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Discovery of new materials plays a critical role in developing advanced high-temperature thermoelectric
(TE) applications. Transition metal oxides (TMOs) are one of the attractive candidates for high-
temperature TE applications due to their thermal and chemical stability. However, the trade-off
relationship between thermopower (S) and electrical conductivity (o) limits the maximum attainable
power factor (PF), thereby hindering improvements in TE conversion efficiency. To overcome this trade-
off relationship, the emerging approach of the redox-driven metal exsolution in TMOs shows promise in
improving both S and ¢. However, the effect of metal exsolution with different particle sizes and
densities on S and ¢ is still largely unexplored. This study demonstrates an unusually large enhancement
in PF through the exsolution of Ni nanoparticles in epitaxial Lag7Cag 2Nip25Tip 7503 (LCNTO) thin films.
Metal exsolution leads to a decrease in the carrier concentration while increasing the carrier mobility
due to energy filtering effects. In addition, the exsolved metal particles introduce high-mobility electron
carriers into the low-mobility LCNTO matrix. Consequently, the exsolution of metal particles results in a
significant enhancement in S along with a substantial increase in ¢, compared to the pristine film.
Overall, the TE power factor of LCNTO is dramatically enhanced by up to 8 orders of magnitude owing

Received 16th August 2024, to the presence of exsolved metal particles. This enhancement is attributed to the selective filtering of

Accepted 18th October 2024 carriers caused by energy band bending at the metal-oxide interfaces and the high-mobility carriers
DOI: 10.1039/d4ma00829d from the exsolved Ni particles with a high Ni° fraction. This study unequivocally demonstrates the
impact of metal exsolution on oxide TE properties and provides a novel route to tailor the

rsc.li/materials-advances interconnected physical and chemical properties of oxides, leading to enhanced TE power output.

they are compromised by their cost, toxicity, natural abun-
dance, and high-temperature stability.

Introduction

Due to the increasing demands for alternative green energy
technologies, thermoelectric (TE) energy harvesting, which
involves the direct conversion of waste or solar thermal energy
into electrical energy, has attracted significant attention.”” In
TE applications, materials play a critical role, as the TE con-
version efficiency is determined by the interplay of TE proper-
ties and electronic correlations of the materials. While
conventional TE materials, such as chalcogenides, exhibit good
TE properties for low to intermediate temperature applications,
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Transition metal oxides (TMOs) are promising alternatives
due to their excellent high-temperature stability, eco-
friendliness, and cost-effectiveness.*> Furthermore, TMOs pos-
sess unique redox flexibility, allowing for precise manipulation
of their defect chemistry through atmospheric interactions,
thereby facilitating the tuning of their electrical properties.
Since the discovery of large thermopower (S) combined with
high electrical conductivity (¢) in strongly correlated TMOs,
such as NaCo,0,° and Ca;Co0,0,,” efforts have focused on
controlling the interplay between S and ¢ to achieve high-
performance TE TMOs.

One of the most widely used approaches to improve the TE
properties of TMOs is substituting other cations for the A- or
B-site of TMOs to alter their carrier concentration.®® This
carrier doping method led to increased PFs (PF = S.¢) in La-
doped SrTiO; (STO)'®'' and rare-earth doped CaMnQ,.'*"?
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However, the trade-off relationship between S and ¢ limits the
enhancement of PF."* § and ¢ of a material are both influenced
by its carrier concentration but are often interrelated according
to the carrier diffusion model.”® This model suggests that
as carrier concentration increases, ¢ also increases while
S decreases, resulting in a limit to the maximum achievable
PF at a certain carrier concentration.

To overcome such a limit, several studies have proposed
nanostructuring approaches, such as the formation of epitaxial
thin films'®"” and superlattices,"®"® in order to achieve the
quantum confinement effect.’®>" Theoretically, quantum-well
structures can enable the enhancement of PF by decreasing the
thickness of quantum-well structures when the thickness is less
than a few nanometers.**>* Using this quantum confinement
effect, the formation of an STO (barrier)/SrTiy gNb, .05 (well)/
STO (barrier) superlattice resulted in an increase in S while
maintaining ¢ in the two-dimensional electron gas layers.'®
Epitaxial strain induced by the lattice mismatch between the
film and the substrate also enables the manipulation of elec-
tronic structures, such as band gaps and density of states,
which eventually influences both § and ¢.>*® The PF of
epitaxial SrTi; ,Nb,O; thin films was successfully controlled
by using different substrates that introduced different strain
levels into the film."® However, using the quantum confine-
ment effect did not yield significantly enhanced PFs, primarily
due to the negligible alteration of the electronic density of
states as changes in strain are often subtle.® Furthermore, the
requirement of an ultrathin film (thickness on the order of a
few nanometers) to induce the lattice strain is not practical.

The formation of heterointerfaces by embedding metallic
particles in a TE material is another approach to modulating
both S and ¢. In the case of semiconductors containing metal
nanoinclusions, energy-dependent scattering of electrons
occurs due to band bending at metal/semiconductor interfaces,
which results in an energy filtering effect, thereby leading to an
increase of S.*° For example, incorporating Ag nanoparticles
into the polycrystalline CdO matrix enhanced the PF of CdO
resulting from the enhanced energy-dependent electron scat-
tering at the heterointerface.’® However, embedding metallic
particles to form heterointerfaces poses a significant challenge
due to the inherent difficulty in maintaining the stability and
security of metal nanoparticles in an oxide matrix.** An emer-
ging approach to overcoming these limitations is to utilize the
unique redox flexibility and defect chemistry of oxides to form
heterointerfaces by exsolving metal particles in TMOs.**™**
Exsolution is a controlled phase separation method used to
uniformly grow nanoparticles on a support material.>>*® Under
reducing conditions at elevated temperatures, targeted metals
are exsolved as nanoparticles from an oxide lattice to an oxide
surface. Previous studies reported that the substituted metal
cations on the B-site of stoichiometric ABO; perovskites can be
exsolved on the surface or within the film as metal particles
under reducing conditions.>’° In particular, the exsolved
metal particles were socketed into the oxide surface, enhancing
cohesion between the metal nanoparticles and the supporting
material.*’
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While the exsolution in the field of oxide thermoelectrics
is still in the early stages of development, recent studies
showed the potential of exsolution for enhancing the PFs
of STO-based oxide bulk materials. The PF of porous
Sto.05[(Tio.sNbo.2)0.05Nig.05]0s Was significantly enhanced up to
100 times by the formation of exsolved Ni nanoparticles*' and
the exsolution of Mo particles also enabled the enhancement in
the PF (up to 1.2 times) of ST 90La0.10Tio.oM0, 103.%> However,
despite the enhancement of PFs by metal exsolution in both
cases, there is a discrepancy in the primary factor responsible
for the enhanced PFs resulting from metal exsolution. One
hypothesis suggests that enhanced PF results from an increase
in ¢ without an increase in S, whereas another explanation
attributes the PF enhancement to an increase in S without an
increase in ¢. Thus, it is crucial to understand the impact of
exsolution on the PFs of TMOs to facilitate the development of
high-performance TE TMOs.

In this study, we investigated the effect of heterointerfaces
formed by the exsolution of metal particles on the PF of
epitaxial Lay,Cag, Nig,5Tig 7503 s (LCNTO) thin films. Con-
sidering that the oxidation state of Ni is lower than that of the
host Ti, the negative charge of the Ni*" is expected to be
compensated by the formation of oxygen vacancies, thereby
resulting in the exsolution of Ni metal particles after reduction
in LCNTO.”*™ A-site deficient perovskites are more prone
to exsolve Ni dopants in the B sites than stoichio-
metric perovskites.** In addition, to avoid the substrate shunt
current from dominating the transport in thin film samples,
it is necessary to use insulating substrates.**>° Thus,
(LaAlO3)o.5(Sr,TaAlOg)o 7 (LSAT) substrates are used to grow
A-site deficient LCNTO thin films. After reducing the compres-
sively strained LCNTO films (—1.47%) with an A-site deficiency
under various conditions, we achieved the largest Ni° fraction
as compared to the total Ni in the LCNTO film. The exsolution
of Ni metals increases both S and ¢, leading to the improved PF
of LCNTO comparable to other TMOs used in conventional TE
modules. Moreover, we identified the relationship between
metal exsolution and TE properties in LCNTO. Our work
illustrates that forming heterointerfaces by exsolving metal
particles is a simple yet powerful approach to overcoming the
trade-off relationship between the TE properties and synergis-
tically enhancing S and ¢ of TMOs, resulting in a significant
enhancement of PF.

Experimental methods
Sample preparation

Given that titanate-based perovskite oxides exhibit high struc-
ture tolerance to doping and redox environments at elevated
temperatures,”>> LCNTO pulsed laser deposition (PLD) target
pellets were synthesized to exsolve nickel (Ni) metal particles.
The use of a La-rich (La, Ca) perovskite lattice was aimed to
promote a greater degree of exsolution, as reported by previous
studies.®® Furthermore, an A-site deficient perovskite structure
was employed to enhance exsolution by providing a driving

© 2024 The Author(s). Published by the Royal Society of Chemistry
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force for the expulsion of B-site cations.**>* The XRD patterns
of the PLD target matched the standard structure of LaTiO;
(PDF#841089). Epitaxial LCNTO thin films with a film thickness
of 250 nm were grown using an LCNTO target with a 10% A-site
deficiency by pulsed laser deposition (PLD) on single crystal
(001) LSAT substrates. The LSAT substrate was affixed to the
PLD substrate holder using a small amount of silver paint
(Leitsilber 200, Ted Pella, USA) for thermal contact. PLD was
performed using a KrF excimer laser at 4 = 248 nm, 5 Hz pulse
rate, and 1 J cm > pulse energy under an oxygen partial
pressure of 100 mTorr at 700 °C. After completing the deposi-
tion, the samples were cooled down to room temperature for
about 1 hour under a p(0,) of 100 torr. To form exsolved metal
particles, pristine LCNTO thin films were reduced in a furnace
by flowing dry H, at 900 °C for varying durations (3 h, 4.5 h, 6 h,
and 12 h). To explore the influence of reduction temperature on
the exsolution process, films were reduced at temperatures
ranging from 800 °C to 1000 °C for 3 hours. As shown in
Fig. S1 (ESIt), the color of the film changed from light gray to
dark gray as the reduction temperature increased. To deter-
mine if the exsolved particles are present only on the surface or
within the film, the LCNTO thin film reduced at 900 °C for
3 hours was etched using HNO; for 10 seconds.

Characterization of physical and chemical properties

Phase purity and crystallography of the films were examined
using high-resolution X-ray diffraction (HRXRD) with a four-
circle diffractometer in both in-plane and out-of-plane config-
urations. Film thickness was characterized by X-ray reflectivity
(XRR) measurements. To assess the strain state of the films,
XRD reciprocal space mapping (RSM) was performed around
the substrates’ 103 Bragg reflections. The LCNTO films were
coherently grown on the substrates, indicating that the in-plane
lattice constant is maintained coherently with the substrate up
to a thickness of 250 nm. Microstructural information of the
thin films was obtained using a field-emission scanning elec-
tron microscope (FE-SEM) and energy-dispersive X-ray (EDX)
microanalysis. Atomic force microscopy (AFM) was also per-
formed to examine the surface morphology. The chemical
composition of the sample surfaces was measured by AXIS
Ultra Delay-Line Detector (DLD) X-ray photoelectron spectro-
scopy (XPS, Kratos Analytical). XPS measurements were per-
formed at a pressure of ~1 x 10° torr. High-resolution core
level spectra were acquired in the constant analyzer energy
mode with a pass energy of 40 eV and a step size of 0.05 eV. The
curve fitting procedure was carried out using the Casa XPS
software,> and the peak approximation was carried out by a
combination of Gaussian-Lorentzian functions, with subtrac-
tion of Shirley-type background. Binding energies of all peaks
were corrected with reference to the C 1s peak at 284.5 eV
(hydrocarbon from contamination) and are given with an
accuracy of £+ 0.2 eV.

Evaluation of thermoelectric properties

S was measured in the temperature range of 20-400 °C
using the differential method® S = AV/AT, where AV is the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermoelectromotive force induced by the temperature gradi-
ent (AT). To measure AV as a function of AT in a high-
temperature setup,’® two independent T-type thermocouples
with exposed ends were placed at different positions on the
sample surfaces and mechanically pressed for stable contacts.
A temperature gradient was applied using a heating element.
These thermocouples simultaneously monitored individual
temperatures at each contact point, and the voltage difference
between their contacting points, enabling measurement of
S. Details of the measurement and extraction of S can be found
in the ESIT (Fig. S2 and S3 respectively). ¢ was measured by a
d.c. four-probe method with the van der Pauw electrode
configuration in the temperature range of 20-400 °C. To con-
firm the repeatability, all properties were initially measured in
air from 20 °C to 400 °C and then remeasured from 400 °C to
20 °C. Since measuring Hall voltages for all the films was
challenging due to high measurement temperatures and low
mobility, the weighted mobility ()’ was calculated. p, is well-
known for providing nearly identical information about charge
carrier mobility as the hall mobility, making it a powerful
method for investigating charge carrier transport mechanisms
in oxides.>®*™®° After obtaining u,, the weighted carrier proper-
ties, which include carrier concentration (ny),°" and relaxation
time (t)°* were calculated. Details about the weighted mobility
and carrier property calculations can be found in the ESL{

Results and discussion

Influence of metal exsolution on structural changes in strained
films

XRD 6-20 data of the pristine and reduced LCNTO films
collected at room temperature clearly revealed only 00! (I is
an integer) peaks from LCNTO peaks, which indicates the
epitaxial growth of the LCNTO film on (001) LSAT and the
preservation of epitaxy after reduction (Fig. 1(a)). Interestingly,
the c lattice constant of the LCNTO film decreased slightly after
reduction with a noticeable decrease observed after 12 hours of
reduction (Fig. 1(b)). Clear Kiessig fringes also assured a good
structural quality of the thin films. Fig. 1(c) shows XRD reci-
procal space maps (RSM) around the substrates’ 103 Bragg
reflections. In addition to the decrease in the c lattice constant
after reduction, the coherent growth of the LCNTO film on
LSAT remained unaltered. This observation indicates that the
in-plane lattice constants of all the samples are coherently
maintained on the LSAT substrates (compressive strain & =
—1.47%). Under reducing conditions, oxygen atoms in the
crystal lattice are removed, forming oxygen vacancies that lead
to an increase in the expansion of unit cell volumes in per-
ovskite oxides.>>**®® However, our results demonstrate a con-
traction in the unit cell volume of the reduced LCNTO film. In
the exsolution process, oxygen vacancies play a crucial role in
supplying the sites for metal ions to nucleate and grow into
larger particles. As the metal ions move to fill the oxygen
vacancies, the oxygen vacancies are consumed, resulting in a
decrease in the number of available oxygen vacancies.®* As

Mater. Adv., 2024, 5, 9007-9017 | 9009
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Fig. 1 (a) XRD 6-20 patterns of the LCNTO thin films before and after reduction at 900 °C with varying reduction times (substrate peaks are indicated

with *). (b) XRD 6-26 patterns around the 002 peaks (the 002 Bragg reflections from the LCNTO thin film and the substrates are denoted as arrows and
asterisks, respectively). (c) XRD RSMs are shown around the asymmetric 103 reflection of the films and substrates.

metal exsolution occurs, there is a Schottky defect formation
resulting in B-site cation vacancies, which contract the lattice.**
Considering the exsolution of metal particles, our results
suggest that the oxygen vacancies created during the reduction
process were consumed in the exsolution of metal particles. A
similar contraction in the c¢ lattice constant was observed
previously in Lag,SrogTipoNip103_5 powder after reduction,
which resulted in Ni exsolution.®® This lattice contraction was
also observed in LagSrg7Nigp1Tip 0035 thin films grown on
STO substrates, demonstrating that the reduction of Ni and
subsequent exsolution of Ni metal particles removed oxygen
vacancies.**

Tunable exsolution in the strained LCNTO films

To explore the formation of exsolved metal particles, FE-SEM
analysis (Fig. 2(a-e)) was conducted on both pristine and
reduced films. As shown in Fig. 2(a), the pristine LCNTO
exhibited a smooth surface whereas exsolved metal particles
were observed over the surface of the reduced LCNTO films
under all reduction conditions (Fig. 2(b-e)). It is noted that the
size of particles on the reduced films decreased with increasing
reduction time, whereas the particle density increased (Fig. 2f).
After the 3-hour reduction (Fig. 2b), the average particle size
was found to be ~80 nm. As the reduction time increased, the

9010 | Mater. Adv,, 2024, 5, 9007-9017

particle size decreased to ~40 nm (Fig. 2c), followed by the
onset of agglomeration (Fig. 2d). In the film reduced for
12 hours, particles of various shapes and sizes were observed,
indicating a more heterogeneous distribution (Fig. 2e). This
finding is consistent with AFM measurements (Fig. S4, ESIT),
which showed a significantly larger root-mean-square (RMS)
roughness value for the reduced film for 12 hours compared to
the pristine sample. The exsolution process in TMOs involves a
series of reaction steps, including the continuous reduction
and migration of oxygen ions and metal cations, followed by
nucleation and growth.”> Exsolving transition metal cations
initially diffuse from the bulk to the surface and subsequently
reduce to their metallic state (e.g., M"" to M°). The reduced
metals then nucleate and grow over the treatment time, result-
ing in the formation of nanosized metal particles.>*® Conse-
quently, the growth of metal particles is governed by the
diffusion of transition metal ions to the nanoparticle and their
subsequent reduction to the metallic state. Based on a recent
study, the exsolution kinetics are controlled by the reduction
process that is limited by the rate of surface oxygen exchange
reactions rather than that of bulk oxygen diffusion in the case
of oxide thin films.®” Considering the exsolution kinetics in
oxide thin films, we hypothesized that the observed trend in
particle size under varying reduction conditions can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the surface of LCNTO thin films: (a) before exsolution and (b) after exsolution at 900 °C for 3.0 h, (c) 4.5 h, (d) 6.0 h, and (e) 12.0 h.
(f) The relationship between particle size and density of the exsolved samples, obtained by processing the SEM images using ImageJ software. The scale

bar indicates 1 um.

attributed to the slow kinetics of surface oxygen exchange
reactions. It is known that oxygen vacancies at the surface
lower the surface energy compared to flat surfaces, resulting
in preferential sites for nucleation,’® where further metal
cluster growth and reduction take place.’® For example, the 3-
hour reduction yields relatively fewer metal cations (M"") that
are reduced to their metallic state. With fewer reduced cations
available, fewer nucleation sites form, leading to larger parti-
cles due to the coalescence of growing nuclei, resulting in low-
density larger particles. In the 4.5-hour reduction process, more
metal cations are gradually reduced, but the reduction process
limits the overall number of reduced cations available for
nucleation and growth. A prolonged period can lead to more
nucleation, but the growth of particles is limited by the reduced
cation availability, resulting in smaller particles with a higher
density. With longer reduction times, the metal supply
becomes exhausted with a large number of nucleation sites,
which in turn results in the preferential migration of the
particles for growth. In the case of the 12-hour reduction, a
significantly increased particle density with various particle
shapes, such as the nanorod-type, and nanoparticle cluster-
types was observed on the surface. Considering that thin films
are more susceptible to decomposition compared to their bulk
counterpart, this phenomenon stems from the combination of
particle agglomeration and decomposition of the film under
harsh post-annealing conditions. The effect became more
pronounced with increasing reduction temperature (Fig. S5a,
ESIt), where a distinct Ni metal XRD peak was observed
(Fig. S5b, ESIf). A similar observation was also previously
reported for LagsCeo1Nig4Tig05,°° which showed Ni metal
XRD peaks after reduction at 1000 °C for 10 hours. Additionally,
the film post-annealed in air at 1200 °C for 12 hours exhibited
cracks and agglomerated residue (Fig. S6, ESIT). This suggests
that under harsh post-annealing conditions, the deteriorated

© 2024 The Author(s). Published by the Royal Society of Chemistry

film interacts with the exsolved metal particles, leading to the
formation of agglomerated particles. Several references also
reported the formation of oxide nanowires under harsh
reduction conditions.**¢%7°

As discussed earlier, Ni is theoretically exsolved due to its
lower oxidation state compared to the host Ti. EDX mapping
performed on the sample after the 3-hour reduction (Fig. S7,
ESIt) confirmed that the exsolved particles are Ni metal. To
analyze the phase of the particles of the reduced samples more
accurately, elemental analysis was conducted using XPS on
samples both before and after reduction (Fig. 3). For quantita-
tive analysis, each spectrum was deconvoluted using Lorent-
zian-Gaussian curves after background subtraction. Before the
exsolution process, the Ni 3p spectra could be assigned to the
Ni** 3psj, (Ep ~ 68.0 eV) or the Ni** 3p,, peak (E, ~ 69.1 eV),
indicating that the Ni ions were in the LCNTO lattice.”" As the
exsolution proceeded, the intensities of the deconvoluted Ni°
3psp (Bb = 66.3 eV) and Ni® 3py, (B, ~ 67.2 eV) peaks
increased at the expense of the Ni*" 3p,,, and Ni** 3p,, peaks,
which directly shows the emergence of metallic Ni nano-
particles from the reduction of Ni**.***>7! The fraction of the
metallic Ni° 3p peak decreased from 90.77% to 35.5% as the
exsolution time increased, indicating that the 3-hour reduction
produced the largest Ni metal particles in LCNTO. Despite the
reducing treatments and Ni migration, the Ti oxidation states
did not show a substantial change. These XPS results clearly
demonstrate the exsolution of Ni metal particles. Furthermore,
these data support our previous assumption based on analysis
of the XRD lattice-volume changes.

Effect of metal exsolution on the TE properties of the strained
LCNTO films

As mentioned earlier, the LCNTO films were grown on LSAT
substrates to avoid any effects of the substrate on the

Mater. Adv., 2024, 5, 9007-9017 | 9011
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Fig. 3 Deconvoluted XPS spectra for Ni 3p and Ti 3s of LCNTO thin films: (a) before exsolution and (b) after exsolution at 900 °C for 3.0 h, (c) 4.5 h,
(d) 6.0 h, and (e) 12.0 h. (f) Variation in the Ni° fraction of LCNTO films as a function of reduction time.

measurements. As shown in Fig. S8 (ESIt), the TE properties of
the LSAT substrate after reduction at 900 °C for 3 hours were
comparable to those of the bare LSAT substrate, indicating that
the LSAT substrate did not influence the measurements of
the film’s TE properties. Fig. 4(a) shows the temperature-
dependence of S of the pristine and reduced LCNTO films at
various reduction times measured along the in-plane direction.
A negative sign of S was observed in this study, indicating that
electrons are the majority carriers in LCNTO. The pristine
LCNTO film exhibited very low S values (~—21 uv K™ '), which
remained nearly constant across different temperatures. How-
ever, after reduction at 900 °C, the S values of the LCNTO film
increased significantly by up to 8 times at elevated tempera-
tures. No clear trend was observed between the reduction time
and S. In addition, the change in S was not substantial as a

function of reduction time. Fig. 4(b) presents the temperature-
dependent ¢ of the LCNTO thin films before and after
reduction measured along the in-plane direction. Interestingly,
¢ was significantly influenced by the reduction time. Notably,
the largest enhancement of ¢ was achieved with the 3-hour
reduction, which yielded the largest Ni° fraction as shown in
Fig. 3. According to the aforementioned carrier diffusion
model,'® an increase in carrier concentration results in a higher
¢ but a lower S. Consequently, this trade-off between S and ¢
typically leads to local maxima of the PF at a certain carrier
concentration. However, our results demonstrate a different
trend: a synergistic enhancement in both S and o.

Fig. 5 shows the temperature dependence of carrier trans-
port properties for the LCNTO films before and after reduction.
In the pristine film, the temperature dependence of n,, exhibits

a) 0 . . . . b) 10
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Fig. 4 Temperature dependencies of (a) S and (b) ¢ of the LCNTO thin films before and after reduction at 900 °C with varying reduction times measured

from 20 to 400 °C.
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typical semiconductor behavior,”” characterized by an increase
in n, with increasing temperature (Fig. 5a). This behavior
aligns well with the results obtained from ¢ measurements
(Fig. 4b). In contrast, the reduction process led to a significant
decrease in ny with minimal variation observed regardless of
the reduction time. This change in n,, does not correlate with
the observed trend in o after reduction. Instead, these results
suggest that the presence of exsolved Ni particles enhanced S by
reducing n,. Interestingly, the temperature dependence of p,
showed a strong dependence on the reduction time (Fig. 5b).
Following the reduction, a substantial increase in pu, was
observed. Specifically, x,, increased markedly after 3 hours of
reduction but subsequently decreased with further extension of
the reduction time. This trend is consistent with the behavior of
o, suggesting that the increased p,, contributes to the enhance-
ment of ¢ after reduction.

Proposed origin for the enhanced TE properties of the strained
LCNTO films

Heterointerfaces formed by metal exsolution enable the manip-
ulation of the band alignment between the metal and the
semiconductor, creating suitable charge carrier traps or
barriers.”® As a result, low-energy charge carriers are filtered
out by a potential barrier existing between the semiconductor
and the metal in a nanocomposite material."*’*”> Considering
that the work function of Ni (5.22 eV)”® is higher than that of
the n-type semiconductor, LaTiO; (2.99 eV),”” a Schottky barrier
is likely to form at the interface between the LCNTO matrix and
the exsolved Ni particles.”® Consequently, electrons with energy
below AE = 2.23 eV are filtered out, flowing from the LCNTO to
Ni. This selective transport of higher-energy charge carriers is
responsible for the significant reduction of n,, by metal exsolu-
tion shown in Fig. 5a. To confirm that the enhanced S is
attributed to the energy filtering effect, a single-band parabolic
(SPB) model is used to predict the trend of S as a function of
ny.> The Pisarenko plot at room temperature is shown in Fig. S9
(ESIt). We note that S for the reduced samples is higher than S
predicted by the Pisarenko line. Zou et al.”® reported that the S
of nanocomposites must lie on the Pisarenko line if there is no
energy filtering effect. Hence, this strengthens the notion of an
enhanced energy filtering effect.*® Conclusively, the reduced

© 2024 The Author(s). Published by the Royal Society of Chemistry

carrier density enhances S, which depends on the average
excess energy of the charge carriers relative to the Fermi energy
level (E-E¢).*' A previous study® also demonstrated the
enhancement of S by varying the potential height. However,
due to the Pisarenko trade-off relationship,®” the reduction of
ny typically results in a decrease in ¢, which differs from the
trend observed in ¢ after metal exsolution in Fig. 4b.

It is known that as the density of charge carriers increases,
the frequency of collisions and interactions among them also
rises. Consequently, a higher n,, leads to a lower u,, which in
turn shortens ,,.% As shown in Fig. $10 (ESI}), the reduced
LCNTO films exhibited a longer t7,, compared to the pristine
LCNTO film. This finding is in good agreement with the
observed trend in pu, indicating that the enhanced mobility
in the reduced films compensates for the reduction in n,
thereby increasing . Furthermore, the energy filtering mecha-
nism often does not act alone,®® but coexists with other
mechanisms such as high-mobility electron injection. High-
mobility electron injection involves high-mobility carriers from
metal particles being injected into the low-mobility oxide
matrix, thereby enhancing the overall carrier mobility.*>®*® In
this study, metal exsolution led to the formation of Ni metal
particles in the LCNTO films. Considering the electron mobility
of Ni metal (171.8 cm®> V™' s7')¥” and NiO (0.01 cm®* V™' 571,38
LCNTO with a more Ni metal is expected to have a higher
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Fig. 6 Temperature dependencies of the PF of the LCNTO thin films
before and after reduction at 900 °C with varying reduction times.
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Fig. 7 (a) SEM image of the LCNTO sample reduced at 900 °C 3.0 h after etching in nitric acid (scale bar: 1 um). (b) XRD 0-20 patterns of the pristine,

reduced, and etched LCNTO thin films (substrate peaks are indicated with *). Temperature dependencies of (c) S and (d) ¢ of the pristine, reduced, and

etched LCNTO thin films measured from 20 to 400 °C.

mobility compared to that with a more NiO. As shown in Fig. 3f,
the Ni° fraction decreased with increasing the reduction time.
This finding is in good agreement with the trends of u,, and ¢
as a function of the reduction time.

Ultimately, stemming from the unusual simultaneous
increase in S and ¢, the PF of LCNTO was dramatically
enhanced by up to 8 orders of magnitude after reduction
(Fig. 6). As discussed, metal exsolution induced both the energy
filtering effect and the high-mobility electron injection effect,
enabling the simultaneous increase in S and ¢. A similar trend
was reported in a previous study on half-Heusler Ti(Co,Fe)Sb-
InSb nanocomposites,®” where the PF was enhanced by increas-
ing S and ¢ via a synergistic combination of high-mobility
electron injection and energy filtering effect. Despite several
attempts to enhance the PFs of TMOs via energy filtering
induced by metal exsolution,*"** no successful results demon-
strated the simultaneous increase of both S and ¢. To achieve
the energy filtering effect, the characteristic size of the nanos-
tructures should be comparable to the electron mean free
path.®*®® Hence, the nanostructure size is required to be
around 20-80 nm.’® Therefore, these conditions must be care-
fully considered to successfully realize the energy filtering
effect.

As shown in Fig. 2 and 3, the formation of Ni metal particles
on the film surface after reduction was confirmed. Although
various densities of the Ni metal particles were observed
depending on the reduction time, a key question remains: are
the exsolved Ni particles on the surface sufficient to account for

9014 | Mater. Adv,, 2024, 5, 9007-9017

the substantial enhancement in PF? While there is ongoing
debate about whether metal particles exist solely on the surface
or also within the bulk,®°* several studies reported that
exsolved particles can also be found within the bulk of the
films.?”*%%% To investigate whether particles are present
within the bulk, the LCNTO film reduced at 900 °C for 3 hours
was etched in nitric acid for 10 seconds, which is sufficient to
remove the nickel particles without compromising the film
quality.?” After etching and cleaning the sample with distilled
water, the surface of the sample was examined using SEM.
Fig. 7a shows pits on the surface, indicating most of the
exsolved particles were removed. Etching did not affect the
crystallinity of the sample, as confirmed by the XRD data
(Fig. 7b). Notably, both S and ¢ of the etched film were
intermediate between those of the pristine and reduced sam-
ples (Fig. 7c and d). This observation confirms that the exsolved
Ni metal particles within the bulk of the film also contribute to
the enhancement of S and o¢. In addition, this result is
supported by the cross-sectional SEM image of the reduced
LCNTO film, where Ni particles were observed within the bulk
of the film (Fig. S11, ESIt).

Conclusions

In summary, we successfully demonstrated the effect of
exsolution on the TE properties of LCNTO thin films with a
10% A-site deficiency. By systematically changing the reduction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions, we controlled the density and size of the exsolved
Ni nanoparticles. The exsolved Ni metal particles with a higher
Ni° fraction resulted in a dramatic enhancement in both S and
o, leading to an increase in PF by up to 8 orders of magnitude
compared to the pristine film. This unusual simultaneous
increase in S and ¢ was attributed to the combined effects of
energy filtering, due to band bending at the interface between
the exsolved Ni particles and the LCNTO, and high-mobility
electron injection from the high fraction of exsolved Ni metal
particles. The combined effects of energy filtering and high-
mobility electron injection resulted in changes of n, and p,.
Consequently, a significant decrease in ¢ was prevented while
S was enhanced. This study highlights the potential of metal
exsolution as a nanostructuring approach for tailoring the TE
properties of TMOs, facilitating the development of high-
performance oxide TE materials. Moreover, our findings pave
the way for creating multifunctional materials that combine
excellent thermoelectric properties with catalytic and electro-
catalytic activities.
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