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The integration of porous metal-organic frameworks (MOFs) with thermoelectric materials offers an
effective route toward the phonon-glass electron crystal paradigm. However, their application in high-
temperature power generation remains severely limited by the intrinsic thermal instability of MOFs
arising from weak coordination bonding. Here, we report a thermally robust heterostructure that is
stable from 300 to 873 K, achieved by embedding sub-nanoporous Zn-[2-methylimidazolate]
(ZIF-8) into Sn-rich SnTe nanomaterials synthesized by a base-amine-mediated
solvothermal method. We reveal that the remarkably low solubility of Zn in SnTe inhibits Zn diffusion,
thereby stabilizing the Zn nodes and preserving the Zn-N coordination network at elevated
temperatures. The SnTe/ZIF-8 nanocomposite introduces an interface-induced energy filtering effect for
electrical optimization. Simultaneously, the porosity-induced thermal radiation, the hierarchical defects,

frameworks

and the interfacial Kapitza resistance enable strong phonon scattering across a broad frequency
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Accepted 14th June 2026 spectrum. As a result, a maximum zT value of 1.3 at 873 K is achieved, among the highest values

reported for heterostructure-enhanced SnTe thermoelectric materials without lattice doping. This work

DOI: 10.1039/d6sc04137] provides essential design principles for thermally stable MOF-based heterostructures and extends their
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1 Introduction

Thermoelectrics (TEs) can directly convert waste heat into
electricity without hazardous emissions, offering a promising
solution for relieving the energy crisis and environmental
pollution.’ The thermoelectric conversion efficiency is deter-
mined by a dimensionless figure of merit zT = (S*/pT)/kcor,
where S, p, ko, and T represent the Seebeck coefficient, elec-
trical resistivity, total thermal conductivity, and absolute
temperature, respectively. To achieve higher zT values, it is
essential to strike a careful balance between improving the
power factor (PF = S%/p) and minimizing ke (Kot = Ke + Ky
contributed by electrons, k., and phonons, «i). This trade-off
regarding phonon-glass electron-crystals* is fundamentally
governed by the interconnected nature of charge carrier and
heat transport mechanisms, which has spurred considerable
efforts for developing efficient strategies for decoupling
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applicability to high-temperature (>773 K) thermoelectric power generation.

electronic and phononic transport pathways, including carrier
concentration tuning,”> band structure engineering,>® and
nanostructuring.”® To date, these means are routinely based on
the modification of the matrix lattice by extrinsic doping and/or
thermodynamic regulation of crystal growth.”® Recently, struc-
tural defects, such as grain boundaries,'*™* precipitates,>** and
nanocomposite coatings,"***> have been increasingly found to
play an indispensable role in controlling the transport of heat
and charge.

Introducing pores into the microstructure is another useful
strategy to strongly scatter phonons.'*"” Additionally, porosity
might not inevitably block carrier transport if these pores are on
the nanoscale and the matrix forms a conductive cross-linked
network.*®'* Metal-organic frameworks (MOFs) are represen-
tative porous materials, which are composed of a network of
metal ions linked to organic ligands by coordination bonds.*
They generally possess ultrahigh porosity and surface areas as
well as long-range translational symmetry.'>*"*> The pores are
periodically distributed and exhibit diameters typically ranging
from 0.5 (ultramicropores) to 3 nm (mesopores). However, little
is known about the enhanced thermoelectric properties of
MOFs mainly because it is a great challenge to ensure the
favorable stability of MOFs in the high-temperature regime, in
particular, the breakthrough of the ca. 773 K barrier.>® Obtain-
ing stable thermoelectrics at high temperatures is essential for
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durable applications.* To the best of our knowledge, thermal
decomposition of MOFs is, in most cases, a result of node-
linker bond breakage.” The initial instability is either inor-
ganic-node-centred or ligand-centred.”® Even the combination
of low node stability and high ligand stability also leads to
unstable coordination environments. Among MOFs, ZIF-8
(zinc(u)2-methylimidazolate) stands out with good thermal
stability due to its robust Zn-N coordination bonds (with ionic-
covalent bond nature?) established between the Zn>* ions and
the anionic 2-methylimidazole ligands.?”*® Also, the 2-methyl-
imidazole entity possesses good thermal stability because of the
presence of strong H-bonding interactions between methyl ‘H’
atoms and ring ‘N’ atoms present in it. Theoretically, as long as
the Zn node does not dissolve in the thermoelectric matrix, the
resulting stable Zn-N coordination can ensure that ZIF-8 avoids
the remarkable collapse of its framework upon thermo-
mechanical processing. These should become the design
criteria for thermally stable thermoelectric/MOF
heterostructures.

Fortunately, a large number of studies have found that Zn has
extremely solubility in SnTe regardless of high
temperature.”*> Moreover, SnTe, as a top Pb-free alternative to
PbTe, possesses many thermoelectric-favorable properties such
as large valley degeneracy and strong lattice anharmonicity,
attributed to its metavalent bonding nature.**** The valence
electrons in metavalent bonding are in a competitive state
between localization and delocalization,*® which enables the
SnTe system to be characteristic of incipient metals with high
electrical conductivity. Yet, the room-temperature «;, of SnTe (~3
W m " K" is still much higher than its amorphous minimum,*
requiring the introduction of defects for further scattering of
heat-carrying phonons. Some density functional theory (DFT)
studies have demonstrated that more than 50% of the «;, of SnTe
is contributed by phonons with a mean free path (MFP) below 10
nm, implying that the construction of sub-nano and/or nano
defect structures can ensure sufficient k;, reduction.**?” These
findings raise a critical question for MOF chemistry in incipient
metal SnTe: can a porous ZIF-8 heterogeneous layer be stably
constructed at SnTe grain boundaries to further reinforce its
phonon-glass electron-crystal characteristics?

Here, we present a pioneering study on MOF-enhanced high-
temperature (up to 873 K) thermoelectrics. Along the total
chemical synthesis route, we first develop a cost-effective sol-
vothermal synthesis method for the production of SnTe nano-
crystals (NCs). By utilizing a dimethylformamide-sodium
hydroxide-sodium borohydride solution system, elemental Sn is
successfully reduced and well-maintained in NCs, enabling the
optimization of matrix carrier concentration (~1.25 x 10*°) via
the Sn self-compensation mechanism. By combining multiscale
spectroscopic, microscopic, thermodynamic, and mechanical
characterization studies, we discover that sub-nano porous ZIF-8
can be stabilized from 300 to 873 K via creation of a hetero-
structure in SnTe thermoelectric nanomaterials. This unique
architecture of SnTe/xwt%ZIF-8 (x = 0, 1, 2, 3, 4, and 5) nano-
composites containing a cross-linked matrix network and multi-
level interfacial defects allows for thermal radiation, multiscale
phonon scatterings and interfacial Kapitza resistance along with
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well-maintained carrier weighted mobility, and engenders an
extremely low k; of ~0.18 Wm ™' K" at 873 K that is even lower
than the value predicted by a diffusion-mediated transport
model.*® In addition, dual incorporation of trace organic species
on the SnTe NC surface and large bandgap ZIF-8 induces a dual-
barrier-driven energy filtering effect, and thus maximizes S and
the power factor. Profiting from these two positive aspects, a peak
zT value of ~1.3 at 873 K and a single-leg power density Py of
~130 mW cm 2 at AT = 463 K are achieved for SnTe/3wt%ZIF-8,
comparable to the state-of-the-art z7values for heavily doped
SnTe.*®*** This finding advances the mechanistic under-
standing of heterostructure engineering in thermoelectrics,
highlighting interfacial chemistry not merely as a secondary
tuning parameter, but as a fundamental design lever for simul-
taneously modulating electronic and phononic transport.

2 Results and discussion

2.1 Large-scale construction of self-compensated SnTe and
porous ZIF-8 NCs

To fulfill the demands for practical thermoelectric applications,
we enable the large-scale synthesis of SnTe/xwt%ZIF-8 (x =0, 1,
2, 3, 4, and 5) nanocomposites using a two-step method, as
schematically illustrated in Fig. 1a. Specifically, we first develop
a cost-effective, repeatable, and surfactant-free solvothermal
approach of preparing SnTe nanocrystals (NCs) on a gram-scale
(the yields of the products are >3 g per autoclave). The scanning
electron microscopy (SEM) micrograph of the as-prepared SnTe
showed a regular cubic morphology with an edge length of ca.
450 nm (Fig. 1b and S1a). Powder X-ray diffraction (PXRD)
patterns (Fig. 1f and S2, Discussion 1 in the SI) of the produced
SnTe NCs revealed a matrix phase of the rock-salt structure
(space group Fm3m; PDF# 46-1210). Besides, conspicuous
secondary-phase Bragg reflections indexed to tetragonal
metallic Sn (PDF# 89-2958) can be observed. Employing X-ray
photoelectron spectroscopy (XPS) measurements, we further
characterized the chemical state of these SnTe NCs, as shown in
Fig. 1h and S3. The Sn 3d spectrum clearly shows two prom-
inent peaks at 494.8 eV and 486.4 eV associated with a Sn**
oxidation state® (corresponding to Sn 3dz, and Sn 3dsp,
respectively) within a chalcogenide chemical environment. The
weak shoulders at 493.1 eV and 484.7 eV are attributed to
elemental Sn°, indicating a Sn self-compensated SnTe lattice.
The Te 3d spectrum reveals the presence of two different
oxidation states (Te*~ and Te"") for tellurium atoms. The spin
doublets (3ds, and 3ds), present at 571.9 and 582.3 eV,
respectively, are in good agreement with the reported values for
Te?.* The elemental Sn° can suppress the Sn vacancies in SnTe
NCs and, in turn, manipulate their thermoelectric properties
(discussed later). The porous ZIF-8 NCs were prepared accord-
ing to the established synthetic protocol.** As shown in Fig. 1d
and S1b, the synthesized ZIF-8 possesses a truncated rhombic
dodecahedral shape with a ~380 nm size. The energy-dispersive
X-ray spectroscopy (EDS) elemental mapping images indicate
the uniform distribution of Zn, C, N, and O in the ZIF-8 particles
(Fig. 1e). The XRD pattern of the obtained ZIF-8 matches well
with the simulated peaks located at 7.28°, 10.32°, and 12.67°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Schematic overview of the synthesis process of SnTe/ZIF-8 nanocomposites. (b) SEM image showing the morphology of solvothermal-
synthesized Sn-rich SnTe nanocrystals. (c) Design schematic diagram illustrating the carrier—phonon decoupling effect in SnTe/ZIF-8 hetero-
composites. (d) SEM and (e) EDS results of ZIF-8 nanocrystals, (d) SEM and (e) EDS results of ZIF-8 nanocrystals, showcasing 12 {110} facets. A unit
cell of ZIF-8 is shown in the inset of (d). (f) XRD patterns of ZIF-8, as-SPSed ZIF-8, and as-SPSed SnTe/xwt%ZIF-8 (x =0, 1, 2, 3, 4, and 5). Sharp
and strong XRD peaks indicate good crystallinity of the products. Bits of carbon species in the as-SPSed ZIF-8 pattern may come from the
imidazole/azirine-containing residue resulting from fragmentation of the methylimidazole linkers.** (g) Expanded XRD patterns showing the
visible ZIF-8 phase with increasing x. (h) High-resolution Sn 3d and Te 3d XPS spectra of solvothermal SnTe nanocrystals. The main peaks at
higher binding energies in the Te 3d region correspond to Te**. According to the known tellurium chemistry,*® the observed Te(i) and Te(v)
surface oxides obey the following evolution mechanisms: Te?~ 25 Te® 2 Te**. There is measurable Te** accumulation at the surface when the
rate v» < v;. These findings are different from those observed in the familiar liquid-phase synthesis of metal telluride crystals containing Te®
byproducts,*-43 where the telluride ion (Te>~) cannot remain stable because of the absence of tin ions and is oxidized to tellurium (Te°).

(26), corresponding to the (110), (200), and (211) diffractions,
respectively (Fig. 1f). These results confirm the successful
synthesis of ZIF-8.

2.2 Existence of thermally stable SnTe/ZIF-8
heterostructures

The SnTe/xwt%ZIF-8 (x = 0, 1, 2, 3, 4, and 5) nanocomposites
were produced by ultrasonic stirring, followed by fast

© 2026 The Author(s). Published by the Royal Society of Chemistry

densification via spark plasma sintering (SPS). In addition to
the noticeable SnTe matrix phase, we observed the secondary-
phase peaks characteristic of ZIF-8 in the sintered nano-
composites (see Fig. 1g and S4). The intensity of these diffrac-
tion peaks increases gradually with increasing x content,
showing the ZIF-8 phase with relatively high crystallinity in the
SnTe/xwt%ZIF-8 (x = 0, 1, 2, 3, 4, and 5) system. No C peak is
visible in any of the as-SPSed SnTe/ZIF-8 nanocomposites,
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Fig. 2

SPSed SnTe/5wt%ZIF-8 and corresponding EDS mapping of Sn, Te, Zn,

(@) SEM image of the fractured surface of as-SPSed SnTe/5wt%ZIF-8. (b) Back-scattered electron image of the polished surface of as-

C, N, and O elements. (c) Zn K-edge XANES spectra of Zn foil, ZIF-8, and

as-SPSed ZIF-8. (d) Comparison of Zn K-edge EXAFS wavelet transform results of Zn foil, ZIF-8, and as-SPSed ZIF-8. (e) TG curves of the ZIF-8,

pure SnTe, and as-SPSed SnTe/xwt%ZIF-8 (x = 1, 3, and 5) samples

measured under a flow of N,. (f) 77 K nitrogen adsorption—desorption

isotherms and (g) pore size distribution plots of as-SPSed samples SnTe, ZIF-8, SnTe/3wt%ZIF-8, and SnTe/50wt%ZIF-8. (h) SAXS scattering
spectra of as-SPSed SnTe/3wt%ZIF-8 and the corresponding scattering pattern.

which preliminarily demonstrates that the ZIF-8 phase can be
stabilized more effectively in SnTe. We found that the peak
positions of the SnTe phase did not shift upon increasing the
ZIF-8 content from 0 to 5 wt%, indicating an absence of
appreciable changes in the lattice parameters upon ZIF-8
addition. Moreover, no diffusive chemical fluctuation concern-
ing the Zn element is observed at the SnTe/ZIF-8 heterointerface
(Fig. S5). Therefore, the contribution of elemental doping to the
SnTe matrix could be neglected. We also prepared a SnTe/
50wWt%ZIF-8 sample for investigating the large-scale survival of
ZIF-8 in the SnTe matrix and the ZIF-8-composition-dependent
evolution of the microstructure. As shown in Fig. S6, all the
characteristic peaks of ZIF-8 are present in the Fourier trans-
form infrared (FTIR) spectra of as-SPSed SnTe/50wt%ZIF-8
samples. These observations are in line with our design of SnTe/
ZIF-8 hetero-composites (Fig. 1c). Cross-sectional SEM image of

Chem. Sci.

the pure SnTe sample presents coarse grains with an average
size of around 4 pm (Fig. S7a), a typical feature of the effect of
Ostwald ripening on grain size during the sintering process.*
Both the SEM fractography image (Fig. 2a and S8a) and back-
scattered electron (BSE) image (Fig. 2b and S8b) of SnTe/xwt%
ZIF-8 (x = 3 and 5) samples reveal the existence of heteroge-
neous regions with different sizes, which are dispersedly
distributed in the SnTe matrix. The corresponding EDS
mapping results consistently display that the above regions are
composed of ZIF-8, confirming that the dense dots around the
matrix grain boundaries are fine ZIF-8 grains rather than other
defects. The magnified cleavage surfaces provide a clear view of
ultra-fine grain microstructures (<1 um) in bulk SnTe/xwt%ZIF-
8 (x = 3 and 5) (Fig. S7b and c), which is attributed to the Zener
pinning effect>*** induced via ZIF-8 micro/nanodomains.
Specifically, ZIF-8 could inhibit the migration of SnTe grain

© 2026 The Author(s). Published by the Royal Society of Chemistry
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boundaries (GBs) by decreasing the interfacial Gibbs free
energy, resulting in suppression of the grain coarsening
phenomenon under  high temperature operating
conditions.”*%*

To examine the influence of high-temperature spark plasma
sintering on the electronic and coordination structures of the
ZIF-8 decoration layer, the X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)
were used to analyze the representative pure and as-SPSed
samples of ZIF-8, respectively. As shown in Fig. 2c, the absorp-
tion energy near the K edge of Zn>" in the as-SPSed ZIF-8 was
consistent with that of pure ZIF-8, indicating that as-SPSed ZIF-
8 exhibited a strong interaction between Zn and N in 2-m-
ethylimidazole. Fourier-transform EXAFS spectra afforded
short-range local structural information around Zn (Fig. S9). A
prominent peak centered at 1.3 A (uncorrected for phase shift)
is due to nitrogen backscattering.*® This result is consistent with
the Zn-N coordination in a typical ZIF-8 structure, and the
absence of a Zn-O peak (2.9 A) in the ZIF-8 sample indicates
that the framework structure of ZIF-8 is effectively maintained
throughout the SPS process. Wavelet transform (WT) analysis
(Fig. 2d) also corroborated these observations, highlighting that
the maximum intensity near 8.5 A~ for both ZIF-8 and as-SPSed
ZIF-8 can be assigned to the Zn-N coordination. All the above
experimental data (including XRD results in Fig. 1f) imply that
the short- and long-range order of as-SPSed ZIF-8 is similar to
that of well-crystallized ZIF-8.>

To further check the thermal instability temperature of the
SnTe/ZIF-8 heterostructure, we then turned to the thermogra-
vimetric (TG) technique to provide a quantitative thermolysis
analysis on SnTe, ZIF-8, and the as-SPSed SnTe/xwt%ZIF-8 (x =
1, 3, and 5) composites (Fig. 2e). ZIF-8 thermolysis proceeds
through a discernible two-stage dissociation, one at a lower T
(773-893 K), and the other at a higher T (above 893 K), which are
responsible for 7% (corresponding to one equivalent of methyl
groups, which is why we limited the sintering range to the upper
limit of 773 K) and complete decomposition of the ZIF-8 crystal,
respectively. These values are coherent with results previously
reported within the experimental uncertainty.’>** No rapid
weight loss was observed in both solvothermal and melting
pure SnTe before the start of decomposition at around 1013 K
(i.e., the melting point of SnTe). In contrast, the as-SPSed SnTe/
XWt%ZIF-8 (x = 1, 3, and 5) composite has a much more rapid
mass loss (approximately 0.7%, 2.1%, and 3%, respectively) in
the range of 893-1013 K, implying that the framework of the
ZIF-8-layer starts to break apart at the Zn-N coordination bonds
and the C-C bridging bonds between the imidazolate ligand
and the methyl group. Compared to SnTe/3wt%ZIF-8 before SPS
with a sharp weight loss starting from 773 K, the TG plot of
SPSed SnTe/3wt%ZIF-8 remains largely unchanged until 893 K
(Fig. S10). Thus, the minor mass loss observed above 893 K is
attributed to the decomposition of ligand methyl groups, rather
than the collapse of the ZIF-8 framework structure. Clearly, the
ZIF-8 phase can be stabilized without the loss of overall
framework connectivity from room temperature to 873 K
through the creation of a heterostructure in bulk SnTe
thermoelectrics.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The type-I N, adsorption-desorption isotherms indicate the
typical microporosity of as-SPSed ZIF-8, as-SPSed SnTe/3wt%
ZIF-8, and as-SPSed SnTe/50wt%ZIF-8, except for as-SPSed SnTe
(Fig. 2f). The Brunauer-Emmett-Teller (BET) specific surface
area of the as-SPSed ZIF-8 is 665.81 m” g~", lower than the re-
ported values for pristine ZIF-8 (1255-1600 m? g~ ').>* We attri-
bute this reduction to the grain boundary stitching in ZIF-8,
yielding some degree of locally disordered pore cavities after
spark plasma sintering. Notably, SnTe/50wt%ZIF-8, SnTe/3wt%
ZIF-8, and ZIF-8-free SnTe composites display a dispropor-
tionate decrease in BET surface area (451.28, 71.84, and 0.26 m*>
g™, respectively), suggesting the inheritance of ZIF-8's micro-
porous structure. This can be ascribed to the enhanced thermal
stability of ZIF-8 embedded in the SnTe matrix. It is thus cred-
ible that a significant fraction of the ZIF-8 porosity survives after
the densification process even at low addition amounts (e.g., 1,
2, 3, 4, and 5 wt%). The pore size distribution results indicate
that the ZIF-8, SnTe/3wt%ZIF-8, and SnTe/50wt%ZIF-8 samples
exhibit characteristic sub-nanopores centered around 9.5 A
(Fig. 2g). Fig. 2h and S11 show the small-angle X-ray scattering
(SAXS) patterns of the SPSed SnTe/3wt%ZIF-8 pellet. The scat-
tering intensities, I(g), were measured as a function of the
scattering vector (g). This vector relates to the characteristic
length scales (d) of the sample via the relationship g = 27t/d. The
observed scattering arises from the electron density contrast
between the SnTe matrix and the internal empty pores. The high
g region (roughly g > 0.3 A™") corresponds to the features of
micropores (pore diameter less than 20 A), and the low g region
(roughly ¢ < 0.3 A™*) corresponds to mesopores (pore diameter
between 20 and 700 A). The observation of the g~* power law is
commonly related to the sharp phase interface.

Fig. 3a shows a low-magnification transmission electron
microscopy (TEM) image of a representative SnTe/ZIF-8
heterostructure, and its excellent bonding is confirmed by the
clear and continuous interface morphology. We note that the
ZIF-8 grain retains its initial size of ~350 nm. To further
investigate the atomic structure of SnTe, ZIF-8, and their
interface, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was performed. It is
evident that SnTe (Fig. 3b) has a perfect lattice that reveals
almost no visible defects. As shown in Fig. 3c, the strain field of
the SnTe matrix is exhibited by the geometrical phase analysis
(GPA) map, indicative of a relatively uniform internal lattice
strain distribution. This is a manifestation of the poor impurity
doping of the SnTe matrix, echoing well with the above-
mentioned characterization results. The lattice striations of ZIF-
8 were not obviously discernible (Fig. 3d), as ZIF-8, like most
MOFs, is greatly sensitive to electron beam irradiation owing to
its organic linker (2-methylimidazole) and porous framework.
Under a high-energy electron beam, ZIF-8 tends to undergo
rapid amorphization, making it highly difficult to witness
evident lattice fringes. However, we remain able to find signif-
icant black microporosity in the bulk structure of ZIF-8. We
have observed a highly fluctuating extension of atomic
arrangements between SnTe and ZIF-8, as demonstrated in
Fig. 3e. This verifies a high degree of lattice mismatching
between these two phases, leading to a large interfacial lattice
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Fig. 3

(a) Representative TEM image of the SnTe/ZIF-8 heterostructure. HAADF-STEM images of (b) SnTe, (d) ZIF-8, and (e) interfacial domain. In

(c) and (f), the corresponding geometrical phase analysis (GPA) patterns calculated from the regions (b) and (e), respectively.

distortion (Fig. 3f). Such a strong spatially distributed strain
would be responsible for strongly interrupting the phonon
transport along different directions.

2.3 Electrical transport properties

The electrical transport properties of all SnTe-based specimens
were evaluated over the temperature range of 300 to 873 K. The
solvothermal-synthesized Sn-rich SnTe nanomaterials in this
work exhibit a significantly higher Seebeck coefficient (S) than
those prepared by the hydrothermal route (Fig. 4a), as well as
those obtained by other reported fabrication methods (high-
temperature melting;*>** liquid phase exfoliation;*® micro-
wave-hydrothermal/solvothermal process®*°). The Sn-rich
composition activates an intrinsic self-compensation mecha-
nism,* effectively suppressing the overly high Sn-vacancy
density (i.e., hole concentration) in SnTe. Consequently, the
room-temperature Hall carrier concentration (ny) is tuned to
a relatively low level of 1.25 x 10*° cm™*, more optimized than
that of hydrothermal SnTe (~9 x 10*° cm™®; Fig. S12a).
However, the Sn self-compensation is still not enough to explain
the markedly enhanced thermopower since a significant devi-
ation in S can be seen in pristine SnTe as compared with the
Pisarenko line at a given ny (Fig. 4b; the blue region). Note that
SnTe and PbTe employ identical chemical bonding mecha-
nisms in which the half-filled p-band o-bond (metavalent
bonding) facilitates an octahedral rock-salt structure,® leading
to analogous “two-energy-band” structures. Here, the theoret-
ical Pisarenko relationship between ny and S at 300 K was
supported by a two-valence-band model” using the density of
state (DOS) effective masses (mpg) of 0.168 m, and 1.92 m, (m.
being the unit mass of a free electron) for the L and X valence
bands, respectively, and an energy separation (AE;_s) of 0.35
eV.” Since the electronic band structure of SnTe should not

Chem. Sci.

change, given that the SnTe matrix was not doped, the density-
of-states effective mass should also not change. Thus, the
experimental data points above the theoretical Pisarenko line
for SnTe should be induced by the interfacial energy filtering
effect.™ It is well known that organic ligands are typically left on
the solvothermally processed NC surface, unlike inorganic
ligands, which may volatilize upon thermal consolidation or
stabilization. Although the TG (Fig. 2e) plots of SnTe/xwt%ZIF-8
show negligible residual organic matter, the C 1s region of XPS
spectroscopy reveals the conspicuous signs of C=0, C-O(H),
and C-C bonds (Fig. 4c), indicating the presence of stable
organic species on the surface of SnTe NCs regardless of high-
temperature annealing treatment. Simultaneously, the high
aging robustness of the transport properties shown in Fig. S13
proves that trace organics adsorbed onto SnTe have strong
resistance to thermal decomposition. The exact species is not
known, but it can be categorized as short organic groups, since
DMF serves as a small-molecule solvent* as well as a short-
chain ligand for weak coordination in our solvothermal reac-
tion. Such trace organics from the liquid-phase synthesis
process are adsorbed on the nanostructures and turn into
resistive GB phases between adjacent grains of bulk SnTe. In p-
type SnTe, low-energy holes have a smaller contribution to the
Seebeck coefficient (S). The energy barrier at the high-density
resistive GBs would preferentially block these low-energy holes,
leading to an increase in the interfacial and thus total ther-
mopower. The detailed descriptions can be found in Discussion
2 of the SI. Given all that, the enhanced S in pure SnTe can be
attributed to the in situ formation of Sn-rich stoichiometry and
the GB energy barrier formed by the adsorption of trace
organics on the NC surface. A similar phenomenon to the latter
was also observed in other organic-inorganic nanocomposite
thermoelectrics.®>%°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-dependent Seebeck coefficient (S) for samples SnTe/xwt%ZIF-8 (x = 0, 1, 2, 3, 4, and 5), and hydrothermal SnTe for

comparison. (b) Comparison of the Hall carrier concentration-dependent Seebeck coefficient at 300 K with literature data.®” The solid Pisarenko
line is calculated based on the two-valence-band model, considering both light hole and heavy hole valence bands. The yellow circle is used to
guide the eye. (c) High-resolution C 1s XPS spectra of solvothermal SnTe nanocrystals with and without annealing at 873 K for 3 h. (d) Optical

bandgaps (Eg) of SnTe and ZIF-8 NCs. The band gap values are determ

)1/n

ined from Tauc plots of the optical absorption coefficient (ahv)™" versus

photon energy hv (h indicates the Planck constant and v represents the frequency of the photon), based on Fourier transform infrared (FTIR)

measurements, where the value of n was taken to be 2 for direct-gap

both SnTe” and ZIF-8.5¢ (e) Schematic illustration of the interfacial band

diagrams for SnTe/ZIF-8 nanocomposites, displaying the dual barrier (i.e., GBs adsorbed with trace organics and ZIF-8 phases) driven energy

filtering effect on hole carrier transport; Ec, conduction band minimum;
band offset. Clearly, the Eygo due to the large Eq discrepancy between

Ey, valence band maximum; Ecgo, conduction band offset; Eygo, valence
SnTe and ZIF-8 is outside the tolerable range (within —0.4 to +0.3 eV) of

valence band alignments. (f) Temperature-dependent electrical resistivity (p). (g) Comparison of the Hall carrier concentration-dependent Hall
carrier mobility (uy) at 300 K with those reported in the literature.®” Temperature-dependent (h) weighted carrier mobility (u,,) and (i) power

factor (PF).

After introducing ZIF-8, the S further rises in the full range of
temperature for the nanocomposites with x = 1 to 5 compared
to pristine SnTe. The room-temperature S value of 39.9 pv K *
for the x = 4 sample is much higher than the 26.8 uv K * for
ZIF-8-free SnTe (refer to x = 0) (Fig. 4b; the red region). A
maximum S approaching 153 uV K at 873 K is achieved for
SnTe/5wt%ZIF-8 nanocomposites, without observable bipolar
conduction. Although Zn doping in SnTe is theoretically known
to be effective for converging light L and heavy ¥ valence

© 2026 The Author(s). Published by the Royal Society of Chemistry

bands,* experimentally, its solubility is found to be too low to
enable a sufficient reduction in energy separation (AE;_s) of
SnTe. Thereby, the impurity doping-induced band convergence
effect on the bulk band structure and the related my,,g can be
neglected in this work. Considering the nearly constant r;; with
increasing ZIF-8 addition, the increase in virtual m;,s on the
Pisarenko curve could only stem from the energy filtering effect
induced by the ZIF-8/SnTe interface. The room-temperature
bandgap (E,) of ZIF-8 is measured to be 4.70 eV (Fig. 4d), which
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is strikingly larger than that of SnTe (0.26 eV), implying a band
offset (i.e., energy barrier) at the heterointerface. XPS results of
the SnTe/3wt%ZIF-8 hetero-structured sample (Fig. S15-S17)
validated the formation of Sn-N bonding because of complex-
ation with the 2-methylimidazole ligand in ZIF-8. The meta-
valent bonding mechanism employed by SnTe led to
multicenter and long-range interactions as well as large effec-
tive coordination numbers,”*”* so that foreign atoms could
change the charge transfer from surrounding metavalent-
bonded atoms,*>”? indicating the regulation of physical prop-
erties. From this perspective, such electronic rearrangement
associated with Sn—-N bonding could trigger the collapse of long-
range metavalent bonds at SnTe/ZIF-8 interface regions, leading
to breakdown of the dielectric screening and a larger number of
trapping states.' They would become space-charge regions
upon trapping the free carriers and thus create potential energy
barriers. In this work, we have constructed two types of inter-
facial energy barriers, the phase interfaces of matrix/resistive
GBs and matrix/wide-band-gap-ZIF-8, in the nanocomposites. A
potential barrier at a grain boundary would induce both the GB
band offset (AE) and the interfacial resistance.'* Specifically, the
band offset (AE) between the valence band maximum (VBM) of
the grain and the GB can act as a hole carrier filter (Fig. S14). By
changing the band structure at the GBs, the low-energy carriers
that contribute less to S can be selectively “filtered out” (Fig. 4e).
Moreover, we have increased the Kapitza thermal resistance of
the GB phase by using both heterostructural organics and ZIF-8
as GB engineering additives. Kapitza resistance (pxapitza) 1S
a measure of the resistance of an interface to the transport of
heat through it,” commonly observed in composites due to
differences in the physical properties of constituent materials
and increases with increasing dissimilarity in phonon disper-
sion.” This, in turn, would promote the temperature drop
across the GB region, which further improves the interfacial S in
SnTe. Ultimately, our SnTe/ZIF-8 nanocomposites are conducive
to realizing enhanced total S via the dual-barrier-induced
interfacial band offset and Kapitza resistance.

Fig. 4f plots the measured T-dependent p for our SnTe/xwt%
ZIF-8 (x =0, 1, 2, 3, 4, and 5) nanocomposites. The p of all the
samples increases monotonically with increasing 7'up to 873 K,
exhibiting a metallic transport behavior. Remarkably, the p
values are nearly unchanged for three ZIF-8-containing nano-
composites (x = 1, 2, and 3), compared with that of the pure
SnTe sample. Generally, ZIF-8 behaves as a poor electrical
conductor owing to the lack of good m-conjugation pathways in
the organic ligands," as well as the non-overlap between the p
orbital and the d orbital of Zn>'.>° Thus, this is a direct mani-
festation of the good connection of the SnTe matrix and the
resulting formation of a cross-linked network (Fig. 2a, b, S5 and
S8). Meanwhile, the carrier-density-gradient-driven quantum
tunneling effect” (physically termed the penetration of matter
waves and the transmission of particles through a high poten-
tial barrier) cannot be overlooked (Fig. S18), wherein the charge
carriers could tunnel from a SnTe nanograin with a topological
surface state (there is a close link between MVB and topological
insulators)*’®”” to another through a ZIF-8 semiconducting
layer. For the cases with x = 4 and 5, markedly increased p
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values are observable at both ambient and elevated tempera-
tures, which should arise from the overall uy-reduction
(Fig. S12b) deriving from carrier blocking/scattering via the
macroscopic aggregation of porous ZIF-8. As shown in Fig. 4g,
a slightly degraded room-temperature mobility is an inevitable
consequence of porous ZIF-8 addition, where the holes with
sub-nanoscale mean free paths (MFPs) may be collectively
scattered. However, this effect appears to be relatively small
compared to the prominent Sn-vacancy defect scattering in
hydrothermal SnTe. In our solvothermal SnTe matrix, the
limited Sn° can fill vacancies under non-stoichiometric equi-
librium and thus weaken inter-carrier scattering. More impor-
tantly, the scattered carriers are mainly low-energy charge
carriers. To further evaluate the carrier transport characteristics
upon heterointerface addition, the quantity of weighted carrier
mobility (u,), independent of the carrier concentration, was
introduced in SnTe/xwt%ZIF-8 (x =0, 1, 2, 3, 4, and 5) systems.
Weighted mobility (uy) is an experimental material parameter
that can be computed from the measured values of the Seebeck
coefficient (S) and electrical conductivity (¢ = 1/p).”® The
temperature-dependent weighted carrier mobility (u.,) follows
a power law of T~*/? over the entire measured temperature range
(Fig. 4h), suggesting that the acoustic-phonon deformation
potential scattering mechanism dominates the charge trans-
port. The enhanced thermopower S due to the low-energy
carrier scattering and well-maintained uy due to the cross-
linked SnTe network (see Fig. S5), contribute to large u,, that
supports the enhanced power factor (PF) in the SnTe/ZIF-8
system with a low amount of ZIF-8 addition. The SnTe/3wt%ZIF-
8 achieves a maximum PF of ca. 16.93 pW cm ™' K2 at 873 K
while the ZIF-8-free SnTe shows a value of 10.24 yW cm ™ * K2
(Fig. 4i). This value is comparable to those of other state-of-the-
art SnTe thermoelectrics synthesized by the solution-phase
method‘5,32,57,79783

2.4 Thermal transport properties

The temperature dependences of the total and lattice thermal
conductivities (k¢ and «;,) for the SnTe/xwt%ZIF-8 (x =0, 1, 2, 3,
4, and 5) nanocomposite are displayed in Fig. 5a, where «;, is
calculated by subtracting the electronic thermal conductivity
(ke) from ko based on the Wiedemann-Franz relationship (k. =
LT/p). The Lorenz number L is calculated using the equation L =
1.5 + exp(—|S|/116) x 108 V> K 2.# It is found that k. gradually
diminished with increasing x content over the full range of
temperature. The SnTe/5wt%ZIF-8 sample exhibits the lowest
Keot, decreasing from ~2.18 at 300 K to ~0.95 Wm ™ K" at 873
K, with increasing temperature. For the lattice contribution, «g,
essentially follows a monotonically declining tendency with
increasing ZIF-8 content, where the room-temperature value
decreases by ~43% from 1.62 Wm ™" K~ for the x = 0 sample to
0.92 Wm " K for the x = 4 sample. At high temperatures (for
example, 873 K), phonon blocking by the incorporation of ZIF-8
is more effective, ensuring a remarkable reduction (~76%) from
0.54 Wm ™' K * for the intrinsic sample of SnTe to 0.18 W m™"
K ™' for the x = 3 sample. The latter value is lower than the
theoretical lower bound ky, min ~0.24 W m™" K ' estimated by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-dependent total and lattice thermal conductivity (ki and ). (b) The calculated spectral thermal conductivity (ks gense)

for SnTe/3wt%ZIF-8 using the modified Debye—Callaway model with various phonon scattering mechanisms at 300 K. (c) Phonon DOS of the
SnTe and ZIF-8 phase. (d) Temperature-dependent figure of merit (zT) of hydrothermal SnTe and SnTe/xwt%ZIF-8 (x =0, 1, 2, 3, 4, and 5) pellets
in comparison with other hetero-structured SnTe thermoelectrics.®6-1° (e) Temperature-dependent quality factor B. (f) Compressive stress and
strain curves of solvothermal SnTe and SnTe/3wt%ZIF-8. (g) Photograph of the single-leg thermoelectric device. Current (/)-dependent (h)
output voltage (Vo) and (i) output power density (Poy) for SnTe/3wt%ZIF-8.

a diffuson-mediated transport model and the one that
considers the periodic boundary conditions (Born-von Karman
approximation).*® Note that an overestimation of the predicted
K1, min May be present due to the lack of the rationalized phonon
dispersion for SnTe solid with imperfections.* Importantly, it is
one of the experimentally determined lowest values compared
with the literature data for heavily doped SnTe-based thermo-
electrics, such as ~0.26 W m™ ' K' at 900 K in
(SnTe)g.0o(MnCdg Geo 4Te3)0.08,>° ~0.25 W m™ ' K ' at 823 K in
(SNo.79Sbo.14)0.sG€0.2T€0.55€0.2,"° ~0.32 W m~ ' K™ ' at 873 K in
Sny 5Geg,Mng oslNg o, ~0.32 W m ' K * at 773 K in
(SnTe)o.5(Ag1.0sPbSbg.o5Te3)02,* ~0.36 W m~" K~ ' at 873 K in
SnAg, 0sTe-10%CdSe,” ~0.35 W m™* K ' at 873 K in Snyo-
Geg 15Sbo.0sTe-4%CdTe,* and ~0.28 W m~* K * at 865 K in
SnTe-Ag/Mn.*”> These results highlight that a sufficiently

© 2026 The Author(s). Published by the Royal Society of Chemistry

reduced «;, can be achieved using interfacial heterogeneity
without alloying the matrix lattice.

Next, we investigate the effect of the obtained microstructure on
the ultralow lattice thermal conductivity. We first use a classical
effective medium theory (EMT) model developed by Bruggeman
and Landauer®*® to analyze the different lattice-defect contribu-
tions to the suppression of kj, involving the porosity-induced
thermal radiation and multiscale phonon scattering. Since the
EMT function f,(¢) depends weakly on the pore shape,* the net
contribution of thermal radiation to the xj-reduction can be
described by k1, g = fu(€)kL, dense = (1-3€/2)KL, denses” Where Ky, dense
is the «;, of the imaginary fully dense material and ¢ is the void
fraction. Notably, the absence of a medium in the pores would
proportionally decrease the thermal conductivity («) and the elec-
trical conductivity (1/p), causing no net gain in the zT value.
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Fortunately, ZIF-8 forms closed pores embedded in the GBs of
incipient metal SnTe, which results in the intense pore-interface
scattering of phonons, while simultaneously maintaining good
charge transport between matrix grains. On the other hand, the
fully dense nanocomposite ki, gense is calculated using a modified
Debye-Callaway model,**** wherein k1, gense i the integral of the
spectral lattice thermal conductivity (ks, dgense) With respect to the
phonon frequency (w):

1)

Ks, dense =

ki (kpT\’ Tior(x)x*e*
2w \ A (e¥ — 1)

where kg, %, vs, Tior, and x are the Boltzmann constant, reduced
Planck's constant, average sound velocity, total phonon relaxa-
tion time, and reduced frequency (defined as %w/kgT), respec-
tively. Based on the above microstructure characterization, T
can be ascribed to four phonon scattering modes resulting from
the Umklapp processes (U), grain boundaries (B), SnTe/ZIF-8
heterostructure interfaces (I), and sub-nano pores (SP) accord-
ing to Matthiessen's law: tio ™! = > 7;7!. The detailed calcula-
tions can be found in the SI. The Mmodelling parameters were
determined from various experiments (Table S1). Fig. 5b
displays the plots of calculated K gense versus the normalized
phonon frequency w/wp (wp denotes the Debye frequency) for
SnTe/3wt%ZIF-8, where the area between the two plots corre-
sponds to the amount of «;-reduction from the specified scat-
tering mechanism. As can be seen, the inherent U scattering
causes a relaxation of 1y ~ w2, effectively scattering full-w
phonons; the B scattering enabled by well-maintained nano-
grains plays a vital role in phonon scattering at low-w; SnTe/ZIF-
8 heterointerfaces trigger strong I scattering focused on mass
fluctuation and thus effective phonon scattering in the
medium-w range; smaller sub-nanopores (~9.5 A in diameter)
impede shorter mean free path (MFP) phonons and lead to
a sharper decline in «y, in the high-w spectrum. As a result, such
a defect configuration can account for the suppression of
phonon propagation at both low and high temperatures.
Nevertheless, the experimental «; values of SnTe/3wt%ZIF-8
samples at both 300 K and 873 K are still lower than the pre-
dicted values according to the EMT model (see Table S2),
implying additional phonon blocking mechanisms.

In fact, the SnTe/ZIF-8 nanocomposites studied here are
complicated, comprising both homogeneous grains and series-
connected heterogeneous interface/boundary regions, which is
one of the limiting cases of effective medium theory (EMT).*>
In this case, the interfacial thermal resistance (i.e., Kapitza
resistance pxapitza’°) should also constitute an impediment for
phonon transport in the SnTe/xwt%ZIF-8 system. From the
viewpoint of acoustic and/or diffuse mismatch models,”*** the
structural difference across a two-dimensional solid/solid
interface could induce an effective phonon scattering interfacial
region with several nanometres in thickness. We carried out
DFT calculations for the phonon density of states (PDOS) of
SnTe and ZIF-8 using supercell models (Fig. S19) of Snj,Tes,
and 2 x 2 x 2 ZIF-8, respectively. SnTe has long been consid-
ered a metavalent solid that features soft Sn-Te chemical
bonding and strong lattice anharmonicity,>”® engendering
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a broad dispersion of phonon DOS between 0 and 120 cm™*
(Fig. 5¢). In contrast, ZIF-8 exhibits a much more localized and
lower phonon frequency. This is due to the fact that the
configuration of ZIF-8 lies between crystalline solids and
amorphous polymers; the thermal transport thus has two
channels, ie., crystal lattice modes and localized molecular
modes. On the one hand, Zn atoms of the ZIF-8 framework are
mainly located at 0-8 cm™".* On the other hand, the functional
groups (e.g., CH3) with heavy atomic masses possess much
lower vibration frequencies. The hybridization of these modes
could reduce vibrational lifetimes and also promote an increase
in localized incoherent modes.” More importantly, the DOS
maps reveal that the overlap between SnTe and ZIF-8 is very
limited, with the overlapping frequency ranges confined to 0-10
and 42-43 cm ™. Such poor phonon coupling between these two
materials would contribute to lower thermal conductivity at the
interface. From the viewpoint of chemical bonding, different
bonding mechanisms in the ZIF-8 and SnTe matrix could ach-
ieve a strong phonon dispersion mismatch across the hetero-
interface. The phonon dispersion depends on the force
constant K and atom mass M in the form of /K/M.” The
mismatch in interfacial chemical bonding could induce the
interfacial strain field distribution for the suppression of
phonon propagation (as shown in Fig. 3f). Accordingly, the
overall thermal resistance of our SnTe/ZIF-8 system can be
considered as the sum of thermal resistance in the grain phase
and Kapitza resistance (pxapitza) at the grain boundary." The
inclusion of high-density nano-ZIF-8 in the grain boundary of
SnTe nanomaterials increases Kapitza resistance, which ulti-
mately enables a drastic «p-decline in bulk SnTe/ZIF-8 nano-
composites, with the help of porosity-induced thermal radiation
and multiscale phonon scattering in the SnTe grain phase.

2.5 zT values and device performance

The temperature dependences of the figure of merit (27) values
of SnTe/xwt%ZIF-8 (x = 0, 1, 2, 3, 4, and 5) nanocomposites are
presented in Fig. 5d. For the case of pristine SnTe, a maximum
zT of ~0.69 at 873 K is obtained in the x = 0 sample, exhibiting
an improvement of ~92% and ~28% in comparison with that of
melt-processed and hydrothermal-processed SnTe, respectively.
Attributable to the improved power factor caused by Sn self-
compensation and the dual-barrier energy filtering effect, as
well as suppressed ko originating from the high-density sub-
nano-porous ZIF-8/SnTe heterostructures, the thermoelectric
properties of the SnTe/xwt%ZIF-8 system were significantly
enhanced, especially yielding a peak zT of ~1.3 at 873 K in SnTe/
3wt%ZIF-8. This result dramatically surpasses those of other
heterostructure-enhanced SnTe thermoelectric materials (such
as SnTe/Zn0O,*® SnTe/Te,’” SnTe/SiC,*® SnTe/MXene,” SnTe/Bi-
CuSeO,' and SnTe/Bi,O; (ref. 101)). The consistent S, p, Ko,
and zT of the SnTe/3wt%ZIF-8 sample upon repeated heating
and cooling cycles corroborate its excellent thermal stability
and reproducibility (Fig. S20). To gain a deeper understanding
of the carrier-phonon decoupling effect, the composition
dependence of the quality factor B at different temperatures was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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introduced, as shown in Fig. 5e. The B factor is determined
based on an effective mass model:"

2 3/2

2mkgT ,

g (ko) 8meQ@meksT)™ py .
e 33 KL

2ks*h  CiNy
3T myEk,

(2)

where Ny denotes the degeneracy of the band, C, represents the
average longitudinal elastic constant, m; signifies the inertial
effective mass, and Z stands for the deformation potential
coefficient (characterizing electron-phonon coupling strength).
The B factor is proportional to the ratio of u,, to «. The B factor
achieves significant enhancement with increasing x (excluding
x = 5), especially in the high-temperature range. The B values at
873 K for pure SnTe, x = 1, x = 2, and x = 3 samples are 0.43,
0.93, 1.92, and 2.25, respectively, indicating that our interface
architecture scatters phonons while simultaneously enabling
carrier transport. The interfacial ZIF-8 decoration engineering
realized the synergistic optimization of electrical and thermal
transporting properties of the SnTe system.

Thermoelectric materials should also have favorable
mechanical stability for the next production of devices. As
shown in Fig. 5f, the x = 3 sample shows a similar room-
temperature compressive strength (142 MPa) to the pristine one
(164 MPa), comparable to most of the reported values for state-
of-the-art SnTe thermoelectric materials.*'**'% Finally, we
prepared a single-leg device and tested its thermoelectric
conversion performance at different temperature gradients
(Fig. 5g). As shown in Fig. 5h, the output voltage (V,,.) decreases
linearly with increasing current (). The V,, increases from 2
mV (AT = 24 K) to 83 mV (AT = 463 K) with increasing
temperature. The variations in output power density (Pqy) with
current (I) at different temperature differences (AT) are shown
in Fig. 5i. It was found that P, steadily increases as I increases,
peaking at a specific AT while the external electrical load
matches the internal resistance of the device. A maximum of
Pgye of ~130 mW cm 2 was achieved at a hot-side temperature
(Ty) of 800 K and a temperature difference (AT) of 463 K, di-
splaying promising potential for high-temperature heat har-
vesting. Further research on thermoelectric device geometry
optimization based on the thermal-matching rule is expected to
markedly improve its performance.

3 Conclusions and outlook

Despite the efforts devoted to developing solid-state porous
materials associated with metal-organic frameworks (MOFs) for
thermoelectric conversion applications, the gap between the
overall thermal decomposition temperature of MOFs and the
need for a highly thermostable phonon-glass electron crystal
(PGEC) system capable of meeting the high-temperature power
generation requirements remains a grand challenge. In this
work, we present a successful example of a SnTe-based ther-
moelectric nanomaterial decorated with sub-nanoporous ZIF-8
layers, which exhibits both high thermal stability (>773 K) and
a record thermoelectric figure of merit (27 ~1.3 at 873 K) in this
class of hetero-structured SnTe materials without doping the
matrix lattice. Two reasonable explanations for exceptional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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resistance to thermal decomposition of SnTe/ZIF-8 hetero-
structures can be advanced: first, internally in ZIF-8, bonding
between imidazolate and Zn”" is among the most stable for N-
donor ligands'® at the level of metal-complex formation
constants. This can stem from the existence of ionicity (the
ligands in ZIF-8 are anionic) and partial covalency in the Zn-N
bond; and second, externally, Zn possesses extremely low
solubility in SnTe, preventing a pathway for thermal diffusion,
further resulting in node stability. In combination, these two
features of SnTe/ZIF-8 impart thermal stability more akin to
that of covalent solids. In terms of thermoelectric response, we
discovered that the in situ synthesis of tin-rich SnTe nano-
crystals is responsible for optimized ny in all the SnTe/ZIF-8
composites. The cross-linked network of the SnTe matrix allows
for well-maintained carrier mobility in the low-ZIF-8-content
samples. Given the significant difference between the bandgaps
of ZIF-8 and SnTe, as well as the trace adsorption of organic
species on the NC surface, the ZIF-8/SnTe heterointerface
induces a dual-barrier-driven energy filtering effect, causing an
increase in the interfacial S and thus the total S, and further
enhancement of the electrical power factor. Additionally,
effective phonon blocking is achieved by utilizing the abundant
voids and heterogeneity of atomic masses and stiffness of
bonds in a well-retained porous ZIF-8 decoration layer and
constructing phase boundaries with considerable interfacial
thermal resistance. This unique defect architecture produces
full-spectrum phonon scattering leading to an ultralow «;, =
0.18 W m ™' K™ ' at 873 K. The representative SnTe/3wt%ZIF-8
sample exhibits satisfactory reproducibility and mechanical
stability.

In this work, the combination of a zinc-based zeolitic imi-
dazolate framework (ZIF-8) and p-type SnTe semiconducting
nanomaterials offers a novel paradigm to overcome the stability
bottlenecks of MOF-enhanced high-temperature thermoelec-
trics. The structural and performance tunability of MOFs can be
achieved through synthesis strategies such as ligand function-
alization, metal ion replacement, and pore size regulation.
Thermally, the dispersed channels of MOFs enable precise
matching with phonons of various wavelengths, facilitating
efficient scattering of broad-spectrum phonons and providing
a structural basis for the limiting suppression of « at high T.
Electronically, their metal-organic synergistic compositions
endow the materials with unique electronic structures, where
the charge transfer characteristics of metal ions and the
potential m-electron conjugated systems of specific organic
ligands collaboratively modulate carrier transport, creating
conditions for the balanced optimization of p and S. More
importantly, these rich tunability tools allow the construction of
stable MOF-containing composites suitable for diverse
temperature ranges and distinct semiconductor systems
through molecular design and synthesis regulation to ensure
directional optimization of the three key elements of thermo-
electricity. Looking ahead, thermally stable MOF materials like
ZIF-8, characterized by distinct structural features and
controllable properties, are expected to serve as universal
functional components, widely integrated into various ther-
moelectric systems (from room 7T to medium- and high-T

Chem. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc04137j

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:23:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

thermoelectric solids). Through the deep integration of struc-
tural design and performance regulation, the decoupling limi-
tations of traditional thermoelectric materials (such as Bi,Tes,
PbTe, SnSe, and GeTe) could be overcome, paving the way for
new avenues in the development of high-performance
thermoelectrics.
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