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Transparent optical thin films for energy saving applications have recently gained substantial prominence
for functional window processes. In this study, highly visible transparent nanocomposite films with
ultraviolet (UV) and near-infrared (NIR) blocking capabilities are reported. Such nanocomposite films,
prepared by electrophoretic deposition on ITO-coated glass, are composed of indium tin oxide (ITO)
nanocrystals (9 nm) and octahedral metal atom clusters (1 nm, Nbe or Tag) embedded into silica
nanoparticles (~80 nm). The functional silica nanoparticles were prepared by a reverse microemulsion

process. The microstructural characterization proved that ITO nanocrystals are centered in the silica
Received 24th June 2019

Accepted 5th August 2019 nanoparticles, whereas the metal atom clusters are homogeneously distributed in the silica matrix. The

optical absorption spectra of these transparent nanocomposite films exhibit distinct and complementary

DOI: 10.1039/c9n200400a contributions from their ITO nanoparticles and metal atom clusters (absorption in the UV range) and
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1 Introduction

The development of functional coatings for window applica-
tions using metal, oxide or sulfide nanoparticles (NPs) with
localized surface plasmon resonance (LSPR) frequencies in the
near-infrared region (NIR) has attracted great attention. This
increased interest is due to their strong potential towards
energy saving applications by blocking NIR radiation."™ In the
family of common LSPR oxide materials (CdO, ZnO, In,03, and
WO;_,), Sn:In,03, indium tin oxide (ITO), appears to be
a promising candidate for functional coating on glasses, owing
to its LSPR properties. Furthermore, these properties corre-
spond with the most energetic NIR radiation, responsible for
heating.">* Indeed, the average solar energy distribution on the
Earth's surface (after absorption through the atmosphere) is
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composed of approximately 5% UV radiation (290-380 nm),
46% visible radiation (380-780 nm) and approximately 49% NIR
radiation (780-2500 nm). Regarding the absorption process, O3
is responsible for the total radiation absorption below 290 nm,
while CO, and H,O vapor mainly absorb the thermal infrared
radiation, with impacts on the Earth's temperature. Thus,
almost half of the solar energy comes from infrared radiation,
particularly from the highest thermal energy region (780 to 1100
nm)."**¢ Despite the abundant availability of commercial ITO-
coated glasses in the market, besides the commonly used
sputtering process using an ITO target and Ar ion beam, their
fabrication routes are limited."”'® Currently solution-based
processes are highly desirable for reducing the cost of these
materials and as a viable alternative to the sputtering process
for the synthesis of ITO NPs and ITO nano inks."** In parallel,
our group has recently proposed the use of transition metal
nanoclusters as UV-NIR blocking building blocks. In this
regard, they were successfully tested for the development of
nanocomposite coatings by electrophoretic deposition (EPD).>
The fabricated coatings were found to be highly transparent in
the visible range, with tunable UV and NIR absorption proper-
ties. Indeed, octahedral M nanoclusters (M = Nb, Mo or Ta)
demonstrated promising optical properties for energy saving
applications.>*

In this new study, we design multifunctional silica nano-
composite thin films obtained by the combination of the
complementary LSPR properties found on ITO NPs with the UV-
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NIR absorption properties of Nbgs or Tas octahedral nano-
clusters. Silica NPs of ITO@M@SiO, (M = Nb or Ta) were
synthesized by a reverse microemulsion (RM) process, and then
transparent thin films were fabricated by deposition of the NPs
by EPD. It must be noted that both these processes were
developed by our groups.*®*® The synthesis of hydrophilic ITO
NPs by a solvothermal method, the synthesis of functional SiO,
NPs by the microemulsion process, and the fabrication of thin
films and the optical properties of these nanocomposite NPs
and thin films are elucidated in this paper. Herein, for the first
time, we report on the fabrication of UV-NIR protective trans-
parent silica nanocomposite films. These films allow the
absorption of the most energetic UV (330-380 nm) and NIR
radiation (780-1100 nm) due to the presence of M nanoclusters
and the selectivity of the least energetic NIR radiation (1200-
2500 nm) due to ITO.

2 Materials and methods
2.1 Materials

InCl;-4H,0, SnCl,-5H,0, ethanol (Ethanol, 99.5%), ethylene
glycol (EG), ammonia solution (28%) and tetraethyl orthosili-
cate (TEOS, 95%) were purchased from Wako Pure Chemical
Industries. n-Heptane (98%) was purchased from Kanto
Chemical Co. The nonionic surfactant Brij L4, PVP K30, and 25
wt% tetramethylammonium hydroxide (TMAH) in methanol
were purchased from Sigma-Aldrich. DI water was purchased
from Yamato Kagaku Co. All the chemicals were used as
received without further purification.

2.2 Preparation of nanoparticles

In this study, as previously reported, solvothermal and sol-gel
methods were used to synthesize the ITO NPs.>* The starting
compounds TaeBr;4(H,0),-3H,0 (TBH) and K,NbgBr;gz (KNB)
were synthesized according to a procedure that was previously
published.**** The experimental conditions for the micro-
emulsion process were adapted from our previous work.*> The
experimental conditions for all these compounds are reported
in the ESL}

2.3 Preparation of thin films

Regarding the films, the as-synthesized ITO@M@SiO, NPs
were dispersed into acetone at different concentrations (0.8 to
2.5 g L) followed by ultrasonication prior to their deposition
by EPD. The zeta potential and electric conductivity of the
suspensions were measured using a zeta-potential analyzer
(Malvern Instrument, Ltd., Zetasizer Nano Z). ITO-coated glass
(Geomatec Co., Ltd (Japan), 6-8 Ohm sq ') was washed with
distilled water and acetone under ultrasonication. Then, it was
connected to a Keithley Model 2400 Series SourceMeter and
used as the anodic substrate, and a stainless-steel sheet was
used as the cathodic counter electrode. Different tests were
carried out by varying the applied voltage from 10 to 30 V and
the deposition time from 20 to 90 s. The nanocomposite coated
glasses were allowed to dry at room temperature overnight prior
to their characterization.
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2.4 Characterization methods and techniques

Several complementary techniques were used for the charac-
terization of the powders and thin film microstructure. Field
emission-scanning electron microscopy (FE-SEM) images were
obtained using a JEOL JSM 6301F microscope operating at 7 kV.
High resolution TEM images, high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
images and energy-dispersive (EDX) spectra/maps were
acquired by using a high resolution transmission electron
microscope (HRTEM), JEM-2100F (JEOL Co.), equipped with an
EDX detector. Powder X-ray diffraction (XRD) patterns were
acquired using a D/MAX Ultima III (Rigaku Co.) diffractometer
using Cu Ko radiation (1 = 1.5418 A) over a range of 20° < 20 <
90°. Diffuse reflectance UV-Vis-NIR and direct transmission
spectra were collected using an integrating sphere equipped
with a V-7200 spectrometer (Jasco Co.). Dynamic light scattering
(DLS) measurements for measuring the particle size distribu-
tion in solution were performed on an Osaka zeta-sizer.

3 Results and discussion

Fig. 1a shows the general morphology of the obtained ITO NPs.
As can be seen, the ITO NPs have a size centered around 9 nm
with a quite narrow size distribution (the size distribution
estimated by TEM is reported in the ESI, Fig. S1t). The high
magnification HRTEM image (Fig. 1b) and the observed lattice
pattern demonstrate the high crystallinity of the ITO NPs. The
XRD pattern indicates the single crystalline phase of the ITO
NPs (Fig. 1c), as all the diffraction peaks can be indexed to the
standard pattern of In,0O; (PDF #65-3170)—the doping of Sn**
in the lattice of In,0O; gives rise to a small shift towards high
angles for all the diffraction peaks.*

The obtained ITO NPs could be easily dispersed in water
owing to their hydrophilic surface (see the ESI, Fig. S2t).*°
Nevertheless, in order to ensure the integration of only one or
two ITO NPs per inverse micelle, the NPs had to be fully
dispersed in the water phase, i.e. no aggregates of ITO NPs were
allowed. The dependence of the as-synthesized ITO NP

(©) ;
2 30 0 50 60 70 50 %
as synthesized ITO NCs

N ]
In,0, PDF #65-3170

@22)

Intensity (a. u.)

(440)
(400) (622)

20 30 40 s0 60 70 80 %

2theta/°

Fig. 1 TEM (scale bar: 20 hm) (a) and HRTEM (scale bar: 1 nm) (b)
images of the as-synthesized ITO NPs; (c) comparison of the XRD
pattern of ITO NPs with the standard diffraction pattern of In,Os.

This journal is © The Royal Society of Chemistry 2019
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dispersion in water on the pH was investigated with DLS
measurements. As shown in Fig. 2a and b, when the pH of the
solution is around ~9.7, the ITO NPs reach their highest
average hydrodynamic diameter (294 nm) with a relatively wide
size distribution. Increasing or decreasing the pH has an impact
on the dispersion of ITO NPs in water, in terms of both the
average hydrodynamic diameter and distribution. ITO NPs are
found to have an average hydrodynamic diameter of 59 nm and
38 nm for pH values of ~2 and ~12.5, respectively. This
behavior is fully consistent with the isoelectric point value of
In,0; NPs with a similar size in water media, i.e. pH = 9.2.**

For RM-based synthesis, a diluted ammonia solution with
a pH equal to 12.5 was selected for the dispersion of ITO NPs,
based on the following two considerations: (1) at this pH value,
the ITO NPs attained the best dispersion combined with
a decreased average hydrodynamic diameter and (2) a basic pH
is one of the prerequisites for the successful formation of SiO,
from alkoxide in the RM system.***® Indeed, the diffusion of the
alkoxide into the water droplets promotes its hydrolysis and
condensation resulting in the formation of the silica network.*”

Digital photographs of the RM systems containing ITO NPs
(left) and ITO@Ta, (right) are shown in Fig. 2c¢, for the sake of
comparison. The high transparency of these two RM systems
implies their good uniformity and stability regarding the defi-
nition of microemulsions from Danielsson and Lindman: “a
microemulsion is a system of water, oil and an amphiphile
which is a single optically isotropic and thermodynamically
stable liquid solution”.?®

Fig. 3a shows a typical HAADF-STEM image of ITO@SiO,
NPs, wherein SiO, and ITO NPs can be easily distinguished
according to the difference in contrast. The resulting SiO,
particles had a uniform spherical morphology with an average
size of 85 nm (size distribution estimated by TEM is reported in
the ESI, Fig. S31), attributed to the well confined aqueous phase
in the RM system. ITO NPs were found in the center of most
SiO, NPs (Fig. 3b). The EDS mapping (Fig. 3c) further validates
the core—shell structure of the ITO@SiO, NPs, as both In and Sn
elements are located in the center of each single particle. Such
a uniform morphology also demonstrates the good dispersion
of the ITO NPs in aqueous solution in the step before the RM-
based synthesis.

HAADF-STEM micrographs of the synthesized ITO@Mc@-
SiO, NPs (M = Nb, Ta) also indicate a similar core-shell struc-
ture (results of ITO@Nb@SiO, NPs are presented in the ESI,

S. (
-
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Fig. 2 (a) Hydrodynamic size distribution versus intensity (from DLS
measurement) of ITO NPs in water by varying the pH; (b) plots of the
average hydrodynamic diameter of ITO NPs versus the pH in solution;
(c) digital photographs of the RM system containing ITO NPs and
ITO@Tag NPs.
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SiK ——— 100 nm

Fig. 3 Low (a) and high (b) magnification HAADF-STEM images of
ITO@SIO, NPs; (c) EDS mapping indicating the distribution of Sn L, In L
and Si Kin ITO@SIO, NPs.

Fig. S4a and b¥), with the presence of numerous discrete Tas
cluster species (Fig. 4a and b). Similar to that of the ITO@SiO,
NPs, the size of ITO@Tas@Si0, NPs shows good uniformity, but
it slightly decreased to 76 nm on average (size distribution
estimated by TEM is reported in the ESI, Fig. S3). In most
cases, ITO NPs were observed at the core of a single

Ny

Tag cluster (species)

Tala
L U:.th BrKa Brkb

0 3 6 9 12 15 18
keV

———50 nm IMG1(frame1l)

Fig. 4 Low (a) and high (b) magnification HAADF-STEM images of
ITO@Tag@SiO, NPs; (c) STEM image and (d) EDS spectrum (point
mode) of ITO@Tag@SiO, NPs revealing the co-existence of Si, O, In,
Sn, Ta, and Br elements.
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ITO@M@SiO, nanoparticle, while the presence of Mg cluster
species in the shell was validated from the high magnification
HAADF-STEM micrograph (ITO@Tas@SiO, NPs are presented
in Fig. 4b and ITO@Nbs@SiO, NPs are shown in the ESI,
Fig. S4at). As can be seen, the M, cluster units are discrete
species with a size of 1 nm and they are well dispersed in the
whole SiO, shell, which is in good agreement with a previous
study by our group.** The EDS spectrum in Fig. 4c and d further
confirms the successful synthesis of ITO@Tas@SiO, NPs, as all
the elements (Si, O, In, Sn, Ta, and Br) were detected in a single
particle. Similar results were obtained for ITO@Nbs@SiO, NPs
(see the ESI, Fig. S4b¥).

It is well known that silica is a material with high trans-
parency in the range of 250 nm to 2000 nm. As seen in Fig. 5, the
SiO, NPs synthesized by the RM method showed almost no
absorption in this region.

However their absorption bands at the wavelengths of ~1400
and 1870 nm were assigned to the OH groups and the surface
adhered water molecules. On the other hand, the ITO@SiO,
NPs showed strong absorption in the UV and NIR regions.
Firstly, an absorption band can be distinguished at a wave-
length below 350 nm.

In the NIR region, absorption bands can be found at wave-
lengths after 1100 nm and they reach a maximum at 1900 nm.
Introducing Me cluster-based species into the ITO@SiO, NPs
can improve the absorption in these regions. Indeed, as
observed in Fig. 5, increasing the concentration of Tae cluster
provoked an increase in the absorption in all spectral regions.
When the concentration of TBH reached a value of 6 mM or
higher, three more absorption bands were observed besides
those assigned to the ITO NPs. These three peaks, with maxima
values of 361, 663 and 850 nm, could be clearly assigned to the
absorption of {TagBr;,}*" cluster cores.?> A comparison between
the absorption spectrum of ITO@SiO, NPs and that of
ITO@Tas@SiO, NPs clearly evidences that the latter exhibit the

UV | Visible IR

SiO, NPs from RM

R% (Normalized)

ITO@Ta,@SiO, (ITO 0.231 wt.%, Ta, 2.01 mM)

ITO@Ta@SiO, (ITO 0.231 wt.%, Ta, 4.00 mM)

ITO@Ta @SiO, (ITO 0.231 wt.%, Ta_5.99 mM)

ITO@Ta,@SiO, (ITO 0.231 wt.%, Ta, 6.79 mM)

ITO@SIO, (ITO 0.231 wt.%)
1 1 1 1 1

1400

1600

1800 2000

400 600 800 1000 1200

A/nm

Fig. 5 Diffuse reflectance UV-Vis-NIR spectra of pure SiO,, ITO@SIO,
and ITO@Tag@SiO, NPs containing different concentrations of TBH
(from 2 to 6.8 mM).
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Fig. and SEM micrographs, surface

6 Optical
morphology and cross sections of ITO@Nbg@SiO, based films. These
films were prepared from solution concentrations equal to 0.8 (a), 1.0
(b), and 2.5 (c, d) g L™ and deposited by EPD at 20 V for 20 s.

photographs

best UV and NIR blocking properties. This distinctly demon-
strates that ITO and Tae cluster-based units act as comple-
mentary functional building blocks, i.e., on one hand they have
the LSPR properties of ITO NPs and on the other hand they have
the UV-NIR blocking properties of Nbe or Tas octahedral
nanoclusters.

The as-synthesized ITO@M@SiO, NPs were successfully
used for coating on conductive glass by EPD. For the prepara-
tion of films based on ITO@M@SiO,, EPD was performed at 20
V for 20 s by altering the solution concentration. The values of
concentration were in the range of 0.8, 1.0 and 2.5 g of NPs per
liter.

The zeta potential and the electric conductivity of the
ITO@M@SiO, suspension in acetone (99.5%) were measured.
For instance, the zeta potential and electric conductivity values
of the solution with a concentration equal to 2.5 g L™" are
—(22.3 £ 0.6) mV and (19 £ 3) 10> mS cm ™", respectively.
These results confirm that anodic EPD is effective for the
deposition of ITO@M@SiO, NPs onto ITO-coated glass. Only
the results based on ITO@Nbs@SiO, NPs are shown in this
paper. Similarly, different techniques were used to characterize
the films based on ITO@Nbs@SiO, NPs. The results of these

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Transmission UV-Vis-NIR spectra of the ITO@Nbe@SiO, NP
based films on the ITO-coated glass by varying the solution concen-
tration (0.8; 1.0; and 2.5 g L™%); the spectrum of the substrate is used as
a reference.

films deposited onto ITO-coated glass are presented below. SEM
and UV-Vis-NIR spectroscopy were carried out for the charac-
terization of the morphology and the optical properties. In
Fig. 6, the morphology of the films obtained from suspensions
with variable concentrations is displayed. As expected, thanks
to EPD, the film is composed of a quite dense layer of silica.
Nevertheless, the film remained optically transparent in the
visible range, as observed in the camera images (Fig. 6), despite
the roughness of the surface. The proportional dependence of
the film thickness (0.9 to 1.5 microns) on the concentration of
the solution is demonstrated in cross sectional SEM images.
These results were confirmed by UV-Vis-NIR spectroscopy in
Fig. 7 showing the decrease in the transparency when the

30
20 %
K
10
o
-30 -20 -10 0 10 20 30
-10
Lab -20
D65
CIE 1964 10-deg, XYZ CMFs
-30 -

Fig. 8 CIE chromaticity coordinates of the ITO@Nbg@SIiO, based
films (O 08gL L O1gL Y O25gLh.
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Table 1 L*a*b* color coordinates and T, and Tg values of the
ITO@Nbg@SIiO, NP based films

Sample name L* a* b* T, Tg

ITO@Nbs@Si0, 20 V205 0.8 gL "
ITO@Nb@Si0, 20 V20s1gL™*
ITO@Nbs@Si0, 20 V20 s2.5g L "

82.470 1.167
70.266 1.225
59.196 0.542

12.314
18.402
20.067

61.8
41.8
27.8

55.6
39.2
26.4

concentration of the solution is increased. Similar results can
be obtained by altering the applied voltage or the deposition
time (Fig. S51). As expected, the ITO-coated glass showed high
transparency in both UV-A and visible regions. However, the
coating with ITO@Nbg@SiO, NPs had a significant impact on
the absorption in the UV and NIR region as reflected by the
appearance of a band at 800 nm instead of 1200 nm for the ITO-
coated glass. This new absorption band indicates the
improvement towards energy saving applications.

Very interestingly, compared to those for pure ITO-coated
glass,* the values of Ty are improved by 28% to 66% for the
ITO@Nb@Si0, films with 0.8 to 2.5 g L™, respectively (Fig. 8
and Table 1). This reduction markedly manifests the potential
of this new nanocomposite coating for energy saving applica-
tions. At the same time, when films are fabricated with a solu-
tion concentration equal to 0.8 g L', the value of the Ty
remained higher than 60%. This value is perfectly suitable for
window applications (Table 1).>*°

4 Conclusions

In this study, ITO@SiO, and ITO@Ms@SiO, NPs were
successfully synthesized by an RM-based method with a size
adequate for transparent coating. The HAADF-STEM and EDS
analysis revealed the core-shell structure of these composite
nanoparticles and the well-controlled size and uniformity of
SiO, architectures. Herein, the transparent films based on silica
nanocomposites, including ITO NPs and Mg clusters, were
fabricated by a low-cost EPD solution process for the first time.
These films can be potentially used for UV and NIR blocking
static applications. Indeed, EPD allowed the fabrication of well
controlled films with a thickness of micrometre size, in a very
short time (less than 1 min). The UV-Vis-NIR spectra and the
values of Ty, and Tg of coated films clearly indicate the UV-NIR
blocking properties of these coatings.
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