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Abstract Indium–tin stearate precursor was suc-

cessfully synthesized by a direct reaction between

metals (indium and tin) and molten stearic acid under a

nitrogen atmosphere at 260 �C for 3 h for the first

time. Nearly, monodisperse *7 nm indium tin oxide

(ITO) nanocrystals without any agglomeration were

efficiently synthesized by pyrolysis of the as-synthe-

sized precursors without using additional organic

solvents under different conditions. It was found that

both pyrolysis temperature and Sn doping level

significantly influenced the particle size and size

distribution of the ITO nanocrystals. A lower pyrolysis

temperature and a higher Sn doping level resulted in a

smaller particle size of the ITO nanocrystals. Addition

of 1-octadecene solvent in the pyrolysis reaction could

lead to a narrow particle size distribution of the ITO

nanocrystals. In addition, all the as-synthesized ITO

nanocrystals could be dispersed homogeneously in

non-polar solvents such as n-hexane and chloroform

without using surfactants forming optically clear

solutions, which were used to prepare ITO/PVB

nanocomposite film as interlayer for making lami-

nated glass in solar control glazing.

Keywords ITO nanocrystals � Precursor � Pyrolysis �
Non-agglomerated � Solar control glazing

Introduction

Transparent conductive oxide (TCO) materials have

received widespread attention owing to their high

optical transparency, better electrical conductivity,

and corresponding wide applications in devices such

as touch panels, flat panel displays, solar cells,

transparent electrode, and smart windows (Ginley

et al. 2010). Tin-doped In2O3 (ITO), which is admi-

rable candidate in most of these applications due to its

highest available transmissivity for visible light com-

bined with the lowest electrical resistivity within this

class of TCO materials, shares more than 90 %

transparent electrode market (Sunde et al. 2012).

Normally, ITO thin films are fabricated via gas-phase

deposition methods, such as dc and rf magnetron

sputtering (Ginley et al. 2010). However, gas-phase

deposition methods are inconvenient to form a thin

film on flexible or heat sensitive substrates (e.g.,

plastics and paper). Moreover, the traditional gas-

phase deposition methods are expensive and time

consuming. In these regards, simple solution deposi-

tion pathway should be an attractive and promising

alternative for film fabrication (Pasquarelli et al.

2011). With controlled size, morphology, and com-

position, well-dispersed TCO nanocrystals solution
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can serve as inks for the inkjet printing or roll to roll

production (Dattoll and Lu 2011).

In order to obtain high quality ITO nanocrystals,

many methods have been designed and developed for

the synthesis of the ITO nanocrystals such as co-

precipitation (Li et al. 2006; Yu et al. 2004; Gao et al.

1999; Nam et al. 2001), electrolysis (Nakashima et al.

1995), sol–gel (Toki and Aizawa 1997; Jeon and Kang

2008), spray pyrolysis (Ogi et al. 2006; Jang et al.

2006; Itoh et al. 2004), solvothermal synthesis (Lee

and Choi 2005; Endo et al. 2008; Sasaki et al. 2010),

alloy oxidation (Peng et al. 2002; Yarema et al. 2012),

emulsion technique (Sujatha Devi et al. 2002), and

mixing followed by calcination (Yanagisawa and

Udawatte 2000; Udawatte and Yanagisawa 2001).

Among these, the solution-based synthetic routes are

the most versatile. It is well known that the common

co-precipitation method causes irregular and seriously

agglomerated nanoparticles. Accordingly, there is a

need to develop a better method for synthesizing ITO

nanocrystals.

During the past 10 years, the thermolysis approach

has been used to produce high quality metal oxide

nanocrystals (Park et al. 2004, 2007; Lee et al. 2013),

and the ITO nanocrystals with smaller particle size and

narrow size distribution have been synthesized via the

method (Bühler et al. 2007; Gilstrap et al. 2008; Choi

et al. 2008; Sun et al. 2010; Lee et al. 2012). And

furthermore, due to excellent dispersibility of ITO

nanocrystals in the assigned solvent, they can serve as

functional fillers in polymer matrix to produce poly-

mer-based nanocomposite materials, which can

improve the performance of the corresponding poly-

mer (Liu et al. 2012). However, this method consumes

a large amount of high boiling point organic solvents

such as ODE. Another issue that should be considered

is the cost and availability of the organo-metallic

precursors. Hence, to develop an efficient method with

a low cost for the synthesis of ITO nanocrystals with

controlled particle size and size distribution has not

only academic significance but also practical indus-

trial applications.

Our group had developed an efficient and econom-

ical method in preparation of metal oxide particles.

Metal oxide particles could be synthesized by pyro-

lyzing organo-metallic precursors, which are obtained

by the reaction between metals and fatty acids at

elevated temperatures (Yang et al. 2014). For exam-

ple, nearly monodisperse In2O3 nanocrystals have

been successfully prepared via the one-pot pyrolysis

reaction (Luo et al. 2013). In this paper, we produce

*7 nm ITO nanocrystals based on the precursor

obtained by a direct reaction between metals (indium

and tin) and molten stearic acid. The particle size of

the nanocrystals can be controlled by tuning engi-

neering factors such as pyrolysis temperature and tin

doping level. When these ITO nanocrystals are

dispersed in non-polar solvents such as chloroform,

toluene, or n-hexane, optically clear solutions formed

without any surfactants, which are stable for several

months even a year without any precipitates. The

application of the dispersed ITO nanocrystals in

solution to prepare ITO/PVB nanocomposite films as

interlayers for making laminated glass in solar control

glazing is also conducted and discussed.

Experimental details

Chemicals

Raw indium metal (indium ingot, 99.995 %) and tin

metal (tin granule, 99.999 %) were purchased from

Zhuzhou Smelter Group Co., LTD, PRC; stearic acid

(95 %), 1-octadecene (ODE, 90 %), and polyvinyl

butyral (PVB) resin were obtained from Sigma-

Aldrich Company; chloroform (99.8 %) and ethanol

(99.9 %) were from Merck, and toluene (99.7 %) and

n-hexane (95 %) were from Mallinckrodt. All the

chemicals were used as received without any further

purification.

Synthesis of indium–tin stearate precursors

0.01 mol of indium metal (1.15 g), 0.001 mol of tin

granule (0.12 g, the amount of tin depends on the Sn

doping level), and 0.034 mol of stearic acid (10.18 g)

were introduced into a 50 mL condenser-equipped

three-neck round-bottom flask. Then, the raw materi-

als in the flask were heated from room temperature to

260 �C, and kept at that temperature with vigorous

stirring for 3 h under a continuous nitrogen flow. (The

function of the nitrogen atmosphere is to prevent the

stearic acid from oxidation in air.) After 3 h, two

metals disappeared, indicating that both of them

reacted with stearic acid completely, and formed an

optically clear solution with light yellow color.

Consequently, the indium–tin stearate precursor in

2561 Page 2 of 12 J Nanopart Res (2014) 16:2561

123



waxy solid form was obtained by cooling the solution

to the room temperature, which was used for charac-

terization of the precursor.

Synthesis of ITO nanocrystals by pyrolysis

without using any additional organic solvents

The solid indium–tin stearate precursor in the flask

was heated from room temperature to 300 �C with a

heating rate of 10 �C/min and was held at 300 �C for

3 h for the pyrolysis reaction under a nitrogen

atmosphere. After 3 h, the flask was cooled down to

the room temperature, and a blue precipitate at the

bottom of the flask was observed. Then, the precipitate

was washed by hot ethanol to remove the by-products,

and dried at 80 �C overnight under vacuum. Finally,

the ITO nanocrystals in powder form were obtained. It

should be stressed that in our pyrolysis reaction, the

precursor itself plays the role of a solvent and no

additional high boiling point organic solvents such as

ODE was used, which is significantly different from

the reactions for the synthesis of nanocrystals reported

before (Park et al. 2004, 2007; Lee et al. 2013; Bühler

et al. 2007; Gilstrap et al. 2008; Choi et al. 2008; Sun

et al. 2010; Lee et al. 2012).

Laminated glass with solar control glazing using

ITO/PVB nanocomposite film as interlayer

In order to prepare laminated glass in solar control

glazing, transparent ITO/PVB nanocomposite films

with different ITO concentrations in PVB matrix were

prepared. 1.0 g PVB and certain amount of 25 mg/mL

ITO chloroform solution were added into 10 mL

chloroform and vigorously stirred to obtain optically

clear ITO/PVB solution. Then, 1 mL of the prepared

solution was poured into a PP mold (20 mm 9

30 mm 9 15 mm). After that, the mold was trans-

ferred to a fume hood to evaporate the solvent

overnight. After the solvent evaporated completely,

a transparent ITO/PVB nanocomposite film was

obtained. The thickness of the film was measured by

a digital caliper. Three concentrations of ITO in PVB

matrix were used, which are 0.2, 1.0, and 2.0 wt %,

respectively. The ITO/PVB nanocomposite film was

carefully intercalated to two pieces of commercial

glass (20 mm 9 20 mm, and 3 mm in thickness).

Finally, the laminated glass using the ITO/PVB

nanocomposite film as an interlayer was prepared at

140 �C for 1.5 h under compression, followed by

cooling down to the room temperature.

Characterization

Thermo gravimetrical analysis (TGA) of the indium–

tin stearate precursor was performed on a TGA (Perkin

Elmer, UNIX/TGA7) from room temperature to

700 �C in a nitrogen atmosphere with a heating rate

of 10 �C/min. Fourier transform infrared spectra (FT-

IR) of the indium–tin stearate precursor were obtained

by using an FT-IR spectrometer (Bio-Rad, FTS6000)

with attenuated total reflection (ATR) mode. Phase

identification and structural analysis of the ITO

nanocrystals were conducted on a Phillips X’pert Pro

X-ray diffractometer equipped with Cu Ka radiation

(k = 1.54056 Å) at a scan rate of 0.5�/s and 2h from

10� to 70�, operating at 40 kV and 40 mA. Electron

micrographs of the ITO nanocrystals were taken using

a transmission electron microscope (TEM) (JEOL-

2100) with an accelerating voltage of 200 kV,

equipped with a Bruker energy-dispersive X-ray

spectroscope (EDXS) and selected-area electron dif-

fraction (SAED). The TEM samples were prepared by

dropping an n-hexane dispersion of the ITO nano-

crystals onto a copper grid coated with an amorphous

carbon layer, followed by drying in a vacuum

desiccator. UV–Vis-NR spectra of the laminated glass

using the ITO/PVB nanocomposite film as the inter-

layer were recorded by UV–Vis spectrometer (Perkin

Elmer, Lambda20) and FT-NIR spectrometer (Bruker,

Vertex70), respectively.

Results and discussion

Synthesis and identification of indium–tin stearate

precursor by a direct reaction between metals

and molten stearic acid

Indium and tin were used to react with stearic acid in a

flask at 260 �C under a nitrogen atmosphere. It was

observed that some bubbles continuously came out

from the reaction solution, which were identified to be

hydrogen and gave a clear typical signal indicating

that a reaction between metals and acid occurred

indeed. After reaction, the solid product was charac-

terized by FT-IR spectroscopy (ATR). Figure 1 dis-

plays the FTIR spectra of the solid product as well as a
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stearic acid sample for comparison. The assignments

of the main IR vibration bands of the spectrum are also

presented in Fig. 1. The spectrum of the product shows

two asymmetric COO- stretching peaks (1,610 cm-1

and 1,531 cm-1) of metal carboxylate groups from

1,510 to 1,630 cm-1 which are the characteristic

peaks different from the spectrum of the stearic acid

(Gilstrap et al. 2008). Moreover, the dramatically

weakening of –OH(d) stretching peak at 943 cm-1

and –COOH(d) stretching peak at 1,294 cm-1 also

indicates that the stearic acid reacted with the metals,

resulting in the formation of indium–tin carboxylate.

Synthesis of ITO nanocrystals via pyrolysis

without using any additional organic solvents

Pyrolysis of organo-metallic precursors at high tem-

perature is one of the most versatile routes in

producing ITO nanocrystals with controllable size

and shape, and the thermal stability of the organo-

metallic precursors under synthetic conditions is also

of great importance in nuclei generation and nano-

crystals growth (Park et al. 2004). In this study, TGA

was employed to investigate the pyrolysis behavior of

the indium–tin stearate precursor under a nitrogen

atmosphere. Figure 2 depicts the TGA curve of the

precursor revealing that the pyrolysis mainly occurred

at about 280–350 �C. When the temperature reached

450 �C, the weight loss stayed unchanged, illustrating

that the precursor had decomposed completely to

generate ITO product.

The pyrolysis of the indium–tin stearate precursor

was conducted at 300 �C under a nitrogen atmosphere

for 3 h. The blue product was obtained in powder form

and named as ITO-10 %-300. The structure and phase

purity of the final product were studied by powder

X-ray diffraction (XRD) technique. The XRD pattern

of ITO-10 %-300 is displayed in Fig. 3. The broad

peaks centered at the peak positions match quite well

with the main diffraction peaks of the body-centered

cubic indium oxide (JCPDS file No. 06-0416), and no

peaks of discernable tin oxide or other indium oxide

compounds were detected. The XRD pattern clearly

confirms that indium ion was replaced by the tin ion in

the lattice. As a result, the ITO nanocrystals consist of

a solid solution of the indium tin oxide.

Fig. 1 FT-IR spectra of the stearic acid (black) and indium–tin

stearate (red). The assignments of the main IR vibration bands

of the spectrum are also showed. (Color figure online)

Fig. 2 TGA and DTG curves of indium–tin stearate. The

displayed temperatures 200 and 338 �C are the estimated

nucleation and main growth temperature, respectively

Fig. 3 XRD patterns of ITO samples. The standard pattern of

bcc In2O3 was indexed (JCPDS #06-0416)
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The average crystallite size was calculated from the

XRD patterns using the Debye–Scherrer equation

below:

D ¼ kk
bcosh

ð1Þ

where D is the crystallite size in nanometers, k
is the wavelength of X-ray in nanometers (Cu

Ka = 0.154 nm), b is the calibrated full width at half

maximum (FWHM) of the XRD in radian, h is the

Bragg diffraction angle, and k = 0.89 for most

common case. Base on the Eq. 1, the calculated

average crystallite diameter of the ITO product is

7.45 nm according to the FWHM of the four most

intense peak reflections [(222), (400), (440), and

(622)] after instrument correction (Caruntu et al.

2010).

The morphology of the ITO nanocrystals was also

examined by TEM. Figure 4a shows the TEM image

of ITO-10 %-300, which exhibits several characteris-

tics. The ITO nanocrystals exist in particle form

without agglomeration, and are also in nearly mono-

disperse state which is caused by the presence of

surfactant-like chemicals on the surface of the ITO

nanocrystals. The selected-area electron diffraction

(SAED) pattern of the ITO nanocrystals can be

attributed to the (222), (400), (440), and (622)

diffraction planes, which are supported by the XRD

characterization. As shown in Fig. 4b, the high

resolution TEM image reveals that the nanoparticle

has a single crystalline nature with an atomic lattice

fringe image of 0.29 nm corresponding to interplanar

spacing of (222) lattice plane. Measurement of 300

random particles of ITO-10 %-300 sample in the TEM

image indicates that the ITO nanocrystals have an

average diameter of 7.06 nm with a narrow size

distribution and the corresponding RSD (relative

standard deviation) was 9.8 %, which agrees well

with the result calculated from the equation, as

displayed in Fig. 4c. In addition, the data also

demonstrate that each particle only contains one

domain without any internal grain boundaries, declar-

ing the homogenous doping on the lattice level. The

XPS result indicated that the molar ratio of tin to

indium is 10.2 % in the as-synthesized ITO nanocrys-

tals, which is consistent with the initial Sn/In ratio.

It should be noticed that our pyrolysis reaction was

conducted without using any additional organic sol-

vents such as ODE, which is different from the typical

pyrolysis reaction using ODE as reported by the

literature (Park et al. 2007; Lee et al. 2013). Thus, our

pyrolysis reaction without any additional solvents can

lead to an efficient and simple way to synthesize ITO

nanocrystals, because in the pyrolysis reaction the

concentration of the indium–tin precursor is much

higher than that in the reported literature (Bühler et al.

2007; Gilstrap et al. 2008; Choi et al. 2008; Sun et al.

2010; Lee et al. 2012).

The produced nearly monodisperse ITO nanocrys-

tals can be dispersed in non-polar solvents such as

chloroform, toluene, or n-hexane and form an opti-

cally clear solution. The 10 wt % ITO solution

displayed a complete lack of agglomeration and could

be stable for a few months even a year. This unique

Fig. 4 a Low resolution and b high resolution TEM images of the ITO-10 %-300 nanocrystals. The SAED pattern is shown as an inset

in (a). c The relative size distribution histogram. The curve is the corresponding Gaussian fit
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property of the ITO nanocrystals also builds up a solid

foundation for the preparation of transparent ITO/

polymer nanocomposite film because many typical

transparent polymers such as PVB, PMMA, and PC

can be easily dissolved in typical non-polar solvents

such as chloroform. Accordingly, using a conventional

solution casting method, transparent ITO/polymer

nanocomposite films can be obtained for various

industrial applications.

Effect of pyrolysis temperature

It is well accepted that pyrolysis temperature is a key

factor in the synthesis of ITO nanocrystals. Many

researchers have studied the effect of pyrolysis

temperature on the particle size of the nanocrystals

(Park et al. 2004, 2007; Lee et al. 2013). The pyrolysis

temperatures investigated are determined to be at 280,

300, 320, and 350 �C.

When the pyrolysis reaction of the indium–tin

stearate precursor was conducted at 280 �C for 3 h, it

was observed that no obvious ITO nanocrystals were

precipitated, indicating that the pyrolysis reaction of

the precursor at this temperature was slow. When the

pyrolysis reaction of the precursor was carried out at

300 �C for 3 h, the obtained results are presented in

‘‘Synthesis of ITO nanocrystals …’’ section already.

When the pyrolysis reaction took place at 320 �C, the

average particle size of the ITO nanocrystals is

determined to be about *12 nm by TEM as shown

in Fig. 5a, illustrating that particle size of the ITO

nanocrystal increases from about 7 to 12 nm when the

pyrolysis temperature increases from 300 to 320 �C,

the tendency in total agreement with the previously

published results (Lee et al. 2013; Jin et al. 2013).

Figure 5a also depicts that some ITO nanocrystals are

present with a nearly octahedron morphology, sug-

gesting the formation of ITO nanocrystals with two

different morphologies at that temperature. When the

pyrolysis temperature was further increased to 350 �C,

explosive pyrolysis reaction occurred and completed

rapidly, it was found that there are more octahedral

ITO nanocrystals formed in the product, as displayed

in Fig. 5b. Thus, the pyrolysis temperature window for

the production of more uniform ITO nanocrystals

ranges from 300 to 320 �C.

Effect of addition of ODE solvent

In the early studies on the synthesis of metal oxide

nanocrystals by pyrolysis, many researchers used the

high boiling point solvents such as 1-hexadecene (b.p.

274 �C), 1-octadecene (ODE, b.p. 317 �C), and trioc-

tylamine (TOA, b.p. 365 �C) during the pyrolysis

reaction. Their results clearly indicate that as the

boiling point of the solvents increases, the precursor in

the solvent shows a higher reactivity, resulting in an

increase in the particle size of the ITO nanocrystals

(Park et al. 2004; Ye et al. 2010). In order to

investigate the effect of addition of ODE solvent in

the pyrolysis reaction of indium–tin stearate precursor,

a parallel pyrolysis experiment using ODE as solvent

was carried out at 300 �C for 3 h, and the concentra-

tion of the indium and tin ions was 0.15 M. Blue ITO

Fig. 5 TEM images of the obtained ITO products at different pyrolysis temperatures. a ITO-10 %-320 and b ITO-10 %-350
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nanocrystals in powder form were obtained after

purification and labeled as ITO-10 %-ODE.

Figure 6 presents the TEM image of the ITO-10 %-

ODE sample, displaying the as-synthesized ITO

nanocrystals with an average particle size of

6.40 nm corresponding a RSD of 6.9 %. When

compared with the results shown in ‘‘Synthesis of

ITO nanocrystals …’’ section, it is observed that even

though the ODE solvent has no significant effect on

the nucleation process, the concentration of the nuclei

in the reaction solution decreases, leading to a narrow

particle size distribution. Moreover, the diameter of

the nanocrystals has a slight decline since the ODE

could stop the nanocrystals from growing to some

extent. The comparisons between Figs. 4 and 6 also

illustrate that addition of ODE to the pyrolysis reaction

does not impose any significant impact on the particle

size of the ITO nanocrystals. From point view of an

engineering aspect, our one-pot pyrolysis of simple

raw materials and forthright procedure pave it ideal for

industrial scale-up of the synthesis of the ITO

nanocrystals.

Effect of different Sn doping levels

Indium tin oxide nanocrystals exhibit splendid opto-

electronic performance that is quite different from that

of its matrix crystal indium oxide, which is considered

as a wide band gap transparent semiconductor. The

optical and electronic properties are related to the

energy level structures and valence state of the tin

dopants (Sun et al. 2010; Jin et al. 2013). During the

pyrolysis reaction, it is hard to control the

homogeneity of the doped product because the

organo-metallic precursors may have different decom-

position temperatures (Ito et al. 2012). Normally, TGA

profile is regarded as the most efficient way to depict

the thermal behavior of the organic metal salt precur-

sor. In general, congeneric/homologous metal salts

show similar thermal attributes. Figure 7 illustrates

that the synthesized indium–tin stearate precursors

with different Sn doping levels had similar decompo-

sition tendency, and no significant disparity among

them was observed. Most importantly, the curves

indicate that the sharp decline of weight loss mainly

concentrated at about 300–375 �C, implying that the

indium stearate and tin stearate most likely decom-

posed simultaneously, and tin ions would insert the

indium oxide lattices homogenously rather than exist

Fig. 6 a Low resolution and b high resolution TEM images of the ITO-10 %-ODE nanocrystals. The SAED pattern is shown as an

inset in (a). c The relative size distribution histogram. The curve is the corresponding Gaussian fit

Fig. 7 TGA curves of the indium–tin stearate with different Sn

doping levels
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as an individual phase until the amount of tin reaches

the tolerated limit. Too high concentration of tin

dopants in the indium oxide lattices will cause

significant lattice distortion even separation from the

host.

The XRD patterns of ITO-(2–15) %-300 are dem-

onstrated in Fig. 8. Obviously, all the main peaks

match well with the main diffraction peaks of bcc

indium oxide (JCPDS file No. 06-0416), and the peaks

become broader as the Sn dopant concentration

increases, resulting in smaller particle size of the

ITO nanocrystals. This is further confirmed by the

TEM observations as shown in Fig. 9, indicating that

as Sn doping levels increase from 2 to 15 wt %, the

average particles size of the corresponding ITO

nanocrystals decreases from 12 to 6.5 nm.

No other peaks of impurity were found even in the

ITO-15 %-300 sample, which promised the distribu-

tion of tin ions in the indium oxide lattices. The well

mixed indium–tin stearate precursor provides an

efficient way to synthesize the ITO nanocrystals with

a wide range of Sn doping levels, resulting in the

products with a narrow size distribution. All the

products could be dispersed in chloroform to form

optically clear solutions as shown in Fig. 10, in which

the concentration of the ITO in chloroform is 35 mg/

mL. It was also observed that as the tin doping level

increases, the color of the dispersion of ITO nano-

crystals in chloroform becomes darker, indicating a

blue shift in the absorption of the dispersion in visible

light range (Lee et al. 2012).

Application of ITO nanocrystals in laminated glass

in solar control glazing

It is well known that ITO nanocrystals display unique

optical properties: high transmission in the visible

light region, high reflection in the IR light region, and

high absorbance in the UV light region (Yin et al.

2007). Their excellent optical properties make them to

be used in the preparation of transparent polymer-

based functional films for fabricating the laminated

window glass in solar control glazing. Smith et al.

(2002) reported that nanoparticle-doped PVB foils

made by extrusion process can provide laminated

windows and polymer glazing for good solar control

with high visual and daylighting performance.

In this study, using conventional solution casting

method, we successfully fabricated transparent ITO/

PVB nanocomposite films with three different ITO

concentrations in PVB matrix, which were used for

making laminated glass. The inset in Fig. 11 shows a

photo of a laminated glass using an ITO/PVB nano-

crystal nanocomposite film with an ITO concentration

of 1 wt % as an interlayer, displaying excellent

transparency of the laminated glass. Figure 11 pre-

sents the UV–Vis spectra of the four laminated glass

samples, which illustrate that in the range of visible

light, all the four samples show over 80 % transmit-

tance. Thus, addition of ITO nanocrystals in PVB

matrix does not significantly influence the transmit-

tance of the laminated glass samples. The high

transmittance over 80 % of the laminated glass is

even better than that of commercial laminated glass as

reported in the literature (Smith et al. 2002). The

physics behind this phenomenon is that the ITO

nanocrystals can provide spectrally absorption without

any scattering.

In order to evaluate the performance of the

laminated glass in solar control glazing, the IR spectra

of the four samples were measured, and are presented

in Fig. 12. The spectra clearly show that addition of

ITO nanocrystals to the PVB matrix can drastically

impose a significant impact on the transmission of IR

light in the range of 900–2,500 nm. In case of

laminated glass sample using a neat PVB film as an

interlayer, about 80 % IR light can pass through the

laminated glass, indicating that the laminated glass

does not show any significant effect in solar control

glazing. However, when ITO/PVB nanocomposite

films are used as interlayers for the laminated glass,

Fig. 8 XRD patterns of the ITO nanocrystals with different Sn

doping levels. The pink vertical lines represent the standard

pattern of bcc In2O3 (JCPDS #06-0416). (Color figure online)
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the transmission of the IR light significantly decreases

particularly when the ITO concentration in PVB

matrix reaches 1 wt %. As the concentration of ITO

nanocrystals in the PVB matrix increases from 0 to

0.2, 1.0, and 2.0 wt %, the transmission of the IR light

for the four samples calculated is determined to be

81.3, 80.8, 44.3, and 42.5 %, respectively. When the

ITO concentration is over 1 wt %, further increase in

Fig. 9 TEM images and the

relative size distribution

histograms of the ITO

nanocrystals with different

Sn doping levels. a, b ITO-

2 %-300, c, d ITO-5 %-300

and e, f ITO-15 %-300
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concentration does not significantly reduce the trans-

mission of the IR light at all. The low transmission of

IR light in the wavelength range of 900–2,500 nm

about 44.3 % for the laminated glass is comparable to

that of commercial laminated glass as reported in the

literature (Smith et al. 2002). The results also illustrate

that the ITO nanocrystals obtained in this studies have

a promising industrial applications to make laminated

glass in solar control glazing.

Conclusions

In summary, we synthesized indium–tin stearate

precursor by a direct reaction between metals (indium

and tin) and molten stearic acid under a nitrogen

atmosphere at 260 �C for 3 h for the first time, which

built up a solid foundation for the scaling up of the

synthesis of ITO nanocrystals in industry. Nearly,

monodisperse *7 nm ITO nanocrystals without any

agglomeration were synthesized by direct pyrolysis of

the as-synthesized precursors without using any

additional organic solvents under different conditions,

which provide an efficient approach to synthesize ITO

nanocrystals. A lower pyrolysis temperature and a

higher Sn doping level could result in a smaller

particles size of the ITO nanocrystals. Addition of a

small amount of ODE in pyrolysis reaction could lead

to a narrow particle size distribution of the ITO

nanocrystals. In addition, the as-synthesized ITO

nanocrystals could be dispersed homogeneously in

non-polar solvents such as n-hexane, toluene, and

chloroform, forming optically clear solutions. The

importance of the results is to open a window to

prepare various transparent ITO/polymer nanocom-

posite films for different industrial applications such

as ITO/PVB nanocomposite film as interlayer for

making laminated glass in solar control glazing. The

laminated glass using a ITO/PVB nanocomposite film

as an interlayer with 1.0 wt % ITO shows over 80 %

transmittance in visible light range and smaller than

45 % transmittance in IR range (900–2,500 nm).
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Fig. 10 A photo of various dispersions of ITO nanocrystals

with different Sn doping levels in chloroform

Fig. 11 UV–Vis spectra of laminated glass samples using

different ITO/PVB nanocomposite films as an interlayer. The

inset is a photo of a laminated glass with 1.0 wt % ITO in PVB

matrix

Fig. 12 IR spectra of laminated glass samples using different

ITO/PVB nanocomposite films as an interlayer
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