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1. Introduction      

Nano-porous silica aerogels are unique materials often having a high specific surface area, a 
high porosity (75-99%), a low thermal conductivity (0.01-0.03W/mK), and a low index of 
refraction. Because of their unique properties, aerogels have been extensively studied, not 
only for use as transparent thermal insulators but also as inter-metal dielectric materials, 
optical and acoustic applications, and the space industry (Muller et.al, 1999; Hrubesh et.al, 
2001;Kim & Hyun,2003;Lu et.al,1991). NASA has applied aerogel on the Mars Pathfinder 
Sojourner rover and Mars Exploration rovers for insulation purposes. Additional 
applications of aerogels are found in battery electrodes, catalysts and electronic devices 
(Fricke et.al, 1992; Fricke & Tillotson, 1997; Kuhn et.al, 1995; Chadwick et.al, 2001). 
Currently SiO2, Al2O3 and C aerogels are reported and available elsewhere. During the 
production of aerogel a wet gel is formed which dried becomes filled with air. An aerogel is 
made up of microscopic beads or strand chains connected to form a continuous network, it is 
considered a solid. The fact that typical aerogels have more than 90% porosity gives them 
unusual characteristics (Yoda et.al, 1998; Klementiev, 2001). Their structure is composed of a 3-
D connected network of channels made of thin ligaments. The thickness of ligaments 
determines the final density and porosity of the aerogel (Reim et al, 2004; Kwon & Choi, 2000). 
As for thermal insulation application, generally monolithic SiO2 aerogels provide a whole low 
thermal conductivity due to its extremely high porosity. The thermal conductivity of aerogels 
is about 100 times smaller than that of full density silica glass, although Kistler made initial 
thermal conductivity measurements, a detailed understanding of thermal transport in aerogel 
resulted from investigations carried out (Fricke & Tillotson, 1997). Thermal transport in 
aerogel occurs via gaseous conductivity, solid conductivity and infrared radiative transfer. 
Usually at room temperature, aerogels have a low thermal conductivity due to its special gas 
conduction and solid conduction. However, at higher temperatures, radiative 
absorption/emission becomes the dominant heat transfer mechanism. 
Monolithic aerogel behaves poor thermal insulation because it is highly transparent in the 3–

8μm wavelength region. To improve its thermal insulation capacity, approaches such as 
doping aerogel with carbon have been applied to minimize infrared radiation heat transfer. 
The specific extinction for C doped aerogels is drastically increased, especially in the 2 to 
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8μm range. Carbon black doped aerogel beads have total thermal conductivity of about 
0.020 Wm-1K-1 in air, while for monoliths approximately 0.015 Wm-1K-1 holds(Zhang 
et.al,2009). The opacified fibers also suppress radiation transport by eliminating the infrared 
transparent window of aerogel and strengthen the brittle monolithic aerogel when fibers are 
incorporated into the aerogel matrix. Therefore, an appropriate selection of fiber type and 
concentration is critical to optimizing the thermal insulation capacity of the material, 
especially at high temperatures. K2Ti6O13 whisker is an efficient opacifier due to its high-
reflection index, thermal stability and negative temperature coefficient; therefore it 
drastically reduces the radiative heat transfer in the prepared SiO2 aerogels. Additionally 
TiO2 is also a good opacifier due to its high reflection index, thermal stability and strong 
broad band absorber. The specific extinction of the opacified aerogel is drastically increased, 

especially in the range from 2 to 8 μm (Wang, et.al, 1995). 

2. Production of aerogels 

2.1 Silica aerogels 
Since the actual applications for aerogels are virtually unlimited, they will have to be 
cheaply manufactured in order to have an impact in the commercial marketplace. As such, 
many researchers have now paid their attention to achieving these goals. Some research 
institutions have designed methods to eliminate the supercritical dying process and the high 
capital cost associated with it, while others have began to make it more efficient. Practicing 
results have revealed that the high cost of the raw materials contributes significantly to the 
final cost of the aerogel.  
Usually Silica aerogels were prepared by hydrolysis and polycondensation of solvent (alcohol) 
diluted alkoxide in the presence of a catalyst. The hydrolysis and polycondensation reaction 
mechanism for tetraethoxysilane (TEOS) precursor is as given below: 
Hydrolysis: 

             2 5 4 2 4 2 5( ) 4 ( ) 4Si OC H H O Si OH C H OH+ → +  (1) 

 

A catalyst (Critic acid) is used here. 
Condensation: 

 4 4 2( ) ( ) 4Si OH Si OH Si O Si H O+ →≡ − − ≡ +  (2) 

             4 2 5 4 2 5( ) ( ) 4Si OH Si OC H Si O Si C H OH+ →≡ − − ≡ +  (3) 

 

Similarly, tetramethoxysilane (TMOS) and polyethoxydisiloxane (PEDS) precursors follow 
the same trend of chemical reactions. There are some structural differences among TEOS, 
TMOS and PEDS, although the reactive mechanism is similar during the process of 
hydrolysis and condensation. Figure.1 lists the pore size distribution using TEOS, TMOS 
and PEDS as precursors.  
From the present studies, it has been found that the precursors: TEOS, TMOS and PEDS 
strongly affect the physical properties like bulk density, percentage of porosity, pore size 
distribution, optical transmission, surface area, thermal conductivity and microstructure of 
silica aerogels. Table.1 shows the effect of various precursors on some physical properties of 
silica aerogels. 
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Precursor 
Optimized molar 

ratio: Solvent:  
water 

Catalyst
Gelation

time 

Bulk 
density
(Kg m-3)

Porosity
(%) 

Surface
area 

(m2gm-1)

Thermal 
Conductivity 

(Wm-1K-1) 

TEOS 
TEOS:EtOH:H2O

1:5:7 

Citric 
acid 

0.001M
2.2days 230 87.89 800 0.060 

TMOS 
TMOS:MeOH:H2O

1:12:4 
NH4OH 
0.05M 

30min 129 93.21 1000 0.020 

PEDS 
PEDS:EtOH:H2O

1:5:6 
HF 

0.01M 
10min 98 96.84 1100 0.015 

Table 1. Effect of various precursors on some physical properties of silica aerogels. Ref 
(Wagh,et al, 1999) 

The experimental results showed that TMOS and PEDS aerogels has high surface areas of 
1000 and 1100 m2gm-1, respectively. While, TEOS aerogel possesses low (800 m2gm-1) surface 
area compared to the TMOS and PEDS aerogels. This is due to the fact that both the TMOS 
and PEDS aerogels consist of smaller size SiO2 particles of the network whereas TEOS 
aerogels consists of larger size SiO2 particles of the network as explained earlier. The 
thermal conductivity of the TEOS aerogels measured at room temperature has been found to 
be 0.06 Wm-1K-1 whereas the thermal conductivity values for TMOS and PEDS aerogels have 
been found to be 0.02 and 0.015 Wm-1K-1, respectively. This is due to the fact that the density 
of the TEOS aerogel is higher (230 Kg m-3) compared to the densities of TMOS (129 Kg m-3) 
and PEDS (98 Kg m-3) aerogels. The dependence of thermal conductivity as a function of 
density is explained in the results. 
 

 

Fig. 1. Pore size distributions (PSDs) of silica aerogels for various precursors: TEOS, TMOS 
and PEDS. Ref.(Wagh,et al, 1999) 
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Aerogels are often produced by the supercritical extraction of pore liquid from wet gels, 
which limits industrial-scale production of aerogels. Silica aerogels were recently prepared 
at an ambient pressure through solvent exchange and surface modification of wet gels. 
Solvent exchange and surface modification are essential to preserve the porous network of 
the gel before ambient pressure drying. Usually, under the condition of an ambient pressure 
dying, surface-modified agent is required. To modify the surface of the gel, a simultaneous 
solvent exchange and surface modification process at ambient pressure is needed to reduce 
the time required for synthesis from several days and to reduce shrinkage during drying.  
 

 

Fig. 2. FE-SEM micrograph of (a) unmodified and (b) TMCS modified (10%V of TMCS) 
mesoporous silica beads. Ref (Sarawade et al, 2010) 

Figure.2 shows the pore characteristics and structure morphology of mesoporous silica 
beads based on SEM micrographs of unmodified and 10%V TMCS modified silica beads. In 
general, the unmodified silica beads formed dense aggregates of spheres while the modified 
silica beads had highly porous structure. This is because the unmodified wet gel silica beads 
shrank more during ambient pressure drying, resulting in dense aggregates of dried silica 
beads and the loss of mesopores. The samples modified with TMCS had mesopores with an 
average pore diameter in the range of 8-13um. This is due to the fact that reversible 
shrinkage occurred in the wet gel silica during drying because of organic modification of the 
surface with trimethyl groups. 
 

 

Fig. 3. Pore size distributions of (a) unmodified silica beads together with those modified 
with (b) 2 (d) 6 and (f) 10%V of TMCS. Ref (Sarawade et al, 2010) 
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Figure.3 shows the pore size distribution of unmodified and modified silica aerogels. 
Unmodified silica beads have a narrowpore size distribution with a peak pore diameter of 6.1 
nm. Modified silica beads had a broad pore size distribution with the peak pore diameters 
ranging from 8 to 13 nm. The peak pore diameter increased as the volume of TMCS increased 
from 2 to 10%. This enlargement of pores is considered to be due to the increase in non-polar 
alkyl groups (–CH3) on the silica surface, which reduces shrinkage during drying and 
therefore increases pore size. As per the IUPAC classification of pores, all the silica beads 
showed a pronounced peak in the mesopore region (2–50 nm) indicating that the mesopores in 
the modified silica beads have remained intact, even after the drying process. 
During synthesizing SiO2 aerogels, modification solvent plays an important role in 
determining the final microstructure. In our previous studies, cyclohexane was selected for 
surface modification of SiO2 aerogel using TEOS as precursor before ambient pressure 
dying. Figure.4 showed the unmodified and modified micro-morphology using cyclohexane 
as solvent exchange. The unmodified silica aerogel formed some aggregates of spheres 
while the modified silica aerogel had porous structure with high porosity. These results 
might be identical to that of Ref(Sarawade et al, 2010). 
 

 

 

Fig. 4. SEM micrograph of (A) unmodified and (B) cyclohexane modified mesoporous silica 
aerogels 

(A) 

(B) 
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2.2 Carbon aerogels  
Carbon aerogels or porous carbons synthesized via the sol–gel route, are considered as very 
interesting materials for high-temperature thermal insulations in non-oxidizing 
atmospheres or vacuum (Pekala, 1989; Hrubesh & Pekala, 1994). Carbon aerogels are open 
porous solids consisting of a three-dimensional network of spherical interconnected primary 
particles. The mean pore and particle size can be specifically adjusted to be in the range 
from several nanometers only to some microns by varying the synthesis conditions. 
Porosities up to about 99% can be achieved. These properties make carbon aerogels suitable 
for thermal insulation applications (Li et.al, 2002; Petricevic et.al, 2001), in particular at high 
temperatures, but also for electrodes in supercapacitors and gas diffusion layers in fuel cells.  
Carbon aerogels are often produced using RF (resorcinol and formaldehyde as the main 
precursors) method. RF polymer precursor was prepared by polycondensation of resorcinol 
with formaldehyde in an aqueous solution. Sometimes, sodium carbonate, which was used 
as a base catalyst, was mixed with resorcinol and deionized water, to accelerate 
dehydrogenation of resorcinol. After stirring the solution for a few minutes, formaldehyde 
was added slowly into the solution to form a sol. 
 

 

Fig. 4a. Overall preparation route for carbon aerogels Ref (Yoon Jae Lee et.al, 2010) 

Yoon Jae Lee et.al (Yoon Jae Lee et.al, 2010) listed typical the processing route for carbon 
aerogels (see Figure.4a). M.Wiener et.al (Wiener et.al, 2009) investigated the high-
temperature insulation properties of carbon-based aerogels derived via pyrolysis of organic 
aerogel precursors, which were synthesized using resorcinol and formaldehyde as 
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precursors according to the sol–gel process. The reactants resorcinol and formaldehyde in 
the starting aqueous solution was adjusted to a mass ratio M of 25% (M = mass of resorcinol 
and formaldehyde to total mass of the solution) to yield a density of the resulting aerogel of 
about 230 kg m−3. After carbon gel formed, the samples were exposed to 85◦C for 24 h for 
gelling and curing. The pore liquid within the wet gel was replaced by ethanol to reduce the 
surface tension upon drying. Subsequently, the gels were dried at ambient conditions. 
Finally the resulting organic aerogels were pyrolyzed in an argon atmosphere at 1073K and 
2073 K.  Figure.5 shows the microscopic structure of one of the carbon aerogels synthesized. 
 

 

Fig. 5. SEM image of one of the carbon aerogels synthesized (Tpyro = 2073 K) Ref(Wiener 
et.al,2009) 

The effective thermal conductivities of carbon aerogels according the determined values of 
thermal diffusivity, specific heat, and sample densities are shown for the two carbon 
aerogels investigated in Figure. 6. The comparison of the values derived in 0.1MPa argon 
atmosphere and under vacuum shows that the difference between the two datasets is almost 
temperature independent on the order of 0.02W· m−1 · K−1. This difference in thermal 
conductivities represents the contribution of the gas in the pores of the aerogel to the total 
effective thermal conductivity. 
In Figure.7, these data are compared to the experimental data of the total effective thermal 
conductivities measured in vacuum. The plot reveals that the radiative transport represents 
even at 1770K only a small contribution to the total effective thermal conductivity in the 
carbon aerogel investigated. The thermal transport is rather dominated by the heat transfer 
via the solid phase. The full line in Figure.7 corresponds to a fit of a superposition of the 
radiative thermal conductivity and the solid thermal conductivity the upper dashed line in 
Figure.7 represents the effective thermal conductivity to be expected for a carbon aerogel 
derived from the same organic precursor as the samples measured here, however, 
pyrolyzed at a temperature of 2773 K. Under 0.1MPa argon atmosphere, the values are 
expected to increase by an additional constant term of about 0.02W·m−1·K−1. 
It showed that the thermal conductivity via the backbone of carbon aerogels is strongly 
increasing with the pyrolysis or the annealing temperature applied (Wiener et.al, 2006); this 
is due to the increase in ordering of the carbon structure on the molecular scale 
accompanied by the growth of the carbonaceous microcrystallites. The study revealed that 
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these structural changes mainly reduce the grain boundaries and thus the scattering of the 
phonons dominating the heat transport via the solid phase. In contrast, the electronic 
contribution to the thermal transport was shown to be negligible as expected for highly 
amorphous systems. Nevertheless, the earlier paper already revealed the high potential of 
carbon aerogels as high-temperature thermal insulations. 
 

 

Fig. 6. Thermal conductivity of the investigated carbon aerogel (pyrolysis 
temperature=2073K) as a function of temperature under 0.1MPa argon atmosphere (filled 
circle) and vacuum (open circle). Also shown is the thermal conductivity of a carbon aerogel 
(pyrolysis temperature = 1073K) at 573K in 0.1MPa argon atmosphere (filled triangle) and 
vacuum (open triangle). Ref(Wiener et.al,2009) 
 

 

Fig. 7. Thermal conductivities of a carbon aerogel (pyrolysis temperature=2073K) measured 
as a function of temperature in vacuum (open circle). Radiative λr and solid λs contributions 
to the thermal conductivity are indicated; full line represents the superposition of the two 
terms. Upper dashed line corresponds to the thermal conductivity expected for the same 
aerogel, however, pyrolyzed at 2773K.  Ref(Wiener et.al,2009) 
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2.3 Production of SiO2-based aerogels with opacifier addition 
Pure Aerogel is poor thermal insulator because it is highly transparent in the special 

wavelength regions (i.e., from 3 to 8μm). To improve its thermal insulation capacity, 

approaches such as doping aerogel with TiO2, K2Ti6O13 whisker or carbon black could 

minimize the infrared radiation heat transfer. The opacifier has the ability to suppress 

radiation transport by eliminating the infrared transparent window of aerogel. 

In our previous studies, SiO2 composite aergoels-doped K2Ti6O13 whisker (2–8 wt.% 

K2Ti6O13 in the final aerogel) were prepared according to the acid (HCl)-catalyzed sol–gel 

procedure. Briefly, tetraethoxysilane (Si(OC2H5)4, Aldrich 98.5%, TEOS), EtOH, HCl and 

H2O with molar rations of 1:7:4 were used as precursors for the silica. The pH value of above 

mixture was adjusted to 2 by HCl (0.2 mol/L). 

The K2Ti6O13 whisker (diameter of 1–2μm and length of 10–50μm, 95% purity) was 

ultrasonically dispersed for 60 min in the TEOS/EtOH/H2O mixture. Then the mixture-

doped K2Ti6O13 whisker was refluxed at 80 ◦C for 40 min, followed by the addition of 0.25 

ml of 0.05 mol NH3·H2O and mixed for about 10 min until the transparency appear.  After 

24 h of aging in TEOS/EtOH solution to strengthen the gel network structure, the pore 

fluids in wet gel were exchanged with ethanol by turns to facilitate following surface 

modification. Subsequent modification was preceded by immersing wet gel in cyclohexane 

solution at 30◦C for 48 h. Modified wet gel was dried in the oven at 65◦C for several days 

and further heat-treated at increasing temperature up to 500, 700, 800, 900 and 1000◦C for 2 

h. In this study, the aerogel before the heat-treatment is designated as the “as-dried 

aerogel.” The mass percentage of K2Ti6O13 whisker in total silica-based aerogels was 2% for 

KT-2, 4% for KT-4, 6% for KT-6, and 8% for KT-8. 

As for TiO2 additive, firstly SiO2–TiO2 gels were prepared with the acid (HCl)-catalyzed sol–

gel method by using tetraethoxysilane (TEOS) as precursors, which follows the same trend 

of chemical reactions of aeogels doped K2Ti6O13 whisker. The TiO2 (TiO2 KA-100, rutile 

crystalline phase, mean particle size = 50 nm) nano-powder were firstly ultrasonically 

dispersed for 60 min in the TEOS/EtOH/HCl/H2O mixture. The content of TiO2 powder is 

1, 3, 5 and 10 wt.%, respectively. The detailed processing for preparing aerogels with 

opacifier addition is listed in Figure.8 

3. Microstructure 

3.1 Microstructural and structural feature for SiO2-TiO2 system 
Figure.9 shows the microstructure of silica matrix aerogel composite observed by SEM. TiO2 
particles were dispersed within silica aerogel matrices and most TiO2 particles were adhered 
to silica network. As the arrows in Figure.9 indicated, there are small irregularly localized 
white particles with uniform diameters of approximately 50 nm. These nanoparticles are 
attributed by EDS analysis (not shown here) to titania oxide (TiO2) incorporated into silica 
glass. 
TEM micrographs of the obtained aerogels are also presented in Figure.10(a) and (b). It can 
be observed that silica aerogels exhibit a sponge-like microstructure. The spherical SiO2 
particles with a size of a few tens of nm form a 3-dimensional network containing 
homogeneous pores (size in the range of 10–15 nm). The HRTEM image, also shown in 
Figure.10(c), indicates that the spherical TiO2 particle is embedded into amorphous silica 
and the interface between silica aerogel and TiO2 is clean. 
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Fig. 8. Processing chart of preparation process of silica based aerogel doped with opacifier 
additive 
 

 

Fig. 9. SiO2 aerogels doped with different TiO2 content (a) 1 wt.%; (b) 3 wt.%; (c) 5 wt.%; (d) 
8 wt.%. 
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Fig. 10. TEM and HREM of prepared aerogel for ST5 (a) TEM of nano-porous silica aerogel; 
(b) TiO2 particle incorporated in silica aerogel; (c) HREM for interface between silica aerogel 
and TiO2 particle. 

Figure. 11 shows the XRD patterns from ST5 heat-treated ranged from 500 to 1000oC. It 
could be seen that the presence of amorphous silica appeared as a large band cantered at 
21o. The crystal peaks were found during the whole temperature ranges due to the addition 
of TiO2 and all of the TiO2 peaks are rutile phase. FTIR spectra of the prepared silica aerogel 
and ST5 heat-treated at different temperature are indicated in Figure.12 and 13, respectively. 
The peaks at 3400 and 1644 cm-1 correspond to the O–H absorption band, which is caused by 
physically adsorbed water. The peaks near 460, 800, and 1091 cm-1 are due to Si–O–Si 
bending modes, symmetric Si–O–Si stretching vibration and asymmetric Si–O–Si stretching 
vibration, respectively. Additionally, the bands at 2920 and 1400 cm-1 were assigned to C–H 
vibrations. The latter C–H could be attributed to organic residues, which remained in 
prepared aerogels even after calcinations. 
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Fig. 11. XRD patterns of ST5 according to various heat-treatment temperature. 

 

 

Fig. 12. FTIR spectra of composite silica aerogels according to various TiO2 additives. 

 

 

Fig. 13. FTIR spectra of ST5 heat treated at different temperature. 
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Fig. 14. Pore radius distribution of SiO2 aerogels with different TiO2 content 

The peak of pore size distribution increased with the more TiO2 additive (see Figure.14). It is 
observed that for all the samples the pore size distribution curves are in the range 10–60 nm 
with a relative narrow pore distribution centred around 30–45 nm. The pore diameter of ST1 
was the minimum. Then as the TiO2 content increased, the pore diameter increased slightly. 
It is known that aerogels are mainly comprised of mesopores below 50 nm. Considering the 

maxim pore size had exceeded 2μm by nitrogen absorption and desorption method 

(Table.2), silica composite aerogel could have macropores larger than 2μm. The fact is 
supported by smaller pore volume and specific surface area for ST10. 
 

Sample 
Pore volume 

(cm3/g) 
dmax 
(nm) 

Specific surface 
area(m2/g) 

daverage 

(nm) 

1%TiO2 1.219 318.53 1210 30.28 

3%TiO2 0.985 2999.3 1026 38.42 

5%TiO2 1.040 3398.8 1089 38.20 

10%TiO2 0.898 2235.3 785 45.73 

Table 2. Properties of SiO2-TiO2 aerogels obtained via ambient pressure dying 

Figure.15 shows the nitrogen adsorption–desorption isotherm of silica doped TiO2 aerogels. 
The ST1, ST3 and ST5 samples exhibit typical type-IV adsorption isotherms, which are 
considered to indicate the presence of mesopores. There are shifts in the loops, but the basic 
shape seems to be constant. All the adsorption of N2 increases first, and then decreases with a 
maximum at ST1 due to more capillary condensation in the mesopores, which gives the larger 
surface area. Compared with the ST1, ST3 and ST5, the ST10 aerogels exhibit type-II 
adsorption isotherms and the ST10 sample has low adsorption and almost no hysteresis. 
Because higher TiO2 content may lead to the TiO2 agglomeration during sol–gel process, and 
these agglomeration will close some mesopores and cause the breakage between the SiO2 and 
TiO2 interface in local area, which is reflected in the lower surface area and lower pore volume. 
Generally the SiO2 aerogel possesses the potential to form a highly porous structure, giving 
large surface area and pore volume. While mixing TiO2 into SiO2 aerogel, the textural 
properties of the composite aerogels may change due to the interaction between them. The 
specific surface area of the aerogels slightly decreased, from 1210m2/g for the ST1 to about 
785m2/g for ST10. The pore volume of the composite aerogels changes slowly, decreasing 
from 1.219 cm3/g for ST1 to 0.898 cm3/g for ST10. The decreasing of the pore volume is due  
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Fig. 15. BET of SiO2 aerogels with different TiO2 content 

to the enhancement of the pore size in both the micropore and mesopore ranges due to the 
incorporation of TiO2 into the framework of SiO2. 

3.2 Microstructural and structural feature of SiO2-K2Ti6O13 whisker composite aeogels 
Figure.16 shows the microstructure of silica matrix aerogels composite observed by SEM. 
K2Ti6O13 whisker were dispersed within silica aerogel matrices and most K2Ti6O13 whisker 
were adhered to silica aerogels. When silica aerogel parts were magnified, 10–20nm sized 
pores and 10–30nmsized spherical solid clusters were known to be existed. TEM 
micrographs of the obtained aerogels are also presented in Figure.17. It can be observed that 
silica aerogels exhibit a sponge-like microstructure. The spherical SiO2 particles with a size 
of a few tens of nanometers form a three-dimensional network containing homogeneous 
pores (size in the range of 10–15 nm). 
Figure.18 shows the XRD patterns for KT-6 heat-treated at different temperatures. It could 
be seen that the aerogels were amorphous below 800◦C and only some negligible K2Ti6O13 
crystal peaks were found around 25.4◦. However, XRD patterns show halo in the range of 
20–22◦ corresponded to the characteristic peaks of silica crystalline and K2Ti6O13 up to 900◦C. 
It can be concluded that the phase transformation for silica aerogel might occur from 
amorphous phase to crystalline state above 800◦C. 
 

 

Fig. 16. SEM photographs of silica aerogel composite (left) and magnified silica aerogel part 
(right). 
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Fig. 17. TEM image of silica aerogel parts in SiO2- K2Ti6O13 system 
 

 

Fig. 18. XRD patterns of KT-6 according to various heat-treatment temperatures 

FTIR spectra of the prepared silica aerogel are indicated in Figure.19. The peaks at 3438 and 
1630cm−1 correspond to the O–H absorption band, which is caused by physically adsorbed 
water. The absorption peaks near 1091 and 460cm−1 are due to Si–O–Si vibrations, which 
will appear in any silica products. It is obvious that apart from Si–O–Si and O–H absorption 
peaks, the absorption peaks at 1395 and 825cm−1 correspond to Si–C bonding. The spectrum 
shows almost the same patterns, irrespective of the additive of K2Ti6O13 whisker. Even 
though the aerogels are chemically identical, there are differences in their physical 
properties, such as their transmittance, density and thermal stability. 
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Fig. 19. FT-IR spectra of composite silica aerogels according to various K2Ti6O13 whisker 
additive (a) KT2; (b) KT4; (c) KT6; and (d) KT8. 

4. Thermal properties of SiO2-based aerogels 

As the investigations described here are mainly performed in order to develop new thermal 
insulation materials for application at higher temperatures (mainly between 25 and 800oC), 
the aerogels were characterized with respect to their infrared transmittance in the 

wavelength range from 2.5 to 12μm. For larger wavelengths (>10μm) the transmittance of 

the SiO2 skeleton is in the range of ~65% (Figure. 20) and thus dominates the transmittance 
spectrum. As is evident in Figure.20, the infrared spectra of all of the samples demonstrate 
that with decreasing K2Ti6O13 additive there is a decrease in transmittance. This is caused by 
the increase in the scattering intensity according to the Rayleigh relation. For all different 
contents of K2Ti6O13 additive, the transmittances of the aerogels increased slowly with 

increasing wavelength ranging from 2 to 7μm. The transmittance of the prepared aerogel for 

KT-2 was about 50% at awavelength in the range of 4–7μm, while it was only 15% for the 
aerogel for KT-8. This difference seems to emanate from variations in the microstructure, 
such as the morphological change of the pores in the aerogel network structure. For a given 
density of silica, the microstructure, especially the secondary particle (cluster) content and 
size, play an important role in determining the transmittance of the silica aerogel(zhang 
et.al, 2009).On the other hand, most infrared wavelengths were blocked by the aerogels, 
regardless of the additive of K2Ti6O13 whisker, so that over 55–85% of the waves were 

interrupted at a wavelength of around 5–7μm. 
Previous studies (Wang et.al,1995) showed that the additive of TiO2 led to a strong increase 
of the specific extinction and thus decrease of the radiative thermal conductivity at high 
temperature. K2Ti6O13 whisker has a high-reflection index and negative temperature thermal 
conductivity (i.e., exhibiting a thermal conductivity of 0.089 and 0.017W/mK at 30 and 
800◦C, respectively) [Wang et.al,2005]. Thus more absorbing energy could be blocked, 
thereby resulting in a decrease in the transmittance with the increasing of additive of 
K2Ti6O13 whisker. 
Figure.21 shows the transmittance variation for the composite aerogels at different 
temperatures. It can be seen that the transmittance also changed according to the different 
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additives of K2Ti6O13 whisker. The composite aerogels heated to temperatures at 300◦C 

showed a transmittance of about ~35% for the near 3μm wavelength, whereas those heat-
treated at more than 400◦C blocked over 95% of the near the same waves. As is evident in 
Figure.21, the transmittance gradually decreased as the heat-treatment temperature was 
increased up to 600◦C. According to the FT-IR and TG/DTA results, the hydrophobic 
surface groups disappeared and the aerogel became hydrophilic at temperatures above 
320◦C. Thus, the adsorption and desorption of the hydrophobic functional groups seems to 
be responsible for the optical behavior of the aerogels. 
 

 

Fig. 20. Transmittance of the composite silica aerogels in the infrared light region. The 
aerogels were prepared with different K2Ti6O13 whisker additive (a) KT8; (b) KT6; (c) KT4; 
and (d) KT2. 

 

 

Fig. 21. Transmittance of the composite silica aerogels with KT6 additive heated at different 
temperatures (a) 100◦C; (b) 350◦C; (c) 500◦C; and (d) 600◦C. 
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TiO2 is another important opacifier to increase the thermal property for aerogels. As is 
evident in Figure.22, the infrared spectra of all of the samples demonstrate that with TiO2 
additive there is a decrease in transmittance. The optical properties measured here show 
that the transmittance of the pure SiO2 aerogel is relative high (about 60%) on the whole 
range of wavelengths. The transmittance of the prepared aerogel for ST1 was near to 50% at 

a wavelength in the range of 3–8μm, while it was below 40% for the aerogel for ST5 and ST8.  
Figure.23 shows the transmittance variation for pure silica aerogel and ST5 at 500oC. It can 
be seen that the pure aerogel even remains a high optical transmittance (exceeding 60%). 
Meanwhile the transmittance for ST5 was comparably decreased, especially ranging from 5 

to 8μm (i.e., far below 30%). It is clear that additive of TiO2 can greatly decrease the 
transmittance in room temperature as well as in high temperature. Previous reported 
literature also showed that the effective specific extinction increased with the amount of 
TiO2 (Zhang et.al, 2010), and thus the radiative thermal conductivity or the infrared 
transmittance is certainly reduced, which can also be described by Rayleigh scattering 
theory. Usually the resulted silica aerogels are transparent, and this is because the aerogel 
microstructure has a small scale compared to the wavelength of light. Their transparency 
plays an important role in high energy physics with charged particles, while their optical 
transparency should be reduced for thermal insulation application. 
 

 

Fig. 22. Transmittance of silica aerogels prepared with different TiO2 opacifier 

From above experimental analysis and discussion, it can be seen that transmittance of the 
prepared aerogels strongly depend on the opacifier content as well as the spectral 
wavelength. By contrast, the pure aerogels exhibits radiative properties which are 
remarkably stable, remaining high transmittance in the range of investigated wavelengths. 
Such a feature is characteristic of so-called transparent materials. Given its relatively higher 
transmittance, aerogel doped with TiO2 or K2Ti6O13 opacifier is a semi-transparent material 
with a low transmittance. 
The value of thermal conductivity of SiO2-based aerogels is listed in Table.3. For K2Ti6O13 
whisker addition, the total thermal conductivity decreased gradually with the increasing of 
K2Ti6O13 whisker, which is due to the very low thermal conductivity of K2Ti6O13 whisker.  
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Fig. 23. Transmittance of silica aerogels and ST5 at 500oC 

While for TiO2 addition, the thermal conductivity increased with the more content of TiO2 
addition. Because TiO2 could increase the total thermal conductivity at room temperature, 
however, this is might be reverse at higher temperature. 
 

Sample Bulk density (gcm-3) 
Pore size 

(nm) 
Thermal conductivity 

(Wm-1K-1) 

SiO2 aerogels 1250 26.3 0.060 

KT2 843 27.6 0.057 

KT4 741 27.9 0.055 

KT6 688 27.7 0.054 

KT8 694 29.5 0.051 

ST1 1210 30.28 0.061 

ST3 1026 38.42 0.063 

ST5 1089 38.20 0.065 

ST10 785 45.73 0.072 

Table 3. Thermal conductivity of SiO2-based aeorgels 

5. Summary and future perspectives 

Aerogels have a wide variety of exceptional properties, hence a striking number of 
applications have developed for them. Many of the commercial applications of aerogels 
such as catalysts, thermal insulation, windows, and particle detectors are under 
development and new applications have been developed, but little in the way of actual use 
has resulted(Soleimani Dorcheh & Abbasi,2008;). However, monolithic silica aerogel has 
been used extensively in high energy physics in Cherenkov radiation detectors. Other 
application of silica aerogels are: shock wave studies at high pressures, inertial confinement 
fusion (ICF), radioluminescent devices and micrometeorites (Barbieri et.al, 2001; Beck et.al, 
1989;Bhagat, et.al, 2006; Bhagat, et.al, 2007;Bisson,et al,2004). 
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Property Features Application 

Thermal 
conductivity 

• Best insulating solid 

• Transparent 

• High temperature 

• Lightweight 

• Architectural and appliance 
insulation, transport vehicles, pipes 

• Space vehicles and probes, casting 
molds 

Density 
/porosity 

• Lightest synthetic 
solid 

• Homogeneous 

• High specific surface 
area 

• Catalysts, sorbers, sensors fuel 
storage, ion exchange 

• Targets for ICF, X-ray lasers 

Optical 

• Low refractive index 
solid 

• Transparent 

• Multiple 
compositions 

• Cherenkov detectors, lightweight 
optics, lightguides, special effect 
optics 

Acoustic 
• Lowest sound speed • Impedance matchers for 

transducers, range finders, speaker 

Electrical 

• Lowest dielectric 
constant 

• High dielectric 
strength 

• High surface area 

• Dielectrics for ICs, spacers for 
vacuum electrodes, vacuum display 
spacers, capacitors 

Table 4. Property, features and application of aerogels 

It is interesting to compare the various exceptional properties and features of aerogels with 
their real or prospective applications. This gives an idea of the tremendous variety of 
aerogel applications and hints at the impact that these materials will have as we view their  
future uses. Table 3 lists some possible applications, both general and specific, which result 

from particular properties of the aerogels. 

Although there are many challenging problems to be solved before the application of 
aerogels, it has verified that aerogels as a class of materials, have already demonstrated an 
incredible versatility of applications; probably having no comparable competitor in recent 
years. It can be said that the full impact of these materials for public use is yet to come. It is 
doubtful that it will happen until the cost of producing these materials is reduced and the 
price becomes competitive with other polymer materials. While this may still be a few years 
away, the authors believe that the common use and availability of aerogels is inevitable.  

6. Conclusion 

This chapter provides a comprehensive introduction of the synthesis, structure, thermal 

properties and characterization of silica aeorgels. Aerogels show great promise for use in 

variety of technological areas where special structure and physical properties are required. 

Substantial progress has been made in the development, processing and characterization of 

areogel materials over the recent years. Special attention has been paid to the use of 

inexpensive precursors and the drying technology to make the production commercial. 

www.intechopen.com



Synthesis, Structural and Thermal Properties of Nano-porous SiO2-based Aerogels 

 

59 

Silica aerogel synthesis with various materials and process conditions and also the 

properties and method determination are reviewed and supplied in this chapter.  
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