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ABSTRACT: In this study, cationic polypyrrole nanoparticles (PPy:NPs) are N
synthesized in a water-based solution in order to serve as a template that facilitates rGO DW\T m.
the formation of flexible hierarchical structures, ultimately resulting in improved ﬁ ‘Q:
thermoelectric (TE) performance. A unique multilayered structure is fabricated by p\ \d y
alternately depositing positively charged PPy:NPs and negatively charged double-walled

carbon nanotube-graphene oxide (DWNT-GO) suspensions via layer-by-layer a F\ ﬁ
deposition. The resulting polymer/carbon composite, consisting of a 16-bilayer |77
PPy:NPs/DWNT-GO with a thickness of approximately 2.45 um, exhibited an
electrical conductivity of 1.36 S/cm and a Seebeck coefficient of 84 uV/K, yielding a
power factor of 0.96 yW/m-K? A thermal reduction process at 175 °C for 90 min significantly enhanced the electrical conductivity
(183.2 S/cm) and Seebeck coefficient (115 V/K), resulting in a remarkable power factor of 242.2 W/m-K?. This is one of the
highest values ever reported for PPy-based organic TE materials. The outstanding TE properties can be attributed to the creation of
a highly organized three-dimensional conjugated network after thermal reduction, which promotes carrier transport within the
multilayers.

strong carrier transport — \
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1. INTRODUCTION conductivity, thermal conductivity, and absolute temperature,
respectively. Thus, high-efficiency TE devices should possess
large S, 0, and low « values. Due to the difficulty in precisely
measuring K values of thin films and intrinsically low «, the
power factor (PF = $*¢) is usually analyzed in polymer-based
organic materials.””"*

Inorganic nanostructures, including Bi,Te;, Bi,Se;, PbTe,
CoSb;, and semiconductor alloys (e.g, PbSeTe and SiGe),
have been reported to exhibit remarkable efficiency in
converting heat into useful electricity, achieving ZT values
greater than 1. However, these materials require high-
temperature and complicated processes to achieve high TE
performances. Inorganic materials-based TE generators often
suffer from poor mechanical flexibility and are also associated
with toxicity and high production costs. These issues hinder
their wide practical application in wearable devices.'” Recently,
conjugated semiconducting polymers have been considered as
promising materials for TE applications due to their unique
features, such as abundance of starting materials, easy
processability, and tunable electrical conductivity.'®™"* Other

With the progress of the high-tech industries, the demand for
small electronic and wearable devices has surged, leading to a
significant increase in energy consumption. According to the
U.S. Energy Information Administration, there will be a 56%
increase in energy consumption to 820 quadrillioin Btu in by
2040 from 524 quadrillion Btu in 2010." Given the
environmental impact and global warming effects of conven-
tional energy sources such as petroleum and coal, extensive
research has focused on the development of sustainable and
clean energy alternatives. Energy-harvesting technologies such
as piezoelectric, tidal, hydro, and triboelectric materials have
emerged as renewable substitutes for fossil fuels.” " These
functional materials have been developed to address the
increasing energy demands and associated challenges posed by
conventional energy sources. Specifically, thermoelectric (TE)
material-based power generation technologies have been
recognized as a reliable and promising strategy to harness
low-grade waste heat in an eco-friendly manner. This is
because these technologies entail no moving parts and require
no hazardous gases or working fluids.’~” Furthermore, their =
low maintenance requirements and long operational lifespans Received:  December 12, 2023 "
render them cost-effective and sustainable in the long run.” TE Revised:  February 25, 2024 L.
materials can directly convert waste heat to electricity wherever Accepted:  February 26, 2024 : };JH\
b 4
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a temperature gradient exists. TE conversion efficiency relies Published: March 11, 2024
on a dimensionless figure of merit (ZT): ZT = $*6-T/k, where
S, 0, K, and T are the Seebeck coefhicient, electrical
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Figure 1. Synthesis process of polypyrrole nanoparticles.
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advantages include the ease of processing into complex
configurations and intrinsically low k (within 0.1-0.9 W/m-
K) as compared to crystalline inorganic materials, which is
beneficial for achieving high ZT values."”* Commonly used
polymers for TE organics have been limited to intrinsically
conductive polymers, including polyaniline, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate), polypyrrole
(PPy), and polythiophene.” ~** In particular, cationic water-
soluble conjugated polymers are scarce because of the
challenges associated with their synthesis. Therefore, the
development of conductive polymers with exceptional TE
behavior is essential for expanding the application of organic
TE materials across diverse industrial applications spanning
structural components to electronic devices.

Substantial efforts to fabricate organic composites with
enhanced TE performances have been reported; to this end,
various approaches, including in situ polymerization, physical
mixing, melt mixing, electrochemical polymerization, and
interfacial polymerization, have been employed.”~** Organic
composites based on these methods have shown reasonably
good TE properties. However, there is a growing demand for a
coating strategy that enhances the electrical conductivity and
Seebeck coeflicient while retaining the advantages of the
individual components (such as carbon materials and intrinsi-
cally conductive polymers) of the composites. In this regard,
layer-by-layer (LbL) assembly has been recognized one of the
most efficient approach due to its high degree of control in
film’s architecture and property, which otherwise could not be
realized simply by combining organic materials.”” The LbL
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approach is a versatile but powerful method to create
nanoscaled multifunctional thin films by utilizing electrostatic
interaction, hydrogen bonding, and covalent bonding between
molecules, regardless of the substrate shape.’®™* It has also
become increasingly popular in various applications including
the creation of flexible displays, transéparent electrodes, gas
barriers, and flame retardants.’>~*° This self-assembly
technique enables precise control over the nanostructure and
properties of the films by adjusting various parameters such as
deposition cycles, molecular weight, temperature, chemistry,
assembly pH solutions, and ionic strength.37—41 Such fine-
tuning has been demonstrated to develop polymer nano-
composites that exhibit superior performance compared to the
individual components and bulk films composed of the same
materials.”” Significant advancements have been achieved in
the field of organic TE materials by synergistically incorporat-
ing conducting polymers and carbonaceous nanofillers (e.g.,
graphene, graphene oxide (GO), and carbon nanotubes).*~*

This study demonstrates the synthesis of positively charged
PPy nanoparticles (PPy:NPs) with high water solubility and
the application of the LbL method for their assembly with GO-
stabilized double-walled carbon nanotubes (DWNTs). A thin
film composed of 16 layers of PPy:NPs/DWNT-GO with a
thickness of approximately 2.45 ym was found to exhibit a low
electrical conductivity of 1.36 S/cm and a Seebeck coeflicient
of 84 uV/K, resulting in a relatively low PF of 0.96 yW/m-K%
However, upon subjecting this GO-based film to a 90 min heat
treatment at 175 °C, the electrical conductivity and Seebeck
coeflicient significantly improved, reaching up to 183.2 S/cm
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Figure 2. (a) Schematic diagram of a multilayered PPy:NPs/DWNT-GO coating via layer-by-layer deposition. (b) Molecular structures used in
this study. Optical images of (c) PPy:NPs in water and (d) DWNT, stabilized in GO solution, and corresponding AFM (e, g) and SEM images (£,
h) next to each vial. (i) Photo images of 16 BL PPy:NPs/DWNT-GO thin films coated on PET substrates upon bending (left), twisting (middle),

and rolling (right).

and 115 uV/K, respectively. This translated to a remarkable PF
of 242.2 §yW/m-K?, which is one of the highest power factors
ever reported for PPy-based organic TE materials. These
enhancements in the TE behavior can be attributed to the
increased carrier mobility, which results from the extensively
conjugated network created by the low-temperature treatment.
The three-dimensional (3D) expanded architecture facilitates
more efficient carrier transport in multilayer structures, thereby
boosting the TE performance.

2. EXPERIMENTAL SECTION

2.1. Materials. Ultrahighly concentrated aqueous GO solution
was purchased from Graphene Supermarket (Graphene Laboratories
Inc, NY). DWNT (purity: >95%, length: 1 um, and outside
diameter: ~3 nm) was obtained from Continental Carbon Nano-
technology Inc. (Huston, TX). A homogeneously dispersed
suspension was achieved by subjecting DWNT (0.02 wt %)—GO
(0.2 wt %) mixtures to a 30 min tip sonication at 40 W in an ice bath,
followed by 20 min of bath sonication. All aqueous solutions were
prepared from a Milli-Q water purification system with a resistivity of
18.2 MQ-cm at 25 °C. Solutions were used without alteration of the
pH. PPy:NPs were synthesized via chemical oxidation polymerization
in a mini-emulsion, as depicted in Figure 1. First, 200 uL of pyrrole
(0.037 M) was introduced into a 40 mL aqueous solution of
poly(diallyldimethylammonium chloride). Thereafter, the mixture was
subjected to stirring at 800 rpm for 5 min, followed by 10 min of tip
ultrasonication by using a Soniprep 150 Plus (MSE, U.K.) on ice with
an amplitude of 20 ym. This process resulted in the formation of a
mini-emulsion. Subsequently, a 10 mL solution of Fe-Tos (0.056 M)
in deionized (DI) water was gradually added to the mini-emulsion
under constant stirring at 45 °C. Then, H,0, (0.001 M) was
introduced, and the reaction was allowed to proceed overnight. To
purify the NPs, centrifugation was performed at 8700 rpm for 20 min.
The supernatant was removed, and this purification step was carried
out three times, ultimately resulting in the final redispersion of the
NPs in 40 mL of DI water.

2.2. Substrates. Poly(ethylene terephthalate) (PET) was
obtained from FilmBank (Gyeonggi-do, Korea) and used for
conducting thermoelectric property analysis. Before the LbL coating
process, the PET film was rinsed with methanol and DI water.
Subsequently, the cleaned PET substrate was dried using an air gun,
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and a corona treater (BD-20C, Chicago, IL) was used to induce a
negative charge on the PET surface, thereby enhancing the adhesion
of the first PPy:NPs layer. For analytical characterizations such as
profilometer, atomic force microscopy (AFM), scanning electron
microscopy (SEM), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and ultraviolet photoelectron spectroscopy
(UPS), single-side-polished Si wafer (University Wafer, South Boston,
MA) was used as substrates. These Si wafers were thoroughly cleaned
via successive rinses, first with DI water, followed by acetone, and
again with DI water before use. A quartz crystal microbalance (QCM;
Maxtek, Inc, Cypress, CA) was used to investigate the mass
increment per bilayer (BL). The crystal was rinsed between each
deposition step and allowed to air-dry for stabilization, thereby
minimizing the influence of water on the QCM mass measurements.

2.3. Film Deposition. PPy:NPs/DWNT-GO multilayer thin films
were assembled by alternately immersing the substrates (Si wafers,
PET, ITO, and quartz slide) onto oppositely charged PPy:NPs and
DWNT-GO solutions by using a Multi Dip Coater robot (Hantech
Co., Daejeon, South Korea). Briefly, each surface-treated substrate
was dipped into a positively charged PPy:NP solution for S min,
followed by three consecutive dip rinses in a DI water bath for 20 s
each to eliminate any remaining physically adsorbed PPy:NPs. The
PPy:NP-deposited sample was then immersed into the DWNT-GO
suspension for 5 min and rinsed in the same manner to create a self-
assembled PPy:NPs/DWNT-GO film. After completion of the first
BL, an identical deposition cycle was employed, except that the
deposition time was reduced from S to 1 min. The coating procedure
was repeated until the desired number of layers was obtained.

2.4. Characterization. The film thickness was analyzed by using a
NanoMap-PS stylus contact profiler (AEP Technology, Santa Clara,
CA). Three measurements were conducted on each of the five
samples, and the reported thickness represents an averaged value
taken from a minimum of 15 separate measurements for each sample.
To visualize the surface topography of the multilayer composites,
AFM (Nanostation Surface Imaging Systems, Germany) was
performed in the noncontact mode with a scanning rate of 1 Hz
under ambient conditions. The top-surface structures of the thin films
were observed via field-emission scanning electron microscopy (FE-
SEM; S-4800, Hitachi, Japan). UV—vis spectroscopy of the thin films
deposited on quartz slides was performed using a spectrophotometer
(UV-1900, Shimadzu Corporation, Tokyo, Japan). To assess the (-
potential of the PPy:NPs in solution, a nanoparticle size analyzer
(Zetasizer Nano ZS90, Malvern Instruments Ltd., Worcestershire,
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Figure 3. (a) Profilometer measured thickness on a silicon wafer before and after thermal reduction at 175 °C for 90 min and (b) mass of
PPy:NPs/DWNT-GO LbL thin films as a function of bilayers deposited. Thermally reduced PPy:NPs/DWNT-GO systems are denoted as

PPy:NPs/DWNT-rGO.

U.K.) with a 633 nm laser at a scattering angle of 13°, was used. The
peak intensities of the PPy:NPs/DWNT-GO thin films, with and
without thermal reduction, were acquired using XPS (Omicron
NanoTechnology, Taunusstein, Germany) and Raman spectroscopy
(DXR Raman microscope, ThermoFisher Scientific, Milan, Italy).

2.5. Thermoelectric Measurements. A standard four-point
probe (CMT-100S, Advanced Instrument Technology) was used to
measure the sheet resistances (R;) of the LbL samples deposited on
the PET substrates. Electrical conductivity (6) was calculated as ¢ =
(Ryt)™!, where t is the thickness of the multilayer thin films. Before
conducting the measurements, all of the samples were cut to the
required dimensions (25 mm in length and 10 mm in width). The
Seebeck coeflicient was obtained with a four-point probe setup
designed to measure electrical voltage (AV = V4 — Vi) and
temperature difference (AT = Ty, — T.gq)- Hall effect measurements
were performed in the van der Pauw geometry (20 mm X 20 mm) at
room temperature by using an Ecopia HMS-3000 measurement
system (Ecopia, South Korea). To ensure repeatability and accuracy
in determining carrier density, we conducted 20 separate measure-
ments for each of these samples at three different currents (50, 100,
and 150 pA) under a fixed magnetic field of 1 T. An X-ray
photoelectron spectroscope (Sigma Probe, Thermo VG Scientific)
was used to acquire UPS data from the LbL thin films deposited on
the Au-coated Si wafers.

3. RESULTS AND DISCUSSION

Figure 2a,b depicts the PPy:NP/DWNT-GO assembly
preparation process, including the chemical structures of
each component. The formation of the multilayer composites
is mainly driven by the strong electrostatic forces between the
positively charged PPy:NPs and negatively charged GO.
DWNT, stabilized in GO solutions, are presumably attached
to the GO surface during deposition, primarily through
interactions involving # stacking and van der Waals
attraction.”®"” In addition to the electrostatic forces, it is
worth highlighting that hydrogen bonding between uncharged
functional groups, such as carboxylic acid and hydroxyl groups,
on GO sheets, likely reinforces the overall stability of the
multilayer composites.”® Due to its high water solubility, GO
can function effectively as a dispersing agent for stabilizing
carbon nanotubes (CNT) in a water-based environment.”

This stabilization is achieved through the 7—m stacking
interactions between the basal plane of the aromatic GO
sheets and the surface of CNT.*° Furthermore, the presence of
oxygen-containing functional groups in GO helps to preserve
the water stability of the CNT-GO complexes. Homogeneous
black dispersions of PPy:NPs in water and DWNT suspensions
in aqueous GO are shown in Figure 2c¢,d, respectively. Figure
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2e shows an AFM image of the uniform distribution of the NPs
in a dilute solution of positively charged PPy:NPs cast onto a
Si wafer. These particles have a spherical shape, with diameters
ranging from 160 to 200 nm, as evidenced by the SEM images
(Figure 2f). The synthesized PPy:NPs exhibited a {-potential
value of 25.5 + 0.7 mV when measured using dynamic light
scattering; this indicates that the NPs carry a positive charge in
an aqueous solution. The uniformly distributed CNT structure
and polymer-like entanglements of DWNT, evident in the
AFM and SEM images (Figure 2gh, respectively), highlight
the stable nanotube suspensions in negatively charged GO. A
16-bilayer (BL) PPy:NPs/DWNT-GO thin film deposited on a
PET substrate demonstrated excellent mechanical flexibility,
allowing for easy bending, twisting, and rolling (Figure 2i).

3.1. Film Growth. Profilometry was used to investigate the
growth behavior of the LbL thin films as a function of the
number of BL deposited onto the Si wafers, as shown in Figure
3a. The PPy:NPs/DWNT-GO films exhibited linear growth as
more layers were deposited, with each BL exhibiting an average
thickness of 150 nm. Heat treatment of this system caused the
multilayer thin films to shrink by 15% in thickness. GO is a
single layer structure of graphene sheet and contains oxygen-
rich functional groups, including carboxylic acid, ketone, and
carbonyl groups, which are located at the edges of the sheet.
Additionally, epoxide and hydroxyl groups are found on the
basal plane of the GO in the form of hexagonal rings.
Therefore, the slight reduction in the film thickness is likely
attributable to the removal of oxygen functional groups
attached to the GO surface via thermal treatment. The
assembly of PPy:NPs/DWNT-GO thin films is presumably
driven by a combination of factors. The ionic interactions
between cationic PPy:NPs and anionic GO, along with
hydrogen bonding, play a significant role. Additionally, strong
m—r interactions among PPy:NPs, DWNT, and GO may
contribute to the assembly and networking of the multilayer
composites. The mass increment, as measured by using a
QCM, showed similar behavior to the thickness growth of the
PPy:NPs/DWNT-GO films; this indicates that the composi-
tion remained constant throughout the assembly process
(Figure 3b). This linear growth has been reported by other
studies on LbL-based composites, wherein polyelectrolytes
were incorporated with CNT and GO.***” Although the mass
increase of the multilayers has only been measured over 10
cycles, it is assumed to increase linearly up to 20 cycles, given
the steadily increasing thickness observed.
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Figure 4. SEM images of (a) DWNT and PPy:NPs and (b) GO platelets and PPy nanoparticles surrounded by multiple nanotubes. AFM height
images of (c) PPy:NPs, DWNT, and GO platelets uniformly coated on the 2-BL LbL thin films and (d) cross-sectional height profiles along the
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Figure S. Thermoelectric properties of (a, c) PPy:NPs/DWNT-GO (open symbols) and (b, d) PPy:NPs/DWNT-rGO (closed symbols) as a

function of bilayers deposited on PET substrates.

3.2. Surface Structure. The morphological surface
structure of the PPy:NPs/DWNT-GO assemblies was
examined via SEM and AFM (Figure 4). SEM images of the
PPy:NPs/DWNT-GO multilayers exhibited multiple nano-
tubes and homogeneously dispersed PPy:NPs on the surface
after a 2-BL coating on a Si wafer (Figure 4a). The SEM image
in Figure 4b displayed that the interconnected DWNT bridges
single GO platelets and PPy NPs, which is expected to enhance
the electron conduction pathway throughout the multilayer
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structures. The surface of a 1-BL film showed spherical
PPy:NPs lying on the DWNT surface (Figure Sla) and
randomly oriented individual nanotubes and their bundles
(Figure S1b). The top-surface image of the 2-BL PPy:NPs/
DWNT-GO thin films revealed that a single GO plate and
PPy:NPs were uniformly deposited, with multiple CNTs
distributed across the surface (Figure 4c). A section analysis,
obtained from a height image profile histogram, revealed that
both the GO sheet and DWNT had thicknesses in the range
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Figure 6. (a) Carrier concentration and carrier mobility of the PPy:NPs/DWNT-rGO films from Hall effect measurements. (b) Output voltage
(open symbols) and output power (closed symbols) versus current of the PPy:NPs/DWNT-rGO films as a function of bilayers deposited (triangle,

square, and circle indicate 8, 12, and 16-bilayer films, respectively).

3-S5 nm (Figure 4d). This suggests that the nanotubes were
fully exfoliated in the GO solutions and uniformly deposited in
the multilayers during assembly. As the number of deposited
BL increased, discerning the separate boundaries of the
individual GO sheets in the stacked layers (Figure S2) became
increasingly difficult (Figure S2). However, there was a
noticeable entanglement of the nanotubes and PPy:NPs on
the surface of the 20-BL PPy:NPs/DWNT-GO films. This
indciates that the number of junctions between the PPy:NPs,
DWNT, and GO increased with thickness, leading to the
formation of a highly conjugated network. PPy:NPs/DWNT-
GO systems after thermal reduction, hereafter referred to as
PPy:NPs/DWNT-rGO films, exhibited very similar surface
structures.

3.3. Thermoelectric Property. The TE performance of
the LbL thin films deposited on an insulating PET substrate
before and after the low-temperature treatment is shown in
Figure 5. The sheet resistance of PPy:NPs/DWNT-GO thin
films gradually decreased with the number of layers deposited
(from 26 k€2/sq at 4 BL to 3.2 kQ/sq at 20-BL); this may be
attributed to the increase in the connectivity of conductive
components with thickness (Figure Sa). The electrical
conductivity (o), determined as the reciprocal of the product
of the sheet resistance and film thickness, of this system was
increased to a peak value of 1.36 S/cm at 16 BL and
subsequently experienced a minor decline to 1.29 S/cm at 20-
BL. As expected, a more significant improvement in the TE
properties was observed in the PPy:NPs/DWNT-GO multi-
layers upon thermal reduction (Figure Sb). Thermal reduction
at 175 °C converts GO to rGO. The reduction process for the
multilayers coated on the 175 pym-thick PET substrates was
gentle, ensuring that there was no observed loss or damage to
the integrity of the film after thermal treatment. The ¢ values
of PPy:NPs/DWNT-rGO films modestly increased with the
number of layers (90.9 S/cm at 4 BL to 183.2 S/cm at 16 BL).
This indicates that as more layers are deposited, a more
interconnected network forms, facilitating electron transfer.
Subsequently, o leveled off at about 170 S/cm with further
addition of layers beyond 16 BL, suggesting that the multilayer
system is well above the percolation threshold with the
formation of long-range connectivity.”"**

The Seebeck coefficient (S) as a function of the number of
coating cycles on the PET substrates is shown in Figure Sc,d.
The PPy:NPs/DWNT-GO films showed § values in the range
of 75—84 uV/K. In PPy:NPs/DWNT-rGO films, the S value
increased to a maximum of 115 yV/K at 16 BL and then
plateaued after reaching 20-BL. This significant improvement
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in S observed in the thermally treated multilayer films is
presumably because of the strong 7—r interfacial interaction
between the PPy:NPs, DWNT, and rGO, which facilitates
more efficient transport of charge carriers. As mentioned
above, the PF value is determined as PF = §%.6. The PPy:NPs/
DWNT-GO composites showed an increase in PF from 0.35
UW/m-K?* at 4 BL to 0.96 yW/m-K* at 16 BL. Remarkably,
thermal treatment significantly enhances TE performances.
Similarly to o, the PF value of the PPy:NPs/DWNT-rGO films
increased as the film thickness increased. The maximum PF of
the PPy:NPs/DWNT-rGO films was 242.2 ,uW/m-K2 at 16
BL, which is one of the highest values ever reported for PPy-
based organic TE materials (Table S1).”*7°° TE properties of
thermally reduced multilayer composites were studied at four
different temperatures (120, 150, 175, and 200 °C). Both &
and S of the 16 BL PPy:NPs/DWNT-rGO films increased with
the treatment temperature up to 175 °C. However, the effect
of the treatment temperature was reduced at 200 °C, and each
property was shown to be almost steady, as shown in Figures
S3 and S4. This suggests that a uniform alignment of the three-
dimensionally conjugated network structure is fully achieved
during thermal reduction at 175 °C.d

Notably, a simultaneous increase in both ¢ and S was
observed in these PPy:NPs/DWNT-rGO multilayers as more
layers were added. This decoupled TE behavior is unusual in
conventional bulk TE materials wherein S tends to decrease,
and ¢ tends to increase with increasing carrier concentration
(n).">7°% To elucidate this simultaneous increase in TE
behaviors, Hall Effect measurements were performed to
analyze n and carrier mobility (u), as shown in Figures 6a
and SS. The n value of the thermally reduced 16 BL films
increased by a factor of 5.1 compared to GO-based multilayers.
Furthermore, the mobility of the PPy:NP/DWNT-rGO
systems was 2 orders of magnitude higher than that of the
untreated films. These significant increments in # and y aid the
high TE performance observed in the PPy:NP/DWNT-rGO
after thermal reduction. The y value of 16 BL PPy:NPs/
DWNT-rGO more than doubled when the number of layers
was increased from 8 to 16 BL. However, the n value decreased
slightly from 1.26 X 10*' cm™ at 8 BL to 1.05 X 10*' cm™ at
16 BL. This indicates that the significant increase in y leads to
improved o, whereas the decrease in n slightly enhances S.
Practical application of these organic TE composites demands
power generation, regardless of their theoretical ZT values.
The open-circuit voltage (potential difference with no external
load) and output power measurements of the PPy:NPs/
DWNT-rGO films were analyzed, as shown in Figure 6b. Both
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Figure 7. (a) UV—vis spectra of PPy:NPs and 3 BL PPy:NPs/DWNT-GO and PPy:NPs/DWNT-rGO films. (b) XPS, (c) Raman, and (d) UPS
spectra of 20-BL PPy:NPs/DWNT-GO thin films before and after thermal reduction treatments.

the output voltage and TE power, measured from 8 to 16 BL,
increased with more layers deposited. The maximum power
generated from the 16 BL PPy:NPs/DWNT-rGO multilayer
thin films was approximately 7.26 nW at for AT = 12.4 K.
3.4. Highly Tunable Thermoelectric Behavior. The
superior TE properties of these PPy:NPs/DWNT-rGO
multilayered composites can be explained by a synergistic
interplay of three factors: (1) the intermolecular 7—x
interactions in the multilayers, (2) an efficient transformation
of GO to rGO through thermal reduction, and (3) the
interconnected 3D structure formed by multiple layers
composed of conjugated polymers and carbon nanofillers.
The interfacial 7—7 interactions among the components in the
LbL films were confirmed by UV—vis spectroscopy. The strong
absorption band at approximately 230 nm can be attributed to
the conjugated bonds of the polypyrrole groups (the pyrrole
ring 7—7* electronic transitions).”” After assembling into
PPy:NPs/DWNT-GO multilayers, the adsorption peak was
red-shifted to 245 nm, which is most likely due to the
incorporation of conductive carbon nanofillers into the LbL
films. The characteristic absorbance peak in the 3 BL
PPy:NPs/DWNT-rGO films was further shifted to a higher
wavelength by 25 nm, as compared to that of the respective
films with no thermal reduction (Figure 7a). Such a red-shift
implies that a low-temperature treatment strengthens the 7—x
conjugation interaction between PPy:NPs and carbon nano-
fillers, consequently leading to an improved carrier mobility.
This shift toward higher wavelength is directly associated with
the extension of conjugation, which is primarily driven by the
strong 7—7 interaction between PPy:NPs and DWNT.*
Moreover, the large surface area of the rGO could function as a
conductive pathway to connect DWNT conducting domains,
thereby leading to an improved percolation effect and a
reduction in the energy barrier for electronic transitions. As a
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result, the enhanced charge delocalization of the carriers in the
thermally reduced multilayer composites facilitates carrier
transport within a 3D conjugated network.

GO platelets exhibit strong multiple interactions with
PPy:NPs and DWNT within the multilayer structure and
play a key role in creating a uniform dispersion of DWNT due
to their anionic surface charge. However, the presence of
oxygen functional groups in the GO can lead to electron
scattering and may adversely affect carrier transport. This
results in a reduction of the electrical conductivity in the
PPy:NPs/DWNT-GO systems. The rehybridization of sp® to
sp> carbon atoms after thermal reduction converts GO to rGO,
dramatically enhancing the electrical conductivity (Figure
Sab). The transport of charge carriers across the junctions
between GO and DWNT in the PPy:NPs/DWNT-GO
multilayers can be impeded due to the insulating properties
of the GO layers. After thermal reduction, the Seebeck
coeflicient in the PPy:NPs/DWNT-rGO composites increased
(Figure Sc,d). A significant improvement in the Seebeck
coeflicient may arise from the efficient carrier transport at the
junctions between rGO and DWNT and can also be attributed
to strong 7 electron interactions between PPy:NPs and rGO
relative to untreated counterparts. XPS analysis further
confirmed the deoxygenation of the GO sheets in the LbL
assemblies, as shown in Figure 7b. The intensity of the C 1s
peak at 286.2 eV, which is related to the oxygen functional
groups, decreased relative to that appearing at 283.8 eV. This
result suggests the removal of oxygen groups (e.g., C—OH, C—
0-C, C=0, and —COOH) and restoration of the sp* C=C
carbon bond network via thermal treatment.

To characterize the structural changes of GO in the
composites that occur during a low-temperature treatment
(i.e., conversion to the restored graphene structure), the
molecular structures of the carbon products were analyzed by
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Figure 8. Schematic demonstration of carrier transport in PPy:NPs/DWNT-GO (left) and PPy:NPs/DWNT-rGO (right) thin films.

using Raman spectroscopy (Figure 7c). Both PPy:NPs/
DWNT-GO and PPy:NPs/DWNT-rGO multilayers displayed
two strong peaks at 1340 and 1580 cm™', each of which relates
to the D (sp® vibration of carbon atoms due to the defects
disordered structure of graphene surface and edges) and G
bands (in-plane bond vibrations of sp*-hybridized graphitic
materials), respectively.’ The ratio of the intensity of the D
band to that of the G band (Ip/I;) indicates disorder levels or
structural defects in the graphene sheets. The I/ value for
PPy:NPs/DWNT-rGO was lower relative to that of PPy:NPs/
DWNT-GO, confirming that a more effective and expansive
conjugated structure was generated via thermal reduction. The
electronic structure of the multilayered composites was
thoroughly analyzed using UPS results. Mott’s formalism,

2 KT (oln(o(E
S(E, T) = %T( ol5)

) , suggests that the Seebeck
E=E;

coeflicient exhibits a close correlation with the derivative of the
density of states (DOS) at the Fermi level (Ej): the greater the
Seebeck coeflicient, the steeper would be the slope of DOS at
E.%” In other words, a steeper slope in the DOS at the Fermi
level implies a more significant variation in available electronic
states with energy, contributing to a larger Seebeck coefficient.
The multilayer composites subjected to thermal reduction
exhibited a steeper slope, suggesting that these LbL films had a
larger Seebeck coefficient (Figure 7d). The highest molecular
orbital (HOMO) and work function in both multilayer systems
were determined on the basis of the UPS spectra (Table S2).
The work function of the PPy:NPs/DWNT-rGO films was
larger by 0.32 eV relative to that of the GO-based composites,
indicating an upward shift of the HOMO edge. The larger
energy difference between the HOMO and work function
means that the Fermi level is positioned lower than the
vacuum level. This is more favorable for p-type conversion,
which in turn leads to an increase in the Seebeck
coefficient.>**

On the basis of the aforementioned results, carrier transport
in the multilayers can be explained, as shown in Figure 8. GO-
based multilayers are less conducive to electrical transport,
which negatively impacts their TE performance (Figure 8, left).
In comparison, the continuous 3D multilayer structure
resulting from thermal reduction indicates the presence of a
highly interconnected conjugation network, which facilitates
efficient carrier transport and, thus, enhances the TE properties
(Figure 8, right). The LbL self-assembly process, involving the
nanoscaled layers with quasi-one-dimensional PPy:NPs, one-
dimensional DWNT, and two-dimensional GO platelets in
sequence, resulted in the formation of a highly interconnected
3D architectural structure that enhances carrier transport and
TE properties. In this multilayered composite, the DWNT
serves as a conductive bridge between the rGO sheets, creating
an extended conjugated network that provides an effective
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pathway for carrier transport. This layered composite could
also function as an energy filter due to the numerous interfaces
created during LbL assembly, likely causing an energy-
dependent scattering of the electrical carriers.”® Energy filtering
and energy potential barriers in the multilayered structures
facilitate high-energy carriers to pass unimpeded under a
temperature gradient while simultaneously scattering low-
energy carriers at the junctions and in the layers above and
below.”>*> The cationically charged PPy:NPs are not only
crucial for building up multilayer thin films but also vital in
contributing to the conjugated network due to their intrinsi-
cally conductive properties. Although the electrical conductiv-
ity of PPy is much lower than that of the DWNT, it still
contributes to the TE properties in the multilayers. Synergistic
improvement occurs when positively charged PPy:NPs are
connected by the bridges in PPy:NPs/DWNT-rGO, fully
realizing the conductivity of the LbL films. This enhancement
is achieved by incorporating PPy:NPs and carbonaceous
nanofillers into a multilayer structure.

4. CONCLUSIONS

In this study, an LbL assembly process was employed to
fabricate a novel organic TE composite through sequential
deposition of positively charged water-soluble PPy:NPs and
negatively charged DWNT-GO suspensions. The LbL-
assembled composites exhibited uniform multilayer architec-
tures with high homogeneity/orientation and well-defined
layers, as confirmed by profiling, QCM measurements, AFM,
and SEM. The TE performance of PPy:NPs/DWNT-GO thin
films was significantly improved following low-temperature
thermal treatments (175 °C for 90 min). A 16-bilayer
PPy:NPs/DWNT-rGO thin film achieved remarkable electrical
conductivity (183 S/cm) and Seebeck coefficient (115 uV/K),
resulting in a high PF (242.2 4yW/m-K?) at room temperature.
This is among the highest power factors reported for PPy-
based organic TE materials. The improved properties stem
from the effective conversion of GO to rGO, creating a 3D
network with strong 7 electron overlap between PPy:NPs and
carbon nanofillers and enhancing carrier transport within the
multilayers. The present work demonstrates a promising
approach for enhancing the TE performance of layered
composites of conductive polymers and carbon-based materi-
als.
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