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Facile development of carbon nanotube (CNT)-
based flexible thermoelectric materials for energy-
harvesting applications
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In this study, we investigate the thermoelectric properties of functionalized multi-walled carbon nanotubes
(F-MWCNTSs) dispersed over a flexible substrate through a facile vacuum filtration route. To improve their
interfacial adhesion and dispersion, F-MWCNTs underwent hot-pressing. The heat-treatment has
improved the nanotubes’ connections and subsequently reduced porosity as well, which results in an
increasing electrical conductivity upon increasing temperature of hot-pressing. Thermoelectric power
factor (PF) value was greatly increased upon simultaneous heating and pressing of the CNTs and
a highest PF value of 3.17 pW m™ K2 at 398 K, has been achieved, which is about 400% higher than
that of the as-deposited CNTs without hot pressing. The current study presents a prototype for CNT-
based flexible thermoelectric devices which opens up an avenue for the deployment of CNTs into

rsc.li/rsc-advances flexible electronics.

1. Introduction

Lawrence Livermore National Laboratory published a report
claiming about one-third of the world's primary energy is
utilized effectively while the rest is wasted in the form of heat
release." Extensive research is being carried out on the efficient
utilization of energy sources® and among those, thermoelectric
(TE) technology is gaining immense importance due to its
ability in direct conversion of waste heat into electricity. The

efficiency of any TE material is assessed using a dimensionless
. aS? . -
figure-of-merit ZT = (?) T, here, ¢S” is explicitly defined as

power factor (PF) while o, S, k and T are the electrical conduc-
tivity, Seebeck coefficient, thermal conductivity and operating
temperature, respectively.>” To explore potential enhancements
in thermoelectric (TE) performance, we must adjust the
fundamental thermoelectricity parameters. Achieving a high PF
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corresponds to the most economical production of electricity,
especially in cases where the energy source is “free”, such as
solar heat or recovered waste heat from automobiles and power
plants.*” The efficiency of available TE materials is insufficient
to replace conventional electricity generators and refrigerators,
in addition to that the commercially available TE devices often
rely on elements that are rare or considered hazardous.

In recent years, a variety of solutions to these issues have
been put up.*®* To attain high-performance thermoelectric
materials, researchers have looked into a number of material
classes, including chalcogenides,” ™ oxides,®*>¢
skutterudites,”"** half-Heuslers,**** and clathrates.”*"*® Doping
of them with suitable materials enhance their thermoelectric
properties.*** In thermoelectrics, the selection of a material
depends upon several factors including upper temperature
range, required efficiency, availability and cost-effectiveness.
Carbon nanotubes (CNTs) have received a great deal of
interest since their discovery in 1991.>% They pose clear
advantages, over other conventional thermoelectric materials,
due to high electrical conductivity, moderate Seebeck coeffi-
cient,**** low thermal conductivity,* low density,*® high melting
point and mechanical flexibility. They are cylindrical molecules
made up of carbon atoms arranged in a hexagonal lattice
offering 1D structures constructed entirely of carbon (sp?
hybridization).*”*® There are two types of CNTs; single-walled
CNTs and multi-walled CNTs.** CNTs are inherently non-polar
and insoluble in polar solvents like water and to improve
their dispersion and compatibility with various matrices, such
as polymers or composites, they need to be chemically modified
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by attaching polar functional groups.**** Dispersion of CNTs is
a practical challenge due to the significant difference in surface
energy between CNTs and typical organic solvents or polymers.
This difference in energy can hinder proper dispersion and in
order to address this issue, CNTs can be functionalized through
chemical (covalent) or physical (non-covalent) methods.*>
Covalent functionalization involves breaking some C=C double
bonds in the single-walled carbon nanotubes or altering the
exterior wall of multi-walled carbon nanotubes. This modifica-
tion affects both electrical and mechanical properties making it
a common choice for TE applications after surface modifica-
tions. CNTs are often chemically modified through acid oxida-
tion processes using agents like hydrochloric acid,* nitric acid**
and a mixture of sulfuric acid and nitric acid.*® This modifica-
tion introduces oxygenated functional groups attached to the
CNTs surface, addressing hydrophobicity issues and enhancing
electron transfer rates as well."**” These functional groups
improve CNTs' solubility into aqueous environments and
increase their electrical conductivity, making them more suit-
able for thermoelectric use. The vacuum filtering process, also
known as the “Bucky paper” method, involves dispersing CNTs
in a suitable solvent and breaking apart CNT bundles through
sonication or other means. The resulting dispersion is then
applied to a porous membrane and vacuum filtered to remove
the solvent, leaving behind a CNT film. By altering the type and
concentration of CNTs in the dispersion and adjusting filtration
conditions, we can tailor the film's characteristics.***° These
CNTs films find applications in various fields, including elec-
tronic devices,*** sensors, and energy storage, making
them valuable for thermoelectric applications. Additionally,
there are studies suggesting that hot pressing CNT films over
flexible substrates can enhance their thermoelectric properties.
For instance, Lee et al.*® demonstrated improvements in the
thermoelectric characteristics of CNT/conjugated polymer
nanocomposite films through hot pressing. They observed that
the thermoelectric power factor of the CNT/P3HT and CNT/
PEDOT:PSS nanocomposite films increased significantly.
Specifically, the power factor increased from 150 + 9 to 217 4 30
pW m~! K2 for CNT/P3HT and from 371 =+ 44 to 572 =+ 92 pW
m~' K2 for CNT/PEDOT:PSS after hot pressing. Moreover,
Kumanek et al.®® improved their electrical conductivity up to
11.6 S cm ™' at 800 °C by adding 2% ferrocene catalyst. A study
by Cao Liyang, et al.®* reveals that the electrical conductivity of
MWCNTSs can be enhanced through hot press treatment. This
technique involves applying heat and pressure to MWCNTs,
thereby improving their electrical conductivity by strengthening
the interface bonding between the MWCNTs and the
surrounding matrix. This method is particularly effective for
MWCNT/PVA buck papers, where hot press treatment at 70 °C
significantly increased the electrical conductivity from 463.5 S
m ' to714.3 Sm™ .

In the present work, functionalization of multi-walled
carbon nanotubes (MWCNTs) through acid treatment fol-
lowed by their deposition over flexible substrates using vacuum
filtration technique with subsequent hot-pressing, has been
adopted to improve performance of CNTs. Despite extensive
research on thermoelectric materials, there are no reports on
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the thermoelectric properties resulting from the straightfor-
ward method of creating films on bulky filter paper followed by
hot pressing. However, the literature contains numerous
reports on the functionalized multi-walled carbon nanotubes
(MWNTs). Some studies incorporate various nanoparticles with
CNTs,** others utilize different types of acids,*® and still,
others employ different approaches for film fabrication.®”*®
Meanwhile, some investigations explore the electrical conduc-
tivity of these materials for various applications, such as optical
properties. Additionally, we investigated the impact of hot
pressing at different temperatures while keeping the pressure
and time constant. Functionalization of CNTs involves modifi-
cation of their surfaces to target TE applications.

2. Experimentation
2.1 Materials and methods

For acid treatment, a solution of 100 ml sulphuric acid (H,SO,)
96% and nitric acid (HNO3) 69% concentrated were mixed in
a fixed ratio of 3:1. 10 mg of multi-walled carbon nanotubes
(MWCNTS), supplied by Guangzhou Jiechuang trading Co., Ltd
China, was slowly added into the obtained acidic solution and
was kept on stirring at 80 °C for 24 h. During this process, NH3
was introduced to interact with the nanotube structure. After
that, the MWCNTSs are filtered using vacuum filtration with
a membrane filter paper “0.22 um pore size”. To neutralize the
pH of acid treated MWCNTs layer formed on the filter paper,
washing with deionized water is carried out several times. After
neutralization, the filter paper is removed from the vacuum
filtration setup and dried in an oven. To prevent any damage or
burning of the paper, we subjected it to heating at 80° for 2
hours. The film of FFMWCNTs is cut into strips of 5 mm x 13
mm. The strips of FMWCNTs deposited over filter paper were
then subjected to hot pressing at different temperatures of 80 °©
C, 100 °C, 120 °C and 200 °C under a uniaxial load of 1 ton for
60 s, as given in Table 1. All the experimental sequence along
with necessary information is illustrated in Fig. 1.

2.2 Characterizations

The information about functionalization and surface modifi-
cations of CNTs was obtained using Fourier transform infrared
spectroscopy (FTIR) manufactured by Thermo Nicolet 6700.
Ramman spectroscopy (i-Raman® EX portable Raman) equip-
ped with 1064 nm laser excitation was used to study the intra-
molecular and intermolecular compositions of samples. The
structural quality of CNTs was determined by comparing the

Table 1 A series of all the functionalized multi-walled carbon nano-
tubes (F-MWCNTs) deposited over flexible substrate followed by hot-
pressing at different temperatures

S. no. Compositions Abbreviations
1 F-MWCNTs without hot-pressing S1-FC

2 F-MWCNTs hot-pressed at 80 °C S2-80

3 F-MWCNTs hot-pressed at 100 °C $3-100

4 F-MWCNTs hot-pressed at 120 °C S4-120

5 F-MWCNTs hot-pressed at 200 °C $5-200

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental sequence involving the functionalization of carbon nanotubes (CNTs) followed by preparation of film through vacuum
filtration. The obtained film were cut into segments having dimensions of 5 mm x 13 mm and then subjected to hot-pressing at different

temperatures of 80 °C, 100 °C, 120 °C, and 200 °C.

intensity ratio of the D-band to the G-band (D/G). The
morphological and elemental studies of all the samples were
carried out using scanning electron microscopy (SEM: TESCAN
Mira-3) equipped with energy-dispersive X-rays (EDX) detector
(Oxford). The electrical conductivity and Seebeck coefficient
were measured using Thermoelectric Parameter Test System
(NAMICRO-3L) by Joule Yacht, China.

Namicro-3 thermoelectric measurement system is primarily
designed for testing bulk thermoelectric materials. However, in
the present scenario, CNT's deposited over flexible substrate is
kind of thick films having thickness several hundreds of
micron. Secondly, these samples were first placed over glass
slides to make the samples fitted into the sample holder. As we
are aware, the main distinction between the bulk system and
the films lies in the contacts making. To address this issue,
we've used copper tape, considering that the sample holder is
also made up of copper. This approach ensures a reliable
connection and allows us to effectively test thin film materials
using the Namicro-3 system.

3 Results and discussion

The chemical composition and molecular structure of multi-
walled carbon nanotubes (MWCNTs) and functionalized
multi-walled carbon nanotubes (F-MWCNTSs) are determined by
Fourier-transform infrared spectroscopy (FTIR) shown in
Fig. 2(a). The technique works by measuring how different
molecular bonds absorb infrared light at various frequencies,
which correspond to different vibrational modes of the bonds.
The phenomenon of electron transfer plays a crucial role in
peak shifts of FTIR spectra. Electron transfer can lead to
a redistribution of electron density within the molecule. During
acid treatment, when functional groups are introduced to the
surface of MWCNTS, such as carboxylic acid groups (-COOH),

© 2025 The Author(s). Published by the Royal Society of Chemistry

the electron density around the carbon atoms in the nanotube
structure is altered. This change in electron density affects the
bond strength and the vibrational energy levels of the atoms
involved, leading to shifts in the absorption peaks in the FTIR
spectrum. The stretching vibration of a bond depends on the
bond strength and the masses of the atoms involved. When
electron-accepting groups like -COOH are grafted onto
MWCNTs, they can pull electron density away from the carbon
atoms in the nanotube. This electron withdrawal can increase
the effective bond strength of adjacent carbon-carbon bonds,
leading to higher vibrational frequencies and thus shifts in the
FTIR peaks.

The peak at 1636 cm™ ' in MWCNTSs, shows C=C stretching
in aromatic rings, is observed due to the intrinsic electron
distribution in the pristine nanotube structure.®® Upon func-
tionalization, new peaks appear at 1720 cm ™" and 1576 cm ™' in
F-MWCNTs. The 1720 cm ™" peak corresponds to the stretching
vibrations of the carbonyl group (C=0) in carboxylic acids,
indicating the presence of ~-COOH groups.” The 1576 cm™"
peak represents stretching vibrations associated with carbox-
ylate anions (COO-), suggesting deprotonation of carboxylic
acid groups.”™ The appearance of new peaks in the FTIR spec-
trum of F-MWCNTs directly correlates with the introduction of
specific functional groups. The shifts to higher or lower wave-
numbers are indicative of different electronic environments
and bond strengths. The peak at 1560 cm * in F-MWCNTSs
shows the carboxylate anion stretch mode, verifying the pres-
ence of carboxylate groups.” This peak indicates the successful
grafting of carboxyl groups onto the MWCNT surface, altering
the electron distribution and causing a peak shift compared to
the pristine MWCNT spectrum.”

Similar results have been documented in the literature,”*”®
where functionalization of carbon nanotubes with various

RSC Adv, 2025, 15, 569-578 | 571


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02914c

Open Access Article. Published on 06 January 2025. Downloaded on 3/22/2026 11:52:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

F-MCNTS
MCNTS

(a)

—_

Transmittance(%)
Intensity (a.u

3400 3000 2600 2200 1800 1400 1000 600
wave number(cm™')

1000+

View Article Online

Paper

14004 - (b)

e MWCNTs
e F-MWCNTs

12004 -

800+

600 <

4004

1200 1500 1800 2100 2400 2700 3000

Raman shift (cm'1)

Fig. 2 Fourier transform infrared (FTIR) spectroscopy (a) and Raman spectroscopy (b) data of multi-walled carbon nanotubes (MWCNTSs) and

functionalized multi-walled carbon nanotubes (F-MWCNTSs).

groups leads to distinct shifts in FTIR peaks. These shifts are
a result of changes in the electronic structure and bonding
characteristics due to electron transfer and redistribution upon
functionalization. Studies have consistently shown that grafting
functional groups onto MWCNTs results in characteristic FTIR
peaks that are different from those of pristine MWCNTSs, con-
firming the chemical modifications. Understanding these shifts
allows researchers to confirm the successful functionalization
of MWCNTs and to characterize the new chemical environ-
ments created by these modifications.

To check the purity and structural characteristics of
MWCNTs and F-MWCNTs powders we performed Raman
spectroscopy analysis, as presented in Fig. 2(b). By examining
the specific vibrational modes of carbon atoms within the
nanotube structure, Raman spectroscopy provides insights into
the degree of order, presence of defects, and electronic inter-
actions within the material. This phenomenon has a significant
impact on the observed peak shifts in Raman spectra related to
electron transfer.

Functionalization often involves introducing chemical
groups or treating the nanotubes with substances such as
ammonia (NHj3). This can result in electron transfer between
the functional groups or molecules and the carbon nanotube
structure. The D band in Raman spectra, observed at approxi-
mately 1341 cm ', is associated with sp® hybridization and
indicates the presence of defects or impurities in the carbon
nanotube structure.”® When electron transfer occurs, the altered
electron density around defect sites can modify the vibrational
characteristics of these regions, potentially causing shifts in the
D band position or intensity. In MWCNTs D band appears at
around 1347 cm ™' and for FFMWCNTs the D band appears at
around 1349 cm™ ', indicating the presence of defects or
disorder within the nanotube structure.

The G band, which appears between 1550 cm ~ and
1600 cm Y, is linked to sp® hybridization and reflects the degree
of order within the graphene structure of the nanotubes.”
Electron transfer can influence the electron cloud around sp”
hybridized carbon atoms, leading to changes in bond strength

1
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and vibrational frequency. Shifts or changes in intensity can
indicate changes in graphitic structure due to functionalization
or defects. The G band appears at approximately 1577 cm™* in
MWCNTs and shifts slightly to 1571 ecm ™" in F-MWCNTS. This
shift indicates changes in the electronic environment and
structural order due to functionalization and electron transfer.”®
Extensive research has revealed similar G-band shifts when
carbon nanotubes are functionalized with various amine groups
and other electron-donating species.”** These studies provide
a consistent theoretical framework for understanding the elec-
tron transfer mechanisms involved.

The 2D band, also known as the G’ band, observed at
approximately 2700 c¢cm ™', provides information about the
electronic structure and stacking order of the graphene
layers.**#* Changes in the electron density resulting from elec-
tron transfer can affect the interlayer interactions and the
overall electronic structure, leading to shifts in the 2D band
position. The 2D band shifts from around 2688 cm™' in
MWCNTS to approximately 2701 cm ™" in F-MWCNTS, reflecting
such electronic modifications.*

During functionalization, such as acid treatment involving
ammonia, NH; molecules can interact with the carbon nano-
tube structure. Ammonia has the ability to either donate or
accept electrons. In this case, it donates electrons to the nano-
tube structure. This electron donation can influence the vibra-
tional modes of the carbon atoms, as observed in the Raman
spectra. The interaction between NH; and the nanotubes can
introduce new defects or enhance existing ones, leading to
changes in the G and D band intensity and position. The
functionalization process likely introduced electron-accepting
groups (such as carboxyl or hydroxyl) onto the MWCNT
surface. These groups withdraw electrons from the nanotube
structure, leading to the observed G-band shift in F-MWCNTSs,
where the electron-accepting effects surpass NH;'s donor effect.

The increase in the Ip/Ig ratio from 0.96 in unmodified
MWCNTs to 1.01 in F-MWCNTs indicates a higher defect
density in F-MWCNTs, endorsing the influence of electron
transfer and the introduction of structural disruptions due to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functionalization.®*® The comparative analysis of the D and G
peaks in Raman spectra helps in assessing the purity and degree
of functionalization of the nanotubes. The increase in the D/G
ratio for FMWCNTs compared to MWCNTSs suggests a decline
in graphitic quality and the introduction of defects due to
electron transfer and functional group attachment. These
changes are crucial for understanding how the material's
properties, such as electrical conductivity and mechanical
strength, are affected by functionalization.

Functionalization of MWCNTs with the help of H,SO, and
HNOs; led to oxidation and increased graphitization, promoting
a transition from multi-layer to single-layer structures. This
transformation enhances electron mobility and reduces charge
scattering, improving the electrical and thermoelectric proper-
ties of the flexible films. The graphitization observed in our
samples suggests that multi-layer structures are transitioning
into more conjugated, single-layer configurations. The intensity
ratios calculated from the 2D band to the G-band further
support the presence of single-layer configurations.

The Lp/Ig ratio is a key indicator in Raman spectroscopy for
assessing the quality and layer count in graphene materials.
Functionalization of MWCNTSs increases the I,p/Ig ratio by
reducing defects and improving graphitic structure, enhancing
sp” hybridization and structural order. This process passivates
surface defects, reduces Raman signal scattering, and improves
the material's electronic properties, leading to better quality for
applications requiring high conductivity and strength.®*%-

The I,p/I; ratios we calculated for the MC graph show a value
of approximately 0.57 indicating a multi-layer structure. In
contrast, the graph of FC sample yields an Ip/lg ratio of
approximately 0.622. This value supports our hypothesis that
the functionalization process has significantly altered the
structural properties, leading to enhanced electronic
characteristics.

Scanning electronic microscope (SEM) images of the as-
deposited functionalized multi-walled carbon nanotubes (F-
MWCNTs) film and functionalized multi-walled carbon nano-
tubes (F-MWCNTs) film subjected to hot-pressing at 120 °C are
shown in Fig. 3(a) and (b), respectively. As per reported data,
during the functionalization process, COOH and OH groups
were formed on the sidewalls and caps of the MWCNTs.**> These
functional groups can interact chemically or physically with
other functional groups in the CNTs to increase the dispersion
and create a strong interfacial adhesion.

A study demonstrated that oxidative treatment of multi-
walled carbon nanotubes (MWCNTS) can reduce the length of
the nanotubes, leading to the formation of smaller-sized
aggregates.”> Agglomerates of CNTs with some porosity can be
seen clearly before hot-pressing as shown in Fig. 3(a). Hot-
pressing is a technique that involves applying high pressure
and temperature to a material to densify it. This process can
effectively reduce porosity in materials like MWCNTs by filling
in the gaps between the nanotubes and the surrounding matrix.
In the study on buck papers, hot-pressing at 70 °C greatly
reduced porosity, which resulted in improved thermal and
electrical conductivity.®* This densification facilitated the
formation of integrated crystal boundaries in the PVA,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electronic microscope (SEM) images of the as-
deposited functionalized multi-walled carbon nanotubes (F-MWCNTS)
film (a) and functionalized multi-walled carbon nanotubes (F-
MWCNTSs) film subjected to hot-pressing at 120 °C (b).

increasing the phonon mean free path and enhancing thermal
conductivity. Hot-pressing can also enhance the alighment of
MWCNTs by applying mechanical stress and pressure. This
process can align the nanotubes along the direction of the
applied force, leading to improved mechanical and electrical
properties. As in the above mentioned study on MWCNT/PVA
buck papers, hot-pressing at 70 °C (ref. 61) improved the
alignment of MWCNTSs, resulting in enhanced electrical
conductivity from 463.5 S m™' to 714.3 S m '.>* However,
another study demonstrated that hot-pressing can align
MWCNTs in alumina composites, leading to improved
mechanical and tribological properties. The reduction in
entanglement of MWCNTSs during acid treatment followed by
hot-pressing is due to several mechanisms: shear force® aligns
them along the force direction, mechanical stretch elongates
them in the force direction, and high pressure and temperature
enhance interfacial bonding, improving alignment and reduces
the entanglement.®® After hot-pressing, the porosity of MWCNTSs
is reduced and CNT's entanglement is reduced, which enhances
the interconnection of CNTs, as illustrated in Fig. 3(b), which is
in agreement with the previously reported data as well.*”*
The temperature depending electrical conductivity of all the
series of samples is shown in Fig. 4(a). The aggregation is
significantly reduced by chemical functionalization, thereby
improving electrical conductivity of as-deposited MWCNTS.*’
The hot-pressing has results into a further increase in the

RSC Adv, 2025, 15, 569-578 | 573
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Fig. 4 Temperature dependent electrical conductivity (a) and activation energy (b) of as-deposited functionalized multi-walled carbon nano-
tubes (F-MWCNTSs) film and functionalized multi-walled carbon nanotubes (F-MWCNTSs) films subject to hot-pressing at temperatures 80 °C,

100 °C, 120 °C, and 200 °C.

electrical conductivity of all the series. It can also be noted that
increase in hot-press temperature resulted in the increased
electrical conductivity, which is in good agreement with the
literature.®® The highest electrical conductivity value of 283 S
m™ " has been achieved for $5-200 at 423k, which is even greater
than the already reported value for CNTs' film.”"'** From the
insights provided by previous studies, we can say that hot press
encourages closer contacts between the MWCNTs, which
results in improved tube-to-tube contacts.*® The total number of
contact points increase under heat and pressure and the tubes
get closer together which results in increasing carrier mobility.
This reduction in entanglement and porosity promotes effective
charge transport throughout the nanotubes, increasing the
electrical conductivity.'*

Fig. 4(b) shows a logarithmic dependence of electrical
conductivity vs. inverse of temperature (1/7), which helps to
explain the temperature-dependent behavior of electrical
conductivity to allow the determination activation energy and
provides insights into the material's transport properties. It is
an important aspect to optimize the thermoelectric perfor-
mance. Every hot-pressed film had linear characteristics, which
represent the films' semiconductor behavior throughout the
temperature region. The activation energy (E) of carriers in the
films can determined by the expression as given in the eqn
(1).103

o=0 exp( - KEBgT) (1)

where o, is the temperature-independent part of conductivity,
(Kg) is the Boltzmann constant, and T is the absolute temper-
ature. The calculated E, values for all the samples S1-FC, S2-80,
$3-100, S4-120 and S5-200 are 58.84 meV, 59.36 meV, 45.27 meV,
42.95 meV and 42.95 meV, respectively. A significatn decrease in
E, has been observed after hot-pressing of the films which infers
about improved conducting channels in the samples.

The Seebeck coefficient of MWCNT films can range from
a few microvolts to thousands of microvolts per kelvin,
depending on the specific composition and processing

574 | RSC Adv, 2025, 15, 569-578

conditions. Strategies like doping, functionalization, and
hybrid structures have been effective in enhancing the ther-
moelectric performance of MWCNT films. One study shows that
nitrogen-doped MWCNTs (N-MWCNTSs) exhibit negative See-
beck coefficients in epoxy composites.®® In another study, the
Seebeck coefficient of Biy4Sb;¢Te;-MWCNTs reaches its
maximum value at 160 K and decreases to 409 uV K" at 300 K.
Furthermore, research shows that hot-pressing MWCNT/PVA
buck papers at 70 °C significantly increases the Seebeck coef-
ficient from 463.5 Sm™ " to 714.3 Sm ™.

The anomalous behavior of the Seebeck coefficient in the
temperature range of 350-390 K is unlikely due to a phase
transformation. MWCNTSs, being carbon-based nanomaterials,
have a stable structure over a broad temperature range, and
functionalization typically introduces chemical groups and
defects without causing phase changes. The moderate temper-
ature range of 350-390 K is not sufficient to induce phase
transformations in MWCNTs, which usually occur at much
higher temperatures (above 2000 K).

At 350 K (77 °C), the temperature is relatively low and is
unlikely to significantly affect the strong carbon-carbon bonds in
the CNTs themselves. However, the functional groups attached to
the CNTs, such as carboxyl (-COOH) and hydroxyl (-OH) groups,
might still experience changes even at this lower temperature due
to weaker bonding to the CNT surface compared to the intrinsic
CNT structure. Increased thermal energy can cause vibrations that
may weaken the interactions between CNTs and attached func-
tional groups, leading to partial detachment or reorientation.
Even if the functional groups don't completely detach, they may
reorient on the CNT surface, altering the electronic and chemical
properties. Additionally, subtle changes at the interface between
the CNTs and any matrix material can affect the overall material
properties. Therefore, while the core structure of the CNTs
remains intact, the functional groups can still undergo changes
that impact the material's behavior.

At 200 °C, functional groups like -COOH and -OH might
degrade or detach from the CNT surface, altering electronic
properties. Hot pressing at this temperature can cause

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural reorganization in the CNT network, leading to
densification and reorientation, which impacts thermal and
electrical pathways. The process also enhances interactions
between CNTs and the matrix material, potentially creating new
interfacial states that influence conductivity and thermoelectric
behavior. Additionally, residual stresses introduced during hot
pressing affect the material's properties, contributing to the
observed negative Seebeck for S5-200.

The Seebeck coefficient trends of S1-FC, S2-80, S3-100, S4-120
and S5-200 presented in Fig. 5(a) exhibit p-type semiconductor
behavior because NH; transfer electrons to the underlying nano-
tube structure during acid treatment.’® The transferred electrons
will recombine with holes, thereby decreasing the charge carrier
concentration.'® The sample S4-120 shows the highest Seebeck
coefficient value of 116 uV K" at 398 K, which is relatively high
compared to other studies on MWCNT films. The Seebeck coef-
ficient of all samples exhibits a noticeable change in trend within
the temperature range of 360 K to 380 K which may be associated
to the partial detachment or reorientation of functional groups.
Secondly, the Seebeck coefficient measurement method has an
intrinsic error of about 8-10% due to simultaneous heating by the
heating filament to maintain a temperature gradient between two
ends of the samples along with heating provided by the furnace
chamber to keep the entire environment at an elevated
temperature.

As we know that the bulk samples generally exhibit an
inherent measurement error, which is often around 10% under
optimal conditions. This level of error can be attributed to
factors such as the material's homogeneity and slight variances
in experimental conditions. Given that our study deals with thin
films, these films tend to be even more sensitive to such varia-
tions, leading to a natural increase in measurement error. Thin
film samples, unlike bulk materials, are more susceptible to
interface effects, thermal fluctuations, and substrate interac-
tions, which can amplify inconsistencies in the Seebeck coeffi-
cient readings. We have attempted to reproduce the
measurements as accurately as possible within these
constraints. However, we are unable to provide multiple
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measurements across different samples to reduce variability
statistically because of limited by sample availability.

The power factor (PF = ¢5”) is directly proportional to the
product of the electrical conductivity (¢) and the square of the
Seebeck coefficient (S). From this, it can be inferred that for
better thermoelectric PF, a material should have larger electrical
conductivity and Seebeck coefficients. We achieved the highest
power factor (PF) value of approximately 3.17 uyW m~ " K~ at 398
K for sample S4-120, attributed to its higher electrical conduc-
tivity (¢) and Seebeck coefficient (S) values, shown in Fig. 5(b).
Previously, the maximum power factor reported for MWCNT
films after functionalization and hot-pressing was around 0.51
uW m~ ' K2, observed with PPy/MWCNTSs-SH, which represents
an eightfold enhancement compared to pure PPy.'*

Electronic thermal conductivity (k.) in thermoelectrics refers
to a material's capacity to transfer heat via charge carriers
(holes/electrons) motion. It affects thermoelectric system opti-
mization and the effectiveness of converting heat to electrical
energy. Effective heat transfer and superior electrical conduc-
tivity are favored for better thermoelectric performance, with
high electronic thermal conductivity being the key. It can be
calculated by eqn (2):

K.=L,oT (2)
where k. is the electronic thermal conductivity, L, is the Lorentz
number and T is the working temperature. Fig. 6, Shows k. for
all the series of samples with an increasing trend with
temperature. The interaction of variables like higher electrical
conductivity and potential change in the Seebeck coefficient can
be used to explain this behavior. The elevated electrical
conductivity results from increased charge carrier mobility
(electrons) within films film at higher temperatures. This larger
ability of the material to conduct heat through electron/holes
movement is indicated by a better electronic thermal conduc-
tivity, which is influenced by the improved electrical
conductivity.
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Fig. 5 Temperature dependent Seebeck coefficient (a) and thermoelectric power factor (PF) (b) of as-deposited functionalized multi-walled
carbon nanotubes (F-MWCNTSs) film and functionalized multi-walled carbon nanotubes (F-MWCNTSs) films subject to hot-pressing at

temperatures 80 °C, 100 °C, 120 °C, and 200 °C.
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Fig. 6 Temperature dependent electronic thermal conductivity (k) of
as-deposited functionalized multi-walled carbon nanotubes (F-
MWCNTS) film and functionalized multi-walled carbon nanotubes (F-
MWCNTS) films subject to hot-pressing at temperatures 80 °C, 100 °C,
120 °C, and 200 °C.

4 Conclusion

We successfully functionalized multi-walled carbon nanotubes
(MWCNTs) through conventional acid treatment followed by
their deposition over flexible substrates through a facile route of
vacuum filtration. The as-deposited functionalized multi-walled
carbon nanotubes (F-MWCNTs) films were hot-pressed at
various temperatures of 80 °C, 100 °C, 120 °C, and 200 °C, under
a constant uniaxial pressure of 1 ton for 60 s. Our results show
that by increasing the hot-pressing temperature, the electrical
conductivity increases. The S5-200 sample hot-pressed at 200 °
C, exhibits the highest electrical conductivity of 283 S m™ " at
423 K. On the other hand, the S4-120 sample hot-pressed at
120 °C, exhibits the electrical conductivity of 241 S m ™" at 400 K
along with the highest Seebeck coefficient value of 115 pv K"
which results in the highest power factor approx. 3.17 uW m ™!
K2 at 398 K. Our results emphasize the significance of facile
vacuum filtration route coupled with hot-pressing in regulating
the thermoelectric properties of flexible CNTs films.
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