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a b s t r a c t

CdIn2Se4 semiconductor is known as a high performance electrical material. In this study, CdIn2Se4 pow-
der was synthesized via an aqueous chemical reduction, or a solution method, at low temperature, using
ccepted 1 April 2010
vailable online 10 April 2010

eywords:
admium indium selenide
hermoelectric materials

Se metal, InCl3, and CdCl2·2.5H2O as precursors, NaBH4 as a reducing agent, and water as a solvent. Prepar-
ative parameters have been considered; reaction temperature at 100 and 130 ◦C, reaction time at 30 min
and 6 h. Finally, product powders were characterized by X-ray diffraction, scanning electron microscopy
and transmission electron microscopy techniques. The CdIn2Se4 phase was observed to occur in some
preparative conditions with In(OH)3 contaminating phase. However, In(OH)3 impurity has disappeared
when the reaction temperature was 130 ◦C with a reaction time of 30 min, confirmed by XRD patterns.

owde
olution method Particle size of product p

. Introduction

Thermoelectric technology is the one of interesting energy
ources which needed to be developed due to a fossil fuel defi-
iency. Important factor influents thermoelectric efficiency of
hermoelectric devices is the semiconductor components. Gen-
ral semiconductor materials used in thermoelectric applications
re Bi2Te3, PbTe, and Si1−xGex. Bi2Te3 which was commercially
vailable for Peltier coolers or refrigerators shows the highest per-
ormance near room temperature. PbTe and Si1−xGex which were
sed for thermoelectric generator showed the highest performance

n upper temperature at 500–600 and above 1000 K, respectively
1].

Cadmium indium selenide is one of the interesting semicon-
uctors due to its optical absorption property with a narrow band
ap and a low electrical resistance [2–5]. Because of its narrow
and gap, CdIn2Se4 compound is also widely used in optoelectronic
evices [6] and in non-linear optics [7,8]. Based on its notable elec-

rical properties, CdIn2Se4 is very interesting semiconductor which
ossibly to be used as thermoelectric generator. Due to its applica-
ion in micro chip, this compound is always prepared as thin film via

any methods such as electro-deposition [9], slurry pasting tech-

∗ Corresponding authors. Tel.: +66 857765569.
E-mail addresses: kanyaporn@hotmail.com (K. Adpakpang),
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.023
rs was measured from TEM micrographs to be 9.17 ± 0.94 nm.
© 2010 Elsevier B.V. All rights reserved.

nique [5], vacuum evaporation [10] and spray pyrolysis [11]. The
CdIn2Se4 thin film that was prepared by an electrical deposition
at low temperature has a good optical performance with a nar-
row band gap [12]. Furthermore, synthesis of CdIn2Se4 thin film
by spray pyrolysis technique obtained a good photovoltaic activity.
An obtained thin film has high cystallinity with low electrical resis-
tivity, which lead to high thermoelectric power (S) [13]. Although,
CdIn2Se4 has a good electrical performance, there is also difficulty
to prepare as thin film such as, lacking of homogeny in film. Thus,
there was an attempt to prepare this material in powder form by
a simple method to use as bulk thermoelectric, moreover, powder
will feasible for further non-defected thin film preparation.

From the literature survey, there is an interesting report provid-
ing the synthesis of thermoelectric material in powder form. Zhu
et al. synthesized PbTe thermoelectric material in simple meth-
ods by solvothermal, hydrothermal, and alkaline reducing chemical
route [14]. The pure phase of PbTe obtained from solvothermal
process at 150 ◦C for 12 h in different solvents which were N,N-
dimethylformamide (DMF), ethylenediamine (en), glycol, acetone,
and ethanol. The PbTe products from hydrothermal process using
reaction time for 36 h, at temperature 110, 130, 170, and 190 ◦C
were contaminated with Te and PbO phases. However, pure phase
observed to occur when the temperature increased to 210 ◦C. The

grain size of PbTe products from solvothermal and hydrothermal
process were from tens to hundreds nm. Using the reduction pro-
cess at low temperature, pure phase of PbTe with grain size of
20 nm obtained at reaction temperature 100 ◦C and reaction time

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kanyaporn@hotmail.com
mailto:scchi017@chiangmai.ac.th
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Fig. 1. The experimental flow chart.
60 K. Adpakpang et al. / Journal of Allo

nly 30 min. Therefore, a reduction process at low temperature was
uperior to the solvothermal and hydrothermal route with many
dvantages which were short period of reaction time and smaller
rain size of product.

In this study, the solution method was used for manipulating
dIn2Se4 compound. Because it is economical and simple method

or preparing thermoelectric materials, especially, CdIn2Se4 com-
ound in this study. This simple method can be performed in
he conventional laboratories with a simply chemical apparatus
14,15].

. Experimental procedure

.1. Sample synthesis

In this work, product powders were prepared via the principle of an electron
ransfer reaction or a redox reaction. Two fractions had been prepared. The first
ne was an anionic fraction containing Se2− in a basic solution. Another one was
cationic fraction composing of In3+ and Cd2+ ions dissolved in water. To form

he product, the two fractions were mixed in different conditions by varying reac-
ion temperature, reaction time and also amount of reducing agent. The chemical
eaction of product formation in the mixed solution is shown in equation below:

ixed solution : Cd2+ + 2In3+ + 4Se2− → CdIn2Se4

For an anionic fraction, Se metal was reduced to Se2− by using NaBH4 as
reducing agent in an aqueous basic solution. The preparation began by firstly

issolved NaOH (Thasco, 98%) in de-ionized water and heated at the reaction tem-
erature to warm the basic atmosphere for further complete reduction. After that,
e (Merck, 99.5%) and NaBH4 (Merck, >96%) were added in the solution, respec-
ively. For cationic fraction, two solutions of cationic were prepared by dissolving
f CdCl2·2.5H2O (BDH chemical, Analytical grade) and InCl3 (Fluka, 96%) precursors
n de-ionized water separately. After the two solutions were completely dissolved,
hey were mixed and further sonicated for 10 min. Then, the cationic fraction was
dded into the anionic fraction giving a homogeneous solution that was left at reac-
ion temperature (100 and 130 ◦C) and reaction time (30 min, 6 h, and 24 h). After the
eactions were finished, the suspensions of the obtained precipitates were sonicated
or 30 min and then were left at room temperature. Finally, precipitates were sepa-
ated from solution by centrifugation and dried overnight in an oven. The flow chart
f preparation procedure is shown in Fig. 1. The codes for all preparative conditions
re also shown in Table 1.

.2. Sample characterization

Product powders were characterized by X-ray diffraction (XRD) technique on
iemenD500/D501 diffractometer to identify phases. Morphology and particle size
f product had been analyzed by transmission electron microscopy (TEM; JEOL 2010)
echnique. Furthermore, composition of product powders was characterized by field
mission scanning electron microscopy (FE-SEM; JEOL JSM-5910FE) equipped with
nergy dispersive spectrometer (EDS) technique.

. Results and discussion

The results from using the reaction temperature at 100 ◦C with
ifferent reaction times are shown in Fig. 2. The XRD patterns

ndicated that CdIn2Se4 product was observed to occur in all
reparative conditions, according to the JCPDS no. 79-0835 with
hree main peaks at 26.528, 44.009, and 52.124 2� correspond to
lanes (1 1 1), (2 0 2), and (3 1 1), respectively. However, there were
e and In(OH)3 contaminating phases occurred, indicating by JCPDS
o. 73-1810 and JCPDS no. 6-0362, respectively. As shown in the
RD patterns of 100BHE-30 M and 100BHE-6H conditions, Se con-

aminating phase tended to decrease if increased an amount of
educing agent. The possible reason can be explained as an excess
mount of reducing agent may drive the complete forward reduc-
ion reaction of Se to Se2−. However, there was a small amount of
e remained, which may be due to the reverse reaction that can
hermodynamically occurred.
For all preparative conditions, XRD peaks were broad which pos-
ibly because of small particle size of product powders. When the
eaction temperature was increased to 130 ◦C, In(OH)3 and Se con-
aminating phases disappeared, while CdIn2Se4 product phase still
ccurred in all conditions. The 100BHE-30M and 100BHE-6H which

Fig. 2. The XRD patterns of products from conditions synthesized at the reaction
temperature 100 ◦C with different reaction times.
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Table 1
Preparative conditions proceeded in the experiment.

No. Code Conditions

Solvent Temperature (◦C) Time (h) Amount of reducing
agent (times of e-)

1 100BH1-30M Water 100 0.5 1
2 100BH1-6H Water 100 6 1
3 100BH2-30M Water 100 0.5 2
4 100BH2-6H Water 100 6 2
5 100BHE-30M Water 100 0.5 Excess

100
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6 100BHE-6H Water
7 130BH3-30M Water
8 130BH3-6H Water
9 130BH3-24H Water

ere the condition using a large excess amount of reducing agent,
nfluenced a large decrease of Se contaminating phase. Therefore,
hese three conditions proceeded at the temperature 130 ◦C, an
mount of reducing agent was adjusted to be 3 times of the required
lectrons to avoid Se phase formation. Fig. 3 shows XRD pattern of
roduct powders synthesized at temperature 130 ◦C for different
eaction times. For condition 130BH3-6H and 130BH3-24H, there
as an amount of Se phase occurred, as shown in Fig. 3. However,

rom the pattern of 130BH3-30M 2 which was the second time pre-
ipitate after the precipitation of the condition proceeded at the
eaction time 130 ◦C, reaction time 30 min, and 3 times of required
lectrons used (130BH3-30M), pure phase of CdIn2Se4 product
hase was observed. This can be described as a slow precipitation of
mall colloidal particles containing in the after centrifuged solution.

Product morphology and elemental composition were analyzed
y SEM-EDS technique. CdIn2Se4 phase which was observed to
ccur in all preparative conditions had a similar morphology which
as an accumulated of small particles to a large uncertain shape.
orphology of product from condition 130BH3-30M was the rep-

esentative for CdIn2Se4 phase from all conditions that is shown
n Fig. 4(a). However, the product from condition 130BH3-30M 2

hich was the precipitate from centrifuged solution of condition

30BH3-30M, shown in Fig. 4(b) had different morphology from
ther conditions. There was a rod structure which seemed to grow
ut from a group of spherical grains. Although rod morphology was
bserved to occur (Fig. 5(b)), XRD peaks were still broad that was

ig. 3. The XRD patterns of products from conditions synthesized at the reaction
emperature 130 ◦C with different reaction times.
6 Excess
0.5 3
6 3

24 3

a result from rod structure growth only on the surface of spherical
grains and only in some surface area of sample. Thus, major mor-
phology was still a low crystallinity spherical grain (Fig. 5(a)) which
influenced the XRD peak broadening. The EDS results from other
conditions are shown in Table 2 which were the average quan-
tities from five random areas measurement. All metal elements,
composition of CdIn2Se4 compound were observed (Table 2).

The TEM results of product powder from condition 130BH3-30M
which was the representative of product from all conditions that
CdIn2Se4 was observed, is shown in Fig. 6. Fig. 6(b) is a selected area
electron diffraction (SAED) pattern which was indexed as (1 1 1),
(2 0 2), and (3 1 1) planes of CdIn2Se4 compound according to the
JCPDS no. 79-0835. This result well agreed with the XRD results.
From the TEM image in Fig. 6(a), morphology of product was a small
and uncertain shape. Particle size with standard deviation of prod-
uct was 9.17 ± 0.94 nm, as shown with particle size distribution
histogram in Fig. 6(c). Moreover, the high-resolution transmission
electron microscopy (HRTEM) was applied to assure the product
morphology from condition 130BH3-30M 2. There were two mor-
phologies, rod crystalline and uncertain shape particles, Fig. 7(a)
and (b), which diffracted electron beams as spot and ring patterns
composed in a diffraction pattern shown in the inset of Fig. 7(a),
which confirmed the XRD and SEM results in the previous discus-
sion.

The product powders formation can be described by considering
a standard reduction potential (E◦) of each specie containing in an
aqueous solution. As seen in Eqs. (2)–(4) [16], standard reduction
potential (E◦) of Se, Cd2+, and In3+ are less negative than NaBH4 (Eq.
(1)). It is possibly assumed that NaBH4 can reduce all these species
in the solution (Eq. (1)).

NaBO2 + 6H2O + 8Na+ + 8e− → NaBH4 + 8Na+
+ 8OH−, E◦ = −1.24 (1)

Se + 2e− → Se2−, E◦ = −0.67 (2)

Cd2+ + 2e− → Cd, E◦ = −0.82 (3)

Table 2
Elemental composition observed in synthesized powders from EDS measurement.

No Codes Percent by atomic (%)

Cd In Se

1 100BH1-30M 6.34 12.26 23.08
2 100BH1-6H 7.93 13.44 28.45
3 100BH2-30M 1.14 21.55 2.13
4 100BH2-6H 3.86 15.53 11.86
5 100BHE-30M 8.37 20.75 15.88
6 100BHE-6H 8.22 14.31 20.25
7 130BH3-30M 1.90 11.43 3.63
8 130BH3-30M 2 9.14 12.49 22.35
9 130BH3-6H 7.74 11.39 18.04

10 130BH3-24H 1.72 16.61 2.70
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Fig. 4. The SEM images of product powders synthesized by using reaction temperature 130 ◦C and three times of required electrons of an amount of reducing agent:
130BH3-30M (a) and 130BH3-30M 2 (b).

BH3-3

I

b
m

F

Fig. 5. The SEM images of product powders of condition 130
n3+ + 3e− → In, E◦ = −0.34 (4)

Two probable mechanisms of CdIn2Se4 product formation possi-
ly based on the atomic reaction mechanism and the ionic reaction
echanism [14]. In an anion fraction, which Se metal was reduced

ig. 6. The TEM image (a), selected area electron diffraction (SAED) pattern (b) and partic
0M 2 which are spherical structure (a) and rod structure (b).
by NaBH4, might contain both Se and Se2− in form of Sea+1
2− due

to the reversibility of Se2− species in the solution [16], as show in
Eqs. (5) and (6). As well as the final homogeneous solution, Cd2+ and
In3+ ions were partly reduced to Cd and In atoms (Eq. (7)). Therefore,
product powder possibly formed through both ionic reaction (Eq.

le size distribution histogram (c) of product powder from condition 130BH3-30M.
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ig. 7. The high-resolution TEM image of rod structure inserted with selected area el
30BH3-30M 2.

8)) and atomic reaction (Eq. (9)), which continued from reactions
6) and (7).

H4
− + Se + OH− → Sea+1

2− + H2BO3 + H2 (5)

ea+1
2− ↔ a: Se + Se2− (6)

H4
− + Cd2+ + In3+ + OH− → H2BO3 + Cd + In + H2 (7)

d2+ + 2In3+ + 4Se2− → CdIn2Se4 (8)

d + 2In + 4Se → CdIn2Se4 (9)

In this experiment, the CdIn2Se4 product was obtained from all
onditions. The products synthesized at the reaction temperature
00 ◦C obtained In(OH)3 as a contaminating phase. The forma-
ion of In(OH)3 phase can be explained by using thermodynamic
ata. By considering, �Gf

0 of In3+ which is −97.9 kJ mol−1 com-
are with In0 which is 0 kJ mol−1. Therefore, free In3+ ions are more
referable to form in a solution. Moreover, this experiment was
arried out in a basic solution with a plenty of OH− ions. Thus,
n3+ ions potentially binded with OH− ions by ion–ion dipole inter-
ction. From this reason, In3+ ions surrounded by OH− ions are
teric. Therefore, it is difficult for electrons to reach In3+ specie and
educe to In0. On the other hand, if the reaction temperature was
ncreased to 130 ◦C, the In(OH)3 phase disappeared and pure phase
f CdIn2Se4 was obtained. It can be described with kinetic the-
ry that increasing temperature affects molecules to increase their
verage velocity. High velocity molecules will frequently collide
ith other molecules. If they collide in suitable direction, leading to
igh rate of reaction. Therefore, the kinetic energy of In3+ ions may

ncrease at high temperature and leads to more product forming.
However, the thermoelectric properties, such as thermoelec-

ric power and electrical resistivity, of the synthesized CdIn2Se4
ompound are necessary for further measurement to assure actual
hermoelectric efficiency.
. Conclusions

CdIn2Se4 compound was potentially synthesized by a simple
eduction method at low temperature using water as a solvent and

[
[

[

diffraction (SAED) pattern (a) and TEM image (b) of product powder from condition

sodium borohydride as a reducing agent. CdIn2Se4 product was
observed to occur in all of preparative conditions with some impu-
rities. The suitable condition that obtained CdIn2Se4 pure phase
was the condition using three times of required electrons for reduc-
tion process, reaction temperature was 130 ◦C and reaction time for
30 min. Furthermore, particle size of product was 9.17 ± 0.94 nm.
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