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ABSTRACT 

Aerogels are internally nanostructured materials characterized with a plethora of unique properties. Monoliths 
with high optical transparency made of silica aerogels were some of the first and still one of the most important 
classes of aerogels. Experiments and theory indicate that optical transparency and structural integrity of silica 
aerogels are negatively correlated. Other than optimal combination of processing conditions during aerogel 
fabrication can result in either highly transparent but cracked or in crack-free but less transparent and even 
opaque aerogels monoliths. Results are presented from the study of the relationship between the properties of 
single-step tetramethoxysilane (TMOS) base-catalyzed silica aerogels and the processing conditions, both at the 
alcogel preparation step and during the supercritical liquid CO2 drying process. Crack-free aerogel monoliths 
with good optical transparency were obtained with TMOS:methanol (MeOH) molar ratios of 1:16 and 
TMOS:ammonia (NH4OH) molar ratios of 1:0.05, CO2-MeOH exchange rates of about 1.25 ml/min, and 
autoclave decompression rates of 70 KPa/min. Adding glycerol in the sol-gel stage had a positive effect on the 
aerogel monolithicity but, even without glycerol, crack-free silica aerogels can be obtained by reducing the 
depressurization rate of the autoclave. A strict control and careful selection of the aerogel’s processing 
conditions within the set of parameters identified will enable the fabrication of structurally sound silica aerogels 
with good optical properties essential for a number of applications. 
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INTRODUCTION 
 
 

Aerogels are synthetic materials best defined as gels in which the liquid has been replaced 
by air with a very moderate shrinkage of the solid network [1].  Aerogels are characterized 
with unique morphology and material properties, including very high porosity (up to 99%) 
and a sponge-like, three-dimensional open-pore structure with a wide-pore size distribution at 
the micro-, meso-, and macro scale. Their high porosity results in an extremely large inner 
surface area, which makes this material suitable for applications that can benefit from this 
property [2-5]. Some aerogels are known to possess one of the lowest thermal conductivities 
among all solids, rendering them suitable for a variety of insulation applications [6]. The 
experimental particle physics benefits from another property of the silica aerogels – their 
extremely low index of refraction close to that of air [7]. This property follows from their low 
apparent density through the Gladstone-Dale law, which for an optically isotropic material 
can be written as ,1 ρkn +=  ,where n is the optical refractive index, k is the refractive energy 
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constant, [8], and ρ is the apparent density. These and some other unique 
properties and applications of aerogels are widely publicized [1, 9-11]. 
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Optical transparency of silica aerogels 
 
 

There are many types of aerogels, the most common and best studied of which are the 
silica aerogels, first synthesized in 1931 by Kistler [12]. The structure of the silica aerogel can 
be best described as a network of entangled and interconnected strings composed of 
agglomerates of silica particles. One of the unique properties of the silica aerogels is the 
possibility, first reported in 1968 by the Teichner group [13], to synthesize optically 
transparent monoliths using tetraalkoxysilanes Si(OR)4 as the silica source. The light 
absorption of silica in the visible range is negligible, therefore, the extinction of light should 
result from scattering due to imperfections on the aerogel surface and from bulk scattering 
from the aerogel structure [9]. The latter depends of the physical characteristics of the 
nanoscopic aerogel network of silica particles. Each aerogel has its own structural 
characteristics but on the average, the primary colloidal particles that form the pore structure 
of the silica aerogels have a diameter of only 1 – 3 nm and the mean pore diameter is 20 – 150 
nm [11]. Therefore, most of the optical properties of the silica aerogels can be explained with 
the Rayleigh-Gans approximate solution to light scattering, which is pertinent to the case 
when the relative refractive index of the particle (in case of silica aerogels, approximated with 
a SiO2 sphere) is close to unity, and its size is less than 10% of the wavelength of the visible 
light. Because visible light has wavelength between 400 and 800 nm, the Rayleigh-Gans 
approximation would be applicable to particle sizes or particle agglomerates of less than 40 
nm, which condition is, in general, satisfied for most silica aerogels. Although the Rayleigh-
Gans approximation was developed for a single isolated particle in an ideal medium, it was 
shown that it can be used in the analysis of aerosol scattering data, particularly in the near-
forward direction [14]. There is evidence that this is true for silica aerogels as well [9, 15]. 
The physical basis of the Rayleigh-Gans approximation is discussed in detail in [16] and is 
beyond the scope of this discussion. What is important for us is that the Rayleigh-Gans 
approximation, when applied to silica aerogels, implies that the extinction due to bulk 
scattering, ergo, the attenuation of the transmitted visible light, increases with the SiO2 
particles size. Consequently, to achieve high optical transparence, the particle (and thus the 
agglomerate) sizes have to be kept small. The aerogel structure, including the particle size, 
can be controlled by manipulating polymerization conditions in solution precursors [17], the 
molar ratio of the constituent materials used to prepare the alcogel, the type of precursors 
used, and the parameters of the aging process, in particular, the process of Oswald ripening or 
coarsening [18, 19]. 
 
 
Structural integrity of transparent silica aerogels 
 
 

Experiments with transparent aerogels have indicated that in most cases transparency and 
structural integrity of the material are inversely correlated. Other than optimal sol–gel 
parameters during aerogel fabrication can lead to either transparent but cracked monoliths, or 
to crack-free but less transparent and even opaque aerogels [20, 21]. However, even if the 
sol–gel parameters were optimized the aerogels may still crack during the supercritical drying 
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process. The pressure buildup inside the network of pores, resulting from allowing the 
pressure gradient across the aerogel to increase too much, is responsible for this phenomenon. 
The pressure gradient depends on the characteristics of the fluid flow through the aerogel 
pores [22]. It also depends on the aerogel structure. In spite of their network of open pores, 
aerogels are characterized with a very low permeability [23]. The aerogel permeability and 
the rate at which the supercritical fluid is released from the autoclave control the pressure 
gradient across the aerogel, and from there, the structural integrity of the monolith. Gas 
permeability of aerogels is governed by largest pores and evolves in the same way as the pore 
size distribution [24]. Large pores and an open pore structure are required to maintain high 
permeability. Conversely, and as discussed before, optical transparency is governed by 
Rayleigh scattering, which postulates that transmittance decreases with the size of particles 
and pores. Therefore, an attempt to improve structural integrity by increasing aerogel 
permeability would have a negative effect on the optical transparency, something that we 
have observed in our experiments as well. Strengthening the aerogel structure by promoting 
the Oswald ripening during the alcogel aging step will have a similar detrimental effect. 
Another important factor is the diffusion kinetics of the liquid CO2 – solvent exchange in the 
autoclave during the initial stages of the supercritical CO2 drying process. It was shown [25, 
26] that the structural damage at this point is due to unsteady-state diffusion of solvent and 
liquid CO2, which occurs when the solvent and liquid CO2 mixture is below the binary critical 
curve where both liquids are not miscible and exist as two separate phases. The results is that 
some of the solvent will remain inside the aerogel after the CO2 – solvent exchange and, if its 
concentration is high enough, the mixture would not reach supercritical state defined by the 
supercritical point of the neat CO2 liquid. Eventually, the supercritical drying will not be able 
to eliminate the capillary forces in the pores and the fragile aerogel structure will collapse. 
Under the right conditions in the CO2 – solvent exchange, the liquid CO2 surrounding the 
alcogel in the autoclave and the solvent that fills its pores are miscible. It’s well known that 
when two miscible liquids are brought into contact, diffusion takes place. Fick’s first law of 
diffusion can be rewritten as ( ),12 ccPJ −−∝  where J is the rate at which solvent diffuses 
out through a unit area of the alcogel, P is the alcogel permeability, and is the 
difference in concentration of the solvent across the aerogel in the direction of flow. Since the 
permeability of alcogels is very low, it follows that the diffusion flux will be very low, too, 
especially, by the end of the exchange time when the concentration gradient is small. 
Therefore, sufficient time should be provided for the organic solvent held within the alcogel’s 
pores to diffuse out and the liquid CO

12 cc −

2 to diffuse in its place. Otherwise the solvent will 
remain entrapped in the pores of the alcogel with all the negative effects discussed in the 
previous paragraph. 

In summary, it appears that some of the most critical factors that control the structural 
integrity of silica aerogels are related to the rates in the supercritical CO2 drying process, 
including the rate of CO2 – solvent exchange and the vessel depressurization rate during 
drying. Pajonk and co-workers [19] have studied the effect of some other supercritical drying 
conditions such as the volume of the solvent filled in the autoclave, the initial pre-pressure in 
the autoclave, the heating rates, and the stabilization period. 
In spite of its importance, the relationship between the optical transparency and the structural 
integrity of silica aerogel monoliths in the context of the processing conditions has not been 
studied extensively. The present work is an attempt to fill this gap and to provide insights into 
this relationship in case of tetramethoxysilane (TMOS) base-catalyzed silica aerogels. 
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MATERIALS AND METHODS 
 
 
Sample preparation 
 
 

Since 1962, silica aerogels are commonly synthesized by a single-step, base-catalyzed 
polymerization of alkoxides such as tetraethoxysilane (TEOS) or TMOS used to prepare via 
the sol stage the starting alcogel. The pores of the alcogel at this stage are filled mainly with 
water and/or alcohol. The alcogel is then dried to replace this liquid phase with air, leaving 
behind the characteristic sponge-like solid structure of the aerogel. The drying step is 
typically accomplished by the so-called low-temperature supercritical drying in liquid CO2. 
This process was developed in the early 1980s by Hunt, Tewari and co-workers from the 
Lawrence Berkeley Laboratory [27] as a safer and more efficient alternative to the originally 
used drying in organic solvents. This and other routes for fabrication of silica aerogels are 
well publicized; therefore, a detailed discussion on this topic is not presented here.  
All alcogels in this study were prepared by hydrolysis and condensation of methanol-diluted 
TMOS in the presence of a basic catalyst (ammonia, NH4OH). The choice of TMOS was 
dictated by the fact that, as far as the monolithicity and optical transparency are concerned, 
the TMOS aerogels are superior compared to the TEOS aerogels [28]. As mentioned before, 
the transparency of the silica aerogels mostly depends on the molar ratio of the starting 
materials. In the first series of experiments, alcogels with different molar ratios were prepared 
and dried without varying the parameters of the supercritical CO2 drying process. The 
objective was to identify these alcogel preparation conditions that would result in silica 
aerogels with high optical transparency and minimal if any amount of cracking. No attempt 
was made in these experiments to optimize the drying conditions in order to completely 
eliminate the cracking in the aerogel. This was the objective for the next series of 
experiments.  

In addition to the differences in the starting material compositions, samples were treated 
differently during the CO2 exchange. For the samples with compositions listed in Table 1, the 
CO2 exchange was carried out gradually as explained in the next paragraph. The CO2 
exchange rate was much faster for the samples in Table 2. 
 
 

Table 1. Molar ratios used in the slow 
CO2 exchange experiments 

 Table 2. Molar ratios used in the quick 
CO2 exchange experiments 

TMOS H2O MeOH NH4OH  TMOS H2O MeOH NH4OH 
1 4 8 0.005 1 4 8 0.005 
1 4 12 0.005 1 4 16 0.005 
1 4 16 0.005 1 4 8 0.05 
1 4 8 0.025 1 4 16 0.05 
1 4 12 0.025 
1 4 16 0.025 
1 4 8 0.05 
1 4 12 0.05 
1 4 16 0.05 
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The detailed procedure for aerogels preparation is explained elsewhere [29]; only a brief 
description is provided here. The silica alcogels were prepared by mixing TMOS (99% purity, 
Sigma Aldrich), deionized water, MeOH (HPLC, Mallinckrodt Reagent Chemicals) and 
NH4OH (28-30%, VWR) in 1 in. (2.54 mm) diameter cylindrical polypropylene molds. The 
total volume of the solution in each mold was 5 ml. Once the alcogels were set, methanol was 
poured on top of the alcogel for aging and the molds were closed airtight to avoid the 
evaporation of MeOH. The alcogels were allowed to age for 72 h.  
 

After aging, the alcogels were removed from their molds and soaked in ethanol for curing. 
The ethanol bath was replaced twice a day for 3 days. After the curing was completed, the 
alcogels were loaded in the autoclave. The sizes of the alcogels at that point were about 20-22 
mm in diameter and 11-13 mm in thickness. The autoclave was immediately filled with 
ethanol until the ethanol level rose about 20 mm above the gels. The ethanol was replaced 
with liquid CO2 (bone dry, Airgas). For the quick rate of CO2 exchange experiments 
(specimens in Table 2) the buffer ethanol in the autoclave was removed in a single step within 
1.5 h after loading the gels at a rate of 6 ml/min, whereas for the low rate of CO2 exchange 
experiments (specimens in Table 1) the ethanol was gradually exchanged with liquid CO2 
over a period of 8 h, which resulted in an exchange rate of about 1.25 ml/min. After the 
removal of ethanol, the liquid CO2 in the autoclave was replaced twice a day until no more 
ethanol was recovered, and then two extra liquid CO2 exchanges were carried out to ensure 
that not even a small amount of ethanol remained in the autoclave. Finally, the aerogel 
samples were obtained from the alcogels following the conventional procedure for 
supercritical CO2 drying. The chamber depressurization rate in these experiments was 140 
kPa/min. 
 
 

Table 3. Molar ratios used in the slow depressurization rate experiments 
 

TMOS H2O MeOH NH4OH Glycerol
1 4 12 0.05 0 
1 4 12 0.05 0.05 
1 4 12 0.05 0.2 
1 4 12 0.05 0.4 
1 4 12 0.05 0.6 
1 4 12 0.05 0.8 

 
 

In order to study the effects of the rate of depressurization in the supercritical CO2 drying 
process on the structural integrity of TMOS silica aerogels, another series of aerogel samples 
was prepared using the optimal sol-gel parameters identified in the previous experiments. 
Additionally, glycerol was added to some of the samples in this group to act as a drying 
control chemical additive (DCCA), which has been reported to be effective in preventing 
cracking in silica aerogels [30]. Eighteen aerogel samples were prepared with 
TMOS:H2O:MeOH:NH4OH molar ratio of 1:4:12:0.05 and 6 different concentrations of 
glycerol, as shown in Table 3. Each formulation was repeated 3 times for a total of 18 
samples. All alcogels were dried together using the same parameters as these for the samples 
in Table 1 but with a slower depressurization rate of 70 KPa/min. 
The fabrication of silica aerogels requires a meticulous and skillful preparation and a strict 
control of a number of variables. Even though, a lot of things may go wrong and the end 
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results might be quite different from what was expected. The challenges prompted Sorensen 
[31] to comment in her thesis, “…the creation of a gel is not always reproducible. What seem 
to be identical gels created at different times can greatly vary … once allowed to dry.” The 
authors must agree with this statement since similar observations were made in our 
experiments. This may be the reason for some of the randomness in the results discussed in 
the next section. 
 
 
Characterization 
 
 

The optical transparency of the aerogels was measured using a UV-2501PC UV-VIS 
spectrophotometer (Shimadzu) at various points at an increment of 0.5 nm over the range 
from 200 nm to 800 nm. The values for the optical transmittance were used to construct 
transmittance curves. The average transmittance for each curve was calculated by numerically 
integrating the area under the transmittance curve over the visible range of light (400 nm - 
700 nm). 
The structural integrity of the samples was evaluated by measuring the total area of the 
cracked surfaces. No attempt was made to distinguish between the size and the number of 
cracks, i.e., a single crack with a large fracture area yielded the same result as many smaller 
cracks with a cumulative fracture surface area equal to this of the larger crack. Pictures were 
taken for each aerogel sample from three sides, as shown in Fig. 1. 
 
 

  
(a) (b) 

Fig. 1. (a) Top view, side view, and side view with 90 deg. rotation of a cracked aerogel sample; (b) a black-and-
white top view of the same aerogel after image processing 

 
Image processing software was used to convert the color digital photographs to black-and-

white images in which the cracks appeared as black areas (Fig. 1b). Another software package 
(Pixcavator®) was used to analyze the black-and-white images and extract information about 
the total area of the cracks in all three views. The measurements were then averaged and 
presented as the mean crack area of the sample. 
 
 
 

RESULTS AND DISCUSSION 
 
 
Aerogel transparency 
 
 

The transparency values for the different aerogels for each combination of TMOS:NH4OH 
and TMOS:MeOH molar ratios obtained by a slow CO2 exchange rate are shown in Fig. 2. 
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The results from the specimens in Table 2 in which the CO2 exchange rate was much higher 
are compared with the results obtained with a low CO2 exchange rate in Fig. 3. 
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Fig. 2. Effect of the starting material composition on the silica aerogel transmittance for specimens prepared with 

slow CO2 exchange rates 
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Fig. 3. Transmittance of silica aerogels prepared with slow and quick CO2 exchange rates 
 
 

Fig. 2 demonstrates a clear relationship regarding the effects of the TMOS:MeOH and 
TMOS:NH4OH molar ratios on the transparency of the aerogels. Similar results were reported 
by Rao et al. [21]. The effect of ammonia is much more pronounced at higher TMOS:NH4OH 
ratios. The lower transparency at low TMOS:NH4OH ratios can be attributed to the fact that 
no sufficient amount of catalyst was available in the alcogel pores to complete the hydrolysis 
and condensation reactions, leading to a formation of large clusters of particles [21], and 
therefore, to a larger light scattering. On the other hand, Fig. 3 shows that no significant 
difference was observed between the transparency values for the aerogels obtained by slow 
and quick CO2 exchange rates, especially, at higher TMOS:NH4OH ratios. Surprisingly, the 
quick CO2 exchange rate resulted in aerogels with higher optical transmittance when the 
TMOS:NH4OH ratio was small. Obviously, the optical properties of the aerogels are more 
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sensitive to the processing conditions when the amount of catalyst is small compared to the 
amount of reactants. 

The transmittance values for aerogels prepared with addition of various concentrations of 
glycerol and a constant molar ratio of TMOS:H2O:MeOH:NH4OH molar ratio of 1:4:12:0.05 
are shown in Fig. 4. 
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Fig. 4. Transmittance of silica aerogels prepared with different concentrations of glycerol (Table 3) 
 
 

The results in Fig. 4 indicate that adding glycerol up to about 0.1 TMOS:glycerol ratio 
affects negligibly the aerogel transparency. Increasing this ratio has a certain detrimental 
effect on the optical transparency, which seems to intensify with the amount of glycerol 
added. Similar results were reported by Rao and Kulkarni [32] who hypothesized that the 
decrease in the optical transmission at higher TMOS:glycerol molar ratios is due to the 
formation of irregular pores caused by random distribution of glycerol in the loose network of 
siloxane chains. 
 
 
Aerogel monolithicity 
 
 

The crack measurements for each aerogels obtained by slow CO2 exchange rate are shown 
in Fig. 5. No measurements were taken from the aerogels obtained by quick CO2 exchange 
rate. All of the specimens in this case appeared extremely cracked, which once again 
emphasizes the importance of controlling the rate of CO2 – solvent exchange. Increased 
cracking in silica aerogels as a result of the quick diffusion of ethanol from gels into the liquid 
CO2 was also observed in other studies [25, 33]. 
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Fig. 5. Effect of the starting material composition on the silica aerogel monolithicity for specimens prepared with a 
slow CO2 exchange rate. The cracked area of each sample was calculated by averaging the results from three 

photographs as shown in Fig. 1a. The measurement was done by counting the black pixels in the                  
black-and-white images similar to this shown in Fig. 1b 

 
 

Although the effect of the TMOS:MeOH molar ratio on the aerogel monolithicity is quite 
obvious, no such relationship was observed if the TMOS:NH4OH ratios are considered. One 
possible explanation might be the approximations introduced by the method used in this study 
to measure the integrity of the aerogel. Nonetheless, this method gives us a chance to 
quantify, at least approximately, the amount of cracking within the aerogel structure, 
something which, to the best of authors’ knowledge, has not been reported before. 
The tradeoff between optical transmittance and structural integrity is clearly visible when 
comparing the results in Figs. 2 and 5. The best optical transmittance in the visible spectrum 
is achieved at lower TMOS:MeOH ratios and higher TMOS:NH4OH ratios. This, according to 
the results in Fig. 5, is precisely the combination that should result in the most cracked 
aerogels. 

During the second series of experiments, decreasing the decompression rate from 140 
KPa/min to 70 KPa/min resulted in crack-free aerogels in 61% of the aerogel samples. The 
cracks in the rest of the samples were hardly visible and much less than the cracks in the 
aerogels depressurized at the higher rate. Fig. 6 shows an example of a no-glycerol, crack-
free, transparent aerogel monolith obtained with a depressurization rate of 70 KPa/min. 
Perhaps the most surprising result from the second series of experiments in which glycerol 
was added to the sol during the sol-gel preparation stage was that there was no detectable 
difference in monolithicity between the aerogels with and without glycerol. Adding a DCCA 
like glycerol might be helpful in producing crack-free aerogels as reported in the literature 
[32], but our results indicated that the same outcome can be achieved by simply decreasing 
the rate of pressure release from the autoclave. 
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Fig. 6. Photograph showing an example of a transparent and crack-free silica aerogel in this study. The small 
piece of the aerogel missing was accidentally separated from the alcogel when it was removed from the mold 

 
 
 

CONCLUSIONS 
 
 

Monolithic silica aerogels with high optical transparency were synthesized following the 
one-step TMOS base-catalyzed routine followed by supercritical CO2 drying. Aerogels with 
good optical transparency were obtained with TMOS:MeOH molar ratios of 1:16 and 
TMOS:NH4OH molar ratios of 1:0.05. The optical properties of the silica aerogels were 
unaffected by the rate of solvent-CO2 exchange and the autoclave decompression rate. 
However, it was found that these two parameters affected significantly the monolithicity of 
the silica aerogels. Monolithic aerogels with no cracks were obtained with CO2 exchange rate 
of about 1.25 ml/min and a decompression rate of 70 KPa /min. Adding glycerol to the 
starting solution had a positive effect on the aerogel monolithicity but no-glycerol, crack-free 
silica aerogels were also obtained by reducing the depressurization rate of the autoclave from 
140 KPa /min to 70 KPa /min. The silica aerogel monolithicity was also affected by the sol-
gel processing conditions. It was found that there is a negative relationship between the 
parameters that lead to highly optically transparent silica aerogels and these that resulted in 
crack-free monoliths. For example, increasing the TMOS:MeOH molar ratios from 1:8 to 
1:16 resulted in more transparent but also more cracked aerogels.  
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