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Abstract

A novel effective 0D/3D nanohybrids of Mn0.05Cd0.95S/NiSe2 photocatalysts, which are formed by Mn0.05Cd0.95S nanopar-

ticles anchored on the outer surface of cubic NiSe2 in designed and prepared. The optimum hydrogen evolution rate of the

Mn0.05Cd0.95S/NiSe2 composite is 14.3 mmol h-1 g-1, which is 7.5 times higher than that of single Mn0.05Cd0.95S. Structural

analyses and experimental results reveal that a little amount of NiSe2 can remarkably improve the photocatalytic activity and

the close contact of the 0D/3D composite catalyst also plays an important role. Furthermore, NiSe2 can not only as both an

electron acceptor to capture electrons and inhibit the recombination of electron-hole pairs, but also provide sufficient active sites

to facilitate the photocatalytic water-splitting reaction activity. This work demonstrates that low-cost NiSe2 is a promising

co-catalyst for photocatalytic splitting of water to produce hydrogen.

1. Introduction

In recent decades, the excessive use of fossil fuels has led to a battery of energy shortages and environmental
pollution questions [1, 2]. Compared with traditional fossil fuels, hydrogen is a clean and efficient energy
carrier, since the H2 evolution from water splitting is one of the more promising methods with great promise
to solve the problem [3, 4]. Noble metal Pt not only has excellent electron absorption ability, but also
provides abundant active sites, thus Pt has superior performance in terms of hydrogen production [5]. While
high cost and preciousness of Pt limit its large-scale application in industry [6]. Hence, it is a challenging
task to develop novel photocatalyst with excellent activity and low-cost to replace noble metals.

The various semiconductor photocatalysts have been extensively studied, such as metallic sulfide (MoS2

[7], CdS [8], ZnS [9], CdxZn1-xS [10, 11]), metallic oxide (Co3O4 [12], Cu2O [13]), carbon-based materials
(g-C3N4 [14]) and so on over the past decade. Among them, MnxCd1-xS solid was first reported in 2010
[15], it has attracted widespread attention due to their strong light absorption and adjustable energy band
structures [16, 17]. Peculiarly, it overcomes the disadvantages of poor corrosion resistance and low activity
of CdS, and it has highly efficient H2production activity. However, pure MnxCd1-xS still exhibits severe
recombination of photo-induced carriers that limited its activity in photocatalytic reaction [18]. Thus, many
effective strategies have been presented to solve this problem, such as elemental doping [19], constructing
heterojunction [20], morphological tailoring [21] and so on. Thereinto, co-catalyst not only provide enough
redox reaction sites, but also reduce activation potentials and accelerate the transfer of photo-generated
electrons [22]. For example, Liu’s et al. [23] utilised the CoP nanoparticles to modify Mn0.2Cd0.8S nanowires
and significantly improved hydrogen production activity.
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The mainly Ni-based co-catalysts were widely developed in the field of photocatalytic hydrogen produc-
tion [24, 25], including Ni2P, NiSx and Ni(OH)2etc. As one of the Ni-based materials, NiSe2 collects the
advantages of high light absorption conversion ability, reduced band gap and remarkable conductivity in
terms of photoelectricity [26, 27]. Secondly, it has low cost and yields more [28, 29]. Chen and co-workers
[30] used CdS and NiSe2 to build a p-n heterojunction to improve hydrogen production activity. However,
NiSe2 has been widely studied mostly in the field of eletrocatalysis, and there are few reports on photocat-
alytic hydrogen production. In addition to the strategy of adding co-catalysts, by adjusting and controlling
the morphology, size and microstructure of nanomaterials, the composite material giving rising to distinct
optical and mechanical properties, which is also a promising optimization method [31]. The hierarchical
three dimensional (3D) structures could availably inhibit the stacking or aggregation of nanoparticles than
two dimensional (2D) nanosheet materials [32]. On the other hand, the surface of the 3D structure can
provide a large number of reaction sites and promote charge transfer efficiency [31], which enhanced to the
photocatalytic activity.

Inspired by aforementioned discussion, in this work, we developed a facile method to incorporate 0D
Mn0.05Cd0.95S into 3D NiSe2. Through a series of detailed characterizations of the composition, mi-
crostructure, BET surface areas and optical properties of Mn0.05Cd0.95S/NiSe2composites, the effect of
NiSe2 was researched on the activity of material. In addition, we proposed a possible mechanism of
Mn0.05Cd0.95S/NiSe2composite based on the conclusions of photoelectrochemical measurements and pho-
toluminescence spectroscopy.

2. Experimental Section

2.1 Materials

All chemicals used in this experiment were of analytical grade and used without further purification.

2.1.1 Preparation of Mn0.05Cd0.95S

The Mn0.05Cd0.95S solid solutions were synthesized according to the previous report [33]. In a typical process,
manganese acetate tetrahydrate (0.44 g), cadmium acetate anhydrous (1.919 g) and thioacetamide (2.5 g)
were added into 20 mL of ethylenediamine and 40 mL deionized water and dispersed by sonication for 20
min. After stirring for 1.5 h, the mixture solution was transferred into a Teflon-lined autoclave (80 mL), the
autoclave was maintained at 160 oC for 24 h. After cooling naturelly, the yellow sediment was centrifuged
and washed by deionized water and absolute ethyl alcohol respectively and then dried at 60 oC for 10 h to
get the Mn0.05Cd0.95S composite which named as MCS.

2.1.2 Preparation of NiSe2

In a typical synthesis, the selenium powder (1.56 g) was first dissolved in 6 mL hydrazine hydrate and 54 mL
deionized water and ultrasonic treatment for 30 min. Then, nickel nitrate hexahydrate (2.88 g) was joined
into the above solution and drastic stirred for 30 min. The resultant suspension was heat-treated at 180oC
for 24 h. The subsequent processing steps are consistent with preparation of MCS.

2.1.3 Preparation of Mn0.05Cd0.95S/NiSe2

The MCS nanoparticles were anchored on the surface of NiSe2 by a simple physical mixing method. The
MCS (2 g) was added into 30 mL ethanol and dispersed by sonication for 30 min. Then add a certain
amount of NiSe2 to the above solution and stirred for 30 min. The mixed solution was evaporated by
constant stirring at 80 oC. The resulting samples were filtered and washed with water and alcohol. The
ultimate Mn0.05Cd0.95S/NiSe2products were labeled as MCNS-x (where x is displayed by the nominal weight
percentage (wt %) of NiSe2 in Mn0.05Cd0.95S).

2.2 Characterization of samples

The morphologies of the samples were measured by field emission scanning electron microscope (SEM: JSM-
6701F. JEOL) and transmission electron microscope (TEM: FEI Tecnai TF 20). The crystalline structure

2
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was analyzed by X-ray diffraction (XRD: Rigaku RINT-2000) patterns, all samples were scanned from 5° to
80° at a scanning rate of 5°/min under 40 mA and 40 kV. The chemical composition and valence state of the
catalyst were detected by X-ray photoelectron (XPS: ESCALAB 250Xi). UV-vis diffuse reflectance spectra
(DRS) were performed by Shimadzu UV 2550 spectrophotometer with BaSO4 powder was used as a reference.
Photoluminescence (PL) spectra and time resolved photoluminescence (TRPL) spectra were analyzed on a
FlUOROMAX-4 spectrophotometer (HORIBA Scientific, France) with the excitation wavelength of 390 nm.
Brunauer–Emmett–Teller (BET) surface area and N2 adsorption-desorption isotherms were carried out on
an ASAP2020M instrument at 77 K.

The electrochemical tests and photoelectrochemical properties of MCS, NiSe2 and MCNS-10 samples we-
re performed by an electrochemical workstation (VersaSTA4-400, AMETEK). The transparent solution of
Na2SO4 (0.2 M) was used as electrolyte. In this test system, a platinum sheet was used as the counter
electrode and reference electrode of saturated calomel electrode (SCE) and the work electrode of as-prepared
was the fluorine-doped tin oxide (FTO) coated. The FTO working electrodes was prepared as follows: the
FTO glass were cut to 2×1 cm2, it was orderly washed with acetone, ethanol and deionized water in ultra-
sonic devices. 5 mg catalyst was ultrasonically dispersion for 1 h in 100 μL anhydrous ethanol containing 10
μL of 5% Nafion solution. Then the dispersed solutions of catalyst was uniformly coated FTO glass with
the areas about 1 cm2 until it dried. The linear sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS) were measured at room temperature with a scan rate of 0.05 V s-1. When the forward
bias is 0.2 V, the EIS of samples were measured in a frequency range of 1MHz to 1 Hz at AC amplitude of
10 mV. Mott-Schottky was tested under the frequency of 1000 Hz.

2.3 Photocatalytic evaluation

In a 63 mL sealed quartz bottle, 0.01 g catalyst was dissolved in 30 mL Na2S/Na2SO3 (0.35 M/0.25 M). N2

was used replace the oxygen in the bottle, the exhaust process takes about 5 min. Then the treated quartz
bottle was put into a nine-channel photocatalytic reaction system (PCX50A Discover) for hydrogen evolution
experiment. Under the illumination of 5W LED white light, extract 0.5ml of gas from the bottle every hour
and injected it into the Tianmei GC7900 gas chromatograph (TCD, 13Xcolumn) with N2 as carrier gas, the
hydrogen content in the gas is identified and recorded. Moreover, the apparent quantum efficiency (AQE) of
the MCNS-10 was measured under a 300 W xenon lamp. The light source was transmitted through filters
with specifications of 400, 420, 450, 475, 500, 520, 550 and 600 nm, respectively. The number of incident
photons fluxes was tested using a power meter (PL-MW200 radiometer). The calculation formula for AQE
was as follows at different wavelengths.

3. Results and discussion

3.1 XRD analysis

Fig. 1 depicts the crystal structure and crystallinity of pure MCS, NiSe2 and MCNS composites by XRD
analysis. In Fig. 1a , seven distinct diffraction peaks of pure MCS at 24.92o, 26.65o, 28.37o, 36.80o,
43.91o, 48.08o and 52.04o correspond to the crystal planes of (100), (002), (101), (102), (110), (103) and
(114) planes, respectively. The diffraction peaks of NiSe2 was corresponded to the cubic NiSe2 with the
well matched (200), (210), (211), (311), (023) and (321) crystal planes, respectively. The strong and sharp
characteristic peaks of NiSe2suggested high crystallinity of NiSe2 synthesized by hydrothermal method. No
other peaks originating by impurities were observed, in the XRD patterns of MCS and NiSe2 alone, implying
the successful preparation of MCS solid solution and NiSe2. In theFig. 1b , the diffraction peaks of
composite catalyst were actually resembled to pure MCS, indicating that adulteration with a little amount
of NiSe2 had not effected on the crystal phase of MCS. Besides, the intensity of diffraction peaks of NiSe2
gradually strengthened with increased of NiSe2, indicating the successfully fabricated of composite catalyst.
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Fig. 1 XRD patterns of (a) MCS, NiSe2and (b) MCNS composites with different weight loading ratios of
NiSe2.
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3.2 SEM and TEM analysis

The morphology and microstructure of MCS, NiSe2 and MCNS-10 samples were investigated by SEM and
high-resolution TEM. As shown in Fig. 2a , the prepared MCS solid solutions were irregular particles and
agglomeration agglomeration, which was consistent with the morphologies reported in previous literature
[33]. In Fig. 2b , the NiSe2 was obviously observed to be greater irregular crystals than that MCS, some of
them were cubic crystal structures consistent with XRD pattern. The TEM image (Fig. 2c ) showed some
MCS nanoparticles were anchored on the surface of cubic NiSe2. Compared with pure MCS, the dispersion
of MCS has been greatly improved in the composite catalyst, this intimate interface contact was conductive
to separation and transfer of electron-hole pairs. HRTEM image in Fig. 2d shown the lattice fringes of the
MCNS-10, the crystal plane spacing of 0.357 nm (red mark) and 0.298 nm (blue mark) were respectively
corresponded to the (100) plane of hexagonal MCS and (200) plane of cubic NiSe2. Fig. 2e shown the
EDX spectrum of the MCNS-10 which demonstrated the existence of Mn, Cd, S, Ni and Se elements, so the
successful preparation of MCNS-10 may be proved. Further, the Cu element in the spectrum was mainly
derived from the Cu carriers [34].

5
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Fig. 2 (a) SEM images of pure MCS and (b)NiSe2; (c) TEM images and (d) HR-TEM images of MCNS-10;
(e) the EDX spectrum of MCNS-10.

3.3 XPS analysis

The X-ray photoelectron spectroscopy (XPS) was used to investigate the surface chemical states of MCNS-
10 composite. The Fig. 3aclearly reveals the existence of Mn, Cd, S, Ni and Se elements in MCNS-10
composite. Fig. 3b was the spectrum of Cd 3d, the binding energies located at 404.6 and 411.3 eV were
respectively corresponded to Cd 3d5/2 and Cd 3d3/2, which were the Cd2+ ions [35]. The two binding energy
of Mn 2p at 641 and 651.9 eV belong to the Mn 2p3/2 and Mn 2p1/2 respectively as shown in Fig. 3c .
According to the S 2p spectra shown in Fig. 3d , the peaks at 160.9 (S 2p3/2) and 162.1 (S 2p1/2) eV
were the characteristic peaks of S2- ions [33]. The deconvolution of the overlapped Ni 2p peaks four peaks
(Fig. 3e ), the peaks located at 861.9 and 879.5 eV were respectively related to the satellite peaks of the Ni
2p1/2 and Ni 2p3/2 [37], and the peaks centered at 855.4 and 873.2 eV could be assigned to Ni2+ state [38].
The XPS spectrum of Se 3d represented in Fig. 3f could divided into three peaks, the main peaks located
at 54.1 and 58.7 eV were respectively related to Se2- anions and high-valent oxide [39], and peak at 55 eV
were ascribed to Se 3d5/2 of MCNS-10 [40]. These surface bonding states further proved that composite was
composed of MCS and NiSe2.
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Fig. 3 XPS spectra of (a) survey, (b) Cd 3d,(c) Mn 2p, (d) S 2p, (e) Ni 2p and(f) Se 3d for MCNS-10
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composite.

3.4 UV-vis DRS analysis

A comparison of the UV-vis diffuse reflection spectroscopy (DRS) of MCS, NiSe2, MCNS composite were
displayed in Fig. 4a . Pure NiSe2 exhibited high adsorption coefficient throughout in the visible light and
near infrared regions, which was related to the metallic character [33]. The absorption edge of pure MCS
solid solution was approximately 560 nm. With the increasing of NiSe2 amount, the absorption intensity
peak for composite catalyst was obviously increased at the 520-800 nm regions, which were ascribed to
intrinsic absorption of NiSe2 and gradual deepening of the catalyst color. The light absorption efficiency and
photocatalytic performance of composite catalyst were thus vastly improved [41], which was also one of the
most important reasons for the improved hydrogen production performance of the catalyst. In addition, Fig.
4b present the corresponding energy band gaps (Eg) of MCS and MCNS-10 were estimated by drawing on
the Tauc plots of (ahv)2 versus hv . The corresponding energy band gap values of MCS and MCNS-10 were
estimated to be 2.26 and 2.2 eV, respectively. It could be seen that the improvement of the light absorption
performance was related to the decrease of the band gap values.
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Fig. 4 (a) UV-vis DRS of MCS, NiSe2, MCNS-3, MCNS-5, MCNS-10, MCNS-15 and MCNS-20, (b) the
forbidden band width of MCS, NiSe2 and MCNS-10.

3.5 BET surface areas and pore size distributions

The calculation results of Brunauer-Emmett-Teller (BET) specific surface area (SBET) and average pore size
and pore volume of pure MCS, NiSe2 and MCNS-10 samples by N2 adsorption-desorption isotherms at 77
K as shownFig. 5 and Table 1 . As shown inFig. 5 , the all samples exhibited IV type isotherms with
H3 hysteresis loops, indicating that they had mesoporous structure [42]. The SBETwas augmented from
12 to 15 m2 g-1after loading MCS onto surface of NiSe2, this was because the cubic NiSe2 provide enough
space for anchoring of MCS nanoparticles, which effectively prevent the occurrence of agglomeration. In
addition, the increased surface area of composite catalyst MCNS-10 exposing more activity sites, which
enhancing photocatalytic hydrogen evolution performance [43]. In short, the change of SBET of MCNS-10
was consistent with the alter in morphology for MCNS-10 composite in TEM images.
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Fig. 5 The N2 absorption-desorption isotherms and corresponding pore size distribution of the (a) MCS,
(b)NiSe2 and (c) MCNS-10.

Table 1 The physical adsorption performance parameters.

Samples SBET (m2g-1)a Pore volume (cm3g-1)b Average pore size (nm)b

MCS 12 0.1 32
NiSe2 8 0.03 13
MCNS-10 15 0.01 28

a Obtained from BET method;

b Relative pressure (P/P0) was 0.99.

3.6 Photocatalytic activity and stability

Fig. 6 shown the photocatalytic H2evolution performances of diverse catalysts with
Na2S/Na2SO3(0.35M/0.25M) solution as a sacrificial agent under visible light irradiation (λ> 400
nm). InFig. 6a , the hydrogen production activity for bare NiSe2 was not detected, which manifested
that it could not generate charge carries and had no photocatalytic activity. The MCS reveals poor
photocatalytic activity (95.74 μmol) when the irradiation time lasted for 5 h. The H2 evolution rate of
MCNS-x first increased and then decreased with the added amount of loaded NiSe2 from 3 to 20 wt%.
Obviously, the maximal hydrogen production amount obtained of 713.78 μmol when the NiSe2 content was
10%, increased by a factor of around 7.5 in comparison to pure MCS. However, the H2production activity
start to decrease when the content of NiSe2 exceed 10%, which may be that the shielding effect of the mixed
catalyst and the lack of hydrogen production activity of NiSe2 [33]. Besides, apparent quantum efficiency
(AQE) and hydrogen evolution stability of MCNS-10 were important indicators to measure the practical
application of catalysts.Fig. 6b shown the AQE value of MCNS-10 under different monochromatic light

14
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wavelengths. Th AQE and the intensity of UV absorption were basically the same, confirming that the
activity of hydrogen production was related to the wavelength of incident light [44].

The cyclic tests of H2 production of MCS and MCNS-10 were performed in Fig. 6c . Compared with the
composite catalyst MCNS-10, the total hydrogen production of MCS was basically unchanged, indicating
that MCS has good stability. The hydrogen production activity of the composite catalyst MCS decreased
significantly, the reason for this phenomenon may be increased in reaction time, which would exacerbate
consumption of Na2S/Na2SO3(0.35M/0.25M) solution [4]. Secondly, this was probably due to partial de-
tachment of MCS and NiSe2 during the reaction. Fig. 6d compares the XRD patterns of composite catalyst
MCNS-10 original and recycled hydrogen production. The position of diffraction peak was no significant
change, but the intensities was reduced by half, which indicated that the crystallinity of the catalyst became
worse.
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Fig. 6 H2 evolution amount of (a) pure NiSe2, MCS with different weight loading ratios of NiSe2; (b) AQE
of MCNS-10 in the 400-600 nm wavelength range. (c) The stability test of hydrogen production cycle of
MCNS-10; (d) XRD of MCNS-10 composite catalyst after hydrogen production.

3.7 The PL and TRPL spectra

In order to study the crucial role of NiSe2 cocatalyst in the boosting the processes of charge separation,
transfer and recombination in the composite material MCSN system, the all samples were tested by PL and
TRPL spectra.Fig. 7a shown PL spectra of all as-synthesized catalysts with an excitation and emission
wavelength of 390 and 533 nm, respectively. The no fluorescence peak was detected in NiSe2, indicating that
NiSe2 could not excited by irradiation. The composite catalyst MCNS-10 exhibited the lowest PL intensity
compared with other binary composites, indicating that higher separation efficiency of electron-hole pair.

The fluorescence lifetime generally refer to the average time required for an electron to transfer from an
excited state to a ground state. The TRPL spectra shown inFig. 7b further indicated that the charge
carriers lifetime of MCNS-10 (2.21 ns) was significantly lower than that of MCS (2.46 ns), MCNS-3 (2.4 ns),
MCNS-5 (2.3 ns), MCNS-15 (2.25 ns), MCNS-20 (2.38 ns). Generally, the electron lifetime was negatively
correlated with electron transfer rate. The consequences show that the electron transit time of MCNS-10
composite is short [47], this was because NiSe2 could provide additional decay channel to the excited states
of the MCNS [43]. We further studied the catalyst performance from two aspects values of electron transfer
rate constant (KET) and the electron injection efficiency (ηinj).

The parameters of emission decay of the samples as the shownTable 2 . It was clearly observed that KET

and ηinj value of MCNS-10 were larger than that MCS and other composite catalysts, indicating that NiSe2
acted as electron traps can effectively capture electrons attached on the surface of MCS [6,45,46]. Further,
three dimensional topography of NiSe2 exposed more active sites and improved the separation efficiency of
electrons and hole pairs. These analyses together shown that the NiSe2 play an important role in hydrogen
production experiments [25].
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Fig. 7 (a) The PL spectra and (b) the time-resolved photoluminescence spectra of all samples.
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Table 2 The dynamics parameters of electron transfer for samples.

Samples τ1 [ns] τ2 [ns] τ3 [ns] τave [ns] KET [109 s-1] η(ινθ) [%]

MCS 5.26 (30.36%) 0.72 (24.89%) 149.06
(44.75%)

2.46 - -

NiSe2 0.07 (28.65%) 0.06 (24.39%) 4.13 (46.96%) 0.07 - -
MCNS-3 5.29 (29.77%) 0.72 (25.72%) 147.98

(44.51%)
2.4 0.01 2.4

MCNS-5 5.34 (29.51%) 0.73 (25.68%) 149.96
(44.81%)

2.3 0.03 6.5

MCNS-10 5.25 (29.43%) 0.67 (26.58%) 148.03
(43.99%)

2.21 0.05 10.2

MCNS-15 5.22 (29.58%) 0.68 (26.03%) 146.52
(44.38%)

2.25 0.04 8.5

MCNS-20 5.26 (29.68%) 0.7 (25.31%) 148.36
(45.01%)

2.38 0.01 3.3

3.8 Electrochemical analysis

In this portion, in order to demonstrate the significant function of NiSe2 in facilitating the electron hole
separation efficiency, we performed a series of electrochemical characterizations of the MCS, NiSe2 and
MCNS-10 samples. Fig. 8a shown the transient photocurrent response spectra of MCS, NiSe2 and MCNS-
10 in periodic on/off lamp state. Composite catalyst MCNS-10 reveal the highest photocurrent responses,
demonstrating that the existence of NiSe2promoted photogenerated charge separation rate and enhanced
visible-light response ability [48]. All samples showed a decreasing trend with the increase of test time, on
account of accumulation of holes [8, 24].

The LSV was often used to study the carrier characteristics of semiconductor. At higher current densities
(-0.6 V), the LSV curves was shown inFig. 8b . Obviously, NiSe2 acted as co-catalyst can decrease the
hydrogen evolution overpotential of MCS . This clearly shown that loading NiSe2 could increase photoinduced
electrons participating in hydrogen reaction. Moreover, the Nyquist plots of EIS of MCS, NiSe2 and MCNS-
10 were shown inFig.8C , the insert was the equivalent circuit diagram, where charge transfer take place
in the arched high-frequency region. The diameter of the arc for NiSe2 electrode was the smallest, this was
due to the excellent electrical conductivity of NiSe2 [6, 49]. Secondly, a smaller arc had been detected for
composite MCNS-10 compared to that of MCS, indicating a low impedance during charge transfer.

In Fig. 8d , Mott-Schottky plots of MCS and NiSe2 were used to investigate the electrons transport acted
of photocatalysis. MCS and MCNS-10 exhibits a positive slopes of the E-C-2 plots, indicating that they
were characteristics n-type semiconductor [16]. The flat-band potential (Efb ) of MCS and NiSe2 could be
calculated to be -0.89 and -0.64 V versus the saturated calomel electrode (SCE), respectively. According
to previous reports, the conduction band (ECB ) values of n-type semiconductor was more negative about
0.1-0.2 V than theEfb , and combined with the calculation formula:ENHE = ESCE + 0.24 V [34]. Therefore,
the ECB of MCS and NiSe2 were calculated as -0.85 and -0.6 eV versus NHE (normal hydrogen electrode).
Because ECB value of MCS has a more negative than NiSe2, this indicate that the electron transfer direction
was from MCS to NiSe2.
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Fig. 8 (a) Transient photocurrent responses, (b)linear scan voltammetry (LSV) curves, (c) electrochemical
impedance spectroscopy (EIS) of MCS, NiSe2 and MCNS-10.(d , e) Mott-Schottky curses of MCS and NiSe2.

3.9 Proposed reaction mechanism

Based on all the above results, the charge separation process and proposed mechanism for MCNS-10 was
illustrated in Fig. 9 . Under visible light irradiation, the excited state of MCS could be quickly produced
electron-hole pairs. The photogenerated electrons of MCS migrate from the VB to CB, and a large number
of holes were accumulated on the VB of MCS. The strong reductive Na2S/Na2SO3(0.35M/0.25M) solution
was used as sacrificial reagent could consume holes in the VB of MCS, further facilitating charge separation.
Since MCS had more negative CB level (-0.85 eV) as compared with the CB potential (-0.6 eV) of NiSe2,
the electrons transfer from the CB of MCS to the CB of NiSe2 was driven by the thermodynamic driving
force [33]. At the same time, 3D cubes NiSe2 can provide more reduction sites, causing H+ to combine with
electron to generate H2.
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Fig. 9 Schematic illustration of charge transfer for MCNS-10 under visiblelight irradiation.

Conclusion

In summary, we combined co-catalyst modification and morphological modification to synthesized a new
Mn0.05Cd0.98S/NiSe2composite catalyst by a facile method. The cubic NiSe2could provide extensive surface
for Mn0.05Cd0.95S nanoparticles anchoring, effectively preventing the occurrence of Mn0.05Cd0.98S nanopar-
ticle agglomeration. Secondly, the modification of NiSe2 co-catalyst further improves the light absorption
intensity and electrochemical performance of MCS, thereby improving hydrogen production activity. In
result, the Mn0.05Cd0.98S/NiSe2composite catalyst proved an excellent hydrogen producing activity. The
maximum hydrogen production of 713.78 μmol is procured over Mn0.05Cd0.98S/NiSe2-10 wt% composite,
which is 7.5 times than that of the pure Mn0.05Cd0.95S. In this work, we designed a series of novel 0D/3D
nanohybrids of Mn0.05Cd0.95S/NiSe2photocatalysts, which could beneficial for practical applications.
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