 0, the binding force between 

catalyst and hydrogen is weak, and it is difficult to form a stable adsorption state of 

hydrogen (Hads*), thus the catalytic reaction is difficult to occur. When ∆GH* < 0, the 

catalyst has strong adsorption for hydrogen, blocking the active sites from releasing 

hydrogen. We have computed ∆GH* at various binding sites of the 

[Mo4O8S4]@Ni3S2(101) structural model (Figure 4A, 4C and Figure S23). The binding 

is more favourable at the double bonded O sites with the calculated |∆GH*| ≤ 0.05 eV 

than the bridging S sites with the |∆GH*| ≤ 0.26 eV, suggesting the computed 

overpotential for the Volmer step is no greater than 50 mV at pH=0. The corresponding 

HER free energy diagrams at a potential U = 0 V relative to the standard hydrogen 

electrode at pH=0 are shown in Figure S24. We have further analysed the charge 

population (see Bader charges in Figure 4B) and conducted interpolation to obtain the 

formal charge state for Mo (see Figure S25) with the resulting values of 5.26, 5.40, 5.41 

and 5.22, for Mo1, Mo2, Mo3 and Mo4, respectively. Thereby, Mo atoms can be put 

into two groups: lower charge state around +5.24, where the Mo dimer is close to the 

Ni3S2 surface and the bridging O atoms are bonded to surface Ni; and higher charge 

state around +5.40 where the bridging O atoms in the Mo dimer are not bonded to the 

surface Ni. The lower-charge-state Mo sites are slightly exothermic in H adsorption 

with ∆GH* ≈ -0.05 eV, while the higher-charge-state Mo sites are slightly endothermic 

with ∆GH* ≈ 0.01-0.03 eV. It is notable, however, in both cases the formal charge state 
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of Mo is between +5 and +6 (i.e. +(5+δ)), in distinction from MoS2 and MoO3. Secondly, 

there is significant charge transfer (~1.10 e-) from the Ni3S2 to the [Mo4O8S4] moiety 

consistent with XANES results, activating the Mo=O bonds. The MoOxSy/Ni3S2(110) 

structural model was exhibited in Figure S26 and Figure S27. It is worth noting, 

however, that either too little charge transfer (case of [Mo4O8S4]@Ni3S2(110) with S 

termination ~0.62 e-) or too much charge transfer (case of [Mo4O8S4]@Ni3S2(110) with 

Ni termination ~2.15 e-) will deteoriate the HER performance. On the other hand, Ni3S2 

is metallic and can better facilitate electron conductivity. For comparison, we have 

demonstrated that the standalone MoOxSy chain of [Mo6O12S6H6], where all bridging 

oxygen atoms are fully coordinated by H (Figure S28) resulting in all Mo atoms in +5 

state, is inert towards hydrogen adsorption. By removing a terminating H 

([Mo6O12S6H5]), the average formal charge state of Mo increases to +5.17, leading to 

favourable H adsorption on oxygen in M=O bond (Figure S29). These results are 

consistent with those of our [Mo4O8S4]@Ni3S2(101) interface model. The Mo taking 

an intermediate state +(5+δ) can optimize the H adsorption, thus the HER reaction. 

Therefore, the chemical interactions of the MoOxSy and Ni3S2 play an important role in 

reducing the |∆GH*|, leading to the remarkable electrocatalytic performance of 

MoOxSy/Ni3S2/NF. 

The present hierarchical MoOxSy/Ni3S2/NF catalyst systems have four main 

advantages: i) the MoOxSy structure features Mo dimers and intermediate valence states 

of +(5+δ) for Mo ions, which are distinctly different from the known MoS2 and MoO3 

materials; ii) the catalyst has primarily Mo=O as active sites, which are distinct from 

active sites known in MoS2 and MoO3 catalysts; iii) crystalline Ni3S2 helps to activate 

the catalytic function of MoOxSy by tuning H affinity of Mo=O via charge transfer; and 

iv) Ni substrate and metallic Ni3S2 both play an important role in facilitating electron 

conduction to the active sites. 

 

CONCLUSION 

A CTAB-controlled reaction chemistry creates a hierarchical MoOxSy/Ni3S2/NF 
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structure with unique structural characteristics and extremely high electrochemical 

stability in acidic media. The MoOxSy/Ni3S2/NF displays outstanding HER 

performance in acid media, giving an extremely small overpotential (η10 = 58 mV) 

approaching that of Pt-C/NF (η10 = 43 mV). The catalyst exceeds both the activity and 

stability (>200h) of most known HER catalysts. The metallic Ni3S2, forms from partial 

sulfidation of NF and assists in activating the active sites of the amorphous MoOxSy 

catalyst featuring Mo atoms in average valence of +5.24 and a mixed coordination 

involving O and S. A dimer-based MoOxSy structure supported on the Ni3S2(101) 

surface, namely [Mo4O8S4]@Ni3S2(101), is proposed as a model for the catalyst to 

provide insights for the observed catalytic activity. DFT calculations based on this 

structure model reproduce the Mo oxidation states, coordination numbers and bond 

distances as observed in the experiments. The DFT calculations suggest that the 

interactions of [Mo4O8S4] with the Ni3S2 effectively reduce the |∆GH*| on the Mo=O 

unit, leading to the remarkable HER activity. Our findings suggest that Mo oxy/sulfides 

when hierarchically arranged on electron-rich supports such as the MoOxSy/Ni3S2/NF, 

can be superior to Mo sulfides. For exceptional electrochemical performance this work 

therefore provides new guidance to pursue mixed oxide/sulfide materials with Mon+ 

oxidation state in the range +5<n<+6. 
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 Video S1: Hydrogen produced during electrolysis. 
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Figure 1. Formation mechanism and structure characterization. (a) Schematic 
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illustration of formation mechanism of MoOxSy/Ni3S2/NF via a CTAB-assisted 

solvothermal reaction (160-2CTAB). (b) XRD patterns, Bragg diffraction peaks are 

assigned to the specific components of the hierarchical composite. MoOxSy in 160-

2CTAB is amorphous and shows no XRD peaks. (c) SEM image of 160-no CTAB. (d) 

SEM image of 160-2CTAB. (e, g) HRTEM images in selected area of (f). (f) TEM 

image of 160-2CTAB microsphere scratched from NF. (h) HAAD FSTEM image of 

160-2CTAB microsphere and elemental mapping of Ni, Mo, S, and O. 

  
Figure 2. Effects of temperature and CTAB on material structure and optimization 
model based on coordination environment analysis. (a, b) X-ray photoelectron spectra 
with deconvolution of Mo 3d of 160-2CTAB and 160-no CTAB. (c) Raman spectra of 
160-2CTAB and 160-no CTAB. (d, e) X-ray photoelectron spectra with deconvolution 
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of Mo 3d of 180-2CTAB and 180-no CTAB. (f) IR spectra of 160-2CTAB and 160-no 
CTAB. (g) Mo L3-edge XANES of MoOxSy, MoO3 and MoS2. (h) Mo K-edge XANES 
of MoOxSy, MoO3, and MoS2, the insert shows an expanded view of the edge region. 
(i) Mo average valence of MoOxSy obtained through linear fitting. (j) FT-EXAFS with 
experimental and fitted spectra of Mo K-edge of MoOxSy, MoO3 and MoS2. DFT 
optimized structure model [Mo4O8S4]@Ni3S2(101) for MoOxSy/Ni3S2 in (k) side view 
and (l) top view. Symbols of atoms are as follows: Mo in green, S in yellow, O in red, 
and Ni in gray. 

  
Figure 3. Electrocatalysis performance. (a) Polarization curves of 160-2CTAB, 160-no 
CTAB, Ni3S2/NF, 180-2CTAB, Pt-C/NF and Pt-C/GC. (b) Tafel slopes of 160-2CTAB, 
160-no CTAB, Ni3S2/NF and Pt-C/NF derived from polarization curves. (c) Nyquist 
plots of 160-2CTAB, 160-no CTAB and Ni3S2/NF at -250 mV vs. RHE measured from 
EIS in the frequency range from 105 Hz to 0.01 Hz. (d) Cyclic voltammograms at 
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various scan rates of 5, 10, 20, 40, 60 and 80 mV s-1 for 160-2CTAB from 0.1 to 0.2 V 
vs. RHE. (e) Plots of current density as a function of scan rates for 160-2CTAB. (f) 
Measured and calculated volume of H2 as a function of time for 160-2CTAB. (g) 
Chronoamperometric curve of 160-2CTAB at a constant applied potential of -120 mV 
vs. RHE. Inset of photograph shows the generation of H2 bubbles on the electrode at 10 
h during the stability test. (h) Partial enlargement of (g) plot. (i) Polarization curves 
before and after 200 h I-t test of 160-2CTAB. (j) SEM images of 160-2CTAB before 
the I-t test. (k) SEM image of 160-2CTAB after I-t test. 

 

Figure 4. Structure models for MoOxSy/Ni3S2 and HER active sites. (A) DFT optimized 

structure model of [Mo4O8S4]@Ni3S2(101) and calculated HER reaction free energies 

(eV) on double bonded O and bridging S active sites at the potential U = 0 V relative to 

standard hydrogen electrode at pH = 0. (B) DFT calculated Bader charges (e) on atoms 

in MoOxSy. (C) Optimized structures of H* at different M=O binding sites (a-d). 

Symbols for atoms: Mo in green, S in yellow, O in red, Ni in gray, and H in blue. 
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Table 1. Comparison of HER activity of MoOxSy/Ni3S2/NF (160-2CTAB) with reported Mo-based 

electrocatalysts. 

Electrolyte Electrocatalysts η10 (mV) References 

0.5 M H2SO4 MoOxSy/Ni3S2/NF 58 This work 

 defect-rich MoS2 ~180 Adv. Mater. 2013.54 

 double gyroid MoS2 206 Nat. Mater. 2012.11 

 wet-chemical amorphous MoSx 200 ACS Catal. 2012.55 

 [Mo3S13]2-/graphite paper 174 Nat. Chem. 2014.56 

 Ni doped MoS3 158 Chem. Sci. 2012.58 

 Pt-MoSx 95 ACS Appl. Mater. 

Interfaces 2018.59 

 MoWSx/BPEanodic 278 ACS Appl. Mater. 

Interfaces 2017.60 

 Au-MoS2 120 J. Am. Chem. Soc. 2015.61 

 P-doped MoS2 43 ACS Energy Lett. 2017.65 

 MoS2/hydrogenated graphene 124 ACS Catal. 2018.62 

 1T MoS2 nanosheets 187 J. Am. Chem. Soc. 2013.63 

 MoSx/graphene/NF ~150 Adv. Mater. 2013.24 

0.1 M HClO4 CoMoSx >200 Nat. Mater. 2016.64 
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Table 2. Comparison of HER activity of MoOxSy/Ni3S2/NF (160-2CTAB) with Ni-based 

electrocatalysts. 

Electrolyte Electrocatalysts η10 (mV) References 

0.5 M H2SO4 MoOxSy/Ni3S2/NF 58 This work 

 Ni3S2/Ni2P 107 ChemCatChem 2018.66 

 Sn-doped Ni3S2 201 ChemElectroChem 2017.67 

 Ni2P/NF 106 Int. J. Electrochem. Sci. 2020.68 

 CoP3/Ni2P 115 J. Mater. Chem. A 2018.69  

 MOF-Ni2P 158 Appl. Mater. Interfaces 2017. 70 

 NiSe2@NC 161 Int. J Energy Res. 2021.71 

 NiSe2@NG-140 201 ACS Sustain. Chem. Eng. 2019. 74 

 NiSe2/Ni ~143 Nano Energy 2016. 73 
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