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A B S T R A C T   

By virtue of their low density and thermal conductivity, aerogels constitute attractive thermal insulators. Of 
those, aerogel films are best suited for thermal insulation in microsystems. Processes for the synthesis of aerogel 
films with thicknesses smaller than 2 µm or thicker than 1 mm are well established. However, for microsystems 
films in the range of a few microns and up to several hundred microns would be beneficial. To circumvent the 
present limitations, we describe a liquid mold made of two immiscible liquids, used here to produce aerogel films 
thicker than 2 µm in a single molding step. Following gelation and aging, the gels were removed from the liquids 
and dried using supercritical carbon dioxide. In contrast to spin/dip coating, liquid molding avoids solvent 
evaporation from the gel’s outer surface during gelation and aging, films are free-standing and have smooth 
surfaces. The choice of liquids determines the aerogel film thickness. As a proof of concept, 130 µm thick 
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homogeneous and high porosity (>90%) silica aerogel films were synthesized in a liquid mold with fluorine oil 
and octanol. The resemblance of the liquid mold approach to the float glass technique offers the prospect of mass 
production of large sheets of aerogel films.   

1. Introduction 

Aerogels are highly porous solid materials, with porosities over 90%, 
known for their high surface area and excellent thermal insulation 
properties [1,2]. The thermal conductivity of aerogels can be as low as 
10 mW⋅m− 1⋅K− 1 under ambient conditions [3]. Aerogel powders and 
large aerogel monoliths are commercially available in applications such 
as thermally insulating blankets [4] and skylight windows [5,6]. To the 
best of our knowledge, aerogel films, less than 1 mm in thickness, are not 
produced industrially despite their potential use in multilayered inte-
grated circuits [7,8] and as gas–liquid barriers in microsystems [9]. 
Aerogel films can also be used in microelectromechanical systems 
(MEMS) as micro bridges, cantilevers, and membranes [10,11]. They 
can also be incorporated in high-sensitive humidity sensors [12]. The 
limited use of aerogel films can be attributed to the difficulties associ-
ated with their synthesis. 

Aerogels made by the sol–gel technique involve the preparation of a 
gel from a solution of suspended solid nanoparticles (named sol) [13]. 
The particles can be synthesized from metal alkoxides through a 
sequence of hydrolysis and condensation reactions. As condensation 
proceeds, a continuous and complex network of metal oxide nano-
particles forms a gel featuring mesoscale open pores (2–50 nm wide). 
The gel is very sensitive to ambient drying due to strong capillary 
pressure prevailing inside the pores [14]. To preserve the porosity and 
mechanical integrity of the gel, drying is performed under supercritical 
conditions [15]. In fact, solvent evaporation under ambient conditions 
results in shrinkage and sometimes cracking of the solid skeleton [16]. 
This problem is exacerbated in the synthesis of aerogel films when the 
external surface-to-volume ratio is very large. 

Previous attempts to produce thin aerogel films included dip coating, 
spin coating, and spray coating of the sol on a solid substrate followed by 
supercritical drying [17–19]. To overcome the challenges posed by 
ambient evaporation from the freshly formed thin gel, a solvent- 
saturated environment was imposed during the film deposition and 
maintained after the gel formation to reduce the evaporation rate [17]. 
However, this approach limits the sample size due to the enclosure 
necessary to maintain the proper atmospheric composition. In addition, 
the film thickness in spin and dip coating processes is limited to tens of 
nanometers up to a few microns [18]. In order to achieve larger thick-
nesses, the film deposition process can be repeated multiple times 
[10,11]. However, multilayer spin-coated or dip-coated films are limited 
to a few microns in thickness (<2 μm) due to the penetration of the 
solution into the previously deposited layers resulting in non-uniform 
layers with different thicknesses and porosities. In addition, “coating” 
techniques produce films strongly bonded to the solid substrate and are 
therefore not suitable for producing free-standing aerogel films. 

The float glass process is a well-known technique to manufacture 
large and flat sheets of glass by pouring molten glass on a bath of hot 
liquid tin [20]. It can produce glass sheets with uniform thickness and 
optically smooth surfaces. It is widely used to produce architectural and 
automobile glass products and flat panel displays [21]. The float glass 
process has been adapted to sol–gel chemistry by using poly(chlorotri-
fluoroethylene) [22] and perfluoropolyether oil [23] as liquid substrates 
for producing free-standing mesoporous silica slabs. In both cases, the 
immiscible liquid substrate was used as an intermediate layer in solid 
containers. Its role was to eliminate friction with the container due to 
shrinkage of the gel during drying and to obtain optically smooth 
surfaces. 

Interfacial polymerization consists of forming a thin solid film via 
chemical reactions at the interface between two immiscible but reacting 

liquids [24]. It has been demonstrated for silica sol–gel at the interface 
between hexane and water containing ammonium hydroxide [25]. The 
film thickness depends on the concentration and diffusion rate of the 
silica oligomers. It can range from 2 to 20 μm but it is difficult to control. 

Moreover, liquid encapsulation has been used for protein crystal 
growth in protein characterization [26,27]. Briefly, an aqueous solution 
of protein is injected between two layers of immiscible oils with 
different densities. The water evaporates slowly from the confined 
aqueous solution through the top oil layer while a crystal of the protein 
grows. This technique captures the advantage of growing protein crys-
tals with a perfect crystalline structure ascertained by preventing direct 
contact of the protein solution with the container walls, which often act 
as a heterogeneous nucleation site for crystal growth. 

Here we report on a novel method to synthesize free-standing aerogel 
films with thickness > 100 μm in one molding step using liquid encap-
sulation. This approach combines principles reminiscent of the float 
glass, interfacial polymerization, and encapsulated crystallization. The 
structure and thickness of silica aerogel films obtained in the liquid mold 
technique were characterized by nitrogen porosimetry and scanning 
electron microscopy (SEM). Their transmittance and haze were 
measured across the visible part of the spectrum. The low thermal 
conductivity of the films was validated by thermal imaging when they 
were placed on a hotplate. The liquid mold method was demonstrated 
for silica-based aerogels due to their wide range of applications but it 
could be extended to aerogels of other material compositions. 

2. Experimental 

2.1. Materials 

Chemicals for the gel preparation were used as received and included 
(i) 99% tetraethyl orthosilicate (TEOS) from Sigma-Aldrich, (ii) absolute 
ethanol dehydrated (extra dry, ≥99.5%) from Bio-Lab, (iii) ammonium 
fluoride (≥99.99%) and (iv) ammonium hydroxide (28–30% wt, 
≥99.99%) from Sigma-Aldrich, and (iv) distilled water. Supercritical 
drying was performed with dry acetone (≥99.9%) purchased from Bio- 
Lab and liquid CO2 with > 99% purity. 

Liquids used for the molds as substrates were (i) fluorinated oil 
perfluoropolyether, trade name Fomblin® Y25 by Solvay (100%), (ii) 
Fluorinert™ (FC-70) from Synquest Laboratories (≤100%), (iii) glycerol 
from Fluka (anhydrous, >99.5%), (iv) ethylene glycol from Sigma- 
Aldrich (anhydrous, 99.8%), (v) N-methyl 2-pyrrolidone (NMP) from 
Sigma-Aldrich (anhydrous, >99.5%), and (vi) silicone oil from Sigma- 
Aldrich (350cSt). As covers: (vii) mineral oil also known as paraffin 
oil from Sigma (bioreagent), and (viii) octanol from Thermo Fisher 
(99%). All the liquids were used as received without further treatment. 

2.2. Gel preparation 

Silica gels were prepared from TEOS using a one-step base-catalyzed 
recipe [28]. First, a catalyst solution was made by mixing 0.74 g 
ammonium fluoride, 8.20 g of 30 wt% ammonium hydroxide, and 40 ml 
distilled water. Then, two solutions were prepared in separate beakers, 
one containing 2.62 g ethanol and 1.42 g TEOS, and the other containing 
2.62 g ethanol, 2.16 g distilled water, and 0.11 g of the catalyst solution. 
The solutions were mixed separately for a few minutes and then com-
bined. The final molar ratio of TEOS, water, and ethanol was 
1:16.7:18.7, respectively. The resulting mixture was stirred for 1 min 
and then applied dropwise onto the liquid mold (described in detail in 
section 2.3. Liquid molds). Gelation occurred after 9–12 min. Gels were 
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left in the liquid mold for about 1 h and then transferred into an ethanol 
bath under ambient conditions. To maintain the integrity of the films a 
stainless-steel mesh was used to support the gels during the transfer and 
in the ethanol bath. The gels were immersed in ethanol to age for a day 
before undergoing supercritical drying. 

2.3. Liquid molds 

The liquid molds consisted of two immiscible liquids. Liquids with a 
density larger than that of the silica sol sat at the bottom and served as 
the substrate. Liquids with a density lower than that of the silica sol 
served as the cover. In addition to density and miscibility, properties 
such as vapor pressure, and surface tension also determined whether a 
liquid could serve as substrate or cover. Specifically, low vapor pressure 
is important for the cover liquid to minimize evaporation and to main-
tain full coverage of the sol and gel throughout the duration of the 
synthesis. Densities and vapor pressures at room temperature were ob-
tained from either the literature [29] or suppliers. The miscibility of 
liquids was tested by “mixing” pairs of liquids in a glass beaker and 
observing (or not) the formation of a clear interface. The interface was 
examined over a few days at ambient conditions. 

To assemble the liquid mold, the liquid cover was gently poured on 
top of the liquid substrate in a glass beaker. The liquids were left for a 
few minutes to settle before introducing the sol. The sol was applied 
dropwise close to the top of the cover liquid. Due to density differences, 
the sol passed through the cover liquid until it settled on top of the liquid 
substrate. Fig. 1(a) shows a photograph illustrating the layered structure 
of a liquid mold with silica gel confined between fluorinert as the liquid 
substrate and mineral oil as the liquid cover. 

The thickness h of sol suspended in the liquid mold and isolated from 
the container walls was determined by the surface tension forces acting 
at the interfaces of the three liquids [30], as illustrated in Fig. 1(b). The 
net balance of the surface tension forces corresponds to the spreading 
coefficient S, which is defined as [31] 

S = γAC − (γAB + γBC) (1)  

where γij is the surface tension of the interface separating liquids “i” and 
“j”, while subscripts A, B, and C refer to the liquid substrate, the sol, and 
the liquid cover, respectively. When the spreading coefficient S > 0, the 
sol spreads on the liquid substrate and forms a thin layer (complete 
wetting) [32]. By contrast, when S < 0, the sol forms lens shaped film 
[33] whose thickness h depends on the spreading coefficient, the grav-
itational acceleration, g, and the differences between the densities of the 
liquids in the system. The square of h is derived from the Langmuir 
equations [34,35] and is given by the expression 

h2 = − 2S
ρA − ρC

g(ρA − ρB)(ρB − ρC)
(2)  

where ρA, ρB and ρC refer to the densities of the liquids as they are 
defined in equation (1) and in Fig. 1(b). Since the liquids are layered 
from bottom to top by order of decreasing densities, the product of the 
density differences is always positive. Therefore, when the value of S 
approaches zero the films obtained are thinner. In addition, when the 
volume of the sol is equal to or smaller than 16 πh3 (the volume of a sphere 
in terms of its diameter h) spherical beads are obtained. 

Another important aspect of the liquid mold is to ensure the planarity 
of the interfaces between liquids in the solid container. Due to the sur-
face tension between the liquids and the solid container wall, the liquid 
interfaces are nonplanar near the wall. To minimize this effect a wide 
container was used [36]. This provided horizontal interfaces at the 
center where the gel film was produced [37]. 

Finally, most liquids of the mold were recovered after the synthesis 
and were reused in subsequent experiments. 

2.4. Supercritical drying 

After removing the silica gels from the liquid mold and aging, su-
percritical drying was performed in a Leica CPD300 or a Tousimis 
Automegasamdri 915B critical point dryers. First, the drying cell was 
partially filled with acetone, and the gels were transferred from the 
ethanol bath to the drying cell. Acetone was used because it is more 
miscible with CO2 than ethanol. After closing the drying cell, it was 
cooled to 6 ◦C at atmospheric pressure. Then, the drying cell was filled 
with liquid CO2 at about 58 bars while maintaining a low temperature. 
Between 10 and 100 exchange cycles were performed to fully remove 
the acetone and ethanol. Each cycle included flush out of about 10% of 
the liquid mixture followed by insertion of liquid CO2 to fill the empty 
volume and mixing for about 4–5 min. Following the exchange cycles, 
the cell was slowly heated to 43 ◦C at a rate of 1.5 oC⋅min− 1 while the 
pressure increased to 78 bars (1131 psi). Supercritical conditions were 
maintained for several minutes before starting a slow depressurization 
at 40–43 ◦C. After the pressure was released the cell was left to cool 
down ambiently. 

2.5. Characterization 

The density of the sol was measured at room temperature by moni-
toring mass and volume of the sol from the time of mixing until a solid 
gel was formed. The density of the dry aerogel films ρa was obtained 
from the weight, and size which were measured using a balance, and 
“ImageJ” software (version 1.52v) [38] with the ‘analyze → measure’ 
function. Thicknesses of films (<1 mm) were measured with a SEM or 
confocal laser microscope. The total porosity ϕ was calculated from the 
apparent density of the sample ρa and the density of silica ρs = 2.2 
g⋅cm− 3 according to equation (3) [39] 

Fig. 1. (a) Stratified structure of a silica gel in a liquid mold with fluorinert (FC-70) as the liquid substrate and mineral oil as the liquid cover. (b) Schematic 
illustration of a sol or gel, B, at the interface between a liquid substrate, A, and a liquid cover, C. (c) Surface tension force vectors, γij, and the thickness, h, of the gel 
are depicted in the scheme, which is a magnified view of the highlighted rectangle in (b). 
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ϕ = 1 −
ρa

ρs
(3) 

The total pore volume Vp (in g⋅cm− 3) was calculated according to 
equation (4) 

Vp =
1
ρa

−
1
ρs

(4)  

and is equal to the sum of volumes from micropores, mesopores, and 
macropores. 

The dry free-standing silica aerogel films were characterized using (i) 
SEM, (ii) low-temperature nitrogen adsorption–desorption porosimetry, 
and (iii) UV–vis spectrometry. SEM characterization was performed 
using a Zeiss Sigma 300 VP scanning electron microscope. Free-standing 
films were glued to SEM stubs using carbon tape. The stabs were inserted 
into the SEM and evacuated for about 2 h until a high vacuum was 
reached. This also enabled the aerogel samples to equilibrate with the 
conditions in the SEM vacuum chamber. It was previously shown that 
even a thin layer of sputtered gold, dramatically alters the morphology 
and the fine structure of aerogels [40], therefore, SEM measurements 
were performed on samples without coating. To overcome the charging 
effect a relatively low-energy electron beam (3 keV) was applied. In 
addition, a low-diameter aperture was used (15 μm), thereby reducing 
the beam current. 

A 3D-measuring laser confocal microscope (LEXT OLS5100, 
Olympus) was used to acquire the vertical cross-section of the aerogel 
films. At 405 nm in ‘Film thickness’ scanning mode, the laser light was 
able to image the uniformity and homogeneity of the material. The 
thickness of the films was evaluated by the microscope ‘Analysis Appli-
cation’, (version 1.3.4.170, 2017) in a 10× magnification and 1x zoom. 

A Micromeritics Tri-Star II surface area and porosity analyzer was 
used to examine the specific surface area, pore structure, and porosity of 
the aerogel films. A VacPrep061 sample degas system by Micromeritics 
was used for degassing the samples prior to the measurements. Several 
films prepared in liquid molds as described above were collected after 
gelation and combined in a stainless-steel mesh basket and then dried 
under supercritical conditions. About 50 mg of the dry films were loaded 
in a narrow-neck glass test tube for degassing and measurement. 
Degassing was performed at 150 ◦C for 20.5 h. Measurements were 
repeated several times to verify their reliability. Surface area and pore 
structure were calculated from low temperature nitrogen adsorp-
tion–desorption isotherms based on the Brunauer–Emmett–Teller (BET) 
algorithm [41,42] and the Barrett-Joyner-Halenda (BJH) Analysis [43] 
with Kruk-Jaroniec-Sayari (KJS) correction [44,45]. The pore size dis-
tribution (PSD) is represented by the differential ratio of pore volume, 
Vp, and pore width, Wp, as a function of the pore width. Micropore and 
mesopore volumes were calculated using the αs comparative plot 
method [46]. 

The spectral normal-hemispherical transmittance and haze of the 
aerogel films were measured using a double-beam ultraviolet–visible 
(UV–Vis) spectrophotometer (iS50, Thermo Fisher Scientific, USA) 
equipped with an integrating sphere (EVO220, Thermo Fisher Scientific, 
USA), as described in ASTM D1003-11 [47]. Measurements were per-
formed in the visible and near-infrared range between 300 and 1100 nm 
in 1 nm increments. The films were held by electrostatic forces on a 
polystyrene slide during the measurements. Absorption by the slide was 
subtracted from the spectra. 

The thermal insulation performance of the aerogel films was 
demonstrated with an infrared (IR) camera FLIR A320. 

3. Results and discussion 

3.1. Synthesis design 

The density of the sol dictates the choice of liquids that can serve as 
substrate or cover in the mold. Here, the density of silica sol was 

measured as 0.90 ± 0.01 g⋅cm− 3 and it remained constant during 
gelation. Liquid densities and miscibility tests established that silicone 
oil, NMP, benzyl alcohol, ethylene glycol, glycerol, and fluorinated oils 
can be used as liquid substrates. Similarly, liquids suitable to serve as 
liquid covers include octanol and mineral oil. All the liquids listed above 
were tested and found to be immiscible with the silica sol and formed an 
intact gel. 

The use of some liquids resulted in very smooth surfaces while others 
led to textured surfaces. Surface smoothness is critical for several ap-
plications such as thermal insulation in multi-layered microelectronics, 
where smooth surfaces improve device compactness and avoid compli-
cations due to the presence of air pockets [48,49]. Fig. 2 shows 2 × 2 
mm2 microscope images of dry silica aerogel surfaces obtained in con-
tact with different liquids. The surfaces of aerogels obtained with fluo-
rinated oil and silicone oil as substrates, and mineral oil as a cover were 
perfectly smooth, comparable to the surface of the same aerogel formed 
under air. Liquids such as benzyl alcohol, NMP, glycerol, and ethylene 
glycol, which were used as substrates, caused the formation of different 
patterns on the surface. Such roughness is incompatible with applica-
tions where surface smoothness is critical and compact layering is 
required. 

The surface tension between the mold liquids and the sol determines 
the thickness of the resulting gel, as shown in equation (2). In a liquid 
mold with silicone oil as a substrate and mineral oil as a cover, lens 
shaped aerogels with thickness ~ 4 mm after supercritical drying were 
obtained due to high surface tension, Fig. 3(a). Small volumes of sol, less 
than 35 μl, in the same liquid mold, resulted in spherical aerogel beads 
~ 4 mm (or smaller) in diameter, as shown in Fig. 3(b). Similar results 
were obtained in references [50,51]. Accordingly, the spreading coef-
ficient for this mold, calculated from equation (2) for the silica sol, was 
negative and equal to − 2.53 mN⋅m− 1. Attempts to reduce the gel 
thickness in this mold included (i) withdrawing the sol after deposition 
[22] (ii) heating the liquid mold up to 40 ◦C, and (iii) using a thick layer 
of liquid cover to increase the hydrostatic pressure forces on the gel. All 
the above approaches had negligible effect on the gel thickness. 

Thin aerogel films were obtained in a liquid mold with fluorinert as a 
substrate and octanol as a cover. The polarity of octanol lowered the 
surface tension with the sol resulting in a larger spreading coefficient 
(less negative). Fig. 4(a) presents a small segment of a silica aerogel film 
made in a liquid mold with fluorinert and octanol. The thickness of the 
dry film was measured by SEM to be about 160 μm, as illustrated in 
Fig. 4(b). Since the SEM measurement represents only the edge of the 
film, a laser confocal microscope was used to measure the vertical cross- 
section of the film at its center. The images revealed a film thickness 
equal to 130 ± 10 μm, see image 4(d), and accordingly, the spreading 
coefficient calculated for this mold is − 0.006 mN⋅m− 1. Due to the 
dispersive nature of the aerogels, the light intensity across the film 
decresased as it penetrated deeper into the film (from top to bottom). 
Therefore, the bottom side of the film appears darker. 

Production of large flat films in the liquid mold was challenging due 
to vibrations and small movements of the surroundings and of the liquid 
interfaces. A flat gel film ~ 10 cm in diameter was successfully produced 
in a large container. However, maintaining the integrity and flatness of 
such film (or larger) requires a vibration control platform during gela-
tion and a stable support when being transferred from the mold to the 
drying cell. Here the large film was sectioned before it was transferred to 
the drying cell. Notably, supercritical drying of a large film requires 
control of the inlet stream or other measures to protect the gel from 
destructive currents during the solvent exchange. 

3.2. Structural characterization 

The apparent density ρa and the total porosity ϕ of the silica aerogel 
films synthesized in liquid molds consisting of fluorinert and octanol 
were calculated directly from the weight and size, and found to be 190 
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Fig. 2. Optical microscope images (2 × 2 mm2) of aerogel surfaces that were synthesized in contact with different liquids. High density liquids used as substrates: (a) 
fluorinated oil Fomblin™, (b) glycerol, (c) ethylene glycol, (d) benzyl alcohol, (e) NMP, (f) silicone oil; Low density liquids that were used as cover liquids: (g) 
mineral oil and (h) octanol. A reference sample with interface obtained under air is shown in (i). 

Fig. 3. Photographs of silica aerogels synthesized in a liquid mold of silicone oil as the substrate and mineral oil as the cover, and dried in supercritical CO2. (a) Lens- 
shaped aerogels with thickness equal to 4 mm were obtained when sol volumes were larger than 35 μl; (b) Small volumes of sol, ≤35 μl, generated spherical aerogel 
beads with diameters ~ 4 mm or less. 
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± 10 mg⋅cm− 3 and 91%, respectively. 
The SEM picture presented in Fig. 4(c) displays the porous structure 

of the film. Mesopores and macropores are qualitatively observed in the 
picture. Gas adsorption–desorption analysis was used to further examine 
the porous structure of the material. Fig. 5(a) shows a representative 
nitrogen adsorption–desorption isotherm of the aerogel film. The 
isotherm consists a steep increase at a low relative pressure and a hys-
teresis loop that does not reach a plateau at a relative pressure close to 1. 
These features indicate a mixture of type II and type IV(a) isotherms, 
according to the International Union of Pure and Applied Chemistry 
(IUPAC) classification [52]. The hysteresis loop is related to the presence 
of mesopores (2–50 nm), while the lack of plateau at P/P0≈1 is attrib-
uted to the presence of macropores (>50 nm). The latter is also 
consistent with the type H3 hysteresis loop, which is observed in mes-
opore systems with macropores. Fig. 5(b), shows the mesopore size 
distribution calculated by the BJH-KJS method, which demonstrates a 
broad distribution of pores from 2 to over 50 nm, and potential presense 
of micropores (<2 nm) and macropores (>50 nm). The αs comparative 
plot method was used to calculate the volumes of micropores and 
mesopores. However, PSD integration was not used to calculate the total 
mesopore volume as the presence of macropores adversely affects the 
accuracy of the PSD calculations. The micropore and mesopore volumes 
calculated by the αs method were 0.05 and 0.40 cm3⋅g− 1, respectively. 
The macropore volume of 4.36 cm3⋅g− 1 was calculated by subtracting 
the micropore and mesopore volumes from the total pore volume of 
4.81 cm3⋅g− 1. Table 1 summarizes the structural characteristics of the 
aerogel films. The results indicate that the aerogel films synthesized in 
the liquid mold with fluorinert and octanol were predominantly mac-
roporous and that the PSD shown in Fig. 5(b) accounts only for a fraction 
of the pores. 

The specific surface area of the film, calculated from the slope of the 
linear regime at low relative pressures was equal to 430 ± 9 m2⋅g− 1. In 
comparison, a large silica aerogel monolith 20 mm in diameter and 5 
mm in thickness synthesized by the same procedure as that of the films 
in liquid molds but in a solid Teflon mold had specific surface area of 
850 m2⋅g− 1, effective density of 70 mg⋅cm− 3, and porosity of 0.97 [53]. 

Therefore, we conclude that the liquids constituting the mold affected 
the microstructure of the silica aerogel, increasing the pore size and 
reducing the surface area. 

3.3. Optical characterization 

Fig. 6 shows the measured spectral normal-hemispherical trans-
mittance and haze of a 130 μm thick silica aerogel film synthesized in a 
liquid mold consisting of fluorinert and octanol. The large haze confirms 
the existence of large pores in line with the nitrogen adsorp-
tion–desorption isotherms. Pores larger than 50 nm scatter visible light 
significantly and result in small transmittance and large haze [54]. The 
spectral transmittance of the aerogel film reached a maximum of 86% at 
1100 nm but was equal on average to ~ 60% in the visible range 
(400–700 nm). The haze between 400 and 700 nm equals 83–74%, 
respectively. For applications where transparency in the visible range is 
required more work should be done to improve the pore size and 
homogeneity. 

3.4. Thermal characterization 

The thermal resistivity of the aerogel film was illustrated by imaging 
with an IR camera. Fig. 7 shows the aerogel film (thickness ~ 130 μm) 
and a reference polyimide (Kapton®) film of a comparable thickness 
(~130 μm) on the surface of a hot plate. The films were placed simul-
taneously on the plate which was set to 100 ◦C. After 1.5 min, the 
temperature at the surface of the aerogel film was 68 ◦C while the pol-
yimide film was 84 ◦C. The different temperatures observed for the two 
films correspond to the difference in their thermal conductivity. This 
qualitative test was repeated several times and similar images were 
obtained. 

4. Conclusion 

In view of the growing needs for efficient insulating porous materials 
in microsystems [7–12], we describe a new method for preparing aer-
ogel films in liquid molds. Liquid molding offers an attractive alternative 

Fig. 4. (a) Photograph of a silica aerogel 
film synthesized in a liquid mold of fluorine 
oil Fomblin as the substrate and octanol as 
the cover, and dried in supercritical CO2. 
Film is shown under the tip of a caliper. (b) 
SEM picture of the aerogel film shows its 
porous structure. (c) SEM picture of the 
cross-section of the film was taken at low 
magnification while the film was held by 
carbon tapes on both sides. (d) Laser scan-
ning microscope image of the aerogel film 
showing the uniformity, homogeneity and 
thickness.   
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to the currently used deposition methods, which are limited to pro-
duction of very thin films (<2 μm) [17–19]. Furthermore, the aerogels 
produced in liquid molds are free-standing and the new approach is 
more efficient, economical, and environmentally friendly. 

The liquid mold consists of two immiscible liquids with different 
densities, which are used as substrate and cover to encapsulate a sol 
during gelation and aging. While the gel is immersed between the liq-
uids, it is fully protected from uncontrolled solvent evaporation. This 
overcomes the risk of shrinkage and cracking of the gel, preserving its 
fine porous structure. Moreover, the use of liquid molds allows for 
reduced friction and stress during gelation and results in smooth sur-
faces. Once gelation is completed, the liquids constituting the mold are 
washed away and the gel is dried under supercritical conditions with 
CO2. The liquids of the mold can be recovered following the synthesis for 

reuse in subsequent preparations. 
Generally, the thickness of gels produced in liquid molds is deter-

mined by the surface tension between the liquids. Two model systems 
were tested as liquid molds for silica sols: (1) a liquid mold with silicone 
oil as a substrate and mineral oil as a cover; (2) a liquid mold with 
fluorine oil as a substrate and octanol as a cover. The first produced free 
standing lens shaped silica aerogels with a thickness of ~ 4 mm. In the 
second, silica aerogel films with 130 μm thickness and 91% porosity 
were produced. The films specific surface area was 430 m2⋅g− 1 with a 
broad pore size distribution consisting of micropores, mesopores, and 

Fig. 5. (a) Nitrogen adsorption–desorption isotherm and (b) the corresponding 
mesopore size distribution of silica aerogel film synthesized in a liquid mold 
with fluorinert as the substrate and octanol as the cover. 

Table 1 
Summary of the structural characteristics of silica aerogel films synthesized in a 
liquid mold with fluorinert as a substrate and octanol as a cover.  

BET 
Specific 
area 
(m2⋅g− 1) 

Porosity 
(%) 

Total 
specific 
volume 
(cm3⋅g− 1) 

Micropore 
specific 
volume 
(cm3⋅g− 1) 

Mesopore 
specific 
volume 
(cm3⋅g− 1) 

Macropore 
specific 
volume 
(cm3⋅g− 1) 

430 91  4.81  0.05  0.40  4.36  

Fig. 6. (a) Spectral normal-hemispherical transmittance and haze as a function 
of wavelength between 300 and 1100 nm of a dry silica aerogel film with 
thickness ~ 130 μm. (b) Sample was held by electrostatic attraction on a 
polystyrene slide. 

Fig. 7. (a) A picture of an aerogel film of 130 μm (white) next to a polyimide 
film of 130 μm (orange) on the surface of a hotplate. (b) IR image of the films 
taken after 1.5 min on a hot plate set at 100 ◦C. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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macropores. The relatively low transmission and high haze of the film 
are in line with the presence of large pores (>50 nm). The thermal 
conductivity of the films was demonstrated by IR imaging and showed 
better insulation than a polyimide film of similar thickness. 

In future research liquid molding can be extended to colloidal solu-
tions other than silica. This might be specifically beneficial for those 
containing highly volatile solvents and would entail specific matching of 
the liquids. An additional challenge would be to optimize the conditions 
required to obtain films with desired thicknesses. Liquid molds can also 
be used for shaping smooth spherical and aspherical optical compo-
nents, as shown by Frumkin et al [55], or provide a means to control the 
assembly of colloidal solutions e.g. introduce different functionalities to 
opposite surfaces and generate films with specific directionality. 

The similarity of the liquid mold method and the float glass tech-
nique supports the feasibility of mass production of large sheets of 
aerogel films. In fact, even in the absence of a dedicated set-up (vibra-
tion control, rigid support for handling etc.) we have successfully mol-
ded a large film (10 cm in diameter and 130 μm thick). Supporting the 
notion that floating gels can be rolled at a controlled speed between two 
flowing liquids to form large sheets of stand-alone aerogel films in a 
continuous process for mass production. 
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False Morphology of Aerogels Caused by Gold Coating for SEM Imaging, Polymers 
13 (2021) 588, https://doi.org/10.3390/polym13040588. 

[41] S. Brunauer, P.H. Emmett, E. Teller, Adsorption of Gases in Multimolecular Layers, 
J. Am. Chem. Soc. 60 (1938) 309–319, https://doi.org/10.1021/ja01269a023. 

[42] S. Lowell, J.E. Shields, M.A. Thomas, M. Thommes, Characterization of Porous 
Solids and Powders: Surface Area, Pore Size and Density, Springer, Netherlands, 
Dordrecht (2004), https://doi.org/10.1007/978-1-4020-2303-3. 

[43] E.P. Barrett, L.G. Joyner, P.P. Halenda, The Determination of Pore Volume and 
Area Distributions in Porous Substances. I. Computations from Nitrogen Isotherms, 
J. Am. Chem. Soc. 73 (1951) 373–380, https://doi.org/10.1021/ja01145a126. 

[44] M. Kruk, M. Jaroniec, A. Sayari, Application of Large Pore MCM-41 Molecular 
Sieves To Improve Pore Size Analysis Using Nitrogen Adsorption Measurements, 
Langmuir 13 (1997) 6267–6273, https://doi.org/10.1021/la970776m. 

[45] M. Jaroniec, L.A. Solovyov, Improvement of the Kruk− Jaroniec− Sayari Method for 
Pore Size Analysis of Ordered Silicas with Cylindrical Mesopores, Langmuir 22 
(2006) 6757–6760, https://doi.org/10.1021/la0609571. 

[46] Rouquerol Françoise, Rouquerol Jean, Sing Kenneth, Adsorption by Powders and 
Porous Solids, Elsevier, 1999. https://doi.org/10.1016/B978-0-12-598920-6. 
X5000-3. 

[47] Standard Test Method for Haze and Luminous Transmittance of Transparent 
Plastics, American Society for Testing Materials, 2010. https://www.astm.org/ 
d1003-00.html. 

[48] H. Yoo, H. Park, S. Yoo, S. On, H. Seong, S.G. Im, J.-J. Kim, Highly stacked 3D 
organic integrated circuits with via-hole-less multilevel metal interconnects, Nat 
Commun. 10 (2019) 2424, https://doi.org/10.1038/s41467-019-10412-9. 

[49] S.W. Fong, C.M. Neumann, E. Yalon, M.M. Rojo, E. Pop, H.-S.-P. Wong, Dual-Layer 
Dielectric Stack for Thermally Isolated Low-Energy Phase-Change Memory, IEEE 
Trans. Electron Devices. 64 (2017) 4496–4502, https://doi.org/10.1109/ 
TED.2017.2756071. 

[50] A.S. Shalygin, A.L. Nuzhdin, G.A. Bukhtiyarova, O.N. Martyanov, Preparation of 
HKUST-1@silica aerogel composite for continuous flow catalysis, J Sol-Gel Sci 
Technol. 84 (2017) 446–452, https://doi.org/10.1007/s10971-017-4455-3. 

[51] S. Zong, W. Wei, Z. Jiang, Z. Yan, J. Zhu, J. Xie, Characterization and comparison 
of uniform hydrophilic/hydrophobic transparent silica aerogel beads: skeleton 
strength and surface modification, RSC Adv. 5 (2015) 55579–55587, https://doi. 
org/10.1039/C5RA08714G. 

[52] M. Thommes, K. Kaneko, A.V. Neimark, J.P. Olivier, F. Rodriguez-Reinoso, 
J. Rouquerol, K.S.W. Sing, Physisorption of gases, with special reference to the 
evaluation of surface area and pore size distribution (IUPAC Technical Report), 
Pure Appl. Chem. 87 (2015) 1051–1069, https://doi.org/10.1515/pac-2014-1117. 

[53] A. Sedova, G. Bar, O. Goldbart, R. Ron, B. Achrai, I. Kaplan-Ashiri, V. Brumfeld, 
A. Zak, R. Gvishi, H.D. Wagner, R. Tenne, Reinforcing silica aerogels with tungsten 
disulfide nanotubes, J. Supercrit. Fluids 106 (2015) 9–15, https://doi.org/ 
10.1016/j.supflu.2015.07.018. 

[54] J. Wang, D. Petit, S. Ren, Transparent thermal insulation silica aerogels, Nanoscale 
Adv. 2 (2020) 5504–5515, https://doi.org/10.1039/D0NA00655F. 

[55] V. Frumkin, M. Bercovici, Fluidic shaping of optical components, Flow. 1 (2021) 
E2, https://doi.org/10.1017/flo.2021.1. 

G. Bar et al.                                                                                                                                                                                                                                      

https://doi.org/10.1038/ncomms12374
https://doi.org/10.1038/ncomms12374
https://doi.org/10.1021/la102268n
https://doi.org/10.1063/1.1749243
https://doi.org/10.1016/0021-9797(72)90175-0
https://doi.org/10.1016/0021-9797(72)90175-0
https://doi.org/10.1088/0031-9112/21/4/018
https://doi.org/10.1088/0031-9112/21/4/018
https://doi.org/10.1038/s41598-018-36514-w
https://doi.org/10.1007/s10971-017-4304-4
https://doi.org/10.3390/polym13040588
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1007/978-1-4020-2303-3
https://doi.org/10.1021/ja01145a126
https://doi.org/10.1021/la970776m
https://doi.org/10.1021/la0609571
https://doi.org/10.1038/s41467-019-10412-9
https://doi.org/10.1109/TED.2017.2756071
https://doi.org/10.1109/TED.2017.2756071
https://doi.org/10.1007/s10971-017-4455-3
https://doi.org/10.1039/C5RA08714G
https://doi.org/10.1039/C5RA08714G
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1016/j.supflu.2015.07.018
https://doi.org/10.1016/j.supflu.2015.07.018
https://doi.org/10.1039/D0NA00655F
https://doi.org/10.1017/flo.2021.1

	Synthesis of silica aerogel films in liquid molds
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Gel preparation
	2.3 Liquid molds
	2.4 Supercritical drying
	2.5 Characterization

	3 Results and discussion
	3.1 Synthesis design
	3.2 Structural characterization
	3.3 Optical characterization
	3.4 Thermal characterization

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


