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28 Abstract

31 Spectrally selective materials have been widely used to shield near-infrared radiation for energy-
34 efficient windows in the region with cooling-demand climate. CsxWO3 nanocrystals which exhibit
localized surface plasmon resonance (LSPR) and small polaron transfer in wavelength of the near-
39 infrared radiation have attracted great attention to fabricate the spectrally selective coating. The
42 enhancement of its optical performance remains a challenge in the field of doped transition-metal
45 oxide nanocrystals. Herein, F-doped Cs,WO3 nanocrystals were successfully prepared with the
highest reported absorption coefficient, which demonstrated stronger absorption performance than
50 the CsxWO3 nanocrystals without F doping. The introduction of fluorine into the crystal structure as
53 a cation dopant can enhance the free carrier density of the nanocrystals, which leads to a higher
56 absorption coefficient. The absorption coefficient variation of LSPR and small polaron transfer of

59 F-doped CsxWO3 nanocrystals was explained by the free carrier density and carrier mobility. This
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substitutional doping strategy allows CsyWO3 nanocrystals to become spectrally tunable within the
wavelength of near-infrared radiation. When the F/W molar ratio was 0.4, the free carrier density
reached 9.25 x 10 cm3. The spectrally selective coating prepared by F-doped CsyWOs;
nanocrystals exhibited superior spectral selectivity with Tvis, Tnir, Tium, and Tso 0f 67.21 %, 11.85 %,
72.76 % and 49.01 %, respectively. This substitutional doping strategy provides promising potential
to improve the spectral modulation of CsxWO3 nanocrystals for the practical application of energy-
saving windows.
Keywords: F-doped CsxWO3 nanocrystals, energy-efficient windows, absorption coefficient, free
carrier density, carrier mobility
1. Introduction

Building energy consumption accounts for approximately 40% of total energy consumption in
western countries. [1, 2]. Heating, ventilation, and air conditioning (HVAC) systems make up
practically half of the energy used in building [3]. Every year, air-conditionings and fans consume
great amounts of electricity to keep building with comfortably indoor temperature [4]. Notably, the
buildings in Hong Kong with cooling-demand climate consumed 5.06x10* TJ for indoor cooling
throughout 2018 [5]. Sunlight passing through windows is the primary source of heat gain in
buildings [6-8]. Glazing materials, as the most common component of windows, are widely used in
modern buildings to provide daylight and external sight to occupants. Typically, window glazing
refers to soda-lime glass, which is composed of silica, sodium oxide, lime, and a small amount of
other addition agent via the floating technique. It is established that the solar energy consists of three
sorts of radiation, ultraviolet, visible light and near-infrared radiation. Among them, near-infrared

light is invisible radiation, accounting for 50% of the total energy from the solar radiation [9, 10].
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The visible and near-infrared light transmittance of clear soda-lime glass at 4 mm thickness is

around 80 % to 90 % [11], revealing that the ordinary glass lacks the spectral selectivity. Accordingly,

it is necessary to develop functional coatings for spectral selectivity, which can not only shield most

of the near-infrared radiation, but also maintain a high visible transmittance. This type of spectrally

selective coating can inhibit the increase of indoor temperature, finally reducing the electricity

consumed by air-conditioning and the emission of greenhouse gas.

Energy-efficient glazing is typically created by applying a light layer made of spectrally selective

materials to the glass surface, which can alter how the glass interacts with sunlight [12]. In recent

years, spectrally selective materials with superior spectral selectivity have drawn great attention for

energy-efficient windows [13-15]. The band gap of tungsten trioxide is 2.62 eV, which hardly

shields the near-infrared radiation. However, alkali ions can be doped into the crystal structure of

WO3; to form hexagonal tungsten bronze. Tungsten bronze (MxWOs, where M = Na, K, Rb and Cs)

is the vital component of the transparent conducive oxides with superior spectral selectivity [4, 16-

18]. In particular, the cesium tungsten bronze (Csx\WOs3) has been extensively studied as the

promising candidate for spectral selectivity. The effect of localized surface plasmon resonance

(LSPR) and small polaron transfer is responsible for Cs;WO3’s near-infrared shielding performance.

Small polaron transfer mainly absorbs near-infrared radiation with wavelengths ranging from 780

nm to 1100 nm, whereas LSPR of Cs-HTB nanoparticles mainly absorbs NIR radiation with

wavelengths ranging from 1100 nm to 2500 nm.. The LSPR effect is prompted by the creation of

free charge carriers (free electrons discussed here), which collectively oscillates with incident

radiation near the oscillation frequency of the free electrons [19-23]. The effect can result in

selective photon absorption and the enhancement of local electromagnetic fields around
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nanocrystals. The small polarons absorb near-infrared radiation through electron hopping between

two neighboring nonequivalent tungsten and the hopping electrons are derived from Cs* ions.

However, the optical performance of Cs,WOs still requires further improvement from the viewpoint

of practical application.

During the last decades, fluorine has been widely introduced into the lattice to enhance the optical

property in transparent conducive oxides (TCOs). Generally, the doped fluorine atoms substitute the

oxygen sites to form F-doped CdO [24-26], F-doped In,03[27] and F-doped SnO, [28, 29]. In theory,

fluorine doping is of the following advantages. Firstly, the radius of F is a little smaller than that of

O and F demonstrates higher electronegative than O, so the substitutional process of O by F can

easily arise. Moreover, it has been reported that the some doped ions in the lattice acted as a

scattering center which limited the highest concentration of free carrier density, but F atoms appear

as electron donors as it has one more valence electron than an O atom. Furthermore, compared with

cationic substitution doping, the scattering level and decrease of carrier mobility of free electrons

can be minimized by anionic F doping. As a result, it is expected that F doping will improve the

near-infrared shielding performance of CsxWO3 nanocrystals. To our knowledge, there has yet to be

a report on the facile synthesis of F-doped CsyWOs.

In this work, we report for the first time that F-doped CsWOs nanocrystals have been

successfully synthesized by controllable one-pot method for the application of energy-efficient

windows, which expands the spectral tunability of LSPR and small polaron transfer. The effects of

F doping on the phase composition, valence state distribution of W, optical properties and

microstructure of the as-prepared products have been investigated. Besides, the detailed mechanism

for enhancing the near-infrared shielding performance and the effects of charge carrier density and
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free carrier mobility on LSPR and small polaron transfer have been discussed. The introduction of

F doping breaks through the limited tunability of LSPR and small polaron transfer in Cs,WQO3

nanocrystals. In addition, this doping strategy provides a promising way to regulate the free carrier

density and enhance the near-infrared shielding performance in some related nanocrystal systems.

2. Experimental study

2.1 Materials

The following reagents are of analytical grade and utilized as received without further treatment.

Ammonium metatungstate hydrate (AMT, (NH4)sH2W12040 - aH20), cesium fluoride (CsF), tartaric

acid (TA, CsHgOs), deionized water (H20), anhydrous ethanol (C2HsOH) and polyvinyl alcohol

(PVA) were purchased from Macklin.

2.2 Synthesis of F-doped CsxWO3 nanocrystals

The F-doped CsxWO3 nanocrystals were prepared by controllable one-pot method using CsF as

Cs and F source. First, certain quantity of AMT was putted into the ethanol with 1mol/L tartaric

acid , then CsF were introduced into the solution of AMT with the Cs/W molar ratio of 0.2, 0.4, 0.6,

0.8. The total volume of the mixed solution was 70 ml. The solution was then transferred to a Teflon-

lined autoclave with a 200 ml interval volume, followed by liquid phase reaction in a drying oven

at 240 °C for 24 hours. The blue products were centrifuged and rinsed three times with anhydrous

ethanol and finally dried at 60 °Cin vacuum. The F-doped CsWOs3 nanocrystals synthesized with

the F/W molar ratio of 0.2, 0.4, 0.6, 0.8 were labeled as 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and

0.8-FCWO, respectively. The nanocrystals prepared with Cs/W molar ratio of 0.33 but without F

doping were marked as CWO using Cs2COs as Cs source.

2.3 Fabrication of F-doped CsyWO3 /PVA composite film
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The dispersion of the F-doped Cs,WOs3 was obtained by a simple blending process. PVA powder

was applied as the film-formation additive. Typical fabrication procedures of the spectrally selective

coating were carried out in the following way. Initially, 4 g PVA powder was melted in deionized

water in a water bath at 85 °C to form a homogeneous PVA solution. The as-synthesized

nanocrystals were then blended with the above PVA solution for 4 hours using vigorous stirring.

The dispersion obtained was then deposited on the glass surface to form the spectrally selective

coating.

2.4 Characterization

The phase components of the F-doped CsyWOs nanocrystals were determined by X-ray

diffraction (XRD) technique with Cu Ka radiation. Transmission electron microscopy (TEM) with

an energy dispersive spectrum (EDS) attachment was used to examine the microstructure of the

nanocrystals. X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical

components and binding energies of W 4f. Inductively coupled plasma optical emission

spectrometry (ICP-OES) was used to determine the elemental compositions of the nanocrystals in

bulk, and the nanocrystals for ICP-OES measurements were digested with concentrated nitric acid

and diluted with deionized water. The Hall effect measurements were carried out on LakeShore

HL5500 and performed on pellets (10 mm diameter) made by pushing the obtained powders under

a pressure of 40 MPa. The absorbance spectra of the as-synthesized nanocrystals were performed

on a spectrophotometer (UH 4150) equipped with a cuvette of 0.5 mm pathlength. The optical

properties of F-doped CsyWO3 /PVA composite film were measured by UH 4150 equipped with an

integrating sphere.

3. Results and discussion
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Fig. 1 illustrates the XRD patterns of CWO, 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and 0.8-FCWO

and their high-resolution patterns corresponding to crystal plane (102) and (200). As shown in Fig.

1a, when the molar ratio of F/W reached 0.2 and 0.4, a pure hexagonal Cs,WO3 phase was obtained

without impurity peaks. 0.4-FCWO nanocrystals have better crystallinity than 0.2-FCWO, which

indicates that the increase of F/W molar ratio is conducive to the crystallization of as-synthesized

nanocrystals to some extent. As for 0.6-FCWO and 0.8-FCWO, impurity peaks appeared, indicating

that other phase component has been formed in the nanocrystals besides dominant hexagonal

Cs0.33WO3 phase. The peak intensity ratio of crystal plane (002) relative to crystal plane (102)

presents an increasing trend with the increase of F/W molar ratio, which means that the preferential

growth of the nanocrystals is along the c-axes. As shown in Fig. 1b, the (200) plane diffraction peak

of 0.4-FCWO slightly shifted to a higher angle, suggesting that the (200) plane spacing becomes

smaller. This can be explained according to the Bragg equation as follows:

2dsind =nd (1)

where d indicates the crystal interplanar spacing, 6 represents the incident angle, A implies the

wavelength of the incident light, n denotes the reflection order. Since nA is a fixed value, the increase

of 8 suggests the decrease of the crystal interplanar spacing.

The chemical composition and W valence state were determined by XPS measurement. Fig. 2a

shows the survey spectra of 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and 0.8-FCWO. All the spectra

confirm the presence of Cs, F, W and O elements. As illustrated in Fig. 2b, the difference of F 1s

characteristic peak position suggests that the F ions chemical environment in 0.2-FCWO, 0.4-

FCWO, 0.6-FCWO and 0.8-FCWO changes with the different F/W molar ratio. Doped F ions are

surrounded by O atoms with a certain degree of electronegativity in the crystal lattice. More F ions
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enter into the lattice and thus its characteristic peak position moves to the higher binding energy
direction.

Fig. 3a-e display the W 4f core-level spectra of CWO, 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and
0.8-FCWO. Two spin-orbital peaks, W 4f 5/2 and W 4f 7/2, can be fitted to the W 4f curve. W5* and
W¢* are responsible for the spin-orbital peaks at 34.2 eV/ 36.7 eV and 35.8 eV/37.9 eV. As shown
in Fig. 3f, the content of W5* in 0.4-FCWO is the largest, accounting for 31 % of total W atoms.
This indicates that the increase of W5* generation is caused by more Cs and F ions insertion, which
plays a significant impact on improving the NIR shielding performance based on LSPR [30].
However, when F/W molar was higher than 0.4, the content of W5* decreased to 23 % and 22 % for
0.6-FCWO and 0.8-FCWO, respectively.

To further examine the effect of F doping on the chemical composition of the as-prepared samples,
the molar ratios of Cs/W and F/W in the samples were measured by XPS. The doping ratio of F/W
were 0.2, 0.4, 0.6 and 0.8, respectively. As listed in Table 1, the Cs/W molar ratio of the doped
samples firstly presented an increasing tend with the increase of F doping. When the doping ratio
of F/W reached 0.4, the actual Cs/W content attained maximum value of 0.30, which was close to
theoretical Cs/W value of 0.33. Meanwhile, the measured F/W content increased to 0.21. Proceeding
to increase the F doping level, the Cs/W content demonstrated a decreasing trend and reached 0.26
when the doping ratio of F/W was 0.8. The F/W content in the as-prepared sample presented a small
increasing extent with the increase of Li doping from 0.4 molar ratio. As for 0.4-FCWO, it can be
seen that F/W content is 0.21 with the measured Cs/W content of 0.30 which is close to the
theoretical value of 0.33. With the increase of F ions in the precursor, the small F ions tend to

substitute the sites which are occupied by oxygen during the solvothermal reaction process.
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Although the F/W content presented an increasing trend and attained 0.24 for 0.8-FCWO, the Cs/W
molar ratio showed a decreasing tendency from 0.4-FCWO and reached 0.26 for 0.8-FCWO, which
is not conducive to the crystalline stability and its optical performance.

The Beer-Lambert Law can be described as following eq (2):

NoL

A= o @
Where A represents the measured absorbance of the dilute nanocrystal dispersion and is expressed
in log (10) scale, N indicates the number density of the nanocrystals (M, mol/L), and L (mm) stands
for path length through the cuvette. Thus, the absorption coefficient o (M mm?) of the
nanocrystals can be calculated by the above equation using the measured absorbance of the
dispersion with known molar concentration and the path length.

To examine the effect of various F doping concentration on the absorption coefficient of the as-
prepared nanocrystals, the absorbance of the dilute dispersion containing the as-prepared
nanocrystals was measured. Fig. 4 presents the calculated absorption coefficient spectra of all as-
synthesized nanocrystals across a set of F doping concentration. With the increase of the dopant
concentration, a significant increase of the absorption coefficient can be observed. As shown in Fig.
4, the absorption coefficient spectrum of 0.4-FCWO presents the best absorption potential of all the
samples. However, for the samples with the F/W molar ratio of higher than 0.4, the absorption
coefficient illustrated a slightly decreasing trend. The results indicate that there must be changes in
the optical parameters of the nanocrystals, which is discussed in detail in the following content.

According to the above results, the spectrally selective mechanism of F-doped CsyWO3

nanocrystals is presented in Fig. 5. The near-infrared (NIR) absorption of Cs-HTB nanoparticles is

ascribed to LSPR and the small polaron transfer. LSPR of Cs-HTB nanoparticles mostly absorbs
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NIR radiation ranging from 1100nm to 2500nm. LSPR is prompted from the free electrons in the
conduction band when the incoming radiation is close to the oscillation frequency of the free
electrons. As shown in Fig. 5a, a simplified model is presented based on Drude-Lorentz assumptions
[31]. The free electrons contributed by the doped alkali ions oscillate in phase with the
corresponding electric field component of the sunlight, which results in the spectral selectivity.
Moreover, small polaron transfer mainly absorbs the 780-1100nm NIR radiation and consists of two
processes shown in Fig. 5b. When surplus electrons polarize their ambient lattice, polarons are
formed and defined as the composite of lattice distortion and accompanying free electrons. The
polarons absorb NIR light by hopping between two adjacent nonequivalent W ions. The polaron
transition process is as follows:

Process I: hv + W>*(a) + Wé*(b) — We®*(a) + W5*(b) + Ephonon

where Ephonon represents single phonon energy.

The electrons transferred between two adjacent nonequivalent W ions are regarded as originating
from the doped alkali ions [30]. Besides, there are some electrons in localized states lower than the
conduction band of nanoparticles. As shown in Process 11, the electrons in localized states would
transfer from localized state to conduction band led by absorbing suitable NIR energy. Thus, the
majority near-infrared radiation of the sunlight can be effectively shielded by the spectrally selective
coating prepared by F-doped Csy\WOs3 nanocrystals through the above mechanism.

The potential efficiency of creating intense localized electric fields can be evaluated through a
performance index originated from the LSPR response termed the Quality factor (Q-factor), which
is settled as the ratio of the LSPR peak energy to its full width at half-maximum (FWHM). It is

found that the LSPR peak energy is mainly decided by LSPR frequency of the nanocrystals, whilst
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the FWHM signifies the degree of electron scattering. When impurities are doped into the crystal
lattice, a compromise is reached because the dopants create free electrons while also acting as
electron scattering centers (increasing FWHM). As a result, balancing the two impacts and raising
the Q-factor are critical. A high Q-factor indicates greater near-field improvement, extended plasmon
lifespan and lower electronic damping. The LSPR frequency wispr can be depicted by eq (3):

2
WispR = ’(g:;pz Em)—FZ (3)

where &, indicates the high-frequency dielectric constant of the material, em Suggests the dielectric

constant of the medium surrounding the nanocrystals and I" represents the damping constant. As ¢
is a distinctive feature that cannot vary with the increase of doping and &n is determined by the
surrounding media. It can be obtained that the variables with a significant impact on the LSPR
frequency are the damping constant I" and the bulk plasma frequency wp Which is described as eq
(4):

ne?
wp® = — (&)

where n represents the free carrier density, e indicates the electronic charge, o presents the

permittivity and m* is the effective mass of the electron. As e and & are constants for a certain kind

of nanocrystals, the spectral selectivity of LSPR depends on n and T In extrinsically doped

nanocrystals, the electrostatic interactions between the dopant ions and the electrons can

significantly affect scattering level, but Drude model does not premeditate the effect of dopant ions

scattering, which provides inevitable scattering in doped nanocrystals. Consequently, an extended

Drude model was presented where the damping constant I" is displaced using a frequency-dependent

I'(w) by the following empirical eq (5) to describe the scattering degree.

IL—TH
Vs

M(@) = Ti— = [tan""(“=) + 7] (5)
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where I'L and 'y represent the low-frequency and high-frequency damping constants, respectively.

I'x indicates the crossover frequency ranging from the low to high frequency domain. I'w denotes

the width of the crossover region. Thus, it is found that I, qualitatively indicates the scattering

extent of dopants ions. To achieve the reductant scattering extent, I'. should be minimized as much

as possible. It was reported that the electrostatic potential at low frequencies I'L would be tantamount

to the carriers motion property under the effect of DC electric field [32]. It is noted that carrier

mobility under DC electric field is no frequency-dependence. Consequently, ') can be utilized to

describe the scattering extent of dopant ions using eq (6):

Hopt = (6)

m T
It can be seen that carrier mobility uopt plays a significant effect on FWHM and further determine
LSPR response. In addition, the electrons transferred between two adjacent nonequivalent W ions
are provided by dopant ions, so free carrier density also exerts influence on small polaron transfer.
Thus, the effect of free carrier density and carrier mobility on the optical performance should be
further studied.

To compare the electrical properties, the hall-effect measurements were conducted to further
explain the optical performance of doped nanocrystals. As shown in Table 2, it can be observed that
F doping plays a considerable impact on the free carrier density and carrier mobility. When the
concentration of F doping increased, the carrier mobility of the corresponding sample illustrated a
decreasing trend. Notably, when the F/W molar ratio was larger than 0.4 in the precursor, the carrier
mobility of the corresponding nanocrystals demonstrated a more sharper decreasing tendency than

the that of the samples with F/W molar ratio below 0.4. The main scattering mechanism can be

attributed to impurity doping. The higher F/W molar ratio in the precursor can cause the stronger
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scattering introduced by the dopant ions. On the other hand, the free carrier density firstly showed
an increasing trend with the increase of F doping and reached 9.25 x 104 ¢cm=for 0.4-FCWO. After
that, the free carrier density of 0.6-FCWO and 0.8-FCWO slightly decreased to 8.63 x 104 cm™
and 8.14 x 10 cm3, respectively. The results can further explain the difference of absorption
coefficient in Fig. 4. Specifically, 0.4-FCWO presented the best absorption coefficient in the
wavelength starting from 780 nm to 2500 nm, which can be attributed to its high free carrier density
shown in Table 2. High free carrier density can improve both of LSPR and small polaron transfer.
Although the carrier mobility of 0.4-FCWO was lower than that of CWO, the absorption coefficient
of 0.4-FCWO still demonstrated best optical performance. This is because the carrier mobility of
0.4-FCWO has not decreased too much and is close to the undoped sample. Besides, it can be
obtained that the free carrier density has a dominant impact to determine the absorption coefficient
than the carrier mobility.

Transmission electron microscopy was used to determine the TEM image, HR-TEM image,
SAED pattern, and EDS pattern of 0.4-FCWO. The nanocrystals have a rod-like shape with a degree
of agglomeration, as shown in Fig. 6a. The lattice spacing of 0.3840 nm and 0.6548 nm, which
corresponds to the planes of (002) and (100), are shown in Fig. 6b. The SAED pattern in Fig. 6¢c
confirmed the hexagonal structure of 0.4-FCWO. Figure 6d shows the element composition and
shows the presence of the elements F, Cs, W, and O. The calculated Cs/W molar ratio is 0.31, which
is quite close to the upper limit of 0.33 for Cs-HTBs. Besides, the calculated F/W molar ratio is 0.19,
which is also close to the value measured by XPS.

To fabricate the 0.4-FCWO/PVA composite film, the as-synthesized 0.4-FCWO were mixed with

PVA solution. Fig. 7 shows the spectra of ordinary glass without any coatings and the glass sample
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fabricated by the 0.4-FCWO/PVA dispersion. To evaluate the spectral selectivity of the glazing

sample, four parameters were proposed, involving Tvis, Tnir, Twm, and Tso [33-35]. The

corresponding values can be calculated by the following equations:

780

R @a
Tvis = (780—-380)x100 x100% (7)
2500 2 2
ThiR = RIOLION x 100% (8)

(2500—780)x100

_ Jrgg @unTA)AA) o
Tlom = 22 prm()d(A) X 100% (9)
_ f3205000 @sol(D)T (DA (A) o
Teol = JE psa(2)a () X 100% (10)

Where T(L) indicates the measured transmittance spectra within a selected range, gum represents

standard luminous efficiency function for the photonic vision of human eyes and gsq implies solar

radiation spectrum for air mass 1.5. Above calculated values are 67.21 %, 11.85 %, 72.76 % and

49.01 %, respectively. The composite film exhibits high visible light transmittance and near-infrared

shielding performance in the glazing sample. The glazing sample with the composite coating has

excellent spectral selectivity when compared to ordinary glass.

4. Conclusions

In this study, F-doped CsxWO3 nanocrystals have been successfully synthesized to enhance the

spectral tunability of LSPR and small polaron transfer by a controllable one-pot method. The phase

components, element compositions, valence state of W ions and microstructure of the as-prepared

nanocrystals were systematically examined. Moreover, the absorption coefficient spectra of the

samples were calculated by the Beer-Lambert Law, and the free carrier density and carrier mobility

were obtained by Hall effect measurement. This study is the first case in the literature interpreting

the prospective connection between free carrier density/carrier mobility and optical performance in

F-doped CsxWO3 nanocrystals, indicating that aliovalent doping is an effective way to enhance
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spectral tunability. The results indicate that the free carrier density has a dominant impact to

determine the absorption coefficient than the carrier mobility. When the F/W molar ratio is 0.4, the

corresponding nanocrystals demonstrated best absorption property in the wavelength of near-

infrared radiation. Furthermore, the transmittance spectra of the 0.4-FCWO/PVA composite film

and the ordinary glass were also investigated. The composite film displayed excellent spectral

selectivity with Tvis, Tnir, Tium, and Tsor Of 67.21 %, 11.85 %, 72.76 % and 49.01 %, respectively.

This doping strategy provides promising potential to improve the spectral tunability for the practical

application of energy-efficient windows.
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Table 1 The molar ratio of Cs/W and F/W in nanocrystal samples measured by XPS

Sample Cs/W molar ratio F/W molar ratio

CWO 0.31 0
0.2-FCWO 0.18 0.14
0.4-FCWO 0.30 0.21
0.6-FCWO 0.27 0.23

0.8-FCWO 0.25 0.24
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Table 2 The free carrier density and carrier mobility of as-prepared F-doped CsyWO3 samples

Sample Free carrier density (cm?®)  Carrier mobility (cm? V1 s1)

CwWoO 5.83 x 101 16.62
0.2-FCWO 6.41 x 101 15.71
0.4-FCWO 9.25 x 10 14.83
0.6-FCWO 8.63 x 101 12.35

0.8-FCWO 8.14 x 10 10.62
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Fig. 1 (a) XRD pattens, (b) high-resolution patterns corresponding to crystal plane (102) and (200) of CWO, 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and 0.8-FCWO.
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Fig. 2 (a) The survey spectra and (b) the F 1s core-level spectra of 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and 0.8-FCWO.
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Fig. 4 The absorption coefficient spectra of CWO, 0.2-FCWO, 0.4-FCWO, 0.6-FCWO and 0.8-FCWO.
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Fig. 5 The schematic diagram of (a) LSPR under 1100-2500 nm NIR and (b) small polaron transfer under 780-1100 nm NIR.
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Fig. 6 (a) TEM image, (b) HR-TEM image, (c) SAED pattern and (d) EDS pattern of 0.4-FCWO.
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Fig. 7 The transmittance spectra of the coated glass with the 0.4-FCWO/PVA composite film and the ordinary glass.
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