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Thermoelectric materials have attracted tremendous attention owing to their ability to directly convert heat

into electricity. Enhancing the thermoelectric efficiency of materials relies on minimizing thermal

conductivity via phonon scattering engineering, where the broad spectrum of phonon frequencies

requires multiscale architectures capable of scattering phonons over diverse wavelengths. In this study,

we developed BiSbTe-based thermoelectric materials featuring multiscale hierarchical microstructures,

achieved via melt-spinning synthesis of nanostructured BiSbTe particles followed by solution-phase

coating with polyoxometalates (POMs). During spark plasma sintering, the POM surface layers

decompose to form ultrathin oxide interfacial layers within the BiSbTe grains. These oxide interfaces, in

combination with nanoscale features, effectively suppress lattice thermal conductivity to 0.38 W m−1 K−1

at room temperature with only 0.1 mol% POM additive, yielding a peak figure of merit (ZT) of 1.56 at 75 °

C. This work demonstrates a scalable strategy for realizing multiscale phonon scattering and enhanced

thermoelectric performance through interface engineering.
Introduction

Thermoelectric (TE) materials, which enable direct conversion
between heat and electricity, hold great promise for energy
harvesting and solid-state cooling applications.1–6 Despite these
advantages, broad deployment of TE systems has still been
constrained by low conversion efficiency, which is governed by
the dimensionless gure of merit, ZT = sS2T/k, where S repre-
sents the Seebeck coefficient, s is the electrical conductivity, T is
the absolute temperature, and k is the total thermal conduc-
tivity. Enhancing ZT requires increasing the power factor (sS2)
while simultaneously lowering thermal conductivity. However,
these transport parameters are typically interdependent,
making concurrent optimization challenging.
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of Chemistry 2026
So far, for enhancing ZT values, a wide range of approaches
have been developed to suppress lattice thermal conductivity by
engineering phonon scattering. Classical strategies include
introducing heavy elements7 and weak interatomic bonds8–10 to
lower phonon velocities, exploiting strong lattice anharmo-
nicity11,12 or complex unit cells5,13 to enhance phonon–phonon
interactions, and utilizing alloying,14,15 nanostructuring,16–19

and defect engineering20,21 to create additional phonon scat-
tering centers. Since phonons span a wide wavelength spec-
trum, a single strategy is oen insufficient to minimize lattice
thermal conductivity.22,23 To effectively suppress lattice thermal
conductivity, phonon scattering mechanisms can be tailored
across multiple wavelength regimes. While high-frequency
phonons are predominantly scattered by atomic-scale disor-
ders such as mass disorder in alloys and point defects, which
mainly arise from mass and strain uctuations, medium-and
low-frequency phonons are generally scattered by microstruc-
tural features. For example, nanostructuring approaches, such
as nanoprecipitates, nanopores, and inclusions, have been
intensively studied for suppressing mid-frequency phonons,
thereby enhancing ZT values. Another strategy to suppress mid-
and low-frequency phonons has been interface engineering
including grain boundary engineering or the introduction of
heterogeneous interfacial layers. To achieve ultralow thermal
conductivity, multiscale structures are therefore required to
J. Mater. Chem. A
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hierarchically scatter phonons across the full wavelength
spectrum.

Polyoxometalates (POMs)—a family of sub-nanometer
molecular clusters composed of transition metals (Mo, W, V)
and oxygen atoms together with central heteroatoms (e.g., P, Si,
Sb)—can offer intriguing candidates as additives for phonon
engineering of TE materials. POMs offer remarkable structural
and electronic tunability, enabling control over redox states,
electron storage, and interfacial properties. Although widely
investigated in catalysis, energy storage, and molecular elec-
tronics, research on POMs for thermoelectrics remains insuffi-
cient. Their distinct attributes, however, suggest a role: they can
form interfacial phases like oxides that introduce signicant
mass contrast, lattice distortions, and structural complexity,
thereby serving as effective phonon scatterers. Also, they can
modulate carrier concentration or introduce carrier-trapping
sites, additional sources for modulating electrical properties
for TE materials. In this work, we report efficient BiSbTe TE
materials with multiscale microstructures to hierarchically
scatter phonons. First, nanostructuring via a melt spinning
process for the synthesis of BiSbTe generates ultrane grains,
Fig. 1 (a) Schematic diagram of the overall process. TEM and EELS image
g) 0.5mol%. EELSmapping was performed for Mowithin the POMmolecu
XRD patterns in the 2q range of 25–30°.

J. Mater. Chem. A
dense defects, and nanocrystalline regions, which efficiently
scatter short- to mid-wavelength phonons. Second, we intro-
duce POM layers on the surface of melt-spun Bi–Sb–Te particles,
which leads to the formation of POM-derived interfacial oxides
during spark plasma sintering (SPS) that are highly effective in
scattering mid- to long-wavelength phonons. These multiscale
structures enable hierarchical phonon scattering across the
entire phonon spectrum, leading to a substantial reduction in
lattice thermal conductivity—down to approximately 0.38 W
m−1 K−1 at room temperature with only 0.1 mol% POM loading.
This signicant suppression of thermal conductivity allows our
Bi–Sb–Te nanocomposites to achieve a maximum ZT value of
1.56 at 75 °C, demonstrating the potential of POMs as phonon-
engineered additives for high-performance TE applications.
Results and discussion

Bi0.5Sb1.5Te3 particles were synthesized by melt spinning,
subsequently coated with a POM layer, and consolidated by SPS
to yield xmol% POM coated BiSbTe particles (x= 0, 0.1, 0.3, 0.5)
(Fig. 1a). The thickness of melt-spun ribbons ranges from 80 to
s for POM contents of (b and c) 0.1 mol%, (d and e) 0.3 mol% and (f and
les. (h) XRD patterns of TE powders with POM contents and (i) enlarged

This journal is © The Royal Society of Chemistry 2026
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120 mm, and the crystal size estimated by scanning electron
microscopy (SEM) analysis was 1–10 mm (Fig. S1). Typically, as-
synthesized BiSbTe powder was dispersed and stirred in the
solution of (NH4)3PO412MoO3$xH2O (POM molecules). The
median size of the melt-spun, stirred powder estimated by laser
diffraction was 7.67 mm (Fig. S2). This indicates that the melt-
spun ribbons were fragmented into smaller particles during
stirring. Upon stirring, the yellow color of the POM in the
solution turned transparent (Fig. S3), suggesting that POM
anions were coated on the surface of BiSbTe particles. The SEM
images (Fig. S4) show elongated particles with sizes ranging
from several to several tens of micrometers. The elongated
morphology can be attributed to the nature of the melt spinning
synthesis process to produce ribbon-like powders. Trans-
mission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS) images (Fig. 1b–g) reveal that P and Mo
elements were exclusively detected only at the surface of BiSbTe
particles as uniform thin lms, indicating the effective coating
of POM on the surfaces. Moreover, with increasing POM
loading, the thickness of the POM layer gradually increased, e.g.
at 0.1 mol%, POM formed an ∼5 nm thick layer, which
increased to ∼13 nm at 0.3 mol% and ∼20 nm at 0.5 mol%
(Fig. 1c, e and g). Powder X-ray diffraction (XRD) patterns for all
particles show only peaks assignable to the rhombohedral Bi-
SbTe phase without second-phase peaks (Fig. 1h). Also, any
peak shi resulting from the reaction between the POM and
BiSbTe was not observed in the XRD patterns (Fig. 1i), sug-
gesting the physical adsorption of the POM on the surface of
BiSbTe.

The POM-coated BiSbTe powder was sintered by SPS at 450 °
C under 45 MPa, producing dense pellets with relative densities
95.3–97.5% of the theoretical density, indicating near-full
densication with minimal residual porosity. The XRD
patterns of the sintered samples show peaks corresponding to
the rhombohedral BiSbTe phase without second-phase peaks,
indicating that the content of the created phase from the POM
Fig. 2 (a) XRD patterns of SPS-ed TE samples with varying POM contents
the fractured in-plane surface showing the microstructures of (c) 0 mo
coated BiSbTe and EDS mapping images of (f) Bi, (g) Te, (h) Mo, and (i) O

This journal is © The Royal Society of Chemistry 2026
was below the detection threshold (Fig. 2a). However, as the
POM content increased, the XRD peaks were shied to lower
angles, suggesting evolution toward a Bi-rich and Sb-decient
phase (Fig. 2b). To quantify this shi, the lattice parameters
were further analyzed. In this work, however, we focused on
quantifying lattice-parameter changes from peak positions
across samples by the Le Bail tting method (Fig. S5 and S6).24

Using the XRD data, Le Bail renement reveals a clear,
concentration-dependent lattice expansion aer sintering. The
lattice parameters remain nearly unchanged at 0–0.1% POM,
whereas both lattice constants of a and c increase noticeably for
$0.3 mol% POM, consistent with the systematic low-angle peak
shi. This change in the lattice constant can be attributed to Sb-
oxide formation.

To further understand the formation of the interfacial phase
from the POM layer, the POM was analyzed by thermogravi-
metric analysis (TGA). POM molecules are known to form
various oxides upon heating through solid-state thermal
decomposition.25 The TGA spectrum shows two weight losses:
one at a low temperature of ∼80 °C and another at a high
temperature of 390–450 °C (Fig. S7), agreeing with a previous
report.26 While the former weight loss is attributable to dehy-
dration from the (NH4)3PO412MoO3$xH2O of the POM mole-
cule, the latter can be the loss of gaseous NH3 from the counter
balance cation of NH4 of POM anions. Moreover, the heat-
treated POM at 450 °C corresponding to the sintering temper-
ature (Fig. S8a) shows denite peaks in the XRD patterns,
indicating the formation of crystalline oxide phases by thermal
decomposition. Also, the characteristic yellow color of POM
molecules was transformed to blue-black upon heating
(Fig. S8b), agreeing with those of the hydrogen molybdenum
phosphate or molybdenum phosphate phases in the previous
report.27 These results suggest the formation of interfacial oxide
layers among BiSbTe grains.

Scanning electron microscopy (SEM) images of the POM-
BiSbTe samples show well-sintered grains (Fig. 2c, d and S9a–
and (b) enlarged XRD patterns in the 2q range of 25–30°. SEM images of
l% and (d) 0.1 mol% POM-coated BiSbTe. (e) EBSD of 0.1 mol% POM-
elements.

J. Mater. Chem. A
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Fig. 3 Microstructures of the 0.1 mol% POM-coated sample. HRTEM
images of (a) nanostructures and (b) Moiré patterns. (c) Bright field (BF)
and (d) high-angle annular dark-field (HAADF) STEM images of grain
boundaries. The yellow arrows indicate oxide precipitates. (e) Enlarged
view of the boxed region in (c). (f) IFFT image of (e).
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d) and no remarkable changes in microstructures were
observed in the samples with the POM layers. Fig. S9e–h exhibit
stacked layered structures characteristic of BiSbTe's van der
Waals crystal structures, with basal planes preferentially
aligned parallel to the pressing direction (c-axis perpendicular
to layers), demonstrating crystallographic texture development
during SPS. To further conrm the crystalline orientation of
SPS-ed samples, the XRD analysis was conducted for the sample
in in-plane and through-plane directions (Fig. S10). As expected,
the XRD patterns displayed stronger c-axis peaks indexed to
(006), (009), (0015), and (0018) crystalline planes in the pattern
obtained in the in-plane direction, while the corresponding
peaks in the through-plane direction exhibit signicantly
reduced intensities.

To conrm the formation of oxide layers, electron back-
scatter diffraction (EBSD) analysis was further carried out.
Fig. 2e presents the image quality (IQ) map together with the
inverse pole gure (IPF) map. The IQ map was employed to
assess the local crystal quality based on the sharpness of the
EBSD patterns,28 while the IPF map was used to visualize the
crystallographic orientation of each grain by representing the
crystal direction parallel to the sample normal with different
colors.29 The EBSD image shows microstructural characteristics
of typical polycrystalline crystals and a wide range of grain sizes
from several hundred nanometers to several tens of microme-
ters. These diverse grain sizes are benecial to scatter phonons
across a wide spectrum of wavelengths. In addition, it exhibited
pronounced color diversity, suggesting large orientation uc-
tuations among adjacent grains. Since each color represents
a distinct crystallographic orientation, such strong color
contrast indicates orientation variations. In the energy disper-
sive spectroscopy (EDS) mapping images (Fig. 2f–i), Mo and O
elements were exclusively detected between BiSbTe grains and
the layer thickness ranged from several tens of nanometers to
several micrometers, conrming the formation of oxide inter-
facial layers.

To further understand the interfacial oxide layers created in
BiSbTe grains, we investigated the microstructures by TEM
analysis. As shown in Fig. 3a and S11, a variety of nano-
structures with sizes ranging from a few to several tens of
nanometers were observed, which originated from the melt-
spinning and SPS processes.30 Additionally, Moiré patterns up
to approximately 65 nm wide were identied at the grain
boundaries (Fig. 3b). The observed Moiré patterns suggest that
the grains exhibit high crystallinity and possess clean grain
boundaries.31 Scanning transmission electron microscopy
(STEM) images (Fig. 3c and d) reveal the presence of precipitates
distributed along the grain boundaries of the BiSbTe matrix,
with sizes ranging from several tens to several hundreds of
nanometers. EDS analysis conrmed two distinct types of
precipitates of Sb-rich oxide phases and Mo-rich oxide phases
(Fig. S12), indicating the formation of interfacial oxide layers
from the reaction between POM and BiSbTe. These secondary
phases introduce mass and strain eld uctuations, acting as
additional phonon scattering centers. Moreover, inside the
grain, a large number of dislocations were observed clearly.
Fig. 3e presents an enlarged image of the grain interior shown
J. Mater. Chem. A
in Fig. 3c, where dense dislocations can be identied in the
inverse fast Fourier transform (IFFT) image (Fig. 3f).

To understand the microstructural changes by the POM
addition, we conducted TEM analysis on the sample without
POM addition. Interestingly, various nanostructures were
clearly observed, while no distinct dislocations were identied
in the sample without POM addition, implying a low dislocation
density. As the POM-added exhibited a signicantly higher
dislocation density, this result implies that the POM addition
plays a critical role in generating dislocation defects.

In general, dislocation nucleation can be promoted by local
stress concentration associated with defects, precipitates,
thermal-expansion mismatch, or chemical heterogeneity
developed during processing.32–34 We interpret the high dislo-
cation density observed in the POM-added sample as arising
from the combination of the layered structural nature of Bi2Te3-
basedmaterials and the additional internal stress introduced by
POM addition. In Bi2Te3-type layered compounds, the weak van
der Waals bonding between quintuple layers reduces the
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Thermal properties of POM-coated BiSbTe. Temperature-
dependent (a) thermal conductivity, (b) measured (solid) and fitted
(dashed) lattice thermal conductivity of POM-coated BiSbTe samples.
(c) Frequency-dependent spectral thermal conductivity of the
0.1 mol% POM-coated BiSbTe. (d) Temperature-dependence of figure
of merit, ZT. (f) Comparison of ZTmax values of our 0.1 mol% POM-
coated BiSbTe with those of recently reported BiSbTe materials.
Detailed data are provided in Table S3.
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resistance to interlayer sliding along the basal plane, which can
make dislocation formation more favorable.35

The multiscale microstructural design—comprising mass
uctuation induced by POM incorporation and melt spinning,
nanostructures ranging from a few to several tens of nanome-
ters, interfacial oxides tens to hundreds of nanometers in size,
and a wide grain size distribution (from several hundred
nanometers to tens of micrometers)—collectively facilitates
efficient phonon scattering over a broad range of wavelengths.
Consequently, the hierarchical structure effectively suppresses
lattice thermal conductivity by targeting phonons with
frequency ranging from low- to high-frequency.

Temperature-dependent electrical and thermal transport
properties of all four samples are displayed in Fig. 4 and 5. All
measurements were performed in the direction parallel to the
pressing axis during SPS. The thermoelectric properties
measured along the perpendicular direction are presented in
Fig. S13. The general dependence of thermoelectric properties
on the POM content is consistent with that observed in the
parallel direction, although the ZT values are slightly lower.
Accordingly, here, we focus on the properties measured in the
parallel direction.

To understand the effect of the POM interlayer on the elec-
trical properties, we performed Hall measurements on four
samples with POM contents of 0, 0.1, 0.3, and 0.5 mol%. With
increasing POM content, hole concentrations gradually
decreased from 2.12 × 1019 cm−3 to 1.78 × 1019 cm−3 (Fig. 4a).
This reduction in hole concentration is in line with the XRD
peak shi indicating an Sb-decient phase as SbTe antisite
defects serve as hole-donating defects in the BiSbTe crystal.36,37

Meanwhile, the hole mobility also decreased from 259 cm2 V−1
Fig. 4 Electrical properties of POM-coated BiSbTe. (a) Hole concentr
Temperature-dependent (c) electrical conductivity and (d) Seebeck coeffi
at room temperature and the solid curve indicates the theoretical Seebec
m* = 0.8 m0. (f) Temperature-dependent power factor with varying PO

This journal is © The Royal Society of Chemistry 2026
s−1 to 226 cm2 V−1 s−1 with increasing POM content (Fig. 4b),
which is attributable to the enhanced carrier scattering at the
interfacial oxide layers. Also, the intrinsically low electrical
properties of the oxide phase can further reduce the hole
concentration and mobility.

Owing to the reduction of both hole mobility and concen-
tration, the electrical conductivity decreases from 751 S cm−1 to
493 S cm−1 with increasing POM content at room temperature
ation and (b) mobility of POM-coated BiSbTe at room temperature.
cient with POM contents. (e) The Pisarenko plot of POM-coated BiSbTe
k coefficient versus the carrier concentration with an effective mass of
M contents.
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(Fig. 4c). As well, the electrical conductivity decreased with
increasing temperature, characteristic of degenerate semi-
conductors. Accompanying the reduction in hole concentration,
the Seebeck coefficient increases with increasing POM content
(Fig. 4d) since the Seebeck coefficient is inversely proportional
to the carrier concentration. At room temperature, the Seebeck
coefficient rises slightly from 223.9 mV K−1 for the 0 mol%
sample to 232.5 mV K−1 for the 0.5 mol% sample. All samples
exhibited a peak value at 125 °C. Meanwhile, at high tempera-
tures, the Seebeck coefficients of the samples with higher POM
content decreased more swily. This result may come from the
enhanced bipolar contribution to the samples with higher POM
content since they have lower hole concentrations. The ther-
mally excited minority carrier of electrons at high temperatures
can more negatively affect the Seebeck coefficient in samples
with lower hole concentrations.

To further clarify the inuence of POM on the Seebeck
coefficient, the effective mass (m*) was estimated to use the
single parabolic band (SPB) model (Fig. 4e), assuming negli-
gible minority-carrier contribution. Although effective mass
shows a slight downward trend with POM addition (Table S1)
the stronger decrease in hole carrier concentration (p) domi-
nates the p−2/3 term, yielding a net increase in Seebeck coeffi-
cient over relevant temperature windows. In other words, the
decline rate in effective mass is slower than that in hole carrier
concentration, leading overall to an enhanced Seebeck coeffi-
cient. Although the Seebeck coefficient slightly increases with
increasing POM content, the power factor decreases from 37.7
mW cm−1 K−2 to 26.7 mW cm−1 K−2 at room temperature due to
the reduction in electrical conductivity (Fig. 4f).

The thermal conductivity exhibited a remarkable reduction
in the POM-added samples. At room temperature, the pristine
sample has a thermal conductivity of 0.86 W m−1 K−1, while all
samples with the POM exhibited values ranging from 0.71 to
0.74 W m−1 K−1 (Fig. 5a), suggesting phonon scattering at the
oxide interfaces and induced dislocations. Further, the lattice
thermal conductivity was calculated by subtracting the elec-
tronic thermal conductivity from the total thermal conductivity
using the Wiedemann–Franz relation. Lattice heat transport
accounts for more than 50% of total thermal conductivity in
certain parts of the measured range (Fig. 5b), underscoring the
importance of phonon scattering. The lattice thermal conduc-
tivity of pristine BiSbTe was 0.49 W m−1 K−1 at room temper-
ature. This value is signicantly lower than the reported values
of polycrystalline BiSbTe38–40 and similar to those of melt-spun
and SPS BiSbTe.41,42 Like the total thermal conductivity, all
samples with the POM exhibited lower lattice thermal conduc-
tivity. The sample with 0.1 mol% of POM achieved a minimum
value of 0.38Wm−1 K−1, close to the Einstein limit of 0.3 Wm−1

K−1.43 The signicant reduction in thermal conductivity is
attributed to phonon scattering across multiple length scales at
the interfacial oxides and dislocations indued from the POM
and nanostructures generated from the melt-spun BiSbTe. The
multiscale phonon scattering leverages a combination of
structural features at different length scales to maximize
phonon scattering throughout the entire spectrum of heat-
carrying vibrations.
J. Mater. Chem. A
The quantitative evidence supporting multiscale phonon
scattering is provided through temperature-dependent lattice
thermal conductivity tting and frequency-dependent spectral
thermal conductivity analysis (Table S2). As shown in Fig. 5b,
the lattice thermal conductivity of the POM 0.1 mol% sample
was reproduced using a Debye–Callaway model incorporating
multiple phonon scattering processes, including Umklapp,
point defect, grain boundary, dislocation, and nanoprecipitate
scattering terms. The model shows excellent agreement with
experimental data near room temperature, while lattice thermal
conductivity at temperatures above 300 K was estimated via
extrapolation based on the lattice thermal conductivity value at
298 K and its temperature dependence. The discrepancy
between measured and calculated values at high temperatures
is attributed to the contribution of bipolar conduction.

Furthermore, the frequency-dependent spectral thermal
conductivity analysis in Fig. 5c semi-quantitatively resolves the
contribution of each scattering mechanism across phonon
frequencies. Grain boundary and point defect scattering effec-
tively suppress phonons in both low- and high-frequency
regimes, dislocation scattering dominates in the mid-
frequency range, and nanoprecipitate scattering is most effec-
tive in the mid-to-high frequency regime. Thus, the combina-
tion of model-based tting and spectral phonon analysis
provides robust semi-quantitative evidence for multiscale
phonon scattering spanning multiple phonon wavelength
regimes in this composite system.

Interestingly, as the POM content increased, the lattice
thermal conductivity at room temperature increased. This
increasing tendency with increasing interfacial layer content
agrees with a previous report44 in which oxide interfacial layers
were introduced into BiSbTe grains by the atomic layer depo-
sition method. When the oxide second phase is thick enough to
contribute to total thermal transport rather than the phonon
scattering sites, the relatively higher thermal conductivity of
oxides should contribute to lattice thermal conductivity of the
composite samples and eventually enhance the total thermal
conductivity. In the current study, the oxide phase created from
the thermal decomposition of the POM is expected to be Hx-
MoPyOz. Although, to the best of our knowledge, the thermal
conductivity of these phases has not been reported in the
literature, the reported values of the molybdenum oxides or
phosphorus oxide phases range from a few to several hun-
dred W m−1 K−1.45 Thus, we may speculate that the increased
lattice thermal conductivity with increasing POM content is
attributed to the contribution of the interfacial oxide layers.

The signicant reduction of thermal conductivity enhanced
the ZT values (Fig. 5d). The sample without POM addition
exhibited a peak ZT of 1.46 at 75 °C, which lies within the range
reported for high-performance BiSbTe synthesized from melt-
spun powders.30,46,47 The sample with POM 0.1 mol% achieved
the highest ZT of 1.37 at room temperature and 1.56 at 75 °C,
representing a 5.4–17% enhancement over pristine BST in the
entire temperature range. This maximum value is comparable
to or higher than those reported recently for BiSbTe (Table S3).
The samples with higher POM content exhibited lower ZT
values than the pristine sample due to the relatively lower power
This journal is © The Royal Society of Chemistry 2026
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factors and higher thermal conductivities, pointing out the
importance of the optimum content of oxide layers. As a trade-
off exists between lattice thermal conductivity reduction and
charge transport degradation with increasing oxide content,
optimizing the oxide content to maximize the overall ZT is
crucial. These results demonstrate the effectiveness of the POM
additive for phonon scattering and the enhancement of TE
properties.

To further conrm the thermal stability of the POM-added
samples, we repeated the thermoelectric property measure-
ments three times under a He atmosphere up to 250 °C
(Fig. S14). The results showed excellent reproducibility with
relative errors of 0.2–6%. This reproducibility suggests that no
noticeable degradation occurs during repeated thermal cycling
under the tested conditions.

Conclusion

In summary, we have developed hierarchical phonon-
engineered BiSbTe materials by integrating POM-induced
interfacial oxide layers with melt-spun nanostructuring.
Through melt spinning and subsequent POM coating followed
by spark plasma sintering, multiscale structural features were
introduced, including nanostructures and oxide interfacial
layers, as well as wide range of grain sizes. As a result, the lattice
thermal conductivity was markedly reduced to 0.38 W m−1 K−1

at room temperature for the 0.1 mol% POM sample, repre-
senting an∼20% decrease relative to pristine BiSbTe. Thus, this
sample achieved a maximum ZT value of 1.56 at 75 °C. Distinct
from conventional melt-spun BiSbTe studies, our approach
employs a scalable, solution-based oxide coating strategy that
allows precise and independent control of interfacial structures
without relying on melt-spinning parameter optimization.
Moreover, this work demonstrates the role of POMs as multi-
functional molecular additives that simultaneously enhance
phonon scattering and interfacial controllability, while offering
a compositionally versatile platform for designing high-ZT
thermoelectric materials through molecular-level interface
engineering.
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