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Facile Template Free Approach for the Large Scale Solid Phase 
Synthesis of Nanocrystalline XIn2S4 (X=Cd/Zn) and it’s 
Photocatalytic Performance for H2 Evolution.

Sonali D. Naik,  Sanjay K. Apte,*a Sunil N. Garaje, Yogesh A. Sethi,   Manish D. Shinde,  Sudhir A. 
Arbuj, Bharat B. Kale  and Ravindra S. Sonawane*b

In the present study, we have demonstrated a unique approach for the  synthesis of nanostructured ternary metal 
sulphides,  XIn2S4 (X = Cd, Zn) by simple, template free and low temperature solid phase reaction . Stoichiometric amount 
of precursors such as CdO/ZnO, In2O3 and Thiourea were mixed homogeneously and  heated at 150°C for different time 
intervals to produce nanostructured XIn2S4. The molar ratio of the  precursors was varied and among the different ratios, 
the molar ratio 1:1:8 is  found  to be optimum for the growth of  phase pure nano crystalline XIn2S4.  X-ray analysis 
confirms the formation of cubic spinel Cadmium Indium Sulfide (CdIn2S4) and hexagonal Zinc Indium Sulfide (ZnIn2S4).  
HRTEM analysis confirms the formation of nanostructures of XIn2S4 with spherical and rod like mixed morphology. The 
band gap of as synthesized materials is within the visible region i.e. 2.25 and 2.6eV for CdIn2S4 and ZnIn2S4 respectively. 
Therefore, activity of both the photocatalyts was tested for hydrogen generation by H2S and H2O splitting under natural 
solar light. The ZnIn2S4 photocatalyst is found to be more active for both H2S and H2O splitting reactions with H2 evolution 
rate of  6994 μmol h−1 g−1 and   243μmol  g−1 respectively whereas for CdIn2S4 the rates are found to be 6128μmol h−1 g−1 
and 128.4 μmol  g−1 respectively. The H2 evolution rate by H2S splitting was found to be much higher than the various 
reported nanostructured photocatalysts. The simple, environment friendly  and cost effective  method  reported herein  
can be applicable  for  the large scale synthesis of  XIn2S4 nanoparticles is  the novelty of the  present work .

1. Introduction
An important process for future energy supplies is hydrogen 
production from water and Hydrogen Sulfide. The 
photocatalytic splitting of H2S and H2O into hydrogen using 
solar light is a potentially clean and renewable source of 
energy. The cleavage of H2S under visible light is of industrial 
importance, since H2S occurs widely in natural gas fields and is 
produced in large quantities as an undesirable by-product in 
the coal and petroleum industry, mining, pulp and paper 
industry. Research on health, environment and air quality has 
long recognized that the release of sulfur compounds from 
refineries and flue stacks cannot go on unchecked. Hydrogen 
sulfide is a toxic and corrosive gas, exposure to H2S causes a 
broad range of health problems when exposed to low 
concentrations and can be lethal when inhaled in large 
concentrations.1

Currently, H2S represents a negative-value commodity and 
using photocatalytic splitting it can be converted to useful

 

compounds by using solar energy which is highly desirable. The 
existing thermal-decomposition process for conversion of H2S 
into sulphur is laborious and uneconomical. In this context, the 
photocatalytic splitting of H2S into hydrogen has great 
technological importance. Considering future requirement of 
zero emission fuel H2, has received fair attention from 
various research groups. Although H2 is produced industrially 
by various processes, photodecomposition of water into 
hydrogen generation has received immense importance. 
Considering the future importance of hydrogen as a fuel, 
recent photocatalysis research work has more focus on the 
photodecomposition of water and H2S, to produce hydrogen 
under visible-light irradiation. Progress in photocatalysis in the 
past decade has been limited due to the use of UV light active 
photocatalysts instead of catalysts active under visible-light 
which is abundantly available.2-4 These catalysts operate with 
ultraviolet light, which accounts for only 4% of the incoming 
solar light reaching to earth surface and thus renders the 
overall process impractical. For the efficient utilization of solar 
radiation, a photo catalyst working in the visible region is of 
utmost importance, as the visible light constitutes around 45% 
of the solar radiation. The development of a visible-light 
photocatalyst has consequently become an imperative topic in 
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current photocatalysis research. Recently, various types of 
visible-light-driven photocatalysts5-11 for hydrogen generation 
have been reported. The stability and efficiency of some of the 
catalysts reported is still low and need improvement. In 
contrast to metal oxide photocatalysts, many metal sulfides 
have narrow band gap which corresponds to visible-light 
absorption. 
Metal sulfides are known for their instability during the 
photocatalytic reaction, improvement in their stability is a 
great challenge to the use of CdS, for example, in the 
photoproduction of hydrogen12. The problem of photo 
corrosion can be solved by incorporation of metal sulphides 
into the interlayer13. However, such stable catalysts showed 
very poor photocatalytic activity14. Cadmium Sulfide is a 
promising visible light active photocatalyst with a bandgap of 
2.4 eV. But, it undergoes photo corrosion and efforts have 
been made to improve the stability of this catalyst.14

To overcome photo corrosion problem of CdS, many 
researcher synthesized CdxZn1-xS and studied their 
photocatalytic activities for H2 evolution. Yanyan Li et al 15 
have synthesized twinned CdxZn1-xS solid solutions grown with 
several layers of defect-rich MoS2 nanosheets and studied 
their photocatalytic activities for H2 evolution from water 
splitting.  Yanyan Li et al16 also conducted synthesis of solid-
state Z-scheme photocatalyst Cd1−xZnxS@WO3−x. It consists of 
Cd1−xZnxS nanorods coated with oxygen-deficient 
WO3−x amorphous layers and the synthesized photocatalyst 
was tested for H2 evolution by water splitting. 
Cd1−xZnxS@WO3−x was further hybridized by CoOx and NiOx 
nanoparticles through in-situ photo-deposition, by which the 
HER performance was further improved. Fangxu Dai et al17 

reported the synthesis of magnetic ZnFe2O4@ZnSe hollow 
nanospheres. In this work, higher photocatalytic activity has 
been achieved at optimal   shell thickness of ZnSe.
The ternary sulfides have a strong absorption in the visible 
region hence they might be good candidates for the photo 
production of hydrogen18. It is reported that multicomponent 
metal sulfides and oxysulfides show better photocatalytic 
activity19 which implies that they could be a new class of 
photocatalyst. In the past few decades, although series of 
photocatalysts have been developed to improve photocatalytic 
activities for H2 evolution, only a few effective visible-light-
driven photocatalysts have been reported.20-22 The ternary 
sulfides have attracted great attention as their properties can 
be facilely adjusted by changing the composition to allow their 
versatile applications, such as in optical devices23-24 sensors25 

cathode materials26 solar cell27 and artificial photosynthesis.28 
Being applied as semiconductor photocatalysts, ternary 
sulfides have shown great promise in solar energy conversion 
because the  band gap and redox levels of these metal sulfides 
can be controlled by adjusting the ratio of constituent 
elements, enabling the utilization of entire  solar spectrum i.e.  
both UV and visible light. Recently, many ternary sulfides such 
as AgIn2S4, Zn1-xCuxS29-32 and ZnIn2S4

33 have been developed as 
photocatalysts. High quantum yield of 420% is reported when 
modified AgInS2 is coupled with supportive water reduction 
catalysts.34-35 Cadmium Indium Sulfide (CdIn2S4) has been 

regarded as a novel visible-light active photocatalyst for 
organic dye degradation36-38, photo production of  hydrogen 
and bacterial inactivation.39 Moreover, CdIn2S4 has received 
much attention due to it’s potential applications in 
photoconductors, solar cells, optoelectronic devices and light 
emitting diodes (LEDs).40 The first preparation of CdIn2S4 was 
reported by Hahn et al at 800°C under vacuum.41 One of the 
researchers42 also reported method for preparation of CdIn2S4 
powders at high temperature using CdS and In2S3 as a 
precursors in the stoichiometric ratio of 1:2.  Single crystals of 
CdIn2S4 were also grown from the stoichiometric elements by 
iodine-vapour transport43-44 or the horizontal Bridgaman 
method.42 The preparation of one-dimensional (1D) 
nanostructures such as nanowires, nano rods and nanotubes is 
already a focus of the material world45-52. As compared with 
micrometer-diameter whiskers, 1D structure is expected to 
have remarkable mechanical, electrical, optical, and magnetic 
properties. Existing technologies have been developed for the 
synthesis of some fascinating 1D inorganic materials.52-56 
Ternary sulphides with various morphologies were prepared 
and reported by numerous scientists57-60. Recently, 
hydrothermal and solvothermal methods have been widely 
used to synthesize CdIn2S4 nanomaterials57-61. 
Resembling to CdIn2S4, ZnIn2S4 also has a suitable band gap 
corresponding to the visible-light absorption and excellent 
chemical stability for photocatalytic H2 evolution62. It is the 
only semiconducting material with a layered structure in the 
AB2X4 family. It has attracted considerable attention because 
of its outstanding electrical and optical properties. Recently, 
various morphologies of ZnIn2S4 have been obtained by 
different methods using surfactants and have been used as a 
photocatalysts63-68. Batabyal et al 69 have synthesized In2S3, 
CdIn2S4, and ZnIn2S4 nanocrystals and studied their 
photocatalytic activity for dye degradation under UV light. 
Recently Du et al 60 have synthesized monolayer and bilayer 
ZnIn2S4and studied its photocatalytic performance for water 
splitting. Despite its good utility, very limited literature has 
been reported on these ternary materials although the 
synthesis of binary metal sulphides at large scale has been 
reported earlier.70-73 Therefore It is desirable to develop a 
simple, environment friendly, low-cost scalable method for the 
synthesis of nanostructured ternary metal sulphides viz. 
CdIn2S4 and ZnIn2S4. In view of this, a large-scale synthesis 
method to produce nanostructured CdIn2S4 and ZnIn2S4 is 
investigated herein. Here, the possibility of using a nano-
material to facilitate splitting of H2S into H2 and molecular S 
through a chemical interaction, with a twofold goal: (i) 
elimination of the toxic gas from the environment and (ii) 
production of a clean energy fuel (H2) with much lower heat of 
formation (-4.77 kcal mol-1) than H2O (-68.32 kcal mol-1)73.
In the present work, the large-scale synthesis of 
nanostructured ternary metal sulphides, XIn2S4(X=Cd, Zn) from 
the bulk metal oxide precursors by a simple, template-free, 
low-temperature, solid−solid phase method is demonstrated. 
The proposed simple methodology is believed to be a 
significant breakthrough in the field of nanotechnology, and 
the method can be further generalized as a rational 
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preparation scheme for the large-scale synthesis, which will 
pave the way for commercialization.

2 Experimental sections
Chemicals : Analytical grade cadmium oxide, Zinc Oxide, Indium oxide  and 
Thiourea were purchased from the local chemical manufacturer (Qualigens 
Fine Chemicals Pvt., Ltd., Mumbai, India) and were used as received.

2.1 Synthesis of XIn2S4

The XIn2S4 (X = Cd, Zn) nanostructures were prepared by solid state reaction. 
As received analytical reagent grade chemicals such as  Cadmium 
Oxide(CdO), Zinc Oxide (ZnO), Indium Oxide ( In2O3) and Thiourea 
(NH2CSNH2 ) were used without any purification. The stoichiometric 
amounts of CdO/ ZnO,  In2O3, NH2CSNH2 were taken in the molar ratio of 
1:1:8 and mixed thoroughly  using a pestle and mortar. The mixture was 
transferred to alumina crucible . The crucible is covered by keeping the lid 
and placed in an electric oven at 150°C for 16, 20 and 24 hr  respectively. 
The product obtained was washed thoroughly with distilled water to remove 
by-products if any and excess Thiourea followed by washing with anhydrous 
ethanol.  The CdIn2S4 samples obtained are referred as  CIS I, CIS II, CIS III 
and ZnIn2S4  samples  are named as ZIS I, ZIS II, ZIS III  respectively in the  
manuscript. The final product was dried at 70° C for 4 h in a laboratory oven.  
Details of experiments carried out in the  present study  are summerized in 
table 1. 

Table 1: Details of  experimental conditions for the   synthesis of  XIn2S4

Sr. No. Sample Name Sample ID Temp. (0C) Duration (hrs)
1 CIS I 16
2 CIS II 20
3

CdIn2S4

CIS III

150

24
4 ZIS I 16
5 ZIS II 20
6

ZnIn2S4

ZIS III

150

24

2.2.1 Optimization of precursor concentration for the preparation 
of phases pure XIn2S4:

In order to optimize ratio of the  precursors, particularly thiourea, initially 
the CdIn2S4  was  prepared at similar conditions  using  theoretical  ratio of 
1:1:4 of CdO:In2O3:NH2CSNH2.  The CdIn2S4 obtained using above ratio was 
analyzed by XRD for  confirmation of the phase formation. The XRD results 
suggests that there  is a incomplete formation of  CdIn2S4 as presence of  
peaks corrosponding to unreacted CdO, In2O3 are observed in XRD pattern. 
In addition to this, the  yield of the  product  obtained was also  far less  than 
the theoretical yield. The above observation indicates that,  the theoretical 
ratio of precursor is  insufficient  for the complete  conversion of  oxides into 
the respective Sulfides. From this study, it was cinfirmed that the precursor  
ratio, particularly thiourea is insufficient  to produce phase pure CdIn2S4 . 
The theorotical ratio i.e. 1:1:4,   which leads to  release  insufficient  sulfur 
molecules from H2S produced during the reaction  results in the incomplete 
formation of CdIn2S4  . Therefore, the   precursor ratio has been optimized 
by varying the  concentration of Thiourea and accordingly Thiourea ratio for 
the  synthesis of phase pure CdIn2S4  has been optimized. From the above 
study,  it  can be affirmed  that   the  CdO:In2O3:NH2CSNH2  in the ratio of  
1:1:8  is  optimum for the formation of    phase pure CdIn2S4   with fairly good 

yield.   In addition to the  precursor  ratio, the time and temperature of 
reaction  has  also been   varied to optimize the reaction conditions. The 
time of reaction  has been varied between to  12-24  hours  and    it is seen 
that  the  CdIn2S4 synthesized at lesser time   duration  shows the incomplete 
formation of CdIn2S4 with unreacted  CdO  and In2O3 phases. The XRD of 
CdIn2S4 samples obtained by variation of time are as shown in Supporting 
Information (figure S1). The  XRD curve a corresponds  to   the  sample 
prepared  for 16 hrs and   curve b is of   the  sample prepared for 12 hrs. The 
CdIn2S4,  synthesized at lower reaction time does not show the complete 
phase formation as the peaks of Individual reactants i.e.  CdO and In2O3 are 
observed in  XRD.  This study confirms that, the optimum time required to 
achieve phase pure CdIn2S4 would be 16 hrs. The possibility of   formation of 
individual phases of CdS or In2S3 is ruled out  as the XRD spectra in 
Supporting information (figure S2) confirms the formation of phase pure 
CdIn2S4 . In supporting information figure S2, XRD spectra of phase pure 
CdIn2S4, CdS and In2S3 are given for comparison purpose. Similar study for 
optimization of precursor ratio, tme duration and temperature of the 
reaction was also carried out for the preparation of phase pure  ZnIn2S4 and 
the above optimized ratio of thiourea was used for the synthesis of ZnIn2S4. 
In this way all the reaction parameters have been fixed.

2.3 Photocatalytic study
2.3.1 Photocatalytic H2 Evolution by H2S Splitting
The photocatalyst was introduced as a suspension into a cylindrical quartz 
reactor. A Xe-lamp light source (LOT–Oriel Group, Europe, LSH302)of 450 W 
with cut off filter ( > 420 nm) was used. At a constant temperature of 25 ± 
1°C, the vigorously stirred suspension was purged with argon for 1 h and 
then H2S was bubbled through the solution for about 1 h. Each experiment 
was carried out using0.5 g of catalyst in 750 mL of KOH solution (0.5 M ) 
with a H2S flow rate of 2.5 mL min−1. The excess hydrogen sulfide was 
trapped in NaOH solution. The amount of hydrogen evolved was measured 
using a graduated burette and analyzed for its purity  using gas 
chromatograph (Model Shimadzu GC-14B, Molecular Sieve 5Å column, with 
TCD and N2 as carrier gas).

2.3.2 Photocatalytic H2 Evolution from H2O Splitting 

In addition to H2S splitting,  photocatalytic activity of the prepared CIS and 
ZIS nanostructures was also investigated for photocatalytic water splitting. 
For this purpose 100 ml.double distilled water was taken in 250 mL round 
bottom flask, into this 25 mL methanol/ benzoyl alcohol was  added as 
sacrificial reagent. The known quantity of prepared nanostructured 
photocatalyst  was added to above solution along with 1 wt% Platinum as a 
co-catalyst. Argon gas was purged through this reaction mixture in order to 
remove the dissolved oxygen. The 250 mL round bottom flask was 
connected to the eudiometer tube to measure the evolved gas. The 
eudiometer tube has septum arrangement to remove the evolved gas 
through gas-tight syringe for quantifying the amount of gases evolved. The 
whole assembly kept in a wooden box containing reaction mixture was 
irradiated by 400W mercury vapor lamp. The mercury vapor lamp was fitted 
in quartz condenser having water circulation arrangement in order to 
absorb the IR radiation which minimizes the heating effect. As soon as the 
lamp switched on, the gase start evolving which is  collected in eudiometer 

tube. The amount of gas evolved with time were noted and used for the 
further calculations.

2.4 Samples Characterization
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The as synthesized  nanostructures were characterized by X-ray 
Diffractometry (Model-D8-Advance, Bruker AXS) for investigating its crystal 
phase. The samples were also characterized by TEM (Model JEM 2200 FS 
,JEOL) to determine the particle size and morphology. XPS was carried out 
by using an ESCA-3000 instrument (VG Scientific Ltd., England). The BET 
technique was used  to investigate the surface area on the model ( Model 
Nova 1200 Series, Quantachrome, USA.). The optical properties were 
recorded using a UV/ visible–near-infrared (UV/Vis–NIR) spectrophotometer 
(PerkinElmer λ-950). Room temperature micro-Raman scattering (RS) was 
performed using a HR 800 Raman Spectrometer, (Horiba JobinYvon, France) 
with an excitation at 632.81 nm by a coherent He–Ne ion laser and a liquid 
nitrogen cooled CCD camera to collect and process the scattered data.

3 Results and Discussion
3.1 Formation Mechanism of XIn2S4

The present solid-state method comprises a simple reaction 
between solids, namely Cadmium Oxide/Zinc Oxide, Indium    

Scheme 1. Schematic representation for the formation of XIn2S4

The formation of XIn2S4 occurs via nucleation and crystal 
growth mechanism. At elevated temperature Thiourea 
decomposes and releases H2S which acts as sulfur source. This 
H2S slowly combines with Cd2+/Zn2+, In3+ ions and results in the 
formation of nuclei of XIn2S4. The growth of these nuclei at 
saturated conditions leads to the formation of different 
morphological viz. spherical shaped nanorods and flake like 
nanostructures at higher time duration. Scheme 1 represents 
the schematic representation of formation of nanostructured 
XIn2S4. Urea and thiourea are produced as a byproducts71 after 
completion of reaction and since both are water soluble, they 
can be easily separated from the respective sulphides viz 
CdIn2S4 and ZnIn2S4. The prepared nanostructures were 
subjected for characterization using various instrumental 
techniques. The structural analysis was performed first to 
investigate the crystal structure.

3.2 Crystal Structure Study 

3.2.1 X-Ray diffraction study of CdIn2S4 (CIS)
The crystal structure and phase purity of synthesized CdIn2S4 

samples were investigated using powder X-ray diffraction 
(XRD) technique. Figure 1 shows XRD patterns of CdIn2S4 
samples CIS I, CIS II, CIS III synthesized  by solid state  route at 
150°C for durations of  16, 20 and 24 hours respectively.  All 
the diffraction peaks are well matching with the reported 
JCPDS data (JCPDS File No. 270060) of Cubic spinel structure of 
CdIn2S4

36. 

Fig. 1: XRD pattern of CdIn2S4 prepared at 1500C for (a) 16(b) 20 and (c) 24 hours

XRD pattern reveals that phase pure CdIn2S4 is formed as no 
separate peaks of individual CdS (JCPDS File No10-0454) and 
In2S3 (JCPDS File No.05-0731) have been observed. The peaks in 
XRD pattern are broad in nature with high intensity  peaks 
positioned at 2θ  value at around 27° corresponding to 311 plane  
and peak at around  47.5° belongs to  the 440  plane which  are the 
main characteristic peaks of the cubic spinel structure  of 
CdIn2S4.The broad XRD pattern confirms the nanostructured 
nature of as synthesized CdIn2S4. From the  XRD data, the 
crystallite size of the CIS I, CIS II, CIS III  samples  were   
calculated using the Scherrer formula and it is found to be 8, 
10, 15 nm  respectively. From the calculation of crystallite size, 
it can be concluded that there is no significant effect of 
reaction time on crystallite size of as synthesized CIS. The 
crystallite size obtained closely matches with the particle size 
measured using HRTEM.   
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The slight increase in the crystallite size may be attributed to 
the growth of particles with time due to aggregation of 
particles. These results revealed that, a phase pure 
nanostructured CdIn2S4 with fairly good crystallinity can be 
synthesized at larger scale without addition of expensive 
reagents (surfactants/capping agents) via the present solid 
phase method.

3.2.2: X-Ray diffraction study of ZnIn2S4 (ZIS)
Synthesis of ZnIn2S4 using solid state route has been studied in 
a identical way and using same experimental conditions. 
Figure 2 depicts the XRD patterns of the ZnIn2S4 samples 
synthesized via the solid phase method at different time 
intervals. 

                    

Fig. 2: XRD pattern of ZnIn2S4 prepared at 1500C for (a) 16 h (b) 20 h and (c) 24 
hrs.

The XRD pattern confirms formation of hexagonal ZnIn2S4 as   
XRD data well matches with the hexagonal phase of ZnIn2S4 

(JCPDS data No. 72-0773). The broad peaks in XRD patterns of 
all ZIS samples indicates that, as synthesized ZnIn2S4 is 
nanocrystalline in nature. The XRD peak at 2θ 26.96 (101) and 
28.87° (103) are merged into single broad peak due to the 
nanocrystalline nature of as synthesized ZnIn2S4. From the  
XRD data, the crystallite size of the  ZIS I, ZIS II, ZIS III  samples  
was   calculated using the Scherrer formula and it is found to 
be 8, 13, 16 nm  respectively. From the above study it is 
observed that, the closely analogous trend of particle growth 
has been observed for both the CIS and ZIS samples.  
All the precursors used as well as CIS and ZIS synthesized 
herein have been analysed for its surface area using the 
Brunnauer−Emmett−Teller (BET) technique. The results of 
surface area analysis are as tabulated in table 2 and table 3. 
Surface area of the precursor oxides showed negative 
isotherm suggesting that the precursors have low surface area 

due to high crystallinity and coarse particle size. The specific 
surface area of the as synthesized CIS I, CIS II and CIS III is 
found to be 46, 41, 38 m2g−1 respectively. Similarly the specific 
surface area of   ZIS I, ZIS II and ZIS III samples was found to be 
45, 41 and 32 m2g−1 respectively. The highest surface area was 
observed for the sample synthesized at 16 hours duration (for 
both CIS I and ZIS I). It has been observed that there is a 
decreasing trend of surface area of as synthesized XIn2S4 with   
increase in time duration of reaction has been observed and it 
may be due to increase in particle/crystallite size with duration 
of reaction.
 
Table 2: Structural, optical and photocatalytic properties of 
CdIn2S4.

Sample Absorption 
Peaks
( nm)

Band Gap 
(eV) as 
Calculated 
from Tauc 
Plot

Crystal 
Size 
(nm)
from 
XRD

BET 
Surface 
area 
(m2 g−1)

Rate of 
H2 

evolution 
(μmol h−1 
g−1)

CIS I 554 2.23 8 46 6128
CIS  II 568 2.18 10 41 5440
CIS III 582 2.13 15 38 4423

3.3 Optical studies

3.3.1 Optical study of as synthesized CdIn2S4 (CIS)

The optical characterization of all as synthesized CdIn2S4 

samples was performed using UV Vis DRS technique. The 
results obtained   are as shown in  Figure 3. 

Fig. 3: UV-Vis spectra of as synthesized CdIn2S4: prepared at 1500C for (a) 16 h (b) 20 h 
and (c) 24 hrs

From the UV-VIS spectra (Figure 3), it is  found that   there is   
formation of  single phase  CdIn2S4 as  no signs for  presence of  
individual sulfides (CdS and In2S3)  which is  also confirmed by 
XRD. The single peak and steep absorption edge is supportive 
to above statement. The position of absorption peaks and 
corresponding band gap of as synthesized CdIn2S4 is tabulated   
in the Table 2. From the results, we can clearly see the red 
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shift in absorption edge for samples obtained by reaction of 
precursors for more duration. The CIS I, CIS II and CIS III 
samples show corresponding band gap of 2.23, 2.18, 2.13 eV 
respectively. This may be attributed to increase in crystallite 
size with time.  As the size of CdIn2S4 increases, the 
corresponding band gap decreases which is in line with the 
expectations. Generally, it is observed that the band gap 
increases with time and temperature due to the growth of 
particles by agglomeration. 

3.3.2 Optical study of as synthesized ZnIn2S4 (ZIS)

Figure 4 shows the UV-Vis spectra of as synthesized ZnIn2S4 
samples. Similar to CdIn2S4, ZnIn2S4 also shows identical optical 
behaviour. 

Fig. 4: UV-Vis spectra of as synthesized ZnIn2S4 prepared at 1500C for (a) 16, (b) 
20 and (c) 24 hrs.

The single and steep absorption edge in the UV-Vis spectra 
suggest the formation of phase pure ZnIn2S4. There is a red 
shift observed in the UV-Vis spectra of as synthesized ZnIn2S4 
with increase in the reaction time. As discussed in earlier 
section this phenomenon is observed due to the increase in 
particle size of nanostructured ZnIn2S4 with time. The details of 
absorption edge and its corresponding band gap value are 
given in Table 3. Absence of peaks corresponding to individual 
ZnS and In2S3 phases suggest formation of phase pure ZnIn2S4. 
The highest rate of H2 generation of 6994 μmol h−1 g−1 was 
observed for ZIS I sample whereas lowest rate of H2 
generation was noted for ZIS III.  

Table 3: Optical, structural and photocatalytic properties of 
ZnIn2S4. 

3.4 X-Ray Photoelectron Spectroscopy Study:
The surface characteristic, composition of both CdIn2S4 and 
ZnIn2S4 samples and ratio of Cd:In:S and Zn:In:S is obtained 
from the XPS analysis. The data obtained from analysis of both 
the samples is plotted and presented in Figure 5 and Figure 6 
respectively.  Figure 5 (a-d)  shows the X-ray photoelectron 
spectroscopy (XPS) survey spectrum and the high-resolution 
Cd 3d, In 3d and S 2p spectra for the CdIn2S4 sample (CIS I) 
prepared by using  CdO:In2O3: NH2CSNH2 at  molar ratio of 
1:1:8 respectively. The sample CIS I is chosen as a 
representative sample because it shows high BET Surface area 
and highest H2 generation rate. The binding energies obtained 
were corrected for specimen charging by referencing carbon 
1S to 284.5 eV. The survey spectrum shows the peaks 
corresponding to Cd3d, S 2p and In3d elements.

Fig. 5: XPS spectra of CIS-I (a) Survey spectra ( b) Cd(C) In (d)S

The Oxygen peak is mostly due to the adsorbed moisture on 
the surface of CIS sample. Otherwise the spectrum is clean 
with absence of peaks for C and N from the reactants. The 
single S 2p peak at 161.5eV is indicative of sulfur present as 
the S2- , whereas the two sharp peaks in Figure 5b at 404.6 and 
411.41eV are attributed to the 3d level of Cd atoms. The Cd 3d 
and S 2p3 peaks at binding energies 205.3 (Cd 3d5), 413 (Cd 
3d3) and 161.5eV (S 2p3) were attributed to the CdS molecular 
environment. The peaks are in good agreement with data 
reported in the literature. Two peaks at 445.06, 452.5eV  as 
seen in fig 5c pertaining  to  In 3d and these  peaks  are 

Sample Absorp
tion 
Peaks 
( nm)

Band 
Gap 
(eV)
as

Crystal 
Size 
(nm)
from 
XRD

BET 
Surface 
area 
(m2g−1)

Rate of 
H2 
evolutio
n (μmol 
h−1 g−1)

ZIS  I 470 2.63 8 45 6994
ZIS II 483 2.56 13 41 6541
ZIS  III 492 2.52 16 32 6101
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corresponding to  3d5/2 and  3d 3/2 spin – orbit  spin 
components only. The area under the curve has been 
measured and used for calculating the elemental ratio of all 
the elements present in the nano-crystals. The XPS results how 
Cd:In:S ratio of 1:1.89:3.93 which is very close to and in  good 
agreement  with the theoretical values . 
The surface characterization of the ZnIn2S4 sample (ZIS I) is as 
shown in Figure 6 (a-d). The survey spectrum shown in figure 
6a shows the presence of peaks corresponding to Zn, In and S 
only. The careful observation of Figure 6 b shows the peak at   
1026eV and 1049eV corresponding to Zn2P levels.  The Indium 
peaks at 449.2 and 456.7 eV in Fig 6C are corresponding to the 
existence of In 3d states. However, the peak at 165.5 eV in fig 
6d due to presence of S 2p states into the sample. Indium and 
Sulfur peaks are observed at 444.2eV (In3d5/2) 165.5 eV 
(S2p3/2) respectively.  

Fig. 6: XPS spectra of ZIS-I (a) Survey spectra, (b) Zn, (C) In and (d) S

This implies the existence of elements In3+, S2- and Zn2+ 
chemical states into the sample. The area under the curves of 
these peaks is utilized for the calculation of the molar % of Zn, 
In and S present in ZnIn2S4. The  observed  molar ratio of the 
representative  ZIS I sample is  1 : 1.99 : 4 (Zn:In:S) which is 
very close to the  theoretical value.  No other peaks pertaining 
to any trace impurities were observed indicating absence of 
such impurities into the ZnIn2S4 sample. The XPS analysis 
confirms the stoichiometry of ZIS samples and it can be seen 
that the compositions of ZIS is very close to the theoretical 
composition.14 

3.5 Raman Study:
In order to confirm the formation of CdIn2S4 and ZnIn2S4 

phases the representative samples (CIS I and ZIS I) were 
analyzed using Raman Spectroscopy.   Figure 7 a and b 
represents the Raman Spectra of CIS I and ZIS I respectively. 

Fig. 7: Room temperature Raman spectra of (a) CIS I and (b) ZIS 1

Intense and sharp peak at 130 cm-1 and broad peak at around 
300 cm-1 are attributed to the cubic spinel CdIn2S4.74 In Raman 
spectrum of CIS and ZIS, it is seen that there are no peaks of 
individual CdS and In2S3 which itself supports complete 
conversion of precursor to phase pure cubic spinel CdIn2S4. 
Raman spectra of ZIS I sample is as shown in figure 7 b and it 
confirms the formation of phase pure ZnIn2S4. The 
distinguished peaks at 128 and 300 cm-1 are corresponding to 
the hexagonal spinel ZnIn2S4.75 The results of UV- Vis, Raman 
and XRD analysis are complementary to each other and are 
well matching with previously reported data14, 38, 74, 75. 

3.6 Surface and morphological studies

The size and morphology of as synthesized CdIn2S4 and ZnIn2S4 
have been investigated using HRTEM analysis. 

Fig.8: HRTEM images of CIS I (a) low magnification, (b) high magnification, (c) 
Lattice image and (d) ED pattern
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Fig.9: HRTEM images of CIS II (a) low magnification, (b) high magnification, (c) Lattice 
image and (d) ED pattern.

Figure 8, 9 and 10 represents the TEM images of CISI, CIS II and 
CIS III samples respectively. In HRTEM image, CIS I sample 
shows the formation of spherical and rod like mixed 
morphological particles. The careful observation of image 
indicates that, the average particle sizes of spherical particles 
are in the range of 10 nm and rods are having average 
diameter of 30 nm. In case of CIS II (Fig. 9) and CIS III (Fig.10) 
samples, no appreciable difference in morphology has been 
observed even though the reaction time was extended.

Fig.10: HRTEM images of CIS III (a) low magnification, (b) high magnification, (c) Lattice 
image and (d) ED pattern.

However, in CIS II and CIS III samples, the particles are seen to 
be more define and separated with spherical particles of size 
10-15 nm and rod of diameter 30-40 nm. The images figure 8 
c, 9 c and 10 c gives information about crystal orientation and 
d spacing values of CdIn2S4 crystals. 

Fig.11: HRTEM images of ZIS I (a) low magnification, (b) high magnification, (c) Lattice 
image and (d) ED pattern.

The d spacing values of 0.327 nm and 0.191 nm obtained from 
lattice image are in good agreement with the theoretical 
values and the predominant orientation of crystals is in 311 
directions. The spot type Electron diffraction (ED) pattern 
shows the formation of single crystalline CdIn2S4 with fairly 
good crystallinity. Compositional analysis of CdIn2S4 was 
carried out using EDAX technique. Results of the EDS analysis 
are given in table S1 Supporting Information. The EDAX 
analysis performed at various spots also confirms the 
composition of CdIn2S4 which is very close to theoretical 
composition. Figures 11, 12 and 13 depict the HRTEM images 
of ZnIn2S4, ZISI, ZIS II and ZIS III samples respectively. In case of 
ZISI (Fig. 11a) very thin flake like structure with thickness of 
more than 13 nm and length of 140 nm onwards.  
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Fig.12: HRTEM images of ZIS II (a) low magnification, (b) high magnification, (c) Lattice 
image and (d) ED pattern.

Figure 11c shows a high resolution image of  selected area        
(square marked)  in the   Fig 11b depicts the   lattice  fringes of 
0.33 and 0.192 nm  associated with the  101 and 110 plane of 
hexagonal ZnIn2S4. The spot type electron diffraction pattern in 
figure 11d confirms the formation of single crystalline 
hexagonal ZnIn2S4 with good crystallinity. 

Fig.13: HRTEM images of ZIS III (a) low magnification, (b) high magnification, (c) Lattice 
image and (d) ED pattern.

In case of ZIS II and ZIS III samples no significant difference in 
morphology and structure has been observed. However as per 
the data given in Table 3, the particle size is seen to be 
increasing with reaction time. In case of ZIS II (Figure 12 a, b)  
the flakes are  seen to become more  significant. The ED 

pattern Figure 12d confirms hexagonal structure which is well 
in agreement with the results obtained by XRD. In case of  ZIS 
III (Figure 13 a, b) well defined, flake like structure is observed 
with   diffused   pattern which  may be attributed to the longer 
reaction time and   increased particle size. 

4. Photocatalytic Study
4.1 Photocatalytic Activity Measurements:
The as synthesized CdIn2S4 and ZnIn2S4 shows the band gap in 
range of 2.63-2.13eV, hence the photo catalytic activity of the 
samples has been investigated under visible light irradiation. 
The photo activity of both the photocatalyst was tested for 
splitting the H2S and H2O under visible light irradiation. The 
experimental set up used for the study of photocatalytic 
activity is described in the experimental section.
 
4.2 Photocatalytic H2 evolution from H2S Splitting:
The CdIn2S4 samples were tested for its photocatalytic activity by 
splitting of H2S under visible light irradiation. The plot of amount of 
H2 evolution with time by photo splitting of H2S is as shown in 
Figure 14. The result shows that photocatalytic activity decreases 
with reaction time for synthesis of CdIn2S4. The CIS I prepared at 
lower time duration shows the highest rate of H2 evolution as 
compared with CIS II and CIS III samples. This may be due to the 
lower particle size of CdIn2S4 and highest surface area at lower time 
duration. The CIS I sample shows H2 evolution at the rate of  6128 
µmole h-1 g-1 whereas CIS II and CIS III samples show H2 evolution at 
the rate of 5440 and 4423 µmole h-1 g-1, respectively.  The decrease 
in the rate of H2 evolution of CIS II and CIS III samples may attribute 
to the increase in the particle size and subsequent decrease in 
surface area of CdIn2S4.

Fig. 14: Time conversion plots of H2 evolution by splitting H2S using 
CdIn2S4photocatalyst.  

Similarly, the photocatalytic activity of ZnIn2S4 samples for H2 
evolution using H2S was carried out under visible light 
irradiation. Unlike CdIn2S4 a similar trend of results for H2 
generation has been observed. The ZIS I sample shows the 
highest rate of H2 evolution i. e. 6994 µmole h-1 g-1 whereas ZIS 
II and ZIS III show the H2 evolution at the rate of 6541 and 
6101 µmole h-1 g-1 respectively. Here also the results obtained 
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are much higher than the earlier reported photocatalyst bulk 
CdS72. It is well known that the photocatalysts comprising of P-
block metal ion (In3+) with d10 configuration are known to 
possess good photocatalytic activities for water 
decomposition14, 38. As synthesized CdIn2S4 and ZnIn2S4 
contains In3+ ions in the d10 configuration. Therefore, we 
strongly feel that this could be one of the reasons for achieving 
good photocatalytic activity for as synthesized CdIn2S4 and 
ZnIn2S4. 
As the crystal structure of CdIn2S4

38, the distance of Cd and S 
(2.52 eV) is shorter than that of In and S (2.62 eV), it shows 
that circuitously, we tried to stabilize CdS. In this case, the 
conduction bands are composed of mainly 5S orbital of 
cadmium atoms mixing with small amount of 5d orbital of 
indium atoms. This composed conduction band is responsible 
for obtaining good photocatalytic activity.
In this case, as synthesized ZnIn2S4 shows good photocatalytic 
activity because of the layered hexagonal structure. In the 
hexagonal structure of ZnIn2S4, the atoms are arranged in 
layers at six equally separated levels along the c-axis. Each of 
the Zn+2 ions are in a tetrahedral environment of four S atoms; 
In+3 ions are in two environments, an octahedral environment 
of six S atoms and a tetrahedral environment of four S 
atoms.14 This layered structure is responsible for the good 
photocatalytic activity for  ZnIn2S4.
The obtained results of H2 evolution from H2S splitting are 
compared with previously reported data. In previous studies, 
CdIn2S4 and ZnIn2S4 were synthesized by clumsy conventional 
methods like hydrothermal or solvothermal synthesis. The 
details of rate of H2 evolution of previously reported CdIn2S4 
and ZnIn2S4 are given in table S2 in supporting information. 
From the Table S2, it can be revealed that the rate of H2 
evolution of previously reported CdIn2S4 and ZnIn2S4 is slightly 
higher than present work 12, 14, 38, 76. As mentioned earlier, 
previously reported CdIn2S4 and ZnIn2S4 were synthesized by 
conventional methods like hydrothermal or solvothermal 
method, the possibility of controlling the particle size and 
morphology is high owing to obtain narrowly distributed nano 
particles with uniform morphology. Due to the uniform 
morphology, and narrow sized distribution of CdIn2S4 and 
ZnIn2S4 nanoparticles, these researchers reported higher 
photocatalytic activity. But, the earlier reported methods have 
number of limitations viz. 1) requires expensive precursors 2) 
require different types of surfactants / capping agents to avoid 
particle agglomeration 3) very less product is obtained after 
reaction, so difficult to scale up the process for large scale 
synthesis. However, the method used in the present work 
(solid phase) has many advantages as compared to 
hydrothermal / solvothermal methods. As mentioned above 
the present work describes the large-scale synthesis of 
nanostructured tertiary XIn2S4 (X=Cd, Zn) from the bulk metal 
oxide precursor by a simple, template free, low-temperature, 
solid−solid phase method. Besides this, better practical yield of 
the product can be obtained via present method. Therefore, 
we feel that slightly lower rate of H2 evolution obtained in the 
present work using CdIn2S4 and ZnIn2S4 as compared with 
reported work 12, 14, 38, 76 is reasonably acceptable.  

 

Fig. 15: Time conversion plots of H2 evolution by splitting H2S using ZnIn2S4 
photocatalyst. 

The stability of both the photocatalysts i. e. CdIn2S4 and 
ZnIn2S4 was tested by reusing the photocatalyst for more than 
one time. The photocatalyst recovered from previous  
experiment  was dried and reused  again for  next experiment. 
Table 4: Photocatalytic performance of CdIn2S4 and ZnIn2S4 
photocatalyst after reuse.

The details of the results of photocatalytic activity of both the 
photocatalyst reused are given Table 2. From the results, it is 
seen that there is slight deactivation of catalysts when it is 
used for the second time. However, the deactivation  is very 
less which suggests   that both the photocatalysts  are quite 
stable  as compared  with  CdS  hence  it can be  used  for 
number of times  without noticeable deactivation. No 
substantial degradation of both the photocatalysts has been 
seen after the photocatalytic activity, which is also confirmed 
from XRD analysis.  XRD spectra of reused CdIn2S4 and ZnIn2S4 

samples are given in the supporting Information (figure S3).

4.3 Photocatalytic H2 evolution from H2O Splitting 

The as synthesized sample of CdIn2S4 and ZnIn2S4 were tested 
for the photocatalytic activity of H2 generation from photo 
splitting of H2O under visible light irradiation. The results of 
photocatalytic activity for H2 generation by H2O splitting of 
both photocatalyst are shown in Figure 16. The organic 
alcohols such as methanol and benzoyl alcohol have been used 
as hole scavengers. The results of  H2O  splitting  using above  
hole scavenger   shows that CIS I produces  114.3 μmol g−1 of 

Sr. 
No.

Sample Rate of H2 
evolution (μmol 
h−1 g−1)

Rate of H2 
evolution (μmolh−1 
g−1)- Reused

1 CIS I 6128 6085
2 CIS II 5440 5390
3 CIS III 4423 4376
4 ZIS  I 6994 6912
5 ZIS II 6541 6502
6 ZIS III 6101 6098
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H2 within four hours of irradiation using methanol as hole 
scavenger where as  under identical reaction condition it 
showed 135.7 μmol g−1 of H2 in similar time duration using 
benzyl alcohol as sacrificial reagent.

Fig. 16: Time conversion plots of H2 evolution by splitting H2O using CdIn2S4 and ZnIn2S4 

photocatalyst.

Similarly, the ZIS I produced 128.4 µmole g−1 of H2 in presence 
of methanol in 4 hr but under identical conditions using 
benzoyl alcohol as scavenger, it produces H2 of 243 μmol g−1 
within same duration. The results  suggests that the ZnIn2S4  is 
showing better activity for H2O splitting  and  almost double 
the amount of  H2 produced  using  benzoyl alcohol  as 
compared to methanol. More the activity of  photocatalyst  by 
using benzoyl  alcohol may be attributed  to  fast  oxidation of  
benzoyl  alcohol by capturing  holes and  better separation of 
electron  and holes in this  process  ultimately  results in  more 
activity.  This consecutively produced higher amount H2 as 
compared to methanol and other scavengers. We have also 
compared the obtained results of the rate of H2 evolution for 
H2O splitting with previously reported data of rate of H2 
evolution using CdIn2S4 and ZnIn2S4 photocatalysts. Table S3 in 
supporting information gives the details of comparison data of 
rate of H2 evolution with other similar photocatalysts. From 
the table S3, it is concluded that as synthesized CdIn2S4 and 
ZnIn2S4 shows the slightly lower rate of H2 evolution from H2O 
as compared to reported work77-81. The justification for slightly 
lower rate of H2 evolution is already given in previous section.  
   
Conclusions
Herein, we report the large scale synthesis of XIn2S4 by simple, 
environmental friendly and cost effective solid phase method. 
The XRD analysis of as synthesized samples shows the 
formation of phase pure compound of CdIn2S4 and ZnIn2S4. The  
size of CdIn2S4 prepared at 1500C for 16, 20 and 24 hours 
duration shows the crystallite size of 8, 10, 15 nm respectively. 
Whereas, ZnIn2S4 synthesized at 1500C for 16, 20 and 24 hours 
show the crystallite size of 8, 13, 16 nm respectively. The BET 
surface area analysis of CdIn2S4 and ZnIn2S4 shows high surface 
area as compared to their precursors which implies the 
nanostructure nature of as synthesized CdIn2S4 and ZnIn2S4 
sample. The HRTEM images of CdIn2S4 shows spherical and rod 

like mixed morphology with particle size of 8-15 nm for 
spherical particles and 30-40 nm for rods. Also, ZnIn2S4 shows 
the mix type of morphology of spherical (10-27 nm) and flakes 
like structure with thickness of around 13 nm and length of 
around 140 nm. The band gap estimation shows the values for 
CdIn2S4 and ZnIn2S4 in the range of 2.23-2.13 eV and 2.63-
2.52eV respectively. Photocatalytic study of the both 
photocatalysts shows an excellent photocatalytic activity for 
H2 generation by splitting of H2S and H2O under visible light 
irradiation. The obtained results of photocatalytic activity are 
much higher than the earlier reported photocatalysts. 
Additionally, both the photocatalysts show   excellent stability 
and reproducibility  for  reuse  on number of occasions. 
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Nanostructured CdIn2S4 and ZnIn2S4   with unique morphology can be 
synthesized using this method which is simple and easy to operate.  
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