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In this study, we aimed to investigate the effects of graphitic carbon nitride (g-
C3Ny) on the thermoelectric (TE) properties of camphorsulfonic acid (CSA)
doped polyaniline (PANI). For this purpose, g-C3sN4 was synthesized at 550°C
using guanidine hydrochloride as a precursor. Later, PANI was synthesized
by oxidative chemical polymerization and doped with CSA. Finally, PANI-
CSA/g-C3N, composites were prepared by ultrasonic homogenization with
different weight ratios of g-CsN,4. The composites showed positive Seebeck
coefficients which are the characteristics of p-type semiconductors. The See-
beck coefficient of PANI-CSA enhanced from 10 xV K to 472 uV K~! with
the incorporation of g-C3N,. Furthermore, the power factor (PF) of the com-
posites reached a maximum at 70.75 yW m ' K 2 which is almost 500 times
higher compared to pristine PANI-CSA. This indicates that g-C3N, is a
promising additive to be used in polymer-based TE materials that can be used

around room temperature.
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INTRODUCTION

Thermoelectric (TE) energy conversion is an
important method that provides direct conversion
of heat to electrical energy or vice versa. Applica-
tions of TE devices that are not only used in energy
conversion include cooling modules of some devices
such as optical materials, aviation applications, and
telecommunications equipment.!

The energy conversion performance of the mate-
rials used in TE devices can be obtained by the
dimensionless figure of merit ZT= S?¢T/x where S,
o, T, and x correspond to Seebeck coefficient,
electrical conductivity, absolute temperature, and
thermal conductivity, respectively.? Although the
traditional inorganic semiconductor TE materials
have high conductivity and Seebeck -coefficient,
their efficiencies decrease to less than 30% due to
their high thermal conductivity, and also they have
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published online March 25, 2021)

disadvantages such as high cost and difficult pro-
cessing conditions.®* To overcome these drawbacks
numerous studies were carried out on conductive
polymers which are promising alternatives to be
used as a TE material.

Their abundance, low cost, wide range of applica-
tions, non-toxicity, good mechanical properties, good
electrical conductivity, and low thermal conductiv-
ity make conductive polymers a potential for use as
a TE material. The TE performances of the conduc-
tive polymers are mainly examined by the power
factor (PF = S%) due to their low intrinsic thermal
conductivity.® Therefore, it is crucial to enhance the
Seebeck coefficient and electrical conductivity in
order to increase the TE performance of conductive
polymers.®

Among its counterparts, polyaniline (PANI), with
unique properties such as ease of synthesis, tunable
doping/dedoping process, good electrical properties,
good environmental stability, and non-toxicity, has a
wide range of applications such as anticorrosive
coatings, batteries, semiconductors, sensors, and
capacitors.”® PANI can be classified into three
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oxidation states: leucoemeraldine (fully reduced
state), pernigraniline (fully oxidized state), and
emeraldine (50% oxidized state).'® The non-conduct-
ing emeraldine base form can be converted into the
conductive emeraldine salt by doping with acids. The
conductivity properties of emeraldine salt can be
tuned with the dopant ratio.'! The electrical conduc-
tivity of pristine PANI ranges from 1077 S cm " to
300 S cm ! depending on its oxidation states. With
the doping process, the electrical conductivity of
PANI can be enhanced 10-fold.'? Nath et al. reported
that the ZT of PANI reached 2.17 at 17 K by doping
with camphorsulfonic acid (CSA).*

The incorporation of organic or inorganic fillers is
another way to improve the TE properties of the
conductive polymers. Recently, several studies have
been conducted on the addition of carbon-based
materials such as carbon nanotubes, graphite, and
graphene to PANI.*2! In these studies, it has been
reported that the incorporation of carbon-based
materials significantly enhanced the TE properties
of PANI.

Graphitic carbon nitride (g-CsNy), a metal-free
semiconductor, is generally used as photocatalyst,
sensor, and photovoltaics due to its tunable opto-
electronic properties, high surface area, selectivity,
and chemical stability”?>. g-CsN, can be easily
obtained from various low-cost precursors, namely,
cyanamide, urea, thiourea, guanidine-HCI, mela-
mine and dicyandiamide via one-step polymeriza-
tion?®. g-C3sNy has a 2-dimensional structure
composed of N-bridged tri-s-triazine repeating
units.?* The weak van der Waals forces between
the layers lead to a honeycomb-like arrangement of
atoms with strong covalent bonds, leading to the
formation of g-C3N, in a graphite-like structure.?
Furthermore, the nitrogen-rich structure of g-CsN,
provides a strong electronegativity that leads to
more advantages compared to graphene in electro-
chemistry and semiconductor applications®®. In
addition, Mortazavi et al. mentioned that the x of
g-C3Ny is around 76 Wm 1K! and
3.5 Wm ! K ! which are two orders of magnitude
lower compared to graphene sheets.?” Despite its
unique properties, there are few studies on the TE
properties of g-C3Ny. Shyni et al. reported that ZT of
bismuth antimony telluride increased from 0.295 to
1.09 with the addition of the g-C5N,.?® Ding et al.
also reported that ZT of the layered carbon nitride
reached up to 0.52 at 300 K.?°

In this study, we investigated the TE properties of
the nanocomposite films of PANI doped with CSA
and g-C3N4 (PANI-CSA/g-C3Ny) at different weight
ratios in ambient conditions.

MATERIALS AND METHODS

Materials

Aniline (99%), guanidine hydrochloride (=98%),
camphor-10-sulfonic acid (98%), ammonium persul-
fate (98%), hydrochloric acid (37%), ammonia

Ugraskan and Karaman

solution (25%), acetone (299.5%), and m-cresol
(99%), were purchased from Merck, Germany, and
used without a further purification.

Synthesis of g-C3Ny

The synthesis of g-C3sN, was carried out as
described in the literature.?* Five grams of guani-
dine-HCI was put into a ceramic crucible and heated
to 500°C for 4 h at a heating rate of 10°C min .
After the heating process, a yellowish powder was
obtained. The obtained powder was dispersed in
distilled water with the weight ratios of 1% and the
dispersion was ultra-sonicated for 30 min to obtain
nano-g-CsN, The particle size of g-C3N, was mea-
sured as 90 + 3 nm.

Synthesis of PANI-CSA

Firstly, 3.92 mL (0.3 M) of aniline was dispersed
in 80 mL of 1 M HCI solution. Then, 20 mL of 0.6 M
ammonium persulfate solution was added dropwise
into the monomer solution. The polymerization was
carried out for 16 h at ambient conditions. The
obtained dark green polymer was washed with
distilled water and acetone to remove the impuri-
ties. Immediately after, the dedopping process was
carried out by the dispersion of appropriate amount
of PANI in 1 M ammonia solution for 24 h. After the
dedopping process, the emeraldine base form of
PANI was dissolved in m-cresol with a weight ratio
of 0.5%. Finally, PANI-CSA solution was obtained
by the addition of camphor-10-sulfonic acid (PANTI:-
dopant ratio of 1:2) to the solution. The doping
process was carried out 24 h.

Preparation of PANI/ g-C3N4 Nanocomposites

PANI/g-C3N,4 nanocomposites were prepared by
ultrasonic homogenization to contain 1%, 5%, 10%,
20%, 30%, 40%, and 50% g-C3N, by weight. Appro-
priate amounts of g-C3N, nanoparticles were added
into the solution of PANI-CSA in m-cresol with a
weight ratio of 0.5%. The composite solutions were
homogenized at a frequency of 20 kHz for 30 min.
The composite films were cast on the glass sub-
strates which were successively washed with pir-
anha solution, distilled water, and acetone. Then,
the composite films were dried in an oven under
vacuum at 80°C for 12 h.

Characterization

The chemical nature of the samples were charac-
terized by FTIR (Thermo Fisher Scientific Nicolet
IS10) and UV-Vis (Shimadzu UVmini-1240) spec-
troscopy. The crystalline structure of the samples
were obtained by using XRD with Cu Ko radiation
(I= 1.54°A) (T&T TT-90 X-ray diffractometer, oper-
ated at 30 mA and 40 KVP MAX) analysis. The
morphological analyses were carried out using a
scanning electron microscope (SEM) (Zeiss EVO®
LS 10). Conductivities and Seebeck coefficient
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measurements were carried out using a Four-Point
Probe (Entek Electronic FPP 470) and Seebeck
coefficient measuring device (Entek Electronic See-
beck Coefficient Measuring System).

RESULTS AND DISCUSSION

The XRD patterns of g-CsN,, PANI-CSA, and the
composite with 40% g-CsN, were shown in Fig.1.
The graphite-like structure can be observed from
the pattern of g-C3N, The broad peak at 13.0° is
related to in-planar repeating units while the sharp
peak at 27.6° indicating to stacked layers.?! For
PANI-CSA, the sharp peaks at 14.9°, 20.9°, and
25.4° are the characteristics and indicate the crys-
talline structure of PANI-CSA.?? Considering the
pattern of the composite, peaks similar to PANI-
CSA were observed. This similarity indicates that
no additional crystal structure is included in the
composite.>® This can be attributed to the surface of
the g-CsN, particles homogeneously dispersed in
the matrix, completely coated by the polymer>*.

SEM images of g-C3N, PANI-CSA, and the
composite with 40% g-CsN, are illustrated in
Fig. 2. The granular structure of PANI-CSA is due
to the growth of polymer chains without entangle-
ment during polymerization (Fig. 2b).>® From the
image of the composite, the graphite-like layers of g-
C3Ny are clearly visible in the PANI-CSA matrix
(Fig. 2¢).
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The FTIR-ATR spectra of g-C3N,, PANI-CSA, and
the composite with 40% g-CsN, are given in the
Fig. 3. In the spectrum of g-C3N4, the peak at
3170 cm ! corresponds to N-H stretching. The band
observed at 1620 cm ' and the peak at 1230 cm ™!
belong to C=N and C-N stretchings, respectively. In
addition, the C—N bending peak of the triazine units
is obtained at around 800 cm '?*%37 From the
spectrum of PANI-CSA, the peaks at 1552 cm ™!
and 1416 cm ™! are attributed to quinoid and ben-
zenoid ring stretchings, respectively. Moreover, the
peak at 1152 cm ! is the characteristics of doped
PANI which is the result of strong n—n interactions
in the structure. The peaks of the sulfonic acid
groups are at 1028 cm ™+ and 793 cm~1.3%39

For the composite, it was observed that the
addition of g-C3N, did not change the spectrum of
PANI-CSA. This may be as a result of the homoge-
neous distribution of the nanoscale g-C3N, particles
in the matrix. However, it was observed that the
peaks of the composite were slightly shifted to lower
wavenumbers. This can be attributed to the addi-
tion of semiconducting g-CsN4 nanoparticles leading
to increased electron conjugation of the PANI-CSA.

UV-Vis spectra of PANI-CSA and the composites
are given in Fig. 4. During the analysis, the samples
were prepared so as to have equal concentrations.
The absorption bands observed around 430 nm are
due to polaron—=n* transitions, whereas the broad
band around 660 nm corresponds to the isolated
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Fig 1. XRD patterns of g-C3N4, PANI-CSA, and the composite with 40% g-C3N,.
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Fig 3. FTIR-ATR spectra of g-C3N,4, PANI-CSA, and the composite with 40% g-C3N,.

polaron band transitions. The band around 830 nm
can be assigned as m—polaron transitions of the
charge carriers.*® The delocalization of polarons can
be resulted from the conformation of the PANI from
a compact form to an expanded form by doping with
CSA. Yao et al. stated that the dissolution of CSA
doped PANI in m-cresol forms H-bonds between
carbonyl groups in CSA structure and hydroxyl
groups in m-cresol structure. This bond formation
creates electrostatic repulsion between the positive
charges in the polymer structure, causing the
delocalization of polarons along the polymer
chain.*! It seems that electronegative groups of g-
C3sNy4 negatively affect these interactions and
reduces the delocalization of polarons.
Thermoelectric properties of g-C3N4, PANI-CSA,
and the composites with different g-CsN, weight
ratios are given in Fig. 5. The conductivity mea-
surements were carried out at room temperature

while the Seebeck coefficients were measured at
293 K and 343 K at the cold and hot ends of the
samples. The PF of the samples was calculated
using the equation PF = 6S2.

The conductivity, Seebeeck coefficient, and PF of
PANI-CSA are 15Scem™ !, 10uVK! and
0.15 uW m ' K 2, respectively. The conductivity
decreases steadily as g-CsNy is added. The highest
conductivity of the composites is measured as
14.7 Scm ™' for the composite with 1% g-CsNy.
Considering the Seebeck coefficient measurements,
it was observed that all the samples show a positive
Seebeck coefficient which is a characteristics of p-
type semiconductors. This indicates that the charge
is carried by the holes, that is, positively signed
bipolarons or polarons.***?* Among the composites,
the largest Seebeck coefficient was obtained as
472 1V K1 for the composite containing 50% g-C5N.
Generally speaking, due to the inverse correlation
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Fig 4. UV-Vis spectra of PANI-CSA and the composites with g-C3N, ratios of 10%, 20%, 30%, 40%, and 50%.
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Fig 5. Conductivity, Seebeck coefficient and power factor of g-CsN,4, PANI-CSA, and the composites.

between electrical conductivity and the Seebeck
coefficient, they are expected to change in opposite
directions with respect to each other.** All the
composite samples are in agreement with this
situation. The highest PF calculated from electrical
conductivities and Seebeck coefficients was obtained
as 70.75 yW m ! K2 in the sample containing 40%
g-C3Ny. Since there are no data on TE properties of
PANI/GCN composites in the literature, the TE

properties of the composites prepared in this study
were compared with the data reported for PANI/car-
bon-based material composites and are given in
Table I. Considering the data given in Table I, it can
be seen that the composites synthesized in this
study have considerably higher Seebeck coefficient
values among their counterparts. The PF value of
the composite containing 40% g-C3Ny is comparable
with the highest one in the table.



3460

Ugraskan and Karaman

Table I. The comparison of the TE properties of the composites prepared in this study and with literature

data
Conductivity Seebeck coefficient Power factor
Sample (Sem™) (VK™ @Wm K2 References
PANT/g-C3N, (40% g- 4.9 380 70.75 This study
CsNy)
PANT/g-C3N, (50% g- 2.7 472 60.16 This study
C3Ny)
PANI/graphene 856 ~ 15 19 17
PANI/graphene ~ 400 ~ 45 81.9 4
PANT/graphite 1.2 x 10* 18.66 4.18 20
PANI/CNT ~ 61.47 28.6 5.0433 19
PANTI/graphene 130 ~ 15 3.6 45
PANI/graphene oxide 18.08 32.64 ~ 2 46
PANI/graphene 3677 24 214 14
PANT/graphene 814 26 55 47
PANT/graphene 1300 33.34 14.6 48
PANI/graphene 58.89 31.0 5.6 49
CONCLUSION 6. S. Wang, Y. Zhou, Y. Liu, L. Wang, and C. Gao, J. Mater.

In the present study, the TE performances of CSA
doped PANI/g-C3sN, composites were investigated.
Despite the decrease in electrical conductivity, with
the addition of 50% g-C3sN4, the Seebeck coefficient
of the composite reached up to 472 uV K~! which is
almost 50-fold larger than that of pristine PANI-
CSA while with the addition of 40% g-CsNy, the PF
reached up to 70.75 yW m ! K2 which is about 500
times higher than that of pristine. Also, all compos-
ite samples showed positive Seebeck coefficient
values specific to p-type semiconductors. This study
suggests that a low-cost, abundant, non-toxic and
sustainable g-CsN, is a promising additive for
producing polymer-based TE materials that can be
used at room temperature.
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