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Microstructural characterization of silica aerogels 
using scanning electron microscopy 
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In this paper the experimental results of microstructural characterization of silica aerogels 
using scanning electron microscopy (SEM) are reported. In order to understand the reasons 
for shrinkage, opacity and cracking of the aerogels, detailed SEM observations have been 
made on the aerogels prepared using various molar ratios of precursors, catalysts and 
solvents; gel ageing periods and supercritical drying conditions. It has been observed that 
strong acidic catalysed gels resulted in smaller pore and particle sizes, and hence more 
transparent but readily cracked aerogels; whereas weak-basic catalysed gels gave larger 
pore and particle sizes, and hence slightly less transparent and monolithic aerogels. 
Microstructures of very low density (0.05 gm cm -3) gels indicate that the gels form a highly 
crosslinked polymer network and, then, the spherical particles form on the network at higher 
aerogel densities. Gel ageing resulted in neck growth between SiO2 particles. Precise control 
of pore and particle sizes using sol-gel parameters have been found to be necessary in order 
to obtain highly transparent and monolithic silica aerogels. In addition, autoclave heating 
and solvent evacuation rates of around 25~ and 4 cm 3min-1, respectively, resulted in 
the best quality silica aerogels in terms of monolithicity and transparency. 

1. Introduction 
Since the early 1970s there has been great interest in 
silica aerogels because they are extremely porous and 
transparent materials (in the visible range) consisting 
of > 95% air and < 5% silicon dioxide. Due to their 
high porosity (up to 99.8%) El] and very large inner 
surface area (1600 m2gm -~) [2], they are used as 
catalyst supports [3-6], membranes, fillers and rein- 
forcement agents [7], filters for purification of pol- 
luted air and water [-8, 9] gellifying agents [4], con- 
tainers for micrometeorite particles in space [10] and 
liquid rocket propellents [4]. They are being tested, in 
place of chlorofluorocarbon (CFC) blown poly- 
urethane foam, for superthermal insulation in solar 
ponds and cookers, double glazing E11], refrigerators 
and thermos flasks [12]. Owing to their very low 
refractive indices [-1.01 to 1.1], they are extensively 
used as Cerenkov radiation detectors in nuclear reac- 
tors and high energy physics [,13-15]. Since the velo- 
city of sound in silica aerogel is around 100 m s -1, 
they are used as acoustic impedence devices [16]. 
However, one of the most important and recent ap- 
plications of silica aerogels is the use of these materials 
as inertial confinement fusion (ICF) targets in ther- 
monuclear fusion reactions [,17-19]. Recently, silica 
aerogels have been used as highly efficient 
radioluminescent light and power sources in place of 
fragile vacuum systems [20]. 

Silica aerogels were first produced by Kistler [21] 
by mixing sodium metasilicate of 1.15 specific gravity 
and 99.9999% hydrochloric acid followed by water 
rinsing, alcohol substitution and supercritical drying. 
However, Kistler's method is very tedious and takes 
several weeks, and therefore Nicolaon and Teichner 
[-22] developed a versatile process using alkoxide pre- 
cursors to prepare silica aerogels within a few hours. 
Since then, silica aerogels have been studied for vari- 
ous scientific and industrial applications [23]. 

Recently, detailed studies have been reported on the 
preparation and characterization of silica aerogels 
[24-26]. However, it has been observed that even 
though supercritical drying eliminates the capillary 
forces that cause fracture of the aerogels, the aerogels 
still shrink and crack frequently in the autoclave. 
This is due to the fact that there are several interde- 
pendent sol-gel and supercritical drying parameters 
involved during the preparation of silica aerogels. 
Generally, cracks in the aerogels start from micro- 
cracks in the alcogels. According to the pioneering 
work of Scherer [27] on crack propagation in 
silica aerogels, the cracking depends on the per- 
meability and solvent flow properties, which in turn 
depend mainly on pore and particle sizes and shapes 
and their distributions. Therefore, in order to under- 
stand the reasons for shrinkage, cracking and opacity 
of the aerogels, one has to take up systematic 
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microstructural investigations of silica aerogels using 
scanning electron microscopy (SEM). Although 
microstructural studies of aerogels using SEM have 
been reported briefly in [28-32], there are no reports 
on the influence of sol-gel and drying parameters on 
SEM microstructures. Hence, the present paper re- 
ports the results on the SEM studies of the aerogels 
prepared under various sol-gel and drying conditions. 

2. Experimental procedure 
Silica alcogels (the dispersed phase is an SiO2 skeleton 
and the dispersing medium is alcohol) were produced 
by hydrolysis and polycondensation of solvent [meth- 
anol (MeOH) or ethanol (EtOH)] diluted tetraal- 
koxysilane [tetramethoxysilane (TMOS) or tet- 
raethoxysilane (TEOS)] in the presence of a basic 
(NH4OH) or acidic (HC1) catalyst. The chemicals used 
in the present work were of'Pursis' grade from Fluka 
Co. (Switzerland). Triple distilled water was used for 
making catalysts of different concentrations and for 
hydrolysis reactions. The pH values of the sols were 
varied from one to ten by varying the concentrations 
of the catalysts. The silanes were diluted with their 
respective parent alcohols in order to avoid trans- 
esterification [25]. All the solutions (silane, solvent, 
water and catalyst) were mixed in a 250 ml pyrex 
beaker and the resulting sols were immediately trans- 
ferred to pyrex test tubes of 18 mm outer diameter and 
180 mm height, and closed air tight. After gelation, the 
resulting alcogels were covered with their respective 
solvents in order to prevent shrinkage and cracking of 
the alcogels. The gelation took place at a constant 
temperature of 25 ~ unless otherwise specified. All 
the alcogels were supercritically dried in an autoclave 
as per the procedures described in [24, 25]. 

In order to obtain the best quality aerogels in terms 
of transparency, homogeneity and monolithicity, five 
sets of experiments were performed in which the 
sol-gel parameters: molar ratios of precursors (TMOS 
and TEOS), catalysts, solvents, alcogel ageing periods 
and supercritical drying conditions, were varied. With 
a view to understanding the reasons for shrinkage, 
opacity and cracking of the aerogels, microstructural 
observations were made of the aerogel samples by 
SEM with a Cambridge 250 MK3 scanning electron 
microscope. Aerogel samples were carefully cut into 
3 x 3 x 2 mm 3 at atmospheric pressure in a dustproof 
clean chamber. Then the samples were coated with 
gold containing 20% palladium, at a pressure of 
1.333 Pa, in order to avoid electric charge during the 
SEM observations. Other coating procedures (Pt-C 
coating and osmium-impregnation followed by Pt 
coating) have been used also and the SEM microstruc- 
tures are very similar to those of Au-Pd coating. It has 
been found that the reproducibility of the results 
mainly depends on obtaining the reproducible aerogel 
samples under various sol-gel and supercritical dry- 
ing conditions. The authors have observed that the 
reproducibility of the aerogels is greater than 90%. In 
the present work, four different samples, prepared 
under each identical condition, have been examined 
and the results have been found to be very similar. 
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Figure 1 SEM photographs of silica aerogels prepared using 
(a) acidic (HC1) and (b) basic (NH4OH) catalysed alcogels. 

3. Results and discussion 
In order to know the effect of acidic and basic cata- 
lysts on the microstructures of silica aerogels, alcogels 
were prepared by keeping the molar ratio of 
TMOS : MeOH : H20 constant at 1 : 8 : 4, respectively, 
with a catalyst concentration of 0.2 N (1.4%). Sols 
containing acidic catalysts resulted in transparent, but 
cracked, aerogels. On the other hand, monolithic and 
transparent aerogels were obtained using basic cata- 
lysts. Fig. la and b shows SEM microstructures of 
silica aerogels using acidic (HC1, pH = 2) and basic 
(NH4OH, pH = 6.5) catalysts, respectively. Here, it is 
interesting to note that the pH values for both the 
acidic and basic sols are on the acidic side only. This is 
due to the fact that the pH values of TMOS and 
MeOH are on the acidic side (pHi4)  and hence the 
pH of even 0.2 N (1.4%) NH4OH incorporated sol has 
a value of 6.5. It is clear from Fig. la that the acid 
catalysed gel has smaller particles of non-uniform 
shape and polydispersed pores. It is known that HC1 
accelerates hydrolysis and retards condensation [33], 
leading to shrinkage and hence high bulk density with 
fine particles and polydispersed pores [34, 35]. On the 
other hand, an NHgOH catalyst gives almost mono- 
dispersed well defined spherical particles and clusters 
of particles with large size pores. It is known that 
NH4OH limits hydrolysis, accelerates condensation 
[33], and produces low bulk density with large pores 
and particles [34]. SEM observations (Fig. lb) indi- 
cate that, under the present operating conditions, 



SiO2 skeletons seem to be formed from particulate 
clusters as reported in [36]. These results can also be 
explained by considering syneresis strain and per- 
meability of gels. 

Scherer [27] observed that the syneresis strain, 
(as) decreases and permeability, D, increases, i.e. 
stress decreases, as the gel pH increases from acidic to 
basic. From the authors' experimental results, the 
limit to basic pH was put at around eight; at pH > 8 
the gels cracked. In addition, the D values depend on 
the pore size, r, according to the Carman-Kozeny 
equation [373 

D = (1 -- p) rh/fsfT 

where 9 is the relative density of the drained bulk 
network, i.e. aerogel bulk density; r h is the hydraulic 
radius (defined as rh = Vv/S p, where Vp and S v are the 
volume and surface area of the pores, respectively); 
f~ andfT are factors inserted for the non-circular cross- 
section and non-linear path of the pores in a real 
material. The Carman-Kozeny equation was de- 
veloped for granular materials, but it describes flow 
through networks and fractals also [38]. Scherer and 
Swaitek [39] concluded that the permeability of silica 
gel is strongly dependent on the microstructure, with 
the coarser base catalysed gel having a permeability 
ten times greater than the acid catalysed gel. This 
clearly indicates that cracking of the aerogels strongly 
depends on the shape and size of the pores of the gel. 

It has been found that at constant molar ratios of 
MeOH :TMOS (A) and 'H20 : TMOS (B) of eight and 
four, respectively, with an alcogel ageing period of 
eight days, the transparency of the aerogels increases 
with an increase of NH4OH:TMOS molar ratio, C; 
but at the same time the cracking of the aerogels also 
increases. It is clearly seen from the SEM observations 
shown in Fig. 2a and b that the higher ( > 5 x 10 -2) 
C values result in smaller pore and particle sizes; 
whereas lower ( < 6 x 10-3) C values give larger pore 
and particle sizes. These observations can be ex- 
plained by the fact that at higher C values the aerogels 
form smaller sized nanoparticles, leading to greater 
transparency and more cracks. Also, it has been found 
that at higher C values, the condensation rates are 
much greater, which leads to faster gelation and hence 
larger nucleation rates resulting in smaller particles. 
Prassas et al. [40J have also obtained cracked aerogels 
at higher catalyst (NH4OH) concentrations. These 
authors have attributed cracks to the fast condensa- 
tion of the sol. Pekala E41] has observed greater 
shrinkage at higher catalyst concentrations in the case 
of organic aerogels, and interpreted the SEM micro- 
structural results in terms of pore size distribution and 
chemical linking of sol particles. In the present experi- 
ments, the optimum C values for obtaining monolithic 
and transparent aerogels have been found to be be- 
tween 6 x 10 - 3  t o  5 x 10 - 2  N. 

The effect of MeOH : TMOS molar ratio, A, on the 
aerogel microstructures has been studied by fixing the 
molar ratios of H20 : TMOS and NH4OH : TMOS at 
4 and 8 x l0 -3, respectively. It has been found that as 
the A value increases, excess MeOH separates the 
molecular species formed and hinders the progress of 

Figure 2 SEM microstructures of silica aerogels obtained using two 
different N H 4 O H : T M O S  molar ratios: (a) 4 x 10-1 and 
(b) 5 x 10 -3. 

crosslinkage of the siloxane chains leading to the sep- 
aration of SiO2 clusters in the sol. This process leads 
to a decrease in condensation reactions and hinders 
the formation and growth of the gel network particles, 
resulting in smaller particles and larger pore sizes. 
Fig. 3a and b shows the SEM microstructures of aero- 
gels obtained at lower (six) and higher (18) A values, 
respectively. The highly crosslinked polymer network, 
with interconnected particles of diameters varying 
from 50 to 100 nm similar to several chains formed 
with interconnected beads, is shown for low density 
(0.05gmcm -a) aerogels, in Fig. 3b. On the other 
hand, high density ( > 0.1 gm cm-3) aerogels (Fig. 3a) 
show a continuous arrangement of particles resulting 
in an interconnected band structure which is similar to 
the structures reported in [29,42]. The particles are 
more or less loosely bound in a three-dimensional 
network. From the SEM micrographs, it can be deter- 
mined that the smallest particle sizes are less than 
50 nm. A variation of particle sizes can also be ob- 
served in the SEM micrographs. 

The aerogels prepared using the combination of pre- 
cursor (TMOS): solvent (MeOH):catalyst (NH4OH) 
in the molar ratio of 1 :5 :4 :1  x 10 -2 , respectively, 
were aged for various periods ranging fi'om 20 rain to 
40 days. It has been found that as the gel ageing 
increases, monolithicity of the aerogels also increases. 
Immediately after the alcogel sets, the size of the 
particles, and also the contact area between the par- 
ticles, is rather small. Fig. 4a and b shows the SEM 
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Figure 3 SEM pictures of silica aerogels produced using two differ- 
ent MeOH:TMOS molar ratios: (a) six, and (b) 18. 

Figure 4 SEM micrographs of silica aerogels aged for (a) two days, 
and (b) 20 days. 

micrographs of the TMOS aerogels produced with 
two and 20 days gel ageing periods, respectively. The 
gels aged for less than five days resulted in multiple 
cracked aerogels, whereas monolithic aerogels were 
obtained with the alcogels aged for more than five 
days. This is due to the fact that as gel ageing increases 
neck growth occurs between the particles, which 
makes the alcogel more resistant to drying stresses. 
The isolated particles for two day aged gels and the 
neck growth between the particles for 20 day aged gels 
are clearly seen in Fig. 4a and b. 

The autoclave heating rates and the solvent evacu- 
ation rates were varied from 8 to 200~ -1 to 
0.4-10 ml min-1, respectively. It has been found that 
the lower and higher heating ( <  15~ -1 and 
> 60 ~ h -  1) and evacuation ( < 2 mlmin-  ~ and 
> 7 ml min-  1) rates resulted in cracked and shrunken 

(10-15 vol. %) aerogels; whereas monolithic aerogels 
were obtained for intermediate values. Fig. 5a-c 
shows the SEM micrographs for higher ( > 60 ~ h -  1 
and 8mlmin-~),  medium (20-30~ and 
4 mlmin -1) and lower ( < 15~ -1 and 2 mlmin -1) 
heating and solvent evacuation rates, respectively. The 
SEM results reveal that the particle sizes are larger 
and they are almost uniformly distributed at medium 
heating and solvent evacuation rates than at lower 
and higher rates. Moreover, the uniform packing den- 
sity of the particles results in more rigidity and thereby 
strengthening of the gel network, leading to mono- 
lithic aerogels. 
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As the alcogel heats in the autoclave, stresses are 
created in the gel because of differences in the thermal 
expansion coefficient between the solid gel network 
and the liquid in the pores of the gel [43]. The thermal 
expansion coefficient of the liquid is much higher than 
that of the gel network. The expansion creates a pres- 
sure gradient throughout the gel, because the liquid at 
the open end of the gel can readily establish equilib- 
rium while the liquid at the closed end of the cylinder 
is not free to exit. Due to a pressure gradient, the 
liquid can flow from the surface of the gel, and this flux 
partially offsets increasing pressure created by the 
raising temperature, but the flux is limited by the 
permeability of the gel [44J. 

According to Darcy's law [37], the flux of liquid, J, 
is proportional to the pressure gradient, VP, in the 
liquid 

D 
J = - - V P  

rh 

where D is the permeability, Th is the visocosity of the 
pore liquid and P is the pressure in the pore liquid. 

At higher heating rates ( > 60 ~ h -  1), the increase 
in pressure gradient can produce significant stresses 
which result in cracking and fi'acture of the aerogcls. 
On the other hand, at very low heating rates 
( < 15 ~ C h -  1), even though the pressure gradient de- 
creases and the expanding liquid escapes from the gel, 
at the same time true expansion of the gel network 
results in stresses and hence cracks in the aerogels 



Figure 6 SEM photographs of silica aerogels prepared by 
(a) TEOS precursor (with HCI catalyst), and (b) TMOS precursor 
(with NH~OH catalyst). 

Figure 5 SEM microstructures of silica aerogels obtained for differ- 
ent heating and evacuation rates: (a) 60~  -~ and 8mlmin  ~, 
(b) 30~  -1 and 4mlmin  -1, and (c) 15~ -1 and 2 m l m i n  -1. 

because of differences in the thermal expansion coeffi- 
cients of test tubes made of pyrex (low expansion) and 
the gels (pure silica, which has a high expansion). 

In addition to the thermal stresses produced in the 
aerogels, the micrograph (Fig. 5c) seems to suggest 
that there is a greater ageing effect in the very slowly 
heated/evacuated gel. However, at moderate heating 
rates between 20 and 30 ~ h- 1, monolithic and trans- 
parent aerogels have been obtained. This may be due 
to the fact that at these heating rates the stresses due 
to both the pressure gradients in the gels and the true 
expansion of the gels are less compared to the stresses 
at higher ( > 6 0 ~  1) and lower ( < 1 5 ~  -1) 
heating rates, respectively. 

Fig. 6a and b shows SEM microstructures of the 
aerogels prepared using TEOS precursor with 0.01N 
= (0.07%) HC1 (pH = 4) and TMOS precursor with 

0.01N = (0.07%) NH4OH (pH = 6) catalysts, respec- 
tively. The molar ratios of precursor, solvent and HzO 
were 1 : 5 : 7 and 1 : 5 : 4 in the former and latter cases, 
respectively. In the case of TEOS precursor, basic 
catalysts resulted in turbid sols and gels, and opaque 
aerogels; whereas strong acidic (excluding HC1) cata- 
lysts resulted in transparent and monolithic aerogels 
[24]. On the other hand, for TMOS precursor, acidic 
catalysts resulted in longer gel setting times and 
cracked aerogels; but monolithic and transparent 
aerogels have been obtained using weak basic (exclud- 
ing NH4OH) catalysts [25]. It has been found that the 
TEOS aerogels are denser than the TMOS aerogels 
because of slight shrinkage (5-10vo1%) during 
supercritical drying in the former case. Clearly, the 
structures of TEOS (acidic) and TMOS (basic) aero- 
gels are very different. It is clear from Fig. 6a that in 
the case of TEOS aerogels, the size distribution of 
grains is narrow and can be considered as monodis- 
persed. However, the size distribution of clusters of 
grains and pores (macropores) separating these clus- 
ters is clearly polydispersed. On the other hand, 
TMOS aerogels (Fig. 6b) contain closely bound and 
almost monodispersed spherical particles with poly- 
dispersed porosity. Fig. 7 shows a few monolithic and 
transparent (85% at 900 nm wavelength of light for 
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Figure 7 A few transparent monolithic silica aerogels. 

a 1 cm thick sample) TMOS precursor silica aerogels 
obtained using an NH4OH catalyst. 

4. Conclusions 
From SEM microstructural observations of silica 
aerogels prepared using various sol-gel and super- 
critical drying conditions, it has been found that the 
strong acidic catalysed gels result in cracked but high- 
ly transparent (90% at a light wavelength of 900 nm 
for a 1 cm thick sample) aerogels owing to smaller 
particle and pore sizes. On the other hand, monolithic 
and slightly less transparent (85% at a wavelength of 
900 nm for a 1 cm thick sample) aerogels have been 
obtained for basic catalysed gels. The highly cross- 
linked network structure of the aerogels can easily be 
seen at solvent/precursor molar ratios greater than 15; 
and below this ratio, growth of SiO2 particles occurs, 
which leads to monolithic aerogels. It has been ob- 
served that as the concentration of the catalyst in- 
creases, the particle and pore sizes decrease resulting 
in cracked but transparent aerogels. Gel ageing in- 
creases the monolithicity of silica aerogels by the 
formation of neck growth between the SiO2 particles. 
An autoclave heating rate of around 25 ~ h-1 and 
a solvent evacuation rate of 4 mlmin -1 resulted in 
crack-free aerogels. It has been found that TMOS 
precursor aerogels with a basic catalyst (NH4OH) 
show a more uniform particle size and closely bound 
structure with negligible shrinkage, compared to the 
TEOS precursor aerogels with an acid catalyst (HC1). 
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