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FABRICATION OF AGAR-SILICA AEROGEL NANOCOMPOSITE FILMS

In this study, agar-based nanocomposite films containing ultra-porous silica aerogel particles were fabricated by gel casting 
using an aqueous agar/silica aerogel slurry. The silica aerogel particles did not show significant agglomeration and were homogene-
ously distributed in the agar matrix. Transmission electron microscopy observations demonstrated that the silica aerogel particles 
had a mesoporous microstructure and their pores were not incorporated into the agar polymer molecules. The thermal conductivities 
of the agar and agar/5 wt.% silica aerogel nanocomposite films were 0.36 and 0.20 W·m–1· K–1, respectively. The transmittance of 
the agar films did not decrease upon the addition of silica aerogel particles into them. This can be attributed to the anti-reflection 
effect of silica aerogel particles.
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1. Introduction

Thermal insulation of buildings and houses requires a large 
amount of energy to maintain an optimum temperature and hu-
midity using air conditioners and is a major concern from the 
environmental viewpoint. This is because it accounts to about 
30% of the global carbon dioxide (CO2) emission. Over the 
past few years, buildings with all-glass curtain walls have been 
constructed extensively. In winter, the heat loss through glass 
walls or windows is much greater than that through concrete 
walls. In summer, the radiant heat induces glass greenhouse 
effect. Hence, it is imperative to develop a high-performance 
daylight insulation system [1].

Silica aerogels are made up of highly cross-linked net-
works of silica nanoparticles and exhibit unusual properties 
such as ultra-high porosity (>95%), high specific surface area  
(500-1000 m2·g–1), low thermal conductivity (20-30  mW·m–1·K–1), 
low relative permittivity (1-2), and low index of refraction 
(~1) [2]. Owing to these unique properties, silica aerogels have 
gained immense attention as catalysts and thermal insulators 
and in applications related to adsorption and drug delivery. The 
extremely low thermal conductivity of these aerogels makes 
them potential material for energy-efficient buildings and hou-
ses [3,4].

However, silica aerogel monoliths or boards suffer from 
low flexibility, strength, and reproducibility, which limit their 
application as a building material [5]. Although efforts have been 
made to fabricate composite-type silica aerogels and to enhance 
their thermal and mechanical properties, reducing the complexity 

of the synthesis processes and inhomogeneity of the composite 
composition remains challenging [6,7].

Agar is a natural polymer, which is derived from red al-
gae such as agarophytes, and its structure is characterized by 
a heterogeneous mixture of two polysaccharides: agaropectin, 
a charged/sulfated polymer, and agarose, a neutral polymer [8]. 
Agar dissolves in hot water and sets to a rigid gel at 32-45°C. 
The strength of agar gels depends on the concentration, time, 
pH, and sugar content [9,10]. In this study, agar-silica aerogel 
nanocomposite films were fabricated using agar and a silica 
aerogel powder by a very simple fabrication method. The effect 
of the silica aerogel content on the microstructure and thermal 
performance of the resulting agar/silica aerogel nanocomposite 
films was investigated.

2. Experimental 

Agar (1.8 g, Extra pure grade, Ducksan, Korea) and glycerol 
(1.8 g, ≥99.0%, Sigma-Aldrich, as a plasticizer) were dissolved in 
50 g of hot water. Silica aerogel powder (Enova mt1100, Cabot 
Corp.) was dispersed in 30 mL of ethyl alcohol (99.5%, Sam-
chun Pure Chemical, Korea). Span 80 (C24H44O6, Junsei, Japan) 
was then added to the resulting silica aerogel slurry in order to 
enhance its stability. Then, the agar solution and silica aerogel 
slurry were mixed under stirring and the resulting viscous slurry 
was cooled down to 30°C. This slurry was then poured on a petri 
dish to make a gel film. The weight fraction of the silica aerogel 
powder was 1, 2, 3, 4, and 5 with respect to agar and glycerol. 
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The gel film was maintained at 30°C for 24 h. Fig. 1 illustrates 
the fabrication process for the agar-silica aerogel nanocomposite 
film. As can be seen from its photograph (Fig. 1), the agar film 
was flexible and translucent. 

The surface structure of the agar-silica aerogel nanocom-
posite films was examined by a field emission scanning electron 
microscope (FE-SEM, S-3200, Philips). Energy dispersive X-ray 
spectroscopy (EDS) was used to confirm the dispersion of silica 
aerogel particles in the films. The pore structure of silica aerogel 
was investigated using transmission electron microscope (TEM). 
For TEM analysis, the agar-silica aerogel films were frozen in 
liquid nitrogen and cut into 0.1-mm thick slices. 

The thermal conductivity (κ) of the films was determined 
from their thermal diffusivity, α, using the laser flash method 

(Netzsch Instrument, Inc., Burlington, USA), and the specific 
heat capacity, cp, was measured by differential scanning calorim-
etry. The thermal conductivity of the films was calculated using 
the equation: κ = αρcp, where ρ is the density of the films. The 
transmittance of the films was measured using a double-beam 
ultraviolet/visible/near infrared (UV/VIS/NIR) spectrometer 
(Carry 100 Bio, Varian).

3. Results and discussion

Figs. 2(a) and (b) show the cross-sectional SEM images of 
the agar and agar/5 wt.% silica aerogel nanocomposite films, 
respectively. The side surfaces of the agar film were very smooth 

Fig. 1. Experimental flow chart for the fabrication of the agar/silica aerogel nanocomposite films

a) b)

Fig. 2. SEM images of the agar (a) and agar/5wt% silica aerogel nanocomposite (b) films
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(Figs. 1 and 2(a)). Fig. 2(b) shows that silica aerogel particles 
were uniformly distributed in the composite film. The particle 
size of the composite film was estimated to be ~5-10 μm, which 
was nearly the same as that of the silica aerogel precursor. This 
suggests that silica aerogel particles did not agglomerate during 
the film fabrication processes such as mixing and drying.

The agar/silica aerogel nanocomposite film was character-
ized by carrying out SEM and EDS analyses. Fig. 3(a) shows the 
surface SEM image of the agar/5 wt.% silica aerogel nanocom-
posite film. Figs. 3(b) and (c) show the EDS elemental mapping 
of silicon and oxygen, respectively for the composite film. The 
EDS analysis showed that SiO2 particles were dispersed in the na-
nocomposite film. This confirmed the presence of silica aerogel 
in the film. In addition, Figs. 1 and 2 clearly show that silica aero-
gel particles were homogeneously distributed in the agar matrix.

Agar shows hydrophilic characteristics, while silica aerogel 
particles show hydrophobic characteristics because their surface 
is chemically modified by the hydrophobic CH3 functional 
groups [11]. This difference in the surface characteristics of 
silica aerogel particles and agar make it difficult to disperse 
silica aerogel particles in aqueous agar/glycerol solutions. In 
our previous study on the stability of silica aerogel slurries, it 
was found that silica aerogel particles are stable in ethanol/water 
solutions [12]. In this study, as mentioned in the experimental 
section, silica aerogel powder was dispersed in ethyl alcohol, in 
which silica aerogel particles do not form a stable slurry. How-

ever, when the slurry was added to an aqueous solution of agar/
glycerol, the silica aerogel particles maintained their stability in 
the slurry for prolonged times. In the ethyl alcohol/water solu-
tion, the pores of the silica aerogel particles were preferentially 
filled with ethyl alcohol, while water was expelled from the silica 
aerogel particles, resulting in the formation of a stable slurry. 
The formation of this stable slurry resulted in a homogeneous 
distribution of silica aerogel particles in the agar film, as shown 
by Figs. 1 and 2. 

There are two important factors that should be considered 
while fabricating silica aerogel/polymer nanocomposites: 
1) uniform dispersion of silica aerogel particles in the polymer 
matrix and 2) the pore structure of silica aerogel. In particular, 
the polymer or binder should not be incorporated into the silica 
aerogel pore structure [13]. If the pores of silica aerogel are 
filled with polymer molecules, then the resulting composites 
do not show the advantages of blending the silica aerogel, for 
example, low density and low thermal conductivity [14]. Fig. 4 
shows the TEM images and EDS elemental analysis result of the 
agar/5 wt.% silica aerogel nanocomposite film. The TEM images 
revealed that the film showed a mesoporous microstructure that 
is typically observed in silica aerogels [15]. As is evident from 
Fig. 4 (the right TEM image), agar molecules were not incor-
porated into the pores of silica aerogel. The pore diameter was 
estimated to be ~10-20 nm. The EDS analysis confirmed that 
silica particles were present in the composites.

a)

b) c)

Fig. 3. SEM image (a) and the corresponding EDS mapping of silicon (b) and oxygen (c) for the agar/5wt% silica aerogel nanocomposite film
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The thermal conductivity of silica aerogel is extremely 
low because heat transfer occurs mainly through its pores 
[11,16]. Fig. 5 shows the thermal conductivities of the agar and 
silica aerogel nanocomposite films as a function of the silica 
aerogel content. The thermal conductivity of the agar film was 
0.36 W·m–1·K–1 and it gradually decreased with an increase in 
the silica aerogel content. This result is somewhat reasonable 
since the thermal conductivity of silica aerogel is much lower 
than that of agar. 

Fig. 5. Thermal conductivity of the agar and agar/silica aerogel nano-
composite films

Interestingly, the thermal conductivity of the agar/sili-
ca aerogel nanocomposite film decreased further (as low as 
0.10 W·m–1 ·K–1, which is one third of the thermal conductivity 
of the agar film) when large silica aerogel particles were incor-
porated into the agar matrix. Only the silica aerogel pores that 
were not filled with agar contributed to the thermal conductivity 
reduction. With an increase in the size of the silica aerogel parti-
cles, the volume of the pores that did not contain agar increased.

Fig. 4. TEM images and EDS elemental analysis result of the agar/5wt% silica aerogel nanocomposite film

Fig. 6. Transmittance of the agar and agar/silica aerogel nanocomposite 
films. The films with 0, 3, and 5 wt.% silica had a thickness of 0.17, 
0.20, and 0.23 mm, respectively



855

Fig. 6 shows the optical transmittance spectra of the agar and 
silica aerogel nanocomposite films in the UV-VIS-NIR region. 
Both the agar and silica aerogel nanocomposite films showed 
good visible and near infrared light transmittance of ~95%. This 
indicates that silica aerogel did not reduce the transmittance of 
the agar film. The silica aerogel particles used in this study were 
relatively large (10-20 μm) and thus could scatter the incident vis-
ible or infrared lights, leading to a reduction in the transmittance. 
In addition, silica aerogel shows an anti-reflective property [17]. 
Therefore, the transmittance reduction owing to the scattering by 
silica aerogel particles was counteracted by their reduced surface 
reflection. The strong absorption in the ultraviolet region can 
be ascribed to the presence of silica aerogel particles [18]. The 
absorption increased with an increase in the silica aerogel content.

4. Conclusions

An agar-based nanocomposite films containing ultra-porous 
silica aerogel particles were fabricated by gel casting using an 
aqueous agar/silica aerogel slurry. The silica aerogel particles 
did not show significant agglomeration and were homogene-
ously distributed in the agar matrix. Transmission electron 
microscopy observations demonstrated that the silica aerogel 
particles dispersed in the agar matrix exhibited a mesoporous 
microstructure, indicating that agar polymer was not incorporated 
into the pores of silica aerogel during the fabrication of the films. 
And the thermal conductivity of the agar film decreased with an 
increase in the silica aerogel content. The thermal conductivity 
of the agar/5 wt.% silica aerogel nanocomposite film was lower 
(0.20 W·m–1 ·K–1) than that of the agar film (0.36 W·m–1 ·K–1). 
Besides the transmittance of the agar films did not decrease 
upon the addition of silica aerogel particles into them. This 
can be attributed to the anti-reflection effect of silica aerogel 
particles.
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