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ABSTRACT: ITO nanoparticles were synthesized hydrothermally and surface
modified in supercritical water using a continuous flow reaction system. The
organic modification of the nanoparticles converted the surface from hydrophilic
to hydrophobic, making the modified nanoparticles easily dispersible in organic
solvent. The addition of a surface modifier into the reaction system impacted the
crystal growth and particle size as well as dispersion. The particle size was 18
nm. Highly crystalline cubic ITO with a narrow particle size distribution was
obtained. The advantages of short reaction time and the use of a continuous
reaction system make this method suitable for industrial scale synthesis.
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■ INTRODUCTION
Tin-doped indium oxide (ITO) has been widely applied in
photoelectronic products such as liquid-crystal displays (LCD),
polymer electronics as organic photodiodes (OPD), thin film
transistors (TFT), solar cells.1−4 Its popularity arises from its
properties of high electrical conductivity combined with high
optical transparency in the visible spectral range, making it
suitable for use as a transparent electrode which is fundamental
in many optoelectronic devices.
ITO transparent electrodes traditionally have been deposited

on flexible or heat-sensitive substrates using gas-phase
deposition techniques.5 However, with the rising price of
indium metal and significant loss of ITO during conventional
thin film deposition procedures, printing techniques such as
inkjet printing that utilize ITO nanoparticles are expected to
supplant the conventional method. Accordingly, interest in the
production and use of ITO nanoparticles has steadily increased
over the past few years. Using printing technology, ITO film
can be fabricated more effectively and cheaply with less ITO
loss.6,7 When dispersing ITO nanoparticles into the ink, the
inkjet printer can create an electric circuit directly onto the
substrate. The critical issue in this type of printing technology is
preparing nanosize particles, which can be homogeneously
dispersed in a solvent.8

Typical transparent, electron conductive nanoink consists of
ITO nanoparticles dispersed in solvent and mixed with a
binder. Reducing the particle size to the order of nanometers
improves the ITO film surface by diminishing haze and
roughness and enhancing the transparency because of the
suppression of Rayleigh scattering. The main difficulty lies in

fabricating nanoparticles that will homogeneously disperse in
solvent, as they tend to aggregate because of high surface
energy. This property is adaptable through surface modifica-
tion, which must be compatible with the rest of the fabrication
process, including a low temperature curing. This has been
problematic for particle films, as it has been reported that the
sheet resistance of an ITO particle film after hardening under
UV-irradiation at low temperature (<130 °C) was decreased to
1 kΩ /sq.9 ITO nanoparticles are expected to help solve these
problems, and may also improve upon the qualities of the
conventional ITO coated films, which have only about 80%
transmission in the visible light range.10

There have been several preparation methods of ITO
nanoparticles reported, including low temperature coprecipita-
tion, solvothermal synthesis, hydrothermal synthesis, and
others.11−16 However, there have been no methods developed
that can maintain continuous production in an environmentally
benign manner, and this is of crucial importance to establishing
production at an industrial scale.
Supercritical continuous-flow reaction systems (SCFRS)

offer a green route to producing metal oxide particles. A series
of metal oxide nanoparticles has been synthesized in super-
critical water.17−19 Fang et al. synthesized nanocrystalline
indium and tin oxide in supercritical water,20 although the
indium conversion rate was low (28.7%), they did not achieve a
single phase ITO, nor did they attempt to utilize surface
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modification. In our group, we have established a novel process
for the simultaneous synthesis and in situ modification of metal
oxide nanoparticles under supercritical conditions.21−23 We
found that limiting crystal growth creates small, well-dispersed
particles that resist aggregation, which can be accomplished by
fabrication in supercritical water and modification with organic-
ligand molecules. For this purpose, we employed this method
of supercritical hydrothermal synthesis with SCFRS for the
synthesis of well-dispersed ITO nanoparticles with a hydro-
phobic surface.
In this report, we describe the preparation and surface

modification of highly crystalline ITO nanoparticles using
organic molecules in supercritical water as the reaction
medium. Additionally, we discuss dispersion and optoelectronic
properties of these surface-modified ITO nanoparticles.

■ EXPERIMENTAL SECTION
In(NO3)3 was purchased from Shinko Chemical Co., Ltd. SnO2 sol (8
wt %, pH =9.5−10.5, average of particle size: 2 nm) was from Taki
Chemical Co., Ltd. KOH was from High Purity Chemicals Co., Ltd.
Formic acid, hexanoic acid, and hexane were from Wako Chemicals,
Ltd. The precursor solutions were prepared by dissolving In(NO3)3
and SnO2 sol (molar ratio In:Sn = 9:1) in distilled water. To this
mixture was slowly added KOH solution to obtain a white colored sol,
the pH was adjusted to 7, and the precursor sol was diluted with
distilled water to 0.1 M. 1.0 M formic acid in aqueous solution was
prepared. Hexanoic acid used as modifier was dissolved in hexane to a
concentration of 0.2 M.
The experiments were performed using a flow type stainless 316

steel reactor, as depicted in Figure.1. The system pressure was

maintained at 30 MPa using a backpressure regulator. Preheated high
temperature water was fed into the reactor (36 mL/min) and mixed
with 1.0 M formic acid fed from another line (4 mL/min) at mixing
point 1 (MP1). Next, 0.1 M precursor sol or the mixture with modifier
solution fed by the other line (4 mL/min) was added to this mixed
solution at mixing point 2 (MP2). Subsequently, the solution was
heated rapidly to the reaction temperature. The solution mixture was
passed through a tube reactor and then quenched to room
temperature by a cooling water jacket. The product solution was
depressurized with a backpressure regulator and collected at the outlet.
The reaction time (τ) was calculated based on the volume (V), flow
rate (F), and density (ρ) of the solution in the tube reactor (τ = V/
(Fρ)). In this experiment, the reaction times for different temperature
conditions were 22 s for 350 °C, 12 s for 400 °C, and 7 s for 450 °C.
The phases of the nanoparticles were characterized by X-ray

diffractometry (XRD-Rigaku) using Cu Kα radiation. The particle size
and morphology of the particles were examined using transmission
electron microscopy (TEM(EDX)-Hitachi). The energy-dispersive X-

ray (EDX) spectrum of samples was obtained using energy dispersive
X-ray microanalysis (EDAX-AMETEK) combined with TEM. The
electric resistance of the ITO samples was measured using a powder
resistance measurement system (MCP-MCCAT). The conductivity
was calculated from the measured resistance.

■ RESULTS AND DISCUSSION
As illustrated in Figure 1, the precursor sol was mixed with
preheated water at MP2 to heat it rapidly to the reaction
temperature (350, 400, and 450 °C). Figure 2A shows XRD

patterns of samples obtained at these three temperatures.
Temperatures below 400 °C produced mixed phases of cubic
In2O3 and InOOH, but with increasing temperature, the peak
of cubic In2O3 increased and that of InOOH became smaller,
indicating a better yield of cubic In2O3. When the temperature
was increased to 450 °C, a single phase was obtained.
Compared with pure In2O3 (JCPDS Card No. 71−2195), the
peaks were shifted to slightly lower values (Table S1 in the
Supporting Information), indicating an increase in the size of
the unit cell, indicating that Sn4+ might be doped into the cubic
structure of In2O3.
In addition, EDX analysis of the nanoparticles was conducted

combined with TEM image (Figure 4a). A typical EDX
spectrum is shown in Figure 2B. Both In Lα1 (3.2 keV) and Sn
Lα1 (3.4 keV) peaks were observed, indicating the presence of
indium and tin elements in the products. The Sn/In ratio was
determined to be 1:9, which matches the ratio in the precursor
solution and provides further evidence of the formation of ITO.
We also took the EDX analysis in other positions, which all
showed the presence of tin.
XRD results suggest that InOOH nuclei form in the

beginning of the reaction and upon dehydration generate

Figure 1. Schematic diagram of the flow reaction system.

Figure 2. (A) XRD pattern of indium tin oxide (ITO) prepared at
350, 400, and 450 °C. (B) EDX spectrum of sample obtained at 450
°C.
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cubic In2O3. Temperature plays an important role in the
formation of single phase ITO nanoparticles in the very short
reaction time under supercritical conditions. Because of the
remarkable decrease in water density as the temperature
increases rapidly to 450 °C, the dehydroxylation from In(OH)3
to InOOH and the final transformation to cubic In2O3 proceed
rapidly. Conversely, at temperatures lower than 400 °C, the
dehydration does not occur efficiently and thus the trans-
formation from InOOH to In2O3 is incomplete.
In the next step in nanoparticle fabrication, to generate the

reducing atmosphere needed for increasing the oxygen vacancy
in ITO, formic acid solution was fed into MP1 where it
combined with preheated supercritical water at 500 °C. Yu et al.
has studied the thermal decomposition of formic acid at
temperatures between 320 and 500 °C and pressures between
17.8 and 30.3 MPa,24 and they reported that at 420 °C, the
conversion of HCOOH reached 100% in a short reaction time
to give the major products CO2 and H2. In supercritical water,
the equilibrium of this reaction shifts toward the products CO2
+ H2: H2O + CO ⇆ HCOOH ⇆ CO2 + H2. These gases are
miscible with supercritical water to form a homogeneous phase.
Consequently, H2 and CO2 gases derived from the formic acid
provide a good reducing atmosphere inside the tube reactor.
Subsequently, the precursor sol was added into the reaction
system at MP2 at a temperature of 450 °C. As shown in Figure

3, single-phase ITO was obtained under these conditions with
no trace of additional phases. Furthermore, the color of the
ITO nanoparticles changed from yellow to blue, which is a
known indicator of a higher carrier concentration due to
oxygen vacancies,25 and is attributable to the reducing
atmosphere generated by the addition of formic acid. TEM
was used to assess the size of the blue ITO nanoparticles
(Figure 4), which were found to be ∼30 nm. However, TEM
also revealed that the ITO nanoparticles were heavily
aggregated, and so we proceeded to carry out in situ surface
modification in the SCFRS.
Hexanoic acid solution was added to the precursor sol in a

1:2 ratio and stirred rigorously. The other conditions were kept
the same, i.e., the reaction temperature was 450 °C and
pressure was 30 MPa, and formic acid was again added to create
a reducing atmosphere. The effect of introducing hexanoic acid
into the system was that the organic ligand capped the
nanoparticle surface and limited the growth of the particles.
The XRD pattern of modified nanoparticles reveals that all of
the peaks are lower in intensity and broadened as compared

with the pattern of nanoparticles fabricated without organic
surface modification (Figure 3). The crystallite sizes of these
two samples were calculated from the main peak (hkl = 222) of
XRD data using Scherrer’s equation; the unmodified nano-
particles were found to be 32 nm and the nanoparticles
modified with hexanoic acid were 18 nm, demonstrating that
the size of the nanoparticles was reduced by the organic ligand
capping. This smaller size of the modified particles was
confirmed using TEM. From the image of the modified
nanoparticles (Figure 4), the size was found to be consistent
with the XRD (hkl = 222 peak is significantly high) results,
revealing cubic ITO particles with an average diameter of 18 ±
0.8 nm.
The dispersibility of ITO was investigated by putting the

particles in a binary phase-separated solvent of hexane and
water. As shown in Figure 5, the surface modified particles

dispersed in organic phase, whereas the particles without
surface modification dispersed in the aqueous phase of the
binary solvent system. These results indicate that the organic
ligand, hexanoic acid, had bound to the surface of modified
ITO nanoparticles and converted them from hydrophilic to
hydrophobic, although hexanoic acid may not be the best
modifier.15 We have succeeded in making a thin film by the
spin-coating method for well-dispersed nanoparticles, although
we have not measured the electroconductivity of the film.
For this system, it is worthwhile to understand the phase

behavior and the solvent effect on the nucleation rate in the
presence of organic capping agent. It is known that in the
supercritical region, water becomes completely miscible with
many hydrocarbons while also becoming a poor solvent for
many inorganics.26 From the pressure−temperature phase
diagram for the water and hexane mixture, it is known that
the mixture will become one phase above 360 °C at 30 MPa.27

Figure 3. XRD patterns of ITO nanoparticles: (a) without modifier
and (b) with modifier hexanoic acid (C5-COOH).

Figure 4. TEM images of samples (a) without modifier and (b) with
modifier hexanoic acid. Red circle shows the region of EDX analysis.

Figure 5. Dispersibility of ITO nanoparticles (a) in the absence of
organic modifier and (b) in the presence of organic modifier hexanoic
acid.
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The solubility of ITO nanoparticles in this water/hexane
mixture phase remains lower than in pure water, and therefore,
small ITO nuclei form at an extremely high reaction rate owing
to the high degree of supersaturation. The large surface energy
of the nanoparticles makes them unstable, causing them to
form large aggregations in the absence of an organic modifier.
When the fabrication was repeated in the presence of hexanoic
acid, the organic ligand capped the nanoparticle surface
immediately and limited their growth and tendency for
aggregation. As was reported in the previous research,21,22

strong binding reaction occurs on the surface, which was
confirmed by the TGA analysis. As a result, the particle size was
controlled. The hydrophobic nature of the surface modifier
allows excellent dispersion of the nanoparticles in organic
solvent.
The electric resistance of ITO nanoparticles was measured

isothermally at room temperature using the four-probe method.
To initiate close interparticle contacts, the nanoparticles were
pressed to form transparent thin pellets. The conductivity,
calculated from electric resistance, is shown in Figure 6. Electric

conductivity increases gradually with increasing pressure. At a
pressure of 9.6 MPa, a sheet conductivity of 1.2 × 10−1 (S/cm)
was measured. This value is roughly the same as for other
colloidal ITO particles reported previously, although these
nanoparticles are much smaller and display better dispersibility
in organic solvent.

■ CONCLUSIONS

We report a simple and rapid synthetic process for preparing
ITO nanoparticles with simultaneous surface modification with
an organic ligand by SCFRS. The surface modified particles are
highly crystalline ITO nanocrystals with excellent dispersion in
organic solvent. Aggregation and crystal growth were effectively
suppressed by organic ligand capping. We can get 1−10 g/h
under this supercritical condition.
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Figure 6. Change in conductivity of modified ITO.
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