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Abstract

The controllable one-pot synthesis of hexagonal CsyWOs nanocrystals without post heat-
treatment remains a great challenge in the field of nanocrystal materials. In this study, a facile one-
pot method for controllable synthesis of CsxWO3 nanocrystals using stable and relatively cheap
ammonium metatungstate and cesium carbonate as starting materials was proposed. The reducibility
of tartaric acid, tartaric acid with chloroplatinic acid were studied, and the possible synthetic
mechanisms of CsxWO3 nanocrystals with different crystalline phase were discussed in detail. The
results indicate that tartaric acid with the presence of chloroplatinic acid could promote the
formation of most W°* ions in the hexagonal CsyWO3 nanocrystals. Especially, when the solid
content of the dispersion reached 6 wt%, the ordinary glass with the coating demonstrated the
average visible light transmittance of 71.76% and the average near-infrared shielding ratio of
85.64%. This work is of great significance for synthesizing low-cost hexagonal CsxWOs

nanocrystals without post heat-treatment and promoting the development of energy-efficient

1

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/.



windows.
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1. Introduction

The building sector makes up 36 % of the global final energy use and 28 % of energy-related

carbon emission in 2019 as the largest contributor in the world [1, 2]. Heating, ventilation, and air

conditioning (HVAC) systems, actually account for half of the building energy consumption [3].

The largest contributor of the heat gain in buildings for cooling load in summer is solar radiation

passing through windows [4-6]. A window can be divided into two parts: the glazing materials,

which accounts for 80-90% of its area, and the framework, which is applied to sustain the glass pane

on the building walls and to act as a peripheral seal [7, 8]. Sunlight is composed of ultraviolet, visible

light and near-infrared light in the range of 300-2500 nm. Among them, near-infrared light is

invisible radiation, accounting for about 50% of the total solar energy [9, 10]. Ordinary glasses lack

the spectral selectivity with solar transmittance of 75 % to 90 % [11]. Thus, the development of

spectrally selective material for energy-efficient glazing has been one of the effective means to

reduce electricity consumption of air-conditioning and corresponding CO2 emission [8].

Energy-efficient glazing is usually fabricated by functional layers composed of spectrally

selective materials, which can change the way the glass interacting with solar radiation [12]. Until

now, most commonly used materials for energy-efficient glazing comprise silver (Ag) and

transparent conductive oxides (TCOs). Generally, the silver-based Low-E coating is fabricated by

the vacuum sputter method [9, 13]. Although it exhibits quite good spectrally selective performance,

the extra cost of one more glass pane and encapsulating configuration, the complex fabrication



procedure with slow sputter rate and the use of noble metals make it hard to conduct window retrofit

for existing buildings [14]. As for TCOs, tin-doped indium oxide (ITO) and antimony-doped tin

oxide (ATO) are the most frequently reported spectrally selective materials for energy-efficient

glazing [15-19]. However, ITO and ATO still exhibited high transmittance below the near-infrared

wavelength of 1500 nm [20, 21]. Besides, indium used in ITO is a kind of rare metal resource, which

is not conducive to industrial production [22]. Recently, hexagonal tungsten bronze nanocrystals

(MxWO3, M = Na, K, Rb, Cs, NH4) have been reported as a novel type of spectrally selective

material with strong localized surface plasmon resonance (LSPR) [23-25]. Especially for cesium

doped hexagonal tungsten nanocrystals (Cs-HTBS), it has been proved that the Cs-HTBs-based film

exhibited excellent shielding performance below the wavelength of 1500 nm [26]. However, cesium

doped tungsten bronze nanocrystals (CsxyWO3) have different phase types, which significantly

affects its spectral selectivity [27]. Therefore, the controllable synthesis of cesium doped tungsten

bronze with the desired crystalline phase is of great significance for its practical application.

At present, the synthesis of Cs-HTBs mainly includes solid-state reaction and liquid-phase

method. Generally, Cs-HTBs prepared by conventional solid-state reaction requires a heat-treatment

in H2/N2 mixed atmosphere for improving the crystallinity of the products, but the high reaction

temperature tends to cause a larger and uneven particle size, which is adverse to the dispersion of

Cs-HTBs and the optical property of their films [28-30]. The conventional solid-state reaction is

also considered dangerous due to the use of Hz which is flammable and explosive. Moreover, Cs-

HTBs can be prepared through solvothermal method using WCls and CsOH*H>O as starting

materials [21, 23, 31]. Although this method avoids the heat-treatment in the dangerous Hz/N:

atmosphere, the starting materials are not favorable for scalable work because of high cost,



inconvenient storage and insufficient environment-friendly. In addition, the synthesis of Cs-HTBs

was investigated by liquid-phase method using sodium tungstate (Na;WO4*H20) and cesium sulfate

(Cs2S04) as starting materials [25, 32-35]. Although the inexpensive and stable raw materials are

suitable for industrial application, Na;WO4*HO still needs to be pretreated to obtain the gel-like

tungstate acid suspension and post heat-treatment is still required. The pretreatment in this method

will increase cost, and the post heat-treatment will cause the secondary growth of Cs-HTBs which

is not favorable for its optical performance. Therefore, it is necessary to prepare Cs-HTBs with

excellent optical property by one-pot process without needing any post heat-treatment using cheap

and stable raw materials.

In this study, controllable one-pot synthesis of Cs-HTBs without post heat-treatment was

proposed using ammonium metatungstate hydrate (AMT) as the W source and cesium carbonate

(Cs2COg) as Cs source. The reducing mechanism of the tartaric acid and the tartaric acid with the

assistance of the chloroplatinic acid for the synthesis of Cs-HTBs was studied. The relationships

between the different reducing agents used in the synthetic process and the crystalline composition

of the as-prepared nanocrystals were discussed and the possible synthesis mechanism was

subsequently proposed. This synthetic strategy is of great implication for reducing costs of

production and pushing the application of Cs-HTBs in the field of energy-efficient glazing.

2. Experimental study

2.1 Materials

Ammonium metatungstate hydrate (AMT, (NH4)sH2W12040 - aH20), cesium carbonate (Cs,CO3),

tartaric acid (C4HesOg), chloroplatinic acid (H2PtCls), deionized water (H20), anhydrous ethanol

(C2Hs0H), polyethylene glycol 200 (PEG 200) and polyvinyl alcohol (PVA) were purchased from



Macklin.

2.2 Synthesis of CsxWO3 nanocrystals

CsxWO3 were composed via the solvothermal method using AMT as W source and Cs,COs as Cs

source respectively. Typical procedures were as follows. A certain amount of AMT was put into the

solvent, then Cs,CO3 was added into the solution of AMT with a Cs/W molar ratio of 0.33. The total

volume of the mixed solution was 30 ml. After that the as-prepared solution was transferred into the

Teflon-lined autoclave of 50 ml interval volume, followed by solvothermal reaction in a drying oven

at 240 °C for 24 hours. The obtained blue products were collected by centrifugation and washed

three times with ethanol and finally dried at 60 °Cin vacuum. The CsyWO3 nanocrystals synthesized

by absolute ethanol were named as CWO-1. The CsWQO3 nanocrystals synthesized by anhydrous

ethanol with tartaric acid of 1 mol/L in the precursor solution were named as CWO-2. The CsxWOs

nanocrystals prepared by ethanol with 1 mol/L tartaric acid and a certain amount of chloroplatinic

acid were labelled as CWO-3. The corresponding products doped without Cs;COs in the precursors

were obtained and labelled as WO-1, WO-2 and WO-3.

2.3 Fabrication of CsyWQO3/PVA coatings

CsxWO3/PVA coatings were fabricated by a simple blending process. PVA powders were selected

as film former. Detailed preparation steps of CsxWO3/PVA coatings were as follows. First, PVA

powders were dissolved in deionized water to form a homogeneous dispersion with 4wt%. After

that, CsxWOs3 were added in the above dispersion with continuous mixing for 2 h. The as-prepared

dispersion was then sprayed on the ordinary glazing surface to fabricate the Csy\WO3/PVA coatings.

2.4 Characterization

The phase compositions of Cs\WOs3 were investigated by means of X-ray diffraction (XRD) with



Cu Ko radiation. The morphologies of the nanocrystals were observed by transmission electron

microscopy (TEM) with an energy dispersive spectrum (EDS) attachment. The chemical

composition and binding energies of W 4f were examined by X-ray photoelectron spectroscopy

(XPS). UV-vis-NIR spectrophotometer was used to measure the optical parameters of the composite

coatings.

3. Results and discussion

Fig. 1 presents the XRD patterns of the as-prepared Cs,WOs (CWO-1, CWO-2 and CWO-3)

nanocrystals with different reducing agents and a mixed (hexagonal and cubic) phase appears in

CWO-1 and CWO-2. Fig. 2 shows the structural frameworks of cesium doped hexagonal tungsten

bronze nanocrystals (Cs-HTBs) and cesium doped cubic tungsten bronze nanocrystals (Cs-CTBs).

Cs-HTBs shown in Fig. 2a consist of corner-sharing WOs octahedral arrays with Cs* ions located

in the hexagonal channels of the crystal framework. The upper limit of Cs/W is 0.33 in hexagonal

system when Cs* ions are fully doped. It has been proved that Cs-HTBs illustrate strong localized

surface plasmon resonance (LSPR) phenomenon which is the crucial property of Cs-HTBs to shield

the near-infrared radiation from the sunlight. As for Cs-CTBs shown in Fig. 2b, it can be seen that

the Cs* ions are located in the cubic channels and the strong LSPR of Cs-HTB is different from that

of Cs-CTB.

The XRD pattern of CWO-1 can be well indexed to the mixed crystal phase of cubic

(Cs20)0.44W206 (JCPDS 47-0566) and hexagonal Cso,WOs; (JCPDS 83-1333). CWO-1 were

prepared in absolute ethanol without any other reducing additives. The results reveal that absolute

ethanol cannot fully promote the synthesis of hexagonal phase nanocrystals and thus the doping of

Cs* ions is restricted. As for CWO-2, a small diffraction peak belonging to cubic (Cs20)0.44W206



(JCPDS 47-0566) was observed and other diffraction peaks of CWO-2 agreed well with the
hexagonal diffraction peaks of Csp3sWOs3 (JCPDS 81-1244). CWO-2 were synthesized by tartaric
acid in absolute ethanol. The results indicate that more Cs* ions entered into the hexagonal tunnels
of the crystal structure due to the stronger reducibility of tartaric acid, but cubic phase still existed
in the as-synthesized nanocrystals. Fig. 3a shows the synthetic process of Cs-HTBs reduced by
tartaric acid. The two carboxyl groups of tartaric acid tended to conduct decarboxylation under the
stimulation of a-hydroxyl group and B-hydroxyl group. The generated free hydrogen atoms ([H])
with strong reducibility took the oxygen atoms of [WQs] octahedrons to change W®* ions into W5*
ions, which promoted Cs* ions entering into the crystal structure. It can be seen that the XRD pattern
of CWO-3 was well indexed to the pure hexagonal Cso33WO3 (JCPDS 83-1334), suggesting that
the most Cs™* ions are doped into the lattice structure. CWO-3 were obtained in absolute ethanol with
the presence of tartaric acid and chloroplatinic acid. Fig. 3b presents the process of chloroplatinic
acid enhancing the reducibility of tartaric acid in the controllable one-pot synthesis, and the role of
the chloroplatinic acid here was regarded as Pt-catalysis. The mechanism of Pt-catalysis can be
described as follows. Firstly, Pt** ions derived from chloroplatinic acid obtained free electrons and
was reduced to metallic platinum by tartaric acid. Subsequently, H* ions decomposed from tartaric
acid got electrons from metallic platinum and turned into [H] with higher reducibility, while metallic
platinum lost electrons and transformed Pt** ions again. Finally, the produced [H] with higher
reducibility took the oxygen atoms of [WOs] octahedrons to generate H.O and oxygen vacancies,
while W®* ions turned into W®* ions by getting electrons originated from oxygen vacancies. Thus,
the charge imbalance caused by W®* ions promoted Cs* ions entering into the lattice structure to

form hexagonal phase. It is suggested that the reducibility of the reducdtant plays a crucial role to



the formation of hexagonal phase, which indicates that Pt-catalysis facilitates the reduction reaction

and causes the doping level of Cs* ions to a higher degree. In addition, it is found that the diffraction

peak intensity increased in the order of CWO-1, CWO-2 and CWO-3, indicating that the reductant

with higher reducibility stimulate the growth of nanocrystals and cause a higher crystallinity.

As inspired by the reduction mechanism shown in Fig. 3b, the chemical reaction was described

by the following equations. Firstly, AMT (Ammonium metatungstate hydrate) resolved into WOs,

NHsz and H2O with the increase of reaction temperature. The Oxalaldehyde (C;H.0), carbon

dioxide (CO2) and hydrogen ions (H*) were the by-products of tartaric acid after the reaction. H,O

was obtained by the combination of the [H] and oxygen atoms of [WQg]. The product presented by

Cs0.33WO2.835 Was used to balance the reaction equation, and it is generally believed that Cs-HTBs

were defined as Cso.33WOs.

(N H4)5H2W1204o .aH,O — 6NHs3 + 12W0O3 + (a + 4)H20

WOs3 + 0.33Cs* + 0.165C4Hs06 — Cs0.33WO2.835 + 0.165C2H202 + 0.33H* + 0.33CO> + 0.165H.0

The chemical composition and W valence state were determined by XPS. Fig. 4a shows the

survey spectra of CWO-1, CWO-2 and CWO-3. All the spectra confirm the presence of Cs, W and

O elements. As shown in Fig. 4b, the difference of Cs 3d characteristic peak position suggests that

the Cs* ions chemical environment in CWO-1, CWO-2 and CWO-3 changes with the different

reductant. Cs* ions were surrounded by O atoms with a certain degree of electronegativity in the

hexagonal structure. The results suggest that more Cs* ions enter into the hexagonal tunnel then Cs

3d characteristic peak position moves to the higher binding energy direction. Thus, more Cs* ions

existed in the hexagonal tunnels of CWO-3.

Fig. 5a-c display the W 4f core-level spectra of CWO-1, CWO-2 and CWO-3 synthesized using



different reductants. The spin-orbital peaks located at 34.2 eV/ 36.7 eV and 35.8 eV/37.9 eV can be
attributed to W°* and W®* respectively. As shown in Fig. 5d, the content of W5* in CWO-3 is the
largest, accounting for 32% of total W atoms. This indicates that the increase of W5* generation is
caused by more Cs* ions insertion, which plays a positive influence on the NIR shielding
performance based on localized surface plasmon resonance (LSPR) [20].

Fig. 6 shows the XRD patterns of WO-1, WO-2 and WO-3, which correspond to CWO-1, CWO-
2 and CWO-3 without Cs doping. It can be seen that the XRD pattern of WO-1 agreed well with the
hexagonal (NHa4)o.2sWO3 (JCPDS 73-1084), indicating that NH4* ions can be effectively doped into
the crystal structure without Cs sources. As for WO-2 and WO-3, the two XRD patterns presented
a mixed phase composition. The appearance of WO3-0.33H,0 (JCPDS 35-1001) indicates that the
addition of tartaric acid is not conducive for NH.* ions entering into the crystal structure. In other
words, tartaric acid can promote Cs* ions into the crystal structure even in the presence of NH4*
ions. In addition, it is found that the characteristic peak intensity of WO-3 slightly increased
compared with that of WO-2, suggesting that Pt-catalysis can facilitate the growth of nanocrystals.

According to the discussion above, a brief diagram of synthetic routes is shown in Fig. 7. It is
found that the presence of Cs and W source was the prerequisite to prepare desired phase samples.
Moreover, the phase composition was determined by the reducibility of reducing agents. It can be
seen that a mixed composition of hexagonal and cubic phase was obtained in ethanol or ethanol with
tartaric acid, indicating that the reducibility of the two conditions is not enough to prepare
nanocrystals with a pure hexagonal phase. When chloroplatinic acid was added, the Cs-HTBs were
successfully synthesized due to the improved reducibility assisted by Pt-catalysis.

As shown in Fig. 8a, the nanocrystals show rectangle-like shape with a certain extent of



agglomeration. Fig. 8b presents the lattice spacing of 0.391 nm and 0.338 nm, which corresponds
to the plane of (002) and (111) respectively. The hexagonal structure of CWO-3 was further verified
by the SAED pattern in Fig. 8c. Fig. 8d presents element composition and indicates the existence of
Cs, W and O element. Besides, the calculated Cs/W molar ratio is 0.3007, which is quite close to
the upper limit of 0.33 for Cs-HTBs.

To fabricate the CWO-3/PVA composite films, the as-synthesized CWO-3 nanoparticles were
mixed with PVA solution. Fig. 9 shows the samples fabricated by the dispersion with 2 wt%, 4 wt%,
6 wt% and 8 wt% respectively. To evaluate the spectral selectivity of the samples, we proposed three
parameters, involving Tvis, Tnir and K (spectrally selective index defined as K = Tvis / Tnir) [36, 37].
Above calculated values are presented in Table 1. It is found that the solid content played a
significant effect on improving optical property. Specifically, higher K means better optical
properties. As displayed in Table 1, Tnir declined as the solid content increased, suggesting better
spectral selectivity. When the solid content reach 8 wt%, Tvis was below 70%, which is adverse to
daylight for windows. Thus, we concluded that the composite coating with the solid content of 6
wit% exhibited better comprehensive spectral selectivity than the films with other solid content.

4. Conclusions

Hexagonal CsyWO3 nanocrystals were successfully prepared by controllable solvothermal
method using stable and relatively cheap ammonium metatungstate and cesium carbonate as raw
materials. Tartaric acid with the presence of chloroplatinic acid as the reductant showed the strongest
reducibility and could produce the most W°* ions in the as-synthesized product. It has been proved
that the chloroplatinic acid plays an important effect on improving the reducibility of tartaric acid.

Moreover, the CWO-3/PVA composite film fabricated by the dispersion with solid content of 6 wt%
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displayed excellent near-infrared shielding performance with the average visible light transmittance

of 71.76% and the average near-infrared shielding rate of 85.64% respectively. Furthermore, the

novel one-pot synthesis without post heat-treatment for hexagonal CsxWO3z nanocrystals is more

suitable for industrial production, which is significant for the field of energy-efficient windows.
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Table 1 Click here to access/download;Tables;Table 1.docx 2

Table 1

The optical parameters of the CWO-3/PVA composite films with different solid content

Solid content (Wt%) Tvis* (%) Tnir? (%) Snir® (%) Kd

2 81.31 24.11 75.89 3.37

4 72.65 16.06 83.94 4.52

6 71.76 14.36 85.64 4.99

8 68.80 13.55 86.45 5.08
Jya0 T @)

& Average transmittance of visible light region (380-780nm): Tyjs = ==& X 100%,

(780—380)%x100
T (A) is the function curve of spectral transmittance with wavelength as independent variable

b Average transmittance of near-infrared light region (780-2500nm): Tnir = Mx 100%
9 9 9 - INR = 5500-780)x 100 0

¢ Average shielding ratio of near-infrared light region (780-2500nm): Snir = 100% — Tnir

Tvis

TNIR

d Spectrally selective index: K =
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Fig. 1 XRD patterns of as-synthesized CWO-1, CWO-2 and CWO-3.
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Fig. 2 Structural framework of (a) Cs-HTBs and (b) Cs-CTBs projected on a-b planes.
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Fig. 3 The reaction diagram of reducing process under different reducing agents: () tartaric acid and (b) tartaric acid with chloroplatinic acid.
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Fig. 4 (a) XPS survey spectra and (b) Cs 3d core-level spectra of CWO-1, CWO-2 and CWO-3
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Fig. 5 The W4T core-level spectra of (a) CWO-1, (b) CWO-2 and (c) CWO-3; (d) The valence distribution of W element in CWO-1, CWO-2 and CWO-3.
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Fig. 7 Schematic diagram of the growth mechanism of as-synthesized nanocrystals with different phase composition.
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Fig. 8 (a) TEM image, (b) HRTEM image of selected area, (c) SAED pattern with diffraction area inset and (d) EDS pattern of CWO-3.
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Fig. 9 UV-Vis-NIR transmittance spectra of the CWO-3/PVA composite films prepared by dispersions with different solid content.
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