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INTRODUCTION

With the depletion of fossil fuels, interest in renewable
energy is increasing significantly [1,2]. Electrical energy can
be harvested from renewable sources such as heat, mechanical
force, light, etc. Among many renewable energy technologies
thermal electric generator (TEG) is one of the interesting
renewable energy sources [3]. In TEGs electric potential and
heat are seamlessly converted in to electrical energy. These TEGs
are categorized into two types namely, the Seebeck effect and
the Peltier effect. In Seebeck effect, the electric potential is
generated based on the difference in temperature applied
between two different metals. The Peltier effect which is the
exact opposite of Seebeck effect, which controls heat gener-
ation by applied electric potential [4-7]. These TEGs have the
great advantage of operating at different temperatures, environ-
mentally friendly, no movable mechanical parts, low cost and
easy maintenance [5,8,9]. Conventional inorganic semiconductors
such as SnSe, Cu2Se, CoSb3, SiGe, Bi2Te3 and PbTe have been
reported as electrode material for many thermal devices due
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to their excellent thermoelectric properties. However, the diffi-
culty in synthesis and high cost has restricted their application
in thermoelectric devices [10-12]. In addition, the existing
TEGs are too bulky and rigid. Therefore, over the past decades
an intense research has been going on for developing sustain-
able and eco-friendly materials using flexible and biomaterial
based thermoelectric devices. Such biomaterials based TEG
have a potential interest in the field of electronic devices for
environment, health and safety applications [13-15].

Alternatively polymer materials have been attracted the
most due to their lightweight, easy processing and mechanical
stability [16,17]. The most commonly preferred thermoelectric
polymer materials are polypyrrole [18], polyacetylene [19],
polythiophene [20], polyethylene dioxythiophene [21-24],
poly(3-hexylthiophene) [25,26] and polyaniline (PANI) [27-29].
However, these materials have poor resistance and unsuitable
for high temperatures applications. Further these polymer
materials have low thermal conductivity than those of inorganic
material. Hence to use polymer for TEG application, the materials
which operate at low temperature (< 100 ºC) are required [30-32].
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Among many natural polymer materials, there has been
increased interest inclined towards silk cocoon biomaterial
because of its natural abundance and eco-friendly nature. Silk
cocoon also offers excellent mechanical, thermal, adhesive and
biocompatible properties suitable for different applications
[14,33-39]. Silk cocoon has a complex nanostructure with
dimensions of several to hundreds of nanometers. It consists
of β sheet structure which is made up of nanofibril bundles
and nanocrystals with 20-80 nm in diameter [39]. These struc-
tures enable the integration of strength, stiffness and toughness
in natural silk fibers [40-43]. However, silk is a poor conductor
of electricity, but susceptible to static electrical charge [44].

Several researchers have reported thermal properties of
silk fibers [45-49]. Xue et al. [42-46] reported that the thermal
conductivity, θ value, of silk fiber in the axial direction is ranges
from 0.54-6.53 W/mK. However, when silk fibers were stret-
ched, the θ value was up to 13.1 W/mK. The silk films produce
low thermal conductivity in the cross-plane direction. Similarly,
Zhou et al. [50] have reported the electrical and thermal prop-
erties of S-shaped silk fabric coated with MWCNT. In an infrared
image, they have noticed that with an increase in temperature
and voltage the image will become brighter and brighter. This
shows that the fiber coated with conducting material is influ-
enced by the heat. There is potential interest in coating conduc-
tive polymer with silk cocoon layers to improve the thermal
conductivity, as there are not many reports on exploiting
conductive polymer PANI for this purpose.

In this work, a silk cocoon layer (SCL) surface coated
with polyaniline (PANI) as an electrode for polymer-based
thermoelectric generators is reported. Based on our findings,
it is demonstrated that the silk cocoon composited with PANI
can be used to exploit the heat energy in to electrical energy.

EXPERIMENTAL

Silk cocoon were procured from a central silk board
(Bengaluru, India). The chemicals viz. aniline, hydrochloride
acid and ammonium persulfate were purchased and used for
polyaniline (PANI) synthesis. All chemicals were of analytical
grade and used directly without further purification in this
work.

Preparation of SCL-PANI: Polyaniline (PANI) was synth-
esized using sol-gel method. Here, a 20 mL of aniline was added
to 250 mL of aqueous HCl and stirred under an ice bath for 30
min. To this aqueous solution, ammonium persulfate was added
dropwise until the formation of gelation. This suspension was
further stirred for 1 h. For purification, this suspension was
washed with methanol and distilled water. The solution was
subjected to dry for 48 h under 90 ºC in a vacuum. A silk cocoon
layer (SCL) was dissected to 1 cm × 1 cm from a silk cocoon.
PANI (2 mg) was grinded for 2 min in distilled water as a
medium in mortal and pestle. This suspension was coated on
SCL using the doctor blade method and dried overnight at
room temperature.

Characterization: The surface morphology and elemental
analysis of SCL, PANI and SCL-PANI samples were observed
by scanning electron microscopy (SEM, Hitachi SU1510) and
EDAX (Thermo-Fisher Scientific) equipped after coating with

gold. X-ray diffraction XRD (Rigaku IV) analysis of samples
was performed using CuKα1 radiation operated at 35 kV and
25 mA from 10º to 80º with a step width of 0.02. The functional
group analysis was performed using Fourier transform infrared
spectroscopy (Perkin-Elmer STA8000) at 4000-400 cm-1. An
electrochemical workstation (Keithley 2400 SMU model) was
employed.

RESULTS AND DISCUSSION

Crystal structure analysis of SCL and SCL/PANI: The
XRD in Fig. 1 show crystal structure of SCL and SCL-PANI
polymer composite. It is observed that the diffraction peak at
2θ = 20.6º represents the silk-IIβ pleated sheet [51-54],
whereas 2θ = 14.48º, is the quantum transfer of PANI with a
length of the conjugate π-π bond and diffraction peak at 25.53º
indicates the polymer chain of the PANI [55]. When the PANI
is deposited on the cocoon layer the intensity characteristics
of PANI are reduced, which indicates the formation of comp-
osite between the side-chain protein structure of the fiber and
PANI. After coating PANI on the fibers, there is no significant
change noticed in the β-pleated sheet. This is considerable
due to the fact that the thermal stability of the fiber depends
on the presence of β pleated sheets [45]. Hence, from the XRD
patterns, it is evident that the presence of β pleated sheets of
the fiber after composition with PANI shows stability of the
material towards temperature.

(c) SCL-PANI

(b) SCL

(a) PANI

10 15 20 25 30 35 40 45 50
2  (°)θ

(20.6)

(25.04)

Fig. 1. X-Ray diffractometer spectra of (a) PANI, (b) silk cocoon layer
and (c) silk cocoon layer-PANI

Morphology analysis of SCL and SCL/PANI: In order
to verify the surface morphology of SCL-PANI, PANI and SCL
were characterized using SEM images are shown in Fig. 2. It
is noticeable that the surface of silk fibers is lustrous, smooth
in texture. From Fig. 2c-d, it is also observed that the small
particles spotted on the fibers is sericin (glue-like) protein [52].
The PANI particles synthesized using the sol-gel method is
shown in Fig. 2a-b. The result indicates agglomerated particles
with stacked layers formation. After the surface coating of PANI
on the fiber layer results in a change on the surface of the fiber
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(Fig. 2e-f). The fibers have swollen and PANI particles are
being deposited on the surface of the fiber. This indicates the
formation of SCL-PANI polymer composite. Hence, the
uniform distribution of PANI on the surface of the fiber refers
to the continuous conductivity with the influence of heat. How-
ever, due to rigidity, a strong bond interaction chain of the
PANI is poor. This resulted in some large particles coating on
the surface of the composite fiber.

Functional group analysis of SCL and SCL-PANI: The
chemical bond analysis of SCL and SC-PANI was further anal-
yzed using Fourier-transform infrared spectroscopy (FT-IR)
in the range from 4000 to 400 cm-1 as shown in Fig. 3. The
spectral bands at 1227.24, 1617.88, 1514.47 and 1137.17 cm-1

refers to amide I, II and III, respectively which are attributed
to the secondary structure of silk α-helix and β-pleated sheet
[16,27,28]. Hence no significant difference was noticed in the
fingerprint region of SCL after coating PANI and this result
corresponds to the XRD spectra where the β-sheets are not
affected. However, at 2892.2 cm-1 and 2965.5 cm-1, there was a
decrease in the intensity of the peak in SCL-PANI. This spectral
range refers to the carboxyl group (C-OH), indicating that carbon
particles have interacted with the backbone hydrogen chain of
protein structure. Due to the interaction of polymer chain there,
there is a good thermal stability and it is uniformly deposited.

The TG-DTA is used to analyze the thermal stability of SCL
and SCL-PANI polymer composite and results are presented
in Fig. 4. The weight loss in cocoon layer started at 150 ºC
indicating the loss of water content by evaporation. Further
with increased temperature, there is fast decomposition of SCL
was observed as it turned black ash around 400 ºC. In the
SCL-PANI polymer composite, the weight loss was started
around 300 ºC, which is due to carbon chains of PANI. Hence,
the result shows the increase in the fiber’s thermal stability of
with the composition of PANI. Further an increase in the weight
was measured by the following equation [56]:
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The ω is the percent of weight increased, m2 is the weight
of SCL-PANI composite and m1 is the weight of SCL. The result
shows 48.64% total retained weight of the sample.

Electrical measurements of SCL and SCL-PANI: The
current and voltage characteristics of silk cocoon layer and
SCL-PANI samples were measured varying the temperatures.
The electrical measurements were carried out in a potential
window between -10 V to 10 V. Fig. 5 shows the I-V charac-
teristics of SCL and SCL-PANI in the temperature range from
30 to 60 ºC. Under the influence of temperature, bare SCL
shows negligible small current due to its high resistance as it
is insulating nature. The current produced by SCL is few micro-
amps and hence it is not considered. Similarly, the SCL-PANI
polymer composite shows current generation upto 0.04 A for
the above specified temperature range. Thus, it is clearly evident

Fig. 2. SEM images of PANI particles (a-b), bare silk cocoon layer (c-d) and silk cocoon layer-PANI polymer composite (e-f)
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Fig. 5. Voltage-current (I-V) characteristics of SCL-PANI for the varying
temperature from 30 to 60 ºC

that the naturally SCL has thermal conductivity, it is further
increased with the coating of PANI, by providing a conductive
medium along the fiber. This also shows the well adhesive of
PANI with silk fibers helps in promoting the current flow in
the network.

Performance of SC-PANI based thermoelectric gene-
rator (TEG): Fig. 6 shows the schematic setup for the thermal
analysis for the generation of temperature difference. The SCL
has coated both sides with PANI and hence stitched with copper
sheets for the electrical contact. Since, we are using the Seebeck
coefficient method, the voltage is generated with respect to
the heat applied to the different metals. Here, the aluminum
sheet is used as counter electrode and copper connected SCL-
PANI as a working electrode. It was found that there is a linear
increase in the voltage with respect to the temperature applied
(Fig. 6). Further, the electrodes were subjected to different
temperature from ~5 ºC (cold) to 60 ºC (hot) and noted down
its change in resistance with respect to time (Fig. 7). It is observed
that there is decrease in resistance in cold and vice-versa in
hot. Thus, this finding clearly shows that the SCL-PANI synthe-
sized via simple route can be used as thermal electrodes.

Cu Al Cu Al

SCL-PANI composite SCL

Fig. 6. Schematic of thermal analysis for both SCL and SCL-PANI polymer
composites
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Conclusion

In summary, a bio-TEG electrode was developed using a
silk cocoon layer coated with PANI for harvesting electrical
energy from waste heat. The PANI was synthesized using sol-
gel method. XRD, SEM, FTIR, TGA and I-V were used to
characterized SCL-PANI as thermal electrode. The thermal
property of SCL without and with coated PANI was analyzed
and found there is an increase in the thermal stability of SCL
coated with PANI sample. All studies were carried out for the
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Fig. 4. TG-DTA analysis of SCL (a) and SCL-PANI (b) polymer composite measured under N2 gas environment
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thermal range between 30 to 60 ºC. In addition an evident
change in the resistance was noticed for both cold (~5 ºC) and
heat (60 ºC) temperatures. Based on present findings, it is
proposed that this new approach would be used as electrodes
for wearable electronics, e-textiles, waste heat management,
energy harvesting and thermal sensor.
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