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Abstract 

Soft matter structure is a useful tool for the preparation of well-structured inorganic materials. 

Here, we report a strategy using a structured solvent based on binary mixtures as directing agent 

for silica nanoparticles in aerogel elaboration. Binary mixtures involving water/EtOH and 

water/tert-butanol have been respectively chosen as representatives of unstructured and 

structured solvents. The systems water/alcohol/TEOS were effectively characterized as 

surfactant free microemulsions. The enhanced solvent structuring, however, disappears upon 

the reaction of TEOS and assembly is directed by solvent structuring found in the binary. For 

the first time, the influence of solvent composition on the sol-gel reaction was investigated with 

respect to the reaction rate and the structuring behavior thanks to dynamic light scattering 

(DLS), small and wide angle X-ray scattering (SWAXS) and transmission electron microscopy 

(TEM) experiments. The silica nanoparticles aggregate in a different manner depending on the 

solvent composition, which allow changing the morphology, degree of interconnection and 

surface area of the resulting material. Silica nanoparticles with very high surface area up to 

2000 m2/g can be obtained by this approach. 

  



Introduction 

Silica aerogels are industrially widely applied materials1–4 due to their unique properties such 

as low thermal conductivity, low refractive index optical transmission, low density and high 

specific surface areas5. Especially their high porosity and high specific surface area make them 

a useful choice for many applications like thermal insulation6, oil-water separation 7, analytics8 

and depollution9. Furthermore, their production is nowadays easily scalable. The crucial factor 

of aerogel synthesis is the conservation of the wet gel structure during drying. To this end, the 

capillary forces must be minimized by using a low surface tension solvent during drying like 

supercritical CO2.
10 To create wet gels that exhibit the desired properties, well-reported 

templating approaches can be used.11–15 Also, high internal phase emulsions can lead to foams 

exhibiting interesting properties.16 Conventionally, large, self-assembling molecules known as 

surfactants are used because their free energy of structure formation is strongly favorable.17 

However, in a recent study18, the effect of water/ethanol/dichloromethane microemulsion on 

the ammonia catalyzed silica polymerization was investigated. They found a connection 

between the type of microemulsion (W/O, bicontinuous or O/W)19 and the obtained silica 

morphology, thus, proving the possibility of templating by surfactant-less microemulsions. In 

this paper, we investigate the fundamental aspects of using structured solvents in silica aerogel 

elaboration. 

Such structures have been observed in mixtures of small amphiphilic molecules like ethanol 

(EtOH) or -most prominently- tert-butanol (TBA) and a hydrophilic solvent.20–25 The addition 

of hydrophobic molecules like 1-octanol amplifies this structuring.26–29 Here, subtle balances 

between hydration forces, entropy and curvature play important roles in the solvent structuring 

on the mesoscale.30–32 It is more reasonable to speak of fluctuating hydrophobic and hydrophilic 

domains instead of defined structures. In spite of their shapeless nature, such compartments 

show an influence on chemical reactivity.33–36 



Among the studies on chemical reactions in such structured solvents, very few deal with the 

synthesis of polymers37 or the sol-gel process18. Another recent study38 showed that even the 

presence of binary mixtures of a deep-eutectic solvent and water is able to influence the silica 

morphology. A surprising result was reported by Wang et a.l39 where a small amount of a co-

solvent is responsible for the formation of silica nanosheets. 

In this study, the sol-gel process is performed in a system that contains only the essential 

components: tetraethyl orthosilicate (TEOS) as Si-source, water for hydrolysis, an alcohol to 

assure solubilization and HCl as catalyst. TEOS content and HCl/TEOS ratio are kept constant, 

in order to reduce experimental parameters. To investigate the effect of structuring, like 

mentioned before, TBA is the ideal candidate.23. For comparison, EtOH was chosen as non-

structuring counterpart. 

  



Results and discussion 

Phase behavior of the ternary systems 

In order to determine the solubility of TEOS in the binary mixtures of alcohol/water and to 

choose the most suitable sol compositions, first, the phase diagrams of the systems 

TEOS/alcohol/water were determined. Since TEOS hydrolyzes very fast at low pH, the phase 

diagram was prepared without catalyst addition. The phase diagrams are presented in Figure 1. 

Sample compositions are also displayed. “A” to “G” denote both AC2 and AC4 to GC2 and GC4. 

For presentability in Figure 1, the water and the HCl weight fraction in the prepared samples 

(see Table 2 for compositions) were added to give “wwater” in the diagram. 

 

Figure 1. Ternary phase diagrams of the systems water/TBA/TEOS (-) and water/EtOH/TEOS 

(-) in weight fractions determined at 25 ± 0.5°C. The mono- and biphasic regions are indicated 

in the respective areas. The selected sols are referred A to H (see Table 2 for compositions). 

“A” to “G” denote both AC2 and AC4 to GC2 and GC4. For presentability, the water and the HCl 



weight fraction in the prepared samples (see Table 2 for compositions) were added to give 

“wwater” in the diagram. 

Both phase diagrams show the classical behavior of systems containing two immiscible 

components, in this case water and TEOS, and a co-solvent, which is completely miscible with 

the other two. When adding a certain quantity of co-solvent (here: EtOH or TBA) the system 

can be mixed. The necessary amount to reach the monophasic region depends on the ratio of 

the immiscible components and the nature of the co-solvent. In addition, for considerations on 

the solubilization capacity of the co-solvent, a ternary phase diagram in molar fractions is 

illustrated in the Figure S1 in the Supporting Information. The biphasic area is slightly smaller 

with TBA than with EtOH. Several reasons for this difference are identified: (i) the nature of 

the co-solvent, i.e. its polarity or its molecular structure17,30,40, and (ii) the co-solvent-co-solvent 

and co-solvent-solute interactions.29,41 According to earlier work29, the high concentration of a 

solute with weak co-solvent-solute interactions favors solubilization by the integration of the 

solute in a hydrophobic pseudophase. In our case, the presence of a sufficient amount of TBA 

leads to a pre-structuring where the hydrophobic TEOS can be solubilized. In the case of EtOH, 

this pre-structuring does not exist and the solubilization of strongly hydrophobic compounds is 

less efficient. 

 

Impact of the TEOS addition to the sol structuring  

To gain further information on the samples, their structuring on the mesoscale was 

investigated by SWAXS. The scattering patterns of the samples without HCl just after the 

addition of the 7.5 w% TEOS and of their associated binary mixtures are shown in Figure 2. 

The data in Figure 2 c) were already published earlier.29 The SAXS spectra of samples Fcx to 

HREF are not displayed in Figure 2 because they are biphasic and, therefore, not comparable to 

the systems without TEOS. The weight fractions of water of samples ACX were adjusted to 



0.1  in binary mixtures and 0.0925  in ternary mixtures to be compared with the data from the 

literature. 

 

Figure 2. a) and c) SWAXS patterns of binary alcohol/water mixtures. b) and d) SWAXS 

spectra of ternary TEOS/alcohol/water mixtures at neutral pH just after the 7.5 w% TEOS 

addition. Data for c) was already published earlier.29 Sample compositions of ternary mixtures 

are given in Table 3. 

These SWAXS patterns display several results which depend on the solvent. First, at high q 

(q > 3 nm-1) several peaks attributed to the various pair correlations are visible. First, the peak 

at 20 nm-1 assigned to O-O pair correlations in the H-bonding network of water are visible in 

all patterns. It shifts slightly to smaller q with increasing alcohol contents. This corresponds to 

an increase of the distances in real space and may indicate the partial disruption of the H-bonded 

network.42 Second, the peaks at 15.5 nm-1 for the samples with EtOH and at 13 nm-1 for the 

samples with TBA corresponds to characteristics distances of approximately 0.4 nm and 0.5 nm 



respectively and are assigned to the pair correlations between the alkyl chains.43 Whereas their 

intensity depends on the alcohol content, their position does not shift significantly with the 

concentrations. The apparent shift of this peak to higher q in EtOH containing samples is due 

to the superposition with the peak assigned to O-O pair correlations. The apparent broadening 

upon addition of TEOS is due to the apparition of Si-Si pair correlations at 9 nm-1 and 16 nm-1. 

In these mixtures, the peaks of TEOS are not clearly visible due to its low concentration. Thus, 

the positions of these peaks were determined using the SWAXS spectrum of pure TEOS. (see 

Figure S2 in the Supporting Information). Third, the peaks at 8 nm-1 (0.8 nm in real space) for 

EtOH and at 7 nm-1 (0.9 nm in real space) for TBA are attributed to the O-O correlation distance 

of the alcohol –OH groups.43 Accordingly, the peak intensity decreases with lower alcohol 

contents. 

In the low q region of the pattern (q < 3 nm-1), significant differences between the two co-

solvents can be noticed. In the samples with EtOH, the addition of TEOS, leads to a significant 

scattering increase presenting various slopes depending on the mixture: For the samples AC2 

and BC2 a constant increase (q-1 for AC2 to q-2.4 for BC2) and no plateau are visible. For sample 

CC2, DC2 and EC2 a plateau is reached. The plateau shifts to lower q values with increasing water 

contents. In the samples with TBA without TEOS, the scattering intensity increases with the 

water content from xwater > 0.638. A plateau is visible that shifts to lower q with increasing water 

content. After the TEOS addition, this scattering intensity increases noticeably whereas the 

shape remains the same (around one order of magnitude for sample EC4) and the plateau shifts 

to lower q. 

This intensity increase at low q indicates a structuring at the mesoscale (According to IUPAC 

2 to 50 nm).44 In the case of EtOH two different behaviors are observed. For lower water content 

(AC2 and BC2), the maximum intensity is not inside the observation window indicating 

organization on a very large scale. The higher slope for BC2 compared to AC2 indicates a 



structuring change. For CC2 and the samples with higher water contents, the intensity limit is in 

the observed q-range. This may be explained by the formation of large structures with trace 

amounts of highly hydrophobic compounds.28 In this case, the highly hydrophobic compounds 

may be the polycondensed oligomers of TEOS which are formed in the commercial product 

after the first opening due to air humidity.45 Thus, the excess scattering at low-q for samples 

AC2 and BC2is assumed to be caused by large shapeless aggregates. When adding more water, 

these aggregates get increasingly constrained by the H-bonding network of water formed 

around them (BC2) until reaching objects of less than 30 nm in size (CC2 to EC2). In the binary 

system TBA/water, organization is due to rapidly fluctuating water- or TBA rich aggregates.29 

This is typical for short chain alcohol/water mixtures.20–24 The visibility of these aggregates on 

SAXS patterns depends on their size and on their electronic density contrast to the rest of the 

solution. In EtOH/water mixtures, for example, the aggregates are too small and do not have a 

sufficiently high contrast to their surroundings to be visible.22 When adding the hydrophobic 

TEOS a transition to a “pre-Ouzo” system is observed. Depending on the type and the weight 

percentage of co-solvent this leads to an enhanced structuring.29,30,46 In the case of TBA, the 

preformed structures are swollen by TEOS and this is visible on SAXS pattern by an increase 

of the intensity and the plateau shift to smaller q. This is due to a higher solubility of TEOS in 

the TBA-rich domains than in the water-rich domains Samples which do not present any 

scattering intensity at low q in the binary mixtures remain unchanged upon addition of TEOS. 

A size analysis of the aggregates in the structured systems gives insight on its morphology. 

Characteristic sizes were evaluated by the fitting of SAXS data. Classically, the SAXS patterns 

of surfactant-free microemulsions can be fitted using then Ornstein-Zernicke (OZ) function. 

The samples DC4 and EC4 and their corresponding binary mixtures show good agreement with 

the fit. In the samples without TEOS correlation lengths of 0.65 nm for the binary mixture 

corresponding to DC4 and 0.77 nm for the binary mixture corresponding to EC4 are obtained. 



This is in agreement with literature.29 In the samples with TEOS, correlation lengths of 0.88 nm 

for DC4 and 2.82 nm for EC4 have been found. Supposing spherical aggregates, the respective 

aggregate dimensions are 3.52 nm and 11.23 nm. The samples CC2, DC2 and EC2 are fitted 

increasingly worse using the OZ function because the slopes at low-q are too steep. However, 

approximatively, correlation lengths between 1.8 nm (CC2) and 2.5 (EC2) are obtained. The 

results are in agreement with an O/W microemulsion. The addition of TEOS enhances 

structuring by (I) swelling the existing structure in the case of TBA or (II) inciting the 

aggregation of the co-solvent around it in the case of EtOH. When decreasing the alcohol/water 

ratio (i.e. DC4→EC4), the system will minimize the interphase formed by the alcohol. This is 

done by increasing the aggregate size. The results agree with the literature for similar systems. 

A swollen network of H-bonded groups is probably at the origin of the structuring.47 For ternary 

mixtures with low hydrophobic phase content close to the demixing line, structures resembling 

O/W aggregates were proposed.48 

To summarize, ternary mixture TEOS/alcohol/water (where “alcohol” can be EtOH or TBA) 

are typical surfactant-free microemulsions. The components take their roles as hydrophilic 

component (water), hydrophobic component (TEOS) and co-solvent or –more generally – 

hydrotrope (EtOH or TBA). The organization of components at the mesoscale increases when 

approaching the phase boundary.27,49,50 The type and the extend of structuring depends on the 

co-solvent. When using TBA, the aggregation is heavily influenced by structuring which is 

already present in the binary mixture TBA/water. They will allow the TEOS solubilization. 

With EtOH, structures which allow solubilization of TEOS are formed only in the ternary 

system.27,29  



Study of the sol-gel transition 

After the addition of HCl used as a catalyzer to initiate the TEOS hydrolysis, the durations 

before gelification at 50°C were determined by naked eye for both series. To confirm the results 

obtained by these observations for the TBA series and to reduce the error margins, gel time 

determination was also performed by DLS. Upon TEOS addition, a slight heating was noticed 

that indicates the start of hydrolysis. The results are presented in Figure 3. 

 

Figure 3. Gel times of the samples as a function of the molar fraction of water xwater as 

determined by observation and by DLS. 

Comparing the results obtained by observation and DLS, overall shorter times were observed 

with the DLS method. However, all trends remain consistent. First, the gel times of the sols 

with EtOH at xwater < 0.7 are three times longer than the ones with TBA. This difference is 

reduced when the water content increases. Second, whatever the solvent, the gel time globally 

decreases with increasing water content. This evolution follows three stages. Up to xwater = 0.5, 

the gel time decreases almost linearly with the water content. For xwater higher than 0.5, the gel 

time decrease follows two different behaviors depending on the solvent. For sols containing 

EtOH, the gel time decreases linearly from xwater = 0.5 to xwater = 0.8 with a lower slope than at 

lower water contents. For sols containing TBA, the gel time evolution between xwater = 0.5 and 



xwater = 0.8 presents a minimum for the sample DC4 (xwater = 0.677). Finally, at high water 

contents (xwater > 0.9 for TBA and xwater > 0.8 for EtOH), a strong decrease of gel time is 

observed. Gel-time depends on the volume fraction occupied by the growing aggregate. 

Consequently, the aggregate structure has an important influence. 

To investigate the morphology of the growing structures with the gel time, the structure 

evolution was followed by SAXS. The SAXS pattern evolution of the two sols CC4 and CC2 

were chosen to illustrate the behavior and are presented in Figure 4 a). 

 

Figure 4. a) Evolution of the SAXS patterns of the sols CC4 and CC2 during the sol-gel transition. 

The symbol color intensifies with sample ageing. b) evolutions of the scattering intensity at 

q=0.3 nm-1 of the SAXS patterns as a function of time. 

As discussed earlier, immediately after TEOS addition, the observed scattering originates 

from the mesoscale organization of unreacted components (t0 in Figure 4 a)). During the 

polymerization, the low q scattering develops the same way for all sols. Three aspects should 

be highlighted. First, all SAXS patterns present a slope proportional to ~ q-2.1 (Figure 4 a)). A 

plateau marks the end of this slope at low q. The evolution rate of this plateau is proportional 

to the gel time as highlighted by the scattering patterns of CC4 8h and CC2 24h recorded at similar 

points during the polymerization (
𝑡

𝑡𝐺
≈ 0.12). During polymerization the plateau shifts to 



increasingly low q and higher intensities. Finally, after 
𝑡

𝑡𝐺
≈ 0.3 no plateau is observable. 

Second, the slope is proportional to ~ q-2.1 giving evidence of the nature of polymerization. 

Third, the initial organization of the water and the alcohol is not visible anymore after TEOS 

addition probably because its scattering is hidden under that of the developing silica polymer.  

The evolution of the low-q scattering pattern is characteristic for objects that primarily 

increase in size and not in number.10 Logically, the disappearance of the plateau after 
𝑡

𝑡𝐺
≈

0.3 indicates that the correlation lengths become too large for the observation window. In 

Figure 4 b), the scattering intensities of selected samples at q = 0.3 nm-1 as a function of time 

are plotted. For all samples, like mentioned before, an increasing intensity is observed at longer 

times. The intensity increase is accelerated at higher water contents. The acceleration is directly 

correlated to the gel time of the samples. The shorter the gel times the faster the intensity 

increases. This is also observed for the development of Si-O-Si bonds as observed in the FTIR 

spectra (see Figure S3 in the Supporting Information). 

The constant slope of ~ q-2.1 is characteristic of the formation of fractal objects via a reaction 

limited cluster-cluster growth (RLCA) or a diffusion limited cluster-cluster growth 

(DLCA).10,51,52 Evidence has shown that rearrangements can lead to the same fractal 

dimensions.53 From the SAXS spectra we conclude that the polymerization rate is proportional 

to the gel time observed for the sols. Polymerization occurs via cluster-cluster aggregation of 

primary particles that are formed early in the process. The structural evolution is identical for 

all samples. 

With the obtained structural information, the two different behaviors with EtOH and TBA in 

the region of samples ACX to FCX can be explained by several experimental factors. In order to 

simplify the explanation, it is assumed that hydrolysis was very advanced in all samples after 

several minutes and, thus, does not contribute to the gel time. This last assumption is reported 

in literature54,55 and supported by the fact that under acidic conditions, the hydrolysis is 



generally faster than condensation and the high [H2O]/[TEOS] ratio ([H2O]/[TEOS] = 15.7 for 

samples ACX) increases that effect.10 This is also visible in the FTIR spectra of all samples which 

display a peak at 950 cm-1 corresponding to the ≡Si-O stretching of non-hydrolyzed TEOS only 

just after the TEOS addition. Moreover, the initially biphasic sample HREF becomes monophasic 

after 3 min of vortexing due to the increasing hydrophilicity of hydrolyzed species and the 

production of solubilizing EtOH during the reaction.  

The first factor which affects the condensation rate is the concentration of catalytic species. 

A higher concentration increases the hydrolysis/condensation rate. Here, the catalysis occurs 

via the protonation of silica species and is proportional to the H3O
+ concentration.52 The 

qualitative inspection of FTIR spectra (see Figure S4 in the Supporting Information) recorded 

along the polymerization showed that, indeed, the concentration of H3O
+ increases with 

increasing water content. This is accordance with the observed trends. 

Second, the re-esterification of hydrolyzed species may also impact the gel time. Indeed, 

partial re-esterification (RE) of hydrolyzed species is possible due to the reversibility of the 

hydrolysis reaction and can occur with reactive alkoxy species. RE is also favored under acidic 

conditions.10 TBA is too unreactive whereas EtOH is sufficiently reactive for this process to be 

considered.56,57 For our two systems, due to the high concentrations of EtOH compared to the 

strong dilution of silicate species, it is probable that RE leads to an overall decrease of silicate 

species reactivity. This effect is more pronounced at higher alcohol concentrations. In mixtures 

with high water content xwater > 0.8 this effect vanishes. 

Third, the reaction rate is influenced by the repulsive forces between the charged primary 

particles and their diffusion. This is described by the aggregation rate constant k, as described 

in the Supporting Information. The values were calculated from the primary particle radii from 

the SAXS measurements (Table 1) and the dielectric constants (see Figure S5 in the Supporting 

Information) and the viscosities (see Figure S6 in the Supporting Information) from literature. 



Overall, the estimated reaction rate increases at increasing water concentration (see Figure 

S7 in the Supporting Information). For one, the viscosity decreases at increasing water 

concentration. Thus, the diffusion increases and objects potentially encounter each other more 

frequently. The encounters are moderated by repulsive forces between the objects. The 

increasing dielectric constant at increasing water concentrations attenuates the repulsive forces 

and the reaction rate accelerates. 

While most of the gel time tendencies can be explained by these factors, the minimum of gel 

time for the sample DC4 cannot be explained by any of the mentioned factors because they 

describe continuous trends. A hypothesis allowing the explanation of this behavior will be 

proposed in the discussion part. 

  



Influence of the sol composition on material structure 

In order to obtain aerogels, first, a solvent exchange with EtOH was performed to induce the 

re-esterification of the materials surface making it more hydrophobic.58,59 This re-esterification 

reduces the capillary forces during solvent removal and, thus, minimizes the material 

modification during drying. Second, another solvent exchange with acetone and SC CO2 was 

performed. Acetone was used for its high solubility in SC CO2.The obtained materials were 

analyzed by nitrogen adsorption-desorption experiments. The specific surface areas SBET 

obtained as a function of xwater are shown in Figure 5. 

 

Figure 5. Specific surface areas (SBET) of aerogels obtained by the BET method as a function 

of the molar fraction of water xwater in the corresponding sol. 

 



Except for the samples DC4 and EC4, and whatever the solvent, aerogels have a similar SBET 

of as around 1000 m2/g. For aerogels obtained from sols DC4 and EC4 SBET of 1400 m2/g and 

2100 m2/g are obtained respectively. This result can be related to the particular behavior in the 

sol-gel process already observed. The solvent of the samples DC4 and EC4 showed the most 

pronounced scattering.(see Figure 2 a)) Furthermore, the samples DC4 and EC4 displayed 

unexpectedly low gel times.(see Figure 3 a)) 

To investigate the morphology at a scale of 1 to 30 nm SAXS was performed (see Figure S8 

in the Supporting Information). All samples showed the same scattering intensity evolution 

characteristic for aerogels produced from one-step acid catalysis.60,61 The fractal dimension 

increases from -2.15 (see Figure 4 a)) to values around -2.7 (see Table S1 in the Supporting 

Information). From this, a typical porosity shrinkage at small size scales can be 

concluded.10,62,63 The radii of the primary particles (r0) that form the network were determined 

by fitting the SAXS patterns (see SI for complete results). The results are shown in Table 1. 

  



Table 1. The radii (r0) of primary particles as obtained by fitting the SAXS patterns of the 

aerogels. 

 

Co-solvent Reference r0 /nm 

Ethanol 

CC2 0.35±0.04 

DC2 0.30±0.04 

EC2 0.27±0.03 

FC2 0.28±0.03 

GC2 0.29±0.03 

Tert-butanol 

AC4 0.23±0.03 

BC4 0.32±0.04 

CC4 0.32±0.04 

DC4 0.36±0.04 

EC4 0.28±0.03 

FC4 0.26±0.03 

GC4 0.23±0.03 

Ref. without 

alcohol 
HREF 0.27±0.03 

  



The sizes of primary particles can be separated in two domains: In the first, at higher water 

contents, values between 0.23 and 0.3 nm are obtained. In EtOH containing samples, this is the 

case at xwater > 0.58 (DC2). Whereas in TBA containing samples, this is the case at xwater > 0.757 

(EC4). In the second, at lower water contents, the particle size evolution depends on the alcohol. 

In aerogels produced using EtOH as co-solvent, the radii of primary particles decrease 

continuously until DC2. When using TBA as a co-solvent, r0 increases up to a maximum at 

sample DC4. The evolution of the primary particle size when using EtOH as a co-solvent can be 

explained by the experimental factors mentioned above. Since primary particles are formed in 

the first instants of the reaction, their size is largely controlled by the hydrolysis reaction. At 

higher alcohol content, the catalytic activity is lowered. Lower catalytic activity leads to slower 

hydrolysis. When the hydrolysis is slower, the nucleation is slower and the nuclei formed can 

grow to larger sizes before the TEOS is completely consumed. At xwater > 0.58, the critical size 

for the nuclei under these conditions is obtained. When using TBA as co-solvent, the water 

content where the largest primary particles are found (DC4) can be correlated to the structuring 

in the binary water/TBA system.29,34 Here, an inverse structuring with water-rich domains in a 

TBA-rich phase was proposed. Since the primary particles grow in the aqueous phase, these 

water-rich domains can serve as microreactors. Inside, the particle growth is controlled by a 

lower number of nuclei. Containing the same amount of TEOS, this leads to larger particles. 

When entering the bicontinious region at higher water contents, a change to nuclei size-limited 

behavior is observed. 

  



The samples were also characterized by TEM. (Figure 6) The enlarged images can be found 

in the SI. 

 

Figure 6. TEM images of aerogels produced from different sols: a) BC2, b) EC2, c) GC2, d) HREF, 

e) AC4, f) DC4, g) EC4, h) FC4. Scale bar = 100 nm. 

The TEM images show the typical granular structure of aerogels consisting in nanoparticles 

with radii of 0.2 to 0.8 nm. This agrees well with the sizes obtained by SAXS where radii of 

0.23 and 0.36 have been obtained. The structure at the scale of tens of nanometers varies 

between the samples. Samples where the solvent shows no excess scattering at low q are densely 

aggregated clusters (see Figure 6 a) – e) and h). Aerogels that were produced in solvents where 

excess scattering at low q has been observed show an open network at the mesoscale (see 

Figure 6 f) and g)). This coincides with the samples that display increased specific surface 

areas. It is important to distinguish the porosity observed in samples DC4 and EC4 from the 

openings observable in the other samples. In DC4 and EC4 the surroundings of pores are like 

elongated bridges and flat surfaces. The openings observed in the other samples show the 

roughness at the size scale of primary particles and, therefore, merely represent holes due to 



sample preparation. Thus, TEM images indicate that the particular behavior observed for the 

sample DC4 and EC4 originates from structural differences. 

  



Discussion 

Binary mixtures of water and alcohol show interesting properties for the application as solvents 

in the sol-gel process. In the present comparison of EtOH and TBA, the typical formation of a 

surfactant-free microemulsion in the ternary mixture of water/alcohol/TEOS was observed. 

This mesoscale structuring, induced by the addition of hydrophobic TEOS, however, can be 

considered unimportant for the sol gel process at low pH. The reason is the rapid hydrolysis of 

TEOS in the examined conditions which leads to the elimination of the hydrophobic compound. 

Then, the resulting hydrolyzed silicate species react to form sub-nanometer sized primary 

particles. By further Si-O-Si bond formation between the particles, an open silica network with 

fractal character is formed. The ratio of water/alcohol or the choice of alcohol does not change 

the mechanism of polymerization allowing the direct comparison. The network formation 

proceeds at different rates depending on the water/alcohol ratio which was observed by SAXS, 

FTIR and gel time measurements. As discussed, several experimental factors are responsible 

for the different rates. Investigations on the aerogels obtained after drying by SC CO2, allow 

the conclusion that, indeed, a network of primary particles was formed during the sol gel 

process. The aerogels displayed typical properties concerning specific surface areas and SAXS 

patterns and a typical morphology. However, two samples from the TBA-series display 

exceptional features that will be discussed in the following. The hypothesis on the mechanism 

is depicted in Figure 7 in which the water content increases along the axis. The images illustrate 

the solvent behavior around the silica polymer. Light blue is water-rich phase, dark blue the 

hydration layer around silica and green the TBA-rich phase. In the picture illustrating pure 

water and the mixture 25 w% water in TBA (or TBA in water) the solution is considered as an 

homogeneous mixture. At the 50/50 mixture the solvent is considered heterogeneous. Here, it 

creates voids in the silica matrix after the sol-gel process.  



 

Figure 7. Simplified illustration of the structuring at the mesoscale during the sol-gel process 

according to the proposed mechanism.  

Specific case of the CC4 and DC4 samples: impact of the solvent structuring 

All the results obtained for the samples, n(TBA)/n(water) of 0.404 (DC4) and 0.264 (EC4), 

suggest that compartmentation into water- and TBA-rich domains in mixed solvents is 

responsible for the gel time and the high specific surface area through the modification of the 

immediate environment of the growing silica polymer. Those ratios n(TBA)/n(water) are 

similar to the ratios in the TBA/water binary mixtures for which structuring has been 

observed.25,34 However, this structuring is different from the effect of structuring due to the 

templating formed by the aggregation of large amphiphilic molecules. The free energy gain of 

structure formation in the binary mixtures is very little. Therefore, the introduction of highly 

hydrophilic silica will influence the morphology of separated TBA-rich and water-rich domains 



instead of forming silica around existing domains. In this case, water-rich domains cover the 

surface of the growing silica polymer while TBA-rich domains are not in contact with silica. 

(see Figure 7) The reason is the positive surface charge on the silica surface that exists at the 

high acid concentrations (≈ 1mol/L) in our experiments64. The resulting counter-ion layer of 

solvated chloride ions supports the hydrophilicity. Thus, the immediate environment of the 

silica polymer can be considered as a bulk water phase above xwater ≈ 0.5. As visible by the 

highest reaction rate observed for HREF, a solution containing more water has an accelerating 

effect. The accelerating effect is most pronounced at sample DC4 because the catalyst 

concentration in the water-rich domain is the highest. When adding more water, the catalyst in 

the water-rich domain gets diluted. This modification of the immediate environment appears to 

have an important effect on the specific surface area. The TBA-rich domains, although strongly 

fluctuating, are volumes that are excluded for the growing silica polymer. The excluded 

volumes will lead to pores in the aerogel (see Figure 7) which ultimately lead to unique 

structural features like observed in the TEM images. The size discrepancy between the solvent 

structuring in the binary case water/TBA and the observed morphological features is well 

documented in literature.65,66 These excluded volume pores connect the typical microporosity. 

In the case of unstructured solvents, the microporosity is inaccessible to N2 for measurement. 

When mesoscale structuring is present, however, microporosity is accessible and leads to a 

significant increase of specific surface area. 

Conclusion 

In this work, the influence of a structured solvent on the kinetics and the resulting morphology 

of the sol-gel process was investigated. The results are promising for applications in several 

domains where high specific surface areas are important.6,7,67,68 For the investigation, binary 

mixtures of water/EtOH and water/tert-butanol were chosen as representatives of unstructured 

(EtOH containing) and structured (tert-butanol containing) solvents. Upon the addition of 



hydrophobic TEOS, enhanced structuring was observed for several samples, which agrees with 

literature.29 After the rapid hydrolysis of TEOS (< 3 min) which was at the origin of the 

enhanced solvent structuration the solvents are assumed to return to their state in the binary 

mixtures. Here, the reaction conditions and structuring on the mesoscale determine the size of 

primary particles. Small silica particles (radii between 0.2 and 0.5 nm°) then react with each 

other to form a fractal network. Discontinuity of the reaction rate between the samples was 

observed in sols containing the structured solvent (tert-butanol) by observation, DLS, FTIR and 

SAXS. Furthermore, the aerogels obtained by drying with SC CO2 display noticeable 

morphological features and specific surface areas when resulting from structured solvents. 

These criteria lead to the conclusion that the solvent structuring in the immediate environment 

of the silica particles is responsible for the behavior observed. A hypothesis of the influence of 

the solvent structuring on the polymerization mechanism is proposed where the silica particles 

aggregate in a different manner depending on the solvent composition in their close 

surrounding. In structured solvents water-rich domains cover the silica particles. This leads to 

reaction conditions that are similar to those in pure water while tert-butanol-rich domains form 

regions were polymerization does not take place.  

  



Experimental 

Chemicals 

Ethanol absolute anhydrous (p.a.), acetone (technical grade) and 37 w% HCL solution (p.a.) 

were purchased from Carlo Erba Reagents (Val de Reuil, France). Tert-butanol (p.a., ≥ 98 %) 

was purchased from Sigma-Aldrich (Darmstadt, Germany). Tetraethyl orthosilicate (TEOS) (≥ 

98 %) was purchased from Acros Organics (Geel, Belgium). Chemicals were used without 

further purification. Aqueous solutions were prepared using Milli-Q water. 

Ternary phase diagrams 

Ternary phase diagrams were determined at room temperature using a static and dynamic 

process as described in literature.29 For this purpose, binary mixtures of water/alcohol and 

alcohol/TEOS were prepared. The third component was added dropwise and the tube was 

stirred after every addition. The composition at the moment of demixing was noted as the phase 

boundary. After every addition, the tube was closed and then stirred. To limit the TEOS 

hydrolysis, ultrapure water was used. 

Material preparation 

From the ternary diagrams, several water/alcohol ratios were selected and are referred Acx to 

Gcx with X=2 for ethanol and X=4 for tert-butanol (Table 2). For the sample HREF no alcohol 

was added. The materials were prepared using an acid catalyzed sol-gel process. Ethanol or 

TBA, water and 37 w% HCl were mixed in the appropriate ratios indicated in Table 2. After 

stirring, TEOS was added and the container was closed. . Biphasic samples were vortexed until 

complete mixing. The longest time required to obtain a monophasic sample was 3 min for HREF 

(Table 2). Afterwards, the sols were kept in an oven at 50°C until two days after gelification. 

Then, the gels were transferred into 100 mL of ethanol and aged for one day at room 

temperature. Next, ethanol was decanted from the transparent gels and 100 mL of acetone were 

added. After ageing for 24h, the decanted gels were dried using supercritical (SC) CO2 process. 



This was performed with a SEPAREX supercritical fluid extractor using a SC CO2 flow of 30 

g/min, at 100 bar and 60°C during 3 hours. The obtained white powders were kept in the glove 

box to prevent degradation. The sample references and compositions are presented in the Table 

2. 

  



Table 2. References, weight and molar fractions of alcohol and water in the samples containing 

7.5 w% TEOS and 3.6 w% HCl (n(TEOS)/n(HCl) = 2.78). Their localization in a ternary phase 

diagram is shown in Figure 1. 

Co-solvent Reference 
Weight fractions Molar fractions 

wwater walcohol xwater xalcohol 

Ethanol 

AC2 0.1 0.79 0.24 0.71 

BC2 0.15 0.74 0.32 0.63 

CC2 0.24 0.65 0.47 0.49 

DC2 0.33 0.56 0.58 0.38 

EC2 0.43 0.46 0.68 0.29 

FC2 0.61 0.28 0.82 0.15 

GC2 0.8 0.09 0.93 0.04 

Tert-butanol 

AC4 0.1 0.79 0.32 0.6 

BC4 0.15 0.74 0.42 0.51 

CC4 0.24 0.65 0.57 0.37 

DC4 0.33 0.56 0.68 0.27 

EC4 0.43 0.46 0.76 0.2 

FC4 0.61 0.28 0.87 0.1 

GC4 0.8 0.09 0.94 0.03 

Ref. without 

alcohol 
HREF 0.89 0 0.97 0 

 

  



Table 3. Samples used for the SAXS measurements (see Figure 2 b) and d)) All sample contain 

7.5 w% TEOS. 

Co-solvent Reference 
Weight fractions Molar fractions 

wwater walcohol xwater xalcohol 

Ethanol 

(SAXS at t0) 

AC2* 0.14 0.79 0.28 0.71 

BC2* 0.19 0.74 0.36 0.63 

CC2* 0.28 0.65 0.50 0.49 

DC2* 0.37 0.56 0.61 0.38 

EC2* 0.46 0.46 0.70 0.29 

Tert-butanol 

(SAXS at t0) 

AC4* 0.14 0.79 0.38 0.6 

BC4* 0.19 0.74 0.47 0.51 

CC4* 0.28 0.65 0.61 0.37 

DC4* 0.37 0.56 0.71 0.27 

EC4* 0.46 0.46 0.79 0.2 

 

Characterization techniques 

Gel times were determined by the naked eye and using dynamic light scattering (DLS) at 

50°C on a Zetasizer Nano ZS (Malvern Panalytical Ltd., United Kingdom) with automatic 

attenuation in silicone glue sealed 10 mm polystyrene cuvettes. Acquisition was performed at 

173° for 5 runs of 20 s each every hour and data were treated using a method adapted from 

literature.69 The time of the last correlation function consisting of a single monomodal 

exponential function was chosen as gel-time. 

Sols were analyzed using Fourier Transformed Infrared spectroscopy (FTIR) with a Perkin 

Elmer Spectrum 100 spectrometer in Attenuated Total Reflection (ATR) mode equipped with 

a DTGS/KBR detector. The samples were placed at the surface of the diamond in a PTFE set-

up to avoid solvent evaporation. The spectra were recorded from 380 to 4000 cm−1 adding 4 



scans with a 4 cm−1 of resolution correcting from the background spectrum for each substrate. 

Baseline adjustments and peak decomposition were performed using the Origin software. 

Small and Wide Angle X-ray Scattering (SWAXS) analysis were carried out in transmission 

geometry with a Xenocs setup equipped with a Mo anode (λ = 0.71 Å) using a MAR345 2D 

imaging plate detector. Such short wavelength allows to cover a scattering range for standard 

SWAXS that extends to large wave vectors in order to obtain information at a small scale down 

to few angstroms typically a wavenumber q ranged from 0.2 nm-1 to 30 nm-1. The collimation 

was ensured by a Fox2D multilayer mirror and by a set of scatterless slits that delimitated the 

beam to a square section (0.8 mm side length at the sample position). The distance from the 

sample to the detector was about 750 mm and was calibrated using silver behenate powder. 

Sols were analyzed in glass capillaries of 2 mm of diameter. Azimuthal averaging of 2D-data 

recorded by a MAR345 imaging plate detector was performed using the FIT2D software taking 

into account the electronic background of the detector, the empty cell subtraction and an 

intensity calibration. The scattered intensity in absolute scale (in cm-1) was expressed versus 

the magnitude of the scattering vector q = (4πsinθ)/λ, where θ was the scattering angle. 

Experimental resolution was Δq/q = 0.02. Data was fitted using the SASfit software. 

Nitrogen adsorption-desorption analyses were carried out using a Micromeritics apparatus 

(ASAP 2020). Before analysis, all samples were outgassed at 60 °C during 24 h under high 

vacuum (10-5 Pa). Specific surface area was obtained using the Brunauer−Emmett−Teller 

(BET) model. 

For transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) measurement, one or more drops of the dilute solution of dried aerogels 

in ethanol are deposited on the amorphous carbon film. High-resolution transmission electron 

microscopic measurements were carried out using a JEOL 2200FS microscope that operates at 



200 kV. Transmission electron microscopy observations were then carried out using a FEI 

Tecnaï G2 TEM microscope equipped with a LaB6 filament that operates at 200 kV. 

  



Associated content 

Supporting Information 

The Supporting Information is available and contain the Figures S1−S9 and Table S1 which 

are related to additional information regarding the phase diagrams, SAXS, FT-IR, TEM 

analysis and physico-chemical properties of binary systems. 
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