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1. Introduction

The Sun is the most powerful, natural, and consistent radiation source, and near-infrared radiation
(NIR) with wavelengths is from 780 to 2500 nm, accounting for 50% of total solar radiation energy
[1]. In modern constructions, glass windows and curtain walls are frequently employed [2]. However,
their lack of spectral selectivity, with a 75-90% solar transmittance, results in insufficient thermal
insulation and high transmittance of NIR radiation, which is the primary cause of energy loss [3]. NIR
shielding materials have received considerable attention in the applications of automotive and
architectural windows due to their ability to decrease the heat from solar radiation, reduce energy
consumption for air conditioning, and lower carbon dioxide emissions [4].

A variety of NIR shielding materials have been studied: rare-earth hexaborides (NdBs, PrBg, CeBs,
LaBs, etc.) [5], [6], and semiconductor oxides (indium tin oxide — ITO, antimony tin oxide — ATO)
[7], [8]. However, these material have their disadvantages. Cesium tungsten bronze (CWO)
nanoparticle has been identified as a new contender for transparent thermal insulators because of its
high visual transmittance and good near-infrared shielding capabilities. The mechanism of NIR
shielding ability of CWO: small polaron and localized surface plasmon resonance is studied [9].

The synthesis methods for CWO can be categorized into two main types: solid-state reactions
and solution-based methods. While specific techniques like mist chemical vapor deposition [10]
and spray pyrolysis [11], [12] are highlighted, the general approaches fall into these two
categories [13]. Solid-state reactions utilize dangerous hydrogen gas and high process
temperatures to obtain the product of particles with microscale size. Meanwhile, the advantages
of the liquid phase method, which is hydrothermal or solvothermal, are a simple synthesis
process, relatively low temperature, and controllable particle size. The CWO solvothermal
synthesis method has been further researched in recent years.

It has been clarified that the reducibility of solvent is very important for the solvothermal Synthesis
of CWO. It has been studied that the stronger the reducibility, the more W*" is reduced from W®*, and
oxygen vacancies in CWO are created, which promotes more Cs+ cations into the hexagonal tunnels
of CWO lattice [14]. Consequently, this enhances the NIR absorption of CWO. There have been
many studies using organic compounds with a single hydroxyl group for solvothermal Synthesis of
CWO (e.g., ethanol [15], [16], propan-2-ol [15], benzyl alcohol [17]). In some other studies, organic
compounds with multiple hydroxyl groups, such as ethylene glycol and glycerol, are used as reducing
agents for solvothermal Synthesis of metal oxide nanoparticles from their oxide precursors or salts
[18]. However, there are no reports of organic compounds with multiple hydroxyl groups being used
as reducing agents for CWO solvothermal synthesis. Using ethanol as a solvent for hydrothermal
Synthesis leads to a high-pressure environment in a high-temperature environment due to the low
boiling point of ethanol (78.37°C), making it difficult to control the reaction [13]. With the higher
boiling point of ethylene glycol (197°C), the pressure will be lower so that the reaction is easier to
control. Ethylene glycol, with its strong reducing power and relatively low cost, serves as both a
solvent and a reducing agent in CWO solvothermal Synthesis.

Various attempts have been made to enhance the optical characteristics of CWO, including
single- or double-ion doping and core-shell structure fabrication [19]. Additionally, the size and
shape of tungsten bronze nanoparticles also affect their optical characteristics [20]. The surfactant
or capping agent is an important factor in controlling nanoparticle size and morphology. The
surfactant or capping agent is an important factor in controlling nanoparticle size and
morphology. The surfactant is adsorbed on the surface of the CWO particles to prevent the
particles from growth and agglomeration. The morphology, crystal structure, and size of the
particles play important roles in CWO's NIR absorption performance and other optical-electrical
properties. Several surfactants have been reported, including acetic acid [16], oleic acid [13].
Polyvinylpyrrolidone (PVP) is a non-ionic surfactant that is appropriate for investigating its
effect on particles without changing the pH and charge of the solvothermal reagent system.
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In this study, CWO nanoparticle is synthesized via solvothermal method using
Na,W0O,.2H,0 as the W source, CsCl as the Cs source and ethylene glycol as the reducing
agent and reactive solvent. Different amounts of surfactant are adjusted to investigate
nanoparticle size, shape, and agglomeration. This work also studies the effect of the amount of
surfactant PVP on CWO morphology.

2. Materials and methods
2.1. Materials

Sodium Tungstate Dihydrate (Na,W0O,.2H,0) and Cesium Chloride (CsCl) were purchased
from Macklin. Polyvinylpyrrolidone K30 (PVP K30, MW ~ 40,000) was purchased from Sigma
Aldrich (Shanghai, China). Ethylene glycol (EG), with purity of 98%, was acquired from Xilong
Co., Ltd. (China). Ethanol (EtOH, purity > 99.5%) and Hydrochloric Acid (HCI, 37%) were
purchased from Merck. All of the water used in the experiments was distilled water. All of the
chemicals were used as received without further treatment and were of analytical grade.

2.2. Methods

Firstly, Na;WO, 0.25 ml/L solution was prepared by adding 0.0075 mol Na,WO, in 30 ml
under magnetic stirring for 15 minutes. Then, a diluted HCI solution was prepared by mixing 10
ml HCI with 50 ml DI water, and it was dropwise added into Na,WQ, solution under continuous
magnetic stirring. When diluted HCI solution was added to the Na2WOs solution, it changed from
transparent to clear yellow and continued to a yellowish-white, flocculent, gel-like suspension of
tungstic acid. After that, tungstic acid was redispersed in 35 ml ethylene glycol, containing
different amounts of PVP (0, 0.1, 0.3, and 0.5g), by magnetic stirring until obtaining a uniform
mixture. The precursor solution was prepared by mixing tungstic acid/ethylene glycol dispersion
with 5 ml CsCl aqueous solution with the amount of Cs equal Cs:W = 0.33:1 ratio. Finally, the
precursor solution was transferred into an 80 ml Teflon-lined autoclave and heated to 200°C in a
furnace for 24 hours. After the solvothermal process, the precipitates were collected by
centrifugation and washing with DI water and ethanol. The final solid was dried in a vacuum
oven at 60°C for 4 hours to achieve the final product.

2.3. Characterizations

The phase composition and crystallographic structure of the CWO nanoparticles were
determined by X-ray diffraction analysis (XRD, PANalytical Empyrean, England; Cu Ka =
1.540598 A). The morphology of the CWO nanoparticles was observed by scanning electron
microscopy (SEM, JSM - 1T200, Japan). Energy dispersive X-ray spectroscopy (EDS) was used
to identify the elemental composition. The existence and quantity of PVP on the surface of the
CWO nanoparticles were investigated by Fourier transform infrared spectroscopy (FTIR,
NICOLET 6700 — Thermo, USA). The transmittance spectra of CWO nanoparticles dispersion
were characterized by UV-Vis-NIR spectrometer (Agilent Cary 6000i, USA).

3. Results and discussion

In order to investigate the effect of various amounts of surfactant PVP on the CWO particle
size and shape, precursor solution was mixed with different masses of PVP: no PVP, 0.1g, 0.3g,
and 0.5g PVP, which were labeled "without PVP", 0.1PVP, 0.3PVP and 0.5PVP, respectively.
All samples were synthesized under the same solvothermal process condition at 200°C for 24
hours with ethylene glycol as solvent. Figure 1 shows the diffraction peaks of samples "without
PVP", 0.1PVP, 0.3PVP, and 0.5PVP, which can be indexed to the hexagonal Cs,sWO; (Ref #81-
1244). While the "without PVP" sample shows no impurity peaks observed, peaks of
Cs11W16s065 phase (Ref #44-0017) appear in sample 0.1PVP. These Cs;1Wi65055 peaks
decrease its intensity in sample 0.3PVP and disappear in sample 0.5PVP.
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Figure 1. XRD patterns of as-synthesized Cs,WO; with different amounts of PVP surfactant

The crystallite size for each diffraction peak can be calculated according to the Scherrer

equation (Equation 1):
KA
pcosé 5 Q)

where shape factor K is the Scherrer constant, A is the X-ray wavelength, g is the FWHM of
the diffraction peak of the crystal plane, and 0 is the Bragg diffraction angle. The average
crystallite size of samples is calculated (Table 1), showing that average crystallite size decreases
while the amount of PVP increases. However, the average crystallite size of sample "without
PVP" is smaller than sample 0.1 PVP.

Table 1. The average crystallite size of CWO nanopatrticles synthesized with different PVP amounts

Sample Average crystallite size
without PVP 17.67 nm

0.1 PVP 24.97 nm

0.3 PVP 15.2 nm

0.5 PVP 13.27 nm

Figure 2 shows the results of SEM images of the sample with different PVP content. In the SEM
image of none PVVP sample (Figure 2.a), irregularly agglomerated bulk CWO nanoparticles were
formed. In contrast, all samples prepared with varying amounts of PVP consisted of rod-shaped
particles and agglomerated particles. PVP acts to control the agglomeration of nanoparticles during
the particle growth stage in the solvothermal process by selectively adhering to certain facets of the
particles and attributing a steric effect. The formation of rod-shaped particles is attributed to the
crystal growth of hexagonal phase CWOQO along the (002) crystallographic plane. The rod shape of
sample 0.1PVP has the greatest length. In comparison, increasing PVP amount as sample 0.3PVP,
and 0.5PVP, the length of CWO rod decreased (Table 2).

CWO synthesized with 0.1g PVP (Figure 2.b) possesses long nanorods. When increasing PVP
amount to 0.3g, a decrease in the particle length can be observed in Figure 2.c. With 0.5g PVP
(Figure 2.d), CWO becomes a short nanorod. Therefore, a higher amount of PVP in precursor
solution leads to slower longitudinal nucleation and, hence, small growth of particles.
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Figure 2. SEM images of CWO nanoparticles synthesized with different PVP amounts:
(a) without PVP, (b) 0.1,PVP, (c) 0.3,PVP, (d) 0.5,PVP

Table 2. The average particle size of CWO rod-shaped particles synthesized with different PVP amounts

Sample Length (nm) Diameter (nm)
0.1 PVP 185.75 97.48
0.3 PVP 99.51 38.59
0.5 PVP 97.41 45.18

In SEM images of samples 0.1PVP, 0.3PVP, and 0.5PVP, the presence of smaller irregular
particles is due to insufficient reaction time for the Ostwald ripening process to occur. Ostwald
ripening involves the growth and evolution of particles in a system where nanostructured
materials with large surface areas are energetically unstable due to thermodynamic factors. Nano-
sized particles aggregate to reduce surface energy by combining individual nanostructures. In a
dispersed medium, smaller particles tend to dissolve and redeposit onto larger ones due to the
differences in solubility saturation between smaller and larger particles. This diffusion process
reduces the total surface energy in the system, resulting in the shrinking of smaller particles and
the growth of larger particles over time. In the sample without PVP surfactant ("without PVP"),
the CWO nucleation rate is faster because it is not controlled by PVP. Without the orientation
provided by PVP attached to a preferred surface system (vertical direction — ¢ axis or the outside
of the rod), CWO grows uniformly in all directions. Faster nucleation also limits the growth of
CWO by minimizing the number of WO; crystals produced that can grow on existing CWO
crystals. Therefore, in the sample "without PVP", the particles do not have a certain shape.

Figure 3 illustrates the EDX patterns of CWO samples synthesized with varying PVP content.
The samples predominantly contain Cs, W, and O elements, with no significant peaks indicating
other elements. Table 3 presents the atomic ratios of Cs/W in different samples. In samples
0.1PVP and 0.3PVP, the presence of impurities Cs; W, 055, with a Cs/W ratio of 1.1/1.65,
results in a higher Cs/W ratio, especially pronounced in sample 0.1PVP where Cs;1W1650s5
content is elevated, leading to a Cs/W ratio exceeding 0.33. As the PVP concentration increases,
however, the impurity Cs; ;W 65055 no longer appears in the sample 0.5PVP, and the Cs/W ratio
gradually decreases, although not significantly. This decrease can be attributed to the PVP
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molecules in the precursor system during the solvothermal process, which hinders Cs ions from
incorporating into the WO; crystal lattice. The Cs/W ratio influences the near-infrared (NIR)
absorption properties of the material, but other factors, such as particle size, also play a role in the

NIR absorption mechanism, specifically localized surface plasmon resonance (LSPR).
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Figure 3. EDX spectrum of CWO nanoparticles synthesized with different PVP amounts:
(a) without PVP (b) 0.1PVP (c) 0.3PVP and (d) 0.5PVP

Table 3. Cs/W ratio calculated from EDX spectra of CWO nanoparticles
synthesized with different PVP amounts

Sample Atomic ratio Cs/W
without PVP 0.265
0.1PVP 0.366
0.3PVP 0.269
0.5PVP 0.266

Based on the FTIR results (Figure 4), the successful coating of PVP ligands on the surface of
CWO could be confirmed. The spectra of CWO containing PVP in the precursor solution exhibit
characteristic absorption peaks at wavenumbers of 1282, 1455, and 1646 cm ™. The peak at 1646
cm ' corresponds to the C=0 stretching vibration from the lactam group in the side chains of the
PVP. The peaks at 1455 and 1282 cm' correspond to the C-N stretching vibration of the
pyrrolidone ring and the N—HO complex vibrations, respectively [21]. The intensity of these
three PVP peaks does not significantly change with different CWO samples. The peak at 1621
cm ' in the "without PVP" sample is related to the O-H bond attached to the W atom, and the
broad peak at 3435 cm' corresponds to the O-H stretching vibration of the -OH group on the
CWO surface. This -OH group bonds with the CWO structure and cannot be simply eliminated
by drying processes. The peak intensity of -OH at 3435 cm ' in the samples with PVP gradually
decreases compared to the sample "without PVP" because in the absence of PVP, -OH covers the
entire surface of CWO. When increasing the PVP content, PVP attached to the surface prevents -
OH from attaching to the surface.
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Figure 4. FTIR spectra of CWO nanoparticles nanoparticles dispersion synthesized with different
synthesized with different PVP amounts PVP amounts

In CWO, specific bonds exist terminal W-O-W and bridging W-O-W. The W-O-W terminal
bond is the bond between an oxygen atom and a tungsten atom in one octahedron with a tungsten
atom of another octahedron, characterized on the FTIR spectrum at a wavenumber of about 901
cm’'. The W-O-W bridging bond is a bond between an oxygen atom and two tungsten atoms in
the same octahedron, characterized on the FTIR spectrum at a wavenumber of about 609 cm™
[22]. The decrease in both 901 and 609 peaks’ intensity is because of the increase in PVP content
covering WO; surface of CWO between different particles and the decrease of crystallite and
particle size of CWO, respectively.

Figure 5 illustrates the UV-Vis-NIR transmittance spectra of different CWO aqueous
dispersion samples. There is a decrease in visible transmittance with samples 0.1PVP, 0.3PVP,
and 0.5PVP proportionally, while the difference in NIR transmittance is negligible. The 0.1PVP
experiences a smaller slope than other samples corresponding to the contain of none NIR
photothermal conversion of Cs; ;Wi 450s5 that reduces the NIR absorption of 0.1PVP sample.
Based on UV-Vis-NIR transmittance measurements, the NIR-shielding ability of composite films
can be quantitatively assessed using the SETS (solar energy transmittance selectivity) value,
calculated according to equation (2) [23] :

[ [CEMTEI [DEMTE)d
SETS= 1|14 3m _dm =
[ EO (e

80 780

)

In this equation, E(L) is the solar irradiance spectrum. T(A) is the transmittance spectrum.
SETS stands for solar energy transmittance selectivity, meaning the selectivity of transmitting
energy through the sun. SETS values are calculated based on the solar energy transmission bias
in the visible and near-infrared regions, which serves as an index to determine the NIR shielding
ability of a material. A higher value indicates better NIR shielding, and a value of 0.5 indicates
that the material has no NIR blocking performance. When the SETS of a film is ‘1°, the film has
100% visible transmittance and 0% NIR transmittance. A SETS of 1 is an ideal material that can
absorb all NIR radiation. The higher the SETS, the larger the deviation between Tv;; and Tyyg,
which means that a sample with high SETS will have high transmittance in the visible region but
low transmittance in the NIR region.

Smaller particle size means that CWO particles have a larger surface area compared to larger-
sized CWO particles. This will increase the material's ability to absorb NIR radiation. So, the
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higher the PVP amount, the smaller the particle size, the lower the impurities, the better the
transmittance through the visible region, and the better the NIR absorption as evidenced by the
higher SETS of samples 0.1PVP, 0.3PVP, 0.5PVP proportionally (Table 4).

Table 4. SETS of CWO nanoparticles prepared with different PVP amounts

Sample Tvis (%) TR (%) SETS
without PVP 67.32 40.87 0.632
0.1 PVP 64.20 45.45 0.593
0.3 PVP 73.51 45.24 0.641
0.5 PVP 76.56 43.52 0.665
4. Conclusion

This study underscores the effective reducibility of ethylene glycol and the substantial influence
of PVP surfactant content on the properties of CWO nanoparticles synthesized via a solvothermal
method using ethylene glycol. The as-synthesized CWO nanoparticles exhibit excellent UV and
NIR-shielding performance while maintaining high visible radiation transmittance. The results have
shown that the addition of PVP surfactant has significantly affected the shape and optical property
of CWO nanoparticles. 0.3g of PVP surfactant is chosen as an optinum in terms of nanorod
morphology and NIR-shielding ability of CWO nanoparticles. This work advances the
understanding of CWO synthesis and presents a viable approach for developing efficient NIR
shielding materials for energy-efficient architectural and automotive applications.
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