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The interdependency among thermal conductivity, electrical conductivity, and the Seebeck coefficient
acts as a challenge to enhancing thermoelectric (TE) performance. However, thanks to nanotechnology,
it is possible to break this interdependency by employing the phonon glass electron crystal (PGEC)
approach. The present work aims to decrease the lattice thermal conductivity by inducing nanoflower-
like structures in a conducting polymer matrix. Herein, we report the thermoelectric properties of
graphene oxide and titanium dioxide (GO-TiO,) quantum dots (QDs) in poly(3,4-ethylene dioxythio-
phene):polystyrene sulfonate (PEDOT:PSS). The effect of QDs on the thermoelectric performance of
the PEDOT:PSS polymeric matrix has been investigated experimentally and then analyzed using several
theoretical models. The obtained nanocomposite showed an enhancement in Seebeck coefficient and
electrical conductivity while decreasing lattice thermal conductivity. Furthermore, the filler successfully
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broke the interdependent relationship of thermoelectric parameters due to the existence of energy-
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1 Introduction

Organic thermoelectric (OTE) materials serve as a potential
sustainable power source for waste heat harvesting. These
materials have sparked significant interest across a range of
applications, including wearable electronics, IoTs, portable
power generators, sensors, etc.'” The efficiency of these mate-
rials is evaluated by a dimensionless TE figure of merit para-
meter ZT using the following equation:

T— S%6T _ S%cT

VA =
K Ke + K|

1)

where, S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature, and x is the thermal
conductivity. In general, thermal conductivity has two terms,
K. and x;, associated with electronic and lattice thermal con-
ductivities, respectively. In order to attain a high ZT, large
values of Seebeck coefficient (S) and electrical conductivity (a)
are desirable while maintaining a low thermal conductivity (),
which is quite challenging to obtain in the bulk state. For
instance, the Wiedemann-Franz law indicates that the
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filtering phenomena and interfacial thermal resistance.

electronic thermal conductivity is directly proportional to the
electrical conductivity, as follows:

Ke = LoT, (2)

where, L is the Lorenz number (2.44 x 10~® W K~?). In addition
to the Wiedmann-Franz law restrictions, Pisarenko’s relation
restricts the enhancement in S and ¢ simultaneously. However,
this relationship is only valid for metals and strongly degen-
erate semiconductors. The complicated interdependence of
these thermoelectric parameters can be summarized as:*

Smlky? , _/mN\2/3
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where, & is Planck’s constant (6.63 x 10 ** kg m* s '), m* is the
density of state effective mass, n is the charge carrier concen-
tration, u is the carrier mobility, and ¢ is the relaxation time.
The aforementioned relationship explains that the electrical
conductivity and Seebeck coefficient share the opposite depen-
dency of n, u, and m*. However, the Wiedmann-Franz model
does not allow increasing electrical conductivity while decreas-
ing thermal conductivity. Such complex interaction among the
TE parameters is especially strong in the bulk state, making it
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much more difficult to achieve a high thermoelectric ZT value.
However, great progress has been made in the past few decades
by employing various strategies to enhance ZT by switching at
least one dimension of the material to the nanoscale. It can
break the interdependency of the thermoelectric parameters
and make it possible to enhance the thermoelectric Z7.>”

The phonon glass electron crystal (PGEC) approach is an
interesting strategy for breaking the interdependency of ther-
moelectric parameters, where materials are modified to behave
electrically as a crystal and thermally as a glass, which helps in
accomplishing the desired goal.® The aim of this approach is
to achieve decoupling between the electronic and thermal
transport quantities by introducing defects acting as phonon
back-scattering sites. Properly selecting the nature and size of
the defects hinders heat transport while leaving electronic
transport unaffected. Furthermore, due to quantum confinement
and energy filtering effects, the Seebeck coefficient may increase
due to an increase in the density of states near the band boundary
edges.’

This article aims to break the interdependency among TE
parameters using PGEC approach. For this purpose, a hetero-
geneous nanoflower-like nanostructure has been utilized, which
serves a dual purpose by acting as efficient lattice scattering sites
and energy filtering sites. Notably, our prior article extensively
detailed the synthesis, characterization, electrical conductivity, and
Seebeck coefficient of titanium dioxide-decorated graphene oxide
(GO-TiO,) in a poly(3,4-ethylenedioxythiophene)-poly(styrenesul-
fonate) (PEDOT:PSS) matrix."® Since thermal conductivity plays a
significant role in calculating the TE figure of merit ZT, the current
work deals with the experimentally measured thermal conductivity
of the aforementioned nanocomposite. Furthermore, this article is
an effort to enhance our understanding of the behavior of TE
materials by exploring diverse theoretical models. We will dis-
cuss various theoretical models to fit the experimentally
obtained data for thermal conductivity, electrical conductivity,
and their correlation with the Seebeck coefficient, aiming to
elucidate the underlying physics. The objective is to bridge the
gap between experimental findings and theoretical predictions,
thereby contributing to the development and optimization of
polymer nanocomposites for practical applications in thermo-
electricity, electronics, and materials science.

2 Material synthesis

The polymer nanocomposite was synthesized using a two-step
method. First, the GO-TiO, nanostructure was synthesized by
depositing a titanium isopropoxide precursor onto graphene
oxide sheets dispersed in ethanol. The precursor was oxidized
with a 1 M solution of HCI acid under mechanical stirring for
24 h. Finally, the obtained precipitate was washed and dried in
an oven at 60 °C. The second step includes the synthesis
of polymer nanocomposite, where an appropriate amount of
GO-TiO, filler, EDOT, PSS, and surfactant dioctyl sodium
sulfosuccinate was added to the n-hexane solution and stirred
well. A suitable amount FeCl; was added to oxidize the EDOT to

1038 | Energy Adv, 2024, 3,1037-1046

View Article Online

Energy Advances

initiate the oxidative polymerization process. was added drop-
wise into the above solution and stirred for 24 h to complete the
polymerization process. All the reactions were held at room
temperature. The final product was washed and dried in an
oven at 60 °C and ground with a mortar and pestle. More details
of the synthesis route have been published in our previous
article.™®

3 Characterization techniques

The nanoscale morphology of the filler was analyzed by high-
resolution transmission electron microscopy (HRTEM) using
FEI Titan 60-300 kV and FEI TECNAI TEM at 200 kV with LaB6
filament. The powdered material was dusted on a 3 mm
carbon-coated TEM grid for sample preparation. The surface
morphology of the samples was analyzed by atomic force
microscopy (AFM) using a Briiker multimode equipped with a
Nanoscope IIla controller in tapping mode in ambient air. All
the transport physical property measurements were performed
cross-plane.

3.1 Electrical conductivity

Electrical conductivity was measured using impedance spectro-
scopy using an HP Hewlett-Packard 4284A impedance analyzer.
The capacitance and conductance were simultaneously mea-
sured as a function of frequency. The samples were used in
pellet form with a 13 mm diameter and approximately 800 m
thickness. The sample surface was metalized by depositing a
thin layer of gold using a Cressington Sputter Coater to ensure
good contact between the sample and electrodes. The electrical
conductivity o,. was calculated by using o, = ¢o&” w, where ¢, =
8.85 x 10 > F m ™, is the vacuum permittivity, ¢* = &’ + i¢” is
the imaginary component of the complex dielectric permittiv-
ity, and the imaginary component, ¢’ = G/Cow, where, G
(conductance) and C, (capacitance) were measured simulta-
neously as a function of frequency.

3.2 Thermal conductivity

The thermal conductivity of the samples was determined by
photothermal infrared radiometry or photothermal radiometry
(PTR)."""* The schematic diagram is shown in Fig. 1. The PTR
technique is based on the detection of infrared (blackbody)
radiation obtained from the surface of the sample in response
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Fig. 1 Schematic diagram of the photothermal radiometry technique.
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to the exposure of a modulated light source. The thermal
parameters of the sample were determined from a three-
layered system, which includes a front medium, an opaque
sample, and a substrate. A self-normalization method was used
to eliminate the instrument frequency dependence by including
the ratio of PTR signals obtained with and without substrate.
More details of the method could be found elsewhere."*'* A
modulated Ventus laser (Laser Power Supply: MPC 6000 quan-
tum laser, Model No. Ventus 532, voltage 11-14 V DC, and
current rating 85 A) was used to originate the modulated thermal
excitation wave across the sample. The incoming PTR signal
was detected by a nitrogen-cooled mercury-cadmium-telluride
(MCT) detector and processed by a lock-in amplifier (Model No.
7225 DSP). The obtained experimental data was analyzed by
considering a one-dimensional heat transport model.”® All the
measurements were conducted at room temperature.

3.3 Seebeck coefficient

The Seebeck coefficient is defined as the induced potential
difference (AV) in response to the temperature difference (AT)
across the sample, i.e., S = —AV/AT. The Seebeck coefficient was
measured using a home-made setup sandwiching the sample
in contact with two cylinders. The temperature difference was
maintained by using a nozzle heater in each cylinder. The
voltage and the temperature difference across the sample were
measured by a multiplexer using two type T thermocouples.
The measurement setup was controlled by a computer using
the Labview program. Further instrumental details can be
found elsewhere."’

4 Results and discussion

4.1 Transmission electron microscopy with energy dispersive
X-ray spectroscopy

TEM has been performed to analyze the morphology of GO-
TiO, filler at the nanoscale. Fig. 2 represents the energy
dispersive X-ray spectroscopy of the high-angle annular dark-
field (HAADF) image. Different elements, such as carbon,
oxygen, and titanium have been represented by red, green,
and yellow colors, respectively. In the GO-TiO, filler, carbon
is representing graphene oxide and titanium is representing

View Article Online
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TiO,. EDX images confirms the uniform distribution of TiO, on
graphene oxide surfaces.

4.2 Atomic force microscopy

The morphology of the nanocomposite was analyzed by atomic
force microscopy (AFM) in tapping mode. Fig. 3 shows the AFM
images of pristine PEDOT:PSS and 5 wt% GO-TiO,/PEDOT:PSS.
Image Fig. 3(a) and (b) show the height and 3-D profiles of
pristine PEDOT:PSS consisting of 30-40 nm long chains, con-
sistent with the PEDOT:PSS chain length. The polymer entities
were found to be scattered everywhere without any visible long-
ordered network.

The root mean square (RMS) surface roughness and the
average roughness (RA) values were found to be 0.90 nm and
0.64 nm, respectively. AFM images show vast changes in the
morphology of the polymer with filler. Images Fig. 3(c) and (d)
show the height and 3-D profiles of 5 wt% GO-TiO,/PEDOT:
PSS. Generally, the PEDOT:PSS is uniformly distributed over the
surface. However, the addition of the filler tends to modify the
surface morphology. The bright spots correspond to dense
materials and higher angles, while the dark spots correspond
to mushy materials and lower angles. AFM images show that
the bright spots increased after the addition of filler, which
signifies the accumulation of a thick, elongated network of
conducting PEDOT after separating with the PSS. The visible
long conducting pathways in Fig. 3(d) indicate that the filler
is bringing conducting PEDOT chains closer and connecting
them via m-n interaction. The PEDOT chains become larger
(50-60 nm) and more prominent after connecting with the
filler. The observed large PEDOT pathways were visible, which
could lead to a percolation-type network for the electrical
transport and might show a drastic enhancement in the elec-
trical conductivity. The surface roughness increased notice-
ably to 1.563 nm (RMS) and 1.158 nm (RA).

4.3 Thermal conductivity

Fig. 4 shows experimentally obtained photothermal signal
phase vs. frequency curves by triangles and the fitted data by
solid lines. The thermal diffusivity and effusivity of the samples
were determined simultaneously by fitting the normalized
phase vs. frequency curves. Thermal conductivity, k, can be

Fig. 2 TEM-EDX mapping of GO-TiO, nanocomposite representing (a) selected area of mapping (b) carbon with red, (c) oxygen with green, and

(d) titanium with yellow color.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM with (a) and (c) height profile and (b) and (d) 3D image
of pristine and 5 wt% GO-TiO,/PEDOT:PSS taken by tapping mode for
1 x 1 um? area. The yellow lines in image (d) are showing the PEDOT chain
conformation induced by the GO-TiO, to provide long pathways for the
charge transfer.
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Fig. 4 Experimentally obtained phase vs. frequency curves from photo-
thermal radiometry for GO-TiO,/PEDOT:PSS nanocomposites.

calculated by using the formula:*®
K =eVd (6)

where, e and d are the thermal effusivity and diffusivity of the
sample, respectively. All the experiments were repeated three
times for each sample, and the average values are presented.
Fig. 5(a) shows the thermal conductivity of the composites as a
function of filler weight fraction. Thermal conductivity for the
5 wt% decreases by 47% as compared to the neat polymer
matrix. The decreasing trend for thermal conductivity demon-
strates effective phonon scattering at the interface of the matrix
and filler."®'” The phonon scattering takes place due to the
existing lattice mismatch offered by the unique structure
of GO-TiO, nano inclusions and blocks phonon pathways as
depicted in Fig. 6.

1040 | Energy Adv, 2024, 3,1037-1046

View Article Online

Energy Advances

Fig. 5(b) depicts the lattice (x;) and electronic (x.) compo-
nents of the thermal conductivity, respectively, calculated from
the eqn (2). It indicates that the lattice thermal conductivity has
a decreasing trend. However, the electronic thermal conduc-
tivity has an increasing trend with the filler. Additionally, the
contribution of electronic thermal conductivity to total thermal
conductivity is insignificant due to the fact that electronic
thermal conductivity is extremely low. This indicates that the
decrease in total thermal conductivity originates from the
lattice portion, most likely as a result of phonon scattering.

These results indicate that the synthesis method used was
effective in providing a filler to function as an effective phonon
scattering site to block the phonon pathways.'*'® The
3-dimensional schematic model for the transport of electrons
and phonons is shown in Fig. 6. The thermal behavior of
samples may be explained by the presence of an energy barrier
at the interface between the matrix and the filler, which prevents
phonons from passing through and scattering phonons."®"” The
reason for phonon scattering could be the existing lattice mis-
match provided by the unique structure of GO-TiO, inclusions,
which blocks the phonon paths, as shown in Fig. 6.

Even if the phonon was initially introduced to explain the
lattice heat propagation in crystalline materials where finite
thermal conductivity is explained by phonon-phonon scat-
tering, the phonon formalism can be extended to disordered
media like polymers. In non-crystalline materials, some local
organization can be defined, and phonons can propagate
through these local atomic arrangements (local lattices). Vibra-
tional modes in disordered materials are generally more
complex, which can lead to the phenomenon of scattering by
defects, anharmonicity, and interfaces between these local
lattices (thermal boundary resistances). More information on
thermal transport in disordered materials'® and more specifi-
cally on thermal transport in polymers can be obtained
elsewhere.”

In the study conducted by Genovese et al.,>* the investigation
centered on elucidating the correlation between morphology
and thermal conductivity in polymer PEDOT. Their findings
indicated that crystalline regions exhibited higher thermal con-
ductivity than the amorphous regions. Contrarily, in the current
study, we have observed a divergent trend, noting a reduction in
thermal conductivity with increased crystallinity due to the
presence of the filler, as demonstrated in the X-ray diffraction
(XRD) data presented in our prior publication."® In our samples,
the filler GO-TiO, interacts with the PEDOT via n—-n bonds and
eventually creates a long-range network consisting GO-TiO,~
PEDOT-GO-TiO, entities. This complex structure offers a high
thermal resistance due to lattice change from GO-TiO, to
PEDOT and does not allow phonons to move further in the
system. Consequently, phonons experience scattering at the
interface between the filler and the polymer as shown in the
Fig. 6, leading to a reduction in lattice thermal conductivity
regardless of higher crystallinity.

This unique system resolves a complex interdependency
among thermoelectric (TE) parameters. The extended GO-TiO,-
PEDOT-GO-TiO, network proves advantageous for facilitating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic representation of phonon scattering caused by the
heterogeneous GO-TiO, in polymer PEDOT:PSS matrix. The black and
red arrows represent the motion of electrons and phonons. The rightmost
image shows effective phonon scattering due to the filler.

electron contribution to electrical conductivity. Simultaneously,
it acts as an effective barrier, preventing phonons from advan-
cing further in the material. This dual functionality underscores
the significance of the developed long-range network in optimiz-
ing both electrical and thermal properties, offering potential
applications in the enhancement of thermoelectric performance.
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4.3.1 The generalized effective medium theory (GEMT) for
thermal conductivity. The experimentally obtained data was
fitted using generalized effective medium theory (GEMT)
to evaluate the effective thermal conductivity of the composite
as a function of the individual thermal conductivities of the
matrix and the filler. This theory is described by the following
equation:*>

Ui U

km® — kJ*
+(1 —¢f)ﬁ:0 )
kmk +Ak ‘ke .

k;/tk B ki/tk
1 1
/™ 4 Ay -k

where, ¢ represent the filler factor and &, ., and k. represents
the thermal conductivities of filler, matrix, and composite,
1 —¢¢
¢c

volumetric concentration percolation threshold ¢¢ and ¢ is the
critical exponent.

Fig. 7(a) shows the experimental data with solid red circles
and the best-fit GEMT data with a black line by implementing
eqn (8). It shows that the experimentally obtained data is in

respectively. 4y = is a constant that depends on the
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Fig. 7 Thermal conductivity experimental data obtained by the PTR technique fitted by using theoretical models (a) GLEMT and (b) Nan's model for

polymer nanocomposites as a function of filler wt%.
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Table 1 The GEMT and Nan's model fitted parameter values of the GO-TiO,/PEDOT:PSS

Fitted parameters t (—) e (—) Km (Wm 'K ke (Wm 'K Rpg (m* KW )
GEMT 0.4 0.99 0.47 0.06 —
Nan — — 0.47 0.09 5.9 x 10!

good agreement with the GEMT model. For fitting, the initial
values for Ay and ¢, were considered to be 2 and 1, respectively,
due to the absence of any visible percolation threshold. The
thermal conductivities for matrix and filler obtained from best
fit data were 0.47 Wm ' K " and 0.06 W m ™" K, respectively.
However, the value of the parameter ¢, which defines the
percolation network, and ¢¢ which defines the percolation
threshold, have values of 0.4 and 0.99, respectively. All the
fitted values have been mentioned in the Table 1. These fitted
values are meaningless, indicating the inability of GEMT to
adequately explain the observed thermal behavior. In GEMT,
thermal resistance at the interface, also known as thermal
boundary resistances, is not considered, which could explain
why the GEMT cannot accurately describe the experimental
thermal conductivity trend. Consequently, GEMT was unable to
derive any meaningful conclusions from our samples. Here-
after, we used the theoretical model proposed by Nan et al.>* for
the data fitting in the next section.

4.3.2 Nan’s model for thermal conductivity. The thermal
conductivity of the polymer nanocomposites can be explained
with the help of various mathematical models by considering
the interfacial effects. Many studies have already been intro-
duced to compute the effective thermal conductivities of
heterogeneous nanocomposites, for example, Maxwells model,
Every model, Nans model, Woodside and Messmer model,
Dobson model, etc.>* In our work, we applied several models
to describe the thermal conductivity behavior of our samples
and found that the obtained experimental data is in good
agreement with the predictions made by Nans model for
spherical inclusions.”® As the morphology of GO-TiO, can be
roughly assimilated to a sphere, the effective thermal conduc-
tivity of the composites can be determined by the equation:

k(1 + 20) + 2k + 2f [ke(1 — o) — ki

—k
Kett = K T 20 1 2k — e (1 — ) — k] (8)
{ac/al, for p > 1 o
o = 9

as/az, forp <1

where, a; and a; are the lengths of the major and minor axes
of the spherical shape filler, ks, kn, and kg, are the effective
thermal conductivities of composite, matrix, and filler, respec-
tively, and a, p, and f are a dimensionless parameter, aspect
ratio, and volume fraction of filler, respectively, a. is the radius,

defined by
ac = KmRbd (10)

where, Rpq is the resistance. As the filler is in spherical shape,
a, = az, and the aspect ratio, p, will be equal to 1. Note that, for

1042 | Energy Adv, 2024, 3,1037-1046

the data fitting, the thermal conductivities of all the samples
were obtained by using a two-step method. Firstly, the thermal
conductivity of the GO-TiO, composite was determined by
taking GO as a matrix and TiO, as the filler. Secondly, the
GO-TiO, composite was considered a single entity filler in the
PEDOT:PSS matrix. The obtained thermal conductivity for
GO-TiO, particulates, k,, was 0.8 W K ' m™'. Keeping the
spherical shape of the inclusions in mind, the aspect ratio (p)
was considered equal to 1.

Fig. 7(b) shows the experimentally obtained thermal con-
ductivities by red symbols and Nan’s fit according to eqn (8) by
a solid blue line. It shows that the experimental data fits very
well with the theory proposed by Nan. The obtained fitted
parameters are shown in Table 1.

Nan introduced the concept of thermal boundary resistance
in effective medium theory. This interfacial thermal resistance
is known as resistance, which reduces the thermal conductivity
of the composites. Such thermal resistance could arise from the
relative roughness and lattice mismatch leading to phonon
scattering at an interface, resulting in a finite temperature
discontinuity at the interface, as shown in Fig. 6. Interfaces
often contribute significantly to the observed properties of
materials. This is even more critical for nanoscale systems
where interfaces could significantly affect the properties rela-
tive to bulk materials.

Nan’s fit gives a very high interfacial thermal resistance of
5.9 x 107" m* K W', which is mainly responsible for the
significant decrease in thermal conductivity of the composite.
Furthermore, inter-particle scattering is neglected in the model
because inclusions are considered to be well dispersed in the
matrix.”> Overall, in the presented work, two fundamental
issues associated with achieving thermally resistive polymer
nanocomposite, i.e., uniform filler distribution to provide
effective phonon scattering sites and a high interfacial resis-
tance,'® have been addressed successfully. In addition, the non-
significance of the ¢ parameter characterizing the percolation
network from GEMT can also be explained. The filler has a
high Kapitza resistance and prevents the formation of phonon-
conducting pathways, resulting in lattice thermal
conductivity.

low

4.4 Electrical conductivity

The electrical conductivities for GO-TiO,/PEDOT:PSS nano-
composites as a function of frequency are shown in Fig. 8(a).
The pristine PEDOT:PSS and 0.5 wt% GO-TiO,/PEDOT:PSS
samples showed the two components of the electrical conduc-
tivity as described by Jonscher.>® It was observed that the ac
electrical conductivity increased with frequency, which is typi-
cal of disordered materials such as oxides and nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8
function of filler vol. fraction.

Electrical conductivity has two characteristic regimes, includ-
ing a plateau region and a dispersion region. The conductivity
was found to be frequency-independent in the plateau region of
the low-frequency region. The second region, known as the
dispersion region, is located in the high frequency zone, where
the conductivity is frequency-dependent and increases sharply
with increasing frequency. The observed plateau and disper-
sion regions correspond, respectively, to the DC and polariza-
tion components of electrical conductivities. In the low-
frequency region, the tunneling of the polaron induces grain
boundary polarization, which manifests as long-range mobility.
In the high-frequency region, however, the correlated barrier
hopping (CBH) model and short-range mobility are associated
with the hopping phenomenon, which is primarily responsible
for conduction. The DC conductivity in the low frequency range
is caused by the polarization of the grain boundaries.

However, the non-linear behavior in Fig. 8(a) was observed
to decrease with the addition of the GO-TiO,, and it disap-
peared entirely after the addition of 1 wt% GO-TiO,. The DC
conductivity opc was calculated by fitting the experimentally
obtained data with Jonscher’s power law using the formula:**

Oac = Opc T A", (11)

where, 0, is the frequency dependant ac electrical conductivity,
o is the angular frequency, A is the characteristic parameter,
and 7 is the exponent that defines the conduction mechanism.
If the value of n lies between 0 and 1, a hopping mechanism is
expected for the electrical conduction. If it lies between 1 and 2,
the superlinear power law defines the electrical conduction.
The experimentally obtained data is shown by the symbols,
while the theoretical fit data is represented by the solid lines in
Fig. 8. The best-fitting data values estimate the DC electrical
conductivity opc and the exponent “n”. The value of the
exponent “n” for polymer nanocomposites as a function of
TQDGO vol. fraction is depicted in Fig. 8(b). It indicates that the
value lies between 0 and 1, indicating that the samples’ con-
duction mechanism is a hopping phenomenon.

© 2024 The Author(s). Published by the Royal Society of Chemistry

GO-TiO, vol. fraction

(a) The electrical conductivities of GO-TiO, nanocomposite as a function of frequency, (b) the value of exponent “n” in Jonscher power law as a

4.4.1 The generalized effective medium theory (GEMT) for
electrical conductivity. The experimentally obtained electrical
conductivity data has already been published in our previous
article. The experimentally obtained data was fitted using
generalized effective medium theory (GEMT) following the
equation:

Uy Vie _ Vio
S G R S S

1 1
o + Ay - ol

U
(S
Uf g

¢ —0  (12)

1 1
Gf/tg Ay ae/rg

where, o, 0, and o. represent filler electrical conductivity,
matrix electrical conductivity, and composite electrical conduc-
— ¢c
c

percolation threshold ¢¢ and ¢, is the percolation threshold
coefficient.

Fig. 9 shows the experimental data with the green symbols
and the theoretical fit with the black line. The data fits well with
the theory, except for the beginning point. The generalized

. 1 . .
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Fig. 9 Electrical conductivity experimental data fitted by using GEMT for
polymer composites as a function of filler wt%.
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effective medium theory fitted data gives the values of the ¢,,
¢c, om to be equal to 1.2, 0.1, and 16, respectively, which are
closer to the experimental values obtained in this work. The
value ¢, defines the percolation network, where the value 1.2
describes a two-dimensional percolation network in between
the filler entities, also confirmed by the AFM images in Fig. 3.
The percolation threshold occurs after the addition of 1 wt%
filler, and the electrical conductivity was observed to be enhanced
dramatically afterwards.

5 Discussion

In this section, the correlation among the TE transport para-
meters, namely, Seebeck coefficient, electrical conductivity, and
thermal conductivity, will be elaborated, and the optimized
thermoelectric properties will be discussed.

5.1 Correlation between the Seebeck coefficient and electrical
conductivity

Fig. 10(a) represents the Seebeck coefficient plotted against the
natural logarithmic values of electrical conductivity. The sym-
bols represent the experimental data; however, the red dashed
line represents a linear fit. It shows that the Seebeck coefficient
(S) is increasing almost linearly with the electrical conductivity
(0). In general, S and ¢ have a reciprocal relationship; however,
this link has been broken in our situation. This behavior can be
attributed to the flower-like structure of the filler. This nano-
structured filler served two different purposes: firstly, it filtered
out the low-energy charge carriers to enhance the Seebeck
coefficient and partially replaced the insulating PSS from the
PEDOT to form a long-range conducting network with the
conducting PEDOT. More information can be found in our
previous article.'® The relationship of the Seebeck coefficient
with electrical conductivity can be represented by using
Jonker’s plot relation according to the equation:*®

S = k?B[ln(a) — In(oy)] (13)

where, o, = Neeuexp(4), and N, is the density of state of the
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conduction band, and 4 is a transport constant with a value in
the range of 0-4. The plot of Seebeck coefficient S vs. electrical
conductivity is known as a “Jonker plot” and is shown in
Fig. 10(a). This plot suggests a linear relationship between
Seebeck coefficient and electrical conductivity with a slope of
5.14 uv K ' indicating the value of kp/e and an intersection on
the x-axis indicating the value of the density of state mobility
product, i.e., N.yu = 3.45.

5.2 Correlation between the Seebeck coefficient and thermal
conductivity

The interrelationship between the Seebeck coefficient and
thermal conductivity was well described by Lin and co-workers.””
They established a link between the energy-filtering effect and
the interfacial temperature resistance (Kapitza resistance). They
considered a two-phase model consisting of a grain phase and a
grain boundary connected in series, which is one of the limita-
tions of GEMT. The model concludes that smaller grain sizes
increase the fractional temperature drop across the grain bound-
ary and thus the Seebeck coefficient. Therefore, taking the
energy filtering effect and Kapitza resistance into account, the
overall global Seebeck coefficient S, was shown to be:

(Sg - Sgb)Kt
Kg

Sl = + Sgb (14)

where, S, and Sg;, are the grain and grain boundary Seebeck
coefficients, respectively, x; and x, are the global and grain
boundary thermal conductivities, respectively. The term
Sy — Sgp < 0 indicates that when S increases, . decreases.
Our results can be analyzed in light of this two-phase model.
Fig. 10(b) shows a linear relationship between the total Seebeck
coefficient (S;) with total thermal conductivity (k). The symbols
show the experimentally acquired values, whereas the dashed
lines represent the linear fit. The initial data point within the
plotted graph reveals the highest Seebeck coefficient coinciding
with the lowest thermal conductivity, suggesting a mutually
dependent relationship between the energy filtering effect
(responsible for the enhancement of the Seebeck coefficient)
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Fig. 10 Seebeck coefficient as a function of (a) electrical conductivity, data fitted by Jonker’s equation, and (b) thermal conductivity.
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performance of the nanocomposite.

and phonon scattering (responsible for lowering the thermal
conductivity). The value of interfacial Seebeck coefficient can be
extracted by extrapolating the graph at x = 0, which gives a value
of 59 pv K~ '. Moreover, these findings indicate that both the
energy filtering effect and phonon scattering arise from the same
sites, specifically the filler material GO-TiO,. Consequently, the
filler doesn’t only act as the phonon scattering sites but also as
the energy filtering sites to reduce the lattice thermal conduc-
tivity and mutually enhance the electrical conductivity and
Seebeck coefficient.

5.3 Optimizing thermoelectric properties through synergistic
transport property optimization

Thermoelectric power factor (PF) and figure of merit (Z7), along
with all other TE parameters, are indicated in Fig. 11 as a
function of charge carrier concentration. The charge carrier
concentration was calculated from the impedance spectroscopy
data. The calculations have been published in our previous
article. The maximum values of power factor and ZT were
obtained to be 0.013 W m ' K2 and 10>, respectively, with
an addition of 5 wt% GO-TiO,. All the TE parameters initially
showed an enhancement with the carrier concentration and
attained a maximum value of n 5.8 x 10>' before starting to
decrease. However, thermal conductivity follows the opposite
trend. The co-occurrence of a high Seebeck coefficient and a
low thermal conductivity has a synergistic effect, resulting in an
improved value of the dimensionless figure of merit, ZT. The
highlighted region in Fig. 11 shows the optimized region for
the best compromise among all the TE parameters and corre-
sponds to the best TE properties of the nanocomposite.

The optimized TE parameters for the nanocomposite were
largely obtained due to carrier energy filtering,?**° quantum
confinement,*® nanoscale defects,>* etc. The addition of
GO-TiO, in the PEDOT:PSS matrix might shift the Fermi level
towards the near valence band, resulting in an increase in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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13%** on Tos

carrier concentration. The work done by Shi et a
doping of PEDOT confirms the shifting of Fermi levels towards
the valence band and hence dramatically enhances the elec-
trical conductivity. This kind of phenomenon mostly occurs in
highly disordered and heterogeneous interfaces, and this is of
even greater importance for nanoscale systems, where inter-
faces can substantially alter the properties of bulk materials.
Due to this fact, the thermal conductivity of bulk materials
is higher than that of their nanoscale counterparts, which has
already been reported for Bi,Te; and silicon nanowire nano-
composites.'®** The enhancement in electrical conductivity
with a decrease in thermal conductivity behavior was similar
to that of the rGO-TiO, nanocomposite reported by Nam et al.*”

6 Conclusions

In this work, we have successfully implemented various models
to explain the experimental results. The current study provides
a thorough understanding of the role of heterogeneous nanos-
tructure, providing interfacial thermal resistance, in optimizing
the TE parameters. The findings are particularly useful in
identifying the relative importance of electron conduction
and phonon scattering in this regard. The filler GO-TiO, acted
as energy filtering sites to scatter off low energy charge carriers
to enhance the Seebeck coefficient and also offered a high
interfacial thermal resistance to selectively decrease lattice
thermal conductivity. Therefore, the interdependent relation-
ship of TE parameters was sorted. Nevertheless, the perfor-
mance of the nanocomposite is still quite low in bulk pellets;
however, the improved performance in thin films has already
been published in our previous article.
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