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a b s t r a c t

Molybdenum disulfide (MoS2) with low cost, high activity and high earth abundance has been found to

be a promising catalyst for the hydrogen evolution reaction (HER), but its catalytic activity is consider-

ably limited due to its inert basal planes. Here, through the combination of theory and experiment, we

propose that doping Ni in MoS2 as catalyst can make it have excellent catalytic activity in different re-

action systems. In the EY/TEOA system, the maximum hydrogen production rate of EY/Ni-Mo-S is 2.72

times higher than that of pure EY, which confirms the strong hydrogen evolution activity of Ni-Mo-S

nanosheets as catalysts. In the lactic acid and Na2S/Na2SO3 systems, when Ni-Mo-S is used as co-catalyst

to compound with ZnIn2S4 (termed as Ni-Mo-S/ZnIn2S4), the maximum hydrogen evolution rates in the

two systems are 5.28 and 2.33 times higher than those of pure ZnIn2S4, respectively. The difference in

HER enhancement is because different systems lead to different sources of protons, thus affecting hy-

drogen evolution activity. Theoretically, we further demonstrate that the Ni-Mo-S nanosheets have a nar-

rower band gap than MoS2, which is conducive to the rapid transfer of charge carriers and thus result in

multi-photocatalytic reaction systems with excellent activity. The proposed atomic doping strategy pro-

vides a simple and promising approach for the design of photocatalysts with high activity and stability

in multi-reaction systems.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, with the rapid development of industrialization and

the rapid growth of people’s demand, traditional fossil fuels are

increasingly exhausted [1–4]. Society is facing the dual pressure of

environmental pollution and energy shortage. Therefore, there is

an urgent need for mankind to actively explore and develop new

energy sources while making effective use of fossil fuels in order

to gradually replace the existing fossil energy sources [5–7]. As an

important energy carrier, molecular hydrogen as an ideal green en-

ergy is characterized by high energy density and high safety. Pho-

tocatalysis technology provides a feasible tactic to produce hydro-

gen energy since Fujishima and Honda demonstrated photoelec-

trochemical reaction to prepare hydrogen from water splitting by

using TiO2 photoelectrode in 1972. The key of catalytic hydrogen

production lies in the development and utilization of catalytic ma-

terials [8–11].
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For photocatalytic catalysts, electrons and protons produced in

sunlight are mainly used to reduce hydrogen ions to produce hy-

drogen [12–14]. For a catalyst with excellent performance, it is in-

dispensable for hydrogen production to have a catalyst that can ab-

sorb visible light and generate a large number of charge carriers

and a co-catalyst with abundant active centers [15]. Among many

photocatalysts, ZnIn2S4 has become one of the most promising ma-

terials for visible light hydrogen evolution due to its narrow band

gap and good chemical stability, which has attracted extensive at-

tention of researchers [16–19]. However, the high rate of pho-

toexcited charge recombination and narrow light absorption range

make ZnIn2S4 unable to utilize solar energy effectively, which lim-

its its photocatalytic efficiency [20]. As a co-catalyst, MoS2 has at-

tracted much attention due to its low cost, high activity and high

abundance, which can be comparable to Pt in improving the effi-

ciency of photocatalytic hydrogen evolution to the greatest extent

[21–26]. Now a large number of studies have proved that MoS2, as

an excellent photocatalytic material, is mainly suitable for hydro-

gen production under acidic conditions, but has poor performance
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under alkaline conditions [27–32]. More recently, Jian Zhang et al.

have reported that Ni-MoS2 nanosheets with chemical composition

of Ni0.13Mo0.87S2 were prepared by hydrothermal reaction, which

proved that nickel doping can enhance the electrocatalytic hydro-

gen evolution of MoS2 under alkaline conditions [33]. Although

much efforts have been made to improve the hydrogen evolution

efficiency of photocatalysts in acidic or alkaline conditions, there

is a lack of studies on the development of photocatalytic material

suitable for multi-reaction systems, which have good performance

in both acidic and alkaline conditions or even neutral conditions

[34–42]. Therefore, it is of great significance to develop a photo-

catalyst with multi-reaction systems for practical application.

In this paper, we report a simple hydrothermal strategy for the

synthesis of Ni-Mo-S nanosheets. The HER activity of Ni doped

with MoS2 substrate in multi-reaction systems was systematically

studied. It is found that the introduction of nickel ions (Ni2+) in

the precursor solution and the medium environment play an im-

portant role in regulating the intrinsic properties of MoS2. Our

theoretical calculations show that the monatomic Ni dopant occu-

pies the Mo site in MoS2 to expose the high density unsaturated

sulfur site, leading to significant electronic structure changes on

the MoS2 catalytic inert base plane to promote water dissociation

and subsequent catalytic processes. This is the reason for the en-

hancement of HER catalytic activity of MoS2 in acidic, neutral and

alkaline solutions. The results show that the combination of Ni-

Mo-S nanosheets and appropriate semiconductor ZnIn2S4 is a rea-

sonable strategy for the construction of an efficient photocatalytic

system.

In this work, zinc acetate dihydrate (Zn(CH3COO)2·2H2O),

indium chloride tetrahydrate (InCl3·4H2O), thiourea (CH4N2S),

ammonium molybdatetetrahydrate ((NH4)6Mo7O24·4H2O), nickel

sulfate hexahydrate (NiSO4·6H2O), triethanolamine (TEOA), lac-

tic acid, sodium sulfide nonahydrate(Na2S·9H2O), sodium sulfite

(Na2SO3)were purchased from Sinopherm Chemical Reagents Co.,

Ltd. (Shanghai, China). All reagents and materials can be used

without additional purification. The deionized water used in the

experiment was from local sources.

ZnIn2S4 was synthesized by solvothermal method. First, 0.08 g

of Zn(CH3COO)2·2H2O, 0.15 g of CH4N2S and 0.10 g of InCl3·4H2O

are weighed in a 100 mL beaker, and then 16 mL of ethylene-

diamine and water (the concentration is 1:1) mixed solution is

added to the beaker and stirred for 30 min. After the solid is com-

pletely dissolved, the reaction mixture is transferred into a 25 mL

Teflon-lined stainless steel autoclaveand sealed. The stainless steel

autoclave with Teflon liner was heated at 160 °C for 12 h and then

cooled to room temperature. The black turbidity liquid was cen-

trifuged, washed with ethanol and centrifuged several times, and

then placed in a vacuum drying oven to dry at 60 °C for 8 h.

Ni-Mo-S was synthesized by hydrothermal method.

(NH4)6Mo7O24·4H2O, NiSO4·6H2O and CH4N2S were used as

molybdenum, nickel and sulfur sources, respectively. In order

to study the influence of different proportions of Ni and Mo

precursors on hydrogen evolution performance, the ratio of Ni and

Mo was changed by changing the amount of added nickel source.

0.71 g (NH4)6Mo7O24·4H2O, 0.53 g NiSO4·6H2O and 3.21 g CH4N2S

(the Ni and Mo precursor ratio is 1:2) were dispersed in 80 mL

deionized water by rapid stirring to prepare mixed aqueous solu-

tion. The solution was then transferred to a 100 mL stainless steel

autoclave lined with Teflon. After 24 h of heating at 200 °C, it was

naturally cooled to room temperature and repeatedly washed with

deionized water to remove impurities and unreacted precursors.

Finally, the obtained material was dried in a vacuum oven at 50 °C
for 48 h.

The 20 mg ZnIn2S4 and 2 mg Ni-Mo-S powders synthesized by

the above method were uniformly mixed by mortar grinding to

prepare ZnIn2S4/Ni-Mo-S composite materials.

The morphology of the catalyst was observed by Hitachi S-4800

scanning electron microscope (SEM), and the microstructure of the

catalyst was studied by TECNAI G2 F30 S-TWIN transmission elec-

tron microscope (TEM). High-resolution TEM (HRTEM) photomi-

crographs were obtained with an energy dispersive X-ray spec-

trometer (EDX) at 200 kV. X-ray photoelectron spectroscopy (XPS)

analysis was performed on a Thermo Escalab 250XI spectrome-

ter using a monochromatic Al Kσ source (1486.6 eV). The spectral

binding energy was C 1s binding energy at 284.6 eV for reference.

The XPS data was analyzed using Casa XPS software. Ultraviolet-

visible diffuse reflection (UV-vis DRS) absorption spectra were ob-

tained on a Hitachi UV-4100 spectrometer, using BaSO4 as the ref-

erence standard. Photoluminescence (PL) spectra were measured

using an F-4700 FL type fluorescence spectrophotometer with an

excitation wavelength of 400 nm.

In this study, the band structure and the density of states of

Ni-Mo-S are realized by the ultrasoft pseudopotential method of

plane waves based on density functional theory (DFT). The Cam-

bridge Sequence Total Energy Package (CASTEP) code was used for

geometric optimization, and the exchange correlation interaction

was processed by the Perdew-Burke-Ernzerhof of the generalized

gradient approximation (GGA-PBE). In the process of geometric op-

timization, the total energy was 2.0 × 10−5 eV/atom, the maximum

force was 0.05 eV/Å, the maximum displacement was 0.02 Å, and

the maximum stress was 0.1 GPa. Convergence tests are required

before geometric optimization. According to the convergence test,

the tolerance of self-consistent field (SCF) is 5.0 × 10−6 eV/atom,

and the plane wave energy cutoff (Ecut) is determined to be 350

eV. The Brillouin region with 3 × 3 × 2 K-grid was sampled by

Monkhorst−Pack for electron convergence test.

Photocatalytic hydrogen evolution experiments were carried out

in a sealed quartz flask of 100 mL at room temperature and atmo-

spheric pressure. A 300 W xenon lamp (PLS-SXE300, Beijing Xen-

detong Technology Co., Ltd., China) was used as the light source,

and equipped with a cut-off filter (Kenko L-42) to remove the ul-

traviolet light with a wavelength less than 420 nm, and the pho-

tocatalytic reaction was carried out at 10 cm away from the light

source. In an acidic or alkaline reaction system, the prepared 20

mg ZnIn2S4 photocatalyst powder and 2.35 mg Ni-Mo-S co-catalyst

powder were weighed. The prepared photocatalyst was dispersed

in 100 mL mixed aqueous solution containing 15 mL lactic acid (pH

2.5) or 0.35 mol/L Na2S·9H2O and 0.25 mol/L Na2SO3 (pH 13.2) as

sacrifice reagents. In the neutral reaction system, 20 mg of Eosin

Y (EY) dye sensitizer and 20 mg of Ni-Mo-S photocatalyst powder

were dispersed in 100.0 mL of mixed aqueous solution containing

15 mL of triethanolamine (pH 7) as sacrifice reagent. The mixed

aqueous solution was ultrasonic treated for 10 min and transferred

to 100 mL sealed quartz bottle reactor for hydrogen evolution. Be-

fore the photocatalytic reaction, the system was degassed by bub-

bling argon for 20 min to ensure that the reaction took place in

an inert environment. During the photocatalytic reaction, the tem-

perature of the reaction system was kept at 25 °C by circulating

water pump and irradiation source. In order to eliminate the pre-

cipitation of the mixed solution and ensure the uniformity, the

magnetic stirring (400 r/min) was maintained throughout the pho-

tocatalytic hydrogen production test. Gas chromatography with A

built-in thermal conductivity detector (TCD) and a 5 Å molecular

sieve column was used for online analysis of hydrogen production,

with nitrogen as the carrier gas.

The schematic diagram of the preparation process of ZnIn2S4
and Ni-Mo-S is shown in Fig. 1a. The micromorphology of ZnIn2S4
and Ni-Mo-S samples with different Ni loads were observed by

scanning electron microscopy (SEM). Fig. 1b shows the bract struc-

ture of pure ZnIn2S4 composed of many lamellar petals. Figs. 1c-e

show SEM images of MoS2, Ni-Mo-S (Ni:Mo = 1:2) and Ni-Mo-S

(Ni:Mo =1:1) respectively. It can be seen that their aggregates are
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Fig. 1. (a) Schematic illustration of the synthesis of Ni doped MoS2/ZnIn2S4 com-

posite. SEM images of (b) ZnIn2S4, (c) MoS2, (d) Ni-Mo-S (Ni:Mo = 1:2), (e) Ni-Mo-S

(Ni:Mo = 1:1).

similar in morphology. The diameter of microspheres is about 1.0

μm to 4.0 μm, and the edges are serrated, indicating that the mi-

crospheres are made up of a large number of interlaced flakes.

This also shows that the doping of Ni2+ with different mole ra-

tio hardly changes the morphology of MoS2. Due to the similar

layered structure of ZnIn2S4 and Ni-Mo-S, the Ni-Mo-S nanosheets

can be closely loaded on the ZnIn2S4 nanoflowers for self-assembly

to form heterojunctions.

The detailed microstructure of ZnIn2S4, Ni-Mo-S and Ni-Mo-

S/ZnIn2S4 samples were studied by TEM and HRTEM. The TEM

in Fig. 2a shows that ZnIn2S4 has a lamellar structure with rela-

tively transparent characteristics, indicating that ZnIn2S4 nanoscale

flowers have ultrathin properties. In Fig. 2b, the gauze mesh

edges of the nanoflower can be clearly observed to further ver-

ify that the synthesized Ni-Mo-S was formed by stacking and self-

assembling thin nanosheets. This is consistent with the SEM image

in Fig. 1d. It is also found that the edge of Ni-Mo-S nanosheets

is curly. This phenomenon may be attributed to the instability

of the ultra-thin nanosheet, which forms a closed structure by

rolling up to eliminate dangling bonds at the edges and mini-

mizing its surface energy. As can be seen from the TEM pattern

of Ni-Mo-S/ZnIn2S4 composite in Fig. 2c, the accumulation of Ni-

Mo-S/ZnIn2S4 nanosheets is relatively loose, which may be due to

the mutual blocking of the formation and stacking of Ni-Mo-S and

ZnIn2S4 nanosheets during the synthesis process. The intersecting

lattice fringes in the HRTEM image (Fig. 2d) confirm the close con-

tact between the Ni-Mo-S nanosheets and the ZnIn2S4 nanoflow-

ers. The lattice spacing of 0.35 nm corresponds to plane (102) of

ZnIn2S4. The lattice spacing of 0.27 nm and 0.2 nm matched well

with the (100) plane of MoS2 and (111) plane of Ni, respectively,

indicating that Ni is successfully doped into MoS2 to form Ni-Mo-S.

The map of EDX elements in Fig. 2e shows that Mo, Ni, S, In and Zn

are uniformly distributed in the whole Ni-Mo-S/ZnIn2S4 composite.

Therefore, it is reasonable to believe that two-dimensional Ni-Mo-

Fig. 2. TEM images of (a) ZnIn2S4 and (b) Ni-Mo-S (Ni:Mo = 1:2). (c) TEM and

(d) high resolution TEM images of Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:2) composites. (e)

The corresponding EDX mapping images of Mo, Ni, S, In and Zn of Ni-Mo-S/ZnIn2S4
(Ni:Mo = 1:2) composites.

S/ZnIn2S4 heterostructures with close interfacial contact have been

constructed.

The composition and chemical states of the prepared Ni-Mo-

S/ZnIn2S4 composites were measured and analyzed by X-ray pho-

toelectron spectroscopy (XPS). According to the full spectrum

shown in Fig. 3a, the prepared catalyst is composed of S, In, Zn,

Mo and Ni elements. Figs. 3b-f show the high-resolution XPS spec-

tra of different elements in the Ni-Mo-S/ZnIn2S4 composite. In the

XPS signal of composite In 3d (Fig. 3b), the peaks of 444.8 eV and

452.4 eV are attributed to In 3d5/2 and In 3d3/2, respectively, indi-

cating the presence of In3+ [43]. The peaks at 1021.5 eV and 1044.6

eV observed in Fig. 3c correspond to Zn 2p3/2 and Zn 2p1/2 respec-

tively, indicating that Zn is in +2 oxidation state [44]. In the spec-

trum of Ni 2p (Fig. 3d), the binding energy is located in two strong

peaks of 857.1 eV and 870 eV, which are derived from the Ni 2p3/2

and Ni 2p1/2 corresponding to the Ni2+ and Ni-S bonds in Ni-Mo-

S, respectively [45]. The XPS spectrum of S 2p can be convolved

into two peaks (Fig. 3e) with the binding energy located at 161.6

eV and 163.3 eV, which are respectively assigned to S 2p1/2 and S

2p3/2, corresponding to the −2 reduction state of S [46]. In Fig. 3f,

the peaks with binding energies of 228.2 eV and 232.3 eV are al-

located to Mo 3d5/2 and Mo 3d3/2, respectively, confirming +4 ox-

idation state of Mo [47]. In addition, the peak value at 225.6 eV

corresponds to the transition of S 2s [18]. The above XPS results

confirm the presence of S, In, Zn, Mo and Ni elements, which is

consistent with the chemical composition of Ni-Mo-S/ZnIn2S4.

The optical absorption characteristics of ZnIn2S4/Ni-Mo-S

(Ni:Mo = 1:2) composites were measured by UV-visible diffuse re-

flectance spectroscopy (DRS) (Fig. 3g). The absorption band of pure

ZnIn2S4 ends in the visible light region around 540 nm, showing

a weak light absorption characteristic. ZnIn2S4/Ni-Mo-S nanocom-
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Fig. 3. (a) Survey spectra of ZnIn2S4/Ni-Mo-S (Ni:Mo = 1:2) composites photocatalyst. High resolution XPS imagesof (b) Zn 2p, (c) In 3d, (d) Ni 2p, (e) S 2p, (f) Mo 3d. (g)

UV–vis DRS spectra, (h) Tauc plots, (i) photoluminescence (PL) spectra of ZnIn2S4 and ZnIn2S4/Ni-Mo-S (Ni:Mo = 1:2).

posites show a wider range of light absorption and stronger ab-

sorption intensity. ZnIn2S4/Ni-Mo-S has a characteristic absorp-

tion corresponding to ZnIn2S4 in the region of 500–700 nm, and

the enhanced absorption is related to the absorption of Ni-Mo-S.

Tauc plots of ZnIn2S4 and ZnIn2S4/Ni-Mo-S were plotted based on

the results of UV-vis DRS, as shown in Fig. 3h. In general, the

semiconductor band gap energy (Eg) is estimated by the follow-

ing equation: (αhν)1/n = A (hv – Eg). The band gap energies of

ZnIn2S4, ZnIn2S4/Ni-Mo-S are calculated to be 2.24 eV and 1.81 eV,

respectively. The narrower band gap of ZnIn2S4/Ni-Mo-S compos-

ites is conducive to charge separation. This shows the advantages

of ZnIn2S4/Ni-Mo-S composite materials, which can make ZnIn2S4
more effective use of visible light and enhance the photocatalytic

performance. In order to study charge migration in the composite

photocatalyst, we measured the photoluminescence (PL) spectra of

pure ZnIn2S4 and ZnIn2S4/Ni-Mo-S composites, as shown in Fig. 3i.

It is well known that the stronger the intensity of PL peak is, the

greater the probability of recombination of electron holes in the

corresponding photocatalyst [48]. The PL peak of ZnIn2S4/Ni-Mo-S

composite is significantly lower than that of pure ZnIn2S4, which

proves that ZnIn2S4/Ni-Mo-S can effectively inhibit the recombina-

tion of electron hole pairs, which is helpful to the separation of

electron holes and improve photocatalytic performance.

Emerging experimental results and theoretical predictions sug-

gest that MoS2 is a promising alternative to inexpensive, earth-

abundant and visible responsive catalysts [49,50]. However, cat-

alytic activity is limited by the low active site exposure and the

high kinetic energy barrier of water decomposition in EY/TEOA and

Na2S/Na2SO3 system. Accordingly, the photocatalytic hydrogen evo-

lution performance of Ni-doped MoS2 as cocatalyst in lactic acid,

EY/TEOA and Na2S/Na2SO3 systems were evaluated by photocat-

alytic hydrogen generation.

Fig. 4. (a) Diagram of carrier migration process of Ni-Mo-S in EY/TEOA aqueous

solution (pH 7) under visible light irradiation. (b, c) Comparison of photocatalytic

H2 evolution activities over EY, MoS2/EY, Ni-Mo-S/EY (Ni:Mo = 1:2) and Ni-Mo-S/EY

(Ni:Mo = 1:1)

In the EY/TEOA system, we discussed the formation mechanism

of hydrogen generation using EY as sensitizer, TEOA hole scavenger

and Ni-Mo-S nanosheet as catalyst. Fig. 4a shows the schematic di-

agram of the electron transfer process of EY/Ni-Mo-S under visible

light irradiation. The reaction is triggered by the light excitation

of EY to produce the triple excited state (EY3∗). Then, through re-

duction quenching, electrons are extracted from TEOA to produce

free radical EY−. Electrons are easily transferred from highly reduc-

tive EY− to Ni-Mo-S nanosheets to reduce H+ generated by H2O
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Fig. 5. (a) Schematic of the charge carrier migration process of Ni-Mo-S/ZnIn2S4
composites in Na2S/Na2SO3aqueous solution (pH 13.2) under visible light irradi-

ation. (b, c) Comparison of photocatalytic H2 evolution activities over ZnIn2S4,

MoS2/ZnIn2S4, Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:2) and Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:1).

(d) Atomic structure diagram of Ni-Mo-S nanosheets for H2O dissociation.

decomposition to form an excited state H∗. Two excited states H∗

react with each other to produce H2. In Fig. 4b, the hourly H2 dy-

namic productivity of different photocatalytic materials in the pro-

cess of HER was tracked by a constant online detection system. It

can be seen that the hydrogen evolution performance was signif-

icantly improved after the addition of cocatalyst in EY. With the

increase of the ratio of Ni:Mo in Ni-Mo-S, the amount of hydrogen

evolution increased. When the value of Ni:Mo is equal to 1:1, the

catalytic performance is the best, and the maximum H2 produc-

tion rate reaches 2.26 mmol h−1 g−1 (Fig. 4c). Therefore, Ni doped

MoS2 nanosheets (Ni-Mo-S) can promote photocatalytic hydrogen

evolution in EY/TEOA aqueous solution.

In the Na2S/Na2SO3 system, the slow HER kinetics of MoS2
catalyst is improved by the design of hydrolysis dislocation by

doping Ni atoms into MoS2 nanosheets. The introduced Ni site

can not only effectively reduce the energy barrier of initial wa-

ter dissociation, but also promote the desorption of OH− [33,51].

Fig. 5a shows the Ni-Mo-S/ZnIn2S4 composite under visible light

irradiation, with Na2S/Na2SO3 as the hole sacrifice agent, and

the photogenerated electrons are excited from valence band (VB)

of ZnIn2S4 to conduction band (CB). Since the CB of ZnIn2S4 is

more negative than that of Ni-Mo-S, the photogenerated elec-

trons on ZnIn2S4 CB can be quickly transferred to Ni-Mo-S,

which promotes the separation of photogenerated electron-hole

pairs and inhibits the recombination. Under the action of elec-

trons, the H+ of H2O decomposition is reduced to the excited

state H∗, and the two excited states H∗ combine to produce H2.

Fig. 5b shows the H2 dynamic productivity per hour of differ-

ent photocatalytic materials in the HER process. It can be found

that when the Ni:Mo value of co-catalyst Ni-Mo-S nanosheets

is 1:2, the hydrogen evolution performance is the best, and the

maximum H2 production rate can reach 3.63 mmol h−1 g−1

(Fig. 5c). In Fig. 5d, the doping of Ni in MoS2 not only activates

the S atoms around it, but also accelerates the dissociation of wa-

ter and promotes the desorption of the formed OH−, which greatly

improves the activity of hydrogen production. Therefore, Ni-Mo-S

as co-catalyst in Na2S/Na2SO3aqueous solution can also improve

the efficiency of hydrogen production.

Then we studied the photocatalytic hydrogen evolution perfor-

mance of Ni-Mo-S nanosheets as co-catalyst in lactic acid sys-

tem. Fig. 6a shows Ni-Mo-S/ZnIn2S4 composite material under vis-

ible light irradiation with lactic acid as sacrificial agent. Photo-

generated electrons excited by ZnIn2S4 are transferred to Ni-Mo-S

Fig. 6. (a) Schematic of the charge carrier migration process of Ni-Mo-S/ZnIn2S4
composites in lactic acid aqueous solution (pH 2.5) under visible light irradi-

ation. (b, c) Comparison of photocatalytic H2 evolution activities over ZnIn2S4,

MoS2/ZnIn2S4, Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:2) and Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:1).

(d) Cycling test of catalytic H2 generation from Lactic acid solution over the Ni-Mo-

S/ZnIn2S4 (Ni:Mo = 1:2) nanocomposite.

nanosheets. Under the action of electrons, H+ in solution is re-

duced to the excited state H∗, which then combines with H+ in so-

lution to produce H2. Fig. 6b shows the kinetic process of H2 pro-

duction by different samples at HER per hour. Pure ZnIn2S4 pho-

tocatalyst shows poor photocatalytic H2 production activity with a

hydrogen production rate of 1.15 mmol h−1 g−1 (Fig. 6c). Compared

with Fig. 5, the hydrogen production rate of pure ZnIn2S4 in the

Na2S/Na2SO3 system is higher (1.56 mmol h−1 g−1), indicating that

Na2S/Na2SO3 is more suitable for the electron donor in the ZnIn2S4
system. When ZnIn2S4 is combined with MoS2 nanosheet, it can

be observed that the H2 yield is increased compared with that of

pure ZnIn2S4, because MoS2 acts as a cocatalyst to accelerate the

separation of electron-hole pairs. However, due to the existence of

MoS2 inert substrate surface, the hydrogen evolution performance

is still limited. The ability of H2 generation is significantly im-

proved when the Ni doped MoS2 nanosheets (Ni-Mo-S) were cou-

pled with ZnIn2S4 to form heterogeneous composite photocatalyst.

When the Ni:Mo value of co-catalyst Ni-Mo-S nanosheets is 1:2,

the hydrogen evolution performance is the best. The maximum hy-

drogen production rate of H2 can reach 6.07 mmol h−1 g−1, which

is 5.28 times that of pure ZnIn2S4.

Therefore, the Ni-Mo-S co-catalyst in lactic acid system can

greatly enhance the efficiency of hydrogen production. Table S1

(Supporting information) provides the photocatalytic hydrogen

evolution activity of some recently studied ZnIn2S4-based photo-

catalysts.

It is well known that the stability of catalysts plays an im-

portant role in practical applications. The hydrogen evolution re-

action of the optimized Ni-Mo-S/ZnIn2S4 (Ni:Mo = 1:2) photo-

catalyst is carried out to evaluate its photocatalytic stability. As

shown in Fig. 6d, 5 cycles were tested, each cycle being 6 h. In

the first 4 cycles, the hydrogen production rate of each cycle is

gradually improved, and the hydrogen production performance is

getting better and better. The reduced activity of the photocata-

lyst in the fifth cycle may be due to the consumption of sacrificial

agents. However, after the fifth cycle, the hydrogen production ef-

ficiency is still about 88% of the initial efficiency, and the surface

Ni-Mo-S/ZnIn2S4 photocatalyst still retains its original activity to

a large extent after 30 h reaction. Therefore, the prepared Ni-Mo-

S/ZnIn2S4 (Ni:Mo = 1:2) as a photocatalyst in acidic medium has

high stability and good recovery, which is conducive to large-scale

production and application.
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Fig. 7. The band structure of (a) pure MoS2, (b) Ni replaces the edge Mo position of MoS2. (c) Ni replaces the middle Mo position of MoS2. (d) The partial and total density

of states. (e, f) The charge density difference of MoS2 where the edge Mo is replaced by Ni. (g) Correlation of HER mechanism in lactic acid and Na2S/Na2SO3 system. Left:

HER mechanism of Ni-Mo-S/ZnIn2S4 in lactic acid aqueous solution; Right: HER mechanism of Ni-Mo-S/ZnIn2S4 in Na2S/Na2SO3 aqueous solution.

Therefore, through the above three diverse systems, we exper-

imentally confirm that the introduction of Ni site in MoS2 greatly

enhance HER activity.

In order to analyze the electronic structure of Ni-Mo-S, the en-

ergy band structure, density of states and charge density difference

are calculated. In Figs. 7a-c, the band gaps of the pure MoS2 and

Ni substituting for the edge Mo sites of MoS2 and the middle Mo

sites of MoS2 are calculated respectively. Fig. S1 (Supporting infor-

mation) further shows its atomic structure. The figure shows that

the band gap significantly decreases after the introduction of Ni,

from 1.471 eV of pure MoS2 to 0.151 eV of minimum band gap. The

Significant reduction of the band gap is conducive to rapid charge

transfer and improved HER efficiency.

The partial and total density of states of Mo sites at the edge

of Ni substituted MoS2 are calculated in Fig. 7d. It can be clearly

seen that the atomic contribution of Ni 3d is the main contribution

to the top of the valence band and the bottom of the conduction

band of Ni-Mo-S. The charge density difference shows the charge

transfer between atoms. In order to understand the electron trans-

fer process in Ni-Mo-S, the charge density difference is calculated,

as shown in Figs. 7e and f. The results show that more electrons

are obtained on the Ni site than on the Mo site. It is theoretically

proved that the performance of HER can be greatly improved by

introducing Ni into MoS2.

Fig. 7g illustrates the optimized HER mechanism of Ni-Mo-

S/ZnIn2S4 in lactic acid and Na2S/Na2SO3 system. Under visible

light irradiation, the hydrated ions and water are preferentially ad-

sorbed to the Ni-doped activated S sites (step I1 and step I2). In

lactic acid aqueous solution, the adsorbed H3O
+ is reduced on the

surface by an electron excited from ZnIn2S4 to form the adsorbed

H atom (Step II1). Finally, another proton from the adjacent H3O
+

reacts with the first adsorbed H atom to produce H2 (Step III1-

IV1). In Na2S/Na2SO3aqueous solution, the mechanism of overcom-

ing the kinetic barrier of hydrolysis dissociation has been found.

We believe that water splitting occurs at the Ni site, leading to the

fracture of the HO-H bond, forming adsorbed OH− and H+, which

are adsorbed at the Ni and S sites, respectively. However, the ad-

sorbed OH− at the Ni site can easily break free and return to the

medium, while the adsorbed H+ at the S site is reduced by an elec-

tron to form the adsorbed H atom (Step II2). The last two adsorbed

H atoms react to form H2 (Step III2-IV2). Therefore, it is theoreti-

cally confirmed that HER dynamics can be greatly improved by in-

troducing Ni sites.

In conclusion, we have shown that the catalytic activity of

Ni-Mo-S can be greatly improved in the multi-reaction systems,

whether as catalyst or co-catalyst. Firstly, we prepared Ni-Mo-S

nanosheets by a simple hydrothermal method. It can be found

by TEM that Ni is successfully doped into MoS2. Secondly, in the

experiment, the experimental data of the multi-reaction systems

proved that Ni-Mo-S as a catalyst has significantly enhanced cat-

alytic hydrogen evolution performance and excellent catalytic sta-

bility. Finally, our theoretical calculations show that the doping of
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Ni plays a crucial role in the Ni-Mo-S nanostructure. Ni-Mo-S has

a narrower band gap, and the Ni in Ni-Mo-S has the main atomic

contribution at the top of valence band and the bottom of conduc-

tion band, and has more electrons at the Ni site. The above experi-

ments and theories have confirmed the key role of Ni doped MoS2
in improving its catalytic performance. These findings in the cur-

rent work provide some new clues for the development of large-

scale production, multi-reaction systems and inexpensive photocat-

alyst.
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