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CdIn,S, powder was synthesized by a simple hydrothermal method employing L-cysteine
as a sulfur source. Effects of pH of the solution, holding time and reaction temperature on
purity, crystallinity and microstructure of the products were investigated. The products
were characterized by XRD and FTIR, indicating pure CdIn,S; with a cubic spinel
structure at 240 °C for 48 h with the initial pH (1.8). Based on FESEM and TEM
observations, the CdIn,S, was an octahedral shape with an average size of 200-250 nm.
EDX spectrum showed the existences of Cd, In and S elements with the atomic ratio of
1.00:2.06:3.95. The optical band gap of the CdIn,S,; was 2.30 eV. It can be seen that pH,
holding time and reaction temperature were the important factors for the synthesis of the
pure CdIn,S,; powders. Increase in pH yielded impurity in the products which could be
explained by the hard and soft acid base (HSAB) concept. Increase in the length of the
holding time could not improve the purity; however, a greater numbers of particles with
well-structured octahedrons could be observed. A larger particle sizes with good
crystalline structure were provided when high temperatures were used.
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1. Introduction

Cadmium indium sulfide (CdIn,S,) is a chalcogenide semiconductor that belongs to the
AB,X, family of ternary compounds. This compound has been regarded as a novel visible-light
photocatalyst for organic dye degradation [1, 2], photohydrogen production [3] and bacterial
inactivation [4]. Moreover, CdIn,S, has received much attention due to their potential applications
in photoconductors, solar cells, optoelectronic devices and light emitting diodes (LEDSs) [5, 6].

CdIn,S, was first synthesized through the reaction of CdS, In and S at 800 °C under
vacuum condition [7]. It was also prepared by high temperature sintering of CdS and In,S; [8];
however, defects could be generated by non-stoichiometric composition during the high-
temperature growth causing poor crystal quality and poor optical transparency [9, 10]. The
hydrothermal method was developed as an alternative way to prepare Cdin,S, [1, 3, 5, 11, 12]. Itis
greener than the conventional processes because the reaction is carried out in a closed system at
considerably lower temperatures [13, 14]. In addition, this method offers higher diffusivity and
lower viscosity therefore better mass transport and higher dissolving power can be achieved. The
kinetics of the reactions is also accelerated at the elevated temperatures, leading to the formation
of a pure homogeneous and highly crystalline phase [13]. Some of previous hydrothermal reports
[1, 3, 5, 11] required thiourea or thioacetamide as a sulfur source, producing pungent hydrogen
sulfide [5, 12] that can be harmful to humans and the environment. Therefore, biomolecule-
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assisted synthesis has been applied to prepare the CdIn,S, compound. For example, W. Zhang et.
al. [15] have reported the deposition of CdIn,S, nanosheets thin film on a conductive substrate
using L-cysteine as a sulfur source under hydrothermal reactions.

In this research, the CdIn,S, powder was hydrothermally prepared with the assistance of
L-cysteine, a common amino acid and an environmentally benign sulfur source. Our effort was to
investigate the effects of the synthesis conditions such as pH of the solution, holding time and
reaction temperature on the purity, microstructure and formation of the CdIn,S; powder. The
optical band gap of the synthesized powders was also examined.

2. Experimental procedure

2 mmol of CdCl,-2.5H,0 and 4 mmol of InCl;-4H,O were dissolved in 40 mL of
deionized water. Then, 20 mL of 8 mmol L-cysteine was slowly added to the mixture. After
stirring for 30 min, the pH of the solution was adjusted by HCI and NaOH. Notably, the initial pH
of the mixture solution was 1.8. The solution was again stirred for 30 min. After that, it was
transferred into 75 ml lab-made Teflon-lined stainless steel autoclave and maintained at 160°C for
12, 24, 48, 60, and 72 h, respectively. After the reaction system was naturally cooled to room
temperature, the yellow precipitate powders were collected, washed several times with de-ionized
water and ethanol, respectively, and dried in an oven at 80 °C overnight. The same procedure was
repeated by varying reaction temperatures to 200 °C, 240 °C, and 260 °C for 48 h.

Crystallinity and phase purity of the prepared powders were characterized by X-ray
diffraction spectroscopy (XRD, Rigaku Miniflex 1) with CuKa radiation (A = 1.5418 A). Fourier
transform infrared spectroscopy (FTIR, Bruker TENSOR27) was used to investigate the vibration
modes and residual organic molecules. Particle size and morphology of the products were
determined by field emission-scanning electron microscope (FESEM, JEOL JSM-6335F) operated
at 15 kV of accelerating voltage and transmission electron microscopy (TEM, JEOL JEM-2010)
operating at 200 kV. The chemical composition was analyzed by energy dispersive X-ray
spectroscopy (EDX) with an accelerating voltage of 20 kV. UV-Vis spectrum was recorded by
UV-Visible spectroscopy (Lamda 25 PerkinElmer, U.S.A.) in the range of 200-800 nm. Optical

band gap was estimated by the following equation ahv =(hv — Eg)n , Where o is the absorption

coefficient, h is the Planck constant, v is the photon frequency, E, is the optical band gap and n is
1/2 for direct-allowed transition [16].

3. Results and discussion

The XRD spectra of the powders prepared at 160°C with different pH are shown in Fig.
1(a). In the highly acidic medium (pH 1 to 3), the XRD signals of CdS was detected (JCPDS
Database no. 01-0780) [17]. Once the pH was raised to 5, 7, 9 and 11 by adding NaOH solution,
In(OH); was detected (JCPDS Database no. 16-0161) [17]. The formation of In(OH); was
attributed to the reaction between In** and OH™ ions in the solution. This could be explained by the
hard and soft acid base (HSAB) concept [18]. Since In*" is a hard acid and OH™ is a hard base;
therefore, a more stable compound formed was In(OH); rather than Cd(OH),. In Fig. 1(a), the
XRD spectrum of the powder prepared at the initial pH (1.8) was closely matched with that of
cubic structured CdIn,S, (JCPDS Database no. 27-0060) [17], although small diffraction signals of
CdS appeared in the spectrum. Therefore, the pH of the solutions was kept at the initial pH and the
solutions were maintained at 160 °C for 12, 24, 48, 60, and 72 h, respectively, to investigate the
effect of hydrothermal time on the formation of the CdIn,S, powders. Fig. 1(b) shows the XRD
pattern of the powders prepared at different holding times. The diffraction signals of CdS still
appeared in all of the powders. The existence of CdS could be attributable to Cd** being a soft acid
which was more likely to react with a soft base (S*°) than with the hard acid (In**). Therefore, a
greater amount of the CdS compound was produced and remained in the products. The experiment
procedure was repeated by varying reaction temperatures to 200 °C, 240 °C, and 260 °C for 48 h
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where the pH was kept at 1.8. The XRD pattern of the powders prepared at different reaction
temperatures are shown in Fig. 1(c). At 240 °C and 260 °C, no characteristic signals of CdS were
detected, indicating that pure CdIn,S, powders with a cubic structure were obtained. Strong and
sharp diffraction peaks are found, implying that the obtained powders are large crystallite sizes
with good crystalline structure. The lattice parameters (a = 10.8325 A for CdIn,S, at 240 °C and
a=10.8306 A for CdIn,S, at 260 °C), calculated using the relationship between Bragg diffraction
spacing and cubic cell parameters [18] :

dpy=—2 1)

vh+k? +1?

where dyy is the Bragg diffraction spacing for the (hkl) plane, hkl are miller indices and a is a cell
parameter. The calculated cell parameters of the powders synthesized under both of the conditions
(240°C and 260 °C) are in accordance with those of the corresponding JCPDS database.
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Fig. 1. XRD patterns of the powders prepared using different (a) pH (b) holding times
and (c) temperatures.
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The FTIR spectra of the powders prepared at 160 °C for 48 h using different pH are shown
in Fig. 2(a). When compared with the FTIR spectrum of L-cysteine (Fig. 2(b)), no characteristic
absorption peak of S—H group around 2552 cm ™' is detected in the FTIR spectra of the powders,
demonstrating that the L-cysteine molecules were completely decomposed. Each of the FTIR
spectra of the powders prepared at pH 3 to 11 shows a broad band in the range of 3000 to 3700
cm ', referring to the O—H stretching vibrations in hydroxyl groups and water molecules which are
bound by the hydrogen bond [20]. In addition, a weaker band at 1628 cm™' was assigned to the
bending vibrations of the O-H groups [20]. The FTIR spectra of the powders prepared at pH 5 to
11 also showed the absorption peaks at 500 cm™' which were assigned to the stretching vibration
of In-O bonds [21] and the peaks at 653-853 cm™' and 1066-1160 cm™' were assigned to the
stretching and bending vibrations of the In-O-H bonds [21], respectively, which are in good
agreement with the XRD results where the diffraction signals of In(OH); were indexed.

Fig. 3(a)-(e) show the FESEM images of the CdIn,S, powders prepared at different
reaction times and temperatures. At 160 °C 12 h (Fig. 3(a)), small flakes assembling in the form of
incomplete octahedral-shaped powder were provided. When the reaction time was increased to 48
h (Fig. 3(b)), a greater numbers of particles with well-structured octahedrons and an average
diameter of about 150-230 nm could be observed. When the reaction temperatures were increased
to 200 °C and 240 °C, the shape of the octahedrons still remained the same as shown in Fig. 3(c)
and 3(d), respectively. After the reaction temperature reached 260 °C (Fig. 3(e)), the edge of each
of the octahedrons tend to combine through orientation attachment mechanism [22]. In Fig. 3(f),
the EDX spectrum of the CdIn,S, powder prepared at 240 °C for 48 h with the initial pH presents
the existence of Cd, In and S elements. The atomic ratio of Cd, In and S is 1.00:2.06:3.95,
illustrating that the stoichiometric ratio of the powder is approximately close to that of CdIn,S,.
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Fig. 2. FTIR spectra of (a) the powders prepared at 160 °C for 48 h using
different pH and (b) L-cysteine.
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A possible formation mechanism of theCdlIn,S, powders could be as follows. Owing to the
strong ability to coordinate with metal cation as demonstrated by N. Burford et al. [23], L-cysteine
molecules reacted initially with Cd*" and In®** to form stable [Cd(L-cysteine),]*" and [In(L-
cysteine),]** complexes. Upon heating under a given temperature, L-cysteine was attacked by the
strong nucleophilic O atoms of H,O molecules, leading to the weakening of [Cd(L-cysteine),]**
and [In(L-cysteine),]** complexes. The C-S bonds in the complexes were gradually broken and
then the CdS and In,S; were produced. After that, the CdS and In,S; were combined to form initial
CdIn,S, particles. The small flakes observed in the SEM image (Fig. 3(a)) could occur from the
orientation of the tiny CdlIn,S, particles. The change from the flake to octahedral shape when the
reaction time was prolonged resulted from the self-organization, in accordance with the previous
report [1].

Element Weight% Atomic%
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Fig. 3. FESEM images of the CdIn,S, powders prepared using the initial pH at (a) 160 °C
for 12 h, (b)—(e) 160 °C, 200 °C, 240 °C and 260 °C, respectively, for 48 h and (f) EDX
spectrum of the CdlIn,S, powder prepared at 240 °C for 48 h.
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Fig. 4(a) shows the TEM image of the CdIn,S, powder prepared at 240 °C for 48 h. It can
be seen that the powder is composed of octahedral particles with an average size of about 200 nm.
The selected area electron diffraction (SAED) pattern of the CdIn,S, octahedron (Fig. 4(b)) was

indexed through the [1 14] electron beam direction. This pattern confirms the cubic structure of

the octahedral CdIn,S, crystal. High resolution TEM (HRTEM) image showing lattice fringes of
the CdIn,S, octahedron revealed the crystalline nature of the particles. The spacing between the

two adjacent lattice planes was 0.32 nm which corresponded to the (311) plane of cubic structure
as shown in Fig. 4(c).

Fig. 4. (a) TEM image, (b) SAED pattern, and (c) HRTEM image of the CdIn,S, octahedron
prepared at 240 °C for 48 h.

The plot of (ahv)? vs. hv of the CdIn,S, powder prepared at 240 °C for 48 h is shown in
Fig. 5. The value of the optical energy gap was determined by extrapolating the linear portion of
the curves to zero absorption (a = 0). The estimated direct band gap was 2.30 eV implying the

potential applications in photocatalysis due to its narrow band gap that corresponds to visible-light
absorption.

(ahv)? (arbitrary unit)

hv (eV)
Fig. 5. Plot of (ahv)® vs. hv for direct transitions of the CdIn,S, powder prepared at 240 °C for 48 h.
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4. Conclusions

The CdIn,S, powders were synthesized by the hydrothermal route at 240 °C for 48 h. The
average size of the CdIn,S; octahedrons is 200-250 nm. The pH of the solution and the reaction
temperature played an important role in the synthesis of pure CdIn,S, powders, whereas the longer
holding time could contribute to the increase of particles with well-structured octahedrons.
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