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ARTICLE INFO ABSTRACT

Keywords: NIR-shielding window materials were fabricated by direct embedding of Tag3Wp 70285 nanocrystals in bulk
Defective tungsten oxide borosilicate glass-ceramics during a facile melt-quenching process. Optical and thermal performance of the
NIR-Shielding

prepared windows can be adjusted by varying the concentration of HyWO4 and TayOs in the starting materials.
The optimized window fabricated from raw materials containing 4.5 mol% HyWO4 and 0.3 mol% Tay0s
exhibited high visible light transmittance 74.4% and strong NIR-shielding ability AT = 68.9%. Its thermal
insulation performance is much better than soda lime glass or ITO glass, and its visible light transmission is
higher than cesium-tungsten-bronze-based film coated glass. The distribution of Tag3Wq 70285 functional
nanocrystals in the glass matrix was confirmed by sample characterization using XRD, Raman, XPS, HRTEM and
EDS. The NIR-shielding property has been attributed to local surface plasmon resonance due to oxygen vacancies
in the Tag 3W( 702,85 nanocrystals. This study sheds a light on fabricating energy-saving windows with a tunable
NIR-shielding performance.

Energy-saving glass-ceramics
Tantalum doped
Tag.3Wo.702.85

heat into the building due to their high transmission of near infrared
(NIR) light [4,5]. The transmitted NIR light raises room temperature,
and the regulation of temperature requires excessive utilization of air
conditioners [2]. The reduction of building energy consumption can be

1. Introduction

Energy-saving technologies are becoming urgently important for
coping worsening global warming and climate change problems. This is

because today’s world is still heavily relying on fossil fuel-based energy
sources. One of the effective energy-saving technologies is energy-saving
building windows. Annually, about 40% of total global energy is
consumed in buildings [1], and up to 40% of building energy con-
sumption is due to heat transfer through glass windows [2,3]. These
glasses can effectively transmit visible light, but they also bring sunlight

achieved by the application of energy-saving windows because these
windows offer both excellent visible light transmission and excellent
NIR-shielding ability [6].

NIR-shielding film-based glass windows have been widely applied
for thermal insulation against sunlight thermal irradiation. NIR-
shielding films have been developed based on vanadium oxide (VOg)
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Table 1
The nominal compositions of the prepared bulk glass and glass-ceramic samples.

Sample name Nominal compositions of the raw materials (mole %)

H,WO, Si0, B,O; NaF Ta,0s

4.5W0Ta 4.50 27.70 41.07 26.74 0

4.5W0.2Ta 4.50 27.64 40.98 26.68 0.20
4.5W0.3Ta 4.50 27.61 40.94 26.66 0.30
4.5W0.4Ta 4.50 27.58 40.89 26.63 0.40
4.5W0.5Ta 4.50 27.55 40.85 26.60 0.50
3.5W0.3Ta 3.50 27.90 41.37 26.94 0.30
4W0.3Ta 4.00 27.75 41.15 26.80 0.30
5W0.3Ta 5.00 27.46 40.72 26.52 0.30
5.5W0.3Ta 5.50 27.32 40.51 26.38 0.30

[7,8], indium-doped tin oxide (ITO) [9], antimony-doped tin oxide
(ATO) [10], and tungsten bronze [11-13]. In addition, energy-saving
films with high long-wave infrared (LWIR) emissivity can also
decrease indoor temperature by radiating LWIR to the outer space. For
example, Wang et al. prepared thermochromic smart films with passive
LWIR radiative cooling regulation [14,15]. However, these functional
films on glass panels are prone to degradation and peeling when they are
subjected to strong UV radiation or scratches [16], and are difficult to be
applied on complex-shaped glass surfaces.

Recent research has shown that NIR-shielding functional units
M,WOj3 can be introduced directly into the bulk glass matrix by the melt-
quenching glass fabrication technique [12,17]. This technique omits the
requirement of functional film on glass, and hence the lifespan of the
glasses can be significantly enhanced. The NIR-shielding performance of
these glasses can be fine turned by adjusting the concentration of the
reduced tungsten oxide (WOs3.) or the type of alkali metals (Li", Na™,
K"), and the resulting NIR-shielding performance is comparable to
film-based glasses [12,17,18]. The challenges of this technique include
the requirement of maintaining a reducing atmosphere during the glass
fabrication process in order to form W>* in WOs., and the low visible
light transmission below 65% due to high concentration of amorphous
MxWOs3 functional units [19]. To improve visible light transmission and
maintain strong NIR absorption, it is required to dope smaller amount of
functional units with better NIR-shielding property. Compared with
amorphous MyWOs functional units, fine nanocrystal functional units
such as nano rod defective oxide crystals are usually more effective in
NIR-shielding [20,21].

Defective tungsten oxide (WOsy, 0 < x < 1) exabits strong NIR-
shielding ability because oxygen defects in WO3 4 can induce local sur-
face plasmon resonance (LSPR) [19,22]. Generally, the LSPR effect is
enhanced with increasing oxygen detects, and indeed highly defective
WO, 72 has been applied as a functional phase in energy-saving NIR--
shielding film glasses [23]. Not surprisingly, WO, 75 nanorods dispersed
film has shown better thermal insulation than ITO glass under halogen
lamp irradiation [21,24]. However, WO, 75 is easily oxidized in air,
causing gradual deterioration of NIR-shielding performance of WO 75
doped film [25]. This problem may be solved by doping transition metal
ions into tungsten oxide such that the doping ions have a chemical state
lower than W°*, such as Nb°* [26], Mo®* [271, Ta®" [28], Ti** [29] and
Zn** [30]. For example, Tag3Wy70285 has shown excellent
NIR-shielding effect due to high density of oxygen defects in
Tag 3Wo.702.85. The material also exhibits excellent thermal stability at
temperatures as high as 750 °C [31,32]. Locking the crystalline
Tag.3Wo.702 g5 functional units into the glass matrix may produce highly
stable NIR-shielding energy-saving windows but this has not been
studied so far.

In this work, we prepared Tap.3Wo 702 g5 nanocrystal doped glass-
ceramics by the facile melt-quenching technique. The NIR-shielding
performance was optimized by adjusting the concentrations of TaOs
and HyWOy, as the Ta and W sources, respectively. The formation of
functional nanocrystals Tag 3sWg 702 g5 in the glass matrix were studied
by detailed sample characterization using X-ray diffraction (XRD),
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Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), trans-
mission electron microscopy (TEM), high resolution transmission elec-
tron microscopy (HRTEM) and energy dispersive spectrometer (EDS).
The optimal sample exhibits excellent NIR-shielding ability, high visible
light transmittance, and strong thermal insulation under Xeon lamp
irradiation.

2. Experimental section
2.1. Materials

High-purity raw materials were used: tungstic acid (HaWOa,
>99.7%, Aladdin), silica (SiO3, >99.7%, Sinopharm Chemical Reagent
Co., Ltd.), boron trioxide (B203, >99.8%, Sinopharm Chemical Reagent
Co., Ltd.), sodium fluoride (NaF, >99.8%, Aladdin) and tantalum
pentoxide (TaOs, >99.5%, Aladdin). All the chemicals were used as
received.

White float window glass (soda lime glass) was purchased from
China Luoyang Float Glass Group Co., Ltd. and ITO glass was purchased
from Zhuhai Kaivo Optoelectronic Technology Co., Ltd. Cesium-
tungsten-bronze-based film coated glass (CWO film glass) was fabri-
cated. Cesium tungsten bronze (CsyWO3, CWO) powder was purchased
from Hangzhou Jikang New Material Co., Ltd. The powder was
dispersed in resin-toluene mixed solution and painted on soda lime glass
and dried, following the reported process [33].

2.2. Fabrication of glass, glass-ceramic, and ceramic samples

The bulk glasses or glass-ceramics were prepared using a facile melt-
quenching technique under an air atmosphere, using the nominal
compositions shown in Table 1. Powders of raw materials were uni-
formly mixed in a corundum crucible. Later, mixtures were heated to
600 °C and held for 2 h. Then the heated mixtures were melt in an
elevator furnace at 1400 °C for 2 h. After that, the melts were cooled to
1100 °C for clarification, and poured into a graphite mold for quenching
and solidification. Finally, the solidified samples were annealed at
450 °C for 6 h. The prepared samples were cut into pieces with a
thickness of 5 mm, and double-side polished. They were named as
xWyTa, meaning the sample was prepared using x mol% of HoWO4 and y
mol% of Tay0s. For instance, 4.5W0.3Ta means the sample was pre-
pared using 4.5 mol% of HoWO4 and 0.3 mol% of Tay0Os.

To study the structure of the bulk glass and glass-ceramic samples,
ceramic powders were prepared by heating bulk glasses and glass-
ceramics at 700 °C for 12 h in a tube furnace under N, atmosphere
with a flow rate of 400 mL min~!. The ceramic powders were named
using a suffix C after the name of the corresponding bulk glass or glass-
ceramics, such as 4.5W0.3Ta-C.

2.3. Material and device characterization

A UV-Vis-NIR spectrophotometer (UH4150, Hitachi, Tokyo, Japan)
was used to record the transmittance spectra of the samples. Raman
spectra were obtained by a laser micro-Raman spectrometer (inVia
Qontor, Renishaw, Britain) with an excitation wavelength of 532 nm.
Crystalline phases were identified by XRD (D/MAX-2500V/PC, Rigaku,
Japan) with a Cu-Ka radiation (A = 1.5418 [o\). The valance states of W
were determined by XPS (Thermo Scientific K-Alpha+, Thermo Fisher,
USA). The morphology and distribution of the functional nanocrystals in
energy-saving samples and ceramic powders were examined by TEM
(F200X G2, FEI, USA). The element distributions in the samples were
determined by EDS (Super-X, FEI, USA).

2.4. Simulation test

The thermal insulation performance of the window samples was
tested in a simulated thermal insulation chamber with a dimension of 10
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@ — 1 Xeon lamp

77\

2 Glass under test

3 Sealed wooden box

4 Thermocouple

5 Thermal insulation film

Fig. 1. Schematic diagram of the thermal insulation simulation chamber: the
thermal insulation effect of soda lime glass, ITO glass, CWO film glass, and
4.5W0.3Ta glass-ceramic were tested, respectively.
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x 10 x 10 c¢m® (Fig. 1). The chamber was made of wooden plates and
insulated by wrapping with Styrofoam and aluminum foil. A transparent
window with a dimension of 4 x 4 cm was installed on the top of
chamber and was covered by four types of windows (ITO glass, CWO
film glass, soda lime glass and 4.5W0.3Ta glass-ceramic), respectively.
The chamber was irradiated by a Xeon lamp with light power density of
1000 W/m?, because a Xeon lamp has similar spectral energy distribu-
tion as sunlight. The temperature inside the chamber was recorded in
every 10 s with a thermometer.

3. Results and discussion
3.1. Optical property of the samples

The UV-Vis-NIR transmittance spectra of the samples and the vari-
ation of optical performance parameters (AT and Tpax) as a function of
Tay0s and HyWO4 concentrations are shown in Fig. 2. Here AT is
defined as the difference between the maximum visible light trans-
mission and the minimum NIR transmission between 300 nm and 2100
nm and is used to quantify the NIR-shielding ability, while Tpx is
defined as the highest transmittance in the spectra and is used to indi-
cate visible transparency of the sample.
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Fig. 2. UV-Vis-NIR transmission spectra (a, b), AT and Tp,ax (¢, d), and photos (e, f) of the samples as a function of Ta,Os and H,WO, concentration.
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Table 2
The NIR-shielding properties of different types of samples (6WO-1, 5W1.25Sb,
6W, 4.5W0.3Ta) [17,35,36].

6WO-1 5W1.25S8b 6W 4.5W0.3Ta
AT 59.1% 62.8% 64.1% 68.9%
Trmax 63.9% 67.7% 71.0% 74.4%

Fig. 2(a, ¢, e) show the effect of TayO5 concentration on the optical
properties of the samples. The results suggest that sample 4.5W0Ta with
no Tay0s5 does not shield NIR while sample 4.5W0.5Ta with the highest
amount of TapOs has excellent NIR-shielding effect (AT = 62.0%). The
tradeoff for NIR-shielding is the deterioration in visible light trans-
mission, with sample 4.5W0.5Ta showing the lowest visible light
transmittance (Tpax = 63.9%), likely due to excessive NIR-shielding
function phase. Accordingly, with increasing content of TazOs, the
color of the samples deepens from milky (4.5WO0Ta) to yellow
(4.5W0.2Ta), greenish yellow (4.5W0.3Ta and 4.5W0.4Ta) and dark
green (4.5W0.5Ta) as shown in Fig. 2(e).

Fig. 2(b, d) show the effect of HoWO4 concentration on the optical
properties of the samples. Similarly, the results suggest that sample
3.5W0.3Ta with the least amount of HoWO4 shows little NIR-shielding
ability (AT = 10.7%) while sample 5.5W0.3Ta with the highest
amount of HyWOy, is least transparent (Tyax = 38.3%) due to excessive
NIR-shielding function phase. This agrees with deepening sample color
with increasing HoWO4 content, from milky (3.5W0.3Ta) to yellow
(4W0.3Ta), greenish yellow (4.5W0.3Ta and 5W0.3Ta), and dark green
(5.5W0.3Ta) as shown in Fig. 2(f).

The above results conclude that the introduction of Ta;Os and
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HyWO, favor the formation of NIR-shielding functional phase but too
much TayOs and HoWO,4 deteriorates visible light transmittance. The
optimal sample is 4.5W0.3Ta which has the best NIR-shielding ability
(AT = 68.9%) and high visible light transmittance (Tmax = 74.4%).
These optical parameters are much better than the recently reported
values for excellent NIR-shielding energy saving window materials such
as (Ko.2Csp.g)xWOs3 films (AT = 65.1%, Tpax = 66.9%) [34]. What'’s
more, as shown in Table 2, 4.5W0.3Ta shows the best NIR-shielding
performance compared with 6WO-1 (AT = 59.1%, Tpax = 63.9%),
5W1.25Sb (AT = 62.8%, Trax = 67.7%) and 6W (AT = 64.1%, Tnax =
71.0%) [17,35,36].

To further assess the optical transmission properties of the optimal
sample 4.5W0.3Ta, solar irradiance transmittance in the visible region
(Tium, 380-780 nm) and total solar (Tso, 300-2500 nm) were obtained
according to the following equation:

JT(A)p(2)dr

To)di W

Tsnl/]um =

where T()\) is the transmittance at wavelength A and ¢()) is the solar
irradiance at 1.5 air mass according to the Standard Tables of ASTM
G173-03. The optimal sample 4.5W0.3Ta has Ty, = 69.0% and Ty, =
42.4%, very close to the values of the recently reported NIR-shielding
energy-saving CsxWO3/PMMA composite material (Tjym = 70.0%, Tso
= 43.4%) [37].

3.2. Thermal insulation property of the samples

Thermal insulation performance of the optimal sample 4.5W0.3Ta
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Fig. 3. (a) Temperature variations in the test chamber during 30 min irradiation under a xenon lamp, using soda lime glass, ITO glass, CWO film glass and 4.5W0.3Ta
sample as windows. (b) Initial temperature, final temperature, and temperature difference in the simulated thermal insulation chambers, and (¢) UV-Vis-NIR

transmission spectra of the windows.
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has been compared with that of CWO film glass, ITO glass and soda lime
glass. The temperature variations during the simulated thermal insu-
lation chamber tests are presented Fig. 3(a) and (b), where Ty, T1, and 5T
are the initial temperature, final temperature, and temperature differ-
ence inside the testing chamber, respectively. After irradiation for 30
min, 8T were 24.2 °C, 16.4 °C, 12.2 °C, and 9.0 °C for soda lime glass,
ITO glass, 4.5W0.3Ta sample and CWO film glass, respectively (Fig. 3
(b)). This result agrees well with the UV-Vis-NIR transmittance spectra
of these windows (Fig. 3(c)). Therefore, it can be concluded that sample
4.5W0.3Ta is able to shield more NIR light than ITO glass and soda lime
glass. Sample 4.5W0.3Ta has slightly less NIR-shielding ability than
CWO film glass, but its visible light transmittance (Tpax = 74.4%) is 1.34
times higher than that of the CWO film glass (Tyax = 55.5%) (Fig. 3(c)).

3.3. Origin of NIR-shielding performance

Evidence from XRD, TEM, EDS, Raman and XPS characterization of
the samples suggest that the NIR-shielding effect is attributed to the
formation of Tag 3Wy 702 g5 nanocrystals dispersed in the glass matrix.
Fig. 4 (a) and (b) show that all samples except 4.5W0Ta and 3.5W0.3Ta
show XRD diffraction peaks of Tag sWg 702 g5 (PDF: 45-0116). The peak
at 23.5° can be assigned to diffraction from the (1 0 0) lattice planes of
Tag.3Wo.702.85 crystals. In samples 4.5W0.5Ta, 4.5W0.4Ta, 5.5W0.3Ta
and 5W0.3Ta, another weak peak at 47.8° can be assigned to diffraction
from the (2 0 0) lattice planes of Tag3sWq 70285 crystal. These two
diffraction peaks agree with XRD of reported Tag 3W¢ 702 g5 crystal films
[32,38].

To further confirm the functional units in the glass matrix, further
crystal growth was induced by thermally treated the samples at 700 °C

407

for 12 h under a nitrogen atmosphere. Except 4.5W0Ta-C which con-
tains no TayOs, all other thermally treated samples showed the same but
more intense two diffraction peaks at 23.5° and 47.8° (Fig. 4(c)),
proving the presence of Tay 3Wy 702 g5 crystals in the samples. In sam-
ples 4.5W0.3Ta-C, 4.5W0.2Ta-C, and 4.5W0Ta-C with low the content
of Taps0s, NasW14044 crystals were also present, and the phase abun-
dance ratio of Tag.3W¢ 702 85 to NasW14044 increased with increasing
Tay0s content. This may suggest that a small amount of amorphous
NasW;4044 was formed in the bulk samples due to insufficient TayOs in
the raw materials. It is worth noting that sample 4.5W0Ta-C shows the
highest amount of NasW;4044 (Fig. 4(c)), yet it exhibits no NIR-
shielding ability as indicated in the UV-Vis-NIR transmission spec-
trum (Fig. 2(a)). This suggests that effective functional units responsible
for NIR-shielding in these samples is Tag3W( 70285 crystals but not
amorphous NagW4044.

The functional phase Tag3Wg702.85 belong to a series of TapOs-
doped WO3, TaxyW;.xO3.«/2, which were initially prepared and studied by
Kudo et al. [31]. The crystal structure of TayW;.4xO3.x/2 is the same as
stoichiometric WO3, both belonging to the ReOs-type crystal structure,
and in TayW;.4xO3.x/2, the crystal structure is composed of corner shared
[WOg] octahedra and [TaOg] octahedra. With increasing amount of
Tap05 dopant, the concentration of oxygen vacancies within the crystal
increases [31], based on the formation of defective TayW; xO3.x/2:

(1—X)WO3 + X/2T3205 - TaXWI_xO3,X/2 (2)

In the ReOs-type crystal structure, oxygen vacancies introduce free
electron carriers. These electron carriers produce polarons because they
are bound by W>' and polarize the neighboring lattice. As a conse-
quence, the samples exbibit NIR-shielding properties due to the
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polarons-induced LSPR effect [22].

Fig. 5(a and b) show the Raman spectra of the samples prepared
using varying Tap;Os and HoyWO4 contents in the raw materials. The
Raman peaks in the range of 95-200 cm
vibrational modes of tungsten-oxygen polyhedral lattice, and the Raman

peak centered at ~220 cm ™! can be assigned to W-O-W stretching vi-

~! can be assigned to the
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brations [39]. The two Raman peaks centered at ~260 em ! and ~320
cm~! can be assigned to O-W-O bending vibrations [40]. In addition,
the two Raman peaks centered at ~715 cm ™! and ~800 cm™! can be
assigned to the O-W-O stretching vibrations in crystalline WO3 [39,41],
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Fig. 8. (a) TEM image and (b-e) EDS mapping of the 4.5W0.5Ta sample. (f) TEM image and (g—j) EDS mapping of 4.5W0.5Ta-C sample.

and the peak intensity enhances with increasing content of HoWO,4 and
Tay0s. This is because the degree of crystallization and concentration of
Tag 3Wo.702.85 nanocrystals increase with increasing content of HyWO4
and Tay0s, based on XRD results (Fig. 4(a) and (b)). Moreover, the two
Raman peaks centered at ~715 cm™! and ~800 ¢cm™! in samples
5W0.3Ta, 5.5W0.3Ta, 4.5W0.4Ta and 4.5W0.5Ta are significantly
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stronger than in the other samples, in agreement with the presence of
weak XRD diffraction peak at 47.8° in these four samples (Fig. 4(a) and
(b)). Combining these Raman and XRD results, it can be concluded that
these four samples contain larger amount of Tag 3W¢ 702 g5 nanocrystals
than in other samples. Similarly, the Raman peak centered at ~770
cm ! can be assigned to the [TaOg] octahedral structure in the
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Tap.3Wo.702.85 crystal, and the peak intensity raises with increasing
content of HoWO4 and Tay05 [42]. The Raman peak centered at ~920
cm ! can be assigned to a W=O0 terminal bond, but this terminal bond
does not correlate with the coordination number of W atoms [43,44].
The Raman peak centered at ~985 cm ™ is attributed to the corner
sharing [WOg] octahedra, in both NasWi4044 and Tag3Wg702.85
structures [45-47]. The intensity of this Raman peak increases with
increasing HoWO4 content but is not obviously influenced by the TayOs5
content. Raman peak centered at 995 cm ™! is assigned to the terminal
bond W=O0, which is related to W vacancies due to the substitution of W
atoms by Ta atoms [48]. The [TaOg] octahedra are present in the
Tag3Wo.702.85 functional nanocrystals, therefore the Raman peak
centered at 995 cm ™! becomes sharper with increasing TayOs and/or
HyWO4 content as shown in Fig. 5(a—d). The deconvoluted Raman peak
in sample 4.5W0.3Ta is shown in Fig. 5(e) and the proportions of Raman
peak deconvolution area are shown in Fig. 5(f) and (g). Area proportions
of the peaks centered at ~920 cm Y, ~985 cm ™!, and ~995 cm ™! can be
used to infer the proportions of terminal bond W=—0, [WOg¢], and W
vacancies in the samples, respectively. Fig. 5(f) shows increasing pro-
portion of W vacancies with increasing concentration of TayOs, while
Fig. 5(g) shows the maximum proportion of W vacancies in sample
4.5W0.3Ta produced using 4.5 mol% HyWO4,. Therefore, the content of
all tungsten oxides (Tag3Wp702.85 and NasW14044 in Fig. 4(c)) in-
creases with increasing content of HoWO4 or TaOs, but TapOs plays a
more important role in the formation of Tay 3Wy 702 g5, which is further
demonstrated in the subsequent XPS test results.

Fig. 6(a) shows the W 4f XPS spectrum of sample 4.5W0.3Ta. The
spectrum can be deconvoluted into four peaks, corresponding to W>* or
WO, The two peaks centered at 34.6 eV and 36.7 eV can be assigned to
W5, while the other two peaks centered at 37.8 eV and 35.7 eV can be
assigned to wo+ [49,50]. The peak areas were obtained based on peak
deconvolutions of the W>* and W°™ peaks, and the peak area ratio (R),
W5+/W6+, was used to indicate the relative abundance of W>* and W®*
in the sample. The same XPS data processing was applied to the other
samples and the obtained W>*/W®" ratios are presented in Fig. 6(b) and
(c). Fig. 6(c) shows that R increases from 0.062 to 0.231 as the TayOsg
content increases. This is because the increasing substitution of W®*
with Ta®" in the WO5 crystal structure forms more Tag 3W 702 g5 with
oxygen vacancies, changing the surrounding chemical environment of
W. This result agrees with reported work showing that Ta>* doping leads
to the formation of W" in Ta®*-doped hexagonal WO3 nanowires and
cesium tungsten bronze [51,52]. The increase in Wt /WP ratio with
increasing Tap05 content agrees with the increase in molar proportion
between the functional nanocrystal Tag3Wy 70285 and NasWi4044,
leading to enhanced NIR-shielding properties shown in Fig. 1(a). Addi-
tionally, Fig. 6(b) shows that increasing HoWO,4 content has almost no
effect on R, yet the transmission spectra indicate the enhanced NIR
absorption with increasing HoWO4 content (Fig. 2(b)). This indicates
that the total amount of functional nanocrystalline Tag 3Wg.702.g5 and
NasW;4044 increases with increasing concentration of HyWOj4, while the
R of all tungsten oxides in the samples (Fig. 6(b)) remain almost un-
changed. Like Raman, these XPS results suggest that Ta;Os plays a more
critical role than HoWOy4 in the formation of Tag3Wo 702 g5 functional
units in the as-prepared glass-ceramic samples.

Fig. 7 shows the TEM and HRTEM images of samples 4.5W0.5Ta and
4.5W0.5Ta-C. Fig. 7(a) and (b) show that sample 4.5W0.5Ta contains
fibrous nanocrystals with length of up to 200 nm and width of tens of
nanometers. Fig. 7(d) and (e) show that after heat treatment, more and
longer (up to 500 nm) fibrous nanocrystals are present in sample
4.5W0.5Ta-C, suggesting that heat treatment favors the formation and
growth of functional phase nanocrystals. Furthermore, the HRTEM im-
ages in Fig. 7(c) and (f) show a d-spacing of 0.38 nm in the lattice of the
fibrous nanocrystals. This d-spacing agrees with the {1 0 0} lattice
planes of Tag3Wy. 702 g5 nanocrystals (PDF:45-0116). This d-spacing
also agrees with the XRD patterns of samples 4.5W0.5Ta and
4.5W0.5Ta-C, where a strong (1 0 0) diffraction peak was present (Fig. 4
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(a) and (c)). In the HRTEM image, the nanocrystals in sample 4.5W0.5Ta
show some lattice distortion (Fig. 7(c)), while the lattice in sample
4.5W0.5Ta-C is clearer and well aligned (Fig. 7(f)), indicating that the
heat treatment improved the crystallinity of the functional nanocrystal
Ta0.3Wo.702.85. Based on these TEM and HRTEM results, it can be
concluded that the nanoscale fibrous nanocrystals Tag3Wg 70285 are
dispersed in the glass matrix.

Fig. 8 shows EDS elemental distributions in samples 4.5W0.5Ta and
4.5W0.5Ta-C. Fig. 8(b-e) and (g-j) show EDS mapping in the areas
shown in Fig. 8(a) and (f), respectively. The fibrous nanocrystals are
enriched in Ta and W (Fig. 8(b,c,g,h)), in agreement with the compo-
sition of the Tag 3Wo 702,85 nanocrystals; while the homogeneous dis-
tribution of Na and Si indicate the homogeneous composition of the bulk
borosilicate glass matrix (Fig. 8(d, e, i, j)). Combining XRD, HRTEM, and
EDS results, it can be concluded that the nanoscale fibrous nanocrystals
are Tap3Wo 702 gs.

4. Conclusions

In this work, NIR-shielding glass-ceramics were fabricated by a facile
melt-quenching technique. The NIR-shielding performance is due to the
formation of functional Tag 3W( 702 g5 nanocrystals in the borosilicate
glass matrix and can be tuned by adjusting the concentration of HyWO4
and Tay0s in the raw materials. The optimized glass ceramic sample
fabricated with 4.5 mol% HsWO,4 and 0.3 mol% TayOs exhibits an
excellent NIR-shielding ability (AT = 68.9%) and a high visible light
transmittance (Tpax = 74.4%), suitable for applications in NIR-shielding
energy-saving windows. Based on simulation tests, the optimized glass
ceramic sample has much better thermal insulation ability than soda
lime glass and ITO glass, and better visible light transmittance than CWO
film glass. The formation of Tag 3W¢ 702 g5 functional nanocrystals were
confirmed by XRD, Raman, TEM, HRTEM, and EDS characterization and
the NIR-shielding property can be attributed to the presence of oxygen
vacancies in Tag 3Wq 702 g5 due to the substitution of W with Ta in the
crystal lattice. This study provides a chemical tuning method for the
optimization of defective tungsten oxide nanocrystals doping in bulk
glass matrix for the fabrication of NIR-shielding energy-saving window
materials.
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