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Abstract. Transparent super-hydrophobic monolithic silica aerogels are prepared by the cost-effective ambient pressure
drying. The drying of aerogel is performed at various temperatures ranging from 25 to 200°C. Oxidation states of different
silica aerogels are investigated by XPS which shows the presence of both SiO and SiO2 phases. Thermal stability of
hydrophobic aerogel is found as *320°C investigated by TGA and DSC. The chemical bonds (i.e., –CH3) responsible for
the hydrophobic (WCA [ 170°) nature of synthesized silica aerogels are identified by FTIR. Further, out-gassing
properties of the silica aerogels have been investigated and they are found in limit for the space application. The highest
hardness and Young’s modulus are measured by the nanoindentation technique for the aerogel dried at 120°C which has
higher density, while density decreases for the aerogel dried at 200°C and the corresponding nanomechanical properties
are found to be lowest as expected.
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Introduction

Silica aerogels are novel highly porous materials with
ultra-low density (e.g., *0.1 g cm-3), large surface area
(e.g., *700 m2 g-1) and very low thermal conductivity (e.g.,
*0.02 W m-1 K-1) [1–4]. Therefore, it finds applications in
super thermal insulators in space application, waste water
treatment, catalytic supports, adsorbents, drug delivery and
in many other areas of technological importance [5–13].
The silica aerogel is synthesized by the well-known sol–
gel process [14]. Several precursors, such as tetraethyl
orthosilicate (TEOS), tetramethyl orthosilicate (TMOS) and
sodium silicate (SS) have been reported to be used in
development of silica aerogel [2,3,9]. Though, SS is easily
available and cost-effective material, but requires repetitive
washing during the synthesis process to remove corresponding salt, hence, the total process becomes timeconsuming [14,15]. On the other hand, TMOS is identified
as toxic compound and the fumes may cause severe illness
[16]. In the sol–gel process, first silica gel is obtained by
condensation/hydrolysis. TEOS is reported to be

comparatively safer. Then, silica gel is subsequently dried to
obtain the aerogel [1,3,17]. Drying process extracts out the
solvent present in the pores of the gel. This process leads to
the formation of a porous network. Thus, the porous silica
aerogel is synthesized. Compared to other methods, such as
critical point drying and freeze drying [18,19] which involve
high pressures and/or extreme temperatures [15], ambient
pressure drying (APD) is adopted in this work because it is
simple. But collapse of the pores during drying may lead to
fragility during APD. To overcome this problem, usually
chemical modification of silica surface needs to be done prior
to APD.
In the present work, super-hydrophobic transparent silica
aerogels are developed using TEOS precursor by a two-step
method [20] followed by APD. It is found that drying temperature plays an important role in determining the properties
of synthesized monolithic silica aerogels. Thus, the pore
characteristics, structural analysis, thermal stability, outgassing and nanomechanical properties of super-hydrophobic
transparent silica aerogels are presented in the current work.
The results appear to have important bearing on a wide variety
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Figure 1.

2.1
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Flow chart for synthesis of silica aerogel.

of current and future applications e.g., thermal insulators,
structural components, transparent windows, etc. Present
aerogel may be suitable also for spacecraft application.
2.
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Materials and methods
Chemicals and precursors

All the chemicals and solvents used in the current work
were of analytical reagent (AR) grade. These were

purchased from Merck, Germany. Further, all the chemicals
and solvents were used in as-received conditions i.e.,
without any further purification. TEOS was used as the
precursor for silica. Deionized water ([18 MX cm, Millipore, USA) was used as reactant. The solvents used were
methanol, ethanol and n-hexane. The chemical reaction was
accelerated by the catalysts e.g., ammonium fluoride
(NH4F) and ammonium hydroxide (NH4OH, C35%). The
surface modification was carried out by hexamethyldisilazane (HMDZ).
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Figure 2. Typical photographs of transparent silica aerogel
developed presently.

2.2

Synthesis of aerogel

A two-step sol–gel process, as shown schematically in
figure 1, was employed for the synthesis of silica sol. In the first
step, TEOS was diluted using ethanol. Then, hydrolysis of
diluted TEOS was carried out by adding NH4F as acidic catalyst. The molar ratio of TEOS:H2O was kept constant at 4. In
the second step, NH4OH was added to the hydrolysis solution
as basic catalyst. It was done to start the condensation reaction
in the hydrolysed sol. The gel formation takes place within 1 h.
After gelation, ageing was performed by immersing the gel in
ethanol for 48 h to strengthen the network. Later, ageing solvent present in the pores of gel was exchanged with n-hexane in
multiple cycles. After solvent exchange, the silylation was
carried out by soaking the alcogel for a period of 24 h in
n-hexane containing 10% HMDZ. Following a soak period of
24 h, the alcogels were removed from the soaking mixture.
Then, the silylated gels were washed by immersing in hexane
for a period of 24 h. In the final step, drying operation was
performed to remove the solvent present in the pores of the
alcogel. This was done by the low-cost ambient pressure drying
method. In this process, the aerogel samples were dried to two
different drying temperatures, e.g., 120 and 200°C. Another
aerogel sample was kept at room temperature (RT) i.e.,
*25°C. The dried hydrophobic transparent silica aerogels
were used for characterization studies. Typical optical photographs of the synthesized silica aerogels exhibiting the
transparency aspect are shown in figure 2.

2.3

Characterizations

The apparent densities of the aerogels were evaluated as
a ratio of corresponding mass by volume. The
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microstructural characterizations and elemental analysis of
the aerogels were performed using field emission scanning electron microscopy (FESEM, Supra VP40 Carl
Zeiss, Germany) technique and energy-dispersive X-ray
spectroscopy (EDAX, Oxford, UK) facility attached to
the same FESEM. The oxidation states of the aerogels were
examined by X-ray photoelectron spectroscopy (XPS) analysis (SPECS GmbH, Berlin, Germany) with non-monochromatic AlKa radiation (1486.6 eV) as an X-ray source. The
chemical bonds of the aerogels were studied by Fourier
transform infrared (FTIR, Perkin Elmer, USA) spectroscopy.
The super-hydrophobic characteristic of the aerogels was
studied by the semi-automated dynamic water contact angle
(WCA) measurement method. A conventional machine
(Acam-D2, Apex Instruments Co. Pvt. Ltd., Kolkata, India)
was used for this purpose. Accordingly, the automated
water dispensing module was set for 10 ll water droplet.
The thermal stability of the aerogels was investigated by
thermogravimetric analysis (TGA, Q500, TA Instruments,
USA) and differential scanning calorimetry (DSC, Q100,
TA Instruments, USA). The out-gassing test of the aerogels
was conducted according to ASTM E595–93 (ECSS-Q-ST70-02C) standard. Thus, it required heating the aerogels
under a relatively high vacuum of 5 9 10-5 Torr at 125°C
in a twin VCM chamber (Balzers, Germany). The
nanomechanical characterization was carried out at a low
load of 10 mN by using a commercial nanoindenter (Fischerscope H100-XYp, Fischer, Switzerland). The
nanohardness (H) and Young’s modulus (E) of the aerogels
were evaluated from the experimentally derived load (P) vs.
depth of penetration (h) plots using the well-known Oliver–
Pharr method [21]. The loading/unloading time was kept
constant at 30 s. To avoid any rate effect, the unloading
time was kept the same as the loading time. At least 10
indentations were done in a linear array. The data were
represented as the average values of H and E derived from
the 10 individual nanoindentation experiments. The error
bars represent ±1 standard deviation.

3.
3.1

Results and discussion
Microstructural analysis

FESEM photomicrographs of the aerogels dried at RT, 120
and 200°C are shown in figure 3a, b and c, respectively. The
corresponding EDAX data are shown as insets of figure 3a,
b and c, respectively. As expected, microstructures of all the
samples are porous. No major microstructural difference is
observed for the aerogel samples. The open, porous network
structure is because of surface modification by HMDZ. The
Si-CH3 groups present at the surface reduce capillary stress
and result in the formation of porous network [22,23]. The
EDAX data confirm the significant presence of Si and O in
all the aerogels, as expected.
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Figure 3.
data).

3.2

Bull Mater Sci

(2020) 43:287

FESEM micrographs of transparent silica aerogel dried at (a) RT, (b) 120 and (c) 200°C (insets: corresponding EDAX

XPS analysis

XPS survey spectra of the aerogels dried at RT is shown in
figure 4a. XPS survey spectra of the aerogels dried at 120
and 200°C are shown in figure 4b and c, respectively. The
data from the survey spectra show the expected presence of
carbon, oxygen and silicon. The characteristic C1s peak
observed at 285 eV in figure 4a–c is due to the carbon
atoms present in the –CH3 groups used for the modification
of the silica surface during processing [24]. The core level
XPS spectrum of Si2p of the aerogels dried at RT is shown
in figure 5a. The core level XPS spectra of Si2p of the
aerogels dried at 120 and 200°C are shown in figure 5b and
c, respectively. The Si2p peaks at 102 and 103 eV correspond to the presence of SiO and SiO2, respectively
[25–27].

3.3

FTIR amd WCA studies

FTIR spectra of the aerogels dried at RT, 120 and 200°C
are shown in figure 6a. For these samples, the detailed
FTIR spectra covering the wavenumber range of about
650–1400 cm-1 are given in figure 6b. Further exploded
view of the FTIR spectra for these samples in the
wavenumber range of *2900–3500 cm-1 are shown in
figure 6c. The absorption peaks at *1082, 740 and
456 cm-1 (figure 6b) are linked respectively, to Si–O–Si
asymmetric stretching vibrations, symmetric stretching
and deformation vibrations [28,29]. The absorption peaks
at near 2962 cm-1 are attributed to stretching vibrations
of the terminal –CH3 groups. Further, the peaks at 1256,
843 and 750 cm-1 are due to the symmetric deformation
vibration and stretching vibration of Si–C bonds [24].
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XPS survey spectra of transparent silica aerogel dried at (a) RT, (b) 120 and (c) 200°C.

This fact confirms the presence of hydrophobic groups
(Si–CH3) in the present transparent silica aerogel. Due to
the presence of the hydrophobic groups (Si–CH3), the
current aerogels exhibit the hydrophobic behaviour. Further, for the silica aerogel dried at 200°C, the increase in
peak intensity of the band at 1082 cm-1 is due to the
complete formation of Si–O–Si bonds.
There are major differences in peak intensities at 2963
and 1082 cm-1 for the aerogels dried at different temperatures (figure 6c). Increase in the peak intensity of the band
at 2963 cm-1 for the silica aerogel dried at 200°C, shows
the formation of more CH3 groups at the surface. These
CH3 groups present at the surface in the silica aerogel dried
at 200°C contribute significantly to its hydrophobicity. The
optical photograph of WCA measurement of the aerogels
dried at RT is shown in figure 7a. For the aerogels dried at
120 and 200°C, the optical photographs of the WCA
measurements are shown in figure 7b and c, respectively.
These data further confirm the super-hydrophobic nature of
all the silica aerogels developed in the current work.
However, among all the three of them, the aerogels dried at
200°C is the most hydrophobic (i.e., WCA[170°) as shown
in figure 7c. This evidence corroborates satisfactorily with
the results presented above in figure 6c from the FTIR
spectroscopic studies.

3.4

Thermal stability studies

TGA data of the aerogels dried at RT, 120 and 200°C are
shown in figure 8a. The corresponding DSC data of the
aerogels dried at RT, 120 and 200°C are shown in figure 8b.
From the TGA plots presented in figure 8a, a negligible
weight loss (e.g.,\1%) is noted to occur at around 100°C. It
happens due to the removal of moisture and adsorbed water
from the system. The data plotted in figure 8a also confirm
that all silica aerogels are thermally stable up to *320°C.
Further, DSC data plots (figure 8b) confirm the presence of
exothermic peaks in all silica aerogel samples at *320°C.
It happens due to the oxidation of organic groups and the
Si–CH3 bonds [30]. Thus, the synthesized transparent
aerogels would be hydrophobic up to a temperature of
*320°C. Beyond this temperature, the aerogels may
become hydrophilic due to oxidation of methyl group
attached to the silica surface [30].

3.5

Out-gassing properties

Our main aim of the present work regarding development of
transparent aerogels, are feasibility study towards the space
application. In this context, the developed silica aerogels
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XPS spectra of Si2p core levels of transparent silica aerogel dried at (a) RT, (b) 120 and (c) 200°C.

should satisfy the stringent requirements as per
recommendation of space agencies. Low out-gassing
behaviour is one of the important characteristics which need
to be addressed before proposing materials for space
applications. In general, out-gassing test measures the
amount of slow release of gases and volatile elements from
the test coupons/components in simulated space environment. According to the amount of released gases/volatile
elements, various properties can be quantified, such as total
mass loss (TML), collected volatile condensable materials
(CVCM), water vapour regained (WVR) and recovered
mass loss (RML). Among them, CVCM is the most
important which measures the quantity of volatile materials
that are possible to get condensed and may deposit on the
nearby other sub-systems or payload’s or surfaces. Further,
this may cause for altering the thermo-optical and electrical
properties of the host surface. Thus, a material with high
CVCM is strictly not recommended in spacecraft
application.
Out-gassing values of the transparent silica aerogels
developed in the present work are presented in table 1.
It is observed that TML and WVR for transparent
aerogel samples dried at RT and 120°C, are marginally

beyond the limit (i.e., \1%) specified for space
applications [31,32]. Slightly higher out-gassing values
are due to the presence of organic solvents and physically adsorbed waters in these silica aerogels dried at
RT and 120°C. However, volatile materials present in all
the current silica aerogels are less condensable. CVCM
and RML of all the silica aerogels are well within the
space qualification limit of (table 1) which are most
important characteristics among other out-gassing properties parameters. But, since the TML and WVR values
for the transparent aerogels dried at RT and 120°C are
beyond the specified limit of \1%, these materials are
suitable for space applications with caution especially
the applications near to the optical elements and any
other critical payload surfaces. However, the same may
be allowed to be used in non-critical place or in
enclosed format. The transparent aerogels dried at 200°C
show the excellent out-gassing properties as the values
of TML, RML, WVR and CVCM are well within the
specified limit [31,32], hence, suitable for use in
spacecraft application. Further, out-gassing values of the
present developed aerogel is similar to the literature
reported in this regard [33].

Bull Mater Sci

3.6

(2020) 43:287

Page 7 of 9

287

Figure 6.
regions.

FTIR spectra of transparent silica aerogel: (a) full spectra, magnified at (b) Si–O–Si and (c) –CH3 peak

Figure 7.

Photographs of WCA measurement of transparent silica aerogel dried at (a) RT, (b) 120 and (c) 200°C.

Nanomechanical properties

The P–h plots for samples dried at RT, 120 and 200°C is
shown in figure 9a. The variations in H and E data as a
function of relative density are shown in figure 9b. The
aerogel samples dried at 200°C shows lowest mechanical
properties which are believed to be due to lower density. On
the other hand, the aerogel dried at 120°C shows significant
improvement in density and hence, possesses superior
H and E (figure 9b). Further, nanomechanical properties of

aerogel dried at 120°C is slightly higher than those of the
aerogel dried at RT.

4.

Conclusions

Super-hydrophobic transparent silica aerogels are synthesized in the present work by a cost-effective ambient
pressure drying method. The results show that the properties
of aerogels are greatly influenced by the drying
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Figure 8.
Table 1.
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(a) TGA and (b) DSC plots of transparent silica aerogels at different drying temperatures.

Out-gassing values of transparent silica aerogel.

Sample
Aerogel-RT
Aerogel-120
Aerogel-200

TML
(\1%)*

CVCM
(\0.1%)*

WVR
(\1%)*

RML
(\1%)*

2.020
1.913
0.508

0.006
0.007
0.008

1.751
1.688
0.068

0.269
0.224
0.440

*Limit for space qualification as per ISRO norms.

Figure 9. (a) Load vs. depth plots and (b) variations of nanohardness and Young’s modulus as a function of density
of transparent silica aerogels at different drying temperatures.

temperatures. The TGA–DSC analysis shows that due to
oxidation of Si–CH3 to Si–OH groups at around 320°C, the
silica aerogels transform from hydrophobic to hydrophilic
at about the same temperature. Transparent aerogels dried at
200°C possess super hydrophobicity (i.e., WCA[170°) and
excellent out-gassing properties which will confirm its

feasibility to exploit in spacecraft application though it
shows comparatively inferior mechanical properties (due to
higher porosity). Whereas, aerogels dried at RT and 120°
shows superior mechanical behaviour (due to lower porosity) and satisfactory CVCM and RML values, but other outgassing properties are marginally beyond the specified limit
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which would cause restricted uses of them in spacecraft
applications.
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