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Abstract
Thermoelectric power generation performance is characterized on the basis of the figure of merit, which tends to be high 
in thermoelectric materials with high electrical conductivity and low thermal conductivity. Porous structures cause phonon 
scattering, which decreases thermal conductivity. In this study, we fabricated porous structures for thermoelectric devices 
via nano-phase separation of silica particles from a polyacrylonitrile (PAN) matrix via a sol–gel process. The porosity was 
determined by control of silica particle size with various the mixing ratio of tetraethylorthosilicate as the precursor of silica 
particles to PAN. High electrical conductivity was maintained by subsequent carbonization of the PAN matrix in spited 
of a high porosity. As the results, the conductive porous structures having porosity from 13.9 to 83.3 (%) was successfully 
fabricated, keeping their electrical conductivities.
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1  Introduction

Porous structures are used in various energy devices, such 
as fuel cells, solar cells and so on because of the advantages 
provided by their structural characteristics [1–4]. Specially, 
the porous structure has advantage to decrease thermal con-
ductivity as the thermoelectric materials [5].
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Thermoelectric devices are energy conversion devices 
that operate by temperature gradient. When heat is applied 
to a thermoelectric device, the resulting transfer of charge 
carriers in the thermoelectric materials (n-type or p-type 
semiconductors) induced by the difference in temperature 
between the ends of the device generates electrical power. 
Thermoelectric power generation performance is char-
acterized by the figure of merit (ZT, ZT = (S2σ/k)/T). As 
expressed in the followed equation, ZT value is determined 
by the Seebeck coefficient (S), the electrical conductivity 
(σ), the thermal conductivity (κ) and the absolute tempera-
ture (T). Therefore, in order to obtain enhanced thermoelec-
tric performance, low thermal conductivity as well as high 
power factor (PF = S2σ) is important as the thermoelectric 
materials.

Thermal conductivity is affected by an electric factor (κe) 
and a lattice factor (κl) (k = ke + kl). The electric factor 
(κe) represents thermal transfer by electrons and holes and 
is expressed by Wiedemann–Franz law (κe = LσT = neμLT) 
[6]. As the Wiedemann–Franz law, the electric factor (κe) 
of thermal conductivity is proportional to Lorenz number 
(L, 2.4 × 10−8 J2 K−1 C−2, free electrons), the electrical 
conductivity (σ) and temperature (T). Because electrical 
conductivity is determined by the charge of the electron 
(e, 1.6 × 10−19 C), the carrier concentration (n) and carrier 
mobility (μ), it is also proportionally related to the thermal 
conductivity. Also, the lattice factor (κl) represents the ther-
mal conductivity resulting from the travel of vibrating pho-
nons. When heat is applied, vibrating phonons travel with 
heat conduction through the lattice [7–10]. That is, when 
the obstruction of phonon transfer decreases the value of 
κl, a lower thermal conductivity is obtained. The literature 
contains numerous accounts of attempts to decrease thermal 
conductivity by inducing phonon scattering through meth-
ods such as atomic substitution, doping effects, and lattice 
manipulation, among other approaches [11–13].

In this respect, a porous structure is favorable to decrease 
thermal conductivity. As the electric factor, the pores have 
a role of obstacle to carrier transfer, resulting to decreased 
electrical conductivity with thermal conductivity. Also, in 
the lattice factor, it induces phonon scattering at the interface 
between the lattice and the pores. This scattering results in a 
decrease in thermal conductivity [14].

Various methods such as the breath-figure method, 
sol–gel process, and phase separation are often used to pre-
pare porous structures [1, 15–21]. One of these methods, the 
organic/inorganic phase-separation-based sol–gel process, 
is particularly efficient because of its simple operation and 
low cost [22].

In this work, we used tetraethylorthosilicate (TEOS) and 
polyacrylonitrile (PAN) to fabricate porous structures for use 
in thermoelectric energy conversion devices via inorganic/
organic nano-phase separation. We controlled the pore size 

and morphology by varying the TEOS to PAN mixing ratio. 
Subsequent carbonization of the PAN matrix resulted in an 
electrically conductive structure.

2 � Experimental Procedure

TEOS as precursor of silica particles and PAN (Mw 
150,000 g mol−1) were purchased from Sigma-Aldrich Co.

TEOS dispersed into 0.02 M HCl and tetrahydrofuran 
(THF) (TEOS:HCl:THF  =  1:5:12 (mole ratio)). The 
3 wt% of PAN solution was prepared by dissolving in N,N-
dimethylformamide (DMF) at 60 °C. The prepared TEOS 
solution was gradually added into the prepared PAN solu-
tion. In this step, the ratio of TEOS to PAN was controlled 
(TEOS:PAN = 3:1, 5:1, 6:1 and 7:1, w/w). The TEOS/PAN 
solution was subsequently dried under vacuum at 60 °C for 
6 h. The electrically conductive structure was obtained by 
carbonization of the PAN matrix through heat treatment 
under an Ar environment at 850 °C for 3 h. The carbonized 
structure with silica particles was immersed in 5 wt% aque-
ous HF for 24 h to remove the silica particles for porous 
structure.

The fabricated porous structures were observed by field-
emission scanning electron microscopy (FE-SEM, JSM-
7401F, JEOL Ltd.). The porosity and pore size of each 
structure which fabricated with varying TEOS to PAN ratio 
was analyzed by using software of image J 1.50. Electrical 
conducting property was exploited by measuring electrical 
resistance of the structures by a digital multimeter (Fluke 
175, Fluke Co.).

3 � Results and Discussion

A schematic diagram of the process used to fabricate porous 
structures via TEOS/PAN phase separation was indicated 
at Fig. 1. Figure 2 shows the phase-separated structures of 
various weight ratio of TEOS to PAN from 3:1 to 7:1 (a, b, c 
and d). In the TEOS solution, Si–O-Si bridges are generated 
via hydrolysis and condensation reaction between TEOS and 
H2O, resulting in formation silica nuclei and growth silica 
particles.

In this step, the acid environment controls the rate of 
hydrolysis and condensation, enabling the silica nuclei to 
grow into spherical particles [23, 24]. When a mixture of 
TEOS solution as silica nuclei and PAN solution is dried, 
silica particles grow via the Ostwald ripening effect. At that 

Si(OR)4 + H
2
O → Si(OH)(OR)3 + ROH

Si−OH + Si−OH → Si−O−Si + H
2
O

Si−OH + Si−OR → Si−O−Si + ROH
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time, PAN is physically cross-linked with evaporation of the 
solvent by intermolecular dipole interactions between PAN 
chains due to polar nitrile groups [25], trapping the silica 
particles. Thus, the growth of the silica particles is limited 
by the cross-linked PAN structure and the particles are sepa-
rated by the PAN matrix. After the phase separation and 
carbonization, porous structures were successfully fabricated 
by removal of silica particles with HF treatment (Fig. 1e–h).

The weight ratio of TEOS to PAN has an effect on size 
of formed silica particles in the phase separation step. 
Increased TEOS load to formation of larger particles com-
pared to that of structure with low TEOS ratio (Fig. 1a–d). 
Because pores were formed by removal of the particles, the 
size of formed silica particles determined pore size with 
porosity in the structure. In the porous structure, increased 
size of pore from 0.94 ± 0.09 to 6.4 ± 0.9 (μm) was obtained 
with increasing TEOS proportion to PAN from 3:1 to 7:1 
(Fig. 3). With increase of pore size, porosity also increases 
at the higher TEOS ratios from 13.9 to 83.3 (%). The pore 
size and porosity were indicated in Table 1.

Electrically conductive porous structures were success-
fully fabricated with carbonization of PAN matrix. In Fig. 4, 
it was shown that electrical resistance of the porous structure 
with various TEOS ratio to PAN. The PAN matrix is com-
monly used for carbon structure because PAN exhibits high 
aromatic character and has a stabilized structure resulting 

from polymerization of nitrile, which results in a high carbon 
yield after carbonization [26–28]. In the carbonization pro-
cess of PAN, cyclization of –C≡N-bonds occurs at the proper 
temperature and results in –C=N-bonds. A continuous ladder 
structure is formed by dehydrogenation. Under an inert-gas 
atmosphere at high temperatures, cyclic carbon compounds 
are obtained through the formation of –C=C-bonds and de-
nitrogenation of the ladder structure [29, 30]. As the results, 
resistance was increased from 90 ± 8 (Ω) at ratio of TEOS to 
PAN is 3:1 to maximum 300 ± 40 (Ω) at 5:1 with increased 
porosity. Usually, it has been reported that carbonized PAN 
films had about 180-840 (S/cm) of electrical conductivity [26]. 
It means that carriers transport in our porsous carbonized films 
was hindered by micro sized-pores, however, it showed still 
reasonable electrical conductivities. It will be expected to 
have to show a decrease in an electric factor of their thermal 
conductivities (Fig. 5) [31, 32]. In the following studies, it 
is expected that this porous structure also hinders effectively 
phonon transport with decrease of lattice factor in thermal 
conductivity, which leads to highly effective thermoelectric 
devices [33].

Fig. 1   Schematic diagram of the fabrication of porous structures via TEOS/PAN phase separation
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4 � Conclusions

Porous structures which favorable to decrease thermal con-
ductivity as thermoelectric energy conversion materials were 
fabricated via inorganic/organic nano-phase separation. The 
formation of silica particles was controlled by varying the 
mixing ratio of TEOS as a precursor to silica particles to 
PAN. Higher TEOS to PAN weight ratios resulted in porous 

structures with larger pore sizes because the content of 
PAN, which limits the growth of silica particles, relatively 
decreases. As the results, porous structures having from 13.9 
to 83.3 (%) of porosity were successfully obtained. Addition-
ally, the structures had electrical conductive properties by 
carbonizing the PAN matrix. With increased porosity, elec-
trical resistance was increased 90 ± 8 to 300 ± 40 (Ω) which 
lead to decrease electric factor of thermal conductivity. It 

Fig. 2   The morphologies of 
phase separated structure (a, b, 
c and d) between silica particles 
and PAN matrix and porous 
structures (e, f, g and h) after 
removal of silica particles in 
carbonized PAN matrix with 
various the weight ratio TEOS 
to PAN of 3:1 (a, e), 5:1 (b, f), 
6:1 (c, g) and 7:1 (d, h)
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means that formed micro-sized pores had a role of obstacles 
to carrier transfer in the conductive matrix. In addition, it 
is expected that this structures are also efficient to induce 
phonon scattering with decrease lattice factor of thermal 
conductivity. However, because decreased electrical con-
ductivity is also related to lower ZT, independent control of 
lattice factor is required. The fabricated conductive porous 
structure is expected to be applied in various field as well as 
thermoelectric device due to its structural advantages such 

as high surface area with porosity, electrical conductive 
property by carbonization and so on.
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