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mal insulation silica aerogels

Jieyu Wang,a Donald Petitb and Shenqiang Ren *abc

Silica aerogels have received much attention due to their unique nanoporous networks, which consist of

nanoscale connective silica particles and high-volume nanoscale pores. This lightweight superinsulation

solid materials are synthesized by a ‘sol–gel’ process involving precursor preparation, gelation, aging and

drying. By controlling their synthesis and processing, silica aerogels demonstrate good thermal and

acoustic insulation, mechanical strength and optical transparency. In recent years, incorporating

transparent and thermal insulation silica aerogels in energy-saving windows is of great interest for both

scientific and technological applications. This review introduces the basic principles of thermal and

optical properties of silica aerogels and highlights their tunability via synthetic and processing control. In

addition, the use of silica aerogels in transparent thermal insulation windows is discussed.
1. Introduction

The aerogel was invented by Steven Kistler who named it ‘aer-
ogel’ because the aerogel network is prepared by replacing the
liquid phase in the gel with air.1 This so-called ‘sol–gel’ process
makes aerogels the lightest solid materials with high porosity
(�90%), large specic surface area (�1600 m2 g�1) and low
density (�0.01 g cm�3).2–5 The type of aerogel material is termed
according to the input precursors, such as silica, metal oxides,
and polymers.6–8 In this context, silica aerogels are particularly
attractive due to their abundance, high performance and ease of
manufacturing.9 Silica aerogels have been used in emerging
ieyu Wang obtained her bache-
or's degree in Chemistry from
oth Nanjing Tech University
nd the University of Sheffield in
019. She joined the lab of Prof.
henqiang Ren at the University
t Buffalo as a master student in
019. Her research interests
ocus on the thermal insulating
erogels.

ffalo, The State University of New York,

uffalo.edu

Engineering, University at Buffalo, The

4260, USA

nment & Water (RENEW), University at

uffalo, NY 14260, USA

4–5515
applications because of their high performance in thermal
insulation, mechanical strengthening and noise-proong.10–13

Among these properties, thermal insulation is the most attrac-
tive option since this is the most powerful component of the
aerogel, allowing it to be used in building materials and
protective clothes.14 The optical properties of silica aerogels also
make the materials suitable candidates for applications
utilizing electromagnetic (EM) radiations, such as super-
insulation windows and Cherenkov radiator.15–17 In many cases,
silica aerogels are transparent, which is unique because
majority of the porous materials are opaque (Fig. 1a–c show
silica aerogels with difference transparency).18 Due to the
nanoscale pore size (few nanometers), which is far smaller than
the wavelength of visible light (390–760 nm), aerogel pores can
act as Rayleigh scattering centers and the transparency occurs
(discussed below).19 There are a large number of studies on
transparent and thermal insulating silica aerogels for use in
building double-layered windows, suggesting a great pros-
pect.16,20,21 However, an overview illustrating the theory and
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Fig. 1 Optical images of: (a) silica aerogel with refractive indices of
1.0149 (left) and 1.0026 (right) showing a great transparency. (b) Semi-
transparent silica aerogel prepared through APD. (c) Opaque silica
aerogel monolith with ultra-low density. (d) Scanning electron
microscopic (SEM) images of trimethoxymethylsilane (MTMS) aero-
gels. Reproduced from ref. 4, 18, 22 and 84 with the permission of
Elsevier, American Chemical Society and John Wiley and Sons.
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existing works of optical and thermal insulation properties of
silica aerogels is absent. Based on a broad survey of recent
research works on aerogels, this review provides an overview of
transparent and low-thermal conductivity silica aerogels. These
two properties strongly correlate with the manufacturing of
silica aerogels, and therefore, we present a discussion of ‘sol–
gel’ chemistry in the preparation of aerogel materials (scanning
electron microscopic images of silica aerogels are shown in
Fig. 1d).22 Silica aerogels are synthesized with silicon alkoxide or
silica salts as precursors by a ‘sol–gel’ process, which involves
hydrolysis, gelation, aging and drying.23,24 There are three
drying methods for silica aerogel: supercritical drying (SD),
ambient pressure drying (APD), and freeze drying.25–27 Besides
the basic introduction to transparent and thermal insulation
silica aerogels, relevant mechanical and acoustic properties are
included. The process of thermal isolation window fabrication
based on silica aerogel glazing, which is the central application
of aerogels these years, is presented in this review. A few
Dr Shenqiang Ren is Professor of
Mechanical and Aerospace Engi-
neering, Chemistry and RENEW
institute at SUNY-Buffalo, with
research interests in emerging
functional materials and devices.

This journal is © The Royal Society of Chemistry 2020
comments on present challenges and future directions in this
eld are also given.

2. Synthesis of silica aerogels: a sol–
gel process

Silica aerogels are solid materials manufactured by a ‘sol–gel’
process.28 It is an economic and effective way for the synthesis of
aerogel materials, which usually gives high-quality materials
with uniform and small-size particles.29 There are few steps
involved in this sol–gel process, including precursor prepara-
tion, gelation (hydrolysis and condensation), aging, surface
modication (solvent exchange), and drying.3,24

2.1 Precursor preparation and gelation

The aerogel precursors are liquid ‘solvents’, which contain
colloidal suspensions of nanometer-scale silica particles.9

Commonly used precursors are silicon alkoxide, including tet-
ramethoxysilane (TMOS), tetraethoxysilane (TEOS), methyl-
trimethoxysilane (MTMS) and sodium silicate (waterglass).30–33

Wagh et al. compared several basic properties of silica aerogels
prepared with different kinds of precursor, shown in Table 1, in
which polyethoxydisiloxane (PEDS) with optimal properties
prohibited its large-scale applications due to its high cost.
Waterglass is more attractive due to its abundance and low cost
($0.02 per kg, reagent grade).30 In 2015, He et al. prepared a low-
density (0.089 g cm�3), high-surface area (680 m2 g�1) and
superhydrophobic (contact angle of 161�) waterglass-based
aerogel through ambient pressure drying.34 However, the
process is complex and an ion exchange step is necessary due to
its strongly basic nature, which is a result of the large amount of
sodium ions contained in the solution.35

The gelation of silica aerogel starts from hydrolysis of silica
precursors and then condensation of hydrolyzed nanoparticles,
while the chemical equation for precursor hydrolysis and
condensation is given as follows:23

Hydrolysis: Si–(OR)4 + 4H2O # Si–(OH)4 + 4ROH

Water condensation: ^Si–(OH) + Si–(OH)^ # ^Si–O–Si^ +

H2O

Alcohol condensation:^Si–(OH) + Si–(OR)^#^Si–O–Si^ +

ROH

A pH treatment under a room temperature and normal
pressure is essential towards increasing the viscosity, thus
allowing the ‘sol’ phase to transform into the ‘gel’ phase:
nanoparticles in solvents are connected via networks, and
solvents are trapped in voids formed by the cross of silica
chains, as shown in Fig. 2a.23,36 Few research works have proved
the vital role of the pH value in both hydrolysis and conden-
sation. Stolarski et al. used TEOS as a silica precursor, and the
experimental data showed that the kinetics of hydrolysis reac-
tion is under a rst-order relationship with the reaction time
when the pH is relatively low, as shown in Fig. 2b.37 Brinker and
Nanoscale Adv., 2020, 2, 5504–5515 | 5505
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Table 1 Effect of five precursors on the basic properties of silica aerogels. Partly reproduced from ref. 30 with the permission of Elsevier

Precursor
Molar ratio of precursor :
solvent : water

Catalyst and
concentration

Gelation time
(Tg)

Bulk density
(rb) (kg m�3) Porosity%

Surface area
(m2 gm�1)

Thermal
conductivity
(W m�1 K�1)

TEOS TEOS : EtOH : H2O 1 : 5 : 7 Citric acid 0.001 M 2.2 days 230 87.89 800 0.060
TMOS TMOS : MeOH : H2O 1 : 12 : 4 NH4OH 0.05 M 30 min 129 93.21 1000 0.020
PEDS PEDS : EtOH : H2O 1 : 5 : 6 HF 0.01 M 10 min 98 96.84 1100 0.015
Waterglass Waterglass : EtOH 1 : 2 HCl 5 M to pH 6.2 15 min 89 �95 680 —
MTMS MTMS : MeOH : H2O : H2O Oxalic acid 0.1 M 8 h 42 — — —

Fig. 2 (a) Transmission electron microscopic (TEM) image of silica
nanoparticles during gelation. (b) Effect of pH on the hydrolysis of silica
precursor. (c) Effect of condensation pH on aerogel specific surface
area and pore volume. (d) Plot of bulk density and linear drying
shrinkage of silica aerogel changing with aging time. Reproduced from
ref. 9, 37 and 44 with the permission of Elsevier.
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Scherer further found that when the pH was around 2.4,
primary silica oligomers could grow into a cluster–cluster
model, which showed a high surface area and low pore
volume.38 The boundary between hydrolysis and condensation
is hazy because aer hydrolysis, Si–O–Si links begin to form,
leading to condensation, which prefers a slightly basic envi-
ronment.39 Stolarski et al. investigated the inuence of pH on
precursor condensation by adding different amounts of
ammonia water, and the results are shown in Fig. 2c.37 It pre-
sented that the efficiency of condensation reached the
maximum when the pH was a little larger than 7: obtaining the
largest surface area of 1082 m2 g�1 when the pH was 7.3 and the
largest pore volume of 12.2 cm3 g�1 when the pH was 7.7.
However, a further increase in pH led to a drop in both surface
area and pore volume.

2.2 Aging

Aer its hydrolysis and condensation, a gel point is going to be
reached and the primary Si–O–Si silica networks are con-
structed. However, this represents the silica networks that just
take up the container shape, which leaves the potential for
collapse during drying due to the existence of numerous
5506 | Nanoscale Adv., 2020, 2, 5504–5515
unreacted silica alkoxide groups that need further strength-
ening. This consolidation process is called ‘aging’, greatly
inuenced by the aging time, temperature and solvent.40–42

Smitha et al. prepared a TEOS aerogel through effective super-
critical drying before reaching the optimal time (48 h), and with
the increase in aging time, density and the degree of drying,
shrinkage decreased (seeing Fig. 2d) due to the introduction of
more silica precursor monomers into the aerogel networks.43,44

Table 2 concludes Omranpour et al., He et al. and Reichenauer's
work studying the effect of the aging temperature on the silica
aerogel.40,42,45 A rise in temperature promotes the dissolution
and reprecipitation of silica alkoxides in water and thus
enhances the silica skeletal strength, reduces bulk density and
increases pore diameter, which further reduces the degree of
shrinkage during drying. Different aging solvents play an
important role in the thermal and mechanical properties of
silica aerogels. Omranpour concluded that organic solvents
such as n-hexane and ethanol could reduce the degree of
shrinkage during drying due to the lower surface tension of
organic matters.42 Chang et al. used ethanol as an aging solvent
to obtain well-integrated silica aerogels with a low thermal
conductivity of 0.036 W m�1 K�1.46 Lei et al. successfully
enhanced the transparency (light transmittance up to 70% at
550 nm) and mechanical strength (Young's modulus up to 4.33
MPa) of polymethylsilsesquioxane aerogels by a developed
aging process with ethanol as the solvent.47
2.3 Drying

Drying is the last step in the ‘sol–gel’ process to remove con-
tained solvents and dry wet gels. However, there is still a great
potential for silica networks to crack due to the hydrophilic
nature of silica aerogel itself and the capillary forces existing in
the liquid–vapor interface during the removal of the solvent.48

Furthermore, according to the Laplace equation (eqn (1)),
a smaller pore radius results in a larger hydrostatic pressure.49

The meniscus in pores and surface tension forces could pull
particles together to overcome this pressure, leading to the
collapse of the network structure.23

Hrg ¼ Pr ¼ 2g cos
q

r
(1)

2.3.1 Supercritical drying. The supercritical drying was
assumed to be the primary method to prepare low-density and
highly transparent aerogels. It is a feasible way to dry aerogels
This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of the basic properties for aerogels that are affected by the aging temperature: S1 and S2 are TEOS aerogels aged at 50 �C
and 75 �C respectively in water; S3 and S4 are TEOS aerogels aged at 25 �C and 100 �C respectively in ethanol; S5 and S6 are TMOS aerogels

Sample
Aging time
(h) Aging temperature (�C) Solvent

Bulk density
(g cm�3)

Shrinkage
(%)

Surface area
(cm3 g�1)

Mean pore diameter
(nm)

1 24 50 Water 0.731 93.84 535 3.19
2 24 75 Water 0.560 91.96 534 3.05
3 60 25 Ethanol 0.32 62.29 1084 19
4 60 100 Ethanol 0.18 48.07 983 36
5 46 30 Methanol 0.223 — 580 8
6 46 + 1 46 hours at 30 �C and 1 hour at 70 �C Methanol 0.115 — 420 9.6

Fig. 3 (a) A scheme illustrating the process of supercritical drying
using CO2 as the medium fluid: H is heater, AC is autoclave, PL is pyrex
liner, CV is carbon dioxide cylinder valve, IV is inlet valve, OV is outlet
valve, C is condenser, RD is rupture disk, G is pressure gauge, T is
thermocouple and TC is the temperature controller. (b) Scheme
describing the organic surface modification of the silica aerogel. (c)
Hydrophobicity of the well-modified silica aerogel. Reproduced from
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without network collapse because it works at a critical temper-
ature and pressure, where the liquid in pores are transformed
into a ‘supercritical’ phase allowing for liquid particles to be
removed freely without leading to surface tension. However,
there are few drawbacks for supercritical drying. It is energy-
intensive and time-consuming (2 to 3 days), which operates at
high temperatures (�270 �C) and high pressures (�1800 PSI).
To improve the efficiency of supercritical drying, Tewari et al.
used liquid carbon dioxide as the drying uid instead of tradi-
tional alcohol due to its relatively low critical temperature (31.1
�C). The whole process was shortened to 6–8 hours and the
operation temperature was decreased to 40 �C.50 Garćıa-
González further improved low-temperature CO2 under a lower
pressure of 11 MPa (�1600 PSI), as shown in Fig. 3a.51 The
liquid CO2 would diffuse into the gel via its ow to replace the
original solvent. Then, the system temperature increases to
40 �C and remains for 90 min to ensure the vaporization of CO2.
Then, the temperature and pressure slowly return to normal
over a certain period and the aerogel sample could be taken out.
Lee et al. used methanol as the drying uid, although the
operation temperature was still high (265 �C); by pressurizing
with dry N2, the pressure was reduced to 5 MPa (�725 PSI) and
the entire process was reduced to 4 h.52

2.3.2 Surface modication and ambient pressure drying. In
1990, Brinker developed surface modication-induced ambient
pressure drying (APD), through which to replace hydrophilic
silanol groups on the surface of the aerogel with hydrophobic
alkyl groups (Fig. 3b) to overcome the potential cracking of
silica network during APD.37 Until now, there are numerous
papers proving that silylating agents and organic solvents
perform well in surface modication.53 Schwertfeger et al.
utilized trimethylchlorosilane (TMCS) as a modication agent
and found that with the addition of more TMCS, the aerogel
density decreased due to the well-modied silica network.54

Wang et al. further improved and quantied Schwertfeger's
conclusion: when using EtOH and n-hexane as a co-solvent with
TMCS, the hydrophobicity of silica aerogel could be improved
while also making it possible to increase the contact angle to
157.8� (Fig. 3c).55 Although the pressure was greatly decreased,
high drying temperature was still used.56 Kang et al. investigated
the effect of heat treatment on the properties of silica aerogel
and the conclusion was that when the drying temperature went
beyond 300 �C, negative inuence came due to the oxidation of
Si–H groups into hydrophilic Si–OH groups.57 Meanwhile, the
This journal is © The Royal Society of Chemistry 2020
rate of heat treatment is also important and only a slow
temperature-rise period can obtain crack-free aerogels. This
‘low temperature gradual drying’ idea is widely applied in APD,
as shown in Table 3.58–60
ref. 6, 30 and 55 with the permission of Hindawi and Elsevier.

Nanoscale Adv., 2020, 2, 5504–5515 | 5507
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Table 3 Illustration of the effects of drying techniques on the properties of different kinds of silica aerogels

Precursor Surface treatment Drying technique
Specic surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Density (g
cm�3)

Thermal conductivity
(W m�1 K�1)

TEOS TMCS/hexane 65 �C for 4 h, 80 �C for 2 h, 120 �C for 2 h
and 200 �C for 1 h

1108 4.7 0.06 —

TEOS HMDZ/hexane 50 �C for 6 h, 150 �C for 24 h and 200 �C
for 12 h

— — 0.075 0.09

Water-glass TMCS/hexane 50 �C for 3 h, 100 �C for 3 h, 150 �C for 3 h
and 200 �C for 3 h

— 24.5 0.04 —

Nanoscale Advances Minireview
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2.3.3 Freeze drying. Freeze drying, which has rapidly
developed in recent years, is another feasible drying method for
aerogel synthesis. Using this drying technique, the solvent
Fig. 4 (a) Transmittance spectra of the silica aerogel: P600: molar
ratio of water to TEOS is 1.2; P750: molar ratio of water to TEOS is 1.5;
P900: molar ratio of water to TEOS is 1.8. (b) Rayleigh scattering silica
aerogel monolith, which presents a bluish haze. (c) Diagram showing
normal direct and normal diffuse transmittance. (d) UV-visible-NIR
transmittance spectra of MTMS/TMOS aerogels in a 1.1 : 1 ratio (A is the
normal-hemispherical transmittance, B is the normal-diffuse trans-
mittance and C is the normal-direct transmittance). (e) Plot showing
the refractive index of the silica aerogel achieved in 2001, 2005 and
2008. (f) The prism method for the measurement of the silica aerogel
refractive index, n. (g) A plot showing the refractive index n as a first-
order function of silica aerogel density r. Reproduced from ref. 4, 61,
64, 66 and 68 with the permission of Degruyter and Elsevier.

5508 | Nanoscale Adv., 2020, 2, 5504–5515
trapped in pores can be frozen and then sublimed in vacuum,
so that the capillary pressure can be neglected.27 However, there
are few drawbacks for this drying process: rst, in order to
ensure the stability of the silica aerogel under very low freezing
temperatures and low sublimation rates that lead to relatively
long sublimation time, an aging step is necessary for full
condensation and polymerization of silica nanoparticles.
Moreover, a solvent exchange step is vital before drying to
exchange the solvent for a low thermal expansion coefficient
one.61,62 Another potential danger of freeze drying is that the
silica network tends to be destroyed during freezing by crys-
tallization of the liquid contained in pores.
3. Optical properties of silica aerogels

The silica aerogel became attractive in the optics due to its great
transparency in the visible region (as shown in Fig. 4a).30 The
optical properties of the silica aerogel are the ways that the light
interacts with silica aerogel nanoparticles and voids. Due to the
nanoscale particles, connective network structures and voids,
pure silica aerogels do not absorb light, so the transmittance
ratio is very high.63 Previous studies have proved that silica
aerogels present a bluish haze (Fig. 4b) due to the Rayleigh
scattering.64 Moreover, due to the non-absorbance of light, the
silica aerogel acts as air whose refractive index is 1, which
makes the refractive index an important factor while consid-
ering the optical properties of the silica aerogel. When the
refractive index is closer to 1, the aerogel is more transparent.
3.1 Transmittance

The transmittance ratio measures the efficiency of the material
surface in transmitting radiant energy. Silica aerogels show a great
transparency when measured at 750 nm for 1 cm thickness with
the transmittance greater than 90%.65 The transmittance ratio of
silica aerogel can be measured using an ultraviolet-visible-NIR
spectrophotometer containing an integrating sphere, which
produces spectra of both normal direct and normal diffuse (snd)
transmittance, as shown in Fig. 4c.66 The normal hemispherical
transmittance (snh) is the sum of direct and diffuse transmittance.
According to eqn (2), the direct-to-hemispherical transmittance
ratio (T.R.) can be calculated as follows:

T.R. ¼ (snh � snd)/snh (2)
This journal is © The Royal Society of Chemistry 2020
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3.2 Refractive index

The silica aerogels can be applied as the medium of the Cher-
enkov radiator due to their extremely low refractive index, and
specically, only silica aerogel can ll the refractive index gap
between the gas and liquid materials.67 The refractive index
reects how much the incoming light would be refracted when
entering the interface of the medium. As more than 90% volume
of silica aerogel consists of air, the refractive index of the silica
aerogel is very close to air (vacuum and air refractive index is 1 and
1.00029), which means that a small amount of light scattering
could occur at the surface of the silica aerogel. As shown in Fig. 4e,
it can be seen that when measured at 400 nm, the refractive index
of the silica aerogel varies between 1.005 and 1.26. Fig. 4f shows
that the refractive index of the silica aerogel can be measured by
the prism method.68 The resulting index can be calculated
according to eqn (3) by assuming the refractive index of air to be 1:

q ¼ fþ arcsin

�
n sin

�
a� arcsin

�
sin f

n

���
� a (3)

where q is the deection angle, f is the angle of incidence to the
surface of aerogel, n is the refractive index of the silica aerogel
and a is the angle between the two adjacent sides of the aerogel
and is assumed as 90�.

The refractive index of the silica aerogel depends mainly on
its bulk density, given as eqn (4):

n ¼ 1 + kr (4)

where k is a coefficient depending on the light wavelength.
Therefore, researchers can optimize the refractive index by
decreasing the density r of the silica aerogel. Several people
have proved this theory and Tabata plotted a rst-order function
of refractive index verse density, as shown in Fig. 4g.69,70 In 2010,
Tabata's group reduced the silica aerogel refractive index to
1.0026 by synthesizing extremely low-density hydrophobic
sample (0.01 g cm�3).4 Details about the optimization will be
given as follows.
3.3 Rayleigh scattering and haze

Due to the difference in the refractive index between the silica
aerogel and the air, light scattering, the interaction between
light and any materials arranged in an inhomogeneous way,
occurs. The actual entity leading to the light scattering is called
the scatter, the efficiency of which could reach the maximum
when the size of the particle is closer to the wavelength of the
incoming light. For the silica aerogel, nanoscale particles are
the scatters. Although the average size of them varies with the
reaction conditions, aerogel particles are smaller than 50 nm, so
they contribute to exhibit Rayleigh scattering when light comes
in ref. 71. Zhao et al. used a modelling method to prove that the
scattering property of silica aerogels depends on its intrinsic
nanostructure rather than the exterior geometry.72 Rayleigh
scattering intensity I can be calculated according to eqn (5):

I ¼ I0
1þ cos2 q

2R2

�
2p

l

�4�
n2 � 1

n2 þ 2

�2�
d

2

�6

(5)
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In this equation, d is the diameter of scatter and n is its
refractive index; l is the wavelength of incoming light and I0 is
its intensity; R is the distance to scatter and q is the scattering
angle. The relationship between the scattering density and
wavelength (I f l�4) can also be proved by the transmittance
spectra of the silica aerogel: this is due to the Rayleigh scat-
tering, as shown in Fig. 4d.

It is well known that the Rayleigh scattering effect of sunlight
is the sky blue during the daytime. When light and radiation
travel through silica aerogels, the Rayleigh scattering occurs
due to the inhomogeneity of silica nano-particles, which leads
to a reddening effect of the transmission light and a bluish
appearance of the reective light that is known as haze.15,64 Haze
is dened as the ratio of the normal-diffuse transmittance and
the normal-total transmittance, shown as eqn (6):

Haze ¼ sdiffuse/stotal ¼ sdiffuse/(sdiffuse + sdirect) (6)

Opposite to the transmittance, the Rayleigh scattering and
haze both degrade the transparency of the silica aerogel.73 Thus
it is important to minimize the aerogel particle size in order to
reduce them for better transparency.

3.4 Tunable optical properties of silica aerogel

The transparency of silica aerogels depends strongly on their
average pore diameter, pore size distribution and the bulk density.
These can be controlled by tuning the reaction conditions during
the ‘sol–gel’ process. Wagh's group investigated the effect of the
precursor on the transparency of silica aerogels (Fig. 5a).29

Waterglass is attractive due to its low price; however, Rao et al.
found that even a highly concentrated waterglass-precursor could
not give a fully transparent product (Fig. 5b).74 Khedkar et al.
investigated the pH effect on aerogel gelation, where colloidal
nanoparticles connect into primary silica networks.75 Gel aging is
the step that further strengthens silica networks, narrows the pore
diameter and decreases the bulk density. In 2004, Rao concluded
the role of aging: with the extension of aging time, silica aerogel
becomes transparent, as shown in Fig. 5c. In 2018, Lei investi-
gated the role of aging solvent and successfully enhanced the
transparency of polymethylsilsesquioxane aerogels by a control-
ling shrinkage method (CS method) with ethanol as an aging
solvent.44 Compared with the conventional method that uses
water as the aging solvent, the CS method gave low density
(0.25 g cm�3), low average pore diameter (�12 nm) and high
transmittance sample (transparency up to 70% at 550 nm), as
shown in Fig. 5d. Supercritical drying usually contributes to
a much lower pore size and stiff skeletal structure, resulting in
good optical properties in the visible range. Tewari et al. compared
the conventional supercritical drying and novel ambient-
temperature supercritical drying and both contributed to great
transparency in the visible range, as shown in Fig. 5e.47 Tabata
et al. developed a time-gradual supercritical drying (80 �C, 15.7
MPa) with 2-proponal and CO2 as the drying uid and attained
a refractive index of 1.045 for a large-scale aerogel sample (18 cm
� 18 cm � 2 cm).76 Liu et al. added a thermal treatment step
following low-pressure acetonitrile supercritical drying (at
274.7 �C and only 4.83 MPa) and the applied high temperature
Nanoscale Adv., 2020, 2, 5504–5515 | 5509
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Fig. 5 (a) Plot of optical transmittance vs. wavelength for three
precursors: PEDS, TMOS and TEOS. (b) Optical transmission of silica
aerogel varies with the waterglass concentration. (c) Optical trans-
mittance of silica aerogel (0.8 cm thickness at 750 nm) increasing with
the aging time. (d) Transmittance of the aerogels prepared by the
controllable shrinkage method (CS method) and the conventional
method (C method). (e) Transmission spectra of TEOS aerogels (3 mm
thickness) dried at (A) conventional high-temperature supercritical
drying and (B) low-temperature supercritical drying. Reproduced from
ref. 30, 47, 50 and 69 with the permission of Elsevier.
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(600 �C) optimized the optical transmittance of the silica aerogel
to 91.5% at 800 nm due to the loss of micropores and mesopores,
which contribute to the Rayleigh scattering.77 Ambient pressure
drying can attain transparent silica aerogels as well when applying
surface modication. Kim et al. found that when using 2% TMCS
as amodication agent before ambient pressure drying, an optical
transmittance of 85% at 700 nm can be obtained.78 Rao compre-
hensively studied parameters in the ‘sol–gel’ process and
concluded that when the molar ratio of TEOS (pre-
cursor) : EtOH : acidic H2O : basic H2O : oxalic acid : NH4-
OH : HMDZ (surface modication agent) is kept at
1 : 8 : 3.75 : 2.25 : 6.23 � 10�5 : 0.04 : 0.36, TEOS-based trans-
parent aerogels (transmittance > 90%) can be obtained.56

4. Thermal insulation of silica
aerogels

Due to its high porosity, nanoscale pore size and crosslinking
silica networks, silica aerogels are distinguished thermal
5510 | Nanoscale Adv., 2020, 2, 5504–5515
insulating materials. Because up to 90% volume of the aerogel
is air, its thermal conductivity (which is measured with the
equipment shown in Fig. 6a) can be similar or even less than air
(0.021 Wm�1 K�1 at 0 �C under 1 bar).79 In this section, theories
explaining the thermal insulating ability of silica aerogels and
methods to further reduce their thermal conductivity are
included.

4.1 Mechanisms of heat transfer in silica aerogels

Excellent thermal insulating property of silica aerogels results
from their high porosity and network structure, which almost
nullies three or four kinds of heat transfer, as shown in
Fig. 6b.80,81 Specically, convection heat transfer is rst neglec-
ted when the average pore size is smaller than 4 mm (average
pore size of the aerogel is around few nanometers).81,82 A
tortuous structure and high connectivity network of aerogels,
which can hinder heat transport in air and solid, also contribute
to the low thermal conductivity. Radiative thermal transfer
depends on electromagnetic waves related to photon's mean
free path, and thus, it varies with the temperature and can be
neglected at room temperature.83 Several scientists have proved
this by measuring the thermal conductivity, which increases at
high temperatures due to the existence of radiative heat trans-
fer.84 In most cases, silica aerogels work as functional materials
at room temperature, so their radiative thermal conductivity is
neglected.

4.2 Controlling the thermal conductivity of the silica aerogel

All steps in the ‘sol–gel’ process tend to affect the thermal
conductivity of silica aerogels. In 1999, Wagh's group compared
the thermal conductivity of silica aerogels prepared with TEOS,
TMOS and PEDS, respectively.29 PEDS-based aerogels were low
in density with high porosity (96.84%) and surface area (1100
m2 g�1), and therefore showed a low thermal conductivity of
0.015 W m�1 K�1. As mentioned in Section 2.1, the pH would
greatly affect precursor gelation and thus affect the pore size
and surface area of silica aerogel, which then further affect the
thermal insulation ability of the aerogel sample. Israa investi-
gated the relationship between the pH and aerogel thermal
property in 2019 (shown in Fig. 6c), which greatly correspond to
Stolarski's nd.85 The thermal conductivity of silica aerogel can
be as low as 0.01 W m�1 C�1 when the pH is between 7 and 8.

In 2016, Pisal and Rao prepared silica aerogels through
ambient pressure drying and found that the thermal conduc-
tivity of the waterglass- and TMOS-based sample (0.025 W m�1

K�1 and 0.030 W m�1 K�1 respectively) was lower than that of
the TEOS-based aerogel (0.050 W m�1 K�1).86 Aging can dictate
the aerogel properties to a great extent because it is the step
where silica skeleton forms. There are few works investigating
the effect of aging on the aerogel thermal conductivity. In 2009,
Nadargi found that the optimal aging time is two days.87 Beyond
that time, the thermal conductivity would increase due to the
over-condensation of hydroxyl groups.

In addition, supercritical drying and freeze drying can obtain
low-thermal conductivity silica aerogels. In 2014, Wong et al.
prepared polyethoxydisiloxane aerogels through CO2
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Bulk silica aerogel for the thermal conductivity test. The test
equipment is called the Fox 314 HFM apparatus and the test method is
the steady-state hot plane. (b) Three different mechanisms of silica
aerogel heat transfer: red, yellow and blue lines represent solid, radi-
ative and gaseous heat conduction respectively. (c) Thermal
conductivity of the silica aerogel with different aging temperatures
varying with the pH. (d) An overall flow chart for the experiment of

This journal is © The Royal Society of Chemistry 2020
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supercritical drying and obtained a sample of 0.0135 W m�1

K�1.88 Moreover, in 2016, Pan's group synthesized MTMS/
waterglass (molar ratio is 5.1) aerogels with a thermal conduc-
tivity of 0.0226 W m�1 K�1 via freeze and vacuum drying.26

Ambient pressure drying can also obtain silica aerogels good
thermal insulation if accompanied by enough surface modi-
cation because a well-modied surface usually contributes to
the hydrophobic silica aerogel, whose silica networks are less
likely to collapse during drying. Thus, the connectivity of the
silica skeleton is well maintained and heat transfer is signi-
cantly hindered. Kwon et al. prepared a very low-thermal
conductivity TEOS aerogel (0.0136 W m�1 K�1) by immersing
the sample in TMCS/n-hexane for 4 days at 30 �C before ambient
pressure drying.84 Ge's group modied silica aerogels with
epoxy powders by varying the ratio of aerogel and epoxy,
resulting in an increase in the contact angle of the sample from
117 to 140� and a decrease in thermal conductivity from 0.044 to
0.011 W m�1 K�1 correspondingly.89 Wei et al. investigated the
effects of surface modication on the thermal conductivity of
silica aerogels, which are given in Table 4. It is clear that the
thermal conductivity can be greatly reduced when the surface of
silica aerogel is well modied.46
5. Mechanical and acoustic
properties of silica aerogels
5.1 Mechanical property

Usually, the mechanical property of the silica aerogel is its
mechanical strength, which is usually measured by a three-
point exural and a compression test. Woignier et al. investi-
gated the mechanical strength of TMOS aerogel in 1988 and the
resulting stress–strain curve shows an elastic behavior with
a exural strength smaller than 0.01 MPa, which indicates the
brittleness of the conventional aerogel.90 This can be under-
stood according to the relationship between the bulk density of
the silica aerogel rb and Young's modulus E: E f rbb with
b ranging from 3.2 to 3.8.91 In order to further optimize the
mechanical properties of the silica aerogel, researchers tried
heat treatment and changing parameters in aging. Hæreid et al.
found that with a temporal aging time at higher temperatures,
the mechanical strength and stiffness of the TMOS-based aer-
ogels can be increased with a shear modulus of 1.6 MPa.92 In
2019, Yang and co-workers synthesized hierarchical aerogel
forms and when annealing the sample at 400 �C, Young's
modulus is further increased to 89.85 MPa, showing a great
mechanical strength.18
window coated with the silica aerogel. (e) Optical transmittance
spectra of the window coated with and without aerogels. (f) Plot
illustrating the trend of thermal conductivity versus aerogel film
thickness. (g) Assembling of monolith silica aerogel (up) and granular
silica aerogel (down). (h) Transmittance spectra of 1.27 cm-thick silica
aerogel monolith before and after heat treatment. Reproduced from
ref. 10, 21, 77, 79, 85 and 96 with the permission of University of
Baghdad, American Chemical Society, MDPI, Royal Society of Chem-
istry and Elsevier.
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Table 4 Effect of MSM (multiple surface modification), SSM (single surface modification) and NSM (no surface modification) on the thermal
conductivity of TEOS-based aerogels

Sample Bulk density (g cm�3) Porosity (%)
Contact angle
(�)

Thermal conductivity
(W m�1 K�1)

NSM 0.624 � 0.022 72.0 � 1.5 — 0.417 � 0.006
SSM 0.502 � 0.007 77.2 � 0.3 114 0.079 � 0.002
MSM 0.069 � 0.004 96.8 � 0.2 143 0.036 � 0.001
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5.2 Acoustic property

Monolith aerogels also perform well in acoustic insulation
across audible (20–2500 Hz) and low ultrasonic range (20–200
kHz) due to their great ability in sound absorption, which
comes from the greatly connective silica network, high porosity
and strong mechanical durability.18,93 Due to the wide applica-
tion of silica aerogels in building materials, researchers are
trying to optimize the acoustic property. Buratti et al. mixed
plaster with 90 wt% silica aerogel and obtained a maximum of
sound absorption coefficient for 18% at 900 Hz.79 In 2018, Cao's
group synthesized the silica aerogel with a noise reduction
coefficient of 41% by a freeze-drying method and found that
when the porosity decreases and the density increases, the
coefficient of sound absorption for the silica aerogel increases
due to the rise in the aerogel density, airow resistivity and the
tortuosity of the transmission path for the sound waves.94
6. Thermal insulation silica aerogel
windows

The glass window shows a great optical transparency with the
refractive index of �1.52. However, the energy lost is a long-
standing challenge of the glass window due to its high
thermal conductivity (usually more than 1 Wm�1 K�1) and high
thermal transmittance U-value (�3–5 W m�2 K�1). The silica
aerogels which are transparent and do well in thermal insu-
lation thus become a strong candidate of the window raw
materials.95
6.1 Fabrication of aerogel windows

In the beginning of this century, scientists started to incorpo-
rate silica aerogels onto a window through a dip or spin-coating/
glazing. In order to increase the efficiency of gel coating, Kim
et al. operated the coating and aging step in a saturated iso-
propanol atmosphere and isopropanol solvent respectively.20

The overall operation ow chat is shown in Fig. 6d. Fig. 6e
shows the optical transparency of the glass window coated with
the silica aerogel. The impact of the coated aerogel lm on the
overall glazing window is shown in Fig. 6f, while the increase in
the aerogel lm thickness can largely decrease the thermal
conductivity. In 2004, Jensen et al. sealed silica aerogels
between two pieces of windows and dried them by the CO2

supercritical method. The nal thermal transmittance U-value
was reduced to 0.72 Wm�2 K�1 and a transmittance of 76% was
obtained with a 15 mm-thick aerogel monolith.15 Although the
product properties are great, the preparation process was
5512 | Nanoscale Adv., 2020, 2, 5504–5515
complicated and not suitable in scalable fabrication. In 2012, as
shown in Fig. 6g, Buratti and Moretti glazed windows with the
silica aerogel and the U-value was reduced to 0.6 W m�2 K�1.10

One year later, Cha et al. incorporated 20 wt% silica aerogels
onto a glass window and 32% thermal conductivity was
reduced, compared with the net glass window.20 In 2016, Bhuiya
et al. used hot press to seal the TMOS aerogel solution in the
mold and when the thickness is 0.8 mm, the U-value of the
corresponding glazing window is as low as 0.5 W m�2 K�1.96 In
2019, Zinzi et al. followed Bhuiya's recipe and studied optical
properties of the assembled 15 mm-thick aerogel monolith,
which was sealed between two 4.7 mm glasses. The trans-
mittance of the glazing aerogel window in the light and the solar
spectra was 0.69 and 0.62 respectively.97 The same year, Buratti's
team developed a rapid process: combining hot press and
supercritical uid cooling to prepare an aerogel glazing window
in 6.5 hours. The corresponding thermal transmittance U-value
could be as low as 0.99 W m�2 K�1.98

6.2 Present challenges and future direction of aerogel
windows

The biggest challenge now for the aerogel window
manufacturing is that the great thermal insulation and high
transparency cannot be ensured at the same time. This
contradiction is shown in a few works. In the winter of 2013,
Cotana et al. performed an in-eld experiment to analyze the
thermal, optical and acoustic properties of the glazing aerogel,
and they found that compared with the normal air-lled double-
glazing window, the aerogel windows could decrease the heat-
ing up energy consumption to 50% and increase the acoustic
insulation level by 3 dB. However, they lowered the cloudy day
and sunny day luminance level to 47% and 10% respectively.99

Berardi's group assessed the thermal resistance of glazing silica
aerogel windows in 2015�.100 The corresponding thermal
resistance was reduced to 0.6 Wm�2 K�1 when a 12 mm aerogel
pane was sealed between two 4.0 mm glasses. However, the
transmittance was just 50%. Garnier et al. used a modeling
method to investigate the impact of the aerogel window on
daylight and thermal energy and they found that the thermal
transmittance value could be as low as 0.3 W m�2 K�1, but the
corresponding light transmittance is reduced to �0.3 at the
same time.101

Thus, in the near future, it is necessary to nd a feasible
method to improve the thermal and optical aerogel window at
the same time. Heat treatment maybe a potential way and
extensive research has proved that it could increase the light
transmittance to some extent. As shown in Fig. 6h, Bhuiya
This journal is © The Royal Society of Chemistry 2020
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found that 10% more light would transmit through the aerogel
aer heat treatment. However, as discussed in the section
above, increasing the temperature would increase the relevant
thermal conductivity due to the collapse of nanoscale silica
networks. Therefore, the temperature of heat treatment would
not be high. In 2017, Strobach et al. found that the optimal
annealing time for 400 �C is 24 hours where the transmittance
of the pure TMOS aerogel is above 98% and its thermal
conductivity is 0.06 Wm�1 K�1. They predicted that in the same
annealing way, aerogel coated windows can be optimized.102
7. Conclusions

Silica aerogels are one of the lightest solid materials in the
world, with extremely high porosity and nanoscale pore size,
which contribute to distinguished practical properties,
including thermal insulation and optical transparency. Silica
aerogels are synthesized by a ‘sol–gel’ process and by tuning the
parameters of it, silica networks can be strengthened, and pores
can be narrowed and uniformed. Drying is of vital importance
in the ‘sol–gel’ process, and nowadays, ambient pressure drying
is preferred these years when considering commercial prob-
lems. A surface modication step is necessary before ambient
drying and there have been a number of works investigating this
from the perspective of efficiency, cost and environmental-
protection. Due to the low thermal conductivity and high
optical transmittance, the silica aerogel is one of the most
potential candidates of energy-saving window materials. Via
a dip/spin-coating step, wet aerogels can be well incorporated
into glass windows and the resulted thermal transmittance U-
value can be as low as 0.3 W m�2 K�1. However, the corre-
sponding light transmittance would be low as well, which
makes the fabrication difficult. Therefore, it is expected that in
the nearest future, manufacturing both thermal insulating and
transparent integrated silica aerogel windows will be of core
interest in the area of aerogel.
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