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Abstract 

Sb-doped SnO2 (ATO) powders were favorably synthesized using a dual-titration co-precipitation 

method for the application of energy-efficient windows. A dual-titration co-precipitation method 

can effectively inhibit the aggregation of primary nanoparticles, which is conducive to prepare 

stable dispersion applied to glazing materials for blocking part of solar radiation. Various annealing 

temperatures, doping molar ratios and ethanol content of precursor solution were used to investigate 

the influence on the morphology and phase composition of the as-synthesized ATO powders. The 

results illustrated that the reasonable reaction conditions to prepare ATO powders with near-infrared 

shielding property should be: the doping molar ratio of 10%, the content of ethanol in precursor 

solution of 100% and the annealing temperature of 1000℃. Besides, ATO primary nanoparticles 

were gained ranging from 45 to 55nm with a low aggregated degree. The ATO coating prepared by 

the ATO dispersion with 20 wt% demonstrated the optimal selective transmitted spectra, which 

simultaneously achieved the average visible transmittance of 80.15% but average near-infrared 
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transmittance of 23.31%. In addition, a simulated experiment demonstrated that ATO coated glass 

exhibited a better near-infrared shielding property than ITO (Sn-doped In2O3) coated glass. 

Keywords: Sb-doped SnO2; dual-titration co-precipitation; low aggregated degree; near-infrared 

shielding property; energy-efficient windows 

1. Introduction 

Increasing energy consumption with substantial emission of greenhouse has consumed a lot of 

fossil energy and caused climate change. It was reported that the energy consumption in building 

sectors constituted 20.1% of the overall energy consumption worldwide, which was even higher 

than 40% in the United States [1-3]. The electricity consumed by heating, ventilating and air 

conditioning constitute a high proportion of the total building energy consumption [4]. Solar heat 

shielding techniques and passive cooling technology are becoming more widely used for energy 

saving and energy crisis prevention [5]. Glazing materials, a necessary component of buildings, can 

increase energy consumption easily [6]. Owing to the high U values and transparency of glazing 

materials, the electricity consumption on air-conditioning systems is high in the summers, which 

results in high greenhouse gas emission. Therefore, some studies have been conducted on the 

development of transparent solar heat shielding materials for building windows [7, 8].  

Transparent conductive oxides (TCO) significantly affect various optoelectronic devices because 

of their high optical transparency and good electronic conductivity [9]. In general, typical 

transparent conductive oxides can be doped with some elements to improve the free charge carrier 

concentration [10]. Hitherto, Sn-doped In2O3 (ITO) remains the most widely used functional filler 

for near-infrared shielding. However, indium is a rare metal thatis not cost-effective for 

commercially scalable production. Hence, non-toxic and inexpensive alternatives such as Sb-doped 
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SnO2 (ATO) are desirable [11]. Doped antimony can endow tin oxide with more free electrons in 

the crystalline structure [12], which enables high visible transmittance and solar heat shielding 

performance because of localized surface plasmon resonance (LSPR) [13]. Currently, ATO powders 

have been successfully prepared by the following methods, sol-gel [14, 15], metalorganic deposition 

[16], magnetron sputtering [17], pyrolysis [18, 19] and chemical co-precipitation [12, 20]. Among 

these methods, co-precipitation is considered as a scalable method to synthesize ATO powders with 

near-infrared shielding property because of the short synthesized time required, low material cost 

and large-scale production potential [21]. Even though this method can yield a considerable amount 

of ATO powders within a reasonable cost, it is still difficult to synthesize primary particles with a 

low aggregated degree, which is not conducive to the subsequent dispersion processing. This is 

because ATO powders synthesized by the traditional co-precipitation method are easier to aggregate 

in the precursor solution. Specifically, a precipitant is added dropwise to a solution containing large 

quantity of Sn4+ and Sb3+ ions, which can accelerate the hydrolysis reaction to initiate aggregation. 

Aggregated particles are detrimental to the visible transmittance, because they impose a strong 

scattering effect to incident light [22]. Here, a dual-titration co-precipitation method is presented for 

the synthesis of ATO nanoparticles with high near-infrared shielding property. Crystalline 

nucleation and growth occur in the mixed solution of ethanol and deionized water instead of the 

solution containing Sn4+ and Sb3+ ions, which can effectively inhibit the aggregated degree of 

primary particles. Dual-titration can retain the Sn4+ and Sb3+ ions in the precursor solution at a 

relatively low concentration to decelerate the hydrolysis reaction and reduce collision chances 

between particles.  

In this work, ATO powders were successfully prepared with high near-infrared shielding 
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performance applied in energy-efficient windows. The crystalline phase of synthesized particles 

was investigated by X-ray diffractometer (XRD). The optical performance of the coating samples 

was characterized by UV–vis–NIR Spectrophotometer. The morphology and crystalline structure 

were shown by transmission electron microscopy (TEM). In addition, the near-infrared shielding 

property was discussed using a stimulated experiment. 

2. Experiment and methodology 

2.1 Materials 

The purchased reagents without further purification were provided by Wengjiang Chemistry, 

Guangzhou: tin chloride pentahydrate (SnCl4·5H2O, AR), anhydrous ethanol (C2H5OH, AR), 

ammonium hydroxide solution (NH3·H2O 25%-28%, AR), antimony chloride (SbCl3, AR), 

deionized water and Waterborne polyurethane (WPU) 

2.2 Preparation of ATO powders 

2.2.1 Preparing compound solutions 

ATO particles with a changing Sb-doped content were synthesized via the dual-titration co-

precipitation method. For clarity, the antimony content was named as ATO-x, where x represented 

Sb / (Sb + Sn) (mol%). For a typical synthesized process, ATO-10 was prepared as an instance: 1.1 

g SbCl3 and 14 g of SnCl4·5H2O were mixed in the suitable anhydrous ethanol. To investigate the 

optimal reaction parameters and ensure the appropriate doped amount of antimony element, ATO 

were synthesized with various Sb / (Sb + Sn) (mol%) of 4%, 7%, 10%, 13% and 16% respectively. 

The influence of various ethanol concentration (volume ratios of 0%, 25%, 50%, 75% and 100%) 

in the precursor solution on the crystal structure of the prepared particles was examined. 

2.2.2 Dual-titration method 
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In this work, two separating funnels were employed to load the Sn4+/Sb3+ solution and NH3·H2O 

precipitant respectively. The liquid in the two separatory funnels was simultaneously dropped into 

the flask below, while the blades of the mixer in the flask were stirred as shown in Fig. 1. The 

precipitate was formed in the flask filled with precursor solution. The dual-titration process was 

controlled within 1 hour. After the titration process, the resultant precursor was put in a water bath 

device and heated at 60℃ for 2 hours. The precursor continued to be centrifugated and rinsed three 

times with ethanol. The obtained ATO precursor was dried at 80℃ for 12 hours. Then, the dried 

precipitate was polished into powders. 

2.2.3 Annealing dried powders 

The obtained powders were placed in crucibles and then sintered at 1000℃ for 4 hours. After the 

calcination process, the obtained powders were collected for further characterization. 

2.2.4 Preparation of ATO coatings on glass 

The method has been presented in the reported research [12]. To prepare a stable ATO dispersion, 

the as-synthesized ATO particles were added into deionized water then ball-milling for 4 hours. The 

bead diameter chosen in this work was 1 mm. Polyvinyl alcohol (PVA) was used as the dispersant 

and its concentration of ATO dispersion was 2.5 wt%. After the ball-milling process, an appropriate 

amount of Waterborne polyurethane (WPU) was added into the ATO dispersion. Then, the mixed 

solution was agitated continuously at 85℃ for 15 minutes. At last, the ATO coatings were casted 

on the glass samples using spin-coating and then dried at 60℃ for 2 hours. 

2.3 Characterization of ATO powders 

The crystalline structure of the ATO particles were investigated on an X-ray diffraction (XRD) 

analysis (40kV, 30mA) equipped with graphite-monochromatized CuKα (λ = 0.154056 nm) and 2θ 
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scanning angle ranging from 20° to 80°. The morphology and composition of the synthesized 

powders was observed by transmission electron microscopy (TEM JEM-2010F, 200kV) equipped 

with a Bruker Quantax 400 EDS (energy-dispersive X-ray spectrometer) system. The UV-vis-NIR 

transmittance of prepared coatings was performed on Hitachi UH4150, which was in the range of 

250nm-3000nm. 

2.4 Near-infrared shielding property 

Fig.2 shows the test devices for the near-infrared shielding performance. The test was carried out 

at a room temperature of 21.23℃. A halogen lamp of 50W was employed as the irradiated source. 

The top of the airtight container was covered using the different glass samples as shown in the 

diagram, and then the inside temperature of the sealed box was recorded in the real time using the 

inserted electronic thermocouple. It is noted that the probe of thermocouple shouldn’t be straight 

illuminated by halogen lights aiming to avoid measurement errors. 

3. Results and discussion 

3.1 The effect of the reaction conditions on the synthesis of ATO powders 

3.1.1 The influence of Sb-doped content on crystalline structure  

Fig. 3 illustrates the XRD patterns of synthesized ATO powders with different Sb-doped content 

after sintering at 1000 ℃. The standard XRD pattern of Cassiterite SnO2 (JCPDS 41-1445) was 

exhibited below the sample ATO-4. The XRD patterns of ATO-4, ATO-7 and ATO-10 exhibited 

the identical crystalline phase, implying that they were of a single-phase without any other 

crystalline phase. The existence of SnO2 crystalline structure demonstrated that Sb ions replaced Sn 

ions in the crystal lattice of SnO2. As for ATO-13 and ATO-16, some unknown characteristic peaks 

were observed between two peaks which corresponded to lattice planes (110) and (101), implying 
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that other crystalline phases appeared.  

Moreover, the crystallite size was roughly calculated via the Scherrer formula [23] shown in 

equation (1). 

𝐷 =
𝐾 𝛾

B cos 𝜃
             （1） 

Here, D represents the calculated crystallite size; K indicates the Scherrer constant 0.89; B 

denotes the full wave at half maximum also known as FWHM; γ refers to the wavelength of X-ray 

(0.154056nm) and θ is the half of the scanning angle. The average crystallite size was calculated 

based on FWHM of the strong characteristic peaks shown in Fig. 3 and results are shown in Table 

1. 

In Table 1, the crystallite size changes from 27.8 to 43.5 nm. It can be attributed to the tangible 

that Sn4+ ions are larger than Sb5+ ions (radius of Sb5+: 0.60 Å, radius of Sn4+: 0.69 Å). Therefore, 

the Sb5+ ions can easily enter the lattice to substitute Sn4+ ions. Additionally, with increasing Sb-

doped content, the grain sizes of (110), (101) and (211) crystal planes calculated by Scherrer’s 

formula illustrate an increasing trend that subsenquently decreases. This could be because Sb3+ ions 

(radius of Sb3+: 0.76 Å) constituted a higher ratio of the total Sb ions at a low doping amount of Sb. 

After reaching a critical Sb doping concentration, the Sb5+ ions constituted a higher proportion of 

the total Sb ions, which reduced the lattice space. With a further increase in the doping amount of 

Sb, the Sb3+ ions once again dominated the ratio of Sb ions. Among the five samples, it can be 

inferred that ATO-10 contained a relatively high level of Sb5+ ions, which implied more free charge 

carriers. 

3.1.2 The influence of the ethanol content on crystalline formation 

To study the influence of the precursor solution on crystalline phase, the ATO-10 powders were 
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prepared by a mixed solution with various ethanol concentration.  

As shown in Fig. 4, all the prepared samples illustrated the lattice planes of (110), (101) and (211), 

indicating the samples formed the same tetragonal rutile structure. With an increase in ethanol 

content, the XRD pattens of the synthesized samples showed the same crystalline structure as that 

of the standard reference sample, implying that water or ethanol can facilitate the formation of the 

SnO2 crystalline structure without any distinction. Moreover, the utilization of ethanol can weaken 

the aggregation extent during the drying process, which can be attributed to the formed ethoxide 

groups surrounding the surface of the particles. Furthermore, the ATO powders prepared by a 

precursor solution composed of ethanol can lead to a lower level of aggregations than other samples 

owing to its lower solvent polarity. 

3.1.3 The effect of the annealing temperature 

As shown in Fig. 5, ATO-10 precursors were sintered at 600℃, 800℃,1000℃ and 1100℃ for 4 

hours respectively.  

It can be seen that the XRD pattern of uncalcined ATO-10 maintained amorphous state. After 

calcination at 600℃, the characteristic peaks corresponding to crystalline planes (110), (101), (200), 

(211) and (220) appeared and no other phase was observed, implying that the crystalline structure 

began to form at 600℃. The crystallite size of samples calcined at 800℃ and 1000℃ calculated by 

Scherrer’s formula were smaller than that of the sample calcined at 1100℃, because the high 

calcination temperature would cause severe aggregation. In addition, the characteristic peak 

intensity of the (110) crystalline plane of each calcined sample was higher than that of (101), which 

was also reported in a previous study [24].  

Fig.6 shows the images of ATO-10 precursors before and after annealing at various temperature. 
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It can be seen that the powders color before calcination appeared grayish yellow. With the increase 

in the calcination temperature, the color of the synthesized powders changed from dark gray to blue. 

This transition can be ascribed to the increase in Sb5+ ions in the crystalline lattice with the increase 

in annealing temperature. As the concentration of Sb5+ ions increased, more free electrons were 

generated and entered the conductive band, which allowed the samples to absorb the visible light of 

the corresponding wavelength and appear blue. However, when the calcination temperature was 

1100℃, the color of the powder was lighter than the sample calcined at 1000℃, owing to the 

decreased concentration of Sb5+ ions. 

3.2 Morphological characterization 

The morphology and EDS pattern of as-synthesized ATO-7 powders using the precursor solutions 

composed of ethanol and deionized water with various volume ratios were investigated by TEM 

(Fig. 7). It is noteworthy that the ATO-7 nanoparticles were of spherical nanoparticles with different 

degrees of aggregation, and the aggregated degree increased with the reduction in ethanol content. 

When 100% ethanol was employed, the degree of aggregation was slight as shown in Fig. 7a. This 

demonstrated that a higher concentration of ethanol was conducive to the preparation of ATO-7 

nanoparticles with low aggregation extent, and vice versa. As shown in Fig.7f, the element 

composition shown in the EDS pattern exhibited the presence of O, Sn and Sb in ATO-7 and the 

atomic ratio of Sb/Sn was 0.069. 

To further study the morphology and crystalline structure of ATO-7 nanoparticles, HRTEM was 

employed to characterize the prepared samples. In Fig. 8a and 8b, the HRTEM images and SAED 

pattern of ATO-7 powders synthesized by an ethanol precursor without deionized water indicated 

that ATO-7 powders comprised nanocrystals and primary particle size ranged from 45 to 55nm. In 
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Fig. 8c, the lattice fringes of ATO-7 illustrated that the preferential growth directions were [110], 

[101] and [200]. The spacing calculated by the FFT function between adjacent lattices were 

0.33455nm, 0.2549nm and 0.2319nm as shown in Fig. 8c. The diffraction rings shown in the SAED 

pattern corresponded to (110), (101), (200), (211) and (220) planes separately, implying that the 

XRD patterns agreed well with the TEM images. 

3.3 Optical performance of ATO coatings 

It is well known that the spectrum containing most of the solar energy is from ultraviolet light, 

visible light and near-infrared light, corresponding the wavelength of 280-380nm, 400-780nm and 

780-2500nm respectively. Among the above types of light, near-infrared light is the main heat 

source [25]. ATO is widely known as a kind of typical transparent conductive oxides, which shows 

a strong near-infrared shielding property owing to its localized surface plasmon resonance [26].  

To obtain the optimal near-infrared shielding performance at different wavelength, the effect of 

ATO dispersions of different solid content on optical property was investigated. Fig. 9 shows the 

transmittance spectra of coatings casted by ATO dispersions with different weight ratio of ATO 

powders (10 wt%, 15 wt%, 20 wt% and 25 wt%). It should be  noted that the ATO coating 

illustrated an excellent shielding performance of near-infrared light ranging from 1500 to 2500nm 

and relatively high visible light transmittance. Among the prepared ATO coating samples with 

different solid contents, the solid content of 20 wt% demonstrated the optimal selective transmitted 

spectra whose average visible transmittance was 80.15% but average near-infrared transmittance 

was 23.31%. 

3.4 Stimulated experiment for shielding property of coatings 

For the purpose of studying the near-infrared shielding performance of the ATO coating from the 
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standpoint of practical application, a simulated experiment was conducted by irradiating with a 

halogen lamp of 50W the airtight containers equipped with the quartz glass, the ATO glass sample 

and the ITO glass sample, aiming to measuring the temperature response to the irradiation time. The 

ambient temperature during the measurement was 21.23℃. 

ITO is widely used as a near-infrared shielding material in our daily life [27, 28]. Hence,  ITO 

glass was chosen as a control. Fig. 10 shows the temperature variation of the three samples under 

different illumination time by a halogen lamp. The inside temperature of the airtight container 

equipped with the general quartz glass and ITO glass irradiated for 60 min increased to 33.81℃ and 

31.59℃ respectively. By contrast, the inside temperature of the sealed container covered by the 

ATO glass only increased from 21.23℃ to 28.92℃. The temperature increase of the ATO glass 

sample was 7.69℃ and that of the ITO glass sample was 10.36℃. Therefore, the ATO glass sample 

illustrated a better near-infrared shielding property than the ITO glass sample. 

4. Conclusions 

We have favorably synthesized the ATO powders with near-infrared shielding property using a 

dual-titration co-precipitation method. It has been proved that the dual-titration way is conducive to 

inhibit the aggregation of primary particles. The optimal experimental reaction conditions to 

synthesize ATO nanoparticles with near-infrared shielding performance show that the molar ratio 

is 10% and the annealing temperature is 1000℃. The ATO coating with solid content of 20 wt% 

shows average near-infrared transmittance of 23.31%. Compared with ITO coated glass and 

common quartz glass, ATO coated glass shows better solar heat shielding performance as the 

coating can block nearly 76% near-infrared radiation, which demonstrates its practical value for the 

application in energy-efficient windows. 
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Table 1 

The calculated crystallite size using the Scherrer formula. 

Sample ATO-4 ATO-7 ATO-10 ATO-13 ATO-16 

D/nm 43.2 43.5 27.8 42.6 42.1 
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Fig. 1. Schematic illustration of the dual-titration method in the preparation process. 
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Fig. 2. Schematic diagram of the near-infrared shielding performance test. 
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Fig. 3. XRD patterns of ATO powders with various Sb-doped content. 
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Fig. 4. XRD patterns of ATO-10 powders synthesized by precursor solution composed by ethanol and deionized water with various volume ratios. 



21 
 

 

 

Fig. 5. XRD patterns of ATO-10 annealed at 600℃, 800℃, 1000℃ and 1100℃. 
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Fig. 6. The images of ATO-10 precursors (a) before annealing, calcined at (b) 600℃, (c) 800℃, (d) 1000℃, and (d) 1100℃. 
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Fig. 7. TEM images of the ATO-7 powders synthesized in precursor solution with ethanol content of (a) 100%, (b) 75%, (c) 50%, (d) 25% and (e) 0% after calcined at 1000℃; (f) EDS pattern of 

ATO-7 powders synthesized in precursor solution with 100% ethanol content after calcined at 1000℃. 
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Fig. 8. (a) TEM image, (b) and (c) HRTEM images of ATO-7 powders after annealing at 1000℃, (d) SAED profile. 
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Fig. 9. Transmittance spectra of ATO coatings prepared by ATO dispersions of different solid contents. 
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Fig. 10. The temperature variation of three glass samples with the irradiation time. 

 




