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Abstract 

The optimal pH value of the titration endpoint remains uncertain for the synthesis of antimony-

doped tin oxide by the co-precipitation method. In this study, the influence of the pH titration 

endpoint on doping level and optical performance was systematically studied. The phase 

composition, microstructure, the valence state of Sb ions and thermodynamic behaviors of 

antimony-doped tin oxide were comprehensively investigated. The UV-Vis-NIR transmittance 

spectra of ATO glass and SEM images of ATO coating were also studied. When the pH value of the 

titration endpoint was 6, the measured doping ratio of Sb was 10.81% which was close to the initial 

Sb doping level of 10%. In the meanwhile, the content of Sb5+ ions also reached the maximum value 

of 76.4%. Especially, the spectrally selective coating exhibited optimally spectral selectivity with 

the average visible light transmittance of 77.24% and the average near-infrared shielding ratio of 

80.06% respectively. The results show that the doping level and optical properties of antimony-

doped tin oxide certainly relied on the pH value of the titration endpoint. It is of great significance 
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to scale up the production of antimony-doped tin oxide with superior near-infrared shielding 

performance and promote its practical application in the field of energy-efficient glazing. 

Keywords: pH value, antimony-doped tin oxide, doping level, near-infrared shielding performance, 

energy-efficient glazing, co-precipitation method 

1. Introduction 

Nearly 40 % of the total energy consumption has been used in buildings for developed countries 

[1]. It was reported that cooling loads accounted for about a fifth of total electricity used in 

residential buildings [2]. Especially, the buildings in Hong Kong can receive plenty of sunshine 

throughout the year, so the use of air-conditioning has caused huge power consumption, which 

increased from 48.8×103 TJ in 2017 to 50.6×103 TJ in 2018 [3]. Windows, the essential part of 

buildings, are regarded as a key factor in affecting the building energy loads, due to their pivotal 

function in transferring heat and light [4, 5]. Glazing materials are widely used in windows of 

modern buildings, providing daylight and outside view for occupants. As is well known, the 

invisible near-infrared (NIR) radiation (780–2500 nm) accounts for about half of the total solar 

energy, and ordinary glass is of high transmittance for the whole solar spectrum [6]. It is explicit 

that the development of energy-efficient glazing is conducive to the energy conservation of 

buildings [7]. 

The optical and thermal properties of the glass can be tailored to specific needs through the 

application of the thin layer based on spectrally selective materials. So far, the most commonly used 

spectrally selective materials involve silver and transparent conductive oxides. At present, silver-

based Low-E glass is the most common type of energy-saving glazing in the current market. A 

typical Low-E coating usually consists of three layers, where the silver layer is placed between the 
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two dielectric layers. The two layers not only protect the silver layer from the ambient environment 

but also raise the transmittance in the visible region [8]. Therefore, the price of low-E glass is 

relatively higher due to the complex configuration and stringent fabrication process. Moreover, 

when the low-E glazing is used to retrofit the installed windows where most of the them are single-

paned, the only feasible way is to replace the whole windows with low-E double-pane windows, 

which further increases the cost. However, the preparation of spectrally selective coating based on 

transparent conductive oxide (TCO) is a much more attractive way compared with low-E coating. 

Instead of replacing all the glass panes, the spectrally selective coating made of transparent 

conductive oxides can be utilized to the existing single-pane windows directly by various deposition 

techniques. The most commonly used transparent conductive oxide is tin-doped indium oxide (ITO) 

[9]. However, ITO can only exhibit strong heat-shielding performance in part of near-infrared 

wavelength ranging from 1500 nm to 2500 nm and there is still high near-infrared transmittance in 

the wavelength below 1500 nm [10, 11]. Besides, indium is not very abundant and is expensive. 

Antimony-doped tin oxide nanocrystals (ATO), a kind of relatively affordable TCO, have been 

regarded as a promising alternative due to its low cost and good stability. At present, the most widely 

used way for synthesizing ATO nanocrystals is the liquid-phase method, mainly including the co-

precipitation method [12-16] and the solvothermal method [17-22]. The solvothermal method, 

despite showing the advantages of better control of the particle morphology and dispersibility, 

requires long reaction time and the extensive use of organic solvents (such as benzyl alcohol and 

toluene), which is not sufficient environmental-friendly. Besides, the output of the powder is limited 

by the size of the autoclave, which is hard to scale up the production. By contrast, the co-

precipitation method is a more efficient way to prepare ATO nanocrystals, which is not time-
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consuming and avoids the large consumption of organic solvents. In this method, NH3·H2O was 

widely used as the precipitant for the formation of the tin/antimony hydroxide. However, few studies 

have been reported to discuss the effect of pH value for the reaction system on the antimony doping 

level and the optical performance of ATO nanocrystals. 

In this study, ATO nanocrystals were prepared by the co-precipitation method using NH3·H2O as 

the precipitant. The as-prepared nanocrystals were subsequently dispersed in the polyvinyl alcohol 

(PVA) solution to fabricate the spectrally selective coating on the ordinary glass. The effects of pH 

value of the reaction system on the antimony doping level and the optical performance of ATO 

nanocrystals were investigated by means of X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), inductively coupled plasma-optical emission spectroscopy (ICP-OES), 

transmission electron microscopy (TEM), and UV-Vis-NIR spectrometer. Besides, the near-infrared 

shielding performance of the spectrally selective coating was examined by a simulated experiment.  

2. Experimental section 

2.1 Materials 

Tin chloride pentahydrate (SnCl4·5H2O), antimony chloride (SbCl3), ammonium hydroxide 

solution (NH3·H2O 25%–28%), polyvinyl alcohol (PVA), absolute ethanol (C2H5OH) and deionized 

water (H2O). All the chemical reagents are of analytical grade and used without further treatment. 

2.2 Synthesis of ATO nanocrystals 

The ATO nanocrystals were prepared by co-precipitation method using SnCl4·5H2O as Sn source 

and SbCl3 as Sb source respectively. First, a certain amount of SnCl4·5H2O was added into the 

deionized water, then SbCl3 was introduced into the aqueous solution of SnCl4·5H2O with a 

Sb/(Sb+Sn) molar ratio of 10%. Diluted NH3·H2O, the precipitant, was dropped into the precursor 
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solution at a constant speed to form the hydroxide precipitation. During this process, the titrition 

endpoint of pH value reached 4, 5, 6, 7, 8 corresponding to the ATO sample S1, S2, S3, S4, S5 

respectively. The resultant solution was kept at 60 ℃ for 1 hour and then centrifugated three times 

with absolute ethanol. The obtained precipitation was dried at 80 ℃ for 2 hours and then polished 

into powders. The as-prepared powders were subsequently placed a tube furnace and sintered at 

1000 ℃ for 4 hours to get the desired samples. 

2.3 Preparation of ATO/PVA composite films 

ATO/PVA composite films were prepared by a facile mixed method. PVA powder was used as 

film former. The typical fabrication steps of the composite films were as follows. Firstly, 4 g PVA 

powder was dissolved in 100 mL deionized water under 70 ℃ water bath to form a homogeneous 

PVA dispersion. Subsequently, a certain amount of the as-synthesized ATO nanocrystals were 

dispersed in the above PVA solution with vigorous stirring for 4 h. Finally, the blue dispersion 

product was sprayed on the quartz glass substrate to form composite films. 

2.4 Characterization 

The phase compositions of nanoparticles were examined by X-ray diffraction (XRD) with Cu Kα 

radiation. The morphologies and microstructures of the nanoparticles were obtained by transmission 

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

energies of Sb 3d were obtained by X-ray photoelectron spectroscopy (XPS). The optical 

performance of the prepared samples was measured by an UV-vis-NIR spectrophotometer. The 

thermal behavior of the sample was determined by thermal gravimetric analyzer within a 

temperature range of 25 ℃ - 1000 ℃ with a heating rate of 10 ℃ per minute. Inductively Coupled 

Plasma-Optical Emission Spectroscopy (ICP-OES) was conducted on the iCAP 6500 Thermo 
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spectrometer. 

3. Results and discussion 

To confirm the phase composition, XRD measurements were conducted to the nanocrystals 

prepared in the precursor solution different pH value. Fig. 1 presents the XRD patterns of the as-

synthesized nanocrystals with the pH value of 4, 5, 6, 7, 8 in the precursor solution corresponding 

to the sample S1, S2, S3, S4, S5 respectively. It can be observed that all the patterns agreed well 

with the standard pattern of cassiterite SnO2 (JCPDS 41-1445) without the presence of other phases 

(such as Sb2O3, Sb2O5), indicating that antimony has been totally doped into the crystal structure of 

the nanocrystals. Besides, the diffraction peaks of all the patterns were narrow and sharp, implying 

that all the nanocrystals were of good crystallinity. The average crystallite size calculated by 

Scherrer formula [23] (D = 0.89𝜆/[𝐵 𝑐𝑜𝑠 𝜃] , where D, 𝜆 , B, 𝜃  was the crystallite size, the 

wavelength of X-ray, the full width at half maximum of (110), the half of the scanning angle 

respectively) was about 36.1, 37.8, 25.9, 28.7 and 31.9 nm for S1, S2, S3, S4 and S5, respectively. 

Fig. 2 shows the survey spectra of as-prepared powders with different pH level in the synthetic 

process. It can be seen that the elements of Sn, Sb, and O existed in the nanocrystals, implying that 

Sb element has been successfully doped into the crystal structure. Fig. 3a-e display the core-level 

XPS spectra of Sb 3d3/2 within the scope of 538-546 eV. It was reported that two valence state of Sb 

ions coexisted in the ATO nanocrystals. The Sb 3d3/2 curves shown in Fig. 3a-e were fitted into two 

peaks at 541.7 and 542.6 eV corresponding to Sb3+ and Sb5+ respectively [21, 24]. The optical 

properties of the as-synthesized ATO nanocrystals were significantly affected by its electrical 

capabilities [24]. Sb5+ ions serve as electron donors, forming a light donor level near the conduction 

band of tin oxide, but Sb3+ ions act as the electron acceptors. When the two valence states of Sb ions 
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coexist, the compensating effect is inevitable. The n-doping dominated by Sb5+ ions contributes to 

a higher concentration of free electrons, which can lead to stronger localized surface plasmon 

resonance (LSPR) [25]. Thus, a high ratio of Sb5+ ions is conducive to improve the near-infrared 

shielding performance of the nanocrystals. According to the valance distribution of Sb shown in Fig. 

3f, when the pH value in the precursor solution was 6, the content of Sb5+ ions was the highest, 

accounting for 76.4% of the total amount of Sb atoms. When the pH value reached 7, the content of 

Sb5+ ions decreased to 70.8%. With the increase of pH value in the synthetic process, the ratio of 

Sb5+ ions showed an increasing trend and reached the maximum content when the pH value was 6. 

After that, the ratio of Sb5+ ions decreased to 30.1% when the pH value in the precursor solution 

was 8. The results indicate that pH value of 6 in the precursor solution contributes the most Sb5+ 

ions in ATO nanocrystals, which plays a significant impact on the optical performance.  

To further investigate the effect of pH value on the doping level, the Sb content 

(Sb/[Sb + Sn]mol%) of the samples was measured by ICP-OES and the ICP-OES measurement 

provided the Sb content in the whole sample. The initial doping ratio of the Sb content was 10%. 

As shown in Table 1, the Sb content displayed a decreasing trend with the increase of the pH value. 

When the pH value reached 6, the Sb content attained minimum value of 11.6%, which was close 

to the initial doping value of 10%. In the meanwhile, the content of Sb5+ ions also reached the 

maximum value of 76.4%. Continuing to increase the pH value, the Sb content presented an 

increasing trend and reached 13.5 when the pH value was 8. A plausible explanation for the above 

results is the changing formation of the tin hydroxide. Tin hydroxide is a kind of amphoteric 

hydroxide which can react with alkaline substance to form salt and water. During the titration 

process, Sn4+ ions started to form the tin hydroxide. When the pH value attained 6, it can be inferred 
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that nearly all Sn4+ ions formed the tin hydroxide. With the increase of NH3·H2O in the precursor 

solution, the mass of tin hydroxide began to reduce, but the Sb content stated to increase.  

Fig. 4 shows the TG/DSC curves of the precursor precipitate with the pH endpoint of 6 after the 

titration process as a function of temperature. The mass of the precursor precipitate displayed a rapid 

decline from starting temperature to 150 ℃, which might be attributed to the evaporation of water 

and ethanol from the rinsing process. The precipitate demonstrated a gradual weight loss between 

150℃ and 400℃, followed by a tardy weight loss above 400℃. The DSC curve illustrated a 

continuously endothermic trend from 400℃. This tendency corresponds well with the TG function 

and indicates that the precursor precipitate started to transform into ATO nanocrystals by gradual 

decomposition reaction of the tin hydroxide. 

The detailed structural information was determined using transmission electron microscopy 

(TEM). Fig. 5 presents the TEM image, HR-TEM image, SAED pattern and EDS pattern of the as-

synthesized ATO nanocrystals with the pH value of 6 in the titration process. In Fig. 5a, most of the 

as-prepared nanoparticles show a circular shape. Fig. 5b is the HR-TEM image of the selected area 

in Fig. 5a and the lattice spacing is 0.269 nm, which is determined as plane of (101). The as-

synthesized sample was further confirmed by the SAED pattern displayed in Fig. 5c. The element 

composition is shown in Fig. 5d, indicating the existence of Sn, Sb and O element. Besides, the 

measured Sb content is about 0.1081 which is quite close to the initial doping value of 10%, 

indicating that almost all Sb ions have been doped into the crystal structure of SnO2. 

Fig. 6 presents the XRD pattern of the ATO composite coating prepared by dispersion of the ATO 

nanocrystals with PVA as the film-forming agent. It can be seen that the diffraction peaks of the 

spectrally selective coating can be well indexed to the characteristic peaks of the standard patterns 
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JCPDS 41-1445. The results indicate that the phase composition of the as-prepared coating consists 

of ATO nanocrystals. Fig. 7 presents the SEM images corresponding to the top view and cross 

section of ATO composite coating. As shown in Fig. 7a, the coating showed homogeneous 

appearance without obvious grain boundaries, indicating the existence of a large part of amorphous 

phase. In Fig. 7b, it is found the cross section of the composite coating and the glass substrate. The 

thickness of the coating was estimated to be in the range of 10 μm to 15 μm. 

As shown in Fig. 8a, the schematic of transparent heat-shielding mechanism is presented, which 

is ascribed to its superior spectral selectivity. ATO nanocrystals demonstrate strong LSPR in the 

near-infrared band to shield the radiation transmittance. Besides, the radiation of ultraviolet can be 

shielded to a certain extent due to the intrinsic absorption of ATO as a n-type semiconductor. Fig. 

8b shows the UV-Vis-NIR transmittance spectra of ATO glass and ordinary glass. It can be seen that 

the coated glass showed lower transmittance in the near-infrared wavelength range and maintain a 

relatively high visible transparency. For the purpose of evaluating the optical properties of the 

coatings, three parameters were proposed, including TVis (average transmittance of visible light, 

380-780 nm), TNIR (average transmittance of near-infrared light, 780-2500 nm) and SNIR (average 

shielding ratio of near-infrared light region, 780-2500nm) [23, 26]. The corresponding values 

calculated by the transmittance spectra shown in Fig. 8b are displayed in Table 2. It can be seen that 

the TVis of ATO glass is only 10.65% lower than that of ordinary glass, but the SNIR of ATO glass 

reaches 80.06% which is much higher than that of ordinary glass. The results indicate that the ATO 

glass presents superior near-infrared shielding performance than ordinary glass due to the existence 

of the spectrally selective ATO coating. 

4. Conclusions 
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In this work, the effect of the pH titration endpoint on the doping level for ATO nanocrystals was 

systematically studied via chemical co-precipitation method. The phase composition, element 

composition, valence state of Sb ions, microstructure and thermal characteristics of ATO 

nanocrystals were comprehensively investigated. The UV-Vis-NIR transmittance spectra of ATO 

glass and SEM images of ATO coating were also studied. The results demonstrate that the doping 

level of ATO nanocrystals certainly relied on the pH value of the titration endpoint. When the pH 

value of the titration endpoint was 6, the measured doping ratio of Sb was 10.81% which is close to 

the initial Sb doping level of 10%. In addition, the pH value of titration endpoint also plays an 

important impact on the content of Sb5+ ions. The content of Sb5+ ions also reached the maximum 

value of 76.4% when the pH value was 6. 
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Fig. 1 XRD patterns of the powders prepared by different pH value in the precursor solution 
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Fig. 2 Survey spectra of the powders with different pH value in the precursor solution 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

Fig. 3 (a)-(e) Sb 3d3/2 core-level spectra of ATO nanocrystals synthesized with different pH value in the precursor solution; (f) The valence distribution of Sb in ATO 

nanocrystals with different pH value in the precursor solution 
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Fig. 4 TG/DSC curves of the precursor precipitate with the pH value of 6 in the synthetic process 
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Fig. 5(a) TEM image of ATO nanocrystals with the pH value of 6, (b) HR-TEM image of the selected area, (c) SAED pattern of the inset area and (d) EDS pattern of 

the sample with the pH value of 6. 
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Fig. 6 XRD pattern of the ATO composite coating 
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Fig. 7 SEM images of the (a) top view and (b) cross section of the ATO composite coating 
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Fig. 8 (a) Diagram of the transparent heat-shielding mechanism for the glass with spectrally selective coating, (b) The UV-Vis-NIR transmittance spectra of ATO glass 

and ordinary glass 
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Table 1 

The Sb content in ATO nanocrystals measured by ICP-OES and the molar fraction of Sb5+ in the two valence states 

pH value Sb content (mol %) Sb5+content (mol %) 

4 22.8 43.9 

5  13.8 46.1 

6  11.6 76.4 

7  12.9 70.8 

8 13.5 30.1 
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Table 2 

The optical parameters of the as-prepared ATO glass and ordinary glass 

Sample TVis
a (%) TNIR

b (%) SNIR
c (%) 

ATO glass 77.24 19.54 80.06 

Ordinary glass 87.89 81.82 18.18 

a Average transmittance of visible light region (380-780nm): Tvis = 
∫ 𝑇 (𝜆)𝑑(𝜆)

780

380

(780−380)×100
× 100%,  

𝑇 (𝜆) is the function curve of spectral transmittance with wavelength as independent variable 

b Average transmittance of near-infrared light region (780-2500nm): TNIR = 
∫ 𝑇(𝜆)𝑑(𝜆)

2500

780

(2500−780)×100
× 100% 

c Average shielding ratio of near-infrared light region (780-2500nm): SNIR = 100% − 𝑇NIR 
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