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ABSTRACT: Inherent insulating nature of oxides makes it challenging for use in
thermoelectric applications that warrant reasonable electrical conductivity. In the
present work, we have used graphite (G) to improve the electron transport in
La0.07Sr0.93Ti0.93Nb0.07O3 (LSTN) by making composites. Graphite acts as the electron
momentum booster in the LSTN matrix, which otherwise suffers from Anderson
localization of electrons, causing an order of magnitude increase in weighted mobility
and electrical conductivity. As a result, the thermoelectric power factor increases more
than 6 times due to graphite incorporation in LSTN. Furthermore, the lattice thermal
conductivity is suppressed due to enhanced Umklapp scattering, as derived from the
Debye−Callaway model. Hence, we have recorded ∼423% increment in the figure of
merit (ZT) in LSTN + G composites. The maximum ZT obtained is 0.68 at 980 K for
the LSTN with 1 wt % graphite composite. Furthermore, we have fabricated a four-
legged n-type thermoelectric power generator demonstrating a milliwatt level power
output, which hitherto remained unattainable for oxide thermoelectrics.
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■ INTRODUCTION

In light of current efforts toward solving environmental issues
and energy crises, such as global warming and fossil fuel
depletion, a thermoelectric generator (TEG) is considered to
be one of the best solutions as it can directly convert waste
heat into useful electrical energy without any carbon footprint.
The performance of thermoelectric materials can be evaluated
using the dimensionless figure of merit, ZT (= S2σ/κ T), where
S is the Seebeck coefficient, σ is the electrical conductivity, and
κ is the thermal conductivity comprising lattice (κl) and
electronic (κe) contributions. Existing popular thermoelectric
materials are narrow band gap semiconductors such as Bi- and
Pb-based tellurides, selenides, and so forth.1 Although these
materials exhibit high ZT values, TEGs are yet to get widely
commercialized because of their expensive and toxic
constituents along with high-temperature instability. In
contrast, oxide-based thermoelectrics have excellent thermal
and chemical stabilities. SrTiO3 (STO) is reported to be one of
the most promising n-type oxide thermoelectrics for high-
temperature applications, possessing large effective mass of
electrons leading to a higher Seebeck coefficient.2 However, its
ZT values are found to be much inferior (ZT < 0.4) compared
to those of chalcogenides due to poor electrical conductivity
and large thermal conductivity. Over the years, a strategy of
donor doping such as La and Nb has been employed to
improve the electron transport behavior in STO. Codoping
with donor atoms in A and B sites of the ABO3 perovskite

structure of STO has been found to be one of the efficient
ways to supply more electrons in the conduction band as well
as to introduce more phonon scattering centers.3,4 To date, the
maximum ZT in n-type oxide thermoelectrics has been found
to be 0.6 at 1100 K in La and Nb codoped STO systems.3 It
has been observed by researchers that chemical doping alone
cannot increase ZT values significantly in STO due to
interdependent thermoelectric parameters. A composite
route, especially with carbon-based materials such as r-GO,
GO, graphite, and so forth has been proven to be a successful
strategy to enhance ZT.5−13 In recent years, r-GO has been
widely used to form a composite with doped STO
demonstrating some of the excellent thermoelectric results
among the n-type bulk oxide thermoelectrics.5−9 The primary
role of 2D graphene has been proposed to be enhancing the
electron mobility by refining grain boundaries, which otherwise
possess a highly resistive double Schottky barrier.5,8,11 Due to
depletion of oxygen vacancies at the grain boundary regions,
this highly resistive Schottky barrier is formed in polycrystal-
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line oxide, which is further reduced due to the presence of 2D
graphene as it promotes the formation of more oxygen
vacancies.8,11 As a result, single-crystal-like electron mobility is
achieved in STO-based ceramics.6−9,14 Although the concept
of grain boundary engineering by highly conductive 2D
materials such as graphene seems to be quite convincing, it
always raises the concern whether it is the sole reason for
observing single-crystal-like charge transport in spite of using a
very small quantity (<1 wt %) of graphene, which may not
cover the omnipresent grain boundaries in polycrystalline
ceramics. Recently, Acharya et al. have reported ZT = 1.42 in
the composite of Nb-doped STN with graphite, which infers a
significant breakthrough in the field of oxide thermoelectrics
for attaining the highest ever ZT among n-type oxide
thermoelectrics.12 Such a large ZT has been observed primarily
due to a large increment in electrical conductivity without
significant impact on the Seebeck coefficient due to graphite
addition. Because graphite is present as grains or inclusions in
the STN matrix unlike the segregation of 2D graphene in the
grain boundaries, the grain boundary refinement cannot be the
only reason behind such an improvement in electrical
transport. Interestingly, these doped STOs show very poor
conductivity in spite of having a large electron concentration. It
is more likely that Anderson localization of electrons is present
in these complex oxides due to variations in local electrical
fields created by lattice defects, as reported by many in the
literature.15−20 However, the presence of graphite helps those
electrons to become delocalized and causes a manifold
increment in weighted mobility of electrons resulting in
enhanced electron transport.
In the present work, La0.07Sr0.93Ti0.93Nb0.07O3 (LSTN) is

chosen as the parent material to form a composite with
graphite as the maximum ZT obtained so far among doped
STO systems has been for La and Nb codoped STO.3,4

Graphite is found to be capable of significantly increasing the
electrical conductivity by an order of magnitude in LSTN.
Besides restraining lattice thermal conductivity by strong
Umklapp scattering at elevated temperatures, it facilitates
achieving a manifold increase in ZT values. Furthermore, a
four-legged n-type TEG is fabricated using the best-performing
LSTN + G composites, and 2.5 milliwatt of power output is

obtained, which is higher than the microwatt level of power
output reported for oxide-based TEGs.21

■ RESULTS AND DISCUSSION

Microstructure and Phase Analysis. LSTN + G
composites have been synthesized by the solid-state reaction
using spark plasma sintering (SPS), which is known as the fast
sintering technique. Details of the synthesis process are
described in the Supporting Information. A cubic perovskite
phase with a pm3̅m space group is obtained for pristine LSTN,
which is retained even after graphite addition, as shown in
Figure 1a,b. Rietveld analysis is performed using Fullprof
software to estimate the lattice parameter, which is found to be
3.92 Å for LSTN and does not change much with the addition
of graphite (Figure S1 and Tables S1 and S2). The presence of
graphite is further confirmed by the Raman spectrum shown in
Figure 1c. A sharp G band at 1581 cm−1 is a signature peak of
graphitic carbon coming from the first-order phonon scattering
of sp2 carbon atoms.22 In addition, a small peak is found at a
Raman shift of 1350 cm−1 corresponding to the D band, which
arises from structural defects. In the present study, D bands
appear as a result of mechanical exfoliation23 of graphite due to
repeated nanomilling involved in the processing of these
materials.24,25 A small 2D band is found at a Raman shift of
2460 cm−1 along with a sharp 2G band at 2742 cm−1 as shown
in Figure S2 in the Supporting Information. Hence, Raman
spectroscopy as well as X-ray diffraction (XRD) confirm the
retention of carbon in the form of graphite in these
composites.
X-ray photoelectron spectroscopy (XPS) is performed to

evaluate the binding energies of C, Nb, and Ti in the LSTN +
1 wt % G composite as shown in Figure 1d−f. The binding
energies are tabulated in Table S3, which are found to be in
good agreement with literature values.26−30 It is inferred that
more than 80% of the carbon is present in the pure graphitic
form (C−C), whereas about 18% present with functional
groups (C−O, CO) mostly due to processing through
nanomilling. Around 37% Nb is converted to Nb4+ to maintain
the charge balance and about 68% of the Ti is able to retain
Ti4+ for LSTN + 1 wt % G.

Figure 1.Microstructure and phase analysis: (a) XRD of all the LSTN + x wt % G compositions, (b) peak intensity of graphite in XRD, (c) Raman
spectrum of LSTN + x wt % G, (d−f) XPS spectra of carbon, Nb, and Ti, respectively, for LSTN + 1 wt % G.
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The FESEM image in Figure 2a shows the dense
microstructure of LSTN grains in LSTN + 1 wt % G. The
phase contrast image of electron backscatter diffraction is
shown in Figure 2b, where the lighter area depicts a fine layer
of graphite inclusions present in the composites. The grain size
of the as-synthesized LSTN + G composite shows a wide
distribution from submicron size to as large as 5 μm as shown
in Figure 2c. About 37% grains are available below 250 nm.
This combination of small to large grains is an ideal recipe to
balance the trade-off between thermal and electrical transport.

Elemental mapping of the LSTN + 1 wt % G composite
performed by energy-dispersive X-ray spectrometry shown in
Figure S3 in the Supporting Information indicates the
homogeneous distribution of all the constituent elements.
The number of large graphite particles or chunks increases as
the graphite content increases to 2 wt % G, which is clearly
visible in the elemental map shown in Figure 2d. Agglomerated
fine LSTN particles on graphite flakes are observed in the
transmission electron microscopy (TEM) image (Figure 2e)
with the selected area electron diffraction (SAED) image of

Figure 2. Microstructure of LSTN−graphite composites: (a) FESEM image showing a dense microstructure, (b) phase contrast image depicting a
thin layer of graphite inclusions at the grain boundary, (c) grain size distribution of LSTN + 1 wt % G, and (d) surface elemental map of LSTN + 2
wt % G with the violet area pointing the agglomeration of graphite. (e) TEM image of dispersed LSTN particles in graphite flakes (SAED image of
graphite in the inset) of LSTN + 1 wt % G and (f) schematic of the LSTN + graphite composite.

Figure 3. Electrical transport of LSTN + x wt % G; (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) weighted mobility of
all composites along with La-doped STO single crystals,33 and (e) schematic of electrical transport of the LSTN + G composite.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c24625
ACS Appl. Mater. Interfaces 2022, 14, 14174−14181

14176

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c24625/suppl_file/am1c24625_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c24625?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c24625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


graphite flakes in the inset. The schematic of the micro-
structure of the LSTN−graphite composite is given in Figure
2f, where graphite is present in the grain boundary as well as
large particles.
Electrical Transport. A negative Seebeck coefficient and

its linear increase with temperature observed in all the samples
signify n-type degenerate semiconductor-like behavior, as
shown in Figure 3a. On the contrary, temperature dependence
of electrical conductivity (σ) of all the compositions shows
semiconductor-like behavior (dσ/dT > 0) at lower temper-
atures and metallic behavior (dσ/dT < 0) at elevated
temperatures undergoing semiconductor to metal transition
(S−M) near 450−600 K, as depicted in Figure 3b. The
maximum electrical conductivity of 1.25 × 105 S/m has been
found in LSTN + 1 wt % G, which is an order of magnitude
higher than that of pristine LSTN with no significant
deterioration in the Seebeck coefficient. As a result, we could
enhance the power factor (PF) from 411 μW m−1 K−2 for
pristine LSTN to 2566 μW m−1 K−2 by compositing with
graphite, as shown in Figure 3c. In addition, thermoelectric
parameters exhibit excellent cyclability during heating and
cooling cycles as shown in Figure S5 in the Supporting
Information. A barely minimum hysteresis (<0.1%) is observed
in the cyclability data of the LSTN + G samples, which is very
promising from the TEG device perspective.
To understand such a kind of amplification in electrical

conductivity values due to incorporation of graphite, we have
further estimated the band gaps of all the samples from
Kubelka−Munk fitting of the UV−vis spectroscopy data shown
in Figure S4 in the Supporting Information. Interestingly, not
much change in the band gap is observed in LSTN due to
graphite addition. As expected, the band gap is found to be in
the range of (3.14−3.18) eV for all the composites as
presented in Table S4. Hence, it is inferred that a significant
increase in conductivity does not arise from the band gap
reduction due to graphite addition. Hall measurement data
presented in Table S5 further reveal that the electron
concentration (n) of all the composites including pure LSTN
remains on the order of 1020 cm−3. Furthermore, effective mass
of electrons (m*) is also estimated using the Pisarenko
relation.31,32
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The effective mass ranges between 0.6 and 0.8 for all the
compositions are shown in Figure S6. It corroborates well with
our observation that the Seebeck coefficient is not affected in
spite of enormous surge in electrical conductivity. However, a
minimal deviation in the carrier concentration, effective mass,
and band gap does not really justify the significant increment
of electrical conductivity, obtained in the composite samples.
Hence, electron mobility plays a significant role in improving
electrical transport of composites with graphite. For further
elucidation, weighted mobility has been calculated using eq 2,8

which suggests that conductivity at low temperatures is driven
by thermally activated mobility.

( )

( )

h
m k T
3

8 e(2 )

exp 2

1 exp 5 1

1 exp 5 1

S

S

S

S

w

3

e B
3/2

3

k

k

k

B e

B e

2 kB e

B e

μ σ
π

=
−

+ − −

+
+ −

π

| |

| |

| |

| |

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÄ

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ (2)

Polycrystalline pristine LSTN has expectedly quite lower μw
with respect to single-crystal data33 as shown in Figure 3d. A
maximum μw of 93.3 cm−2 V−1 S−1 has been obtained for
LSTN + 1 wt % G, which is around 6.7 times higher than that
of the pristine LSTN. Furthermore, μw of the LSTN + 0.5 and
1 wt % G composite exceed the single-crystal value above 500
K. A high-temperature negative slope depicts the dominating
behavior of acoustic phonon scattering. We compared with the
single-crystal value of La-doped STO due to unavailability of
single-crystal data for La and Nb co-doped STO in the
literature.
Such a kind of enhancement in weighted mobility has been

reported for the composites of STO doped with graphene, and
the reason has been attributed to the reduction of the Schottky
barrier height5,8,11 in polycrystalline STO due to the
segregation of highly conductive graphene along the grain
boundaries. However, in the present scenario, unlike 2D
graphene, graphite is located as flakes and inclusions
distributed in the LSTN matrix as shown schematically in
Figure 2f. However, the possibility of a small amount of oxygen
vacancy generation by changing the oxygen diffusion kinetics
near the grain boundary due to graphite incorporation cannot
be ruled out, but this cannot be the only mechanism to
increase the weighted mobility beyond the single-crystal level.
Hence, we have looked deeper to find the reason behind the
change in electrical conductivity in the LSTN + G composites
from thermally activated electron transport at lower temper-
atures to metallic charge transport due to acoustic phonon
scattering at high temperatures, above 500 K. It is reported in
the literature that band models cannot really explain the charge
transport mechanism in these oxide perovskites, which possess
point defects arising from the presence of multivalent cations
and processing of ceramics.34−38 It is surprising to see that in
spite of having an electron concentration on the order of 1020

cm−3, which explicitly satisfies Mott criteria (in eq 3)39 for the
STO system (1018 cm−3),40 all the compositions including
pristine LSTN exhibit semiconducting behavior near room
temperature instead of showing metallic behavior.

a n 0.25B
1/3 ≈ (3)

Here, aB is the Bohr radius and n is the critical carrier
concentration required for S−M transition. This kind of Mott
transition has already been reported in many oxide perov-
skites.10,12,41−44 It is possible that using codoping in STO and
processing steps such as repeated calcination in a reducing
atmosphere, nanomilling can generate a significant amount of
defects and lattice strain, which render the electrons to be
localized. This localization of the carrier is known as Anderson
localization.45−47 Anderson localization can be conceded as
one of the possible explanations behind the oppressive
electrical conductivity in pristine LSTN, which does not get
reflected in the Hall measurement data.48 Herein, we propose
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that graphite is basically working as the electron momentum
booster in the LSTN + G composite system. Electrons are
localized in the case of pristine LSTN resulting in a poor
weighted mobility value as shown in Figure 3e. When some of
the hot electrons transfer from LSTN grains to graphite, they
travel faster through graphite particles as free electrons
acquiring a larger momentum. High-energy or high-momen-
tum electrons further coming out of graphite facilitate more
electrons to acquire the itinerant state above the mobility edge
in LSTN, which otherwise suffers from Anderson localization.
Besides, it is believed that the presence of graphite in the
LSTN matrix imparts enough strain to enable Anderson-
localized electrons in LSTN to acquire the itinerant state above
the mobility edge by overcoming the energy barrier. Mean-
while, the Seebeck coefficient is not affected by the electrons
whether they are localized or delocalized,49 hence the Seebeck
coefficient is not deteriorated that much in spite of having
more than five times increment in electrical conductivity.
However, 1 wt % graphite concentration is proven to be the
optimum concentration for increasing electrical conductivity
and the power factor. An increase in the graphite concentration
forms aggregation of graphite (Figure 2d), which tends to
scatter electrons. We have found that when the graphite
concentration becomes >1 wt %, the scattering mechanisms
start to dominate and electrical conductivity is suppressed,
which result in lowering of the power factor.
Thermal Transport. Thermal conductivity (Figure 4a) of

pristine LSTN and its graphite composites has been estimated
by measuring thermal diffusivity (D) and Cp (κ = DρCp) shown
in Figure S7a,b. Furthermore, electronic thermal conductivity
(κe) is calculated using the Wiedemann−Franz Law (κe = LσT)
shown in Figure S7c in the Supporting Information.50 The
shape of the κe curve (Figure S7d) for all the compositions is
expectedly the replica of their electrical conductivity. κl of all

the samples is calculated by subtracting κe from total thermal
conductivity. It is found that overall thermal conductivity is
dominated by lattice thermal conductivity shown in Figure 4b,
and that is the reason why the κe curve is overshadowed in the
total thermal conductivity. The lowest theoretical lattice
thermal conductivity of pure LSTN is ∼2 W m−1 K−1 as
approximated using the Cahill model.51 This limit of lattice
thermal conductivity is reached for the LSTN + 0.5 wt % G
composition that is about 2 W m−1 K−1 at 890 K, which is
lower than that of pristine LSTN, 2.84 W m−1 K−1 at 890 K. A
further increase in the graphite concentration leads to an
increase in κl, which results maximum κl for the case of 2 wt %
G. For a better understanding of phonon transport in the
LSTN + G composites, κl is evaluated using the Debye−
Callaway model (eq 4).52
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where y = h̵ω/kBT, ω is the phonon frequency, h̵ is the
reduced Plank’s constant, θD is the Debye temperature, vm is
the mean acoustic velocity, and τ is the relaxation time. Overall
relaxation time, τ, is a combination of various scattering
mechanisms such as grain boundary scattering (τGB), point
defect scattering (τPD), Umklapp scattering (τU), and electron
phonon scattering (τEP) as expressed using the Matthiessen’s
rule in eq 5.53 Details of the fitting parameters along with
calculation of θD, τ, and vm are shown in Table S6, Supporting
Information.
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Figure 4. Thermal transport and thermoelectric performance: (a) total thermal conductivity, (b) lattice contribution of thermal conductivity, (c)
ZT with the dotted line depicting the reported value4 of La0.07Sr0.93Ti0.93Nb0.07O3, and (d) quality factor of LSTN + x wt % G.
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It is evident from Table S7 and the inset of (Figure 4b) that
Umklapp scattering is dominating, and it increases with
graphite addition. Graphite−LSTN grain interfaces help it to
produce more phonon modes, which further lead to enhanced
phonon−phonon Umklapp scattering. However, it decreases at
a higher graphite concentration (2 wt %) due to agglomeration
of graphite. Electron phonon scattering is also found to be
increased slightly due to graphite incorporation in LSTN.
ZT is calculated for all the compositions. A maximum ZT of

0.68 has been obtained at 980 K for the LSTN + 1 wt % G
composition, which is five times higher than the maximum ZT
obtained for pristine La0.07Sr0.93Ti0.93Nb0.07O3 (ZT = 0.13).
Both 0.5 wt % G and 1 wt % G composites of LSTN exhibit
higher ZT values than the rest of the compositions. Maximum
ZT reported for La0.07Sr0.93Ti0.93Nb0.07O3 in the literature is
0.42 at 1000 K.4 Therefore, it suggests more headroom for ZT
enhancement. The quality factor (B) is estimated using eq
654,55 for all LSTN compositions. The quality factor increases
with temperature for all compositions. A maximum quality
factor of 0.24 is obtained for LSTN + 1 wt % G at 980 K.
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Device Fabrication. A TEG with four n-type legs (3 mm
× 3 mm × 8 mm of LSTN + 1 wt % G) is fabricated as shown
in Figure 5a for checking its power generation capability. Two
alumina plates with 0.5 mm thickness are used at both sides.
Because we have used only n-type legs instead of the popular
use of a n−p configuration, the device architecture is modified
as shown schematically in Figure S8. Details of the device
fabrication are given in the Supporting Information. In order to
make all the legs electrically connected in series, silver wire
goes from the top of one leg to the bottom of the next leg
owing to the n-type unileg configuration. Silver paste is used to
make all the connection with a silver wire. During the
measurement, the cold end (bottom) temperature has been set
to 300 K and the hot side temperature has been varied from
400 to 973 K. The entire measurement has been conducted at
a low argon pressure. To the best of our knowledge, this is the
first report to determine the power output in polycrystalline
STO-based n-type unileg assembly. We have obtained a
maximum open circuit voltage of 294 mV and a maximum
power output (Ptotal) of 2.5 mW with the temperature
difference (ΔT) maintained at 670 K between the hot and
cold ends (Figure 5b,c). Even though we used only n-type legs,
we have achieved a power output 15 times higher than that of
the n-CaMnO3 and p-Ca3Co4O9 (∼160 μW) system.21

■ CONCLUSIONS
In summary, composites of La0.07Sr0.93Ti0.93Nb0.07O3 with
graphite (G) have been fabricated successfully using SPS.
The presence of conductive graphite inclusions enhances the
weighted mobility of electrons in the LSTN system. It is
hypothesized that incorporation of graphite acts as the electron
momentum booster helping the Anderson localized electrons
in the LSTN system becoming itinerant. As a result, the
electrical conductivity is enhanced by 5.2 times without
sacrificing the Seebeck coefficient and eventually the power
factor is increased by an order of magnitude for LSTN + 1 wt
% G than that of pristine LSTN. At the same time, the
presence of graphite also increases the phonon−phonon
Umklapp scattering at an optimum graphite concentration.
The maximum thermoelectric ZT is recorded to be 0.68 for
LSTN + 1 wt % G at 980 K, which is about ∼423% larger than
that of pristine LSTN. We have obtained about 2.5 mW of
power output, which is much higher than the microwatt level
of power output reported in the literature for oxide
thermoelectrics. Further device level optimization is required
to minimize the different losses in order to increase the power
output of TEG. Because we have used only n-type thermo-
electric legs in the present work, it is believed that the use of
both n- and p-type oxide legs will be able to increase the power
generation of TEG. Nevertheless, we have shown a strategy to
improve the thermoelectric performance by forming an oxide
composite with low−cost, easily available graphite for high-
temperature thermoelectric power generation.
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