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Ultralow Thermal Conductivity Achieved by All Carbon
Nanocomposites for Thermoelectric Applications

Saqib Rafique, Matthew R. Burton,* Nafiseh Badieh, Shahin Mehraban, Afshin Tarat,*

Guangzheng Zuo, Lijie Li,* and Yigiang Zhan*

Carbon-based materials are becoming a promising candidate for
thermoelectricity. Among them, graphene shows limited scope due to its
ultra-high thermal conductivity (k). To develop graphene-based thermoelectric
devices, reduction of k is highly desired while maintaining reasonably high
electrical conductivity (o). Herein, multiwalled carbon nanotubes (MWCNTs)
and carbon black (CB) fillers are added into few layered graphene (FLG) to
produce all-carbon composites yielding ultra-low thermal conductivity (k)
desired for thermoelectric applications. The novel preparation method of
pristine FLG realizes very low x of 6.90 W m~" K~ at 1248 K, which further
reduces to 0.57, 0.81, and 0.69 W m~" K~ at the same temperature for FLG +
MWCNTs, FLG + CB, and FLG + MWCNTs + CB, respectively. As-prepared
FLG composites also maintain reasonably high o, whilst the Seebeck
coefficient shows over a factor of five improvement after the inclusion of
carbon-based fillers. Consequently, the power factor (PF) is significantly
improved. The ultralow « is attributed to the increased thermal boundary
resistance among graphene sheet boundaries. The realization of ultralow x

required. In the UK alone, 48 TW h™'
yr ! of energy is lost through indus-
trial waste heat.'! Thermoelectric (TE)
materials prepared from cost-effective
and abundant elements have gained re-
markable attention for sustainable waste
heat recovery due to almost all com-
mercial TE materials containing Earth
rare elements.*?] The conversion effi-
ciency of TE materials is determined by
the dimensionless figure of merit ZT =
S20T/k, where S, o, T, and k represent
the Seebeck coefficient (V K™'), electri-
cal conductivity (S m™!), absolute tem-
perature (K), and thermal conductivity
(W m~! K1), respectively.l A higher ZT
can be achieved by improving the power
factor (PF = S20) and simultaneously re-
ducing the x.[° These parameters; how-
ever, are interrelated through the carrier

with simultaneous improvement in Seebeck coefficients and relatively small
drops in o with a facile and unique synthesis technique, highlight the

potential of these composites.

1. Introduction

Due to the effects of climate change and the dwindling sup-
ply of fossil fuels, a transition to sustainable energy sources is

concentration, and a distinctive control
on either of PF or « is a real challenge.
Several strategies have been reported to
enhance the ZT such as carrier con-
centration modulation through resonant
energy doping,[®! band engineering,”) and energy filtering of
carriers(® for higher PF while the x can be reduced by introduc-
ing point defect,!*!%! dislocations,['"!?] grain boundaries,*] and
incorporation of nanomaterials.[1]
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The current state-of-the-art TE technology is largely reliant
on inorganic solid state materials which exhibit high ZT val-
ues, such as SnSe,!>1% PbTe,'718] and Bi2Te3.l'”] They are;
however, mechanically rigid, brittle, expensive, naturally scarce
toxic materials, which limit their widespread applications and
therefore raise the interest in abundant, nontoxic, inexpensive,
and mechanically resilient organic materials for thermoelectric
applications.[?*2!] In recent years, organic TE materials have
made profound progress and their figure of merit is approach-
ing to the inorganic TE materials owing to the optimization
of their morphology (molecular) design,??! distinctive transport
pathways, and device geometries!?!] as well as doping or inclu-
sion of organic/inorganic TE materials.[?324] In this context, low-
dimensional carbon-based TE materials are promising candi-
dates for thermoelectricity.!>-2%] Particularly, graphene (a mono-
layer of sp2-hybridized carbon atoms) is a promising 2D material
because of its unique properties such as: non-toxicity, tuneable
properties, large-scale synthesis routes, thermal stability, and ex-
ceptionally high intrinsic carrier mobility (u) in electrical trans-
port and flexibility.?®?’] Graphene; however, as a TE material has
shown limited scope due its significantly high in-plane thermal
conductivity, and its semi-metallic characteristics yield limited
Seebeck coefficient,[**3!l which lead to a modest thermoelectric
conversion efficiency determined by the ZT.[?”] TE properties of
graphene; however, can be modified via doping, nano-inclusion,
and structural defects.3?] It is highly desired to reduce thermal
conductivity while maintaining a reasonable electrical conduc-
tivity. Thermal conductivity can be viewed as the product of the
electrical and lattice components. Whilst the electrical compo-
nent of thermal conductivity (xe) is strongly coupled with elec-

www.advelectron |cmat.de

trical conductivity through the carrier concentration, the lattice
component of thermal conductivity (kL) is independent of car-
rier concentration.

In an effort to improve TE conversion efficiency of graphene,
we recently demonstrated high quality, defect free few layered
graphene (FLG) prepared via a novel dry physical grinding
method.?* The resultant, FLG, showed significantly lowered
thermal conductivity (6.90-10.77 W m~" K~! between 323 and
1274 K) parallel to pressing direction compared to FLG values re-
ported in the literature, which was anticipated to further reduce
via doping or nanoinclusion. In this context, the current work,
demonstrates ultra-low thermal conductivity of FLG composite
with 5 wt% of multi-walled carbon nanotubes (MWCNTs), car-
bon black (CB), and a composite of both, which are mixed us-
ing blender (VEVOR Electric Grain Mill 1800 W) and named
hereafter FLG + MWCNTs, FLG + CB, and FLG + MWCNTs
+ CB, respectively. The resultant composites show exceptionally
lower thermal conductivity of between 0.3 and 0.98 W m~! K!
in the temperature range between 323-1274 K, when compared
to pristine FLG. To the best of our knowledge, these are amongst
the lowest thermal conductivity values for FLGs reported so far;
while, the electrical conductivity only reduced to around factor
of 2.5. Moreover, Seebeck coefficient has also seen a pronounced
increase resulting in a significant increase in the power factor of
the composite FLG.

2. Results and Discussion

Figure 1 shows schematic of the current work, Figure 1a illus-
trates the pellet making process, while Figure 1b shows the CB

Figure 1. Schematic illustration of the current work. a) Schematic of pellet making process. b) Schematic showing existence of carbon-based fillers
between the sheets of FLGs, and corresponding c—f) SEM images showing the same. SEM images of Pure FLG (c), FLG + MWCNTs (d), FLG + CB (e),

and FLG + MWCNTs + CB (f).
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Figure 2. Raman spectra of pristine FLG, FLG + MWCNTs, FLG + CB, and
FLG + MWCNTs + CB.

and MWCNTs-based fillers which are settled into the spaces be-
tween the FLG sheets. In addition, the corresponding SEM im-
ages (c—f) also show the existence of these CB and MWCNTs-
based fillers into the spaces between the FLG sheets. Pristine
FLG (Figure 1c) clearly shows ultra-thin and stacked few layers of
graphene sheets, while the inter-sheet spacing can also be seen,
indicating high level of exfoliation. The SEM images of FLG +
CB (Figure 1d), FLG + MWCNTs (Figure 1le), and FLG + MWC-
NTs + CB (Figure 1f) show that these carbon-based additives are
inserted into the inter-layer space of FLG, creating additional
boundaries between the FLG layers. Moreover, the inclusion of
these additives ultimately is likely to have pushed the layers fur-
ther apart, as can be seen in the SEM images for composites.
The effect of all-carbon additives modification of FLG load ma-
trix has been further elucidated by Raman spectroscopy. Raman
spectroscopy of the pristine FLG and its carbon-based composites
is shown in Figure 2. All the representative spectra show singu-
lar D and G peaks with the low I, /I ratio for FLG (0.21) as well
as its CNT (0.25) and CB (0.20) or both (0.15) based variants; the
variation in the peak ratio can be attributed to random variation
in FLG thicknesses and defects at the particular sites investigated
rather than any effect caused by the MWCNTs and CB. The low
Iy /I ratios indicate that FLG has not been considerably affected
by the addition of carbon-based fillers.[?”] Moreover, it also indi-
cates the crystallinity of the samples did not significantly alter.>*]
It is observed that the peak position of D-band (~1340 cm™),
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G-band (~ 1580 cm™'), and 2D-band (2685 cm™') did not show an
obvious shift, which implies that addition of CNT or CB did not
cause the softening or hardening of phonons.!** The lower I;,/I,
ratio of our samples as compared to reported data for FLGs[?l and
the least defects as indicated by very low peak intensity of D-band
demonstrate the high quality of the prepared material and fewer
layers of the prepared FLG.[**] It is noteworthy that low intensity
peak of the D-band indicates the lesser defects in the honeycomb
structure because D-band represents the structural defects in the
graphene which are ascribed to the imperfections in the discrete
hexagons in the honeycomb structure of graphene.3¢! Moreover,
the I,/ ratio is directly proportional to the number of layers in
FLG.I)

Figure 3a shows the electrical condutivity perpendicular to the
pressing diretion of FLG and its carbon based composite variants
as a function of temperature (316-895 K). Pristine FLG and the
composite variants show similar trends in electrical conductiv-
ity, with a positive linear corrolation with temperature, indicating
that all samples exhibit semiconducting behavior. The addition
of MWCNTS, CB, or both is shown to lower the electrical con-
dutivity of the resultant composites. MWCN'T5 are seen to have
the most pronounced effect, dropping the electrical conductivity
by around a factor of ~2.5 throughout all temperatures studied,
whilst CB and MWCNTs plus CB both have electrical conduc-
tivities between pristine FLG and MWCNTs fillers based FLG.
A sizeable increase of the Seebeck coefficient is observed upon
all carbon-based fillers variants. All Seebeck coefficients are ob-
served to be positive, indicating that the p-type character of the
materials is preserved. The highest recorded Seebeck coefficient
observed is for the FLG + MWCNTs composite, 25.4 uV K1 at
374 K. This is significantly higher than FLG at the same temper-
ature (1.5 pV K7') and higher than the highest value observed for
pristine FLG (3.9 uV K~! at 895 K). FLG + CB and FLG + MWC-
NTs + CB composites follow the same Seebeck temperature trend
as FLG + MWCNTS, albeit with slightly diminished values. The
highest recorded values are 22.3 pV K~! and 20.4 pv K! at 374 K,
for FLG + CB and FLG + MWCNTs + CB, respectively. The sim-
ulations decrease in electrical conductivity and increase in the
Seebeck coefficient of all the carbon-fillers based semiconduct-
ing FLG samples indicates a reduction in the carrier concentra-
tion is caused via all additives are used. The Seebeck coefficients
(Figure 3b) decline with an increase in temperature, with some
regions seeing a more pronounced decrease than others. FLG,
however, exhibits a semi-linear increasing trend in Seebeck coef-
ficient, reaching 3.9 pV K=! at 895 K, which is believed to be due
to a small change in the electrochemical potential and a large de-
gree of hole hopping.[**] The power factor values for FLG remain
below 1 uW m~! K2 over the entire temperature range between
315 and 895 K. The inclusion of MWCNTs and/or CB; however,
due to the substantially increased Seebeck coefficients, increases
the power factor up to a maximum value of 15.3 yW m~! K2
for the FLG + CB and 13.2 uW m~! K2 for the FLG + MWC-
NTs composite over the same temperature range. The FLG +
MWCNTs+CB ternary composite also shows similar trend and
power factor values reach up to 14.7 pW m~! K=2. Among these
composites, the power factor values for FLG + MWCNTs remain
stable over the entire temperature range as shown in Figure 3c.
The power factor plots predominantly follow the same trend as
that of Seebeck coefficients due to the very linear nature of the
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Figure 3. Thermoelectric characterization. a) Electrical conductivity, b) Seebeck coefficient, c) power factor, and d) thermal conductivity of pristine FLG
plus its FLG + MWCNTs, FLG + CB, and FLG + MWCNTs + CB based all-carbon composites. Data for pristine FLG has been obtained from our previous
work. Reproduced with permission.33] Copyright 2020, American Chemical Society.

electrical conductivities and power factors dependence on the
square of Seebeck. All samples are run through a second ther-
mal cycle (Figure S2, Supporting Information), whilst there is a
marginal drop in electrical conductivity and a marginal increase
in Seebeck coefficients seen across all samples; within measure-
ment uncertainty, the values are the same. This indicates that the
samples are thermally stable.

The strongest change in thermoelectric properties is seen in
thermal condutivity, measured parellel to the pressing direction
(thermal diffusivity and heat capacity can be seen in Figure S1,
Supporting Information). An unprecidented drop for the com-
posite variants of FLG was observed, up to a factor of 20 reduc-
tion for FLG + MWCNTs, as shown in Figure 3d. Almost similar
falling trends were observed for the FLG + CB and FLG + MWC-
NTs + CB composites. To the best of our knowledge, the thermal
conductivity of FLG after inclusion of MWCN'Ts and/or CB is one
of the lowest ever reported values for graphene. Table 1 compares
the thermal conductivity values of FLG reported in literature with
the thermal conductivity values of the present work for the pris-
tine FLG and its carbon-based composites. The lowest thermal
conductivity was observed for the FLG + MWCNTs composite
(0.32-0.70 W m~! K~! at 323-1273 K), which is consistent with
the least electrically conductive sample because both the thermal
and electrical conductivities are strongly coupled with each other
via the carrier concentration. The thermal conductivity (k) of TE

Adv. Electron. Mater. 2023, 9, 2300023 2300023 (4 of 7)

materials can be summarized as the product of two components;
1) electronic component (x.), where electrons and holes trans-
port heat and 2) lattice component (x;) where phonons travel
through the lattice (¢ = k.+ ;). An ideal TE material requires
a charge carrier concentration of a heavily doped semiconductor
and a small lattice thermal conductivity to yield high ZT.3831 The
electrical component of thermal conductivity is directly related to
the electrical conductivity through the Wiedemann-Franz law (k.
= L.0.T).* The substantial drop in the thermal conductivity of
the MWCNTs and CB based FLG composites therefore cannot
be explained by its electrical component alone. This decrease can
be explained due to the existence of CB and MWCNTS between
graphene layers as evidenced by the SEM images (Figure 1). The
addition of CB/MWCNTs between graphene layers likely has the
result of introducing a significant increase in thermal bound-
ary resistances, reducing the lattice thermal conductivity. Exis-
tence of MWCNTs and CB between the FLGs also would have re-
sulted in slight increases in the gaps between the FLGs, leading
to increased phonon scattering; and thus, reduction in the lat-
tice component of thermal conductivity.*}! Additive particles are
not more than 5% of the samples; therefore, electrical conductiv-
ity should only be slightly to moderately decreased depending on
the number of disconnections between graphene sheets. Making
pellet from nano sheets ultimately results in some gaps between
the sheets, resulting in affecting the thermal conductivity of the
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Table 1. Comparison of the thermal conductivity values of the graphene reported in the literature and the present work.

Material Thermal conductivity TI[K] Plane-orientation Ref.
values [Wm~' K71

Graphene ~4000 ~320 In-plane [40]

Suspended single layered graphene (SLG) ~4840-5300 RT - [41]

Suspended graphene ~3000-5300 RT In-plane [42]

Pyrolytic graphite ~2000 RT In-plane -

Pure pitch-bonded graphite ~200 RT In-plane [43]

FLG (n = 2-4) ~2800-1300 RT In-plane [44]

SLG 600 RT - [45]

Suspended graphene ~2600-3100 350 In-plane [43]

Porous 3D-graphene networks 0.54-0.90 298-773 - [34]

Graphene nanoribbon(n < 5) ~1000-1400 RT - [46]

Oxygen plasma treated defected graphene supported on 36 - - [47]

substrate

Graphene pellet 0.38-3.02 303-363 Parallel to the pressing [48]
direction

MWCNT pellet 1.60-2.25 300-923 Parallel to the pressing [49]
direction

Carbon black pellet ~0.2-0.4 350-475 Parallel to the pressing [50]
direction

Pristine FLG 6.91-10.77 323-1273 Parallel to the pressing Present work
direction

FLG + MWCNTs 0.32-0.70 323-1273 Parallel to the pressing Present work
direction

FLG + CB 0.55-0.98 323-1273 Parallel to the pressing Present work
direction

FLG + MWCNTs + CB 0.50-0.80 323-1273 Parallel to the pressing Present work

direction

pellet which is predictably lower than the graphene sheets. Whilst
a true ZT could not be determined because the power factor and
thermal conductivity were measured along different planes rel-
ative to the pressing direction, if the thermal conductivity was
subdued by the same factor against the pressing direction, a ZT
of 0.002 (Figure S3, Supporting Information) would be seen for
MWCNT; fillers based FLG at 895 K, an improvement by over a
factor of 160 compared to FLG, with improvements near 1000x
seen at other temperatures. It must be stressed; however, that this
is just a hypothesized ZT as thermal conductivity was measured
along a different plane to the other properties.

Our composites are shown to have lower thermal conductiv-
ity than pristine FLG and a comparable pellet of graphene or
MWCNT measured along the same plane,[*#] with a carbon
black pellet exhibiting similar levels of thermal conductivity.!
Single layer graphene exhibits very high thermal conductivity;>!!
however, several theoretical (molecular and lattice dynamics sim-
ulations) studies reveal that the addition of a few layers can sig-
nificantly reduce the thermal conductivity.®?] This has been ex-
actly demonstrated by the pristine FLG sample which shows
significantly lower thermal conductivity as compared to the re-
ported values.**] It is noteworthy that inter-layer spacing also
play a substantial role in further reducing the thermal conduc-
tivity. Moreover, inclusion of carbon-based additives, particularly,
between the graphene layers can be an effective strategy to lower
the thermal conductivity of the graphene while maintaining the
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reasonably high electrical conductivity, as it can be seen in the
current study. The additives have moved into the inter-layer spac-
ing and notably reduced the connections between the FLGs.[*"]
Moreover, heterogenous interfacial sites have been formed due
to loading of MWCNTs and CB additives onto the graphene sur-
face; this phenomenon may lead to an extremely high phonon-
scattering; and thus, renders exceptionally lower thermal conduc-
tivities owing to limited thermal transport and an increased ther-
mal resistance.355%]

3. Conclusion

In summary, an all-carbon based thermoelectric materials con-
cepts has been developed with a simultaneous improvement in
the power factor and reduction in thermal conductivity. Ultralow
thermal conductivity of FLG has been realized by introducing
5% MWCNTs and/or CB into the FLG matrix. The samples were
prepared using a novel dry physical grinding technique followed
by blender mixing. The resultant MWCNTs and CB-based FLG
composite exhibited ultralow thermal conductivity typically be-
low 1 W m~! K7!, which is amongst the lowest reported ther-
mal conductivity values of FLG based all-carbon composites. The
composites also showed more than five-times improvement in
the peak Seebeck coefficient values: from 3.9 pvV K=! at 895 K for
pristine FLG to 25.4, 22.3, and 20.4 uV K! at 374 K for FLG +
MWCNTs, FLG + CB, and FLG + MWCNTs + CB, respectively.
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Consequently, the power factor has been improved from 1.3
pUW m~! K2 at 895 K for pristine FLG to a maximum value of
15.3 yW m~! K2 at 422 K for FLG + CB, 13.2 pyW m~! K2 at
563 K for FLG + MWCNTS5, and 14.7 uW m~! K2 at 422K for
FLG + MWCNTs + CB composites. While the composites did
show a reduction in the electrical conductivity by around a factor
of 3, this was insignificant when compared to the reduction in
the thermal conductivity which has been reduced by more than
a factor of 20. This significant reduction in thermal conductiv-
ity is attributed to the settling of MWCNTs and/or CB additives
between the inter-layer spacing (as shown by SEM), leading to
reduced interactions between the FLGs and high phonon scat-
tering probability due to increased thermal boundary resistance.
The challenge is now to further optimize the Seebeck coefficient
to achieve ZT over 1 while maintaining the ultralow thermal con-
ductivity of the FLG-based all carbon composites. One potential
route to this is introducing a small amount of inorganic TE ma-
terials into the FLG matrix.

4. Experimental Section

Materials Preparation: FLG was prepared following the authors’ pre-
viously reported synthesis route.33] MWCNTs (NANOCYL NC7000 se-
ries) were obtained from Nanocyl SA, Belgium, and the CB was obtained
from Imerys S.A., France. First, the FLG powder was transferred into the
stainless-steel mold under 10 tons cm~2 for 2 min to prepare pure FLG
samples. Further, 5 wt% MWCNTs were added to 95 wt% of FLG powder
using blender (VEVOR Electric Grain Mill (1800 W) for 10 min to achieve
the highest level of uniformity possible; then, the mixture was transferred
into the stainless-steel (304 grade) mold under 10 tons cm™2 for 2 min
to prepare pure FLG + MWCNTs samples. This pressure was chosen as
pressures under 5 tons resulted in fragile and spongy structures, and at
pressures over 10 tons, the molds started to be deformed and damaged.
In addition, no difference between the as-fabricated graphene pellets over
10 tons was observed. Similarly, 5 wt% CB was blended with 95 wt%
FLG, and stainless-steel mold was used under 10 tons cm~2 for 2 min
to prepare FLG + CB samples. For the ternary composite, 2.5 wt% CB
and 2.5 wt% MWCNTs were added to 95 wt% FLG powder using blender
(VEVOR Electric Grain Mill 1800 W); then, the mixture was transferred into
the stainless-steel mold under 10 tons cm~2 for 2 min to prepare pure FLG
+ MWCNTs + CB samples.

Characterizations: Morphology of the FLG and its composites has
been characterized by field emission scanning electron microscope, (FE
SEM, Hitachi 4800 S, Japan). Thermoelectric characterization: electrical
conductivity and Seebeck coefficients were determined with an ULVAC
ZEM-3 with a helium atmosphere, while thermal conductivity (x = DC,p)
was determined by measuring the thermal diffusivity (D) and heat capacity
(Cp) with a Netzsch LFA 457 (Figure S1, Supporting Information); whilst
densities (p) were determined using the method of hydrostatic weighing
that uses the Archimedes principle (Table S1, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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