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New ultra-violet and near-infrared blocking filters

for energy saving applications: fabrication of

tantalum metal atom cluster-based nanocomposite
thin films by electrophoretic depositionf

Thi Kim Ngan Nguyen,2°¢ Adéle Renaud,i* Maxence Wilmet,?® Noée Dumait,®

Serge Paofai,” Benjamin Dierre,®® Wanghui Chen,
*3°€ and Tetsuo Uchikoshi*®°°

Stéphane Cordier, 9 Fabien Grasset

This study reports the first integration of inorganic tantalum octahedral
metal atom clusters into multifunctional nanocomposite coating
materials and devices for window technology and energy saving
applications. [TagBr',]™ (n = 2, 3 or 4) cluster-based high visible
transparency UV and NIR filters are realized. Green and brown colored
films are fabricated by coating on an indium-doped tin oxide glass
substrate by electrophoretic deposition, an industrialized solution
process. The efficiency in energy saving of the new UV-NIR filters
was estimated by the determination of different figure of merit (FOM)
values, such as T, Tso and T,is/To (Tsor = solar transmittance and
T.is = visible transmittance), and the color coordinates (x, y, z and
L*a*b). The T,;s/ T, ratio is equal to 1.25 for the best films. Such values
are evidence of a higher energy saving efficiency than most of the
inorganic composites reported in the literature. These promising
results pave the way for the use of transition metal clusters as a new
class of nanocoatings in energy saving window-based applications.

A Introduction

In the general context of energy saving due to the increase in
energy consumption and serious environmental problems
induced by global warming," the realization of low-cost selective
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films as an ultra-violet (UV) and near-infrared (NIR) barrier with
a high visible transparency is a field of research of growing
interest.” Integrated into window technology, these transparent
coating materials should be able to reduce (i) the exposure to
UV, which can mainly result in the strong degradation of
organic matter (i.e., polymer or plants) and/or (ii) the energy
consumption for buildings (houses, greenhouses, etc.) or vehicles,
thanks to better thermal insulation by controlling the NIR solar
radiation. Indeed, the solar energy distribution on the earth’s
surface (after absorption through the atmosphere) is composed
of approximately 5% UV radiation (300-400 nm), 43% visible
radiation (400-700 nm) and approximately 52% NIR radiation
(700-3000 nm). Thus almost half of the solar energy comes from
infrared radiation, and particularly from the highest thermal
energy region, namely from 700 to 1100 nm.” Considering window
technology, an efficient heat barrier window should exhibit a high
transparency in the visible wavelength domain and block NIR
radiation as much as possible to reduce heat transfer. So far,
solar-glass control devices can be defined as dynamic or static
materials. The commonly used dynamic products (also called
smart windows) are electrochromic devices using the same
organization as a thin-film electrical battery. Another efficient
approach for the fabrication of dynamic windows seems to use
the plasmonic effect of doped metal oxide nanocrystals.’
Regarding static devices, which are the targets of this study,
commercial products are generally based on reflective multi-
layer structures including at least a noble metal (mainly Ag)
mainly deposited by a vacuum process.” They block thermal
radiation by reflection with low energy transfer in the material.
Conversely, absorbing materials appear as complementary
energy-saving materials of interest due to their ability to be
used in several ways i.e., (i) to block the UV radiation and (ii) to
block a portion of the NIR radiation by absorbing and
re-emitting this outdoor heat (efficient for warm climate zones)
and/or (iii) to convert a portion of the sunlight to thermal
energy or electric power (efficient for colder climate zones).”?
Nowadays, popular NIR absorptive materials are composed of a
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few metal oxides,” a composite materials® or organic materials
such m-conjugation systems or metal complexes.® However,
most of them are not really efficient for UV blocking, and
inorganic materials are mainly deposited on a transparent
substrate by a physical method as reported by several groups.””
Currently, replacement of the noble metal and use of solution
processes are highly desirable in order to reduce the cost of these
materials.*® In this context, we recently demonstrated the first
integration of tantalum octahedral cluster compounds, K,TaeBr;g
(denoted as KTB), in multifunctional nanocomposite materials
for window technology devices.® This preliminary work explored
the ability to dynamically control the optical properties by the
fabrication of the first Tas-based electrochromic cell. This cell
consisted of two electrodes separated by a liquid electrolyte
containing the Tas cluster. Nevertheless, the occurrence of
bubbles during color modification clearly indicated a redox
process involving the solvent. This appears to be necessary to
explore new deposition solution processes able to fabricate a
solid thin-layer coating with controlled thickness and investigate
the influence of the solvent. In this paper, for the first time we
propose the fabrication of a Tags-based solid thin film by using an
electrophoretic deposition (EPD) process. This method is widely
used on a large variety of materials such as oxides,” carbonated
materials,® organic or hybrid compounds® or metals."’ Its low
cost, and the fact that it is easy to set up and easy to control the
film thickness make this deposition technique very convenient
for producing film coatings with a short deposition time.'"
To achieve this new goal, a hexanuclear metal atom cluster
compound [(TaeBr;,)Br,(H,0),]-3H,0 (denoted as TBH) was used
instead of KTB as previously reported.®

The metal atom cluster family has been known for a long
time and is composed of clusters of a few atoms with a
nanometer size (under 2 nm), which induces specific electronic
structures and thus unique properties."”"* These hexanuclear
metal atom clusters consist of a cluster of six metal atoms
attached by metal-metal bonds, thus forming an octahedron.
This metallic octahedron is bound by eight face-capping and six
terminal apical ligands or twelve edge-bridged inner ligands
and six terminal apical ligands (see Fig. 1 with the [TagL',L%]*"
cluster as an example). The face-capped cluster units, such as
[MogL'sL%]"~ (L', L = Cl, Br, I; L?, L = F, Cl, Br, I, H,0, OH,
CN...), are mostly studied for their optoelectronic properties
(large Stokes shift, deep red-NIR luminescence, strong absorption in
the visible spectrum) affording a wide set of potential applications
in biotechnological devices,'® optical devices,'” catalysis,'® photo-
voltaic cells,' etc. The [(MeL';,)L%]"" cluster units are notable
because of the (MgL';,)™ cluster core, which exhibits physico-
chemical behaviors of great interest such as catalytic properties,*
awide structural variety”' and a strong redox activity in combination
with strong UV-vis-NIR absorption properties.”* More particularly,
the tantalum cluster cores, [TasBrju]”, are known as a commercial
tool for phase determination of large biological assemblies by X-ray
crystallography,® as radiographic contrast agents** and as a deep
green-emerald color pigment.>> Moreover, it is known that these
units can be reversibly oxidized to [TagBr';,]*" and [TagBr';,]*"
causing drastic modulation of the optical properties in the
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Fig.1 (a) Representation of the tantalum octahedral cluster cation

[TagX'12L%]™. L' and L correspond to the inner and apical ligands,
respectively; (b) photographs of EPD solutions containing TBH powder
dissolved in water, ethanol, acetone, MEK, water/acetone and water/MEK;
(c) UV-vis-NIR absorption spectra of these EPD solutions.

UV-vis-NIR range to afford red-brownish solutions.>**® Based
on this knowledge, we applied the concept of nanoarchitectonics,
namely multifunctional systems achieved by the combination of
several materials in a well-defined architecture, for the design of
new materials targeting energy saving applications. Furthermore, we
report the first manufacture of UV-NIR protective transparent films
based on the functionalization of an IR reflector window (glass
coated by a transparent conductive oxide (TCO) (indium doped tin
oxide (ITO))) with a [TagBr';,]* cluster-based NIR absorber, allowing
the absorption of the most energetic IR radiation (700-1100 nm)
and the selectivity of the least energetic IR radiation (1100-3000 nm)
by the TCO. Thus, the objective of this study is to introduce the
feasibility of preparing colored and transparent solid nano-
composite films composed of Ta, clusters by using the EPD
process for static window technology. The next step will be to
upgrade these results to dynamic devices.

B Materials and methods

The KTB compound was obtained by solid state synthesis using
a well-known protocol developed by Koknat et al.*° The detailed
synthesis and characterization of KTB were reported in ref. 6.
The green TBH powder, containing [TagBr';,]*" cluster cores,
was obtained from the KTB powder compound dissolved in
water at 80 °C under an argon atmosphere in addition to HBr
and SnBr, according to a previously reported method.*® After
several hours of stirring, the green solution is filtered to remove
the non-dissolved particles (mostly tantalum powder), then
the TBH green powder was recrystallized. An outline of the
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preparation of KTB and TBH is presented in the ESIT (Scheme S1).
Reagent grade chemicals, distilled water (Water Purifiers
WG710, conductance of 0.5 x 10°* S m™" at 25 °C), acetone
(99.5%), methyl ethyl ketone (MEK, 99%), ethanol (99.5%) and
poly(vinylpyrrolidone) (PVP, M,, = 40000 g mol ') were used
without any purification treatment. ITO glass (Geomatec Co.,
Ltd (Japan), 6-8 Ohm sq '), washed with distilled water and
acetone during ultrasonication, was connected to a Keithley
Model 2400 Series SourceMeter as the anodic or cathodic
substrate and a stainless steel sheet as the counter electrode.
Voltages from 8 to 30 V and deposition times from 20 to 90 s
were applied. All the experimental parameters are reported in
Tables S1 and S2 in the ESIL.f The microstructure of the powder
and thin films was studied by several complementary techniques,
i.e., X-ray diffraction (XRD) measurements were performed using
a Rigaku Ultima 3, Rint 2000 diffractometer at 40 kV and 30 mA
in the 20 angle range from 5° to 50° with Cu Ko radiation
(4 =1.54 A). The Raman scattering spectra of the TBH powder
and Tag@PVP@ITO films were measured using a LabRam High
Resolution spectrometer coupled to a confocal microscope
(Horiba Jobin Yvon), 600 ¢ mm™" grating and 10x objective.
A He-Ne 633 nm laser was used as an excitation source. The
Raman spectra were recorded at room temperature with 100 s
exposure time and 2 accumulations. Field emission-scanning
electron microscopy (FE-SEM) images were obtained using a
JEOL JSM 6301F microscope operating at 7 kV. The XRD, Raman
and SEM characterizations of the TBH powder is reported in the
ESIt (Fig. S1-S3). Scanning transmission electron microscopy
(STEM) images of the film were taken using a Cs-corrected JEOL
JEM2100F microscope operating at 200 kV. This is equipped
with a field-emission electron gun and incorporated with multi-
ple additional functions (an energy-dispersive spectrometer
(EDX) and a high sensitivity Z-contrast high angle annular dark
field (HAADF) detector). Optical absorbance of the solution and
transmittance of the films were measured by UV-vis-NIR
spectroscopy (Jasco V570) in the wavelength range of 220 nm

to 2000 nm at a scan rate of 400 nm s~ .

C Results and discussion
C-1 TBH in solution

TBH was preferred to KTB because its solubility limit is higher
in many solvents. The XRD pattern is reported in Fig. S1 in the
ESI.f The powder contains micron-sized rod-like crystallites as
observed by SEM (Fig. S2 in the ESIt). This starting material is
used as a precursor of the [TagBr';,]** cluster core for the design
of [TagBr';,(H,0)%*" cluster unit based compounds as demon-
strated by Sokolov et al*® The presence of the [TagBr'y,]*"
cluster core was clearly confirmed by XRD and Raman spectro-
scopy (Fig. S1 and S3 in the ESIf). Thus, various common
solvents (distilled water, ethanol, acetone and MEK) were
selected as the dispersing media of the TBH compound to
obtain green stable and transparent solutions for the EPD
process (Table S1 in the ESI{). On the one hand, the color of
the solution was deep emerald-green in water and olive-green

in ethanol after stirring for a few minutes (Fig. 1b). On the other
hand, the solution was red-brown in acetone and MEK and
required a long stirring time before complete dissolution of
the TBH powder (Fig. 1b). Actually, after dispersion of the
precursor, the ketone-based solutions are turbid and exhibited
a greenish color that turned to turbid olive-green and finally
to a clear red-brown color after 48 h. This behavior clearly
indicated the oxidation of the initial [TagBr';,]*" containing
cluster cores of the [TagBr';,]*" or [TagBr';,]*" species during the
dissolution process of TBH (see Table S3 in the ESIt).>*”
Indeed, as already published, the green-emerald color is attributed
to the presence of [TaGBrilz]2+. Moreover, electrochemical studies
showed that these species can be involved in two reversible one-
electron oxidation processes to successively form the [TagBr';,]*"
and [TagBr';,]** species.’*? The UV-vis-NIR absorption of the 6
solutions are reported in Fig. 1b. Optically, the changing of color is
due to the appearance of new absorption bands in the UV-NIR
region and a decrease of their intensity in the visible region to
afford brownish solutions (Fig. 1¢).>”** According to Cooke et al.,**
the constant of the reproportionation reaction corresponding to
[TagBr',,** + [TagBr';,]"" — 2[TagBr',]*" has a relatively high
calculated value which could suggest that the [TagBr';,]*" oxidized
species are more stable in solution than the [TasBr';,]*" ones.

We assume that the red-brown color of the solutions corre-
sponds to the [TagBr';,]** species and the green ones certainly
correspond to the [TaﬁBriu]2+ species. In contrast, for the
[MogBry4]*~ species,®® which is stable in MEK and acetone
solvents, it seems clear that during dissolution, the [TaEBrilz]2+
species undergo oxidation in these solvents and that should be
detrimental to achieving green films. However, we already
determined that acetone or MEK are the best solvents for the
EPD process of the [MogBry4]>~ based cluster compounds.®*
Thus, in order to stabilize or at least reduce the kinetics of
oxidation in the ketone solvents, we first dissolved TBH in a
small amount of water before the addition of acetone and MEK.

As reported in Fig. 1 and Table S1 in the ESI, T the best green
solution was obtained by the mixture of water and acetone.
Ten mg of the TBH green powder was dissolved in water (from
0.15 to 0.5 mL of water) and diluted by the addition of 10 or
15 mL of acetone (see Table S2 in the ESIt). A 40’ sonication is
necessary to obtain a clear green dispersion leading to a much
better stabilization of the [TagBr';,]*" species (Fig. 1b). In this
specific case, it is possible to maintain the green color
for several days at room temperature before the progressive
oxidation occurs. In other words, to reduce the kinetics of
oxidation, it is important to add a small amount of water before
acetone, otherwise the dissolution takes a long time and leads
to a red-brown solution. A further study is necessary to totally
determine the mechanism of this redox process.

C-2 Thin film preparation and morphology characterization

EPD experiments (Fig. 2a) were conducted using each of these
solutions after a filtration process (0.2 pm). The deposition
results are listed in Tables S1 and S2 in the ESI.f The films were
formed at different applied voltages and deposition times in
order to optimize the conditions. The differences between the
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solvents are certainly induced by different factors such as the
surface states of the electrodes in the solutions, the solvation
shell of the cluster, the variation in the dissociation degree
of the precursor according to the solvent which affects the
conductivity of the solutions or the difference in the mobility of
the clusters units (or counter ions).**

The best depositions were performed in acetone without
(named brown-Tas@ITO) and with water (named green-Tag@ITO)
(see the deposition conditions in Table S2 in the ESIT). As expected
from the solution, red-brown transparent films (Fig. 2b) were
obtained in acetone without water, while forming a green one in
acetone with water (Fig. 2¢). Green-Tag@ITO was deposited on
the cathode (negatively charged) in good agreement with
the positive charge of the Tag cluster, whereas surprisingly
brown-Tas@ITO was formed on the ITO anode side (positively
charged). This result clearly indicated the presence of an
anionic form in the red-brown solution which could be
explained by the total or partial exchange of the apical ligands

Cathode Anode
ITO or Stainless steel
oriTO

stainless steel

Fig. 2 (a) Schematic representation of anodic (ITO on the anode and
stainless steel on the cathode) or cathodic (ITO on the cathode and
stainless steel on the anode) EPD; (b) photograph and SEM images of
the cross section and surface of the brown-Tag@ITO film (25 V and 60 s);
(c) photograph and SEM images of the cross section and surface of the
green-Tae@ITO film (20 V and 60 s).

(Br and/or H,0) by the OH™ or (CH;3),CO~ groups as already
observed for the Mo, clusters.®

The green color of the films, obtained from the water/
acetone solution, clearly suggests that the [TagBr';,]*" cluster
core does not participate in the redox process. Thus we can
postulate that the cluster charge is especially balanced with the
ITO cathode charge.®® However, other processes can occur on
the cathode such as the reduction of water to produce hydroxide
anions and hydrogen (E° = —0.83 V/NHE). These ions may
interact with the Tas clusters, and in addition the strong
electrostatic interaction between the electrode and clusters
may ensure the immobilization of the clusters on the electrode
sutface, at least for the first layers.>**® For the following layers,
the hydrogen layers between the H,O ligands of the clusters,"
van der Waals interactions between the halogens or/and the
condensation of the clusters should help with the film cohesion.

The morphology of both films was characterized by SEM
investigations. The films have average thicknesses of around
500 nm and 300 nm for the brown and green films, respectively,
as observed in the SEM images of the cross section of Fig. 2b
and c. These Fig. 2b and ¢ show the surface of both films with
some roughness and cracks, and in the case of the green-
Tas@ITO film some agglomerates without well-defined shapes
are dispersed on the surface.

C-3  Optical properties of thin films

Despite the lack of homogeneity, the transmittance of the
brown-Tag@ITO films reached 66% at 780 nm in the visible
range (Fig. 3). This corresponds to a transmission loss of around
15% compared with an ITO glass substrate due in particular to
the absorption of the red-brown [Ta6Br112]3+-based coating. It
appears that the UV-vis-NIR behavior of the brown films is
closer to the spectrum of [TagBr'y,]*" (in aqueous solution
consisting of HBr) published by Spreckelmeyer et al>® than
that of [TaGBriu]“. The five peaks at 384, 453, 550, 729 and
892 nm of the brown films correspond to a blue shift compared
to those of the initial red-brown solution (400, 468, 557, 745 and
933 nm). It seems possible under voltage to favor the [TaBr';,]**
species instead of the [TagBr';,]*" species. Nevertheless, even if
the film is not green, this tantalum cluster-based coating is
stable with time and leads to improving the NIR optical properties
of the ITO substrate due to the additional NIR absorption peak at
892 nm.

The transmittance of the green-Taz@ITO film, as shown in
Fig. 3, reached 60% at 550 nm in the visible range. Moreover, it
comprises four main absorption peaks at 358, 429, 648 and
759 nm characterizing the [TaGBri12]2+ species and inducing the
green film color. If acetone induces the oxidation of the initial
cluster core in [TagBr';,]*"/*", the presence of a small amount of
water (up to a concentration of 0.015 mL of water per mL of
acetone) during precursor dissolution leads to stabilization
of [Ta6Bri12]2+ in solution and realization of the transparent
green films.

We investigated the effect of water concentration on the optical
properties of the films, and we found that a large amount of water
drastically impacts the film transparency (see Fig. S1 in the ESIt).
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Fig. 3 UV-vis-NIR transmission spectra of the ITO substrate and the
brown- and green-Tag@ITO films at 10 V and 60 s.

For this, the green-Taz@ITO films were prepared from solutions
containing various water concentrations (from 0.02 to 0.050 mL
of water per mL of acetone). For the same coating conditions
(10 V during 60 s), an increase in the cloudiness of the films
with an increase in water concentration was clearly observed.
This decrease in transparency in the visible range was con-
firmed by UV-vis-NIR measurements (Fig. S1a in the ESIt). The
morphology of the films was investigated by SEM in order
to more deeply understand the origin of this scattering
phenomenon. SEM photographs (Fig. S1b in the ESIT) highlight
an increase in the particle size concomitant with the increase of
the water content. The surface remains relatively smooth and
homogeneous for the films prepared with 0.02 mL of water per
mL of acetone. These surfaces are coated by some particle
agglomerates not having the well-defined shapes. However, for
higher concentrations (>0.025 mL mL " of acetone), the
particle shape became bigger and better defined until a net-
work of particles in the pellet form (1 pm x 200 nm) was
created at a concentration of 0.05 mL of water per mL of
acetone. This increase in particle size and surface roughness
favors the scattering of light in all directions and limits the
transmission of light through the Tag films, which clearly explains
the decrease in transparency. Although water is necessary in
acetone to stabilize the green Tae cluster species, it seems to
favor particle growth and crystallization which limits the optical
properties in the visible range. X-ray diffraction patterns
depicted in Fig. Sic in the ESI{ seem to confirm this increase
in crystallinity of the tantalum cluster particles. In order to
evaluate the efficiency of the cluster coating as an energy saving
material, different figure of merit (FOM) values, Tyis, Tsol, and
Tyis/Tso,” and the color coordinates (x, y, z and L*a*h) were
calculated for each film (ITO, brown-Tag@ITO and green-
Tas@ITO films). The solar transmittance, T, is the integrated
spectral transmittance of a window weighted with the normalized
solar energy distribution spectrum. The visible transmittance,
Tyis, Was calculated in a similar way, but the solar transmittance is
now weighted with the photopic response of the human eye
(see the ESIt for more details).” The FOM values are reported in

Table 1 X, y, and z color coordinates and the FOM values of the ideal
blocker, ITO glass substrate and the brown- and green-Tag@ITO films

Name x y b4 Tvis Tsot  Tvis/Tsol

ITO 6-8 Q Sq71 0.318 0.340 0.342 87.6 76.2 1.15
Brown-Tas@ITO film 25 V60 s 0.352 0.374 0.274 54.1 46.5 1.16
Green-Ta@ITO 20 V 60 s 0.326 0.361 0.313 50.6 41.8 1.21
Green-Tag@PVP@ITO 30 V 30 s 0.296 0.359 0.345 62.7 50.0 1.25
Green-Tag@PVP@ITO 30 V 60 s 0.284 0.382 0.334 50.4 41.0 1.23
Green-Tag@PVP@ITO 30 V 90 s 0.287 0.383 0.330 48.9 39.1 1.25
Ideal blocker 0.314 0.331 0.355 90.0 48.7 1.85

Table 1 and Fig. 4. The L*a*bh color space values are reported in
the ESIt (Tables S5 and S6).

When compared to ITO glass, both films clearly have an
impact in terms of their color and UV-NIR solar energy attenuation.
Indeed, the CIE value is shifted and the Ty;s/T ratio is higher for
both films than that of ITO, especially for the green-Tas@ITO film
with a value of 1.21. For the ideal visible transparent ((90%) between
400 and 780 nm) film absorbing 100% of UV (200-400 nm) and NIR
(780-2000 nm) radiation, the value of the T.;/T;, ratio should be
1.85, but most of the composites reported in the literature have an
experimental value close to 1.° The T, values are higher than 50%,
which is the lower limit acceptable for window applications.’

Unfortunately, after a few days, while the color of the brown-
Tas@ITO film is stable, the green-Ta,@ITO films are slightly
oxidized by air and lost their green color (Fig. S4 in the ESIT).
Nevertheless, this change in the color did not affect the values
of Tyis, Tsol, and Tyis/Tso1 (See Table S4 in the ESIT).

C-4 UV-NIR blocking thin film optimization process

To overcome these negative effects during the deposition
process, we investigated the incorporation of a polymer binder,
i.e., PVP, into the solution with a weight ratio of Tas/PVP = 1.
The purpose of the addition of the polymer was (i) to increase
the cluster dispersion and limit the Tas-based particle growth
and light scattering, and (ii) to stabilize the green color with
time by preventing the oxidation of the clusters. Indeed, it is
known that PVP can serve as a surface stabilizer, a growth
modifier, a nanoparticle dispersant, and a reducing agent.*” An
important feature of PVP is the existence of carbonyl oxygens
which can hydrogen bond solvent molecules or clusters. Thus,
we added 10 mg of PVP to the initial solution (consisting of 10 mg
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Fig. 4 CIE chromaticity coordinates of the ideal blocker, the ITO glass
substrate and the brown- and green-Tag@ITO films.
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[

Fig. 5 (a) Photographs of 1 x 2.5 cm substrates and SEM images of green-
Tag@PVP@ITO films on 1 x 2.5 cm substrates prepared at 30 V and 30 s
(b), 60 s (c) and 90 s (d).

of the TBH green powder, 0.225 mL of water and 15 mL of acetone).
Green transparent Tas@PVP@ITO films of around 1500 to 3000 nm
(film photograph and cross section in Fig. 5) thickness were
obtained by the EPD process on the cathode side at the optimized
applied voltages and deposition times (30 V for 30 s, 60 s or 90 s).
These films exhibited a high transmission in the visible range
(Fig. 6) which is related to their smooth and homogeneous surfaces
observed in the SEM images of Fig. 5. The homogeneous dispersion
of the Ta, cluster without any large aggregates is demonstrated by
STEM analysis (Fig. S5 and S6 in the ESIt). Similar to the bulk
powder, Raman spectroscopy confirmed the presence of the Ta¢Br,
cluster core in the film (Fig. S3 in the ESIY).
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Fig. 6 UV-vis-NIR transmission spectra of the ITO substrate and the

green-Tag@PVP@ITO films on 1 x 2.5 cm substrates obtained at 30 V
and 30 s, 60 s and 90 s.

Thus, the optical properties of these green-Ta,@PVP@ITO
films were determined to be better than those obtained without
PVP. Indeed, their transmittance of around 500 nm is greater
than that of the green-Tag@ITO films. The two absorption
peaks in the red region of around 650 and 750 nm characteristic
of the green [TagBr';,]** species are stronger. This translates into
few scattering phenomena and a strong coloration of the green-
Tag@PVP@ITO films. The results for Ty, Tso1, and Tyis/Tso and
the color coordinates (x, y, and z) of the green-Tas@PVP@ITO
films are reported in Table 1 and Fig. 4 and were compared to
the previous ones (the UV-vis-NIR spectra and the FOM values
for the green-Ta;@PVP@ITO films after several weeks of exposure
in air are reported in Fig. S4 and Table S4 in the ESIt). The green-
Tas@PVP@ITO film clearly has a high impact in terms of T, with a
small increase in the ratio of T.;s/Ts,. Thus, the incorporation of
PVP into the green-Ta,@ITO film is clearly beneficial for the optical
properties with a Ty;s/Ts ratio equal to 1.25. The deposition process
was also performed on a 4 x 5 cm ITO glass substrate and the film
showed a high transparency, which indicates the possible scalability
of the EPD process (Fig. S7, ESIt).

D Conclusions

In summary, we fabricated the first transparent films based on
the Tas metal clusters for UV and NIR blocking static applications
by a low-cost EPD solution process. The EPD process allowed the
fabrication of micron-thick films in a very short time (less than
1 min) with a high thickness control. Transparent and homo-
geneous red-brown TBH films were easily obtained in acetone
due to the simple stabilization of the red-brown [TasBr';,]*"*
cluster species, and thus the realization of homogeneous trans-
parent green films required specific conditions. It was performed
by the addition of a small amount of water leading to the
stabilization of the green [TasBr';,]*" species. However, it appears
necessary to have high control over the water concentration.
Indeed, it drastically impacts the growth of the Tas-based particles,
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and thus the film morphology limits their transparency. However,
we succeeded in overcoming this water effect by the addition of a
small amount of PVP as a binder leading to a much better thin
film deposition. Finally, the resulting green-Ta;@PVP@ITO film
combined the IR reflecting properties of ITO and the UV-NIR
absorption properties of the clusters. This study demonstrated that
metal atom clusters are new promising UV-NIR blocking pigments
which allow (i) the production of highly transparent ITO glass with
a deep emerald-green colour with a few microns thick coating, and
(ii) increased filtering of the most energetic UV-NIR radiation.
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