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Among sustainable energy-harvesting systems, thermoelectric technology has attracted considerable
attention because of its ability to directly convert heat into electricity and diverse applications.
Graphene, with its exceptional electrical conductivity and mechanical properties, is a promising
candidate for thermoelectric materials. However, efficient thermoelectric applications require materials
with a high Seebeck coefficient and low thermal conductivity—criteria that graphene does not inherently
satisfy, owing to its gapless energy band structure and ballistic thermal conduction. This review
examines the thermoelectric properties of graphene, optimization strategies, and the potential of
graphene hybridization for thermoelectric applications. To overcome the intrinsic limitations of
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graphene for thermoelectric utilization, nanostructuring strategies based on its synthesis methods are
discussed. Furthermore, strategies for graphene hybridization are introduced, with a focus on maxi-
mizing thermoelectric efficiency through
dimensions. Finally, the potential of graphene-based thermoelectric materials and future research

DOI: 10.1039/d4cc06821a interactions with nanostructured materials of various

Open Access Article. Published on 10 Machi 2025. Downloaded on 22/04/2026 04:59:59.

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

(cc)

rsc.li/chemcomm directions are discussed.

1. Introduction

The rapid increase in global energy demand, coupled with
the depletion of fossil fuels, has heightened concerns about
environmental pollution and climate change. To address these
challenges, considerable attention has been directed toward
the development of sustainable and efficient energy-harvesting
technologies, such as solar cells,"™ piezoelectric generators,">
triboelectric generators,® and thermoelectric systems.’**
Among these technologies, thermoelectric systems have attracted
increasing attention for their ability to directly convert waste heat
into electricity. This unique property makes them highly versatile
for applications in aerospace engineering,">™"” automotive
engineering,'®>° body-heat harvesting,”>* and thermal man-
agement systems.?*>® Thermoelectric systems achieve energy
conversion through the Seebeck effect, and their efficiency is
evaluated using the dimensionless figure of merit (z7 = 65>T/x),
where ¢ represents the electrical conductivity, S is the Seebeck
coefficient, T represents the absolute temperature, and « repre-
sents the thermal conductivity. The total thermal conductivity ()
consists of contributions from electrons (k) and phonons (ipp).
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Generally, for conventional bulk thermoelectric materials, the
fundamental limitation arising from tradeoffs among thermo-
electric parameters inhibits performance enhancement.>”*® For
example, a reduction in thermal conductivity often suppresses
electrical conductivity, limiting performance. Nonetheless, signifi-
cant progress has been made in recent years with the advent of
advanced materials and innovative strategies, such as nano-
structuring,'****° grain-boundary engineering,** and composite
approaches.

Since its discovery in 2004, graphene has attracted consider-
able research interest owing to its high electrical conductivity,*”
carrier mobility,”® mechanical strength,*® and flexibility.*’
These outstanding electrical properties have led to its primary
applications in energy storage systems—particularly as an
anode material for lithium-ion batteries.*" Additionally, its
large surface area and tunable surface chemistry have enabled
its use as an absorbent material for environmental remedia-
tion.”> Beyond these primary applications, graphene has
emerged as a promising candidate for thermoelectric materials,
driven by its superior electrical properties, mechanical robust-
ness, environmental sustainability, and cost-effectiveness.
However, its intrinsic limitations, including a gapless band
structure that suppresses the Seebeck coefficient and extremely
high thermal conductivity arising from the long mean free path
(MFP) of phonons, restrict its energy-conversion efficiency."**!
Furthermore, the thermoelectric performance of graphene can
vary significantly depending on the synthesis method,*"*?
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presenting additional challenges for optimization. To overcome
these limitations, strategies such as nanostructuring,***’
doping,*®*” grain-boundary tuning,*'***® and defect engineer-
ing"®* have been explored to decouple and optimize the
thermoelectric parameters of graphene. Despite significant
research progress, the practical utilization of graphene in
thermoelectric systems remains limited. These limitations arise
from difficulties in establishing a temperature gradient across
dimensions—particularly in the finite out-of-plane direc-
tion—due to its two-dimensional (2D) structure with a single
atomic layer.>® Additionally, graphene exhibits a low thermo-
electric conversion efficiency (5.42 x 10> at 350 K)," even with
the implementation of nanostructuring strategies.

As an alternative, a promising approach to harness the
superior properties of graphene for thermoelectric applications
is its selective use as a filler in hybrid composite systems.
Hybridization with graphene allows the thermoelectric para-
meters to be decoupled by leveraging its ability to increase
electrical conductivity,*>*> reduce thermal conductivity via
phonon scattering,">*® and induce energy-filtering effects.>
The enhancement of thermoelectric performance through gra-
phene hybridization can be optimized by initially nanostructur-
ing the thermoelectric material to increase its specific surface
area, which facilitates graphene integration and interaction at
the nanoscale. Notably, graphene hybridization with nano-
structured thermoelectric materials has achieved significant
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improvements in z7 values. For example, researchers improved
the thermoelectric performance by incorporating partially
reduced graphene oxide (rGO) into nanostructured TiO,.”’
In this study, rGO flakes were strategically distributed near
grain boundaries and defect sites within the TiO, matrix,
resulting in a synergistic effect. The highly conductive pathways
provided by rGO, while activating phonon scattering at hetero-
interfaces, significantly reduced the thermal conductivity, caus-
ing a 3-fold improvement in the z7T value at 325 K. This dual
effect demonstrates the potential of graphene-based hybrid
systems to overcome intrinsic limitations of conventional
thermoelectric materials and achieve higher energy-conversion
efficiencies.

While previous reviews®®>” have explored the thermoelectric
properties of graphene and graphene-based composites,
a focused analysis of the role of graphene in nanostructured
hybrid thermoelectric systems remains absent. This review
aims to fill that gap by analyzing theoretical and experimental
findings related to the thermoelectric properties of graphene,
including its intrinsic limitations and optimization strategies.
The review further explores the integration of graphene with
one-dimensional (1D), 2D, and three-dimensional (3D) nano-
structured thermoelectric materials, clarifying the underlying
mechanisms that maximize the filler effect of graphene, such
as efficient carrier transport, phonon scattering, and energy
filtering (Fig. 1). Finally, we discuss the practical potential and
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Fig. 1 Synthesis methods and hybridization strategies for utilizing graphene as a thermoelectric material.
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future directions of graphene-based hybrid thermoelectric
materials for energy-harvesting applications.

2. Thermoelectric properties of
graphene

As mentioned in the Introduction, graphene exhibits excep-
tional electrical conductivity, mechanical flexibility, and high
carrier mobility, making it a promising material for thermo-
electric applications.”®®" It is a gapless semiconductor with
a linear dispersion relation, where charge carriers behave as
massless Dirac fermions.®> At the charge neutrality point (CNP),
which is also known as the Dirac point, the density of states
becomes zero, and graphene transitions between electron-like
and hole-like behavior.®® The electronic properties of graphene
are governed by the relativistic Dirac equation rather than the
non-relativistic Schrédinger equation, allowing ballistic trans-
port over submicron distances.’”®* These unique electrical
properties and band structure of graphene originate from the
delocalized m-electron network formed by p orbitals in its
honeycomb lattice structure. However, its direct use in thermo-
electric devices remains challenging because of its gapless
electronic structure and exceptionally high thermal conduc-
tivity.®>®® Therefore, various strategies, such as nanostruc-
turing,®” doping,®® and composite approaches,®® are actively
being explored recently to enhance the thermoelectric perfor-
mance of graphene.

Nanostructuring strategies have been widely utilized to
modify the transport properties of electrons and phonons for
enhancing the thermoelectric performance of conventional
materials. These approaches have been extended to graphene,
and researchers have reported significant theoretical and
experimental improvements in its thermoelectric properties.
For example, Nam et al. fabricated bilayer-graphene without
nanostructuring to compare its experimentally measured
Seebeck coefficient and thermoelectric power with calculated
values based on the Mott relation.”® Although the bandgap
opening near the CNP under a back-gate voltage was expected
to result in a Seebeck coefficient close to the theoretical
prediction, the experimental values were significantly lower.

(a)

Fig. 2
from ref. 71.
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This discrepancy was attributed to large fluctuations in the
disorder potential, which likely hindered the formation of a
bandgap. In contrast, nanostructured graphene has exhibited
significant improvements in thermoelectric performance.
H. Sevincli et al. investigated graphene nanoribbons (GNRs)
with zigzag edges and calculated their thermoelectric para-
meters.** The zigzag-edged graphene nanoribbons (ZGNRs)
exhibited a high zT value of nearly 4, primarily owing to the
suppressed phonon conductance at zigzag-edge defects. Addi-
tionally, the level of disorder within the ribbon was identified
as a critical parameter for enhancing the thermoelectric per-
formance of ZGNRs. These findings highlight the potential of
nanostructuring for optimizing the thermoelectric properties of
graphene—particularly through phonon-transport modulation.

To address the intrinsically low power factor of graphene,
researchers have employed substrate engineering. Duan et al.
constructed devices featuring single-layer graphene flakes on a
hexagonal boron nitride (hBN) substrate (Fig. 2(a)).”* This
configuration significantly enhanced the thermoelectric perfor-
mance compared with devices on SiO, substrates—particularly
for active-cooling applications. By using the hBN substrate, the
surface charge states and amount of impurities originating
from the SiO, substrate were reduced, increasing the carrier
mobility and reducing the number of electron-hole puddles,
which increased the Seebeck coefficient. Fig. 2(b) shows the
gate-voltage (V,) dependence of the Seebeck coefficient in the
temperature range of 77-290 K. When V, was applied to
modulate the carrier concentration in graphene, the device
exhibited a positive Seebeck coefficient in the hole-doped
regime and a negative Seebeck coefficient in the electron-
doped regime, with the highest Seebeck coefficient observed
near the CNP. This led to a maximum power factor times
temperature value of 10.35 W m~' K" at room temperature,
which exceeds those of other 2D materials and even some
conventional thermoelectric materials.

While the theoretical enhancement of thermoelectric per-
formance through the nanostructuring of graphene and the
fabrication of passive devices via substrate engineering have
been demonstrated, the practical utilization of graphene in
sustainable thermoelectric energy-harvesting systems requires
further investigation. Specifically, it is crucial to explore the
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(a) Schematic of graphene on an hBN device. (b) Back-gate dependence of S in the temperature range of 77-290 K. Reproduced with permission
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applicability of nanostructured graphene in energy-conversion
devices, with experimental validation of its thermoelectric
performance.

3. Synthesis methods for improving
thermoelectric performance of
graphene

The thermoelectric properties of graphene are significantly
affected by the synthesis methods, as factors such as the
number of graphene layers,”*”° defect density,"**' and physical
dimensions***® can depend on the approach used. This section
highlights experimental efforts aimed at enhancing the ther-
moelectric performance of graphene, focusing on strategies for
nanostructuring and performance optimization. Two types
of methods are discussed: bottom-up approaches, which are
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represented by chemical vapor deposition (CVD), and top-down
approaches, which are represented by liquid-phase exfoliation.

3.1. CVD-based synthesis

For graphene synthesis, CVD benefits from nanostructuring
strategies such as GNR synthesis,”> grain-size control,*" and
grain-boundary engineering,"® which selectively reduce thermal
conductivity while maintaining high electrical conductivity.
These strategies focus on enhancing phonon scattering at
nanostructured interfaces in graphene, which reduces its
intrinsically high thermal conductivity. For example, Li et al.
synthesized GNRs through CVD, which successfully decoupled
the electron and phonon transport.** As shown in Fig. 3(a), the
device consists of a suspended GNR on a Ni substrate, which
serves as a heater, sensor, and electrode. The synthesized GNR
exhibited high electrical conductivity (5.66 x 106 S m™ ' at
300 K) due to a low density of bulk defects. Additionally, it had a
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(a) Test structure for the thermoelectric measurements of the GNR grown via CVD. (b) a/k and ke/k ratios of the suspended GNR compared with

reference data. (c) zT value of the suspended GNR compared with reference data. Reproduced with permission from ref. 45. (d) Scanning electron
microscopy (SEM) images of different nucleation densities in the initial growth state depending on the synthesis temperature and pressure. (e) Thermal
conductivity as a function of temperature for different grain sizes. Reproduced with permission from ref. 31. (f) zT value of the graphene with the
optimized grain size. Reproduced with permission from ref. 48. (g) Growth mechanism of MHW-CVD graphene. (h) Concept of increasing the graphene
zT value in the MHW-CVD system. (i) Comparison between the Seebeck coefficients of M-CVD and C-CVD graphene. (j) Comparison between the
thermal conductivities of M-CVD and C-CVD graphene. (k) zT values of M-CVD and C-CVD graphene compared with reference data. Reproduced with
permission from ref. 13.
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low thermal conductivity (~208 W m™" K" at 300 K) resulting
from the reduced phonon MFP and quasi-ballistic effects
originating from its nanoscale dimensions. This combination
led to a record-high electrical-to-thermal conductivity ratio
(Fig. 3(b)). The quarter-micron lengths of GNR effectively
reduced the lattice thermal conductivity, while the electrical
conductivity remained relatively unaffected by the GNR length,
as the phonon MFP (~282 nm) was significantly longer than
the electron MFP (~50 nm). Furthermore, the bandgap open-
ing in the nanostructured GNRs with quarter-micron lengths
and low defect density resulted in a high Seebeck coefficient of
132.8 uv K ' and high zT values of up to ~0.1 at 220 K
(Fig. 3(c)). These findings highlight that the size effect of
graphene plays a crucial role in increasing the thermoelectric
energy conversion efficiency, emphasizing the importance
of precise control over length and dimensions during CVD
synthesis.

Another strategy for enhancing phonon scattering in gra-
phene is grain-size reduction. By controlling the conditions
during the CVD process for graphene synthesis, such as the
operating pressure, temperature, heating-/cooling-time inter-
vals, and precursor-gas concentration ratios, the average grain
size of graphene is systematically controlled (Fig. 3(d)).*'
As shown in Fig. 3(e), as the average grain size is reduced, the
thermal conductivity tends to decrease, which results from the
narrowing of the phonon dispersive range, limiting the con-
tribution of long-wavelength phonons. For graphene with small
grain sizes of 4.1 and 2.2 pm, the grain-size reduction narrows
the phonon dispersive range, restricting the contribution of
long-wavelength phonons and reducing the thermal conductiv-
ity. When the grain size is reduced to 500 nm, it becomes
smaller than the phonon MFP of graphene, further reducing
the thermal conductivity (340 W m~' K™'). A subsequent study
indicated that this reduction in grain size is more effective than
reducing the power factor for reducing the thermal conductivity
(Fig. 3(f)).*® Compared with a grain size of 4.1 pm, reductions to
2.2 and 0.5 pm resulted in electron MFP reductions of 23.3%
and 49.8%, respectively, while the phonon MFPs decreased
more substantially—by 24.5% and 68%, respectively. Accord-
ingly, the highest thermoelectric zT value was achieved at a
grain size of 0.5 um, which was attributed to the effective
phonon-boundary scattering. This indicates that controlling
the grain size during CVD synthesis can increase the zT value.

Recent advancements in CVD have allowed more precise
control over defects in graphene during its growth process.
In particular, the mobile hot-wire CVD (MHW-CVD) system
offers localized and sequential thermal treatment, allowing
more refined control over graphene crystal growth compared
with conventional CVD systems, which supply thermal energy
globally.'®*%7377> This system enables the synthesis of highly
oriented graphene with only two crystal orientations, separated
by high-angle tilt boundaries (HATBs) with a misorientation
angle of approximately 30°. These HATBs significantly affect
the thermoelectric properties of graphene.'® The strategy for
enhancing the thermoelectric performance of graphene involves
the formation of HATB domains that induce both energy filtering

5054 | Chem. Commun., 2025, 61, 5050-5063
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and phonon scattering. In crystallographically misaligned gra-
phene, a charge-carrier transport gap (E,) is formed at grain
boundaries. As the misalignment angle increases, E, increases.
Additionally, phonon scattering is enhanced in regions with a
higher degree of misalighment owing to disordered structures at
the interfaces between neighboring graphene grains. Normally,
graphene exhibits a zero bandgap and a low Seebeck coefficient,
as observed for C-CVD graphene (conventional CVD-grown gra-
phene) in Fig. 3(i). However, in M-CVD (MHW-CVD) graphene, the
substantial E, created at the HATB domains provides an energy-
filtering function that selectively blocks low-energy carriers corres-
ponding to E,. Thus, M-CVD graphene is expected to have a
relatively high Seebeck coefficient due to the selective transport of
charge carriers. The Seebeck coefficient of M-CVD graphene is
50.1 pv K~ ' at 350 K, representing a 138% increase compared
with that of C-CVD graphene. As shown in Fig. 3(j), HATB
domains also reduce the thermal conductivity of graphene. The
thermal conductivity of M-CVD graphene at 350 K is approxi-
mately 382 W m ™! K™, which is significantly lower than that of
C-CVD graphene, indicating an increase in phonon scattering at
the HATB domains. Fig. 3(k) shows the thermoelectric zT values
for M-CVD and C-CVD graphene, which are derived from the
experimental power factor and thermal conductivity data, along
with other graphene-based thermoelectric materials. M-CVD gra-
phene exhibits a maximum z7 value of 3.78 x 10° at 350 K,
which is nearly 7 times higher than that of C-CVD graphene. This
approach can be used to enhance thermoelectric properties by
simultaneously tuning grain boundaries and inducing nanostruc-
turing effects through modifications in the CVD growth para-
meters, without the need for specific post-growth nanostructuring
processes.

3.2. Liquid-phase exfoliation

While bottom-up CVD-based synthesis and nanostructuring
strategies effectively decouple thermoelectric parameters
(Seebeck coefficient, electrical conductivity, and thermal con-
ductivity) to improve the thermoelectric performance, they face
challenges with regard to scalability and controllability for
practical applications. To address these limitations, liquid-
phase exfoliation of graphite and their assembly have been
developed, enabling large-scale production and precise control
of synthesis conditions. Graphene produced via exfoliation not
only benefits from these scalable and controllable processes
but also exhibits lower thermal conductivity than CVD-derived
graphene. This section explores liquid-phase graphene exfoliation
methods, strategies for enhancing thermoelectric performance,
factors influencing thermoelectric properties, and thermoelectric
applications of graphene.

In top-down methods, minimizing defects during the exfo-
liation process is crucial for preserving the electrical properties
of graphene flakes when they are assembled into films.”® The
most common technique for producing graphene flakes is the
modified Hummers’ method, which generates graphene oxide
(GO).”” Fig. 4(a) presents a schematic of the standard process
for fabricating GO, which is followed by a post-treatment step
to reduce GO into rGO. However, residual oxygenous groups

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic of the conventional rGO fabrication process. (b) Transmission electron microscopy (TEM) image of rGO. Reproduced with

permission from ref. 78. (c) Seebeck coefficient of graphene as the function of the annealing temperature. Reproduced with permission from ref. 80.
(d) Schematic of the NOGF fabrication process. (e) TEM image of graphene. (f) Electrical conductivity (s), Seebeck coefficient (S), and power factor of the
NOGF-based flexible thin films. Reproduced with permission from ref. 10. (g) Schematic of the experimental process for fabricating complementary
p- and n-type graphene films by varying the surfactant during exfoliation. (h) Electrical conductivity of NOGFs as a function of the temperature. (i) Power
output as a function of the potential at different temperatures. Reproduced with permission from ref. 11.

and defects remain in the basal plane of rGO flakes even after
the intense chemical process at an extremely high temperature
(Fig. 4(b)).”® These oxidation-induced defects significantly
degrade the thermoelectric performance of graphene, necessi-
tating strategies to mitigate them for thermoelectric applications.
Hu et al.”® systematically investigated the impact of the reduction
temperature on GO synthesized via Hummers’ method, varying
the reduction temperature from 500 to 3300 K.”° Their study
revealed that as the reduction temperature increased, the degree
of oxidation decreased, leading to the restoration of crystallinity
and a substantial increase in the thermoelectric power factor,
which reached ~54.5 pW cm ™' K~? at 3300 K. Raman spectro-
scopy supported these findings: a notable reduction in the
D-to-G peak intensity ratio (Ip/lg) from 1.11 to 0.08 was observed
when the reduction temperature was increased from 1000 to
3300 K. Additionally, in contrast to GO reduced at 1000 K, the
sample reduced at 3300 K exhibited a sharp 2D peak, indicating
a more graphitic structure. The restoration of crystallinity at
3300 K resulted in a significant increase in its electrical con-
ductivity, which reached approximately 4000 S cm™* at 3000 K.
Moreover, the increased Seebeck coefficient (~150 pv K ' at
1200 K) was attributed to the suppression of low-energy hole
transport and controlled electron scattering. Furthermore,
addressing oxidation-related defects is critical owing to their
impact on the doping behavior of graphene. As illustrated in

This journal is © The Royal Society of Chemistry 2025

Fig. 4(c), the doping type of graphene can be tuned through
annealing and selective functional group removal. However,
rGO typically exhibits weak p-type thermoelectric behavior at
room temperature.®® To address the fundamental challenges
associated with the intrinsic properties of rGO, it is essential to
develop fabrication methods that preserve the high structural
quality while enabling scalable production of graphene flakes.
Consequently, the need for low-oxidation graphene from top-
down methods has drawn attention to synthesis techniques
based on graphite intercalation compounds (GICs).*" Among
the studies using GIC synthesis, flexible thermoelectric films
produced from non-oxidized graphene flakes (NOGFs) were
introduced. Fig. 4(d) presents schematics of the NOGF fabrication
process, which contains before and after stage of expansion
through intercalation. The resultant graphene was obtained via
simple immersion method of graphite in potassium naphtha-
lenide and tetrahydrofuran (THF) followed by mild sonication
to form high-quality, large-scale flakes (Fig. 4(e)). The conduc-
tive film composed of NOGFs exhibits exceptional thermoelec-
tric performance, achieving a room-temperature power factor of
673 pW m ' K 2 (Fig. 4(f))."° This impressive result is attrib-
uted to its high electrical conductivity of 3280 S cm™' and
Seebeck coefficient of —45.3 pv K™, both of which originate
from the minimal oxidation of the basal plane. Additionally,
the films exhibit excellent mechanical stability, with <3%
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reduction in electrical conductivity at a bending radius of 1 mm
and stability after >1000 bending cycles.

In a follow-up study, the separation of doping types in
NOGFs was investigated by varying the surfactants used during
processing. Fig. 4(g) presents the experimental approach, which
was based on previous research (Fig. 4(d)), and highlights
the two distinct doping types observed in the resulting TE
devices."* The process begins with the synthesis of a GIC by
immersing raw graphite in a potassium naphthalenide
solution, followed by gentle bath sonication for 30 min in
DMSO with either polyvinylpyrrolidone (PVP) or pyrenebutyric
acid (PBA) as a surfactant. By changing the adsorbed surfactant
during the intercalation-exfoliation process (PVP for n-type,
PBA for p-type), both extremely high electrical conductivity and
high Seebeck coefficients of complementary n-type and p-type
graphene can be achieved. Fig. 4(h) compares the in-plane
thermoelectric properties of PVP-NOGF and PBA-NOGEF films.
Near room temperature (313 K), the PBA-NOGF film exhibits
lower electrical conductivity (2330 S cm ') than the PVP-NOGF
film (3010 S em ™), but both have relatively stable electrical
conductivity across the temperature range. The power factor of
the PBA-NOGF film (655 yW m™~" K™?) is similar to that of the
PVP-NOGF film (621 yW m ™" K~ ?) under the same conditions.
The power as a function of potential is presented in Fig. 4(i),
showing the expected parabolic shape, with the height increas-
ing as the temperature increases. The peak power output at
250 °C was 5.0 nW at 2.7 mV. The results of the study deviate
from commonly used synthesis methods; rather, the research-
ers focused on enhancing the intrinsic thermoelectric proper-
ties of graphene. Additionally, distinct doping of graphene was
achieved by adjusting the film’s process variables, without
additional post-treatment.

4. Graphene hybridization with
thermoelectric materials for practical
utilization

In the previous section, strategies for enhancing the thermo-
electric performance of graphene through nanostructuring and
synthesis were introduced, and key factors for using graphene
as a thermoelectric material were discussed. However, using
graphene alone as a thermoelectric material presents several
challenges. Specifically, graphene inherently exhibits extremely
high thermal conductivity and a near-zero bandgap, leading to
a low Seebeck coefficient and consequently low thermoelectric
conversion efficiency.®” Although nanostructuring graphene to
create a bandgap has been explored, the required nanoscale
dimensions make practical application of graphene in thermo-
electric devices difficult.?> The hybridization strategy of using
graphene as a filler in thermoelectric materials holds signifi-
cant potential for addressing these limitations and enabling
practical applications of graphene-based thermoelectric
devices.®® When used as a filler, graphene forms heterojunction
networks that enhance high-energy electron filtering, increas-
ing the Seebeck coefficient. In thermoelectric applications
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using graphene as a filler to maximize the energy-filtering
effect, inorganic semiconductors are primarily employed for
not only their intrinsically high thermoelectric performance but
also their moderate bandgap, which provides an optimal energy
barrier with graphene.®” Fundamentally, materials with either
no bandgap (e.g., metals) exhibit a low Seebeck coefficient,
while those with excessively large bandgaps (e.g., insulators)
suffer from poor electrical conductivity.*> However, graphene-
inorganic semiconductor heterostructures exhibited an increased
Seebeck coefficient without a significant reduction in electrical
conductivity. For instance, Li et al introduced a 3D graphene
heterointerface that exhibited band bending into the Cu,_,S
matrix. The heterostructure was fabricated with a Cu,_,S matrix,
which typically has a bandgap of 1.6-2.2 €V, resulting in a ~50%
increase in the power factor at 600 K compared with pristine
Cu,_,S.%* Similarly, Jiang et al. fabricated an rGO/Bi,Te; hetero-
junction network structure, which exhibited a 31% enhancement
in the zT value compared with pure Bi,Te;.*® Hybridization with
Bi,Tez, which generally has a bandgap of ~0.4 eV, confirmed the
energy-filtering effect. Generally, the enhancement of the Seebeck
coefficient via the energy-filtering effect has been observed when
the potential energy barrier exceeds approximately 0.3 eV.%°
In support of this concept, experimental studies have demon-
strated a remarkable enhancement in thermoelectric performance
through the hybridization of ZnO (bandgap of ~3 eV) with
graphene quantum dots (GQDs) possessing a controlled bandgap
of ~3.2 eV."” Furthermore, nanostructured graphene interfaced
within a matrix increases the degree of phonon scattering at the
heterointerface, reducing the thermal conductivity, which signifi-
cantly improves the overall thermoelectric performance. As the
size of the matrix is correlated with the practical dimensions of
thermoelectric devices, nanostructured graphene can be achieved
through the realization of graphene as a