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Reducing lattice thermal conductivity (k) in filled skutterudites while preserving power factor remains a central

challenge for mid-temperature waste-heat recovery. Here, we introduce an interphase-directed strategy in
which HNOs-treated PEDOT:PSS, co-processed with In-filled Co4Sby,, undergoes an in situ polymer-to-
sulfur-doped amorphous carbon (S-AC) conversion. The resulting ultrathin S-AC interlayers construct
a hierarchical micro/mesoporous network that reshapes phonon transport through diffuse boundary

scattering, acoustic-impedance mismatch, and multiphase strain-field perturbations. These interface-

dominated processes produce a pronounced suppression of k. beyond what is typically associated with

porosity alone in skutterudites. A Kane-model Lorenz analysis further reveals a composition-dependent

balance in electronic transport: moderate S-AC loadings improve mobility via intergranular bridging, whereas
high interphase density introduces extensive carrier scattering that lowers k., and contributes to the minimum
total k. The optimized hybrid achieves k = 0.74 W m~* K~ and zT = 1.47 at 700 K. A 10-pair module, pairing
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demonstrating device-level viability. This
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1. Introduction

With the current energy infrastructure's inadequacy in meeting
rising energy demands, and under growing scrutiny due to envi-
ronmental concerns contributing to climate change, a shift
towards sustainable and efficient energy sources has become
a necessity." Among the various alternatives, thermoelectric (TE)
devices provide a sustainable approach for the direct conversion of
heat into electricity. The efficiency of TE materials is quantified by
a dimensionless parameter, known as the dimensionless figure of
merit (27), defined as: 2T = S?0T/k, where k = ki, + k.2 Achieving
high 27T requires simultaneously maximizing the power factor S°¢
and minimizing the lattice thermal conductivity ;. Over the past
few decades, diverse material systems such as PbTe,* SnTe,* GeTe,’
SnSe,® Half-Heusler alloys,” Zintl compounds,®® filled skutter-
udites,” and organic-inorganic hybrid composites’ have been
extensively explored for mid-temperature TE applications.
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this n-type leg with Mg»Znos7Ago.0sSb,, delivers 203.32 pW cm™ and 5.53% efficiency at AT = 160 K,

interphase-engineering concept provides a scalable and

composition-agnostic route to strong k_ suppression while maintaining favorable electronic transport,
offering a broadly applicable design framework for next-generation mid-temperature thermoelectrics.

However, challenges including toxicity, scarcity of constituent
elements, and limited material sustainability have hindered their
large-scale deployment.

Among mid-temperature thermoelectric materials, CoSb;-
based skutterudites (commonly written as Co,Sb,, for the full
cell) are notable for its excellent transport properties, low cost,
and elemental abundance.”* Throughout this work, we use
CoSb; to denote the parent framework; specific compositions
are reported on the Co,Sby, cell (e.g., Ing3,C03.6Nip2gF€0 12
Sby,). They crystallize in a cubic structure, Im3 (No. 204),
featuring two intrinsic voids that can host “rattler” atoms to
scatter phonons and reduce lattice thermal conductivity (xi).**
CoSb; also offers high carrier mobility and a large Seebeck
coefficient, ideal for operation between 500-800 K. However,
a practical strategy for strongly suppressing the lattice thermal
conductivity beyond what is expected from porosity dilution
alone, while simultaneously preserving a high power factor and
device-level viability, remains an open challenge. Extensive
efforts have tuned CoSb; via alloying, filling, and stoichiometry
control, tailoring carrier concentration/band structure and
reducing «r,"*""” enhance effective mass,'®'® and suppress «y, via
multiscale phonon scattering.>*->* Notably, Li et al.>® achieved zT
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=~ 1 at >750 K in partially Yb-filled Co,Sb;,. Gharleghi et al.**
obtained zT = 1.0 at 575 K for Ing ¢,C0,Sb,,-InSb o5 nano-
composites, and later explored Ni-Fe co-doped
Co4_y_,Ni,Fe,Sby,, via In incorporation.*?®

Suppressing the lattice thermal conductivity (k) is a key
strategy for improving the thermoelectric performance of
Co,4Sb,, while maintaining a high power factor. Beyond alloying
and nanostructuring, porosity engineering provides an effective
route to enhance phonon scattering by introducing voids that
disrupt phonon mean free paths and reduce the effective
thermal conductivity. Organic-inorganic hybridization can
further amplify this effect, as polymer-derived phases generate
micro-/mesopores and heterogeneous interfaces that act as
additional phonon-scattering centers. For example, Jung et al.*®
demonstrated that incorporating porous PDMS into Bi,Te;
reduced x to ~0.08 W m~' K~ ' while preserving favorable
electronic transport, highlighting the effectiveness of hybrid
interface design.

To quantitatively evaluate whether «; reduction can be
explained solely by porosity, this work adopts two standard two-
phase effective-medium theory (EMT) models—the Maxwell-
Eucken model and the Bruggeman self-consistent approxima-
tion—as conservative porosity-only baselines. In these formula-
tions, ks and «;, denote the lattice thermal conductivities of the
continuous skutterudite matrix and dispersed pore phase,
respectively. Because the pores are predominantly air-filled or
vacuum-like, «, is expected to be negligible compared with «;
accordingly, k, = 0 Wm ' K ' is adopted as the primary base-
line, and «, = 0.05 W m ' K ' is additionally evaluated as
a sensitivity case to ensure robustness of the EMT comparison
(Section 3.6.1). These parameter-free EMT models provide refer-
ence predictions based solely on phase thermal conductivities and
volume fractions, enabling direct quantitative comparison
between experimental «;, and porosity-only expectations.

Here we advance an interface-engineering strategy that
couples indium filling with HNO;-treated PEDOT:PSS-derived
sulfur-doped amorphous carbon (S-AC). The concept is
twofold: (i) indium filling optimizes carrier concentration while
preserving mobility, and (ii) the polymer-derived phase forms
a low-thermal-conductivity, interface-dense network that
enhances phonon scattering while simultaneously providing
conductive bridges across grain boundaries. We prepare
Ing ¢3,C03 6Nig 28F€0.12Sb1,/x Wt% PEDOT:PSS/S-AC composites
(x = 10-40) and examine their structure-transport relationships
over 325-700 K. During co-processing at 580 °C, HNO;-treated
PEDOT:PSS undergoes in situ conversion into sulfur-doped
amorphous-carbon interlayers, generating a hierarchical
micro/mesoporous network throughout the skutterudite
matrix. This interphase network enhances diffuse phonon
scattering through boundary roughness, acoustic impedance
mismatch, and multiphase structural disorder while preserving
intergranular electronic connectivity.

Using the Maxwell-Eucken and Bruggeman porosity-only
EMT baselines defined above, the experimentally measured «;,
of the 40 wt% composite is found to be lower than the model
predictions at 325 K and 700 K (approximately 16-22%,
depending on model and «, assumption; see Section 3.6.1),
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while achieving x = 0.74 Wm ' K ' and zT = 1.47 at 700 K. A
10-pair thermoelectric module further demonstrates device
compatibility at AT = 160 K. These results indicate that
interface-mediated phonon scattering arising from amorphous
interphases, multiphase inclusions, and hierarchical micro-
structural disorder contributes significantly beyond porosity
dilution alone.

Building on our prior demonstration of in situ polymer-
derived interphase formation in thermoelectric
composites,” ™ this work establishes a quantitatively bench-
marked interface-engineering strategy for filled skutterudites,
combining EMT-referenced thermal transport analysis with
Kane-band separation of k. and device-level validation.

2. Experimental
2.1 Materials

Cobalt(u) chloride hexahydrate (CoCl,-6H,0, 95%), nickel(u)
chloride hexahydrate (NiCl,-6H,0, 96%), iron(m) chloride
hexahydrate (FeCl;-6H,0, 97%), antimony (Sb) powder (99.5%),
and PEDOT:PSS (PH1000) dispersion was supplied by Uni-
Region Bio Tech, and nitric acid (HNO3) was obtained from
DAEJUNG.

2.2 Synthesis of Co; ¢Nig »sFe€g 125b12

Co3.¢Nig,sFeg 1,Sby,  skutterudites synthesized via
a hydrothermal route. Quantitatively weighed CoCl,-6H,0,
NiCl,-6H,0, and FeCl;-6H,0O were dissolved in 110 mL of
reverse osmosis (RO) water inside a Teflon-lined autoclave. The
molar ratio of Sb to the total transition metals (Co + Ni + Fe) was
maintained at 3:1. The detailed hydrothermal synthesis
parameters follow those reported in ref. 2 and 30. The resulting
powders were vacuum-dried overnight, uniaxially pressed into
pellets, and sealed in evacuated Pyrex tubes (10°-10~° Torr).

Sintering was performed at 580 °C for 6 h.

were

2.3 Fabrication of In-filled Coj; ¢Ni,_,sF€g 12Sb1,/HNO;-
treated PEDOT:PSS composites

PEDOT:PSS were post-treated with HNO; for 2 min at room
temperature to partially remove excess PSS. The treated
PEDOT:PSS was rinsed five times with RO water and once with
ethanol to eliminate residual acid and impurities, then dried at
ambient temperature. The dried polymer (10, 20, and 40 wt%) was
mechanically blended with Co; ¢Nij 25Feg.125b1, powders to form
homogeneous mixtures. Indium filling was carried out by solid-
vapor reaction: the composite powders were sealed with a pre-
determined amount of indium in evacuated Pyrex tubes and
annealed at 580 °C for 24 h, enabling indium incorporation into
the Sb icosahedral voids of the skutterudite lattice. Schematic
representation of the synthesis procedure is shown in Fig. 1.

2.4 Characterization

Phase identification was performed by X-ray diffraction (XRD,
Shimadzu XRD-6000) using Fe Ko radiation over a 26 range of
10-90° with a step size of 0.02°. Bulk density was determined via
Archimedes' method. X-ray photoemission spectroscopy (XPS)

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic diagram of the synthesis workflow for pristine CosgNig2gFeq12Sb1> and Ing g32Coz6Nig 28Fe012Sb12/PEDOT:PSS/S-AC
composites with 10, 20, and 40 wt% HNOz-treated PEDOT:PSS, sintered at 853 K for 24 h.

was obtained through PHI Hybrid Quantera. High-resolution
transmission electron microscopy (HRTEM) images were
captured using a JEOL JEM-2010 (Japan) transmission electron
microscope. The vibrational and structural properties of the
samples were analyzed using Raman microscopy under an
excitation wavelength of 785 nm (Thermo Scientific, USA). Hall
effect measurements were conducted at 325 K using the van der
Pauw method under a 0.6 T magnetic field. Field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-7610F) was
used to study the morphology. Temperature dependence of the
electrical resistivity and Seebeck coefficient were measured
using a Setaram SeebeckPro system, while thermal diffusivity
(D) was determined via a Laser Flash Analyzer (LFA) using LFA-
27 (NETZSCH) in a flowing argon atmosphere. The uncer-
tainties in electrical resistivity, Seebeck coefficient, and thermal
conductivity measurements were +£10%, +7%, and +5%,
respectively.

The porosity ¢ in Table 1 (converted from the relative
density) is also used in subsequent porosity-only EMT baseline
calculations using the Maxwell-Eucken and Bruggeman models

(see Section 3.6.1 and Table S1), to quantitatively assess whether
k1, falls below what would be expected from pore-dilution alone.

3. Results and discussion

3.1 Crystallographic structure, refinement and lattice
distortion from XRD

Fig. 2(a) presents the X-ray diffraction (XRD) patterns of pristine
Co;3.6Nig 25F€0.12Sb1,  and  Ing3,C03,6Nig.2sF€0.12Sb12/x  Wt%
HNO;-treated PEDOT:PSS/S-AC composites, (x = 10, 20, and 40).
The dominant diffraction peaks correspond to the standard
skutterudite Co,Sb;, phase with an Im3 space group (ICDD #78-
0976).** In addition to the primary skutterudite reflections,
secondary peaks corresponding to elemental Sb, InSb, and
In,0O; were identified. Sb appears as a minor impurity phase in
all samples, while InSb is present in all indium-containing
compositions except the pristine skutterudite. A small amount
of In,0; is detected only in the 10 wt% composite; at higher
PEDOT:PSS loadings its reflections fall below the XRD detection
limit. The presence of InSb and In,O; is consistent with

Table1 Relative density, porosity, and Rietveld refinement results for pristine and composite Cos gNig 2gFeo 125b12 samples. Composites contain

|no.032C03_6Nio_ngeQ_lzsblz and x wt% PEDOT:PSS/S-AC (x = 10, 20, 40)

Cubic, (space group) Im3

Co; 6Nig ,5Feg 12Sby, and
INg.032C03.6Nig.25F€0.12Sb12/x Wt%

Crystal system PEDOT:PSS/S-AC x = 0.00 x =10 x =20 x =40
Lattice parameter a(A) 9.0422 (7) 9.0492 (6) 9.0514 (5) 9.0522 (1)
Relative density PBulk/ Pxrp (%) 84.16 84.87 80.10 73.52
Porosity & (%) 15.84 15.13 19.90 26.48

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 XRD patterns of (a) pristine CozgNip 2gF€0.12Sb1> and Ing g32Co3z6Nig 28F€0.12Sb1,/PEDOT:PSS/S-AC composites with 10, 20, and 40 wt%
HNOs-treated PEDOT:PSS/S-AC and (b) magnified view of the primary peaks.

previous reports,**** where indium incorporation into Co,Sb,,
results in either partial substitution at Sb sites or secondary
phase formation, depending on synthesis and heat-treatment
parameters. It should be noted that both Sb and InSb phases
are observed in all composites; however, increasing PEDOT:PSS/
S-AC content gradually suppresses the Sb phase while
enhancing the relative intensity of InSb reflections. This trend
indicates that PEDOT:PSS/S-AC affects phase evolution during
sintering, moderating Sb precipitation and promoting InSb
formation. Furthermore, Rietveld refinement shows that the
lattice parameter increases from 9.0422(7) A to 9.0522(1) A with
polymer content (Tables 1 and S1); the position of the primary
peak in Fig. 2(b) is consistent with this trend. We ascribe the
small expansion to strain associated with PEDOT:PSS-derived
(S-AC) interphases rather than to any crystalline C or S phase,
which are below the XRD detection limit.

Fig. S1 presents the Rietveld refinement of the XRD data,
performed using HighScore Xpert to extract lattice parameters
and quantify phase fractions, as summarized in Tables 1 and
S1. Although PEDOT:PSS is known to decompose above ~252 ©
C, releasing residual carbon- and sulfur-containing species, the
refinement results reveal no crystalline C or S phases. This
absence suggests that these elements, if present, exist in an
amorphous or highly disordered state below the XRD detection
limit. Consequently, a detailed investigation of carbon and
sulfur distribution was conducted using high-resolution trans-
mission electron microscopy (HRTEM), as discussed subse-
quently. A systematic decrease in both bulk and XRD densities
is observed with increasing PEDOT:PSS content (10, 20, and
40 wt%). Porosity (&) is calculated from the measured bulk
density (ppun) and crystallographic density (pxrp) via*

O = (1 - ”B—“lk) x 100 (1)

PXRD

J. Mater. Chem. A

The resulting porosity values are 15.83%, 15.12%, 19.89%, and
26.47% for pristine, 10, 20, and 40 wt% samples, respectively. The
porosity increases with a higher content of HNO;-treated
PEDOT:PSS/S-AC, attributed to the introduction of the polymer
into the composite matrix, while elevated porosity can act as
phonon scattering centers, potentially reducing lattice thermal
conductivity but at the expense of electrical transport properties.

3.2 Surface chemical states (XPS)

The high-resolution XPS spectra of the composite are presented
in Fig. 3, revealing the presence of Fe, Co, Ni, In, Sb, S, C, and O,
thereby confirms the formation of the multicomponent
composite. The Fe 2p spectrum Fig. 3(a) exhibits two main
peaks located at approximately 710.0 and 724.0 eV, corre-
sponding to the Fe 2p;, and Fe 2p,,, states, respectively.
Deconvolution indicates the coexistence of Fe** and Fe**
species together with characteristic shake-up satellite features,
suggesting mixed valence states of iron in the material.

The Co 2p spectrum Fig. 3(b) displays two principal peaks
centered at approximately 781.8 and 796.7 eV, assigned to Co 2p;/,
and Co 2p,,, respectively. The fitted components at 781.1 and
785.3 eV correspond to the Co 2ps), state, while the remaining
peaks originate from the Co 2p;, component. In addition, two
pronounced shake-up satellite peaks located at approximately
789.2 and 802.2 eV are observed, confirming the coexistence of
Co®" and Co®" oxidation states in the composite.®

The Ni 2p spectrum Fig. 3(c) can be deconvoluted into two
spin-orbit doublets accompanied by shake-up satellite features.
The peaks at 851.18 and 868.44 eV correspond to the Ni** 2p;,,
and Ni** 2pq/, states, whereas the peaks at 854.13 and 871.88 eV
are attributed to Ni** 2p;, and Ni*" 2p,,, states, respectively.
The presence of these satellite features further confirms the
characteristic electronic structure of nickel species in the
composite.*®

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 High-resolution XPS spectra of the composite, showing the deconvoluted core-level spectra of (a) Fe 2p, (b) Co 2p, (c) Ni 2p, (d) In 3d, (e)

Sb 3d/O 1s region, (f) S 2p, and (g) C 1s. (h) Survey spectrum of the composite, indicating the presence of all constituent elements.

The In 3d spectrum Fig. 3(d) shows two distinct peaks at composite.’” The Sb 3d region Fig. 3(e) exhibits characteristic Sb
approximately 444.5 and 452.1 eV, corresponding to the In 3ds,,  3ds,, and Sb 3d;, peaks that partially overlap with the O 1s
and In 3d;,, states, confirming the presence of indium in the signal, indicating the presence of surface Sb oxide species.’*®*

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A
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Fig. 4 FE-SEM images of fractured surfaces at two magnifications: (a and b) pristine Cos gNig2gFeg12Sb12 (5 um and 2 pm), showing densely
packed aggregated particles with partially faceted surfaces and limited visible porosity; (c and d) 10 wt% PEDOT:PSS/S-AC composite (5 pm and 2
um), where the microstructure becomes more heterogeneous with increased interparticle voids; (e and f) 20 wt% composite (5 um and 2 um),
displaying a more developed porous network and less dense particle packing; (g and h) 40 wt% composite (5 pm and 2 um), exhibiting large
aggregated clusters accompanied by extensive void spaces and a highly porous microstructure.

The S 2p spectrum Fig. 3(f) displays characteristic S 2ps, and S
2p1/, peaks within the binding-energy range of 161-164 eV, con-
firming the presence of sulfur species derived from the PEDOT:PSS
precursor.*** This binding-energy range is consistent with sulfur
in thiophene-derived or carbon-sulfur bonding environments,
suggesting that sulfur is incorporated within the carbonaceous
phase rather than forming a separate crystalline sulfide phase.

J. Mater. Chem. A

The high-resolution C 1s XPS spectrum Fig. 3(g) exhibits
a dominant peak centered at ~284.8 eV, corresponding to
overlapping contributions from sp*hybridized C=C bonds
(graphitic domains) and sp*-hybridized C-C bonds. The broad
peak profile and absence of clear peak separation indicate
a structurally disordered carbon framework with mixed sp®/sp*
hybridization,** characteristic of polymer-derived amorphous

This journal is © The Royal Society of Chemistry 2026
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carbon. Additional components located at approximately 285.5
and 288.9 eV are assigned to C-O and O-C=O functional
groups, respectively, which originate from surface oxidation
and defect sites within the carbon matrix. The coexistence of
graphitic-like sp> domains and oxygen-containing functional
groups suggests a heterogeneous carbon structure with local-
ized electronic states and interfacial bonding capability.

Finally, the survey spectrum Fig. 3(h) confirms the presence
of all constituent elements, including Fe, Co, Ni, In, Sb, S, C,
and O. Taken together, the coexistence of sulfur species and
disordered sp*rich carbon domains provides spectroscopic
evidence for the formation of a sulfur-containing amorphous
carbon interphase (S-AC) derived from PEDOT:PSS decomposi-
tion, this interphase is expected to reside preferentially at grain
boundaries and is likely to contribute to the interfacial trans-
port behavior discussed in subsequent sections.

3.3 Porosity, grain boundary, and defect-induced
microstructural modifications revealed by FE-SEM and HR-
TEM

The fractured surface morphologies of pristine Co;¢Nig »s-
Fey.12Sb1, and Ing o3, Co; ¢Nig a5Feq 12Sb1,/x wt% PEDOT:PSS/S-
AC composites (x = 10, 20, and 40) were examined by field-

() =t

TN
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emission scanning electron microscopy (FE-SEM), with repre-
sentative images shown in Fig. 4(a-h). The pristine skutterudite
sample Fig. 4(a) and (b) consists of densely packed aggregated
particles with partially faceted surfaces and relatively limited
visible porosity, indicating a comparatively compact micro-
structure. Upon incorporation of 10 wt% PEDOT:PSS/S-AC and
indium Fig. 4(c) and (d), the microstructure becomes more
heterogeneous, and the density of interparticle voids increases,
suggesting that polymer incorporation disrupts particle packing
during composite formation.

At higher polymer loadings of 20 and 40 wt% Fig. 4(e-h), the
overall morphology remains dominated by irregular aggregated
particles, while the void density and porous character become
increasingly pronounced. In particular, the 40 wt% composite
exhibits a highly porous structure with extensive void spaces
and particle aggregation, indicating substantial microstructural
modification induced by the higher organic content and poly-
mer decomposition during heat treatment.

The progressive increase in void density observed in the SEM
images is consistent with the porosity values estimated from
density measurements, confirming that the incorporation of
PEDOT:PSS/S-AC systematically increases the porosity of the
composite structure.

Mean =19.54
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Fig.5

Particle size(nm)

(@) TEM images of particles at 100 nm scale; (b) HR-TEM image of Cos ¢Nip 28Feq.12Sb12 nanocrystals showing lattice fringe patterns and d-

spacing (inset); (c) selected-area electron diffraction (SAED) pattern of CosgNig2gFeq12Sbi, composites; (d) elemental mapping of Cosg-
Nio 2gFep.12Sb1> composites showing uniform distribution of Co, Ni, Fe, and Sb; (e) particle size distribution histogram of Cosz gNig 2gFeg 12Sb12

composites.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) TEM image of Ing.032C0o36Nig 28Fe0.12Sb1, spherical nanoparticles at 100 nm scale; (b) HRTEM image of Ing.032C0o36Nip28F€0.12Sb1
showing nanocrystalline grains and grain boundaries; (c) FFT pattern displaying lattice spacing of the InSb phase; (d) FFT pattern of the Sb phase
revealing dislocations and lattice distortion; (e) FFT pattern showing lattice spacing of the Co,4Sby, structure with grain boundaries and dislo-
cations; (f) FFT pattern of the sulfur phase displaying associated dislocations; (g) FFT pattern of the amorphous PEDOT:PSS phase; (h) SAED
pattern showing distinct diffraction rings from the 40 wt% PEDOT:PSS/S-AC/Ing.032C036Nip 28F€0.12Sb1>, composite; (i) particle size distribution
histogram showing average diameter of 15-44 nm:; (j) elemental mapping revealing homogeneous distribution of In, Co, Ni, Fe, Sb, C, and S
throughout the composite.
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The average atomic percentages obtained from EDS analysis
for the nominal compositions of pristine Co; ¢Nig,gFeq 12Sb1,
and Ing ¢3,C036Nig 28F€g.12Sb12/PEDOT:PSS/S-AC  composites
containing 10, 20, and 40 wt% HNO;-treated PEDOT:PSS/S-AC
are summarized in Table S2.

The nanostructural features of pristine Coj ¢Nig sF€g.12Sb12
and Ing.3,C03 ¢Nip »gFeg 12Sb1, Wt% PEDOT:PSS/S-AC compos-
ites were investigated by transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), selected-area electron
diffraction (SAED), fast Fourier transform (FFT) analysis, and
elemental mapping, as shown in Fig. 5 and 6.

For the pristine skutterudite shown in Fig. 5(a-e), TEM
images reveal nearly spherical nanoparticles with well-defined
morphology. HRTEM micrographs Fig. 5(b) display well-
defined nanocrystalline grains with distinct lattice fringes cor-
responding to a d-spacing of 0.28 nm (inset). The SAED pattern
Fig. 5(c) exhibits distinct diffraction rings, confirming the
polycrystalline nature. Elemental analysis Fig. 5(d) verifies the
uniform presence of Co, Ni, Fe, and Sb throughout the material.
The particle size distribution Fig. 5(e) ranges from 19-29 nm,
indicating a uniform nanocrystalline structure.

For the 40 wt% PEDOT:PSS/S-AC composite Fig. 6(a—j), TEM
images reveal dispersed nanograins embedded within the
skutterudite matrix. HRTEM and FFT analyses indicate the
presence of several crystalline domains. InSb nanograins
exhibit lattice fringes of approximately 0.37 nm corresponding
to the (211) plane, with noticeable dislocations evident in the
FFT pattern Fig. 6(c). Additional nanograins display diffraction
features consistent with Sb phases, where lattice fringes corre-
sponding to the (220) and (111) planes are observed together
with grain-boundary distortions and low-angle boundaries
Fig. 6(d). Skutterudite grains with lattice spacings of ~0.28 nm
corresponding to the (013) plane of Co,Sb;, are also observed
Fig. 6(e). The high density of grain boundaries and dislocations
within these nanoscale domains can serve as effective phonon-
scattering centers, contributing to the reduction of lattice
thermal conductivity; the corresponding influence on electrical
transport depends on the connectivity of conductive pathways
and the presence of grain-boundary potential barriers.*

In addition to these phases, localized HRTEM/FFT features
exhibit lattice spacings of approximately 0.32-0.38 nm that are
consistent with reported spacings of orthorhombic sulfur Fig. 6(f)
and S7. Considering the beam sensitivity of sulfur and the
surrounding amorphous carbon matrix, this observation is inter-
preted cautiously as suggestive of sulfur-containing nano-
crystalline domains rather than definitive phase identification.
The low volume fraction of sulfur-containing species explains why
no corresponding diffraction peaks are detected in XRD
measurements. The sulfur is believed to originate from the
decomposition of PEDOT:PSS during the heat treatment process.

The PEDOT:PSS-derived carbon phase appears predomi-
nantly amorphous Fig. 6(g), consistent with the carbonization
behavior commonly reported for PEDOT:PSS-derived carbons in
thermoelectric composites.** The selected-area electron
diffraction (SAED) pattern Fig. 6(h) further confirms the poly-
crystalline nature of the composite structure. Particle size

distribution obtained from TEM image analysis shows

This journal is © The Royal Society of Chemistry 2026
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nanograin diameters ranging from approximately 15 to 44 nm
Fig. 6(i), indicating the coexistence of multiple nanoscale pha-
ses. Elemental mapping Fig. 6(j) confirms the distribution of In,
Co, Ni, Fe, Sb, C, and S throughout the composite.

Overall, TEM and elemental analyses reveal that pristine
Co3,6NigosFep12Sb1, possesses a relatively uniform nano-
crystalline structure, whereas incorporation of PEDOT:PSS/S-AC
leads to the formation of a multiphase composite containing
InSb, Sb, sulfur-containing domains, and amorphous carbon
together with refined skutterudite grains. The InSb nanograins
act as effective phonon scatterers, while Sb inclusions and
sulfur-rich interfacial regions introduce additional grain-
boundary distortions that further suppress lattice thermal
conductivity. Meanwhile, the amorphous carbon interphase
introduces numerous interfaces and contributes to the forma-
tion of intergranular transport pathways within the hybrid
system. Collectively, these structural features create a highly
heterogeneous nanostructure with abundant phonon-scattering
centers, which plays a key role in reducing phonon transport
and enhancing the overall thermoelectric performance.

3.4 Effects of PEDOT:PSS-sulfur-doped amorphous carbon
on electronic transport in Ing o3,C03 ¢Nig 2gF€g 12Sb15

3.4.1 On resistivity reduction and Hall mobility enhance-
ment by polymer/S-AC conductive interconnects. As shown in
Fig. 7(a), pristine Coj¢NigpgFeg1,Sbi, exhibits non-metal-like
transport behavior with the highest electrical resistivity (p),
decreasing from ~22 to ~17 mQ cm between 325 and 700 K.
Introducing HNOs-treated PEDOT:PSS/S-AC into the In-filled
matrix (Ing 03,C03 6Nig 2gFe012Sb1,) does not reduce resistivity at
the lowest loading: the 10 wt% composite is slightly more resistive
than Ing 03,C036Nig2sF€g12Sb1,. However, beyond 10 wt% the
resistivity decreases progressively with increasing polymer
content, with the 40 wt% composite reaching =3.37 mQ cm over
the measured temperature range. This threshold-like reduction
indicates that the polymer-derived interphase becomes increas-
ingly effective once sufficient interfacial coverage is established,
suggesting that the organic-inorganic hybridization progressively
improves electrical connectivity across the polycrystalline network.

Hall measurements at 325 K further reveal pronounced
changes in carrier transport. Pristine Co;¢NipasFeg 12Sbia
exhibits a carrier concentration of n = 2.69 x 10*° em™* and
a Hall mobility of u = 1.04 cm® V' s, indicating strong
carrier scattering in the polycrystalline lattice. Upon addition of
10 wt% polymer, the carrier concentration decreases to 7.03 X
10" cm ™ while the Hall mobility increases dramatically to 19.5
em?® V™' s, At higher loadings, n remains relatively stable (6.91
x 10" and 6.62 x 10" cm ™2 for 20 and 40 wt%, respectively),
whereas u continues to increase to 24.9 and 29.2 cm?* V™' s,
According to the relation ¢ = neu, the substantial mobility
enhancement dominates the transport behavior, explaining the
observed decrease in resistivity despite the reduction in carrier
concentration. This trend is also summarized in the n-u plot at
325 K (Fig. S8), which clearly shows that the conductivity
enhancement correlates primarily with the large increase in
Hall mobility rather than with carrier concentration.
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Fig. 7 Temperature dependence of electronic transport properties for pristine CoszgNig2gFeo12Sb1> and Ingg32CozeNig28Feq 12Sbia/
PEDOT:PSS/S-AC composites with 10, 20, and 40 wt% HNOsz-treated PEDOT:PSS/S-AC, sintered at 853 K for 24 h: (a) electrical resistivity, (b)

Seebeck coefficient.

These trends can be interpreted using a Matthiessen-type
decomposition of the polycrystalline resistivity,

Ptotal = Pmat + Pgb + Pint (2)

where pn,c represents the intrinsic resistivity of the Cos;e-
Nig,sFep12Sbs, skutterudite lattice (phonon and impurity
scattering), py, accounts for grain-boundary and interfacial
barrier scattering, and pj, includes additional contributions
arising from secondary phases or interfacial regions®. Indium
filling primarily optimizes carrier concentration and correlates
with reduced intrinsic lattice resistivity, whereas the
pronounced increase in Hall mobility observed in the
composites indicates that the grain-boundary contribution (pgs,)
is substantially reduced upon polymer incorporation.

This behavior can be further rationalized within the frame-
work of interface contact band theory in heterogeneous
composites. In polycrystalline thermoelectric materials, grain
boundaries typically introduce potential barriers that impede
carrier transport and reduce carrier mobility. When a secondary
phase forms at these boundaries, the band alignment between
the matrix and the interfacial phase can modify the barrier
height and carrier transmission probability. In the present
system, the PEDOT:PSS-derived sulfur-doped amorphous
carbon (S-AC) phase forms thin intergranular layers
surrounding skutterudite grains, as revealed by SEM and TEM
observations. Such interfacial engineering strategies have
recently been demonstrated to effectively modulate carrier
transport and phonon scattering in thermoelectric mate-
rials.***® Raman spectroscopy further confirms the presence of
disordered sp” carbon domains, indicated by the characteristic
D and G bands associated with graphitic-like carbon structures.
The relatively high I/l ratio (~2.1) indicates the presence of
highly disordered sp® carbon regions containing localized -
electron states that can facilitate carrier tunneling across thin
intergranular carbon layers. Consequently, the S-AC interphase

J. Mater. Chem. A

can effectively reduce the grain-boundary barrier height and
passivate interfacial defect states, thereby enhancing carrier
transmission across grain boundaries and leading to the
substantial mobility increase observed in the composites.

To further examine the evolution of electrical connectivity,
the conductivity was fitted using a percolation-type relation,
o(¢) = ao(¢ — ¢.)' for ¢ > ¢, where ¢ represents the PEDOT:PSS/
S-AC volume fraction converted from weight fractions (10, 20,
and 40 wt%, corresponding to ¢ = 0.423, 0.595, and 0.746).*
The fitting yields an apparent threshold ¢. = 0.255 and expo-
nentt = 0.318 (R*> = 0.9999). We emphasize that this relation is
used here primarily as a phenomenological descriptor of
connectivity evolution rather than as evidence of classical
universal percolation. Unlike conventional conductor-insulator
composites, the present material system consists of an already
conductive skutterudite matrix combined with a conductive
polymer-derived interphase, forming a conductor-conductor
hybrid system in which transport improvement arises from
modification of existing grain-boundary pathways.

Microstructural observations support this interpretation. FE-
SEM images (Fig. 4) show that increasing PEDOT:PSS/S-AC
loading progressively modifies the fracture morphology from
densely packed skutterudite grains to a more porous structure
with increasingly interconnected intergranular regions. At
higher polymer loadings (20-40 wt%), voids and aggregated
particles become more prominent, suggesting that the polymer-
derived phase preferentially occupies grain-boundary and
interstitial regions. TEM analysis further reveals a multiphase
nanostructure consisting of skutterudite grains together with
InSb and Sb nanophases and amorphous carbon derived from
PEDOT decomposition (Fig. 6). The large density of interfaces,
grain boundaries, and amorphous interphases creates
numerous junctions across which carriers can propagate
through tunneling or hopping across thin interfacial barriers.
Consequently, the strong reduction in resistivity observed
between 10 and 40 wt% is consistent with tunneling-assisted

This journal is © The Royal Society of Chemistry 2026
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transport within a segregated interfacial network rather than
with a classical percolation transition.

Overall, the PEDOT:PSS-derived S-AC interphase plays a dual
functional role. It reduces grain-boundary resistance and
enhances carrier mobility through interfacial transport modi-
fication, while simultaneously introducing additional phonon-
scattering centers that contribute to the suppression of lattice
thermal conductivity. The influence of this interfacial frame-
work on lattice thermal transport is discussed separately in
Section 3.6.1 using porosity-only effective-medium-theory
(EMT) baselines.

3.4.2 Polymer-derived interfaces, weighted mobility, effec-
tive mass, and power factor. As shown in Fig. 7(b), all compo-
sitions are n-type over 325-700 K. The pristine
Co; ¢Nig »gFeg 1,Sb1, shows its |S| maximum at =543 K, whereas
all In-filled samples—regardless of polymer loading—show the
|S|(T) maximum at =592 K. Thus, the shift of |S|yax to higher
temperature is driven by In filling; polymer loading mainly
modulates the magnitude of |S|. Using the Goldsmid-Sharp
(GS) relation on the compositions that display a clear bipolar
onset, the effective gap increases from ~0.246 eV (pristine) to
~0.277-0.283 eV for the 20-40 wt% composites, indicating
reduced bipolar backflow. For the 10 wt% sample, the metal-
like p(T) renders GS inapplicable; the ~0.296 eV value should
be treated only as an indicative upper bound and is not used for
interpretation.

The Seebeck coefficient is directly proportional to both the
effective mass and temperature, while being inversely propor-
tional to the carrier concentration, as described by the following
expression,’

B 8c2ky? . (n)2/3 )

= —m R

3eh? 3n

where kg is the Boltzmann constant, e the carrier's charge, % the
Planck constant, m* the carrier effective mass of the charge
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carrier, T the temperature, and n the charge carrier concentra-
tion. However, in our composite material, when PEDOT:PSS/S-
AC is added, compared with the pristine Coz ¢Nig2gF€0 12Sb12,
the |S| is reduced at 10 wt% and 20 wt%, but compared to
20 wt%, it is increased again at 40 wt%. This complex behavior
may be caused by competing effects such as energy filtering at
the interfaces, changes in carrier concentration and band
structure modification.

To probe carrier pathways, we evaluate the weighted mobility
Uy from o and S, given by*®

exp 151 -2
B 3/’[3 kB/e
Y 8mep(2meksT)Y? 1+exp{—5( S| _1>}
kB/e

3 18|
T2 kB/E

1 +exp{5(k|:/|e— 1)}

where 4, e, p, kg, me, S, and T are Planck’s constant, the carrier's
charge, electrical resistivity in mQ-cm, the Boltzmann constant,
the electron's rest mass, Seebeck coefficient, and absolute
temperature, respectively. As shown in Fig. 8(a), uw(T) « T~
with exponents x = 0.82 (pristine) and x = 1.03, 0.93, 0.88 for 10,
20, and 40 wt% composites, respectively. The composites
maintain a higher absolute u,, than pristine over the entire
range, consistent with polymer-assisted intergranular bridging
that reduces boundary resistance. Within the Ing3,C036-
Nig »sF€.12Sb1,/PEDOT:PSS/S-AC composite series, the mobility
exponent x decreases modestly with increasing polymer loading
(from ~1.03 to ~0.88). The relatively small variation of the
exponent x also indicates that multiple scattering mechanisms
coexist in the composite system rather than a single dominant
scattering process. Such behavior suggests that, in addition to
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Fig. 8 Temperature-dependent weighted mobility for (a) CoszgNig2gFep 12Sb12, and Ing 032Co3.6Nig 2gFep 12Sb12/PEDOT:PSS/S-AC composites
with 10, 20, and 40 wt% HNOs-treated PEDOT:PSS/S-AC sintering at 853 K for 24 hours, (dotted line represents temperature power laws fit) and
(b) pristine CozgNiggFeq12Sb1, (dotted line represents temperature power law fit-to clear understanding of the transport behaviour),

respectively.
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acoustic-phonon scattering, temperature-insensitive scattering
processes associated with interfacial defects and grain bound-
aries increasingly contribute to carrier transport. Meanwhile,
the polymer-derived S-AC interphase improves intergranular
connectivity, which facilitates carrier transmission across grain
boundaries and leads to the observed increase in carrier
mobility and reduction in electrical resistivity p.

The temperature dependence of the weighted mobility wu,,
further reveals a crossover between different scattering regimes.
In the pristine sample, u,, increases slightly with temperature
up to = 425 K, following approximately u,, « 7°*!(Fig. 8(b)).
This weak positive temperature dependence is consistent with
a regime where thermally activated carriers progressively over-
come grain-boundary barriers or reduce the relative contribu-
tion of ionized-impurity scattering. At higher temperatures (T =
425 K), u,, decreases with temperature according to u,, o T *°,
approaching the acoustic-phonon scattering limit. This cross-
over indicates that carrier transport gradually becomes phonon-
limited at elevated temperatures.

Furthermore, we estimate the Seebeck effective mass myg
using the Snyder-Pereyra relation from measured S(7) and Hall
carrier concentration ny, given by*®

(exp LC‘BL/L — 2} — 0.17) ”

s = 2::T (12%)2/3 (Sl /e
1 +exp{ 5<kB/e N )}
3 2\ |s
= (7) |B \e
" 1+ e:p {S\Ejf/e _k k/l;/| e)] (5)

where mg represents the Seebeck effective mass, ny is the Hall
carrier concentration of the charge, T the absolute temperature,
S the Seebeck coefficient, kg the Boltzmann constant, and e the
carrier charge. The extracted mg shows a consistent decreasing
trend with increase of PEDOT:PSS/S-AC content, among which
10 wt%, 20 wt% and 40 wt% the effective mass of wt% samples
is 8.05,2.42, 2.11 and 2.10 m,, respectively. The concurrent drop
in mg and rise in u, indicate that polymer-derived S-AC inter-
phases primarily enhance the effective mobility by reducing
grain-boundary resistance (longer t), while the reduced DOS-
related effective mass primarily reflects changes in the elec-
tronic density of states rather than being the dominant factor
controlling mobility. Because w,, o wu(m*/m.)** and mg esti-
mates the DOS mass entering u,, the observed rise of u,,
alongside a reduced mg at 20-40 wt% is consistent with
increased relaxation time 7, implying mobility gains due to
polymer-derived S-AC interphase bridging (lower grain-
boundary resistance).

Thus, increased u, alongside reduced m; at 20-40 wt%
reflects a mobility-dominated improvement rather than
a density-of-states enhancement, highlighting that PEDOT:PSS/
S-AC interphases act mainly by suppressing boundary resis-
tance rather than altering intrinsic band curvature.

As shown in Fig. 9, the concurrent evolution of ¢ and S yields
an increase in power factor (PF=S%¢). All samples exhibit
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composites with 10, 20, and 40 wt% HNOs-treated PEDOT:PSS/S-AC,
sintered at 853 K for 24 h.

maxima around 550-600 K; the magnitude scales with polymer
content, reaching ~16.4 pW cm™* K> at 600 K (~16.0 pW cm ™
K2 at 700 K) for the 40 wt% composite. The monotonic
enhancement of PF with polymer loading is therefore a direct
manifestation of higher u,, and improved interfacial connec-
tivity. The improvement in electronic transport does not
contradict the strong suppression of «;, observed subsequently.
Both effects originate from the same polymer-derived S-AC
interfacial network.

3.5 Role of PEDOT:PSS-derived sulfur with amorphous
carbon

Because the PEDOT:PSS/S-AC phase introduces both porosity
and heterogeneous interfaces, its effect on transport must be
considered from both electronic and phonon-scattering
perspectives. As discussed in Section 3.4, the polymer-derived
S-AC interphase modifies the grain-boundary environment,
improves intergranular connectivity, and enhances carrier
mobility. At the same time, the same interphase network
introduces amorphous layers, multiphase inclusions, and
micro-/mesoporous features that act as effective phonon-
scattering centers. Thus, the PEDOT:PSS-derived S-AC phase
serves as a unifying interfacial component that couples elec-
trical and thermal transport.

To further elucidate this interfacial transport mechanism,
a comparative analysis was conducted among three systems:
pristine Cos gNig 2gF€g.12Sb12, C03 6Nip25F€g.12Sb1, With 40 wt%
HNOj;-treated PEDOT:PSS/S-AC (PEDOT:PSS-only), and Ing g3,-
C03 ¢Nig 2sF€0 1251, with 40 wt% HNOs-treated PEDOT:PSS/S-
AC (In-filled + PEDOT:PSS/S-AC composite).

Fig. 10(a) shows that the pristine sample exhibits relatively
high resistivity, whereas the PEDOT:PSS/S-AC-only composite
shows even higher resistivity due to increased porosity and
structural disorder. In contrast, the In-filled PEDOT:PSS/S-AC

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Electronic transport properties of pristine CozgNig2gFep12Sbio, CoszgNig2gFeq12Sb1, with 40 wt% HNO3-treated PEDOT:PSS/S-AC
(PEDOT:PSS-only), and Ing o3> Coz.eNig2gFeq12Sbiwith 40 wt% HNO=-treated PEDOT:PSS/S-AC (In-doped composite), sintered at 853 K for
12 h: (a) electrical resistivity, (b) Seebeck coefficient, and (c) power factor.

composite exhibits a dramatic reduction in resistivity (~3.23
mQ cm at 325 K), corresponding to reductions of 85.5% and
88.5% compared to the PEDOT:PSS-only and pristine samples,
respectively. This substantial improvement arises from a syner-
gistic effect of indium-induced carrier concentration enhance-
ment and interfacial conduction pathways provided by the
sulfur-carbon interphase.

Fig. 10(b) confirms n-type conduction for all samples. The
PEDOT:PSS/S-AC-only composite exhibits slightly larger ||
values, consistent with reduced carrier concentration, whereas
the In-filled composite shows lower |S| values due to increased
carrier concentration and Fermi-level shift. Despite this reduc-
tion, the overall thermoelectric performance is enhanced.

As shown in Fig. 10(c), the power factor (PF) is significantly
improved in the In-filled PEDOT:PSS/S-AC composite, reaching
~16.4 uW cm~ ' K2 at ~600 K, representing a 301% and 457%

This journal is © The Royal Society of Chemistry 2026

enhancement over the pristine and PEDOT:PSS-only samples,
respectively. These results confirm that the polymer-derived S-
AC interphase enhances interfacial carrier transport, while
indium filling further optimizes carrier concentration, leading
to a synergistic improvement in electronic performance. These
results establish that the interfacial S-AC network simulta-
neously governs carrier transport and sets the stage for the
thermal transport behavior discussed in the following section.

3.6 Effect of polymer-derived porosity and interphases on
thermal conductivity

Building on the interfacial transport mechanism established in
Section 3.5, the PEDOT:PSS-derived S-AC interphase not only
enhances electrical conductivity through improved intergran-
ular carrier transport (as evidenced by the substantial reduction

J. Mater. Chem. A
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Fig. 11 (a) Temperature dependence of total thermal conductivity (k) for pristine CosgNig2gFeg12Sb12 and Ingg32CozNip28Fen 12Sb1
composites containing 10, 20, and 40 wt% PEDOT:PSS/S-AC. All samples show monotonic k1(T) decreases, but distinct regimes emerge: 10—
20 wt% exhibit kt comparable to or above the pristine due to enhanced electronic heat transport, whereas 40 wt% shows pronounced kt
reduction associated with formation of a polymer-derived interphase. (b) Electronic thermal conductivity (k.), calculated using the Wiedemann—
Franz relation with Lorenz numbers derived from a single-Kane-band model. (c) Lattice thermal conductivity («.) as a function of temperature. k_
decreases systematically with increasing polymer loading. The dashed and dotted curves represent porosity-only effective-medium theory (EMT)
baselines calculated using the Maxwell-Eucken and Bruggeman models (x, = 0.05 W m™L K™Y), respectively. The 40 wt% composite exhibits k.
values that fall below these porosity-only predictions, indicating additional phonon-scattering contributions associated with the amorphous S-
AC interphase and multiphase microstructure. (The inset shows the temperature-dependent lattice thermal conductivity (k) of the composites
with varying polymer content, exhibiting a systematic reduction with increasing polymer loading. Power-law fitting (k. « T %) yields exponents x
= 0.32-0.47, indicating a clear deviation from purely Umklapp-limited phonon transport. This behavior suggests a dominant contribution from
temperature-independent phonon scattering mechanisms, including static disorder arising from Ni/Fe alloying, interfacial scattering, and the
presence of secondary phases) (d) temperature dependence of zT. Moderate polymer loadings yield incremental improvements, while the
40 wt% composite delivers the highest zT across the measured range due to combined k| suppression and favorable electronic transport.

in resistivity and enhancement in power factor in Fig. 10), but
also introduces structural features that strongly influence
phonon transport. In particular, the formation of amorphous
interlayers, multiphase inclusions, and micro-/mesoporous
structures provides additional phonon-scattering centers,
thereby coupling electronic and thermal transport through the
same interfacial framework.

Fig. 11(a) presents the total thermal conductivity (k1) of
pristine Coj;¢Nig sF€0.12Sb1, and Ing¢3,C03 6Nip2sF€g 125b12
composites containing 10, 20, and 40 wt% PEDOT:PSS/S-AC. All

J. Mater. Chem. A

samples exhibit the expected decrease in xp with increasing
temperature, reflecting enhanced phonon-phonon (Umklapp)
scattering and reduced phonon mean free paths at elevated
temperatures.®>*® However, xt does not vary monotonically with
polymer content. At 10-20 wt%, kr remains comparable to or
slightly above that of the pristine material across large portions
of the temperature range, whereas the 40 wt% composite
exhibits a pronounced «y reduction, suggesting a transition in
the dominant heat-transport mechanism at high interphase
loading.

This journal is © The Royal Society of Chemistry 2026
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To elucidate this behavior, the electronic contribution . was
separated from ky using the Wiedemann-Franz relation, with
Lorenz numbers calculated from the Kane-band model via the
SKBcal algorithm under dominant acoustic phonon scat-
tering.** As shown in Fig. 11(b), k. is lowest in the pristine
sample, consistent with its high electrical resistivity. Incorpo-
ration of 10-20 wt% PEDOT:PSS/S-AC increases «., reflecting
enhanced carrier mobility and reduced grain-boundary resis-
tance arising from interfacial bridging. This trend is consistent
with the electronic transport behavior shown in Fig. 10, where
improved interfacial connectivity leads to enhanced carrier
transport. At these intermediate loadings, the increase in k.
partially offsets moderate reductions in lattice thermal
conductivity (ki ), resulting in «r values comparable to or slightly
higher than those of the pristine material.

At higher polymer loading (40 wt%), k. continues to follow
the overall electrical conductivity trend and remains higher
than that of the pristine sample. However, the polymer-derived
interphase—comprising amorphous sulfur-rich carbon layers,
micro-/mesoporous features, and multiphase inclusions—
forms a dense heterogeneous network that strongly enhances
phonon scattering. In this regime, the lattice thermal conduc-
tivity decreases substantially due to increased interface density,
structural disorder, and the presence of amorphous inter-
phases. Consequently, the pronounced suppression of ki,
dominates the overall thermal transport, leading to the lowest
kr among all compositions.

Overall, the evolution of kr across the series reflects the
competition between electronic and lattice heat transport. At
moderate polymer loadings (10-20 wt%), improved intergran-
ular connectivity enhances «. and partially compensates for «p,
suppression. At higher loading (40 wt%), however, the strong
reduction in «;, becomes the dominant factor governing thermal
transport, producing the largest decrease in kr and conse-
quently the highest thermoelectric performance, as reflected in
the zT values shown in Fig. 11(d).

3.6.1 Lattice thermal conductivity: beyond porosity -
interfacial and multiphase scattering. Building on the interfa-
cial framework established in Sections 3.4-3.5, the lattice
thermal conductivity (ki) provides further insight into how the
PEDOT:PSS-derived S-AC interphase influences phonon
transport.

Fig. 11(c) shows the temperature dependence of «;, for all
compositions. «; decreases with increasing temperature,
consistent with phonon-phonon (Umklapp) scattering. At 325
K, x;, decreases from 1.26 W m~' K" for the pristine sample to
1.22, 1.15, and 0.84 W m * K * for the 10, 20, and 40 wt%
composites, respectively. The 40 wt% composite maintains the
lowest k;, across the entire temperature range and reaches
approximately 0.55 W m™ " K~ ' at 700 K. Power-law fitting (k. o
T %) yields exponents x = 0.32-0.47, weaker than the canonical
~0.5 expected for purely Umklapp-limited transport, indicating
the presence of additional temperature-insensitive scattering
mechanisms arising from static alloy disorder (Ni/Fe substitu-
tion), interfaces, and multiphase inclusions.****

3.6.1.1 Porosity-only EMT baselines (Maxwell-Eucken and
Bruggeman). To determine whether the observed suppression of ky,

This journal is © The Royal Society of Chemistry 2026
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can be attributed solely to porosity dilution, porosity-only effective-
medium theory (EMT) baselines were established using the
Maxwell-Eucken model and the Bruggeman self-consistent
approximation.®* In these expressions, ks denotes the lattice
thermal conductivity of the continuous solid matrix and «, the
thermal conductivity of the pore phase, with ¢ representing the
pore volume fraction. Maxwell-Eucken relation is given by

ME _ Kp T 2Ky — 2d>(/<S — Kp)

Ky~ = Kg 6
b Kp + 2K + P (ks — Kp) ©)
while Bruggeman self-consistent relation is given by
Ks — Keff Kp — Keff
1- + =0 7
( d)) Ks + 2Keff ¢ Kp + 2Keff ( )

Because the pores are predominantly air-filled, k, = 0 W
m~' K ' is adopted as the primary baseline, with , = 0.05 W
m~' K ' evaluated as a sensitivity case. To avoid double
counting porosity in the pristine sample, «4(7) was back-
calculated by enforcing EMT consistency at the measured
pristine porosity and subsequently applied to the composites at
their respective porosities.

Under this unified porosity-only baseline, the 40 wt%
composite exhibits k;, values at both 325 K and 700 K that are
16-22% lower than Maxwell-Eucken and Bruggeman predic-
tions as shown in Fig. 11(c), exceeding the experimental
uncertainty (£5%). This deviation indicates that additional
interface- and multiphase-mediated phonon-scattering mecha-
nisms contribute beyond simple volumetric porosity dilution.
These results further support that the deviation from porosity-
only predictions originates from interface-dominated phonon
scattering rather than simple volumetric dilution.

3.6.1.2 Interface- and multiphase-induced phonon scattering.
The enhanced suppression of x;, can be attributed to multiple
cooperative phonon-scattering mechanisms introduced by the
polymer-derived S-AC interphase and the associated multiphase
microstructure. First, the formation of micro-/mesopores and
amorphous interlayers promotes diffuse boundary (Casimir/
Knudsen) scattering when structural dimensions approach
dominant phonon mean free paths, thereby reducing phonon
specularity and enhancing back-scattering.>®>” Second, the
sulfur-doped amorphous carbon interlayers introduce signifi-
cant vibrational mismatch relative to the crystalline skutter-
udite matrix, generating interfacial thermal resistance and
increasing the probability of phonon mode conversion and
reflection.” Third, the presence of secondary nanophases such
as InSb and Sb introduces mass contrast and local strain-field
fluctuations, further shortening phonon lifetimes®®>®
weakening the intrinsic temperature dependence of «y.

High-resolution TEM images Fig. 6(b-f) reveal the coexis-
tence of crystalline InSb nanophases and surrounding amor-
phous carbon layers derived from PEDOT:PSS decomposition.
The corresponding FFT and SAED patterns Fig. 6(d-h) confirm
the crystalline nature of the InSb and Co,Sb;, phases and the
amorphous character of the carbon interlayer.

To provide semi-quantitative insight into the relative
importance of the proposed scattering mechanisms, additional

and
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composite; the dotted curve denotes the constant-property model.

TEM analysis was performed to estimate the characteristic
structural length scales in the composite. As shown in the
supplementary TEM analysis (Fig. S6), Image] measurements
performed over multiple regions yield an average interphase
thickness of approximately 2.26 nm from Fig. S6(g). Statistical
analysis of these features Fig. S6(i) indicates a characteristic
pore diameter of approximately 16.35 nm. These two charac-
teristic structural dimensions therefore represent distinct
phonon-scattering length scales in the composite system.

Within the framework of boundary (Casimir-type) scattering,
the phonon relaxation time is commonly approximated as t~* o v/
L, where L represents the characteristic structural length scale and
v the phonon group velocity. Consequently, smaller structural
dimensions generally lead to stronger boundary scattering.
Because the dominant phonon mean free path in skutterudite
materials typically lies in the range of ~10-100 nm, both the
amorphous interphase thickness (~2-3 nm) and the pore diam-
eter (~16 nm) fall within the effective phonon-scattering regime.
The ultrathin amorphous interphase is expected to scatter short-
wavelength phonons, whereas pores with dimensions on the
order of ~16 nm mainly scatter mid-wavelength phonons.

The coexistence of these two structural length scales there-
fore enables multi-scale phonon scattering, in which hierar-
chical interfaces scatter phonons across a broad spectrum of
wavelengths. Consequently, the amorphous S-AC interphase is
expected to make a major contribution to the suppression of
lattice thermal conductivity, while pore scattering provides an
additional contribution by disrupting phonon transport at
larger length scales. These TEM-derived structural parameters
therefore provide semi-quantitative support for the multi-scale
phonon-scattering mechanism responsible for the strong «g,
suppression observed in the PEDOT:PSS-derived S-AC/
skutterudite composite system.

J. Mater. Chem. A

3.7 Comprehensive assessment of thermoelectric efficiency
via zT, average and engineering zT, and dimensionless
strength factor

Fig. 11(d) shows the temperature dependence of 2T for pristine
Co3 ¢Nig »gFeg 12Sb1, and Ing 3,Co3 6Nig 28F€0.12Sb1, composites
containing 10, 20, and 40 wt% HNO;-treated PEDOT:PSS/S-AC.
The pristine sample exhibits the lowest zT (0.24 at 700 K),
reflecting its modest power factor and relatively high lattice
thermal conductivity (k). With In filling and polymer-derived
hybridization (amorphous carbon/sulfur residues from
PEDOT:PSS), 2T improves across the entire temperature range
owing to enhanced electrical transport and suppressed «p. At
700 K, relative to the pristine sample (27 = 0.24), the composites
reach zT = 0.64 (=2.67x, +167%), 0.82 (=3.42X, +242%), and
1.47 (=6.13%, +513%) for 10, 20, and 40 wt%, respectively.
These gains arise from a synergistic combination of scattering
processes: Fe/Ni alloy scattering provides a strong baseline
reduction in phonon transport; porosity disrupts continuous
heat-conduction pathways; and amorphous carbon-rich inter-
facial layers derived from PEDOT:PSS act as effective phonon
barriers while supplying localized electronic bridges that
preserve mobility. The net effect is a substantial «;, reduction
without undue degradation of carrier transport.

Fig. 12(a) compares zT, the average dimensionless figure of
merit (27,5), and the engineering dimensionless figure of merit
(2Teng) for the same set. The commonly used zT,, provides an

integrated efficiency over a temperature span and is defined
56061

1 TH
ZTave = J zTdT (8)

Tu—Tc )z

where Ty and T are the hot and cold side temperature,
respectively. The 40 wt% composite exhibits the highest 2T,
~0.97, which is about 5.37 times that of the pristine sample,

This journal is © The Royal Society of Chemistry 2026
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confirming the robustness of the hybrid strategy over the
operating window. While zT,,, offers a useful indication of
material efficiency, it does not fully capture the temperature
dependence of transport properties in real devices operating
across large temperature gradients. For this purpose, the engi-
neering dimensionless figure of merit (zTcn,) given in eqn (9)
provides a more rigorous assessment. It is defined as*

(esomr)
(J; P (T)dT) (J:C c (T)dT)

where S(T), p(T), and «(T) are the Seebeck coefficient, electrical
resistivity, and thermal conductivity, respectively, and AT = Ty —
Tc. As shown in Fig. 12(a), the 40 wt% composite achieves zTen, =
0.69, about 5.39x the pristine value, highlighting its superior
device-relevant performance under large temperature gradients.

The maximum conversion efficiency of thermoelectric
materials also depends on the Thomson effect, which is quan-
tified via the dimensionless strength factor a as shown in
Fig. 12(b). By definition @ = 1 corresponds to a temperature-
independent Seebeck coefficient. For n-type materials, @ > 1
implies that S becomes more negative with temperature (dS
dT ! < 0), increasing the beneficial Thomson contribution to
energy conversion. We evaluate d using®

S(TW)AT

ZT g =

T, 9

i= (10)

Ty
| "s myar
T

where S(Ty) is the Seebeck coefficient at Ty,. As shown in
Fig. 12(b), a varies with the applied temperature difference. For
the Ing 3,C03 ¢Nig 25F€(.125b1,/40 wt% PEDOT:PSS composite, d
rises with AT: it is below unity for small gradients (AT < 100 K),
approaches unity near AT = 150 K, and exceeds 1.0 at larger A7,
reaching a maximum of ~1.06 around ~300 K, before slightly
declining. The dotted line in Fig. 12(b) indicates the constant-
property model for reference. This behavior shows that under
substantial temperature gradients the Thomson effect makes
a non-negligible, favorable contribution, complementing the
gains implied by 2T, zTayg, and zTcpg.

3.8 Effect of PEDOT:PSS-derived sulphur-amorphous carbon
composites on phonon scattering and lattice thermal
transport: Raman spectroscopic insights

To identify the mechanisms responsible for the reduction of
lattice thermal conductivity in Co; ¢Nig ysFeg 12Sb1, and Ing gzo-
Co36Nig.gFeg 12Sb1o/x Wt% HNO;-treated PEDOT:PSS/S-AC
composites (x = 10, 20, 40 wt%), we examined phonon vibra-
tions using Raman spectroscopy.

The skutterudite CoSb; crystallizes in the I3 (No. 204) space
group with 16 atoms per primitive cell, yielding 48 phonon
modes (3 acoustic + 45 optical). Factor-group analysis gives the
optical mode decomposition 2A, + 2E, + 4Ty, 2A, + 2E, + 7T; Ay,
E,, and T, are Raman-active (eight symmetry-distinct modes),
while T, are infrared-active.®® In filled skutterudites (RC0,Sb;,),
the filler at the 2a site introduces additional low-frequency T,

This journal is © The Royal Society of Chemistry 2026
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(“rattler”) modes. Fig. 13(a) shows the Raman spectra of the
pristine and composite samples. The pristine compound
exhibits bands at 82.1, 105.4, 131.8, 147.4, 175.4, and
182.4 cm . With increasing PEDOT:PSS/S-AC content, these
modes systematically red-shift and broaden, indicating reduced
vibrational energies and enhanced phonon scattering arising
from lattice disorder, mass/strain fluctuations, and polymer-
derived interfaces. All peaks were fitted with Voigt (Lor-
entzian-Gaussian) profiles; fitted positions and FWHM values
are compiled in Table S3 for quantitative comparison.

To disentangle polymer contributions, we measured
PEDOT:PSS before and after annealing at 580 °C. Pristine
PEDOT:PSS shows features at 1094, 1228, 1253, 1329, 1362,
1416, and 1475 cm™ ', attributable to SO;~ stretching
(1094 em™"), C-C inter-ring/a~o/ thiophene stretching (1228-
1253 em '), backbone C-C vibrations (1329-1362 ¢cm™ ), and
symmetric/asymmetric C=C stretching (1416, 1475 cm™'). The
1416 cm™ ' band tracks the PEDOT oxidation state (polaron/
bipolaron marker).** After annealing, sharp polymer bands
collapse into broad features at ~1152, ~1339, and ~1555 cm™ .
The ~1152 em™ " signal indicates residual sulfonate groups
(incomplete PSS removal);*® the ~1339 cm ' band reflects
disordered sp* C-C stretching (D band); and the ~1555 cm™*
band corresponds to a down-shifted G-like mode of short-range
sp> domains. The intensity ratio I/l = 2.1 confirms formation
of highly disordered amorphous/nanocrystalline carbon,
consistent with TEM observations; the G-band downshift rela-
tive to crystalline graphite (~1580 cm™') further evidences
reduced crystallite size and increased disorder.

Linewidth analysis provides a dynamical view of phonon
transport. Phonon lifetimes (7) are estimated from the Raman
full width at half maximum (FWHM, I') using®®

B 1
YT dner

(11)

where c is the speed of light in vacuum and I is the FWHM in
wavenumber units (cm™'). As summarized in Table S3 and
Fig. 13(e), 7 decreases with increasing PEDOT:PSS/S-AC content.
Shorter lifetimes signify stronger phonon scattering, correlating
with the observed suppression of the lattice thermal conduc-
tivity xy, (Section 3.6.1). The combined evidence—peak red-shift,
linewidth broadening, and t reduction—indicates a multi-scale
scattering landscape dominated by: (i) amorphous carbon/
sulfur intergranular layers that impose high interfacial
thermal resistance, (ii) porosity and pore-interface coupling
(diffuse boundary scattering), (iii) alloy-disorder scattering from
Ni/Fe substitution, and (iv) secondary nanophases (InSb, Sb, S)
that introduce mass and strain contrast.

Taken together, the Raman spectroscopic analysis, lifetime
evaluation, and quantitative fits (Table S3) demonstrate that
PEDOT:PSS/S-AC fundamentally modifies lattice vibrational
dynamics in CoSbz-based skutterudites. The polymer-derived
amorphous network and associated interfaces provide efficient
phonon-scattering centers that drive «; below porosity-only
expectations, thereby rationalizing the substantial reductions in
ky, and the concurrent rise in zT for high-loading composites.
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Fig. 13 Raman spectroscopy analysis of Cos gNig 2gFep12Sb1 and Ing.03,Co3 6Nig 2gFeq 12Sb12/x wt%s PEDOT:PSS/S-AC composites. (a) Raman
spectra at different PEDOT:PSS/S-AC contents (10, 20, 40 wt%). (b and c) Raman spectra of pristine PEDOT:PSS and Ing.932C03.¢Nig.2gF€0.12Sb12/
40 wt% PEDOT:PSS composites after thermal treatment at 580 °C. (d) Raman peak positions of pristine CosgNig2gFeg.12Sb1> and Ing gzz-
Cos¢Nig 2gFeq 12Sb1a/x wt% HNOs-treated PEDOT:PSS-SC composites (x = 10, 20, 40 wt%). A systematic red shift of the vibrational modes is
observed with increasing PEDOT:PSS content, indicative of softening of phonon modes due to enhanced carrier-phonon coupling and inter-
facial strain effects. (e) Phonon lifetimes extracted from the full width at half maximum (FWHM) of Raman-active vibrational modes.
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4. Thermoelectric properties of p-
Mg2Zng 97Ag0.035b>

Fig. 14 shows the XRD patterns and the temperature depen-
dence of the electronic and thermal transport properties of
Mg,Zn, o7Ag0.03Sb, synthesized by solid-state reaction, followed
by evacuated-and-encapsulated sintering and hot-pressing.® In
Fig. 14(a), the Fe Ko XRD pattern is indexed to the trigonal o-
Mg;Sb, structure (ICDD 003-0375) as the major phase, with
a minor Sb impurity. Fig. 14(b-f) present the transport proper-
ties from 325 to 725 K. The electrical resistivity increases with
temperature—rising from 1.52 mQ cm at 325 K to 2.37 mQ cm
at 725 K—indicative of degenerate-semiconductor behavior.
The positive Seebeck coefficient confirms p-type conduction,
increasing from 95.6 pv K ' at 325 K to 152.6 uV K" at 725 K.
The power factor increases accordingly from 6.01 to 9.82
uW ecm ' K2 The total thermal conductivity decreases from
1.34 t0 0.72 Wm ' K. As a result, the dimensionless figure of
merit reaches z7' = 0.95 at 725 K.

J. Mater. Chem. A

5. The performance of

a thermoelectric generator (TEQG)
comprising 10 pairs of p-leg
Mg>Zng 97Ado.035b2 and n-leg
INg.032C03 6Nig 28F€0.12Sb1> 40 Wt%
PEDOT:PSS/S-AC

A key design principle for thermoelectric generators is match-
ing the transport properties of the p- and n-legs, including
Seebeck coefficient (S), electrical resistivity (p), and thermal
conductivity («), over the intended operating temperature range.
Such matching ensures comparable dimensionless figure of
merit (27) and similar optimal current density for both legs,
thereby maximizing device efficiency.

In the present work, Mg,Zn, 97Ag0.03Sb, was selected as the
p-leg because of its high power factor and favorable zT ther-
moelectric performance in the mid-temperature range. The n-
leg was chosen as Ing3,C036Nig2sF€012Sb12/40  Wt%
PEDOT:PSS/S-AC, which exhibits comparable transport

This journal is © The Royal Society of Chemistry 2026
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Fig. 16 (a) Temperature dependence of zT for p-leg, n-leg, and the fabricated TEG; (b) temperature dependence of efficiency for p-leg, n-leg,

and the fabricated TEG at AT = 160 K.

properties within a similar temperature window, making it
a suitable counterpart for efficient module operation.

Fig. 15 shows a thermoelectric generator consisting of ten p-
n couples fabricated from p-type Mg,Zn, 97Ag0.03Sb, and n-type
Ing.032C03 6Nig 28F€0.12Sb12/40 wt% PEDOT:PSS/S-AC composite.
The device architecture is illustrated schematically in Fig. 15(a).
The current-voltage (I-V) curves measured under different
temperature differences (AT) are shown in Fig. 15(b). The linear
relationship between voltage and current indicates ohmic
behavior of the device and is consistent with a Thévenin
equivalent source model, in which the output voltage decreases
linearly with increasing current.

The output power (P) of the TEG can be expressed as®’

E 2 RLoad

P=—v——
(Rintemul + RLoud)

(12)
where E is the output voltage (mV), Ry 0.q () the load resistance,
and Rineernal (Q) is the internal resistance of the TEG. As shown
in Fig. 15(c), the output power increases with current and rea-
ches a maximum when the load resistance matches the internal
resistance of the device (Ryoad = Rinternal)- The maximum output
power increases progressively with increasing temperature
difference, from 1.98 yW at AT = 10 K to 5.58, 9.56, 12.24, 25.02,
35.55, 49.19, 61.69, 78.98, and 88.80 uW at AT = 20, 30, 40, 60,
80, 100, 120, 140, and 160 K, respectively.

Fig. 15(d) presents the open-circuit voltage (V,.) and
maximum output power as a function of temperature difference
(AT = Ty — T¢). Both quantities increase approximately linearly
with AT, as expected for thermoelectric modules. At AT =160 K,
the open-circuit voltage reaches 0.265 V. Photographs of the
fabricated device and the measurement setup are shown in the
inset of Fig. 15(d). The output power density was calculated by
dividing the maximum output power by the active hot-side area
of the module (2.24 mm x 1.91 mm x 10), yielding a maximum
value of 203.32 yW cm > at AT = 160 K. The device

This journal is © The Royal Society of Chemistry 2026

dimensionless figure of merit for a thermoelectric unicouple
operating at temperature T can be estimated using
2

(SP — Sﬂ) T
[\/ ppkp + pnkn ]2

where S}, and S, are the Seebeck coefficients for the p- and n-leg,
respectively; p and « denote electrical resistivity and thermal
conductivity of the constituent materials.®®* At 700 K, the
temperature-dependent thermoelectric performance shown in
Fig. 16(a) yields zT}, = 0.82 for the p-leg, zT,, =~ 1.47 for the n-
leg, and an estimated zTqevice = 1.15 for the module.

The ideal conversion efficiency 7, assuming a temperature-
independent average zT, can be estimated using®®

7TH_TC \/1+ZT—1
n= TH TC
\/1+ZT+T

H

(13)

ZTdevice =

(14)

where 2T represents the dimensionless figure of merit, Ty the
hot side temperature, and T¢ the cold side temperature.®® As
shown in Fig. 16(b), when T is fixed at 293 K and Ty varies from
303 to 453 K (AT = 10-160 K), the calculated maximum effi-
ciencies reach 3.96% (p-leg), 7.01% (n-leg), and 5.53% (module)
at AT = 160 K.

To better contextualize the performance of the present
device, Table 2 compares the output power density and effi-
ciency of the fabricated module with representative
skutterudite-based thermoelectric generators reported in the
literature. As summarized in Table 2, previously reported
skutterudite modules typically operate under substantially
larger temperature differences (AT = 366-673 K), whereas the
present module delivers competitive power density under
a relatively moderate temperature gradient. This comparison
highlights the effectiveness of the present material combina-
tion and device architecture for thermoelectric power genera-
tion under moderate operating conditions.
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