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a b s t r a c t

A colloidal dispersion of indium tin oxide (ITO) nanoparticles in an organic solvent was achieved using
a milling process in which �-diketones or titanate coupling agents were used as a dispersing agent. Iso-
propyl tri(N-ethylenediamino)ethyl titanate and 2,4-pentanedione were found to be the most suitable
dispersants for stabilizing ITO nanoparticles in a mixed organic solvent. The secondary particle size of the
vailable online 21 November 2008
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colloidal ITO dispersion was markedly affected by operational parameters in the milling process. Stable
dispersions of antimony-doped tin oxide (ATO) nanoparticles in organic solvent, using �-diketones as
dispersants, were also prepared. The stable dispersions of ITO and ATO nanoparticles were used as con-
ductive transparent film coatings on cathode-ray tube panels. We found that the electrical conductivity
of the film coating was affected by the boiling point of the dispersion stabilizers.
olloidal stability
ntistatic coatings

. Introduction

Indium tin oxide (ITO) has been used as a transparent and con-
uctive film in display applications including electrode, antistatic
nd electromagnetic interference (EMI) shielding films [1–6]. The
hielding of EMI in some display devices has become a partic-
larly important issue because international regulations on EMI
ave become more restrictive. Moreover, electromagnetic waves
an cause critical problems such as malfunctions of electrical
achinery and deterioration of the human immune system. The

mission of an AC electric field from various video display terminal
VDT) products is regulated by the Tjänstemännens Centralorgani-
ation (TCO; the Swedish Confederation of Professional Employees)
uidelines [7,8]. Various approaches to addressing these prob-
ems have been investigated, including creating thin transparent
onductive films on cathode ray tube (CRT) panels using nanopar-
icles of indium tin oxide (ITO) or antimony-doped tin oxide
ATO) [9]. Although several methods (e.g. chemical vapor depo-
ition, physical vapor deposition, electron beam evaporation, and

puttering) have been developed to deposit ITO films on sub-
trate surfaces, these methods are not adequate for industrial
pplications as vacuum equipment or high temperature pro-
esses are usually required [10]. For continuous production of

∗ Corresponding author. Tel.: +82 42 350 3962; fax: +82 42 350 5962.
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low cost thin conductive films on display devices, it will be
necessary to develop simple and robust wet processes for form-
ing ITO films on substrates using colloidal ITO nanoparticles
[11–14].

In preparing coating solutions of ITO nanoparticles, it is essential
to stabilize the ITO particles in a mixed organic solvent. In addi-
tion, the secondary particle size of the ITO dispersion should be
less than 120 nm to prevent strong scattering points from appear-
ing in the film coating. In our experiments the film coating was a
double-layered structure with an antistatic (AS) layer derived from
the colloidal ITO suspension, and an antireflective (AR) layer of
partially hydrolyzed alkyl silicate. The transparent conductive and
antireflective films were annealed for solidification and removal
of remaining solvent [15]. The optical transparency of the film was
enhanced as an overlay AR coating induced destructive interference
of incident light onto the CRT panel [16].

For a stable colloidal dispersion of metal oxide nanoparticles,
repulsive forces among particles should be strong enough to avoid
irreversible aggregation due to van der Waals attraction forces. As
the electrostatic repulsive forces of ITO colloids are usually very
weak, stabilization is achieved by the adsorption of surfactant
molecules on the surface of the colloidal particles, such that the

attractive van der Waals interactions are screened [18–23]. This
requires selection of a suitable stabilizing agent or surfactant with
good dispersion stability for ITO colloids. As titanate coupling
agents can form an adsorbed monolayer on the surface of metal
oxides, they can be used as a stabilizing agent for the ITO coating

http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:yscho78@kaist.ac.kr
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olution [24]. It is also possible to disperse ITO powder to obtain
table ITO colloids using �-diketones as dispersants, because
-diketones (e.g. 2,4-pentanedione) with bidentate ligands can be
dsorbed to the metal oxide surface [25,26].

We report here a simple and easy method for the preparation
f stable colloidal ITO or ATO dispersions using �-diketones or
oupling agents as dispersants. Various kinds of �-diketones and
itanate coupling agents were assessed for suitability as stabilizing
gents for nanoparticle dispersion. Some experimental parameters
n the milling process were tuned for preparing stable colloidal
ispersion from their aggregates, and the effect of composition of
he dispersion medium on dispersion stability of the ITO or ATO
anoparticles was also investigated. Multifunctional films on CRT
anels were produced using a spin coating process, and their elec-
rical and optical properties were measured.

. Experimental

.1. Materials

The ITO and ATO nanopowders were purchased from SinoTech
o. Ltd. (Zhuzhou, China) and Xiamen Zhongli Co. Ltd. (Xiamen City,
hina), respectively. A mixture of ethanol (Merck, 99.9%), DMF (N,N-
imethylformamide, Duksan Pharmaceutical Co., 99.9%, Ansan City,
orea), and IPC (2-isopropoxyethanol, Aldrich, 99.9%) was used as
he dispersion medium. Titanate coupling agents (Table 1; Ken-
ich Petrochemicals) were used as dispersion stabilizers for the
TO solution. Other dispersants, 2,4-pentanedione and 3-methyl
,4-pentanedione, were obtained from Aldrich and Tokyo Kasei
ogyo Co., Ltd. (Osaka, Japan), respectively. ZrO2 beads (Nanointech,
onju City, Korea) were used to comminute ITO or ATO powders

uring the milling process.

.2. Instrumentation

The morphology of ITO and ATO nanopowders and secondary
ggregates of ITO particles were observed by field emission scan-
ing electron microscopy (FE-SEM, Hitachi S4800). The crystalline
hases of the ITO and ATO powders were confirmed using X-ray
iffraction (XRD) measurements (Rigaku D/MAX-RC). The incident
avelength was Cu K� = 0.154056 nm and the scan speed was

◦/min. The chemical composition of the ITO and ATO nanopowders
as measured using a wavelength dispersive spectrometer (WDS;

lectron Probe X-ray Microanalyzer, JXA 8900R) and EDX (Energy
ispersive using X-ray) analysis techniques, respectively. A vibra-

ory paint shaker (Red Devil Equipment Co. Ltd., 5400 series, Y3
odel, 670 rpm) was used for the dispersion stabilization and batch
illing process for the ITO and ATO solutions, and a Dynomill (KDL
, machine number 000951, Willy Bachofen Maschinefabrik, Basle,
witzerland) was used for continuous milling. The sizes of colloidal
TO and ATO aggregates were characterized by dynamic light scat-
ering (DLS, Zeta Plus, Brookhaven Instruments) at a wavelength of
74 nm and a 90◦ incident angle. The zeta potential was measured
Zeta Plus) for the sterically-stabilized colloidal ITO dispersion at
arying pH values. Nitric acid or potassium hydroxide were used
o adjust the pH of the colloidal ITO dispersion. The sheet resis-
ance of the ITO-coated CRT panel was measured using a four probe
echnique (Loresta HP, MCP-T410, Mitsubishi Chemicals). The visi-
le light reflectance of the film coating was measured using a Darsa
ro-5000 system (Professional Scientific Instruments).
.3. Dispersion stabilization of ITO and ATO nanoparticles

Colloidal dispersions of ITO particles were prepared by mixing
5 wt% of ITO nanopowder in an organic solvent with dispersants
ncluding �-diketones or titanate coupling agents (Table 1). The
ochem. Eng. Aspects 336 (2009) 88–98 89

composition of the dispersion medium was adjusted to 0.67 wt%
of dispersant, 74.5 wt% ethanol, 3 wt% DMF, and 7.5 wt% IPC. To dis-
aggregate the ITO powder in organic solvent the milling process
with ZrO2 beads was performed using the paint shaker.

Sedimentation tests were performed for each ITO suspension
with the various dispersants (Table 1) to measure the macroscopic
stability of the ITO dispersion. Ten milliliter mass cylinders were
filled with the colloidal ITO dispersions after they had been com-
minuted for 8 h. The secondary particle sizes in the ITO dispersions
were measured by DLS just prior to the sedimentation test. To avoid
evaporation of the organic solvent, the top of the mass cylinder
was sealed with rubber and paraffin film. The initial height of each
colloidal dispersion in the mass cylinder was measured and com-
pared with the settled height of the ITO aggregates 9 days after
sample preparation. The sedimentation ratio of the ITO dispersion
was calculated according to Eq. (1), and the results are summarized
in Table 1.

Sedimentation ratio = 1 − settling height of particles
initial height of ITO sol

(1)

Stable colloidal dispersions of ATO nanoparticles in ethanol were
prepared using �-diketones as dispersants during the milling pro-
cess with 0.3 mm ZrO2 beads. The amounts of dispersant and ATO
powder in the dispersion media were the same as those used to
prepare the ITO dispersions. However, the dispersion medium was
pure ethanol and no additional organic solvents were used. The dis-
persants used to prepare the ATO colloids were 2,4-pentanedione
and 3-methyl-2,4-pentanedione.

2.4. Adsorption isotherms of dispersants on the surface of ITO
particles

The adsorption isotherms of the dispersants used with the ITO
nanoparticles were obtained by elemental analysis (EA, EA1110-
FISONS). Dispersants at various concentrations were added to
15 wt% of solid particles in solvent and the mixtures were commin-
uted for 4 h using the paint shaker. The dispersion medium, ethanol
and any excess dispersant were removed from the ITO particles by
centrifugation. The remaining ITO particles and adsorbed disper-
sant were dried in a convection oven at 60 ◦C, and the elemental
composition of the dried ITO powder and dispersant was analyzed
by EA to determine the amount of dispersant retained. Specifi-
cally, the amount of elemental nitrogen and carbon on the ITO
particles was converted to moles of the adsorbed dispersants iso-
propyl tri(N-ethylenediamino)ethyl titanate or 2,4-pentanedione.
The surface area of the ITO nanopowder, determined using the BET
(Brunauer–Emmet–Teller) method, and the molecular weights of
the dispersants were used to calculate the adsorbed moles of dis-
persant.

2.5. Preparation of the ITO film coating on CRT panels

An ITO film prepared using colloidal ITO nanoparticles was
coated onto a 17-inch CRT panel. An antistatic (AS) coating
solution was prepared by diluting the ITO suspension (0.9 wt%)
stabilized by isopropyl tri(N-ethylenediamino)ethyl titanate or 2,4-
pentanedione. Before spin coating, the surface of the CRT panel was
cleaned with dilute hydrofluoric acid and dried at room tempera-
ture under a stream of fresh air. The AS ITO film was overlaid with
an AR film by spin coating with a solution of partially hydrolyzed
alkyl silicate. The spin coating parameters for the AS and AR films

were 140 rpm for 40 s and 160 rpm for 35 s, respectively. The result-
ing doubled-layered film was annealed at 180 ◦C for 30 min to
ensure complete evaporation of solvent and to enhance the sol–gel
reaction of silica precursors, and densification, in the AR over-
lay.
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Table 1
Chemical descriptions of various �-diketones and titanate coupling agents used to disperse nano-sized indium tin oxide particles in organic medium and their results of
sedimentation test to disperse indium tin oxide nanoparticles.

Chemical description ITO (wt.%) Dispersant
(wt.%)

Sedimentation ratio,
% (after 9 days)

Secondary particle size
of dispersion (nm)

Chemical structure

2,4-pentanedione 15 0.67 0.0 91.3 ± 1.3

3-methyl 2,4-pentanedione 15 0.67 0.0 101.4 ± 1.2

Isopropyl tri(N-ethylenediamino)ethyl
titanate

15 0.67 0.0 85.1 ± 3.2

Di(dioctyl pyrophosphate) ethylene
titanate

15 0.67 50.5 591.2 ± 11.0

Neopentyl(diallyl)oxy
tri(m-amino)phenyl titanate

15 0.67 56.2 744.1 ± 119.0

N

2

(
p
b
t
a
I
o
n

F
p

eopentyl(diallyl)oxy tri(dioctyl)pyro
phosphate titanate

15 0.67 56.2

.6. Sample preparation for electron microscopy

Samples of primary ITO and ATO nanoparticles for EF-TEM
Energy Filtration Transmission Microscopy) imaging were pre-
ared by mixing the ITO or ATO nanopowder with ethanol, followed
y ultrasonication. The colloidal ITO or ATO dispersion was then

ransferred to a standard copper-coated electron microscope grid,
nd the solvent was evaporated prior to microscopy. The secondary
TO aggregates were prepared by drying dilute, stable suspension
f ITO particles on a TEM grid at room temperature prior to exami-
ation by EF-TEM.

ig. 1. (a) TEM image of commercialized indium tin oxide powder purchased from SinoTe
owder purchased from Xiamen Zhongli Co., Ltd. Scale bar is 100 nm.
574.7 ± 88.2

3. Results and discussion

Most ITO nanoparticles in this study were 20–30 nm in size and
spherical or ellipsoidal in shape (Fig. 1a). The ultrafine ATO nanopar-
ticles (about 10 nm in diameter of primary particle size) had an
aggregated morphology in a powder state, as shown in Fig. 1b.
Fig. 2a shows the X-ray diffraction pattern of ultrafine ITO pow-
der, which is slightly different from that of pure indium oxide. No
diffraction peaks of tin oxide were observed, implying that the ITO
powder has a cubic bixbyite crystal structure without any tetrag-
onal crystallites of tin oxide [27]. The primary particle size of ITO

ch. Scale bar is 50 nm. (b) TEM image of commercialized antimony-doped tin oxide



Y.-S. Cho et al. / Colloids and Surfaces A: Physic

F
S
f

n
w
m
o
l
c
p
S
T
t
r
t
s
r
s

(
c
t
o
m
o
t
p
0
o
t
r
t

ig. 2. (a) X-ray diffraction pattern of commercialized ITO powder purchased from
inoTech. (b) X-ray diffraction pattern of commercialized ATO powder purchased
rom Xiamen Zhongli Co., Ltd.

anoparticles, calculated using XRD by applying Scherrer’s formula,
as 22.02 nm [28], which is similar size dimension to that deter-
ined from the TEM image in Fig. 1a, although the size and shape

f ITO nanoparticles in the image is not monodisperse and irregu-
ar. The XRD pattern of ATO nanoparticles (Fig. 2b) shows features
haracteristic of the SnO2 tetrahedral structure [29]. The primary
article size of the ATO nanoparticles (9.88 nm), calculated using
cherrer’s formula, was comparable size dimension to that based on
EM observations in Fig. 1b, although the exact size of ATO nanopar-
icles can not be determined upto the level of sub-tenth Angstrom
esolution from the image. Thus, we could check the applicability of
he Scherrer’s formula to compare the theoretical primary particle
izes from X-ray diffraction pattern and the sizes determined from
eal electron micrograph image, and the two approaches showed
imilar particle size dimensions.

The tin doping ratio, Sn/(Sn + In), of ITO powder used in this study
8.64%) was measured by WDS. As there is a linear increase in the
arrier density of ITO up to 8% of the tin doping ratio, and satura-
ion of conductivity occurs at higher tin concentrations, the amount
f tin in the ultrafine ITO powder used in this study was opti-
ized for maximum electrical conductivity [30]. The low porosity

f the ITO powder, which is essential for high electrical conduc-
ivity, was confirmed by measuring the specific surface area and
ore volume of ITO particles using the BET method (30.33 m2/g and

3
.214 cm /g, respectively). The antimony doping ratio, Sb/(Sb + Sn),
f ATO nanoparticles used in this study, measured using the EDX
echnique, was 12.05%. As the electrical conductivity of ATO satu-
ates when the antimony doping ratio is greater than 10%, it is likely
hat the amount of antimony in the ATO powder was optimal [31].
ochem. Eng. Aspects 336 (2009) 88–98 91

The specific surface area of ATO powder was 71.73 m2/g, according
to the manufacturer’s data.

Table 1 lists the �-diketones and titanate coupling agents used
for preparing colloidal ITO dispersions. Among the �-diketones,
2,4-pentanedione occurs in both the keto and enol forms (the latter,
76%). The greater stability of the enol form can be attributed to res-
onance stabilization of the conjugated double bonds, and hydrogen
bonding. Since hydroxyl groups in the enol form are very reactive
[32], adsorption chelation of 2,4-pentanedione to the surface of ITO
nanoparticles is possible. Thus, the coordinated compound of �-
diketones at the ITO surface may create a steric barrier against van
der Waals attraction among particles, resulting in stabilization of
the dispersion of colloidal ITO. Titanate or silane coupling agents
are also good candidates for stabilization of ITO dispersions, due
to chemisorption reactions between the reactive group of the cou-
pling agents and the surface hydroxyl group of the metal oxides
of ITO or silica nanoparticles [33,34]. Since the titanate coupling
agent such as isopropyl tri(N-ethylenediamino)ethyl titanate used
in our study has three alkoxy groups, they can react with the sur-
face hydroxyl groups on the ITO nanoparticles. Thus, the adsorption
mechanism of titanate coupling agents on the ITO nanoparticles is
chemisorption. After chemisorption of the coupling agent onto the
nanoparticles, the binder functional group of the coupling agent
covers the surface of the particles, stabilizing the suspension to an
extent dependent on the compatibility of the anchoring functional
group with the dispersion medium.

The sizes of secondary ITO particles with various dispersants and
their sedimentation test results are summarized in Table 1. The ITO
colloidal particles dispersed with �-diketones (2,4-pentanedione
and 3-methyl 2,4-pentanedione) or a titanate coupling agent
(isopropyl tri(N-ethylenediamino)ethyl titanate) did not show an
interface between the dispersion medium and particle sediments.
Stable ITO dispersions with a green color were observed for these
dispersants. However, colloidal ITO powders mixed with the other
coupling agents aggregated during the sedimentation test, indi-
cating they had insufficient dispersion capacity [35]. On the basis
of the sedimentation tests, the �-diketones and isopropyl tri(N-
ethylenediamino)ethyl titanate were chosen as the best dispersants
for preparing stable colloidal ITO solutions. When 3-methyl 2,4-
pentanedione was used as a dispersant the secondary particle
size of the ITO dispersion was slightly larger than that of the ITO
colloid dispersed with 2,4-pentanedione. This is due to steric inter-
ference by the methyl group in chelation of bidentate ligands of
3-methyl 2,4-pentanedione at the surface of the ITO particles. Since
the adsorption mechanism of diketones onto the surface of oxide
nanoparticles is mainly due to the attachment of chelating groups
of diketones with bidentate ligands, the steric hindrance due to the
presence of the alkyl chain prevented the diketones from adsorbing
with more high efficiency, resulting in the increase of the secondary
particle size of colloidal dispersion, when diketones with methyl
group such as 3-methyl 2,4-pentanedione was used as dispersants
instead of simple 2,4-pentanedion.

The adsorption isotherms of isopropyl tri(N-ethylenediamino)
ethyl titanate and 2,4-pentanedione were obtained for com-
parison of their adsorption behaviors on the surface of the
ITO nanoparticles. Fig. 3a and b shows the adsorption con-
centrations of isopropyl tri(N-ethylenediamino)ethyl titanate and
2,4-pentanedione, respectively, at equilibrium concentrations in
the solvent phase. These isotherms are of the Langmuir type,
implying strong adsorption behavior at low surface concentration
[17]. According to the adsorption isotherm (Fig. 3a), the saturation

adsorption concentration of isopropyl tri(N-ethylenediamino)ethyl
titanate begins at the equilibrium concentration of 7.4 mol/m3.
Based on the weight of ITO powder this corresponds to 2.5 wt%
of dispersant. As the amount of dispersant used to prepare
the ITO solution was 0.67 wt%, very little dispersant remained
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between the ITO aggregates and the ZrO2 beads increased as the
ig. 3. (a) Adsorption isotherm of tri(N-ethylenediamino)ethyl titanate on the sur-
ace of indium tin oxide nanoparticles. (b) Adsorption isotherm of 2,4-pentanedion
n the surface of indium tin oxide nanoparticles.

n the solvent phase. From the adsorption isotherm of 2,4-
entanedione (Fig. 3b), saturation begins at 9.3 mol/m3 of the
quilibrium concentration. Based on the weight of ITO powder
his corresponds to 1.3 wt% of 2,4-pentanedione. The saturated
dsorption concentration of 2,4-pentanedione is approximately
wice that of isopropyl tri(N-ethylenediamino)ethyl titanate,
mplying that the chemisorption ability of 2,4-pentanedione is
reater than that of isopropyl tri(N-ethylenediamino)ethyl tita-
ate.

Fig. 4 shows the zeta potential of the sterically stabi-
ized colloidal ITO solution dispersed with isopropyl tri(N-
thylenediamino)ethyl titanate at various pH values. As the
bsolute values of the zeta potential are less than 15 mV, the sur-
ace charge of the ITO nanoparticles was almost neutral. Thus,
he mechanism of dispersion stabilization by isopropyl tri(N-
thylenediamino)ethyl titanate is mainly steric stabilization, and
he electrosteric effect can be almost negligible. However, the
eta-potential of ITO nano-colloid stabilized with isopropyl tri(N-
thylenediamino)ethyl titanate changes with pH value, implying
lectrostatic force also contribute to the stabilization of the colloidal
uspension, to a certain extent. Usually, the electrostatic stabiliza-

ion is quite significant especially for the aqueous dispersion of
olloidal suspension since the value of zeta potential for this case
s several tens of mV. Since our ITO nanoparticles are dispersed
n organic medium such as ethanol, the value of zeta potential is
Fig. 4. The zeta potential of colloidal ITO dispersed with tri(N-ethylenediamino)
ethyl titanate.

too small for electrostatic stabilization. However, we suspect that
electrostatic stabilization plays some role for the dispersion stabi-
lization of ITO colloid in this study. From Fig. 4, it is evident that the
point of zero charge (PZC) of stabilized ITO particles dispersed with
isopropyl tri(N-ethylenediamino)ethyl titanate in ethanol ranges
from pH 9 to 10. The pH of a stable ITO dispersion without addi-
tion of acid or base was about 9.2, and flocculation of ITO particles
was observed under both acidic and basic conditions. This may be
due to degradation of the anchoring groups of the dispersant on
the surface of the ITO nanoparticles, due to the addition of acid
or base. We have also tried to measure the zeta potential of bare
ITO nanoparticles in ethanol as dispersion medium without any
dispersant, albeit the measurement was almost impossible since
the aggregation of the nanoparticles was too serious since no dis-
persants were used. However, the measurement of zeta potential
will be possible, if the ITO nanoparticles are dispersed in aqueous
medium, since electrostatic stabilization mechanism can be applied
to this aqueous dispersion. It has been reported that the isoelectric
point of ITO nanoparticles in aqueous medium is about 8.5 from
theoretical calculation and experimental measurements [36].

For good colloidal stability of ITO dispersions in organic solvents,
a milling process in a suitable dispersant is necessary to comminute
the aggregated ITO powder by collision energy. In this process the
most important factors are the quantity and size of the ZrO2 beads
[37]. Fig. 5a shows the secondary particle size of the ITO disper-
sion as a function of the size of the ZrO2 beads following milling of
the aggregated ITO powder in solvent in a paint shaker for 8 h. The
composition of the ITO dispersion in the sedimentation test was
the same for the data shown in Fig. 5a except the diameters of ZrO2
beads used. Although the same volume of ZrO2 beads was used to
comminute the ITO aggregates, the number of beads increased as
the bead diameter decreased. Thus, the collision frequency between
the ITO aggregates and the ZrO2 beads increased as the bead size
decreased, and the secondary particle size of the ITO dispersion
decreased as the bead size decreased (Fig. 5a). It was impossible
to reduce the secondary particle size of the ITO dispersion below
120 nm with ZrO2 beads larger than 1 mm, even after 8 h of milling.

Fig. 5b shows the secondary particle size of the ITO dispersion
as a function of the quantity of ZrO2 beads (0.3 mm diameter) dur-
ing batch-type milling in a paint shaker. The collision frequency
quantity of beads increased. Thus, the secondary particle size of the
ITO dispersion decreased as the bead quantity increased (Fig. 5b).
When the quantity of ZrO2 beads was 1.4 times the weight of the ITO
dispersion, the size reduction rate was so slow that it was impos-
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ig. 5. (a) The secondary particle size of colloidal ITO dispersion as a function of the
TO dispersion as a function of the amount of ZrO2 bead (the attrition duration is 8 h
the size of ZrO2 bead is 0.3 mm and the amount of the bead is 50 ml).

ible to reduce the secondary particle size of the ITO aggregates
elow 100 nm, even after 8 h of milling. However, when the bead
uantity was 3.2 times the weight of the ITO suspension, the aggre-
ate size reduction rate was so fast that the temperature of the ITO
ispersion increased markedly during milling. Thus, the optimum
uantity of beads was determined to be 2.3 times the weight of the
TO dispersion.

Fig. 5c shows the secondary particle size of the ITO disper-
ion as a function of milling time (h) when 50 ml of ZrO2 beads
0.3 mm diameter) was used. Under these optimized operating
onditions, the size reduction process seemed to proceed rapidly
uring the initial milling period, in a similar way to that of metal
xide nanoparticles such as silica nanoparticles during vibration
all milling [38]. However, the aggregate size reduction rate pro-
ressively declined, suggesting that a short initial period of milling
s the most effective for aggregate size reduction of ITO powder.

Fig. 6a shows a TEM image of secondary aggregates of
colloidal ITO dispersion stabilized with isopropyl tri(N-

thylenediamino)ethyl titanate. It is evident from this image that
he primary ITO nanoparticles formed very irregular secondary
ggregates, and that the number of primary ITO particles com-
rising each secondary aggregate is not consistent. These irregular

ggregates were formed during milling in the paint shaker, where
he ITO nanopowders were collided with ZrO2 beads. Fig. 6b
hows a SEM image of the secondary aggregates of the colloidal
TO dispersion. The shape of the ITO aggregates is irregular, and
n contrast to the TEM image, it is difficult to identify the pri-
f ZrO2 bead (the attrition duration is 8 h). (b) The secondary particle size of colloidal
he secondary particle size of colloidal ITO dispersion as a function of attrition time

mary particles constituting the secondary aggregates. This may
be due to the adsorbed coupling agent on the surface of the
ITO aggregates. Also important to note is that it is impossi-
ble to identify the adsorbed layer of dispersant on the surface
of ITO secondary aggregates from TEM image in Fig. 6a due
to very small size of the dispersant molecule, isopropyl tri(N-
ethylenediamino)ethyl titanate. Assuming the chemically adsorbed
titanate coupling agents on the surface of ITO nanoparticles are
fully extended into the dispersion medium, as depicted in Fig. 6c
schematically, we can calculate the thickness of the adsorbed
layer of the dispersant accounting the bond length of carbon
and other elements such as oxygen and nitrogen in the molec-
ular structure of isopropyl tri(N-ethylenediamino)ethyl titanate
[39]. The calculated adsorbed layer thickness is about 0.704
to 1.153 nm, which is too short compared with polymeric dis-
persants for steric stabilization. However, it has been reported
that the dense coil conformation of adsorbed polymeric disper-
sant on the surface of MgO with 1.5–5 nm thickness can act as
steric repulsion layer by A. Kauppi [40]. Thus, titanate coupling
agent such as isopropyl tri(N-ethylenediamino)ethyl titanate can
be used as steric stabilizer though the adsorbed layer thickness
of the dispersant is relatively short compared with polymeric

dispersants. Indeed, other silane coupling agent, MPTS ((CH3O)3Si-
(CH2)3OCOC(CH3) CH2) has been already used as steric stabilizer
for the silica suspension, reflecting titanate coupling agent can be
also adopted as dispersant with steric repulsion for ITO nanoparti-
cles [41].
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in the increased particle size. This phenomenon was not observed
when 2,4-pentanedione was used.

Fig. 8a shows comparative data on the electrical proper-
ties, including sheet resistance, of ITO films coated on glass
ig. 6. (a) TEM image of secondary aggregates of ITO colloid. Scale bar is 100 nm. (
gure for the stabilized ITO nanoparticle adsorbed with titanate modifier.

It is known that the �-diketone 2,4-pentanedione can be
dsorbed on the surface of ITO nanoparticles to form a chelate.
t has been reported that inorganic condensation between metal
xide nanoparticles occurs when excess ethanol is used as the dis-
ersion medium, as it promotes dehydration of the surface silanol
roup of the metal oxide nanoparticles, resulting in crosslink-
ng of neighboring particles [42]. This silanol group interparticle
norganic condensation site can be blocked by chelation with �-
iketones. In this study it was possible to prepare a stable ITO
ispersion when 2,4-pentanedione was adsorbed onto the ITO par-
icle surface. Fig. 7 shows the secondary particle size of colloidal
TO dispersed in 2,4-pentanedione as a function of milling time.
,4-pentanedione is a less effective dispersant than isopropyl tri(N-
thylenediamino)ethyl titanate, due to the very thin adsorption
ayer thickness of the former compound on the particle surface. This
s because the steric repulsion due to 2,4-pentanedione is less than
hat of isopropyl tri(N-ethylenediamino)ethyl titanate. However,
hen 2,4-pentanedione was used as a dispersant, the secondary
article size of the ITO dispersion was reduced to 114 nm after 4 h
f vibratory milling. Fig. 7 also shows the secondary particle size
s a function of milling time when a mixture of isopropyl tri(N-
thylenediamino)ethyl titanate and 2,4-pentanedione was used as
dispersant. Based on these data it was possible to prepare sta-
le colloidal ITO dispersions after 4 h of vibratory milling when a
ixed dispersant is used. These results suggest that neither iso-

ropyl tri(N-ethylenediamino)ethyl titanate nor 2,4-pentanedione
nduces desorption of the other dispersant. A slight increase in sec-
ndary particle size in the ITO dispersion was only observed when
image of secondary aggregates of ITO colloid. Scale bar is 200 nm. (c) Schematic

isopropyl tri(N-ethylenediamino)ethyl titanate was used as the
dispersant. The heat generated during milling may have caused des-
orption of isopropyl tri(N-ethylenediamino)ethyl titanate, resulting
Fig. 7. The secondary particle size of colloidal ITO dispersion as a function of
milling time. 2,4-pentanedion, tri(N-ethylenediamino)ethyl titanate, and their mix-
ture were used as dispersants.
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of ITO particles when 2,4-pentanedione is used as the dispersant.
ig. 8. (a) The sheet resistance of coating film with varying amount of
ispersants. (b) The thermogravimetric analysis (TGA) data of isopropyl tri(N-
thylenediamino)ethyl titanate.

ith varying amounts of the dispersants such as isopropyl
ri(N-ethylenediamino)ethyl titanate or 2,4-pentanedione. The sec-
ndary particle sizes of colloidal ITO dispersed with isopropyl
ri(N-ethylenediamino)ethyl titanate and 2,4-pentanedione were
djusted to 101 ± 3.7 and 91.1 ± 1.2 nm, respectively, and the
mount of dispersant was based on the weight of ITO powder.
ccording to the thermogravimetric analysis (TGA) shown in Fig. 8b,
ost of the isopropyl tri(N-ethylenediamino)ethyl titanate was

etained, and acted as an insulating layer after baking of the
oating at 180 ◦C [35]. However, the 2,4-pentanedione evaporated
ompletely after baking, as the boiling point of 2,4-pentanedione
140 ◦C) is low enough to cause vaporization during the baking
rocess. Thus, the adsorption layer of 2,4-pentanedione between
he ITO aggregates in the baked film will not remain, and the
lectrical resistance due to the adsorbed dispersant layer will be
on-existent. The sheet resistance of the ITO coating was almost

ndependent on the amount of 2,4-pentanedione as displayed in
ig. 8(a). In contrast, the electrical resistance of the film increased
arkedly with increasing isopropyl tri(N-ethylenediamino)ethyl

itanate. The measured sheet resistance of the film ranged from 2.4
o 3.0 × 104 �/�, which is sufficient to shield the CRT panel from
lectromagnetic waves, and satisfies semi-TCO regulations.

The long-term stability of a colloidal dispersion is important, as

ggregation of particles in the dispersion medium will affect the
hysical properties of the dispersion and its engineering applica-
ions. To study the dispersion stability of ITO nanoparticles as a
unction of storage time, we measured and compared the secondary
Fig. 9. The change of secondary particle size of colloidal ITO dispersed with 2,4-
pentanedion and tri(N-ethylenediamino)ethyl titanate as a function of storage day.

particle sizes of the colloids dispersed with isopropyl tri(N-
ethylenediamino)ethyl titanate and 2,4-pentanedione, and stored
at 4 ◦C for 23 days (Fig. 9). For tri(N-ethylenediamino)ethyl titanate
(Fig. 9a) the secondary particle size increased less than 15 nm when
the dispersant concentration was less than 4.2 wt%, but increased
by a factor of about two when 5.8 wt% of dispersant was used. This
may be due to depletion interaction due to unadsorbed dispersant
dissolved in the dispersion medium, causing an attractive osmotic
pressure and resulting in particle aggregation [35,43]. Thus, the
critical concentration for depletion flocculation lies between 4.2
and 5.8 wt% of isopropyl tri(N-ethylenediamino)ethyl titanate; this
finding suggests that an adequate amount of the coupling agent
should be used to guarantee the long-term stability of the colloidal
ITO dispersion. This is the manifestation of the existence of opti-
mum concentration of dispersant for stable ITO dispersion when
titanate coupling agent was used as dispersion stabilizer.

Fig. 9b shows that after 23 days there was a slight change in
the secondary particle size in an ITO dispersion stabilized by 2,4-
pentanedione varying from 0.5 to 10.8 wt%, indicating that the
secondary particle size remained almost constant regardless of
the concentration of dispersant. Since 2,4-pentanedione is a small
molecule, similar in molecular size to the solvents in the disper-
sion medium, the depletion layer does not occur on the surface
Consequently, no change was observed in the particle size in ITO
dispersions due to depletion flocculation. This suggests that if 2,4-
pentanedione is used, ITO dispersions will remain stable for long
storage times regardless of the amount of dispersant used.
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Thus far, the dispersion stabilization of ultrafine ITO powder in
batch type vibratory milling apparatus has been described as a

unction of various operational parameters. However, continuous
peration of the powder milling process is essential for industrial
pplications. We therefore used a continuous operation milling
achine, the Dynomill, which uses an agitation disk to comminute

he aggregated nanopowder with ZrO2 beads, i.e., it functions as
n agitator bead mill. A mixture of ITO powder, dispersion medium
nd the dispersant isopropyl tri(N-ethylenediamino)ethyl titanate,
ith the same composition as that used in the batch experiments,
as fed into the Dynomill chamber and agitated with 230 ml of

rO2 beads at 2667 rpm. The feed rate was adjusted to 10.3 L/h, and
he ITO suspension from the mill outlet was recycled for several
ours and sampled at various times during the continuous milling
rocess. It was found that the secondary particle size of the ITO
uspension could be reduced to less than 124.1 nm (Fig. 10a), and
he electrical conductivity of coating film with this AS coating was
.7 × 104 �/�. Fig. 10b shows the reflectance spectrum of visible
ight for the AS and AR coating layers on the CRT panel. Before
eposition of the AS coating solution, the ITO colloids were dis-
ersed with isopropyl tri(N-ethylenediamino)ethyl titanate in the
ynomill. The minimum reflectance of the film coating was 1−1.5%,

ig. 10. (a) The secondary particle size of ITO dispersion during continuous
illing process by Dynomill. Isopropyl tri(N-ethylenediamino)ethyl titanate or 2,

-pentaneion was used as dispersant. (b) The reflectance spectrum of coating film.
sopropyl tri(N-ethylenediamino)ethyl titanate or 2,4-pentanedion was used as dis-
ersant for continuous milling process by Dynomill.
Fig. 11. (a) SEM image of hollow microsphere array made of indium tin oxide
nanoparticles, (b) high magnification image of the same sample.

depending on the measurement position, and the coating surface
was clean without whitening of the film.

The diluted suspension (0.5 wt%) of ITO nanoparticles dispersed
with 2,4-pentanedione was infiltrated into a hexagonal array of
polystyrene (PS) microspheres (10.1 �m in diameter; Duke Sci-
entific Co. Ltd.) to obtain conductive macroporous films by using
hetero-coagulation of ITO nanoparticles and PS microspheres in
mixed suspension [44]. After complete infiltration and drying the
sample was heated at 500 ◦C to remove organic PS microspheres,
leaving hollow microsphere arrays made of ITO nanoparticles as
shown in Fig. 11a. High magnification SEM image in Fig. 11b
revealed ITO nanoparticles comprising the walls of the conduc-
tive hollow structures, implying that the dispersion stability of the
ITO solution was retained during the colloidal templating process.
The macroporous ordered arrays of ITO has important applications
such as porous electrodes for photoelectrochemical cells. This appli-
cation has been already accomplished by sputtering ITO on the
polystyrene opal by other group [45]. As an alternative approach,
we have used ITO nanoparticle suspension to be infiltrated into the
PS opal array as described in our manuscript.
Fig. 12 shows the secondary particle size of the ATO colloid
dispersed in ethanol. As shown in Fig. 11, the secondary parti-
cle size in the ATO solution dispersed in 2,4-pentanedione was
smaller than that in the ATO solution stabilized with 3-methyl-2,4-
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ig. 12. The change of secondary particle size of colloidal ATO dispersed with 2,4-
entanedion and 3-methyl-2,4-pentanedione as a function of attrition time.

entanedione (milling time 32 h), suggesting that steric hindrance
ue to the methyl group of 3-methyl-2,4-pentanedione prevented
he preferred adsorption of the dispersant onto the surface of ATO
ggregates relative to 2,4-pentanedione. The milling time required
o achieve a stable ATO colloid was longer than that for ITO nanopar-
icles, indicating that it is difficult to comminute aggregated ATO
anoparticles of relatively small primary particle size (9.88 nm) by
he milling process.

. Conclusions

A colloidal ITO dispersion was prepared by milling of
ltrafine ITO powder using �-diketones (including 2,4-
entanedione) or titanate coupling agents (including isopropyl
ri(N-ethylenediamino)ethyl titanate) as dispersants. The adsorp-
ion behavior of both types of dispersant on the surfaces
f the ITO particles was studied. The saturated adsorption
oncentration of 2,4-pentandion was twice that of isopropyl
ri(N-ethylenediamino)ethyl titanate, implying that �-diketones
ave a stronger affinity for the ITO surface than does the titanate
oupling agent. Under the same milling conditions the colloidal ITO
ispersion stabilized with isopropyl tri(N-ethylenediamino)ethyl
itanate had secondary particles of smaller size than the ITO dis-
ersion stabilized with 2,4-pentanedione. This occurred because
he adsorbed layer of the coupling agent, which acts as a steric
arrier blocking van der Waals interactions on the surfaces of ITO
anoparticles, was thicker than that of the �-diketone layer.

The colloidal ITO dispersion was deposited on the CRT panel
o increase its surface conductivity, and partially hydrolyzed alkyl
ilicate was overlaid onto the ITO coating. The sheet resistance of
his double-layered film increased in proportion to the amount
f isopropyl tri(N-ethylenediamino)ethyl titanate, as the adsorbed
oupling agent acts as an insulating layer between the ITO nanopar-
icles. The sheet resistance of the film coating was independent of
he amount of 2,4-pentanedione used, due to evaporation of the
ispersant during baking of the film.

The colloidal ITO dispersion stabilized with the coupling agent
howed depletion flocculation when the concentration of dis-
ersant was greater than 4.2 wt%. In contrast, the ITO solution
ispersed by �-diketone did not flocculate over the wide range
f dispersant concentrations used, as 2,4-pentanedione did not
reate a depletion layer on the surface of the ITO nanoparticles.

he stability of the ITO dispersion was retained during the col-
oidal templating process, forming conductive hollow microsphere
rrays.

Colloidal ATO dispersions stabilized with �-diketones including
,4-pentanedione and 3-methyl-2,4-pentanedione were also pre-

[
[

ochem. Eng. Aspects 336 (2009) 88–98 97

pared using a paint shaker to make a conductive paste dispersed in
an organic solvent such as ethanol.
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