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Abstract— The photocatalytic hydrogen production from water splitting utilizing solar energy could be considered to be
an attractive way to solve the global energy crisis and environmental pollution problems. In this study, a highly active
photocatalytic hydrogen production was achieved using Ni3S4/Zn0.85Cd0.15S from 2-propanol solution. Ni3S4/ZnxCd1-xS was
prepared by the simple co-precipitation and solvothermal method. For optimizing each component proportion, 0.5 wt.%
Ni3S4/Zn0.85Cd0.15S exhibits the highest hydrogen production rate of 296 μmol g-1h-1, exceeding that of the normal
Zn0.85Cd0.15S and MoS2/Zn0.85Cd0.15S samples by more than 5.3 and 17 times, respectively. Also, as a result of long-term
hydrogen production (48 hours), the stability of Ni3S4/Zn0.85Cd0.15S could be confirmed. Ni3S4 co-catalyst promotes charge
separation, leading to the great enhancement of photocatalytic hydrogen evolution and stability.
Index Terms—Precipitation, ZnxCd1-xS, 2-propanol, MoS2, Ni3S4.

I. INTRODUCTION
Recently, many researchers are focusing on the photocatalytic hydrogen production using the photo catalysts.
However, most of the developed photo catalysts for the photocatalytic reaction can only utilize ultraviolet
irradiation constituting only 4% of the incoming solar energy. Hence, the development of the photo catalysts with
visible light response is of great importance to the photocatalytic reaction because the visible light accounts for
about 43% of the solar light. In the present study, ZnxCd1-xS photo catalysts was prepared by the simple
co-precipitation method under ambient conditions. The photocatalytic hydrogen evolution from 2-propanol were
performed under visible light irradiation.
II. METHOD
A. Preparation of ZnxCd1-xS
All of the chemicals were commercially available and used as received without further purification. The ZnxCd1-xS
photo catalysts with different Zn/Cd molar rations were synthesized by simple precipitation method using Na2S as
the S source. First, zinc acetate (Zn (CH3COO)2·2H2O) and cadmium chloride (CdCl2) were dissolved in 50 mL of
distilled water. An appropriate amount of NaOH (0.5 M) was slowly added to keep pH at 7.3. After stirring for 30
minutes, sodium sulfide (Na2S) dissolved in 30 mL distilled water was added drop-wise into the above solution
under magnetic stirring. After continuously stirring for 18 h at room temperature under ambient atmosphere, the
resulting yellow slurry was centrifuged, washed several times with distilled water, and then dried in the vacuum
oven under 60 °C for 24 hours.
B. Preparation of Ni3S4
Ni3S4 particles were synthesized through a one-step hydrothermal process. Nickel acetate (Ni(CH3COO)2·6H2O)
and sodium thiosulfate (Na2S2O3·5H2O) were added into a Teflon-sealed autoclave. The reaction mixture was
stirred for 10 min. Next, the Teflon-sealed autoclave was sealed and maintained at 150 °C in oven for 12 h, and
then cooled to room temperature. The black precipitates were centrifuged, washed with distilled water for several
times, and finally dried in the vacuum oven at 60 °C for 8 hours.
C. Preparation of MoS2/Zn0.85Cd0.15S and Ni3S4/ZnxCd1-xS
The 0.4 wt.% MoS2/Zn0.85Cd0.15S was prepared by photo deposition method. (NH4)2MoS4 was added to the
reaction solution (containing a photo catalyst and 2-propanol), and the reaction vessel was irradiated with light.
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(NH4)2MoS4 was reduced by electrons, and dispersed on the surface of Zn0.85Cd0.15S as MoS2. Ni3S4/ZnxCd1-xS was
obtained by physically mixing Ni3S4 and Zn0.85Cd0.15S.
D. Characterization of Photo catalyst
The powder X-ray diffractometer (XRD, RIGAKU Ultima IV, sample horizontal type) was used in order to record
the diffraction patterns of photo catalysts. The specific surface areas of catalysts were determined by the three
points BET method with N2 adsorption−desorption isotherms (BEL JAPAN, BELPREP-vacⅡ). The diffuse
reflectance spectra (DRS) of photo catalysts were recorded over a range of 200−850 nm with a Shimadzu UV-2450
UV/vis system equipped with an integrating sphere diffuse reflectance accessory using the reference material
BaSO4. Photoluminescence (PL) spectra of oxide powders were measured at room temperature using a Shimadzu
RF-5300PC system equipped with solid sample holder. X-ray photoelectron spectroscopy (XPS) measurement was
performed in Ulvac PHI Quantera SXM.
E. Photocatalytic Hydrogen Production
The photocatalytic activity of ZnxCd1-xS was investigated for the hydrogen production. The photocatalytic
hydrogen production was performed in a Pyrex quartz reactor (volume: 123 mL) at ambient temperature.
Typically, 50 mg of the photo catalyst was dispersed in 40 mL of medium containing 4 mL of 2-propanol as the
sacrificial agent. Prior to irradiation, the solution was bubbled with N 2 gas to remove any dissolved O2. The
photocatalytic hydrogen production were conducted with LED light (LED455/L-STND, OPTOCODE Corp.) as
the source of visible light (450 nm). During the irradiation, the solution was stirred using a magnetic stirrer. The gas
sample was collected with constant time interval using a glass injection syringe. The amounts of H2 was analyzed
using a gas chromatography.
III. RESULTS
A. Characterization of Photo catalyst
The XRD method was used to investigate the crystal phase and average crystallite sizes of the prepared ZnxCd1-xS
samples. The X-ray diffraction (XRD) patterns of ZnxCd1-xS (x = 0, 0.5, 0.6, 0.7, 0.8 0.85, 0.9, and 1.0) samples are
displayed in Fig.1a. As shown in Fig.1a, the characteristic XRD patterns of the ZnxCd1-xS exhibit three prominent
peaks, which are indexed to (1 1 1), (2 2 0), and (3 1 1) planes, respectively [1], [2]. The diffraction peaks (Fig. 1a)
gradually shift toward low angle with decreasing the Zn molar fraction. The successive shift of diffraction peak in
the XRD patterns indicated that the crystal were not a physical mixture compound of ZnS and CdS, but the
ZnxCd1-xS solid solutions. During the synthesis of ZnxCd1-xS solid solutions, the Zn cations are very likely to
incorporate in the CdS lattice or entered its interstitial sites. This could be explained due to it that Zn and Cd has
similar electronegativity, Zn (1.65) and Cd (1.69), and the radii of Zn cation (0.74 Å) is smaller than Cd cation
(0.97 Å) [1]–[4]. Fig. 1b shows the XRD pattern of Ni3S4 and 0.5 wt.% Ni3S4/ Zn0.85Cd0.15S photo catalyst. The
peaks at 2θ = 26.63°, 31.16°, 37.86°, 46.80°, 49.92°, 54.85°, 64.48°, and 68.45° were assigned to (1 1 1), (2 2 0),
(3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0), (5 3 3), and (4 4 4) of Ni 3S4, respectively [5], [6]. In the case of 0.5 wt.%
Ni3S4/ Zn0.85Cd0.15S, obvious diffraction peaks of Ni3S4 was not observed, and this result was due to the low content
and high dispersion of Ni3S4. In addition, the crystallite size of the samples could be estimated by the full width at
half-maximum of XRD peak around the angle of the (1 1 1) plane using Scherrer equation. The calculation results
are given in Table 1. The crystallite size decreased with an increase in Cd molar fraction.
Table 1: XRD and BET results of ZnxCd1-xS photo catalysts.
Sample
ZnS
Zn0.9Cd0.1S
Zn0.85Cd0.15S
Zn0.8Cd0.2S
Zn0.7Cd0.3S
Zn0.6Cd0.4S
Zn0.5Cd0.5S
CdS

Crystallite size
(Å)
36.5
34.4
40.5
29.3
26.1
25.7
22.5
23.4

BET surface area(m2/g)

Pore volume (cm3/g)

Pore diameter (nm)

167.85
110.50
97.85
104.66
124.61
99.97
89.65
8.73

0.110
0.084
0.091
0.093
0.106
0.100
0.091
0.020

2.61
3.04
3.04
3.57
3.42
4.00
4.04
9.48
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Fig. 1: XRD patterns of (a) ZnxCd1-xS with different x values and (b) Ni3S4 and
0.5 wt.% Ni3S4/ Zn0.85Cd0.15S.

Fig. 2 shows the diffuse reflectance UV–Vis absorption spectra of the various solid solutions of ZnS, CdS, and
ZnxCd1-xS. The color of ZnxCd1-xS changed yellow to dark orange. The adsorption edge of ZnS located at about
370 nm. As Zn content (x value) in ZnxCd1-xS decreased from 0.9 to 0.5, the absorption edge of ZnxCd1-xS
gradually shifts from 455 to 520 nm, and ultimately CdS have an absorption edge at about 570 nm. Thus, ZnxCd1-xS
photo catalyst showed sharp band edge absorptions in the visible region. The phenomena should be attributed to a
band transition of ZnxCd1−xS solid solution [7], [8]. In addition, as compared with Zn0.85Cd0.15S, a slight red shift of
absorption edge was observed in 0.5 wt.% Ni3S4/ZnxCd1-xS. The band gap of the samples can be estimated using
was calculated from the plot of (αhν)2 versus photon energy (hν) using the relationship: αhν = A(hν − Eg)n where hν
= photon energy, A = constant, α = absorption coefficient, and n = 1/2 for the allowed direct band gap [7]. The
calculate results are given in Table 2. The calculated bandgap energies varied from 3.35 to 2.10 eV with decreasing
the Zn molar ration. This results indicate that the bandgap can be adjusted by changing the molar ratio of Zn/Cd.
The positions of conduction band (CB) and valence band (VB) can be estimated by theoretical calculations [9]. For
ZnbCdaSc, the band edge positions were given by the following equations.

The absolute electro negativities of the constituent atoms Cd, Zn, and S are X(Cd) = 4.3, X(Zn) = 4.45, and X(S) = 6.22,
respectively, Ec, Ev, and Eg are the energy levels of the CB, VB and the bandgap energy of the semiconductor,
respectively. Eg were determined by UV–vis diffuse reflectance spectra (DRS), and E0 = 4.5 eVVAS at pH = 0. The
calculated CB and VB edge potentials of the ZnxCd1-xS photo catalysts are illustrated in Fig 3. It can be clearly seen
that the CB edge potential becomes more negative with increasing Zn content in the ZnxCd1-xS solid solution. In
case of the Zn0.85Cd0.15S photo catalyst, the calculated band gap (2.45 eV) is narrower than that of ZnS (3.35 eV).
In addition, the CB energy level (0.517 V) is more negative than that of CdS (0.378 V). Therefore, it colud be
considered that the balance between the light absorption capacity and the reduction power of the Zn0.85Cd0.15S
photocatalyst leads to an improvement in photocatalytic hydrogen generation efficiency as compared with the ZnS
and CdS photocatalyst.
Sample
ZnS
Zn0.9Cd0.1S
Zn0.85Cd0.15S
Zn0.8Cd0.2S
Zn0.7Cd0.3S
Zn0.6Cd0.4S
Zn0.5Cd0.5S
CdS

Table 2: Band gap and band edge potentials of ZnxCd1-xS photocatalysts.
Band gap (eV)
Conduction band potential
Valence band
(V vs NHE)
potential (V vs NHE)
3.35
-0.914
2.436
2.60
-0.463
2.137
2.53
-0.517
2.013
2.48
-0.497
1.983
2.47
-0.501
1.969
2.43
-0.490
1.911
2.35
-0.459
1.891
2.10
-0.378
1.722
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Fig. 2: UV-vis diffuse reflectance spectra of (a) ZnxCd1-xS with different x values
(b) 0.5 wt.% Ni3S4/Zn0.85Cd0.15S.

Fig. 3: Band gap of ZnxCd1-xS photo catalysts.

XPS were employed to investigate the surface chemical state of the 0.4 wt.% MoS2/Zn0.85Cd0.15S. Fig. 4a presents
the survey spectrum of the MoS2/Zn0.85Cd0.15S sample, which confirms the coexistence of Zn, Cd, and S elements
as expected. The binding energies of 1021.5 eV (2p 3/2) and 1044.5 eV (2p1/2) with a peak splitting of 23 eV is
typically agreement with Zn2+ (Fig. 4b). In addition, the binding energies of 404.9 eV (3d5/2) and 411.7 eV (3d3/2)
are assigned to Cd2+ (Fig. 4c). The results indicated that the co-existence of Zn2+ and Cd2+ in ZnxCd1-xS. The
presence of sulfide is confirmed by binding energies of 161.5 eV (2p3/2) and 162.7 eV (2p1/2) and having a doublet
separation of 1.2 eV in the sulfur spectrum (Fig. 4d) [9]–[13]. However, the peak of Mo could not be observed due
to its low content [14], [15].
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Fig. 4: (a) Full XPS spectra of the 0.4 wt.% MoS2/Zn0.85Cd0.15S. (b) Zn 2p XPS spectra. (c) Cd 3d XPS spectra. (d) S 2p
XPS spectra.

The elemental mapping images of zinc, cadmium, sulfur, and molybdenum are presented in Fig. 5. The chemical
element mapping analysis indicates that the Zn, Cd, and S elements are homogenously distributed in the
Zn0.85Cd0.15S. In addition, the elemental Mo was uniformly dispersed on the Zn0.85Cd0.15S surface.

Fig. 5: Elemental mapping images of Cd, Zn, S, and Mo of 0.4 wt.% MoS2/Zn0.85Cd0.15S.

Usually, the photo catalyst with higher specific surface area is useful for improving photocatalytic performance.
Thus, the BET surface areas (SBET) and pore structure of the samples were investigated by the nitrogen
adsorption−desorption measurement. Fig. 6 shows the nitrogen adsorption/desorption isotherms of the ZnS,
Zn0.85Cd0.15S, and CdS samples. All the specimens display a type–IV adsorption–desorption isotherm, indicating
the presence of mesopores [3], [9], [16]–[18]. The surface area of pure CdS is calculated to be 8.7 m2/g. The value
gradually increased along with increasing Zn molar ration and the surface area of pure ZnS is 167 m2/g. Table 1
shows the detailed information on the SBET and average pore sizes of the ZnxCd1-xS samples. The ZnxCd1-xS
samples show a decreasing specific surface areas and increasing average pore sizes with increasing Cd molar
ration. The reduced specific surface area is due to an increase in sample density. The increasing pore size is
probably due to the formation of large agglomerated particles.

Fig. 6: Nitrogen adsorption/desorption isotherms of the ZnS, Zn0.85Cd0.15S, and CdS.
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The photocatalytic activity can be notably enhanced by slowing the recombination of photo generated
electronhole pairs. The PL emission spectra are widely used to evaluate separation efficiency of the photo
generated charge carriers. Photoluminescence (PL) spectra of the Zn0.85Cd0.15S, 0.4 wt.% MoS2/Zn0.85Cd0.15S, and
0.5wt.% Ni3S4/Zn0.85Cd0.15S display in Fig. 7. As shown in Fig 7, the PL signals of all samples were located at
around 500 nm. Compared to Zn0.85Cd0.15S, the PL intensities of the MoS2/Zn0.85Cd0.15S and Ni3S4/Zn0.85Cd0.15S
decreased. Especially, the Ni3S4/Zn0.85Cd0.15S exhibits an almost disappearance in PL intensity, indicating that
Ni3S4 in Zn0.85Cd0.15S acts as trap sites for photo generated carriers, suppresses the recombination of photo
generated electrons-holes and promotes the interfacial charge transfer.

Fig. 7: Photoluminescence spectra of the Zn0.85Cd0.15S, 0.4 wt.% MoS2/Zn0.85Cd0.15S and
0.5 wt.% Ni3S4/Zn0.85Cd0.15S.

B. Photocatalytic Activity
Fig. 9a shows the comparison of the photocatalytic hydrogen production rates of the Zn xCd1-xS (x = 0.5, 0.6, 0.7,
0.9, and 1.0) samples. When ZnS was used as the photo catalyst, hydrogen production was not confirmed. This
result seems to be due to ZnS not responding to visible light. As the Cd content increased, the hydrogen production
rate of ZnxCd1-xS became higher and up to 417 μmol/h when the nominal x value is 0.85 (Zn0.85Cd0.15S). However,
as the Cd concentration further increased, the hydrogen production capacity declined, and the hydrogen production
rate of CdS was 7.8 μmol/h. Next, we investigated the effect of co catalyst on hydrogen production capacity. Fig.
9b shows the comparison of the photocatalytic activities of the Zn0.85Cd0.15S, 0.4 wt.% MoS2/Zn0.85Cd0.15S and 0.5
wt.% Ni3S4/Zn0.85Cd0.15S photo catalysts. Compared to the normal Zn0.85Cd0.15S, the hydrogen production
performance of 0.4 wt.% MoS2/Zn0.85Cd0.15S and 0.5 wt.% Ni3S4/Zn0.85Cd0.15S was greatly improved. This resulted
from the suppression of recombination of electrons and holes by the co catalyst, and this result was agreed for PL
result. In order to check the stability of the Ni3S4/Zn0.85Cd0.15S, we conducted hydrogen production for a long time
(48 hours). As shown in Fig. 9c, Ni3S4/Zn0.85Cd0.15S showed stable hydrogen production rate until 30 hours. After
30 hours, a slight decrease in hydrogen production rate was confirmed. Since the decrease in hydrogen production
rate is slight, the addition of Ni3S4 not only enhances photocatalytic activity but also improves stability.
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Fig. 7: (a) Comparison of the photocatalytic activities of the ZnxCd1-xS (x = 0, 0.5, 0.6, 0.7, 0.9, and 1.0) samples for the
photocatalytic hydrogen production from 10vol.% 2–propanol solution. Irradiation time; 24 hours. (b) Comparison of
the photocatalytic activities with the Zn0.85Cd0.15S, 0.4wt.% MoS2/Zn0.85Cd0.15S and 0.5wt.% Ni3S4/Zn0.85Cd0.15S
samples for the photocatalytic hydrogen production from 10vol.% 2–propanol solution. Irradiation time; 24 hours. (c)
Long photocatalytic hydrogen production with 0.5 wt.% Ni3S4/Zn0.85Cd0.15S from 10vol.% 2–propanol solution.

Mechanism of photocatalytic hydrogen production was explained. When light was irradiated to the photo catalysts,
electrons in the valence band (V.B.) were excited to the conduction band (C.V.). Then, holes were formed in the
V.B. The holes in valence band oxidized the sacrificial agent. Electrons transfer to the co-catalyst, and inhibit
recombination of hole-electron pairs. Proton in the solution was reduced by electron of co-catalyst, and the
hydrogen was produced [19]–[21].
IV. CONCLUSION
Ni3S4/ZnxCd1-xS was prepared by the simple co-precipitation and solvothermal method. The addition of co-catalyst
was effective for the photocatalytic hydrogen production using Zn0.85Cd0.15S under visible light irradiation. The
hydrogen generation rate under the optimized experimental condition with Ni3S4/ZnxCd1-xS was 6125 mol/g. The
hydrogen generation rate with Ni3S4/ZnxCd1-xS was about 14.7 times better relative to that of the Zn0.85Cd0.15S.
Ni3S4 co-catalyst promotes charge separation, leading to the great enhancement of photocatalytic hydrogen
evolution and stability.
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