Spray Coating Experiments:
Setups and Methodologies

The latest eBook from

Advanced Optical Metrology.
Download for free.

Thin Films [l

Spray Coating Experiments:
Setups and Methodologies

EVIDENT
=« OLYMPUS

fay
.. y 18 ') -‘4' t‘
N ' L
LAY " P i
L' s T -
B O s g -t
¢ T
S N |
Y id Y .
F " _5i" -
N o e R

Spray Coating Experiments: Setups and
Methodologies, is the third in our Thin Films
eBook series. This publication provides an
introduction to spray coating, three article
digests from Wiley Online Library and the
latest news about Evident's Image of the
Year Award 2022.

Wiley in collaboration with Evident, are
committed to bridging the gap between
fundamental research and industrial
applications in the field of optical metrology.
We strive to do this by collecting and
organizing existing information, making it
more accessible and useful for researchers
andpra.ctitipners alike.

:‘.: “!;":" * h'

L 14 v - '. B

S :.'t A ’

w8 WILEY
a0


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A075fb354-6f21-4bad-8183-4fe54eb157ec&url=https%3A%2F%2Fadvancedopticalmetrology.com%2Febooks%2Fspray-coating-experiments-setups-methodologies.html%3Futm_source%3DePDF%26utm_medium%3DePDF%26utm_campaign%3DeBook_13_ePDF&pubDoi=10.1002/smll.202206710&viewOrigin=offlinePdf

RESEARCH ARTICLE

'.) Check for updates

small

www.small-journal.com

Enhanced Thermoelectric Performance of Rare-Earth-
Free n-Type Oxide Perovskite Composite with Graphene

Analogous 2D MXene

Pragya Dixit, Subhra Sourav Jana, and Tanmoy Maiti*

Here, the first experimental demonstration on the effect of incorporating
new generation 2D material, MXene, on the thermoelectric performance of
rare-earth-free oxide perovskite is reported. The charge localization phenom-
enon is predominant in the electron transport of doped SrTiO; perovskites,
which deters from achieving a higher thermoelectric power factor in these
oxides. In this work, it is shown that incorporating Ti;C,T, MXene in a matrix
of SrTiy gsNbg 1503 (STN) facilitates the delocalization of electrons resulting
in better than single-crystal-like electron mobility in polycrystalline compos-
ites. A 1851% increase in electrical conductivity and a 1000% enhancement
in power factor are attained. Besides, anharmonicity caused by MXene in

the STN matrix has led to enhanced Umklapp scattering giving rise to lower
lattice thermal conductivity. Hence, 700% ZT enhancement is achieved in this
composite. Further, a prototype of thermoelectric generator (TEG) using only
n-type STN + MXene is fabricated and a power output of 38 mW is obtained,

constituent parameters. Among the avail-
able classes of thermoelectric materials,
narrow-band gap chalcogenides have
shown high ZT. But these metal chal-
cogenides serve the purpose only in the
low-temperature range. For large-scale
power generation using high-grade heat,
we need a material that is earth-abundant,
nontoxic, and physically, chemically, and
thermally stable near 1000 °C. From that
perspective, oxides are promising candi-
dates for high-temperature thermoelec-
tric power generation. Among the bulk,
n-type oxide thermoelectric materials,
donor-doped SrTiO; (STO) have shown
the best thermoelectric performance with
ZT = 0.6.51 However, ZT > 1 is a prereq-

which is higher than the reported values for oxide TEG.

1. Introduction

Increased demand for energy consumption has led to the
depletion of fossil fuels at the fastest possible rate. On the other
hand, almost 60% of the energy consumed by manufacturing
industries, power plants, and combustion engines gets wasted
as heat.'3] Hence, developing environmentally friendly tech-
nologies that efficiently utilize waste heat to generate electricity
is imperative. A thermoelectric generator (TEG), capable of
converting waste heat into electricity, is one of the most prom-
ising devices to cope with the power generation crisis without
leaving behind any carbon footprint. The efficiency of TEG is
determined by the figure of merit, ZT = S?0T/k, where S is
the Seebeck coefficient, o is the electrical conductivity, T is the
temperature, and k is the thermal conductivity. We need a high
S20 (power factor) and a small k value to get a high ZT, which
is challenging since the inherent conflict persists among the
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uisite for practical applications, which has

been challenging to achieve in doped STO

bulk oxides. The reasons behind their

poor ZT values are their high thermal
conductivity and poor electrical conductivity. It is observed that
doping alone cannot improve the transport properties of STO.
One must decouple the power factor (S?0) and lattice thermal
conductivity (ki) to attain high ZT values. Grain boundary engi-
neeringl®’) and nanocompositing®2?? are some of the viable
routes to enhance both electron transport and induce more
phonon scattering in bulk oxides.

Incorporating graphite,®” graphene oxide,'”! and gra-
phenel2% into the donor (La, Nb)-doped STO matrix have sig-
nificantly improved the ZT of STO-based bulk oxides. The most
profound aspect of ZT enhancement in doped STO systems
reported by various researchers is the single-crystal-likel>!23l
electron mobility attained in these polycrystalline ceramics
when they have formed composites with carbon derivatives.
However, the reasons behind such huge surge in electron
mobility leading to a manifold increase in electrical conduc-
tivity are yet to be fully understood. In STO-based composites
with 2D graphene, enhanced electron transport is attributed
to the reduction of Schottky barrier height in polycrystalline-
doped STO. However, it is debatable whether reducing
the Schottky barrier alone can cause single-crystal-like elec-
tron mobility in doped STO-based composites.?3?4 Formation
of the Schottky barrier is usual phenomena observed in poly-
crystalline materials and the presence of 2D graphene along
the grain boundaries!'! is expected to facilitate the formation
of excess oxygen vacancies enabling the reduction of Schottky
barrier height. But that should not be specific to a particular

[10]

© 2023 Wiley-VCH GmbH

95LB01 7 SUOLLLOD A1 3[cfedt [ddke 8y Aq pauenob 8.8 Sao1ke YO ‘SN J0 S3INJ 10) ARIqITUIIUQ AB]1M UO (SUOTPUOO-PUR-SLLLIBI WD A3 1M ATeIq 1 jBu [UO//ScIY) SUORIPUOD PUe SWLB | 8U} 89S *[£202/c0/20] Uo AkeiqiTauliuo A8]im “induey ABojouyos | O 1isu| Ueipu| A 0T290220Z [IWS/Z00T OT/I0pAw0d" A3 1M Alelq i jeuluoy/sdiy Woly papeojumod ‘0 ‘62895 T9T


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202206710&domain=pdf&date_stamp=2023-02-28

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

material (doped STO). Rahman et al.™¥ first used the concept of
Schottky barrier reduction to enhance the electrical conductivity
of undoped STO by making a composite with reduced gra-
phene oxide (r-GO). They reported enhancement of both car-
rier concentration and mobility in STO+1-GO composites along
with the reduction in the Seebeck coefficient, which is expected
from the Schottky barrier model. Likewise, the incorpora-
tion of graphene in simple transition metal oxide like TiO,!"®!
could enhance the electrical conductivity manifold but at the
expense of a monotonically decrease in the Seebeck coefficient.
However, the researchers achieved the increase in electrical
conductivity of the donor (La or/and Nb)-doped STO with
graphenell"1222] with little change in the Seebeck coefficient.
Moreover, the metal-like behavior (do/dt < 0) is observed in
temperature-dependent Seebeck coefficient measurement of
doped STO + graphene composites, although their electrical
conductivity shows a transition from thermally activated semi-
conductor (do/dt > 0) to metal (do/dt < 0) transition, unlike the
undoped STO-based composites.!" Schottky barrier model fails
to explain these anomalies in charge transport found among
the graphene-based composites of TiO,,®! undoped STO,!!2!
and donor-doped STO.12! Further, researchers have shown a
250 times increase in electrical conductivity of Nb-doped STO,
resulting in an improvement of ZT by 50 times!'¥) when gra-
phene oxide (GO) is incorporated in a doped STO matrix. GO
is relatively insulator in nature compared to highly conductive
graphene and is not expected to create a graphene-like reducing
atmosphere near the STO grains, which rules out the Schottky
barrier model for explaining the enhanced electron transport
observed in the doped STO system. Recently, researchers®°]
have shown that the incorporation of graphite as nanoinclusion
and nanograins in the doped STO matrix helps achieve better
electron mobility than single-crystal of doped STO giving rise
to highest ever ZT of 1.42 recorded in bulk oxide. Unlike 2D
graphene, which modifies the grain boundaries of STO,!21]
graphite tends to form separate grains, which is unlikely to
cause a similar effect like graphene in reducing Schottky barrier
height in polycrystalline ceramics. Interestingly, researchers
still managed to enhance the electrical conductivity by 46 times
without much effect on Seebeck coefficient in graphite-based
composites with Nb-doped STO. In order to understand the
reason behind single-crystal-like electron mobility and elec-
trical conductivity of doped STO-based composites, one should
look into the reason behind oppressed conductivity observed in
doped STO in spite of possessing high electron concentration
(10-10%' cm™), which typically satisfies the Mott’s criterial’!
for semiconductor to metal transition. In complex oxides like
donor-doped STO, where the carrier localization phenomena
persist due to the presence of multivalent cations and omni-
present oxygen vacancies in the system, simple band-model
may not be appropriate to elucidate the charge transport mech-
anism. Variation of local electric field and strain is expected in
these complex oxides, which causes the Anderson localization
of electron in complex perovskites.[?6-3% It is plausible that pres-
ence of carbon derivative in the matrix of doped STO imparts
enough strain and infuses high momentum electrons, which
facilitates the Anderson localized electrons to attain the itin-
erant state above the mobility edge. In order to further bolster
this hypothesis, we have introduced 2D MXene in the matrix
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of Nb-doped SrTiO;. In the recent years, MXene has evolved as
an emerging 2D material due to its different functional proper-
ties.?13% Only couple of literature is available on MXene-doped
bulk thermoelectric composites. >l Lu et al.* have reported
the effect of MXene incorporation in (Bi Sb),Te; matrix dem-
onstrating improved power factor and greatly reduced thermal
conductivity resulted in ZT value of 1.3 at 400 K. Guo et al.[*’]
have reported the effect of cold sintering on the MXene-doped
ZnO and showed an increased power factor value with the
increased fraction of MXene. However, they did not report
thermal transport properties and ZT values of oxide thermo-
electrics. To the best of our knowledge, no other report has
discussed the effect of 2D MXene on the overall thermoelectric
performance of bulk oxides.

In the present work, we have introduced Ti;C,T, (where
T, -O, -OH, -F functional groups) MXene in the matrix of
SrTipg5sNbg 1503 (STN). Ti-based MXene is expected to create
a favorable chemical environment for charge transfer in the
matrix of doped STO. We are incorporating highly conductive
2D Ti;C,T, MXene with a larger lattice constant than graphite
should create sufficient strain and provide high energy elec-
trons in the STN matrix required for exciting the Anderson
localized electrons to the itinerant state. Composites of
SrTigsNbg 1503 with Ti;C,T, MXene were synthesized using a
fast-sintering technique like spark plasma sintering (SPS). We
have observed that MXene incorporation indeed helps lower the
semiconductor-to-metal transition temperature of STN, similar
to what has been reported in rare earth nickelates,*l promoting
delocalization of electrons that help attain a 1851% increase in
electrical conductivity. Further, we have fabricated a prototype
of a four-legged thermoelectric power generator or TEG device
comprising only n-type STN + MXene composites. TEG made
of these novel composites exhibits twice the power output than
that ever reported for the oxide TEGs.>*+~48]

2. Results and Discussion

2.1. Phase and Microstructure Analysis

X-ray diffraction (XRD) data confirm the formation of a single-
phase solid solution of SrTi;gsNby1503 (STN), as shown in
Figure la. The crystal structure of STN is found to be cubic
with pm3m space group using the Rietveld refinement method
by FullProf program, as shown in Figure 1b and Table S1 (Sup-
porting Information). The incorporation of Ti;C,T, MXene in
STN does not change the cubic perovskite structure of STN,
and the lattice parameter, as shown in Table S2 (Supporting
Information), remained unchanged with Ti;C,T, MXene incor-
poration in the STN matrix. Also, we have not observed any
XRD peak corresponding to Ti;AlC, MXene, probably due to its
smaller fraction in the matrix.

However, Ti;AlC, MXene in the STN matrix has been
detected by Raman spectra, as shown in Figure 1c. The appear-
ance of the D-band around 1347 cm™ represents the disorders
present in the MXene. G-band around 1593 cm™ corresponds to
the stretched C—C bonds in MXene and has also been detected
in all the compositions. A broader and low-intensity 2D-band
around 2692 cm™! is also seen in all the compositions, implying
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Figure 1. Phase and microstructure analysis: a) XRD plot for the sintered composition of STN + x wt% MXene (0 < x < 3). b) Rietveld refinement of
STN + 1 wt% MXene composite. ¢) Raman spectra for STN, MXene, and sintered STN + MXene composites. d—f) XPS spectra for Ti 2p, Nb 3d, and

Clsin STN + 1 wt% MXene composite, respectively.

increased disintegration of MXene layers in composites. How-
ever, it is to be noted that the D and G bands of the compos-
ites are red-shifted compared to pure MXene. That shifting
occurs probably because more -O functional groups have been
annexed to the MXene sheets.

Further, to confirm the elemental composition, chemical
state, and functional groups of MXene, X-ray photoelectron
spectroscopy (XPS) has been carried out. The fitted XPS spectra
of Ti 2p, Nb 3d, and C 1s are displayed in Figure 1d-f. The
binding energies, chemical states, and other functional groups
formed in the composites are shown in Table S3 (Supporting
Information). Ti 2p spectra, as shown in Figure 1d, show that Ti
is present in both the Ti** and Ti*3 oxidation states, as reported
in the literature.l®! However, the Ti** has a significant portion
(70%), and the addition of MXene has little effect on the oxi-
dation states of Ti. The majority of Nb is found to possess a
Nb* state (60%), and the rest occupies a Nb* valence state,
as shown by Nb 3d spectra in Figure le. According to the C 1s
spectra in Figure 1f, 61% of the carbon has been found to form
a C—C bond, just like in pure MXene.[*! Besides that, 8.3% and
11.4% of C have been found to form C—O and hydroxyl C=0
bonds, respectively. XPS signal at 279 eV binding energy cor-
responds to Ti—C.

Field-emission scanning electron microscope (FESEM)
image of Ti3C,T, MXene, shown in Figure 2a, depicts the
accordion-like layered structure of as-synthesized Ti;C,T,
MXene. The fractured surface of the STN + MXene composite
sample further confirms the formation of dense microstructure
with layered MXene, as shown in Figure 2b. Elemental color
mapping carried out by energy-dispersive X-ray spectroscopy

Small 2023, 2206710

2206710 (3 of 11)

(EDXS) shows the presence of MXene in the composite sam-
ples, as shown by black patches in Figure S1 (Supporting
Information). These black patches are Ti-rich and devoid of Sr,
which is evident from the EDXS mapping. The uniform distri-
bution of C suggests that MXene is evenly dispersed in the STN
matrix. Further, the distribution of MXene sheets in the STN
matrix has been estimated using an electron back-scattered dif-
fraction (EBSD) study. EBSD images, as shown in Figure 2c
and Figure S2 (Supporting Information), confirm that layered
MXene is forming small pockets in the matrix, which eventu-
ally aid in electronic charge conduction.

Further, the use of nanomilled STN powder and fast sin-
tering techniques like SPS in processing the composites
resulted in a wide range of grain size distribution. The bar chart
in Figure 2d shows that =25% of grains are <300 nm in size,
which increases the number of grain boundary interfaces and
causes phonon—phonon scattering in the polycrystalline struc-
ture.® The presence of several micron-size (<1 um) grains can
also be observed in Figure 2¢,d. These interconnected bigger
grains provide a pathway for effective charge carrier conduction
and help in increasing the electrical conductivity of the system.
However, the presence of nanosize grains aid in reducing the
lattice thermal conductivity of the composite system. Trans-
mission electron microscope (TEM) images of sintered STN
+ MXene composites in Figure 2e and Figure S3 (Supporting
Information) demonstrate that MXene is surrounded by STN
grains, although the size of MXene is found to be at nm to
um level. The selected area electron diffraction (SAED) pattern
shown in the inset of Figure 2e illustrates a hexagonal pattern
of MXene. Figure 2f illustrates the IFFT pattern of sintered

© 2023 Wiley-VCH GmbH

95LB01 7 SUOLLLOD A1 3[cfedt [ddke 8y Aq pauenob 8.8 Sao1ke YO ‘SN J0 S3INJ 10) ARIqITUIIUQ AB]1M UO (SUOTPUOO-PUR-SLLLIBI WD A3 1M ATeIq 1 jBu [UO//ScIY) SUORIPUOD PUe SWLB | 8U} 89S *[£202/c0/20] Uo AkeiqiTauliuo A8]im “induey ABojouyos | O 1isu| Ueipu| A 0T290220Z [IWS/Z00T OT/I0pAw0d" A3 1M Alelq i jeuluoy/sdiy Woly papeojumod ‘0 ‘62895 T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Sl

www.small-journal.com

Wl

\

\ \‘\ \\¥\\

S
£
o
£
—
=3
X z
=
@
o 200 ) 400 600 800
£ Diameter (nm)
S
=

2 3
Diameter ()

Figure 2. FESEM images of a) MXene showing the open layered structure. b) Fractured surface of sintered STN + 3 wt% MXene composite. c) Phase
contrast image of composite with blue color pockets showing MXene and red color region representing STN. d) Grain size distribution obtained from
EBSD microstructure. €) TEM image of STN + 1 wt% MXene. f) Inverse fast Fourier transformation (IFFT) image of STN + 1 wt% MXene composite

illustrating spacing between two lattice fringes, inset showing the SAED ring pattern for polycrystalline sample.

powder sample, and the distance between the lattice fringes is
in good agreement with the d-spacing value determined from
XRD data for the cubic STN perovskite phase. The polycrystal-
line nature of the composite sample can be seen from the ring
pattern observed in SAED, as shown in the inset of Figure 2f.

3. Thermoelectric Properties

3.1. Electrical Transport

Thermoelectric parameters such as Seebeck coefficient (S) and
electrical conductivity (o) have been measured for all the com-
positions of STN + MXene in the temperature range of 300 to
950 K. Seebeck coefficient is found to be increased monotoni-
cally with temperature for all the compositions, demonstrating
degenerate semiconductor like behavior, as shown in Figure 3a.
Negative values of S indicate that electrons are the dominant
charge carriers in these oxide composites. Interestingly, ther-
mopower values are not significantly reduced due to the incor-
poration of conductive 2D MXene in the STN matrix. However,
the changes in the electrical conductivity of these composites
are more prominent than the change in the Seebeck coefficient,
as illustrated in Figure 3b. We have observed 4594% increase
in the room temperature electrical conductivity value of the
STN + 1 wt% MXene. Maximum electrical conductivity (Op,,x) of
2.7 x 10° S m™ at 475 K is attained for 1 wt% MXene incor-
poration in the STN matrix, which is more than 1851% higher
than o,,, obtained for pristine STN, i.e., 1.5 x 10* S m™ at
612 K. Such a remarkable enhancement obtained in the
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electrical conductivity of STN + MXene composites without
much change in Seebeck coefficient helps us to improve power
factor (S?0) by ten times, as shown in Figure 3c. The maximum
power factor of over 3050 uW mK~2 at 570 K has been obtained
for STN + 1 wt% MXene, which is around 1000% larger than
that of the pristine STN sample (300 uW mK=2 at 753 K). The
cyclability of these composites is further evaluated by col-
lecting thermoelectric data in both a heating and cooling cycle,
as shown in Figure S4 (Supporting information). Minimum
hysteresis (less than 0.5%) has been found in the heating and
cooling cycle data which falls within the instrumental limit
implying the viability of these composites for applications at
high temperatures (>900 K).

Further, we have estimated the band gap of all the composi-
tions. UV-visible spectroscopy has revealed the effect of MXene
addition on the bandgap of composites. Using Kubelka—Munk
fitting, it has been found that the band gap of STN + MXene
composite is not impacted by the addition of a small concen-
tration (<1%) of MXene, as shown in Figure S5 (Supporting
Information) and Table S4 (Supporting Information). However,
a higher concentration of MXene (>2 wt%) addition reduces
the band gap of STN slightly. Hence, the band model could
not describe such remarkable increase in electrical conduc-
tivity observed for STN + MXene composites. To understand
the surge in electrical conductivity values and unchanged See-
beck coefficient, we have further estimated the electron con-
centration, mobility, and effective mass of all the compositions.
Carrier concentration (n) and mobility (1) of STN + MXene
composites have been estimated using Hall measurement, as
presented in Table S5 (Supporting Information). The electron
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Figure 3. Electrical properties: a) Seebeck coefficient, b) electrical conductivity, c) power factor (S?0), d) weighted mobility, €) change in maximum
electrical conductivity (Om.,) and semiconductor-to-metal transition temperature (Ts_ ) with the fraction of MXene (wWt%) in the STN matrix. f) In
(oT) versus 1/kgT fitted plot showing small polaron hopping in the STN + x wt% MXene (0 < x < 3) composites. g) Proposed density of states for STN
+ MXene composite. h) Schematically showing MXene facilitating the delocalization of electrons in the STN matrix by imparting strain and providing

high energy electrons.

concentration of all the compositions is found to be in the range
(4.1-5.5) X 102 cm™3 implying little effect on STN due to incor-
poration of small amount of MXene. Intriguingly, maximum
conductivity is obtained for STN + 1 wt% MXene composite,
which does not show any significant change in bandgap and
carrier concentration compared to pure STN suggesting that
electron transport in these composites is dominated by electron
mobility. Moreover, the metal-like temperature-dependent See-
beck coefficient with little effect due to MXene incorporation
observed in these composites suggests that carrier concentra-
tion remained almost unchanged, and the transport is domi-
nated by mobility. Electron mobility of the composites has been
calculated from Hall measurement data as shown in Table S5
(Supporting information). It can be seen that room tempera-
ture electron mobility (u) is increased by order of magnitude
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for composite samples compared to that of pristine STN.
Maximum mobility is obtained for composite with 1 wt%
MXene which demonstrates the maximum conductivity. The
density of states effective mass for all the composites has been
estimated using the Pisarenko relation (Equation (1))

2
8n’Ki . ( s )5
S= T — 1

e’ 3 @

The effective mass of STN, as presented in Figure S6 and
Table S5 (Supporting Information), does not change much
with the addition of MXene and it remains in the range
between 1.2m, and 1.34m, for all the compositions. This cor-
roborates well with our observation of the little_change in

. . . s €
Seebeck coefficient. Since carrier mobility, u=—, where 7

P
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is the relaxation time; it can be concluded from little change
in effective mass that incorporation of MXene in STN matrix
facilitates in smoother charge transport resulting in higher
relaxation time which can hardly be explained by conventional
band-model.

Further, weighted mobility (u,) of electrons, stated by the fol-
lowing Equation (2),"°% is thought to be a superior descriptor
for comprehending the electron-transport phenomena

3
m"\?
Hyw = Ho (_) (2)
me
where m, is the mass of electrons and (4, is the drift velocity.
Equation (2) clearly shows that y, is independent of carrier con-
centration. Equation (3)PY has been used to get the weighted

mobility of the samples using the Seebeck coefficient and elec-
trical conductivity values

3ho
—
87 (2Tkym, )?

S
exp %—2

ILIW=

N 3)
e 'k

3
+ T kgle
o 1S ISl
1+exp|: S(kB/e 1]] 1+eXP|:5(kB/e 1):|

X

It is evident from Figure 3d that the composites exhibit
approximately ten times higher u, than the pristine STN in the
entire temperature range. The mobility of these composites is
found to be increased with temperature initially, demonstrating
thermally activated charge transport, before it shows decreasing
trend corresponding to metal-like electrical transport because
of electron scattering by acoustic phonons. On comparing
of STN + MXene composites with La or Nb-doped STO single-
crystal value,?*%3 in Figure 3d, it is evident that our composites
exhibit better electron mobility than that of single crystal espe-
cially above the semiconductor to metal transition temperature
(Ts.m)- A similar phenomenon of enhanced weighted mobility
has been observed for graphene-incorporated doped STO sam-
ples,”l and Schottky barrier height reduction has been attrib-
uted to the enhanced g, Unlike graphene, which precipitates
along grain boundaries, 2! MXene has been found to form
nm to submicron-sized grains. Besides, our XPS data sug-
gest minimal amount of unsaturated —C— bonds present in
MXene, unlike graphene. Hence, MXene is not expected to
create a similar kind of reducing environment like graphene
in STN ceramics. Therefore, we cannot conclude that the
Schottky barrier height reduction is solely responsible for the
astounding improvement (18.5-fold) in the electrical conduc-
tivity values observed in these composites. In complex oxides
like STN, where multivalent Ti and Nb ions are present in addi-
tion to oxygen vacancies, charge carrier localization phenomena
are expected to suppress the electrical conductivity. Hence,
the simple band model fails to explain the charge transport
mechanism in STN. Interestingly, the carrier concentration of
10%° cm? has been found for STN + MXene composites, which
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exceeds the critical concentration required to satisfy Mott cri-
terial?6:54-50] a5 depicted by Equation (4)

1

agh® = 0.25 (4)

where ag is a Bohr radius and » is a critical carrier concen-
tration. Despite satisfying Mott criteria, it has been observed
that STN + MXene nanocomposites show semiconductor-like
behavior in lower-temperature regions. However, all the com-
positions undergo a semiconductor (do/dt > 0) to metal-like
(do/dt < 0) transition between 400 and 600 K. Anderson localiza-
tion>->% can better explain this behavior as reported in several
perovskite oxides.?62%%¢] Charge carriers are possibly localized
in the mobility edge, as shown in Figure 3g, due to local strain
and variable electric fields arising from point defects present
in the system. Presence of multivalent cations (Nb*>/Nb**, Tit*/
Ti™) and oxygen vacancies formed during the heat treatment of
STN in a reducing environment generates lattice distortion and
a variable local electric field around the point defect centers,
leading to the localization of charge carriers called Anderson’s
transition. Figure 3g depicts that Fermi energy (Ey) is located
near the conduction band in STN, which consists of localized
states, indicated by a gray circle, and is separated from the
conduction band by a mobility edge. The present work hypoth-
esizes that introduction of MXene in STN matrix helps these
trapped electrons to become delocalized. The role of MXene in
delocalizing the electrons can be better comprehended from
the plot of Tg _ y, semiconductor-to-metal transition tempera-
ture and maximum electrical conductivity (Oy,x) as shown in
Figure 3e and Table S6 (Supporting Information). It can be
observed that the maximum conductivity value is achieved,
when Ts _ is lowest suggesting that MXene incorporation
helps in shifting S-M transition of STN enabling it to attain
the metallic state at lower temperatures with increased conduc-
tivity. The shift in S-M transition temperature (Ts.) has been
commonly reported in rare earth nickelates (RNiO;) by various
researchers!*20%1 attributing to the lattice strain mismatch. In
our composites, MXene has much higher “c” lattice parameter
(15.13 A) than that of STN (3.93 A) as shown in Table S6 (Sup-
plementary Information). In analogy with nickel-based perov-
skites, the shift in Ts_ of STN + MXene composites can be
explained by mismatch in the lattice parameter of MXene and
STN matrix. Although we need further theoretical and experi-
mental evidences to fully understand such shift in T _,, it is
plausible that introduction of MXene imparts enough strain in
the STN matrix to aid the localized electrons in attaining the
itinerant state enabling it to become metallic at lower tempera-
ture, very similar to what has been observed for nickelates.
Furthermore, 2D MXene sheets are highly conductive. So, elec-
trons coming out of MXene attain much higher momentum.
When these high-energy electrons are injected into the STN
matrix, some of their energy gets transferred to the Anderson
localized electrons, which move above the mobility edge to
attain the itinerant states as schematically shown in Figure 3h.
As a result, a massive surge in electrical conductivity is found
in STN + MXene composites.

Further, thermally activated charge transport characteristic
in the semiconductor region has been explained by the small
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Figure 4. Thermal properties and quality factor analysis, plot of change in a) thermal conductivity with temperature, b) lattice thermal conductivity
with temperature and the Debye Callaway model fitting for all the composites in the inset. c) Change in ZT with temperature. d) Quality factor of pure

STN and composite samples at different temperatures.

polaron hopping (SPH) conduction mechanism. Equation (5)
demonstrates the fitted graph for conductivity data using an
SPHI6263 model, as shown in Figure 3f

_0o ~Enop
=7 eXp( koT ) ©)

here Fyy, is the activation energy, T is the absolute tempera-
ture, o, is a constant, and kg is the Boltzmann constant. It
is evident that the SPH model controls the thermally acti-
vated conduction process in the semiconductor regime of
STN + MXene composites. Table S8 (Supporting information)
shows that the activation energy required for SPH decreases for
the MXene-reinforced STN composites compared to pristine
STN, which corroborates well with the enhanced electrical con-
ductivity found in these composites.

3.2. Thermal Transport

The thermal conductivity in Figure 4a of all the compositions
has been computed using Equation (6)

K =pCpD (6)
where p is the density, Cp is the specific heat capacity, and D is
the thermal diffusivity. Figure S7a,b (Supporting Information)

shows the change in the Cp and D with temperature for all the
compositions. Thermal conductivity is found to be increased
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due to incorporation of MXene in the STN matrix, which was
somewhat expected as MXene possesses a high thermal con-
ductivity. However, we have not noticed a significant increase
in the thermal conductivities of STN + MXene composites
compared to the huge surge in electrical conductivity obtained
in these composites due to the presence of highly conductive
MZXene. Interesting feature of thermal conductivity graph of
composites is the steep fall observed with increasing tempera-
ture compared to that of pristine STN. Thermal conductivity
is a combination of lattice thermal conductivity (x;) and elec-
tronic thermal conductivity (x:). The electronic contribution of
thermal conductivity is further determined using the Wiede-
mann Franz law in Equation (7)

Ke=LoT (7)

where L stands for the Lorenz number, as shown in Figure S7c
(Supporting Information). k. has been found to be a replica of
the electrical conductivity curve, as depicted in Figure S7d (Sup-
porting Information). However, the overall thermal conductivity
does not follow the curvature of «; implying the dominance of
phonon transport, which is further evaluated by estimating lat-
tice thermal conductivity using Equation (8)

KL =K—K. (8)
Temperature-dependent lattice thermal conductivity (ki vs T)

of all the composites in Figure 4b is higher than pristine STN
near 330 K due to the addition of thermally conductive MXene
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in the oxide matrix before it exhibits a decreasing trend higher
slope with the temperature rise, suggesting the dominance of
phonon-phonon Umbklapp scattering. We further employed the
Debye Callaway model(® stated by Equation (9), to investigate
the heat transport mechanism in these composites

__k (I@_T)”"”r(ﬂ)y“ey s
"o Uk (ey_l)z Y

where y=h @/ksT where @ is the phonon frequency, % is the
reduced Plank constant, 6y is the Debye temperature, v, is the
mean acoustic velocity, and 7 is the relaxation time. Relaxation
time can be represented by Equation (10)

©)

T =T+ b+ T + T (10)

The above expression demonstrates that 7 has a contribu-
tion from grain boundary scattering (73), point defect scattering
(7pp), phonon-phonon Umklapp scattering (7y), and electron—
phonon scattering (zp)

LBy +BTa)Zexp(9—D)+sz (1)
L nT

where L is the average grain size, A, B, and C are fitting param-
eters related to the point defect, Umklapp scattering, and elec-
tron—phonon scattering, respectively. We determined Debye
temperature (6p) with the help of mean acoustic velocity, as
discussed in Table S9 (Supporting Information). According to
Casimir,[®! grain boundary scattering has not been considered
as it is only observed at very low temperatures, and we also
omitted the normal scattering process due to point defects,
as their contribution is minimal. Figure 4b inset demon-
strates a good fit of the Debye Callaway model to our lattice
thermal conductivity data. Table S10 (Supporting Informa-
tion) shows that B parameter, the measure of Umklapp scat-
tering, is enhanced by three to four times for 0.5 and 1 wt%
MXene + STN than that of pristine STN, suggesting enhanced
phonon-phonon scattering in the composites. MXene—STN
interfaces and staked layer structure of MXene itself act as
phonon scattering centers. The highest value of B for 1 wt%
MXene shows that phonon-phonon scattering is maximum
for that composition, and so the lattice thermal conductivity is
found to be lower than the pristine STN sample for T > 400 K.
A further increase in the MXene concentration results in the
formation of agglomerates, reducing the effect of phonon-
phonon scattering and increased lattice thermal conductivity
(x1). Table S10 (Supporting Information) also depicts that fit-
ting parameter C decreases with the addition of MXene in STN
matrix, inferring the reduced effect of the electron—phonon
scattering mechanism on the x; of the system. It is vital to
notice that even though high electrical conductivity values con-
tribute a considerable increase in x, we were still able to check
the overall thermal conductivity by lowering the values of xj at
higher temperatures. Similar to several studies!'>'*%] depicting
multifold reductions in xj in graphene-doped SrTiO;, it is
apparent that MXene could introduce anharmonicity in the
STN matrix enabling the enhanced phonon scattering in the
STN + MXene composites.
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As demonstrated in Figure S7e (Supporting information),
the addition of MXene to the STN matrix results in almost
two orders of magnitude increase in the ratio of electrical to
thermal conductivity (0/x) at both ambient temperature and
921 K. As a result, we have achieved a more than 700% increase
in the ZT value of STN + MXene composites. Figure 4c shows
that the STN + 1 wt% MXene composite exhibits a maximum
ZT of 0.9 at 921 K, which is approximately nine times greater
than that of pure STN. Additionally, we computed the dimen-
sionless thermoelectric quality factor “B” using the following
Equation (12)/%] to quantify the impact of MXene inclusion in
the STN matrix

2 32
B:(k_g) 8me (2meskBT) B o (12)
e 3h ke

The B values at various temperatures and varying MXene
content (0.5, 1, 2 wt%) are shown in Figure 4d. Likewise,
Selenide and Telluride-based thermoelectricl-%% materials,
STN + 1 wt% MZXene, demonstrates a considerable increase in
B value at 921 K compared to pure STN.[%70 The greater u,, and
reduced x; values at a higher temperature are the causes of the
sharp rise in the B value for the STN-MXene composite.

3.3. Efficiency Calculation

The maximum efficiency of a thermoelectric material has been
calculated using Equation (13)"!

_ ({1+ZT) 1
T = [T 2T )+ 1T,

where Z is the figure of merit at average temperature (T,,,) and
7 is the Carnot efficiency. The cold and hot end temperatures
are T, and Ty, respectively. Using the aforementioned formula,
14% efliciency has been obtained for STN + 1 wt% MXene com-
posite. Further, we have conducted finite element modeling
(FEM) to determine their power output and efficiency. Using
COMSOL Multiphysics, a 3D model of 3 mm x 3 mm x 8 mm
TE leg made of STN + 1 wt% MXene composite has been
constructed, keeping the cold and hot ends fixed at 300 and
1000 K, respectively, as shown in Figure S8 (Supporting Infor-
mation). Based on our FEM, the n-type thermoelectric module
made of STN + MXene composite alone can produce a power
output density of 52.6 kW m™ using the input heat flux of
0.55 MW m™2. It infers that STN + MXene composite can con-
vert MW-level high-grade waste-heat produced above 900 K into
kW-level electricity, which makes this material for application in
scavenging the high-temperature waste heat abundantly found
in manufacturing industries.

(13)

3.4. Device Fabrication
Further, to evaluate the potential for generating electricity,

a fourlegged (3 mm x 3 mm x 8 mm) n-type thermo-
electric device or TEG of STN + 1 wt% MXene composite
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Figure 5. a) Prototype of four-legged TEG made of n-type STN + 1 wt% MXene. b) I-V curve and c) the power output of TEG at different temperatures.
d) Comparison of maximum power output obtained in the current work with various n-type oxide thermoelectric devices reported in the literature, such

as TiOp_,, ™ Lag 751063 Tio.53Nbo 0703 + graphite, P! Cag g5Smg osMnO3.1*)

has been fabricated as shown in Figure 5a. Thermo-
electric legs are sandwiched between two Al,O; plates
(1 mm x 20 mm X 20 mm). To make electronic connection
in series, 0.1 mm thick Ag wire is connected with the n-type
thermoelectric legs using high-purity silver paste. Owing to
the n-type single-leg configuration, silver wire spans from
the top of one leg to the bottom of another. During the
measurement, the cold side of the device was kept at 300 K,
and the hot side temperature was varied between 373 and
1023 K. Figure 5b,c depicts the measured current, voltage,
and power output values. We have obtained the maximum
circuit voltage of 296 mV and maximum power output (Pyy)
of 38 mW, at a temperature difference of 713 K between
hot and cold ends. The maximum power output of our
device is further compared with the other published n-type
oxide TEGs, as shown in Figure 5d. It can be seen that we
have enhanced the maximum power output more than twice
the highest-ever power output reported for oxide TEG.M! It
is anticipated that power output can be further increased by
combining p-type oxide thermoelectric and fabricating large
TEG with optimized device parameters. As shown in Figure
S10 (Supporting Information), maximum power of 38 mW,
which we obtained from our only prototype comprising
only n-type TE module, is higher than the maximum power
output of 34.4 mW reported for oxide TEG comprising both
n-p-type thermoelectric legs. It suggests the huge potential
for further improvement of TEG performances using n-type
STN + MXene in conjugation with good p-type thermoelec-
tric material.
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4. Conclusion

In summary, the fabrication of MXene-implanted Nb-doped
SrTiO; (STN) oxide thermoelectric has resulted in an immense
rise in the electrical conductivity values without a signifi-
cant change in the Seebeck coefficient and thermal conduc-
tivity data. Charge transport in these n-type STN + MXene
composites is found to be dominated by electron mobility.
Submicron-sized MXene grains present in the STN matrix
infuse high-energy electrons, which facilitates the delocaliza-
tion process of the Anderson localized electrons in the oxide
perovskites. As a result, better than single-crystal-like elec-
tron mobility is observed in these polycrystalline composites
above semiconductor to metal transition temperature (Ts.),
causing an 18.5-fold increase in the electrical conductivity of
STN + 1 wt% MXene composite. Analyzing the heat transport
mechanism of these composites using the Debye Callaway
model infers that dominant Umklapp scattering caused by
anharmonicity due to the incorporation of MXene in the STN
matrix is responsible for a decrease in lattice thermal con-
ductivity of STN at high temperatures. Maximum ZT =0.9
obtained for STN + MXene composite is 700% enhancement
compared to pristine STN.

Further, we have obtained the highest ever reported power
output of 38 mW in the prototype of TEG fabricated using
only n-type STN + MXene composite. Our FEM implies the
capability of STN + MXene to generate kW-level electricity
from MW-level high-grade waste heat. It is reckoned that the
performance of TEG can be further improved by assembling
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our n-type thermoelectric modules with compatible high-ZT
p-type thermoelectrics along with optimization of various
device parameters. Our result suggests the huge potential for
utilizing oxide perovskite-based TEG in manufacturing indus-
tries, thermal power plants (e.g., turbine, chimney), and auto-
mobile industries for high-temperature (above 900 K) waste
heat recovery.
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Supporting Information is available from the Wiley Online Library or
from the author.
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