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Abstract: A series of organic-inorganic hybrid thermal control coatings (TCCs) were prepared. The binder was 

prepared by co-pre-hydrolysis/condensation of tetraethylorthosilicate (TEOS) and siloxane, subsequently mixing 

with 3-aminopropyltriethoxysilane (APTES) as curing catalyst and ZnO powder as optical pigment. The coatings 

can be cured at room temperature naturally with low solar absorptance αS and high thermal emittance εH. Fourier 

transform infrared spectroscopy (FT-IR) and gel permeation chromatography (GPC) measurements were carried out 

to understand the structures of the coatings. FT-IR spectra and GPC analysis results showed that the as-prepared 

hybrid binder carried lots of active hydroxyls with an appropriate polymerization degree. Thermal gravimetric ana-

lyzer (TGA) test showed that as-prepared coatings have high thermal stability at 200 .℃  αS/εH value could be further 

reduced by increasing the coating thickness, and optical absorption of the coatings in the infrared wave band could 

be further reduced by increasing TEOS content. This work provides an effective way to obtain room temperature 

cured TCCs with low αS/εH value. 
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Thermal control coatings (TCCs) play a vital role in 
the thermal management of spacecrafts via reflecting 
incident solar energy and emitting infrared heat. The 
temperature control ability of TCCs can be characterized 
by their solar absorptance αS and the thermal emittance 
εH

[1]. There are many different types of TCCs including 
uncovered metal surface, optical solar reflector, paint 
coating, and electrochemistry coating[2]. The paint coat-
ing is the most convenient for being operated on different 
surfaces with complicated shapes. Among the paint 
coatings, the inorganic white TCCs have been widely 
used on the surface of craft radiator because of their low 
αS value and high εH value. Normally, the inorganic white 
TCCs are composed of white pigment particles (ZnO, 
TiO2, ZrO2, etc) and inorganic binder[2-3]. The ZnO-silicate 
based TCCs have exhibited excellent stability in space 
environment[3-4]. However, the curing temperature of 

them normally exceeds 100℃, which is very energy- 

intensive and inadequacy for many substrates which are 
not heat-resisting. A series of room temperature curable 
organic coatings using methyl silicone or acrylic resin 
and epoxy resin as binder have also been developed[5-7]. 
However, these organic coatings have inferior spatial sta-

bility. In recent years, organic-inorganic hybrid binder has 
attracted great interest for its excellent performance by 
integrating organic-inorganic properties[8-13]. What’s 
more, most of the hybrid binders can be prepared in a 
mild synthesis way, and the as-prepared coatings can be 
room temperature curable or UV-curable[11-13]. The ratio 
of the organic to inorganic components and the polym-
erization degree of the organic components are signifi-
cant to the properties of the final products[14].  

In this paper, a novel room temperature cured binder 
has been successfully synthesized by organic-inorganic 
hybrid process, and the ZnO-based TCCs using the as- 
synthesized hybrid binder have also been obtained, which 
show good mechanical and thermal optical properties. 

1  Experiments 

1.1  Materials 
Tetraethylorthosilicate (TEOS, 98%), dimethyldimeth-

oxysilane (DMDS, 98%), methyltriethoxysilane (MTES, 
98%) and 3-aminopropyltriethoxysilane (APTES, 98%) 
were purchased from Aladdin reagent Co, Ltd. (China). 
The absolute ethanol (EtOH, AR), acetone (C3H6O, AR), 
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sodium hydroxide (NaOH, AR), zincoxide (ZnO, AR) 
and hydrochloric acid (HCl, AR) were purchased from 
Sinopharm Chemical Reagent Co, Ltd. (China). All che-
micals were used as received. Deionized water was used 
throughout the experiments. 

1.2  Organic-inorganic hybrid binder 
The organic-inorganic hybrid binder was prepared by 

co-hydrolysis/condensation of TEOS and siloxane. Fir-
stly, TEOS and siloxane were added into a 100 mL 
round-bottom flask, which was equipped with a conde-
nser. The aqueous HCl with the concentration of 1 mol/L 
dissolved in absolute EtOH solution was added dropwise 
to the mixture within 10 min stirred by a magnetic stir 

bar. Then the mixture was heated and refluxed at 80℃ 

for 4 h using water bath to obtain the target product. The 
dosages of the raw materials are listed in Table 1. The 
samples were nominated as “TMDxy-ab”, where “T”, 
“M” and “D” correspond to “TEOS”, “MTES” and 
“DMDS” respectively. “xy” denotes to the molar ratio of 
TEOS to the sum of MTES and DMDS. “ab” denotes to 
the molar ratio of MTES to DMDS. For example, 
TMD14-28 means that the molar ratios of the reactants 
are TEOS/(MTES+DMDM) = 1/4, and MTES/ DMDS= 
2/8. 

1.3  Room temperature curing coatings 
After the co-pre-hydrolysis/condensation described in 

section 1.2, hydrolysate as well as polysiloxane oli-
gomers were generated. Then a certain amount of APTES, 
ZnO powder and NaOH solution were successively add-
ed to the as-prepared hybrid binder. The mixture was  

Table 1  The dosages of the raw materials for  
synthesis of the hybrid binder 

Samples
TEOS
/mol 

MTES 
/mol 

DMDS 
/mol 

HCl 
/mol 

H2O
/mL

TMD14-28 0.025 0.02 0.08 0.001 1.0 

TMD14-55 0.025 0.05 0.05 0.001 1.0 

TMD14-82 0.025 0.08 0.02 0.001 1.0 

TMD12-28 0.05 0.02 0.08 0.001 1.5 

TMD12-55 0.05 0.05 0.05 0.001 1.5 

TMD12-82 0.05 0.08 0.02 0.001 1.5 

TMD11-28 0.10 0.02 0.08 0.001 2.0 

TMD11-55 0.10 0.05 0.05 0.001 2.0 

TMD11-82 0.10 0.08 0.02 0.001 2.0 
 

grinded for 12 h. Herein, APTES not only participated in 
the further condensation of the hydrolysate and polysi-
loxane oligomers, but also acted as a catalyst[15]. The 
dosages of materials are listed in Table 2. The samples 
were nominated as “BZSI-X-Y”, where “X” corresponds 
to the mass ratio of ZnO to the binder, and “Y” denotes to 
the mass percentage of APTES to the binder. It should be 
noted that the binder “B” has different constitutions, as 
shown in Table 2. 

1.4  TCCs samples  
The ZnO-based TCCs samples were prepared by 

spraying on aluminum substrate and glass fiber rein-
forced plastics (GFRP) with pneumatic type airbrush 
using N2 as carrier gas. The coatings were sprayed layer 
by layer to a specific thickness and cured at room tem-
perature for 24 h. 

 

Table 2  Dosages of materials used in the white TCCs preparation process 

Samples BZSI-1-20 BZSI-1-30 BZSI-1-40 BZSI-1.25-20 BZSI-1.25-30 BZSI-1.25-40 BZSI-1.5-20 BZSI-1.5-30 BZSI-1.5-40

ZnO/g 25.34 25.34 25.34 31.68 31.68 31.68 38.01 38.01 38.01 

P/g 25.34 25.34 25.34 31.68 31.68 31.68 38.01 38.01 38.01 

NaOH/mol 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 

APTES/wt% 20 30 40 20 30 40 20 30 40 

 

2  Results and discussion 

2.1  Chemical structure analysis 
To understand the structure of the hybrid binder, some 

of the samples demonstrated in Table 1 were character-
ized by FT-IR spectra (Thermo Scientific, USA)  dis-
played in Fig. 1. 

Broad absorption peaks at around 3360 cm–1 caused by 
the stretching vibration of Si–OH can be observed, which 
confirms that the as-prepared binder carried lots of active 
hydroxyls. With the increase of molar ratio of TEOS/ 
(MTES+DMDS), the absorption increases accordingly, 
which can result from that more –OCH2CH3 groups in  

 

 
 

Fig. 1  FT-IR spectra of the hybrid binders with different 
dosages of TEOS and siloxane 
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the reactants bring more active hydroxyls. No absorption 
peaks at around 1630 cm–1 testifies no residual water in 
the mixture. The sharp peaks at 1045 cm–1 are ascribed to 
the stretching vibrations and bending vibrations of Si– 
O–Si[16], announcing the existence of polysiloxane oli-
gomers. Comparing sample TMD14-28 with TMD12-55, 
as the molar ratio of MTES/DMDS decreases, absorption 
peaks become sharper, proving that higher molar ratio of 
MTES/DMDS results in higher polymerization degree of 
the polysiloxane oligomers. This can be ascribed to the 
steric hindrance and the electronic effect[17]. Compared 
with TMD12-55, TMD11-82 has higher polymerization 
degree. This may be resulted from that more TEOS bri-
ngs more active hydroxyls, which balance the steric hin-
drance and the electronic effect. That short sharp peaks at 
around 2980 cm–1 due to the asymmetrical vibration of 
–CH2– in –OCH2CH3 group exist for all the samples 
suggests that the hydrolysis processes of alkoxyl groups 
in all the reactants are incomplete, which resulted from 
the reversebility of the hydrolysis process and the defi-
cient amount of water. The absorption peaks become sha-
rper as molar ratio of TEOS/(MTES+DMDS) increases. 
The small peak at 2973 cm–1 in sample TMD14-28 orig-
inates from the symmetrical stretching vibration of C–H 
in –OCH3 group[15]. The same peaks, however, cannot be 
observed in sample TMD 12-55 and TMD11-82, indicating 
that DMDS in these two samples were all hydrolyzed. 

2.2  Gel Permeation Chromatography (GPC) 
analysis 

To have a better understanding of the polymerization 
degree of the hybrid binder, the molecular weight distri-
bution of samples TMD14-28, TMD12-55 and TMD11- 
82 were tested by GPC (Shimadzu, Japan), as shown in 
Fig. 2. The molar mass is at around 6000–15000 given by 
the peak value of molar percentage, indicating that all the 
samples have a relatively biggish polymerization extent.  

 

 
 

Fig. 2  GPC curves of the hybrid binder samples 

This will be in favor of the next coating preparation pro-
cess and properties of the final coatings, because the 
binder with too high polymerization degree will be dif-
ficult to be cured at room temperature[18]. The maximum 
molar mass increases as the molar ratios of TEOS/ 
(MTES+DMDS) and MTES/DMDS increase, which re-
sults from the fact that more alkoxy groups around Si 
atoms bring about more active branches in the binder 
structure. In conclusion, the GPC results prove that the 
degree of polymerization can be controlled to satisfy the 
requirement for the mechanical properties and curing 
properties of the final coatings. 

2.3  Thermogravimetric Analysis (TGA) of 
the coatings. 

The thermal stability of the TCCs is mainly affected 
by the hybrid binder. To understand the thermal behavior 
of the as-prepared coatings, TGA of some samples were 
carried out in air (Table 3), and TGA curves are shown in 
Fig. 3. 

There is almost no weight loss for all the samples be-
low 200℃, proving that all the samples have excellent 
thermal stability, which indicates that the TCCs are eli-
gible for the use of spacecraft[7]. In the temperature range 
of 200℃-500℃, all the samples have a great and quick 
weight loss, which results from the oxidization and deg-
radation of methyl and aminopropyl related siloxane 
units[19-20]. The second weight loss stage in the curves can 
be ascribed to the breakage and rearrangement of  

 
Table 3  The hybrid binder formulations of the coating 

samples in TGA tests 

Sample 
name 

TGA-1 TGA-2 TGA-3 TGA-4 

Hybrid 
binder  

formulation
TMD14-28 TMD14-55 TMD12-28 TMD12-55

 

 
 

Fig. 3  TGA curves of coating samples with different binder 
formulations 
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Si–O–Si chains in some of the oligomeric or micro-
molecular organosilicon molecules, generating some 
volatile annuluses[21-22]. As the molar ratio of TEOS/ 
(MTES+DMDS) increases, the onset temperature of 
weight loss is rising. This further proves that more TEOS 
or MTES can lead to more Si–O–Si chains and enhance 
the thermal stability of the coatings, which is consistent 
with the results in section 2.1. 

2.4  Solar absorption ratio (αS) and emittance 
(ε) of as-prepared coatings 

The solar absorption αS of coatings has been tested 
(Perklin Elmer, USA) on the basis of the military speci-
fication of China (GJB 2502.2-2006)[23]. The emittance 
εH of coatings has also been tested (Laboratory self-made, 
China) by the method of Hemispherical Emittance 
Steady State Calorimeter according to the military speci-
fication of China (GJB 2502.3-2006)[24].  

As described in section 2.3, the as-prepared TCCs 
with the molar ratios of TEOS/(MTES+DMDS)=1/2 and 
MTES/DMDS=1/1, and the mass ratio of ZnO/binder= 
1/1 possess the best room temperature curing property 
and thermal stability. Four TCCs samples were chosen to 
test their αS and εH, which were nominated as SE-2 to 
SE-5. To figure out the influence of the proportion of 
TEOS on their αS and εH, the sample SE-T1 with the mo-
lar ratio of TEOS/(MTES+DMDS) =1 was also tested. 
The coatings were painted on the substrates with differ-
ent thicknesses. It can be seen that all the samples have 
low αS and high εH as shown in Table 4, which indicates 
that the coatings possess excellent thermal controlling 
abilities for space assets. In addition, the αS decreases 
and the ε increases as the coating thickness increases, 
which provide an effective way to further reduce the 
αS/εH value. 

To study the reflectance properties of the coatings in 
spectral band, the spectral reflection curves were given, 
as shown in Fig. 4. For SE-2 to SE-5, the solar absorp-
tion at the ultraviolet and visible wave band is relatively 
low, while absorption at the infrared band is high, which 
means the coating will have low εH. The absorption at 
infrared band can be ascribed to the vibrations of organic 
groups in the coatings. As TEOS ratio increases, organic 
groups decrease, resulting in a low infrared absorption. 
This offers a method to further reduce coating absorp-
tions in infrared wave band. 

 

Table 4  αS and ε of TCCs with different thicknesses  
on the substrates 

Samples SE-T1 SE-2 SE-3 SE-4 SE-5

Thickness/μm 32.3 98.6 110.3 121.2 132.3

αS 0.31 0.30 0.29 0.25 0.23 

εH 0.87 0.87 0.88 0.89 0.90 

 
 

Fig. 4  Coating spectral reflection curves 

 

3  Conclusions 

The ZnO-based TCCs based on a novel organic-    
inorganic hybrid binder using the as-described method 
have been successfully obtained. All the coatings could 
be curable at room temperature. More TEOS and MTES 
in the coatings can enhance the thermal stability of the 
coatings. The FT-IR spectra and GPC analysis results 
showed that the as-prepared hybrid binder carried lots of 
active hydroxyls with an appropriate polymerization de-
gree. Besides, more TEOS and MTES would bring about 

more active hydroxyls, more SiOSi chains and higher 
degree of polymerization. The as-prepared coatings ex-
hibited excellent thermal control abilities because of its 
low solar absorption αS and high emittance εH. Further-
more, the αS/εH value could be reduced by increasing the 
coating thickness, and the optical absorption of the coat-
ings in the infrared wave band could be further reduced 
by increasing TEOS content. 

For practical application on spacecraft, the stability 
properties of the coatings under spacial environment will 
be further studied. 
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有机/无机杂化室温固化热控涂层的制备 

刘 丁 1,2,3, 于 洋 1, 米 乐 1, 于 云 1, 宋力昕 1 
(1. 中国科学院 上海硅酸盐研究所, 中国科学院无机特种涂层重点实验室, 上海 200050; 2. 中国科学院大学, 北

京 100049; 3. 上海科技大学 物质科学与技术学院, 上海 201210) 

摘 要: 以正硅酸乙酯(TEOS)与硅氧烷共水解缩聚反应制备得到粘结剂，然后与作为固化催化剂的 3-氨基丙基三乙

氧基硅烷(APTES)和作为光学颜料的 ZnO 粉末混合，制备了一系列有机无机杂化热控涂层(TCCS)。所制备的热控

涂层可以在室温下自然固化, 且具有较低的太阳吸收比 αS 和较高的发射率 εH。红外光谱(FT-IR)和凝胶色谱(GPC)

分析结果表明，所制备的混合粘结剂含有大量的活性羟基，聚合度适中。热重分析(TGA)表明，所制备的热控涂层

在 200℃以下具有良好的热稳定性。通过增加涂层厚度可以降低 αS/εH 值，通过提高 TEOS 含量，可以降低涂层在

红外波段的光学吸收。这为获得具有低 αS/εH 值的室温固化 TCCS 提供了有效途径。 

关  键  词: 室温固化; 热控涂层; 热稳定性; 低 αS/εH 值 
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