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ABSTRACT

In this paper, an eco-friendly method of producing hybrid silica aerogels by

freeze-drying method (FD) is proposed. In the freeze-drying system, deionized

water was the only solvent, hybrid aerogels were prepared by acid–base catal-

ysis and sol–gel method using methyltrimethoxysilane (MTMS) and water–glass

as co-precursors. The microstructure, specific surface area, pore size distribution

and thermal properties of the hybrid aerogels were characterized and analyzed.

It was found that all samples exhibited the dual-mesoporous structures, and the

molar ratio of co-precursors had a significant effect on the performance of

aerogels. The tap density decreased and the porosity increased with the increase

in the molar ratio of MTMS, while the thermal diffusion coefficient and thermal

conductivity of aerogel decreased first and then increased. Especially when the

molar ratio is 2.0, the hybrid aerogels exhibited excellent insulation perfor-

mance, such as thermal diffusion coefficient of 0.0183 mm s-1, thermal con-

ductivity of 0.0460 W(m k)-1 and great thermal stability up to 540 �C. It

illustrates that hybrid aerogels have broad application prospects as insulation

materials.

Introduction

Silica aerogel is an excellent nanoporous material,

which owns the unique properties of low density

(1–500 kg m-3), high porosity (80–99.8%), high

specific surface area (200–1000 m2 g-1) and low

thermal conductivity (0.005–0.021 W (m K)-1) [1, 2].

It has attracted substantial attention in aerospace,

industry, construction, food packaging and many

other fields, etc [3–5]. However, the extensive com-

mercial application of aerogels in these fields has

been greatly limited due to its lengthy solvent

exchange process and harmful organic solvents used
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in surface modification process, costly raw materials,

as well as the complex supercritical drying technique

[6, 7].

To avoid the lengthy solvent exchange process and

the use of toxic solvents, aerogels without additional

surface modification have been extensively studied

[8], especially for hybrid aerogels. Cheng et al. pre-

pared monolithic aerogels under ambient pressure

using MTMS as precursor and reducing the process

from regular three days to 5 h [9]. However, the high

price of organicsilane limits the application of aero-

gels. Therefore, Li et al. prepared hybrid silica aero-

gel under ambient pressure based on MTMS and

TEOS co-precursors with thermal stability of 508�C
and thermal conductivity of 0.027 W (m�K)-1,

respectively [10]. Zhang et al. obtained hybrid silica

aerogel under ambient pressure based on MTES and

TEOS co-precursors with thermal stability of 489.5 �C
and thermal conductivity of 0.0223 W (m�K)-1,

respectively [11]. Nevertheless, it still inevitably

requires a repetitive solvent exchange process to

solve the problem of capillary pressure to the nano-

pores during ambient pressure drying [12, 13], while

freeze drying is a relatively simpler method which

can overcome the adverse impact of capillary pres-

sure by directly sublimating the excess solvent

without further solvent exchange or high pressure

[14]. Thus, highly porous aerogel can be synthesized

by freezing at low temperature and drying under

vacuum condition [15].

Pan et al. obtained hybrid silica aerogel with

excellent thermal stability and low thermal conduc-

tivity of 0.0226 W (m k)-1 by FD based on MTMS and

water–glass co-precursors [15]. Zhou et al. obtained

hybrid silica aerogel composites with excellent ther-

mal stability (560 Æ C) and low thermal conductivity

(0.0248 W (m k)-1) by FD [16]. However, up to now,

most of the research on the preparation of hybrid

aerogels under freeze drying system are mainly

focused on tert butyl alcohol or its cosolvent, while

reports on deionized water as the sole solvent are

rare. Therefore, in this study, in the freeze-drying

system, deionized water was used as the only sol-

vent, MTMS and water–glass as the co-precursor,

hybrid silica aerogels were prepared by acid–base

catalysis and sol–gel method. Furthermore, effects of

the molar ratio of MTMS/Water glass on the

microstructure, pore size distribution and thermal

properties of aerogels were also investigated.

Experimental methodology

Preparation of silica aerogels

Sample preparation: Silica aerogels were synthesized

through an acid–base catalyzed and sol–gel process

followed by FD. Water glass (wt.: 34.2%, Na2-

O::SiO2 = 1:: 3.28, GHHC, provided by Guangzhou

Huixin Chemical CO, Ltd., China), and MTMS

(Aladdin) was used as co-precursors for the pro-

duction of alcogels. Other agents such as hydrochlo-

ric acid (HCl) and ammonia (NH4OH) (purchased

from Sinopharm Chemical Reagent Co., Ltd, China)

were used as acid–base catalysts. Deionized water

made in the laboratory was used as solvents. All

reagents were used at the analytical level.

The stepwise experimental process is shown in

Fig. 1. The first step was the separate hydrolysis

process of two precursors. The water glass was mixed

with deionized water at a volume ratio of 1:4, and

0.5 mol L-1 hydrochloric acid was then added to

adjust the pH to 2 to form sol A. Sol B was formed by

mixing MTMS: deionized water: HCl in a molar ratio

of 1:40:1.45 9 10–3, stirring for 30 min. Then it was

made by bathing in water at 45 �C for 30 min.

Besides, 0.5 M HCl solution was also used in the

multi-component solvents. The second step was the

mixing of sol A and B. The molar ratio of MTMS/

Water glass was defined as X. The values of X were

defined as 0, 0.5, 1.0, 1.6, 2.0 and 2.9, respectively.

In 10 min, 1 mol L-1 ammonia was added to the

mixed sol and the pH of the solution was adjusted to

6.30. Then the gels can be formed within 15 min at 45

�C water bath. The gel was sealed with deionized

water and aged for 24 h at 45 �C. Later, the aging gels

were put into the refrigerator and frozen at -83 �C for

6 h. Finally, the hybrid aerogels were obtained by

vacuum drying for 48 h in the freeze dryer.

Methods of characterization

The microstructure of aerogels was observed by field

emission scanning electron microscopy (SEM,

SU8220, FEI). The pore size distribution of aerogels

was measured by Brunauer–Emmett–Teller analysis

(Tristar II 3020 M, Micromeritics Instrument Corpo-

ration, USA), including the specific surface area cal-

culated by BET method and pore size distribution

calculated by BJH method. The tap density of the

hybrid aerogel was calculated by the weight to
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volume ratio, and then the porosity could be calcu-

lated by formula (A.1) [17], where qs is the density of

silica skeleton (2.19 g/cm3, 25 �C, 1 atm) [18].

The chemical structure of hybrid aerogels was

obtained by measuring the infrared spectra within

the wavelength range of 500–4000 cm-1(FTIR, Nicolet

is10, Seymour Fisher Technology (China) Co., LTD).

The contact angle of hybrid aerogels was measured

by dropping water droplets (10 ll) on the surface of

aerogel samples (DSA 100, Krüss, Germany). The

thermal properties of aerogels were characterized by

measuring the thermal conductivity (Hot Disk TPS

2500S, Xiaxi technology, China) and thermal diffu-

sivity (LFA467, Nac Corporation, Germany) of

materials at room temperature. The thermal stability

of aerogels was characterized by measuring the

weight loss of samples, heating to 800 �C at a heating

rate of 10 �C/min in an oxygen atmosphere (TGA

Q550).

Results and discussion

Structure analysis

Hybrid silica aerogels were formed by hydrolysis and

condensation reaction of water glass and MTMS co-

precursors. Reaction equations (B.1) -(B.5) explain the

two different reactions with and without MTMS.

Firstly, the Si (OH)4 monomer molecules with silicon

hydroxyl groups on the surface were formed by the

hydrolysis of water glass. Then the secondary parti-

cles with large numbers of hydroxyl groups (Si–OH)

on the surface were obtained by the direct conden-

sation of these Si (OH)4 molecules. However, in the

presence of MTMS, the surface nonpolar group (-

CH3) was successfully added to molecules and

formed relatively small secondary particles.

Figure 2a and b represent the network structures for

silica aerogels with the molar ratio of 0 and 2.9,

respectively. The larger secondary particles with large

numbers of hydroxyl groups on the surface were

connected through necks which were further growing

during the aging period [19] and then mesopores were

formed. The smaller secondary particles with polar

groups on the surface were connected to form clusters,

microspores and large pores [20].

Figure 3 represents the microstructures of hybrid

aerogels with increasing molar ratio. A dense

arrangement of larger particles was observed in

aerogel prepared by pure water glass, which is

caused by the large number of silanol groups (Si–OH)

on the surface (as shown in Fig. 3a). With the

increasing of mole ratio of MTMS, larger clusters and

pores were observed in aerogels. When the molar

ratio reached 2.0, the size and distribution of

nanoparticles in the gel were more uniform (as

shown in Fig. 3b–f). As a result, the color of gel with

increasing molar ratio changed from transparent blue

to opaque oyster white, reflecting the pore size dis-

tribution (as shown in Fig. 4).

Pore size distribution

Table 1 lists the characteristics of samples with molar

ratios from 0 to 2.9, such as specific surface area, pore

volume and average pore size. The minimum surface

area of sample produced by pure water glass was

140.84 m2/g, which was lower than that of the sam-

ples produced by co-precursors. This was caused by

the negative effect of capillary pressure on the

nanopores during the drying process, which leads to

the larger shrinkage of aerogels, resulting in a

decrease in specific surface area [16, 21]. The specific

surface area of samples with molar ratios from 0.5 to

2.9 produced by co-precursors decreased from 756.86

to 456.87 m2/g, while the pore volume and pore

diameter first increased and then decreased with the

increasing of MTMS in hybrid aerogels.

Figure 5 shows the N2 adsorption–desorption iso-

therms curves of six hybrid aerogel samples, which

exhibit a typical type IV, representing the presence of

mesoporous materials [22]. The capillary

Figure 1 Experimental procedure for the synthesis of co-

precursor based silica aerogels.
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condensation of mesopores leads to the hysteresis

loops of these isotherms in the high relative pressure

region. [23]. Samples with molar ratios from 0 to 1.0

exhibited identical H4 type hysteresis loops, indicat-

ing the possible presence of ink-bottle shaped pores

[24], while samples with molar ratios from 1.5 to 2.9

exhibited the hysteresis loops of type H1, indicating

the probable presence of cylindrical-like pores [25].

Besides, the hysteresis loops from samples with

molar ratios from 2.9 to 0.5 became more obvious,

which indicated that the decrease in the molar ratio

leads to an increase in the number of mesopores. This

could be attributed to the development and accu-

mulation of larger secondary particles.

Figure 6 exhibits the pore size distribution of hybrid

aerogels calculated by the BJH method, where macrop-

ores larger than 170 nm cannot be detected. All the

samples showed the dual-mesoporous structures dis-

tributed in the range from 20 to 160 Å, including small

mesoporous (25–50 Å) and large mesoporous

Figure 2 The formation of the

gel skeleton. (a) silica aerogel

prepared with pure water glass

(b) silica aerogels prepared

with co-precursors.

Figure 3 SEM micrographs

of silica aerogels prepared

with: a X = 0; b X = 0.5;

c X = 1.0; d X = 1.6;

e X = 2.0; and f X = 2.9.
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(40–160 Å). Table 2 lists the pore size distribution of

samples. The sample produced by pure water glass had a

minimum dV/dlog(w) pore volume value of 0.71, which

was lower than that of other samples produced by co-

precursors, due to pore collapse during drying process.

As the molar ratio increased from 0.5 to 2.9, the pore size

distribution increased and the value of dV/dlog(w) pore

volume decreased from 2.50 to 1.71, indicating that the

number of mesopores decreased. This was mainly

attributed to the formation of macroporous structure by

the accumulation of clusters in the hybrid aerogel.

Physical property analysis

Figure 7 presents the relationship between the

physical properties of aerogels and different molar

ratios, including gelation time, tap density, and

porosity. It was obvious that gelation time increased

with the increase in molar ratio, which could be

attributed to the negative effect of silicon methyl on

hydroxyl condensation [15]. Meanwhile, as the molar

ratio of the sample increased from 0 to 2.9, the tap

density decreased from 0.4340 g/cm3 to 0.0840 g/

cm3, and the porosity increased from 80.27 to 96.18%.

This was related to the capillary pressure in the

drying process, and the repulsive force between

methyl could effectively reduce the pore collapse

[19].

FTIR analysis

Figure 8 displays the FTIR spectra which can char-

acterize the information of chemical bond of six

samples. It was known that the symmetric and

asymmetric stretching vibrations of Si–O-Si bonds

resulted in strong adsorption peaks at 1045 cm-1 and

776 cm-1 [26]. The deformation vibration of the

adsorbed water molecules resulted in absorption

peaks at 3450 cm-1 and 1645 cm-1 [27]. The stretch-

ing vibrations by Si–OH caused a weak adsorption

peak at 953 cm-1 in the spectrum for aerogels with X

increases from 0 to 1.0 [28], while the Si-CH3 groups

caused the vibration bands at 1275 cm-1 and

870 cm-1. The peak intensity increased with the

increase in the molar ratio, indicating that the num-

ber of Si-CH3 functionalities increased with the

increase in MTMS [29]. It is proportional to the con-

tact angle of aerogel samples.

Figure 9 shows the change in contact angle of

aerogels under different molar ratios, which is con-

sistent with the analysis of IR spectra. The contact

angle of aerogels increased from 0 to 51.5� with the

molar ratio of MTMS/Water–glass increased from 0

to 2.9. Therefore, hydrophobic aerogels can be pre-

pared by adjusting the molar ratio of aerogels.

Figure 4 Gel with a series of

colors prepared at different

molar ratio, X = 0, 0.5, 1.0,

1.6, 2.0 and 2.9, respectively.

Table 1 A summary of properties for aerogel samples with different MTMS/Water–glass molar ratio

X 0 0.5 1.0 1.6 2.0 2.9

Specific surface area (m2 g-1) 140.84 ± 5 756.86 ± 2 610.56 ± 3 564.75 ± 4 551.79 ± 2 456.87 ± 2

Pore volume (cm3 g-1) 0.16 ± 1 0.74 ± 1 0.83 ± 2 0.76 ± 2 0.61 ± 2 0.46 ± 1

Average pore diameter (Å) 39.25 ± 2 42.98 ± 1 53.15 ± 3 53.66 ± 2 47.57 ± 3 45.47 ± 2
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Thermal properties

Figure 10a and b shows the thermal properties of the

aerogels with different molar ratios, including the

thermal diffusion coefficient and the thermal con-

ductivity. It showed that both of them first decreased

and then increased when X increases from 0.5 to 2.9.

At a molar ratio of 2.0, the thermal diffusion

coefficient and the thermal conductivity reached the

lowest values of 0.0183 mm2 s-1 and 0.0460 W (m

k)-1, respectively. The thermal properties of aerogels

decreased with the increase in MTMS content [15].

The increase in the thermal conductivity may be due

to the decrease in the number of mesopores for the

sample with the molar ratio of 2.9 (as shown in

Table 2). Figure 10c shows the bulk density and

Figure 5 N2 adsorption–desorption isotherms of co-precursor based silica aerogels prepared with various molar ratio X.
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thermal conductivity of different types of insulation

materials [30, 31]. SiO2 aerogels showed lower den-

sity and thermal conductivity compared with pure

fiber materials. However, when introducing fiber

materials into aerogels, the thermal conductivity and

bulk density of composites increased significantly,

especially the fiber felt aerogel composites, leading to

a significant increase in transport and labor costs

during practical applications. Besides, the induction

of nanofibers and polymers limited the service tem-

perature of composites, resulting in their limited

application in high temperature environment.

Figure 11 shows the TG-DTG results of samples

with MTMS/water glass molar ratio of 2.0 and 0,

respectively. When the X value is 2.9, the curve can be

Figure 6 Pore size distribution of co-precursor based silica

aerogels prepared with different X.

Table 2 The pore size distribution of aerogel samples with different MTMS/Water–glass molar ratio

X small mesoporous (Å) dV/dlog(w) Pore volume (cm3 g-1) large mesoporous (Å) dV/dlog(w) Pore volume (cm3 g-1)

0 32–40 0.29 40–65 0.71

0.5 32–45 2.20 45–65 2.50

1.0 32–37 0.70 37–125 2.06

1.5 25–35 1.29 35–160 1.90

2.0 35–48 1.09 48–160 2.25

2.9 35–40 0.73 80–110 1.71

Figure 7 The effect of MTMS/Water–glass molar ratio on (a) gelation time; b tap density and porosity.

Figure 8 FTIR spectrum of six samples prepared with various

molar ratio X.
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Figure 9 Contact angle of

aerogel samples prepared with

various molar ratio X.

(a)
(b) 
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Figure 10 Thermal properties of the aerogels with different molar ratios a thermal diffusion coefficient and b thermal conductivity; c the

relationship between density and thermal conductivity of different thermal insulation materials.
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divided into three stages: Area I, II and III, respec-

tively. The first weight loss was 2.32%, which could

be attributed to the evaporation of residual solvents

and water molecules. The second weight loss was

6.28%, which was caused by the condensation

between Si–OH [32], while the larger weight loss

occurred in the third stage was due to the oxidation

of Si-CH3 [9]. Therefore, the thermal decomposition

of -CH3 begins at about 540 �C. However, there are

only the first two stages of weightlessness for the

samples prepared from pure water glass, due to the

absence of -CH3 groups in the aerogels. In addition,

the water adsorption caused by the presence of a

large amount of hydroxyl group (-OH) on the aerogel

surface increased the first weight loss to 6.13%.

Conclusions

An environmentally friendly method for preparing

hybrid aerogels under freeze-drying system is pro-

posed. In the freeze-drying system, hybrid silica

aerogels based on MTMS/Water glass co-precursors

were prepared by acid base catalysis and gel sol

method using deionized water as the sole solvent.

The microstructure, pore size distribution and ther-

mal properties of aerogels with different MTMS/

Water glass molar ratios from 0 to 2.9 were system-

atically characterized and analyzed. The experimen-

tal results show that all samples exhibit the dual-

mesoporous structures, and the molar ratio of

MTMS/water glass has a great influence on the per-

formance of the hybrid aerogels. The gelation time

and porosity increased with the increase in mole

ratio, while density showed the opposite trend. When

the molar ratio is 2.0, the obtained hybrid aerogels

boast outstanding insulation performance with low

thermal diffusion coefficient (0.0183 mm s-1), low

thermal conductivity (0.0460 W (m k)-1) and great

thermal stability (540 �C). This method completely

avoids lengthy solvent exchange, further surface

modification and the use of organic solvents. It is

friendly to the environment and human body.
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Appendix 1

Porosity ¼ 1 � q=qsð Þ � 100% ð1Þ

Figure 11 TG-DTG curves of co-precursor based silica aerogels prepared with: a X = 2.0; b X = 0.
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