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ABSTRACT

Oil fly ash has been reported to be suitable for producing low-cost carbon nanotubes (CNTs). These CNTs exhibit zigzag curved walls with
an almost bamboo-like structure. Owing to this structure, these CNTs exhibit very low thermal conductivity as compared to other graphitic
carbon materials. They also exhibit relatively low electrical conductivity. However, they exhibit a Seebeck coefficient comparable to that of
commercially available CNTs. Therefore, it is of great importance to evaluate the thermoelectric (TE) properties of oil fly ash-derived CNTs.
In this study, the TE properties of oil fly ash-derived CNTs were investigated. The CNTs were further coated with polypyrrole (PPy) to
enhance their TE performance. PPy was used for the modification because of its attractive TE properties and its suitability as a binder for
CNTs. The PPy coating significantly enhanced the electrical conductivity of the CNTs from ∼500 to ∼1300 S/m at room temperature. A
small increase in the Seebeck coefficient was also observed. The power factor value increased from 0.1 to 0.6 μW/mK2. At 440 K, the power
factor value was 1.4 μW/mK2. The thermal conductivity of the CNTs (∼1 W/m K) decreased significantly by a factor of 10 after the modifi-
cation with PPy. The power generation characteristics of a single leg module made up of the p-type coated CNTs were investigated under
real-time conditions in air. The results demonstrated the potential of the oil fly ash-derived CNTs coated with PPy for applications as
TE materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031438

I. INTRODUCTION

Exploiting renewable energy resources such as solar power,
wind power, hydropower, biomass, geothermal, and marine energy,
which are sustainable, is imperative to meet future energy demands.
The heat generated by the Sun on the Earth is unlimited and can be
used as an abundant renewable energy source, particularly in the Sun
Belt. The waste heat emitted by combustion engines and machines is
another source that might be utilized for generating energy using
proper devices and systems. Thermoelectric (TE) devices are tools
designed using semiconducting materials that can convert heat into
electricity.1 Several materials and structures2–5 including nanostruc-
tures6,7 have been investigated as TE materials. However, developing

highly efficient TE materials is still a challenge. It is of great impor-
tance to develop materials/composites with excellent TE properties
such as high efficiency (high electrical conductivity, high Seebeck
coefficient, low thermal conductivity), good thermal stability, low
cost, scalability, nontoxicity, and environmental friendliness.

Carbon nanomaterials, particularly carbon nanotubes (CNTs),
have gained significant attention owing to their unique mechanical
and electrical properties.8 CNTs have been extensively investigated
for various applications, including TE materials.9–12 CNTs are basi-
cally tube-shaped hexagonal rings of carbon atoms with diameters
in the nanometer scale. Various methods have been reported for
preparing CNTs.8,13–15 However, these methods offer low yield and
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are expensive. CNTs exhibit attractive properties for TE applica-
tions, especially high electrical conductivity.16 However, the
thermal conductivity of CNTs is considerably high,17 which sup-
presses their TE properties by reducing the figure of merit (zT).
The latter is a dimensionless parameter used to evaluate the perfor-
mance of TE materials and is given by S2σT/κ, where S is the
Seebeck coefficient, σ is the electrical conductivity, T is the absolute
temperature, and κ is the thermal conductivity.

Recently, Salah et al.18,19 prepared CNTs using ultrasonicated
oil fly ash as the precursor and catalyst. They successfully used
these CNTs for some applications.20–22 These CNTs are multi-
walled and showed considerable mechanical reinforcements for
different polymers.22 Moreover, they were found to be superior as
lubricant additives compared with other commercial carbon nano-
materials.20,21 This indicates that the CNTs of oil fly ash have excel-
lent mechanical properties with good stability. Furthermore, these
CNTs exhibited zigzag curved walls with an almost bamboo-like
structure. Owing to this structure, the CNTs exhibited very low
thermal conductivity as compared to CNTs derived from common
graphitic carbon materials. Their electrical conductivity was also
relatively low. However, these CNTs exhibited a Seebeck coefficient
comparable to that of commercially available CNTs. Therefore, it is
of great importance to evaluate the TE properties of oil fly ash-
derived CNTs. The low cost of these CNTs and their scalability is
another attractive advantage to utilize them as TE materials. They
have the potential to be designed as large TE plates for houses
(window frames, walls, etc.) in hot countries. TE plates made up of
these CNTs can act as both heat insulators and TE power genera-
tors because of the low thermal conductivity of the CNTs.

TE devices are composed of films or legs/plates made up of
bulk or nanostructured materials. Some of the promising TE
materials exist in the powder form, which require proper binders.
In the absence of proper binders, cracks might be formed during
the operation process, which might affect the performance of the
TE devices. Such cracks reduce both the effective electrical and
thermal conductivities of TE devices.23 To address this issue, a
proper organic binder should be employed. In this regard, polypyr-
role (PPy) is considered the most suitable binder owing to its
excellent TE properties.24,25 PPy has been incorporated into
commercial carbon nanomaterials to produce high-performance
TE composites.9–11,26 In this study, CNTs were prepared using oil
fly ash and their TE properties were investigated. These CNTs were
further coated with PPy to improve their TE performance. PPy was
used for the modification of the CNTs owing to its attractive TE
properties and suitability as a CNT binder. The PPy coating signifi-
cantly improved the electrical conductivity of the CNTs and
reduced their thermal conductivity. The CNTs were characterized
using various analytical techniques. To investigate the TE perfor-
mance of the CNTs, the power generation characteristics of single-
leg modules made of CNTs, PPy, and CNTs/PPy were investigated
under real-time conditions, in air.

II. EXPERIMENTAL DETAILS

A. Material synthesis

The CNTs were prepared according to the method reported
previously by Salah et al.18,19 The PPy-coated CNTs were prepared

using sodium dodecyl sulfate (SDS) as the surfactant and a small
amount of Pyrrole (Py) along with an appropriate amount of
FeCl3 as the initiator. The reagents used were purchased from
Sigma-Aldrich and were of analytical grade (99.99%). Pure PPy was
prepared by dissolving 300 mg of SDS in 200 ml of DI water.
To the resulting solution, 0.4 ml of Py was added under continuous
stirring for 30 min. An appropriate amount of FeCl3 (936 mg) was
separately dissolved in 200 ml of DI water. This solution was then
added dropwise to the Py solution. The resulting dispersion was
magnetically stirred for another 24 h and was then filtered and
washed several times with distilled water and ethanol to remove the
surfactant and unreacted species. The resulting powder was dried at
60 °C. The polymerization of PPy on the surface of the CNTs was
carried out by sonicating the desired amount of CNTs (600 mg) in
200 ml of DI water for 1 h and then adding the desired amounts of
SDS and pyrrole to this solution under continuous stirring for 30
min. To this solution, a solution of FeCl3 in 200 ml of DI water was
added dropwise and the resulting mixture was then stirred and
dried under the same conditions as those used in the case of pure
PPy. The amounts of the CNTs and other materials used for
coating are listed in Table I.

B. Characterization and TE measurements

The morphologies of the pure and PPy-coated CNTs were
examined using scanning electron microscopy (SEM) (JSM-7500F,
JEOL, Japan) and transmission electron microscopy (TEM) (JEM
2100F, JEOL). The Raman spectra of the samples were recorded on
a micro-Raman spectroscope (Thermo Fisher Scientific, USA).
Attenuated total reflection Fourier-transform infrared (ATR-FTIR)
spectroscopy (Thermo Fisher Scientific) was used to obtain the
FTIR spectra of the samples. The x-ray photoelectron spectroscopy
(XPS) measurements of the samples were carried out on a PHI
5000 VersaProbe, Japan. The pellets of the pure and PPy-coated
CNTs were prepared using a manual hydraulic press. The diameter
of the pellets was 13 mm and the thickness was varied from 1 to
2 mm. The pellets were annealed in a vacuum furnace at 440 K
for 60 min.

To investigate the electrical and thermal properties of the
pellets, their resistivities and Seebeck coefficients were measured.
An LSR-3 Linseis-Seebeck coefficient and electric resistivity system
(Linseis, Germany) was used in a helium atmosphere for measuring
the resistivities and Seebeck coefficients of the pellets. The heating
rate and temperature gradient between the hot and cold sides were

TABLE I. Raw materials used for coating the CNTs with PPy at different layer
thicknesses.

Sample
CNTs
(mg)

SDs
(mg)

Py (ml)
(in 200 ml DI)

FeCl3 (mg)
(in 200 ml DI)

CNT–PPy 0.05 600 37.5 0.05 117
CNT–PPy 0.1 75 0.1 234
CNT–PPy 0.2 150 0.2 468
CNT–PPy 0.3 225 0.3 702
CNT–PPy 0.4 300 0.4 936
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fixed at 5 °C/min and 50 °C, respectively. A laser flash thermal
conductivity analyzer (LFA-1000, Linseis) was used to measure
the thermal conductivity of the samples. The measurements
were carried out perpendicular to the surface of the pellet. A
manual hydraulic press was used to manufacture the rectangular
(2 × 6 × 10mm3) single-leg modules of pure CNTs, PPy, and the
PPy-coated CNTs. These modules were fixed on an alumina sub-
strate. Aluminum electrodes were used to attach both sides to the
measurement system. To test the modules, a hot plate was heated
to the maximum temperature (440 K). A high sensitivity I–V mea-
surement system (Keithley Instruments, USA) was used to measure
the output voltage and current.

III. RESULTS AND DISCUSSION

The morphologies and microstructures of the CNTs were
examined using SEM and TEM (Fig. 1).18,19 As can be observed
from the SEM images shown in Figs. 1(a) and 1(b), the CNTs
exhibited almost uniform dimensions. The CNTs had a diameter of
25–40 nm and a length of a few micrometers. Moreover, these

CNTs showed a zigzag structure, which was significantly different
from those of commercially available CNTs. The TEM and high-
resolution TEM (HRTEM) images of the as-grown CNTs are
shown in Figs. 1(c)–1(e). As can be observed, the zigzag multiwall
CNTs exhibited dimensions close to those observed by the SEM
images. These CNTs were grown by the chemical vapor deposition
method on treated oil fly ash containing small concentrations of Fe
and Ni, which acted as catalysts. The CNTs showed a bamboo-like
structure [Fig. 1(e)]. This structure is illustrated in Fig. 1(f ). We
believe that during the growth of these CNTs, curved multiwalls
originated around the existing catalyst particles and continued their
growth, resulting in the formation of bamboo-like structures.

The morphology and microstructure of PPy were also exam-
ined using SEM and TEM (Fig. 2). As can be observed from the
SEM images (a) and (b), the PPy showed a continuous sheet-like
structure composed of spherical nanoparticles. These nanoparticles
were strongly connected with each other and showed good particle
size uniformity (50–100 nm). Figures 2(c) and 2(d) show the TEM
and HRTEM images of PPy. These images showed nanoparticles
with sizes and shapes similar to those of the nanoparticles observed
by SEM. The HRTEM image of PPy showed the presence of a
short lattice arrangement in the zigzagged patterns. This atomic
resolution image also showed some pentagonal and hexagonal
rings. These results are consistent with those reported previously.27

Figure 3 shows the SEM images of the uncoated and
PPy-coated CNTs with different PPy layer thicknesses. It can be
clearly observed from the images that the PPy coating significantly
affected the diameter of the CNTs. A systematic coating could be

FIG. 1. SEM [(a) and (b)] and TEM [(c)–(e)] images of the CNTs. (d) HRTEM
image showing the zigzagged multiwalls of the CNTs. The image in (e) shows
the bamboo-like structure of the CNTs. This structure is illustrated in (f ). The
curved walls started growing around the catalyst particles (the black dot). The
CNTs were grown by the CVD method on a treated oil fly ash containing Fe and
Ni, which acted as catalysts.

FIG. 2. SEM [(a) and (b)] and TEM [(c) and (d)] images of pure PPy. (d) shows
the HRTEM image of PPy, revealing its short-range graphitic structure.
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observed. The diameter of the coated CNTs increased with an
increase in the thickness of the coated layer (increasing the amount
of PPy from 0.05 to 0.4 ml). The CNTs coated with 0.4 ml PPy
[Fig. 3(f )] were distorted and showed nanoparticle agglomeration
on the surface. The CNTs coated with smaller amounts of PPy
retained their tubular structure. However, the morphology of the
CNTs coated systematically with PPy in this study was better than
that of PPy-coated CNT@MnO2 by PPy.

28

The microstructures of the uncoated CNTs and PPy-coated
CNTs with different PPy layer thicknesses (increasing the
amount of PPy from 0.05 to 0.4 ml) were also examined using
TEM (Fig. 4). The diameter of the coated CNTs increased sys-
tematically with an increase in the amount of PPy from 0.05 to
0.4 ml [Figs. 4(b)–4(f )]. The HRTEM images of the CNTs
without and (h) with PPy coating were also recorded. The
uncoated CNTs showed multiwalls similar to those observed in
Fig. 1(d). On the other hand, the CNTs coated with PPy were
thicker and did not exhibit clear multiwalls. The PPy layer could
only be seen in the CNTs coated with 0.05 ml of PPy. However,
higher amounts of PPy could create thicker layers of PPy. The
densely distributed pentagonal and hexagonal rings in this thick
layer covered the CNTs. A single PPy nanoparticle could also be
observed in Fig. 4(h), which showed a microstructure similar to
that shown in Fig. 2(d).

The CNTs were also analyzed using Raman spectroscopy,
FTIR spectroscopy, and XPS, and the results are shown in
Figs 5, 6, and 7, respectively. The Raman spectra of the CNTs
with different PPy layer thicknesses are shown in Fig. 5.
The spectra of the uncoated CNTs and pure PPy are also shown.
The uncoated CNTs showed two prominent intense bands at 1340

and 1595 cm−1 corresponding to the in-plane vibration of graph-
ite (G band) and the disorder-induced vibration (D-band), respec-
tively.19 The pure PPy showed two strong bands at around 1360
and 1570 cm−1 corresponding to the C—C and CvC in-ring
vibration modes of the polymer backbone, respectively.29,30 The
pure PPy also showed weak bands at around 950 and 1080 cm−1.
The first one can be ascribed to the ring deformation associated
with the di-cation (di-polaron), while the second one corresponds
to the C—H in-plane deformation.31 The spectra of the PPy-coated
CNTs are similar to those of the pure PPy, but with a systematic
decrease in the band intensities by increasing coating thickness.
Additionally, a shift in the 1570 cm−1 band of PPy to the larger
wavenumber is observed in the coated samples. This decrease and
band shift might indicate a significantly strong coupling and charge
transfer between PPy and CNTs. An efficient π–π stacking between
PPy chains and CNTs particularly for the PPy of higher layer thick-
ness might have resulted in a significant reduction in the band inten-
sities. However, the oil fly ash-derived CNTs prepared in this study
might be further functionalized with proper functional groups such
as carboxyl groups simply by using nitric acid (HNO3)

31 or sulfuric
acid (H2SO4) to improve the composite formation/interaction.

The FTIR spectra of the coated CNTs with different PPy layer
thicknesses are shown in Fig. 6. The spectra of pure CNTs and PPy
are also shown. The CNTs showed major bands at 1540 and
1640 cm−1. The first one can be ascribed to the carboxylate/carbox-
ylic acid groups present in the CNTs,22 while the second band cor-
responds to the CvC stretching of the CNTs. Pure PPy showed
peaks at around 860, 1031, 1166, 1458, and 1550 cm–1. The peak at
860 cm–1 can be attributed to C—H wagging, while that at
1040 cm–1 corresponds to the N—H stretching vibration and C—H

FIG. 3. SEM images of the CNTs without (a) and with PPy coating with different layer thicknesses [(b): 0.05, (c): 0.1, (d): 0.2, (e): 0.3, ( f ): 0.4 ml].
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in-plane deformation.32,33 The two bands located at 1170 and
1450 cm−1 can be attributed to the C—N stretching vibration mode
in the PPy ring, while that at 1550 cm−1 can be ascribed to the
C—C symmetric ring vibration.33 The FTIR spectra of the CNTs
coated with PPy were similar to those of the pure CNTs and PPy.
This suggests that all the characteristic peaks of PPy and the CNTs
were present in the coated nanotubes. The intensity of the C—H
peak decreased with an increase in the coating thickness. This
might be attributed to the slight deformation of the PPy backbone.

It is also possible that this peak decreased due to the π–π stacking
between the PPy chains and CNTs. The other peaks did not show
significant changes in their positions or intensities.

The XPS survey profiles of the pure CNTs, PPy, and CNTs
with different PPy layer thicknesses are shown in Fig. 7. The C1s
and O1s OKLL peaks could be clearly observed in the spectra of
the pure samples (e.g., CNTs and PPy). Additional small N1s and
S2s peaks were observed in the spectrum of PPy. The C1s/O1s ratio
of the pure CNTs was higher than that of PPy. The XPS profiles of

FIG. 4. TEM images of the CNTs without (a) and with PPy coating at different layer thicknesses [(b): 0.05, (c): 0.1, (d): 0.2, (e): 0.3, (f ): 0.4 ml]. HRTEM images of the
CNTs without and (h) with PPy coating (g). Atomic resolution for a single PPy NP can also be seen in (h).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 235104 (2020); doi: 10.1063/5.0031438 128, 235104-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


the pure CNTs and PPy obtained in this study were similar to
those reported in the literature for PPy nanoparticles and nano-
rods30 and CNTs.34 In the case of the PPy-coated CNTs, the inten-
sity of the O1s band decreased slightly with an increase in the
coating thickness. A weak Cl2p band was observed at around
200 eV in the coated CNTs, particularly at higher PPy thicknesses
(e.g., 0.3 and 0.4 ml). This peak might be attributed to the Cl intro-
duced by the use of FeCl3 as the initiator. The concentration of the
latter was high during the CNT coating by 0.3 and 0.4 ml of PPy;
therefore, a residue of Cl is most probably formed by this band.

Figures 8(a)–8(g) show the C1s narrow scan profiles of PPy
and the uncoated and coated CNTs. The C1s band of the CNTs

could be deconvoluted into three components at 284.77, 286.50,
and 289.34 eV corresponding to the CvC, C—O, and COOH
groups, respectively [as Fig. 8(a)]. The major band was located at
284.77 eV, which occupied an area of more than 80%. This band
corresponded to the sp2 carbon of the CNTs.19 The weak band
located at 289.34 eV corresponded to the formation of a functional
group on the surface of the CNTs. PPy showed C1s bands at 284.83,
286.28, and 289.05 eV corresponding to the C=C (corresponding to
α carbon atoms in the Py ring), C—N+ (bonds between carbon and
nitrogen in the PPy structure), and CvO (assigned to CvO
species),30 respectively [Fig. 8(b)]. The latter can also be ascribed to
the carboxylic acid (COOH) group.11,35 The CvC band was the
most intense in the spectrum of pure PPy; however, its intensity was
lower than that of the CvC band in the CNTs. The spectra of the
coated CNTs with different PPy layer thicknesses [Figs. 8(c)–8(g)]
were almost similar to the spectra of the uncoated CNTs and pure
PPy; however, their band intensities were intermediate to those of
the pure CNTs and PPy (lower than those of the pure CNTs but
higher than those of PPy). No significant changes were observed in
the peak positions. This indicates that a perfect PPy coating was
formed on the surface of the CNTs with no extra bonds or crosslink-
ing in the contact surfaces. The excellent π–π stacking between PPy
chains and CNTs might also assist in stabilizing the binding energies
of the elements involved in both PPy and CNTs.

The TE properties of the pure CNTs and PPy are shown in
Figs. 9(a)–9(c). The measured electrical conductivity as a function
of temperature for both the materials was found to be approxi-
mately 500 S/m at room temperature (RT). This value increased
with an increase in temperature up to 440 K reaching 700 S/m for
the CNTs and 1200 S/m for PPy. The relatively low electrical con-
ductivity of the oil fly ash-derived CNTs prepared in this study as
compared to those of the CNTs reported in the literature36 might
be attributed to their unique microstructure, as shown in Fig. 1.
The bamboo-like CNTs and their zigzagged walls hindered the

FIG. 5. Raman spectra of pure CNTs, pure PPy, and the PPy-coated CNTs
with different PPy layer thicknesses.

FIG. 6. FT-IR spectra of PPy and the CNTs without and with PPy.

FIG. 7. XPS survey profiles of PPy and the CNTs with and without PPy
coating.
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mobility of charge carriers, thus reducing the electrical conductiv-
ity. There might be another reason for this low electrical conductiv-
ity, which is the low carrier concentration in the CNTs of oil fly
ash. It is understood that oxygen-containing graphitic carbon mate-
rials are p-type semiconducting.10 The present CNTs have a
limited amount of oxygen as shown in Fig. 7(a) and also as
reported previously from the XPS analysis;19 therefore, it might not
be enough to enrich the CNTs with carrier holes and thus showed
only low electrical conductivity. The electrical conductivity of the
PPy was comparable to or even higher than those with similar
structures or morphologies as reported in the literature.9,26

Figure 9(b) shows the Seebeck coefficient of the CNTs and
PPy as a function of temperature over the temperature range of
300–440 K. The RT Seebeck coefficients of the CNTs and PPy were
15 and 21 μV/K, respectively. With an increase in temperature to
440 K, the Seebeck coefficient of the CNTs increased slowly to
approximately 20 μV/K, while that of the PPy remained almost
unchanged. It has been reported that the Seebeck coefficient CNTs

at RT can vary over a wide range (∼13–70 μV/K), depending
mainly on the dopant type and its concentration. P-type CNTs are
produced by including oxidative dopants such as oxygen, acids, or
chemical oxidants.10 Figures 7(a) and 7(b) clearly show that a con-
siderable number of oxygen compounds/groups were present in the
grown CNTs. Therefore, the CNTs prepared in this study were
p-type semiconductors. The electrical conductivity of the CNTs
increased with an increase in temperature, which is a common
trend for semiconductors. The Seebeck coefficient of the PPy pre-
pared in this study was considerably higher than those of similar
structures and morphologies reported in the literature.11,26 This
might be due to the morphology of PPy, which showed a continu-
ous sheet composed of tightly connected spherical nanoparticles
[Figs. 2(a) and 2(b)]. At the interfaces of the nanoparticles, poten-
tial barriers might be formed, which allow charge transport only
for high-energy carriers, therefore increasing the Seebeck coeffi-
cient.9 In other words, such barriers might induce an energy filter-
ing effect, resulting in an increase in the Seebeck coefficient values.

FIG. 8. C1s XPS profiles of PPy and the CNTs with and without PPy coating.
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The power factor (PF) of both the CNTs and PPy as a func-
tion of temperature is shown in Fig. 9(c). At RT, the PF values of
the CNTs and PPy were 0.10 and 0.22 μW/mK2, respectively.
These values increased to 0.35 and 0.6 μW/mK2, respectively, with
an increase in temperature to 440 K. The PF value of the CNTs pre-
pared in this study was relatively low as compared to those of the
CNTs reported in the literature.12 This can be attributed to the low
electrical conductivity of the CNTs prepared in this study.
However, the PF value of the PPy prepared in this study was
much higher than those reported previously.11,26 This can be
attributed to the high Seebeck coefficient of PPy. As shown in
Figs. 2(a) and 2(b), the morphology of PPy showed a continuous
sheet composed of tightly connected spherical nanoparticles.
At the interfaces of the nanoparticles, potential barriers were formed,
which allowed charge transport only for high-energy carriers.9

This induced an energy filtering effect, resulting in an increase in the
Seebeck coefficient values.

The electrical conductivity, Seebeck coefficient, and power
factor values of the CNTs with different PPy layer thicknesses are
shown in Figs. 10(a)–10(c). The measured electrical conductivity
(as a function of temperature) of the coated CNTs increased with
an increase in the thickness of the coating layer. At RT, the
electrical conductivity of the CNTs increased from approximately

440 S/m at the PPy amount of 0.05 ml to approximately 1400 S/m
at the PPy amount of 0.3 ml [Fig. 10(a)]. No further increase was
observed in the electrical conductivity of the CNTs coated with
0.4 ml PPy. The electrical conductivity of the coated CNTs showed
a semiconductor behavior, e.g., an increasing trend with an increase
in temperature. At 440 K, the electrical conductivity values of all
the coated samples were 25%–30% higher than those recorded at
RT. This enhancement in the electrical conductivity of the CNTs
by PPy coating is remarkable. This can be attributed to the smooth
and perfect PPy coating formed on the surface of the CNTs.
This coating facilitated charge transport and increased the charge
concentrations simply by combining the carriers present in both
the CNTs and PPy. These observations are consistent with those
reported for PPy nanowire/graphene composites.26 The increase in
the electrical conductivity of MWCNTs/PPy composites has also
been reported in the literature11 and is attributed to the fact that
MWCNTs can act as a template to guide the self-assembly of PPy
into more ordered crystalline alignments via the π–π interaction
between PPy and the MWCNTs during processing. In this study,
the CNTs were coated with PPy at different thicknesses. A system-
atic increase in the electrical conductivity was observed at the
thinner layers, while the last thick layer of PPy on the CNTs
(0.4 ml PPy) did not increase the conductivity further. It is possible

FIG. 9. TE properties of the CNTs and PPy.
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that the concentration of the available carriers might be high at this
layer, which could affect their mobility, thus reducing the electrical
conductivity. The other most possible reason is the effect of energy
filtering. This effect might be pronounced by the thick 0.4 ml PPy
layer, which stopped any further increase in the electrical conduc-
tivity. The energy filtering effect perhaps was enhanced due to the
considerable aggregates of PPy nanoparticles on the surface of
CNTs, as shown in Fig. 3(f ). These aggregates might further form
energy barriers that scatter the low-energy charge carriers in the
composite and allows only high-energy charge carriers to move
across the interface.

The measured Seebeck coefficient and PF values of the
CNTs coated with PPy at different layer thicknesses shown in
Figs. 10(b) and 10(c) showed a trend similar to that shown by elec-
trical conductivity. It increased with an increase in the thickness of
the coated layers. At RT, it increased from approximately 17 μV/K
for the PPy amount of 0.05 ml to approximately 21 μV/K for the
PPy amount of 0.3 ml [Fig. 10(a)]. No further increase was
observed in the sample with 0.4 ml PPy coating. At 440 K, the
Seebeck coefficient values for all the coated samples were higher by
approximately 25% than those recorded at RT. This increase was
fast in the lower temperature region, 300–380 K, and slowed down
at higher temperatures. The temperature dependence of the Seebeck
coefficient of the coated samples was almost similar to that of the

pure CNTs [Fig. 9(b)]. Similarly, the PF values of the samples coated
with 0.3 and 0.4ml PPy increased rapidly with an increase in tem-
perature, particularly above 350 K. The PF value of these two
samples was approximately 0.5 μW/mK2 at RT, while it reached
1.4 μW/mK2 at 440 K. Although the CNTs showed low electrical
conductivity as compared to those reported in the literature,36 the PF
value of the 0.3ml PPy-coated sample was comparable to that of
MWCNT/PPy composites.11

Figure 11 shows the thermal conductivity, κ (a), and figure of
merit, zT (b), for the pure CNTs, PPy, and PPy-coated CNTs as a
function of temperature. The thermal conductivity of the pure
CNTs was approximately 1W/mK at RT. This value slowly
increased to approximately 2 W/mK at 440 K. This increase by
heating might be due to the thermal expansion of these complex
CNT structures, particularly at higher temperatures, which would
facilitate the phonon transport and thus increase the thermal con-
ductivity. However, such a low value has not been reported for
CNTs but considerably higher values are well documented.37 This
can be attributed to the zigzag bamboo-like structure of the CNTs
(Fig. 1), which might have generated extra scattering sites for the
phonons. The pure PPy showed a thermal conductivity value (0.14
W/mK at RT) close to those reported previously.9 This value
remained constant with an increase in temperature up to 440 K.
However, in the case of the coated CNTs, the thermal conductivity

FIG. 10. TE performance of the CNTs with different PPy layer thicknesses.
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value was further decreased by a factor of 10 for the CNTs coated
with 0.3 and 0.4 PPy. This decrease can be attributed to the effect
of the interfacial sites between the CNTs and PPy layer, which con-
tributed to the scattering of more phonons. The formed aggregates
of PPy in the surface of CNTs at higher amounts of PPy (e.g., 0.3
and 0.4 ml PPy) might enhance the phonon scattering and reduce
the thermal conductivity of the composite. It should be noted that
the CNTs coated with PPy showed very low thermal conductivity
as compared to similar composites reported in the literature.9

The PPy coating significantly increased the figure of merit, zT,
of the CNTs coated, as shown in Fig. 11(b). The zT value of the
pure CNTs was only 0.031 × 10−3 at RT, while it increased to
0.082 × 10−3 at 440 K. PPy showed higher zT values (0.5 × 10−3 at
RT and 2.0 × 10−3 at 440 K) than the pure CNTs. The zT values of
the coated CNTs were significantly higher than those of both the
pure CNTs and PPy. The highest zT value of 1.5 × 10−3 was
obtained for the CNTs/PPy(0.3) and CNTs/PPy(0.4) samples at
RT. This value increased to approximately 5.3 × 10−3 at 440 K.
These preliminary results, which are still low as compared to those
reported in the literature, demonstrate the potential of the low-cost
oil fly ash-derived CNTs as TE materials.

The observed improvement in the TE performance of the
PPy-coated CNTs caused by the significant increase in the electri-
cal conductivity and Seebeck coefficient and by the reduction in
the thermal conductivity can be attributed to several factors.
These factors might include the large surface area of the CNTs,
which served as conducting bridges or conducting networks
connecting the PPy conducting domains.38 This increased
effective percolation.39 The second factor might be related to the
interaction between PPy and the CNTs. The third factor is that
the CNTs act as a template to direct the self-assembly of PPy into
more ordered crystalline alignments40 during the coating process,
which improved the electrical conductivity of the CNTs. The
fourth factor is related to the small improvement in the Seebeck
coefficient values, which can be attributed to the energy filtering
effect at the CNT/PPy interfaces, where appropriate potential
boundary barriers favorably allowed the carriers with higher

energy to pass, thereby increasing the mean carrier energy in the
flow.11 One of the main findings of this study is the very low
thermal conductivity of the PPy-coated CNTs. The complex
network and the interfacial sites between the CNTs and the PPy
layer might have a significant effect on scattering the phonons.
All these factors might have contributed to improving the final
TE performance of the PPy-coated CNTs.

It is reported that “polymer/carbon nanotube composites have
lower electrical conductivity than pristine CNTs since the carrier
barriers at the interface between the polymer and CNTs hinder the
carrier pathways from tube to tube.”41 In sharp contrast, the
present work on coating CNTs of oil fly ash with PPy showed well-
enhanced electrical conductivity. As mentioned above, this could
be achieved due to the good interaction between PPy and CNTs
through π–π stacking between the polymer chains and these nano-
tubes. This could lead to a significantly strong coupling and easy
charge transfer between the PPy and CNTs. The imperative
approach adopted recently by Wang et al.41 on forming ternary
composites of polyaniline/polypyrrole/carbon nanotube and by
treatment with a secondary dopant is attractive, as they significantly
enhanced the electrical conductivity of this composite.
However, the use of such complexes, which include long process
and expensive products such as single-walled carbon nanotubes
might be questionable. Moreover, the TE materials should possess
low thermal conductivity, which has not been reported by Wang
and his group.41 This part is very essential to understand the per-
formance of a TE material, which should be demonstrated to calcu-
late the zT value of this doped ternary composite. On the other
hand, the present work showed a good potential for CNTs of oil fly
ash to be recommended as both a thermal insulator and TE mate-
rial, particularly when coated with PPy.

A TE generator is a solid-state device employed to convert
heat into electricity by the Seebeck effect. For oil fly ash-derived
CNTs to be used in such devices, a number of factors must be con-
sidered. These include the output voltage, current, and power of
the samples arising from the temperature gradient present between
the two sides of a pressed compact. Therefore, the power generation

FIG. 11. Thermal conductivity, κ (a), and figure of merit, zT (b), of the CNTs with different PPy layer thicknesses as the functions of temperature.
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characteristics of the single cubic-shaped leg modules made up of
the CNTs, PPy, and CNTs/PPy(0.3) were measured under real-time
conditions in air, and the obtained results are shown in Fig. 12.
The measured output voltage (a), current (b), and power (c) as
functions of temperature showed that the PPy-coated CNTs
showed improved power as compared to the individual samples.
A single cubic leg module is shown in (d). The maximum voltage
(0.7 mV) and current (30 μA) were achieved for the PPy-coated
CNTs at 423 K. At this temperature, the output power reached
approximately 30 nW (ΔT = 30 K). The obtained results were
almost consistent with the PF and zT values of each leg. At higher
temperatures (above 380 K), the output power approximately 10
times higher than that at lower temperatures. Assessing the effi-
ciency and stability of the power output of the PPy-coated CNTs
under real-time conditions is essential for TE device applications.

The PPy coating not only enhanced the TE and power output
of the CNTs but also acted as a good binder for the CNTs, which
is necessary for making strong plates/legs. The results discussed
here relate to only one leg of a p-type CNT coated with a PPy semi-
conductor. A useful electronic device with increased power could
be designed using a large number of p–n pairs with appropriate

matching. The performance of oil fly ash-derived CNTs as a TE
material can be improved by increasing the electrical conductivity
by adding a small percentage of highly conducting materials or
doping with proper activators, which will be considered in our
future work.

IV. SUMMARY

Oil fly ash-derived CNTs were successfully prepared and their
TE performance was evaluated. The CNTs exhibited a unique
structure and interesting TE properties. The TE properties of the
CNTs improved with PPy coating. The uncoated CNTs exhibited a
very low thermal conductivity of approximately 1 W/m.K, which
decreased drastically by a factor of 10 after the PPy coating. This
result was validated by investigating the power generation charac-
teristics of a single leg module made up of p-type PPy-coated
CNTs. The results demonstrated the potential of the PPy-coated
for application as TE materials. The low cost of these CNTs and
their scalability is another attractive advantage, which might be uti-
lized to design large TE plates as frames for house windows in hot
countries. The low thermal conductivity of the PPy-coated CNTs

FIG. 12. Power generation characteristics of the single-leg modules made up of the CNTs, PPy, and CNTs/PPy(0.3) measured under real-time conditions in air. The mea-
sured output voltage (a), current (b), and power (c) of the modules as functions of the temperature. A single cubic leg module is shown in (d).
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might be quite useful for such plates to act as both heat insulators
and TE power generators.
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