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a b s t r a c t

In this paper, a novel aqueous co-precipitation process for preparing ITO (indium tin oxide) nanopowders
was investigated. In this process, the solutions of In3+–Sn4+ ions and 25% NH3·H2O were simultaneously
added into the solution of (NH4)2SO4–NH3·H2O, NH4Cl–NH3·H2O and NH3·H2O to make different reaction
vailable online 22 January 2011

eywords:
TO powders
queous co-precipitation process
anoparticles

solutions. When (NH4)2SO4–NH3·H2O solution was used as the primary reaction liquid with pH value in
the range of 6.5–7.0, spherical ITO particles with uniform particle size (10–20 nm), low agglomeration
and large specific surface were obtained. The ITO particles were characterized by X-ray diffraction (XRD),
transmission electron microscope (TEM) and energy-dispersive spectrometer (EDS). The EDS analysis
indicated that the distribution of In and Sn elements in the ITO powders was uniform and their mass ratio
was close to 9:1, which would result from the co-precipitation process that provided a stable chemical

Sn4+
RD circumstance for In3+ and

. Introduction

Indium tin oxide (ITO), as a kind of TCO (transparent conduc-
ive oxide) materials, is indium oxide doped with Sn4+. It has been
idely used in many fields such as solar cells [1–3], flat panel
isplays [4,5], radiation reflective coatings [6], magnetoresistance
evices [7], and gas sensors [8,9] due to its excellent transpar-
nt conductivity, outstanding absorption for ultraviolet radiation,
trong reflectivity for infrared ray and so on. ITO nanopow-
ers with a narrow size distribution, definite shape and uniform
omposition are an important raw material for ITO target and
lm [10,11]. Therefore, many studies of ITO have been focused
n preparation and properties of its powders, especially on its
hape and size. In recent years, ITO nanoparticles with uniform
nd lower dimensional structure, such as aciculae, nanotubes,
anospheres, nanorods, and nanowires, have been prepared by dif-

erent wet chemical methods including co-precipitation process

12–15], sol–gel process [16,17], hydrothermal process [18,19],
oncentration–precipitation method [20] and template method
21]. Among them, a sol–gol method has a long flow sheet and needs
ome organic solutions in the process, such as acetylacetone [16],
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to be co-precipitated.
© 2011 Elsevier B.V. All rights reserved.

citric acid, ethylene glycol and so on [17]. Compared with other
synthesis method, a hydrothermal process usually needs higher
synthesis temperature and pressure provided [18]. In addition, the
template method is still difficult to be applied on a large scale but
can help prepare ITO nanotubes.

However, aqueous co-precipitation process has been attractive
because only simple equipments are needed in this process (eco-
nomically favorable), it can attain molecular level mixing and it
is easy to be industrialized. In a conventional chemical precipita-
tion process, the salt solution with In3+ and Sn4+ ions is used as
raw material and inorganic alkali as precipitator. The precipita-
tor is injected into the premixed salt solution and ITO precursors
are prepared through precipitation reactions. Then ITO particles
are obtained after the ITO precursors are washed, dried, calcinated
and milled. One problem in the above precipitation process is that
the injection method will lead to extreme fluctuation of pH (from
1.0 to 10.0), which will lead to an unstable formation and growth
circumstances for ITO precursors in solution. So it would be dif-
ficult to prepare the ITO powders with uniform morphology and
particle size. For example, Kim et al. synthesized ITO particles of
20–60 nm in diameter by co-precipitation of indium chloride and
tin chloride, and investigated the ITO particle size and shape at

different pH values of the reaction solution. In their work, ITO par-
ticle size and shape became distinct when pH value was changed
[12]. Furthermore, different pH values led to different phase struc-
ture in the synthesized ITO powders. Kim et al. reported that the
preparation of corundum and bixbyite structure of ITO nanoparti-

dx.doi.org/10.1016/j.jallcom.2011.01.083
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The relation curves between molar concentrations and the pH in so

les by the simple temperature and pH controlled coprecipitation
n aqueous solution [14]. However, the In3+ and Sn4+ ions would
ot hydrolysize simultaneously during the chemical precipitation
rocess, which would affect the doping uniformity of Sn4+ ions in

TO precursors. For instance, Li and his group used ammonia water
o make In3+ and Sn4+ co-precipitate to produce ITO precursors,
hen the precursors with mixture phases including In(OH)3, InOOH
nd Sn3O2(OH)2 were prepared instead of the In(OH)3 phase doped
n4+ ions [15]. From Fig. 1, it can be seen that Sn4+ ions (100 mol l−1)
ill be Sn(OH)4 precipitate when pH > 1.1 and Sn4+ ions almost
isappear from the solution while pH value is above 2.6. But the
recipitation behavior of In3+ ions is observably different from that
f Sn4+ ions. The hydrolysis process of In3+ ions will happen when
H value is in the range of 2.8–4.1. Therefore, in order to obtain
imultaneous precipitation of these two ions, the pH of the reaction
olution need to be >4.1 as soon as possible.

In order to avoid the effect of pH value change during precipita-
ion process, some solution systems were employed recently. Pan
nd his group used the mixture solution of triethanolamine and
olyvinylpyrolidone as the co-precipitation system and adjusted
he pH of the solution to 8.00 using diluted HCl solution at 80 ◦C.
hen the InCl3 solution containing about 10 wt% of SnCl4 was
dded dropwise into the system during which ammonia water
as injected into the solution system as well to stabilize the pH

alue. By this way, they obtained spherical and cubic ITO nanopar-
icles respectively by controlling the ratio of polyvinylpyrolidone
23]. Yu et al. synthesized ITO uniform nanowires and nanorods

ith corundum structure by a co-precipitation-anneal method. In
hich, ether played crucial roles to help prepare one-dimensional

TO nanoparticles and effectively reduce the hydrolysis rate
f Sn4+ resulting in the formation of the co-precipitates
24].

able 1
he composition of metal indium (mass %).

In Pb Zn Cd As Al

99.995 0.0005 0.0005 0.0004 0.0005 0.0003
[22]: 1 – Sn4+; 2 – In3+ (c in Y-axis is molarity of Sn4+ or In3+ in solutions).

In this work, in order to reduce the pH value fluctuation in the
conventional chemical precipitation process and make In3+ and
Sn4+ co-precipitate completely, a novel aqueous co-precipitation
process for preparing ITO nanoparticles was studied. The inor-
ganic solutions, such as (NH4)2SO4–NH3·H2O, NH4Cl–NH3·H2O and
NH3·H2O, were employed as primary reaction liquids. The mixed
solution of In3+–Sn4+ ions and the precipitator solution of 25%
NH3·H2O were simultaneously injected into the primary reaction
liquid. The injection rates were controlled to maintain the pH of the
reaction system stable. The influences of different primary reac-
tion liquids and different pH values of the reaction system on ITO
nanoparticles were investigated.

2. Experimental procedures

2.1. Materials

All the chemicals used in this work are analytical reagent grade (AR) and are
used without further purification. Metal indium with low impurities (99.995 wt%,
the composition listed in Table 1) was used as In3+ ion source by dissolving in dilute
sulfuric acid. SnCl4·5H2O was used as the Sn4+ ion source. 25 wt% of NH3·H2O was
used to adjust the pH in precipitation process, and to prepare the primary reaction
liquids by mixing it with (NH4)2SO4 and NH4Cl, respectively. Absolute ethanol was
used as the dispersion medium in washing process.

2.2. Experimental

Metal indium was dissolved in dilute sulfuric acid to make 50 g/l In3+ solution
and SnCl4·5H2O was dissolved in de-ionized water to make 30 g/l Sn4+ solu-
tion. The In3+–Sn4+ mixture solution was prepared according to the mass ratio

of In2O3:SnO2 = 9:1. 250 ml primary reaction solutions of (NH4)2SO4–NH3·H2O,
NH4Cl–NH3·H2O and NH3·H2O were prepared separately in a three-necked bottle
in 70 ◦C water bath with mechanical stirring at 1000 r/min. By using two separate
peristaltic pumps, the solutions of In3+–Sn4+ and 25% NH3·H2O were simultane-
ously added into the primary reaction liquid. The injection rate for the mixed
In3+–Sn4+ solution was maintained 3.0 ml/min, and the injection rate for ammonia

Cu Fe Sn Tl Others

0.0004 0.0005 0.0004 0.0003 0.0012
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in different prime reaction liquids: (a) NH4Cl–NH3·H2O with
pH 6.5–7.0; (b) (NH4)2SO4–NH3·H2O with pH 6.5–7.0; and (c)
NH3·H2O. For comparison, ITO powders were also prepared by tra-
ditional chemical precipitation process (NH3·H2O was injected into

Table 2
The crystal size and BET surface area of ITO particles prepared at different pH in
(NH4)2SO4–NH3·H2O solution.

pH Average crystal
size D (nm)

Specific surface
SBET (m2/g)

dBET (nm)
ig. 2. XRD patterns of ITO precursors prepared in (NH4)2SO4–NH3·H2O with dif-
erent Sn contents: (a) 0 wt% SnO2; (b) 5 wt% SnO2; (c) 10 wt% SnO2; (d) 15 wt%
nO2.

as adjusted to maintain a constant pH value. After the precipitation process, the
eaction solution was heated to 80 ◦C and continually stirred for 30 min, then aged
t room temperature for 12 h. The resultant suspension was filtered and washed
ith deionized water and absolute ethanol by ultrasonic dispersion to remove the

esidual impurities, such as SO4
2− and Cl− after test procedures employing chemical

eagents of BaCl2 (AR) and AgNO3 (AR). The final filter cake was dried at 85 ◦C in a
acuum drying oven for 16 h and then calcined at 700 ◦C for 4 h to obtain the ITO
anopowders.

.3. Characterization of ITO powders

The phase and the crystallographic structure of the product were characterized
y X-ray diffraction (XRD) using a Rigaku (Japan) D/max-3B X-ray diffractometer
quipped with graphite-monochromatized Cu K� radiation operated at 40 kV and
0 mA. Transmission electron microscopes (TEM, H-800 and JEM-2010) were used
o observe the morphology and particle size distribution of the ITO nanopowders.
nergy dispersive spectrometer (EDS) affiliated in 30ESEM-TMP was employed to
nvestigate the composition uniformity of the doped Tin.

. Results and discussion

.1. Analysis for ITO precursors and samples prepared in
NH4)2SO4–NH3·H2O

Fig. 2 shows the X-ray diffraction patterns of the ITO precursors
rom ITO powders containing 0, 5, 10 and 15 wt.% SnO2. The XRD
eaks are consistent with the data of card 16-0161 in the JCPDS file
f In(OH)3 with a cubic phase and there are no any other crystal
eaks, which indicates the Sn4+ has been doped into the precur-
ors. But the amorphous scattering peaks in every pattern indicate
hat the crystal precursors are not perfect, and depend on the aging
ime and temperature during the preparation process. When Sn
as added, the intensity of the peaks decreased and the peaks

roadened.
Fig. 3 shows the XRD pattern of the sample prepared in the pri-

ary reaction liquid of (NH4)2SO4–NH3·H2O at pH 6.5–7.0. It can be
een that the XRD peaks are consistent with the data of the card 6-
416 in the JCPDS file showing a cubic structure of In2O3. The peaks
ith the 2� values of 30.499◦, 35.377◦, 50.936◦ and 60.561◦ are

ssociated with the crystal planes of In2O3 of (2 2 2), (4 0 0), (4 4 0)
nd (6 2 2), respectively. There are no diffraction peaks of SnO2
hase or any other phase in XRD pattern, which can be attributed

o the fact that over-saturation of Sn4+ and In3+ could conduce
o co-precipitation process when pH is 6.5–7.0. So all the Sn4+

ons were doped into the In2O3 crystal lattice and formed a single
ubic structure. XRD peaks of sample are shifted to the left which
ay result from doping SnO2 in In2O3 crystal lattice [25,26]. Sharp
Fig. 3. XRD pattern of the ITO nanopowders prepared in (NH4)2SO4–NH3·H2O at pH
6.5–7.0.

diffraction peaks imply that the ITO powders are highly crystalline.
The XRD patterns for the samples prepared in other primary reac-
tion liquid were similar to that prepared in (NH4)2SO4–NH3·H2O
solution.

ITO particles were also prepared by controlling reaction sys-
tem at different pH values when (NH4)2SO4–NH3·H2O solution
was used as primary reaction liquid. Their average crystal sizes
were calculated according to Debye Scherrer formula from their
XRD patterns and the specific surface were measured as well.
The results are listed in Table 2. Obviously, ITO nanoparticles
obtained with pH value in the range of 6.5–7.0 have smallest
crystal size and largest specific surface. The results imply that
excessive H+ or OH− ions in the reaction solution may lead to the
growth of ITO nanoparticles. On the other hand, when H+ ions
are slightly less than or equivalent to OH− ions in precipitation
reaction solution, it will provide strong electrostatic force among
colloidal particles of ITO precursor and result into small crystal
size. The dBET values (17.36 nm, 15.75 nm, 13.85 nm, 17.03 nm and
15.39 nm) corresponding to ITO powders at different pH values in
Table 2 were deduced by the test results of the specific surface
SBET based on the formula dBET = 6/� · SBET (in which � = 7.02 g/cm3

is the density of prepared ITO powders and suppose the ITO par-
ticles prepared have a perfect spherical shape). It can be seen
that there are small differences between the average crystal size
D and dBET at different pH values, such as when pH value was
in the range of 6.5–7.0, dBET is merely more 0.64 nm than D,
which would imply the single crystal ITO particle was perhaps
prepared.

3.2. The influence of different primary reaction liquids on ITO
nanoparticles

Fig. 4(a–c) shows TEM images of ITO nanopowders prepared
4.5–5.0 14.59 49.23 17.36
5.5–6.0 13.42 54.26 15.75
6.5–7.0 13.21 61.71 13.85
7.5–8.0 15.72 50.19 17.03
8.5–9.0 13.27 55.55 15.39
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and Sn in ITO powders is uniform and the mass ratios of In2O3 and
SnO2 is close to the designed value, which should be attributed to
the smooth co-precipitation process in a stable chemical circum-
stance.

Table 3
The contents of element In and Sn in different regions of ITO powders.

Number of region In (wt%) Sn (wt%) In2O3:SnO2 (mass ratio)
ig. 4. TEM images of ITO nanopowders prepared in different prime reaction liqu
H3·H2O; (d) traditional chemical precipitation process.

ixed solution of In3+–Sn4+ ions at 3.0 ml/min until pH is 6.5–7.0). It
an be seen that the ITO powders in Fig. 4(a–c) have uniform particle
ize, narrow particle distribution (10–30 nm) and less agglomera-
ion. But the ITO powders in Fig. 4(d) have a wider particle size
istribution in the range of 20–70 nm and more agglomeration. The
esults indicate that the injection precipitation process by two sep-
rate pumps in primary reaction liquids is helpful for producing
niform ITO nanoparticles. This could be attributed to the stable
o-precipitation circumstance provided by primary reaction liq-
ids, namely, NH4Cl–NH3·H2O solutions and (NH4)2SO4–NH3·H2O
olutions.

With respect to the morphology of ITO nanoparticles, spherical
article morphology was evident from Fig. 4(b). Fig. 4(a, c, and d), on
he other hand, shows that the particles have irregular shape. The
TO sample in Fig. 4(b) was also investigated at higher magnification
y high resolution TEM as shown in Fig. 5, which clearly shows the
pherical morphology and uniform particle size of 10–20 nm. The
rregular shape of the particles in Fig. 4(a, c, and d) is due to differ-
nt growing circumstances for ITO precursors in different primary
eaction liquids. When NH4Cl–NH3·H2O or (NH4)2SO4–NH3·H2O is
sed as primary reaction liquid, NH4

+ was adsorbed on the parti-
le surface of ITO precursors and electronic double layer is formed.
hen the repulsion among ITO precursor particles is strengthened
nd to prevent nanoparticles from agglomerating. However, when
H4Cl–NH3·H2O was used as the primary reaction liquid, Cl− ions

n the reaction solution were difficult to wash completely. Fortu-

ately, this drawback can be avoided when (NH4)2SO4–NH3·H2O is
sed as primary reaction liquid, where the NH4

+ ions can form elec-
ronic double layer on particle surface of ITO precursors and SO4

2−

ons with heavier molecular weight and bigger ionic radius than Cl−

ons can cause steric restriction among precursor particles agglom-
) NH4Cl–NH3·H2O with pH 6.5–7.0; (b) (NH4)2SO4–NH3·H2O with pH 6.5–7.0; (c)

erating. Additionally, SO4
2− ions existing in reaction solution may

be helpful for preparing spherical ITO particles.

3.3. EDS analysis

Energy-dispersive spectrometer analysis was employed to
detect 5 different regions on the ITO powder surface to investigate
the composition of ITO powders which were prepared at pH 6.5–7.0
in (NH4)2SO4–NH3·H2O solution. The contents of element In and Sn
in different regions are listed in Table 3. It can be seen that the con-
tents of element In and Sn are in the range of 73.85–74.39 wt% and
7.75–8.06 wt%, respectively, which are close to the theoretical con-
tent of 74.44 wt% and 7.88 wt% according to the initially designed
composition of ITO powders, i.e. In2O3:SnO2 = 9:1 (mass ratio). In
addition, the mass ratios of In2O3 and SnO2 in Table 3 are 8.77:1,
8.96:1, 8.87:1, 9.16:1 and 8.72:1, which are close to the designed
value of 9:1. The results indicate that the element distribution of In
1 73.85 8.02 8.77:1
2 74.39 7.89 8.96:1
3 73.99 7.93 8.87:1
4 74.67 7.75 9.16:1
5 73.96 8.06 8.72:1
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Fig. 5. HTEM images of ITO nanopowders p

. Conclusions

. By using a novel aqueous co-precipitation process, ITO nanopow-
ders with cubic ferrimanganic structure, uniform particle size,
narrow particle distribution (10–30 nm), and less agglomeration
were prepared. Compared with traditional chemical precipi-
tation process, the current injection precipitation process by
two different pumps in primary reaction liquid is helpful
for producing uniform ITO nanoparticles, which should be
attributed to the stable co-precipitation circumstance provided
by the primary reaction liquids, NH4Cl–NH3·H2O solutions and
(NH4)2SO4–NH3·H2O solutions.

. When (NH4)2SO4–NH3·H2O solution was used as the primary
reaction liquid with pH value in the range of 6.5–7.0, spheri-
cal ITO particles with 10–20 nm particle size, small crystal size
and large specific surface were obtained. The EDS analysis indi-
cated that the element distribution of In and Sn in ITO powders
was uniform and the mass ratio of In2O3 and SnO2 was close to
the designed value, which should also be due to the smooth co-
precipitation process of In3+ and Sn4+ ions in the stable chemical
circumstance.
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