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Abstract

In this study, we report the chemical characteristics of silica aerogels that were produced by adding SiO2 nanoparticles into silica aerogel by

ambient pressure drying. We synthesized silica aerogel composites with different weight percentages of SiO2 nanoparticles ranging from 0 wt% to

0.025 wt% of the total amount of solution. As the wt% of SiO2 nanoparticles increased, the number of chemical bonds that formed during

condensation of the silica aerogel increased because of the presence of surface hydroxyl groups, thus the particle size of the silica aerogels

increased. Silica nanoparticle-doping of silica aerogels can be used to control the synthesis of nanocomplex structures.
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1. Introduction

Silica aerogels are good thermal insulators because of their

extremely low density. Heat transfer in silica aerogels is

mediated by solid conductivity, gaseous conductivity, and

radiative transmission. Silica aerogels contain an extremely

small fraction of solids (1–10%), thus solid conductivity does

not contribute significantly to the total thermal conductivity [1].

Additionally, the solids that are present consist of very small

particles linked in a three-dimensional network structure with

countless ‘dead ends’ [2]. Normally, the particle size of the

aerogel determines the microstructural characteristics of the

aerogel, such as the specific surface area, pore size, pore

distribution, porosity, and so on. These microstructural

characteristics strongly affect several properties of aerogels

such as their thermal insulation capacity and dielectric

constant. The properties of aerogels can be controlled by

changing the precursor used or altering the aging time or even

drying conditions. However, the properties of aerogels can also

be controlled by hybridization with nanoparticles with surface
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capping molecules, for example, SiO2 nanoparticles with

hydroxyl groups. Furthermore, by using specific nanoparticles,

desired functional properties can be incorporated into the

aerogel.

In this paper, we describe the synthesis of silica aerogels

incorporating SiO2 nanoparticles covered with surface hydro-

xyl groups by a sol–gel process under ambient pressure drying.

We characterized the resulting aerogels and studied the overall

effects of nanoparticle addition on the chemical properties of

the silica aerogels.

2. Experimental

Silica aerogels were prepared by hydrolysis and poly

condensation of alcohol solvent-diluted alkoxide in the

presence of a catalyst [3]. In this study, the precursor was

tetraethyl orthosilicate (TEOS), the solvent was methanol, and

the catalysts for the hydrolysis and condensation reactions were

0.001 M oxalic acid (C2H2O4, Sigma–Aldrich) and 0.1 M

ammonium fluoride (NH4F, Sigma–Aldrich), respectively [4].

The catalysts were dissolved in H2O. TEOS, methanol, and

oxalic acid were mixed together and SiO2 nanoparticles

(Sigma–Aldrich) were added to the solution after the hydrolysis

reaction and stirred for 12 h. Various weight percentages (wt%)
d.

http://dx.doi.org/10.1016/j.ceramint.2011.04.060
mailto:hhpark@yonsei.ac.kr
http://dx.doi.org/10.1016/j.ceramint.2011.04.060


Table 1

Physical properties of silica aerogels according to SiO2 nanoparticle content.

BET surface

area (m2/g)

Density

(g/cm3)

Pore size

(nm)

Thermal conductivity

(W/mK)

Gelation time

(min)

Contact

angle (u)

0 wt% 531 0.32 23.1 0.075 5 142

0.00625 wt% 672 0.31 18.8 0.082 5 134

0.0125 wt% 772 0.27 19.1 0.078 6 129

0.01875 wt% 542 0.35 20.5 0.081 8 121

0.025 wt% 622 0.35 18.4 0.080 15 129
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of SiO2 nanoparticles were used: 0 wt%, 0.00625 wt%,

0.0125 wt%, 0.01875 wt%, and 0.025 wt%. After stirring,

NH4F was added to the solution. The volume ratio of the final

solution for the SiO2 aerogels was TEOS::methanol::-

C2H2O4::NH4F = 1::3::0.28::0.1. The final gel was soaked in

1-hexene at 50 8C for 1 day. After solvent exchange, surface

modification was carried out with hexamethyldisilazane

(HMDZ) for 1 day at 50 8C [5]. The final gel was dried under

ambient pressure at 150 8C for 2 h and then at 200 8C for 2 h.

The microstructures of the silica aerogels were investigated

by scanning electron microscopy (SEM, JSM-600F, JEOL,

Japan). The surface area of the silica aerogel was determined

using the Brunauer–Emmitt–Teller (BET, Micromeritics,

ASAP 2000, USA) method. Chemical bonds were assessed

by Fourier-transform infrared spectroscopy (FT-IR, FTIR-

300E, Tokyo, Japan). A contact angle meter was used to

confirm the hydrophobicity of the silica aerogels. The thermal

stability of the silica aerogel was measured using differential

thermal analysis (DTA, TG/DTA-92, Setaram, France), and

thermal conductivity was evaluated using a C-T meter (Teleph

Company, France).

3. Results and discussion

SEM micrographs of the aerogels formed with (a) 0 wt% and

(b) 0.025 wt% silica nanoparticles are shown in Fig. 1. The

three-dimensional network structures of pure silica aerogel are

shown in Fig. 1(a). The particle size of silica aerogels was

around 20 nm, as shown in Fig. 1(a). As the wt% of silica

nanoparticles increased, the particle size of the silica aerogels

increased from 20 nm to 60 nm. Silica nanoparticles contain

�OH groups on their surface, which act as nucleation sites for
Fig. 1. SEM planar image of a SiO2 aerogel: (a) with 0 wt% and (b) with

0.025 wt% silica nanoparticles.
condensation reactions [6]. As the wt% of silica nanoparticles

increased, smaller silica particles agglomerated because of

bonding between particles facilitated by the surface �OH

groups, which is why the particle size of silica aerogels

increased as the wt% of silica particles increased, as shown in

Fig. 1(b). The particle size of silica aerogels can therefore be

controlled by adding silica nanoparticles without changing the

pH, aging time, or drying conditions.

The silica aerogels had a high specific surface area ranging

from 531 to 772 m2/g. The specific surface area also increased

when silica nanoparticles were added; the specific surface area

of the silica aerogels doped with nanoparticles ranged from 550

to 690 m2/g. The specific surface area increased up to the

maximum value of 772 m2/g when 0.0125 wt% silica

nanoparticles were added. However, at higher wt%, the surface

area decreased because of the agglomeration of silica

nanoparticles. The overall pore size decreased because

micro-pores formed after the addition of silica nanoparticles.

During the growth of silica aerogel particles, micro-pores form

between the silica nanoparticles [7]. These micro-pores are

smaller than the voids that exist in three-dimensional networks

of silica aerogels, and provide specific surface area. The density

of these micro-pores was similar between the various aerogel

samples, as shown in Table 1. Gelation time was effected by the

steric effect and the number of –OH groups in solution. A large

particle size increases the gelation time – the so-called steric

effect [8]. Silica nanoparticles act as nucleation sites for

condensation reactions and therefore hinder condensation

reactions between silanol particles formed in the hydrolysis

reaction [9]. The addition of silica nanoparticles increased the

inter-particle distance and therefore the gelation time [10]. The

overall pore size decreased because of the formation of micro-

pores between the silica nanoparticles. Contact angle measure-

ments of the silica aerogel surfaces revealed that the angle was

1428 for the 0 wt% aerogel and 1298 for the 0.025 wt% aerogel

[11]. Both samples showed hydrophobicity.

The FT-IR spectra given in Fig. 2 show the chemical bonds

in silica aerogels that were surface modified with HMDZ.

Though silica aerogels are naturally hydrophilic because of the

–OH bonds on their surface, we replaced the H of the OH group

with the Si–(CH3)3 group. Therefore, –OH bonds were almost

completely absent from the spectra. The hydrophobicity of the

silica aerogels was therefore most likely due to moisture

absorption from the air, because there was no absorption peak at

3300 cm�1 from –OH bonds [12]. The peaks near 1100 cm�1,

800 cm�1, and 470 cm�1 are Si–O–Si bonding peaks [13]. The



Fig. 2. FT-IR spectra of silica aerogel hybridized silica nanoparticles dried

under ambient pressure.

Fig. 4. DTA curve of silica aerogels doped with (a) 0 wt% and (b) 0.025 wt%

silica nanoparticles.
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Si–O-Si peak at 1100 cm�1 corresponds to an asymmetric bond

and the 800 cm�1 peak corresponds to a symmetric bond. The

850 cm�1 and 1255 cm�1 peaks indicate –CH3 bonds

contributed by Si(CH3)3 [14].

Fig. 3 shows FT-IR spectra for silica aerogels doped with

silica nanoparticles and then heated at 700 8C for 2 h. The –OH

groups arose due to oxidation of –CH3 groups. This change was

much more noticeable in the 0.025 wt% sample than the 0 wt%

sample. The OH peak (3300 cm�1) of the 0.025 wt% sample is

bigger and wider than that of the 0 wt% sample, because of the

presence of silica nanoparticles in the 0.025 wt% sample. The

DTA curve of an ambient pressure-dried silica aerogel that was

surface modified is shown in Fig. 4. We attributed the

exothermic peaks at 365 and 369 8C to oxidation of –CH3

because of the surface modification process and the presence of

residual organics (–OC2H5). These results indicate that silica

aerogels with added silica nanoparticles were hydrophobic at

temperatures of 365 8C and 369 8C. However, silica aerogels

showed hydrophilic behavior when the silica aerogels were

heated to temperatures greater than 365 8C and 369 8C because
Fig. 3. FT-IR spectra of silica aerogels doped with (a) 0 wt% and (b) 0.025 wt%

silica nanoparticles after heating at 700 8C for 2 h.
of oxidation of surface –CH3 groups [15]. The –OH groups

formed as a result of the oxidation of –CH3. These –OH groups

then reacted with other Si–OH groups to produce H2O, which

was lost to the atmosphere by evaporation.

The curve of the 0.025 wt% sample had the same transition

temperature as fused glass, because of the presence of silica

nanoparticles. The 0 wt% sample did not show the transition

temperature of glass even though the samples had the same

chemical composition. This phenomenon can be explained by

the difference in bonding types between silica nanoparticles

and silica aerogels.

The thermal conductivities of the silica aerogel samples are

shown in Table 1. Silica nanoparticles were added to the silica

aerogel and partially aggregated or behaved as nucleation sites.

Pure silica aerogel showed the lowest thermal conductivity. As

the wt% of silica nanoparticles increased, the thermal

conductivity of the aerogels also increased slightly. This is

because the increase in the density of aerogels due to the

addition of silica nanoparticles induced a decrease in porosity,

hence thermal conduction through the solid portion of the

samples increased [16].

4. Conclusions

We investigated the effects of silica nanoparticle addition to

silica aerogels on the chemical and material properties of the

resultant aerogels. As the wt% of SiO2 nanoparticles increased,
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density and thermal conductivity increased due to an increase in

the solid percentage of the sample, and hence porosity

decreased. Overall thermal conductivity and density remained

the same. Pure silica aerogel and SiO2 nanoparticle-doped

aerogels showed hydrophobicity. After addition of SiO2

nanoparticles, the particle size of the aerogels increased from

20 nm to 60 nm. The surface area of the aerogel samples

increased as the amount of silica nanoparticles added increased.

Our results indicate that the introduction of silica nanoparticles

with surface hydroxyl groups into silica sol is a feasible way to

control the synthesis of nanocomplex structures.
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