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Abstract

Directional control of heat flow is essential for advanced energy and electronic systems, yet
strategies for tuning anisotropic phonon transport in low-dimensional materials remain
limited. Hollow tellurium (Te) nanowires were synthesized via a solvothermal method and
modified through Pd electroless plating to achieve tunable anisotropic thermal transport.
Structural analyses confirmed Pd incorporation as nanoscale surface deposits without
crystalline Pd phases, while SEM observations revealed cavity enlargement due to galvanic
displacement at higher PdCl, concentrations. Bulk films prepared by cold pressing exhib-
ited direction-dependent behavior. Thermal conductivities remained nearly unchanged
below 2.2 mM PdCl,, but at 5.5 mM, the in-plane value increased to 2.14 W/(m-K) and
the cross-plane value decreased to 0.39 W/(m-K), enhancing the anisotropy ratio from 2.71
to 5.49. This divergence arises from direction-selective phonon scattering, where Pd-rich
regions promote in-plane heat flow while junction irregularity suppresses cross-plane
transport. These results demonstrate a controllable approach for engineering anisotropic
thermal properties in functional energy materials.

Keywords: hollow tellurium nanowires; palladium decoration; anisotropic thermal con-
ductivity; phonon scattering; energy materials; thermal management

1. Introduction

The rapid development of high-performance electronics, wearable sensors, and energy-
conversion devices has created an urgent demand for materials capable of directing heat
with high spatial precision [1-4]. As these systems continue to evolve toward thinner, more
compact, and multifunctional architectures, thermal loads become increasingly localized,
making efficient heat routing essential for preventing device degradation and ensuring long-
term operational stability [5-7]. Consequently, thermal transport engineering has emerged
as a central design challenge in modern energy and electronic technologies, particularly
in applications where directional heat flow is required to maintain performance under
high power densities or dynamic operating conditions [8,9]. Overcoming this challenge
demands materials that can manipulate heat transport with directional selectivity, ensuring
that thermal energy is guided precisely where it is needed within the device architecture.

A key concept enabling such control is thermal conductivity anisotropy, the property
by which a material conducts heat differently along distinct crystallographic or structural
directions [10-13]. Materials exhibiting strong anisotropy support a variety of thermal-
management functions, including in-plane heat spreading, cross-plane thermal insulation,
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and directional heat-flux sensing. These capabilities are already utilized in graphite heat
spreaders, layered thermoelectrics, and thermal diodes, where directional phonon transport
is essential for achieving high efficiency and stability [14-19]. As device miniaturization
progresses and heterogeneous integration becomes more common, the ability to tune
anisotropy at the nanoscale is expected to play an increasingly important role in advanced
thermal-management strategies [20—-22]. This trend highlights the need for material plat-
forms that allow systematic manipulation of phonon pathways.

Low-dimensional materials naturally provide such opportunities because their re-
duced dimensionality and directional bonding impose strong constraints on phonon prop-
agation [23-25]. Among them, one-dimensional (1D) nanostructures—such as carbon
nanotubes (CNTs), semiconductor nanowires, and nanoplates—exhibit particularly pro-
nounced anisotropic behavior due to their confined phonon spectra and highly directional
structural motifs [26-31]. CNT films, for instance, display extremely high in-plane thermal
conductivity but very low cross-plane conductivity because weak van der Waals interac-
tions between adjacent nanotubes limit phonon transfer across the film thickness. This
contrast results in anisotropy ratios far exceeding those of bulk materials [32,33]. Tellurium
(Te) nanowires exhibit a similar phenomenon: their helical covalent chains aligned along
the c-axis enable efficient axial phonon transport, while much weaker inter-chain inter-
actions suppress heat flow perpendicular to the chain direction [34-37]. These intrinsic
structural features make Te nanowires a promising platform for engineering highly di-
rectional thermal transport, particularly when combined with additional structural or
interfacial modifications.

Despite these advantages, most previous efforts to control heat flow in low-
dimensional materials have focused primarily on reducing overall thermal conductivity
through the introduction of pores, defects, or surface decorations [38—41]. Although such ap-
proaches effectively suppress phonon transport, they do not inherently provide directional
control because the introduced scattering centers typically influence phonons isotropically.
Achieving enhanced anisotropy instead requires strategies that selectively modify phonon-
scattering pathways along specific directions—a challenge that remains comparatively
underexplored despite its importance for next-generation thermal-management technolo-
gies [42—44]. For instance, it has been reported that the formation of surface nanodots via
electron beam irradiation enhances both crystallinity and carrier mobility, leading to a
significant improvement in thermoelectric performance [45]. Developing such direction-
selective approaches would enable materials capable not only of reducing heat flow but
also of actively steering it, opening pathways toward thermal routing, thermal logic, and
adaptive heat-control systems [46].

In this study, we propose a distinct strategy for engineering anisotropic thermal trans-
port by combining hollow 1D nanostructures with controlled surface metal decoration.
Hollow trigonal Te nanowires were synthesized via solvothermal methods, and their sur-
faces were subsequently coated with Pd surface deposits using electroless plating. The
hollow geometry introduces internal interfaces that influence phonon propagation, while
the Pd decoration provides a tunable means of modifying surface scattering and interfacial
phonon coupling. After cold-pressing the nanowires into bulk films, we measured both
in-plane and cross-plane thermal conductivities and found that the extent of Pd decoration
strongly affects the resulting anisotropy. These results demonstrate a new route for design-
ing anisotropic thermal materials based on 1D nanostructures with engineered surface and
internal architectures, offering a versatile platform for advanced thermal-management and
energy-conversion applications.
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2. Experimental Details

Figure 1 provides an overview of the procedures employed in this work, including
the synthesis of hollow Te nanowires, surface modification via Pd electroless deposition,
and consolidation into bulk films for thermal transport measurements. The hollow Te
nanowires were synthesized via a solvothermal method, in which chemical reactions
proceed in a sealed autoclave under elevated temperature and pressure, enabling controlled
nucleation and anisotropic crystal growth in solution [34,47]. The basic experimental setup
for this synthesis follows the methodology described in our previous reports [48]. In brief,
polyvinylpyrrolidone (0.4 g) (99.9% purity, K30, Ms ~ 40,000, Fujifilm Wako Co., Osaka,
Japan) was dissolved in ethylene glycol (18 mL) (99.5% purity, Fujifilm Wako Co., Osaka,
Japan), followed by the addition of TeO, (70 mM) (99.9% purity, Kojundo Chemical Lab.,
Sakado, Japan) and a NaOH solution (2 mL containing 0.4 g NaOH) (purity > 97.0%,
Fujifilm Wako Co., Osaka, Japan). The mixture was transferred to a Teflon-lined stainless-
steel autoclave (50 cm? internal volume) and heated at 200 °C for 4 h under continuous
stirring at 500 rpm. After cooling to room temperature, the product was collected by
centrifugation, washed several times with water and ethanol, and dried under vacuum at
60 °C to obtain hollow Te nanowires. To ensure batch-to-batch homogeneity, the products
obtained from six independent solvothermal reaction vessels were collected and thoroughly
mixed for each experimental condition.

i Te nanowire Pd decorated

/ —————— ‘- Te nanowire
1 - | - % -
Drying (60°C)

Electroless plating

@ Centrifugation
~ and washing

Solvothermal synthesis 4 —

Bulk sample containing
Pd decorated Te nanowire

Cold pressing

Figure 1. Schematic illustration of the fabrication process for hollow Te nanowires, Pd-decorated Te
nanowires, and bulk-formed nanowire composites.

Surface decoration with Pd was carried out using an electroless plating bath com-
posed of HC1 (0.66 M) (concentration of 35-37%, Fujifilm Wako Co., Osaka, Japan) and
PdCl, (purity > 99.0%, Fujifilm Wako Co., Osaka, Japan), with the PdCI, concentration
varied between 1.1 and 5.5 mM to control the amount of deposited Pd. The Te nanowires
were immersed in the plating solution for 10 min and then separated by filtration, rinsed
thoroughly with deionized water, and dried again at 60 °C. For thermal measurements,
0.35 g of the mixed Pd-decorated nanowires were consolidated by uniaxial pressing at
room temperature under 0.45 GPa, producing pellets with dimensions of approximately
22 mm in length, 5 mm in width, and 0.6 mm in thickness.

The morphology of the nanowires and the pressed films was examined using field-
emission scanning electron microscopy (FE-SEM; S-4800, Hitachi, Tokyo, Japan). The
hollow structure and crystallinity were analyzed by transmission electron microscopy
(TEM; JEM-ARM200F, JEOL, Tokyo, Japan) and selected-area electron diffraction (SAED).
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Phase identification was performed using X-ray diffraction (XRD; MiniFlex 600, Rigaku,
Tokyo, Japan), (Cu K« radiation, 20 range: 10-80°). Elemental composition was evaluated
using an electron backscatter diffraction system attached to an FE-SEM (JSM-7100F, JEOL,
Tokyo, Japan).

Thermal diffusivities in both the in-plane and cross-plane directions were measured
near 300 K using a periodic heating-radiation thermometry system (Thermowave Analyzer,
Bethel, Ishioka, Japan). The system, based on the principles detailed by Reference [49], uti-
lizes a spot-periodic heating method to independently evaluate directional heat transport.
For in-plane measurements, a;, is determined using the distance-variation method, where
the phase lag of the temperature response is scanned as a function of the distance from
the heating spot. For cross-plane measurements, ayt is obtained through the frequency-
variation method, which analyzes the phase lag relative to the modulation frequency
based on a one-dimensional heat-flow model. This dual-method approach, utilizing inde-
pendent scanning parameters (r and f), ensures that the measured thermal anisotropy is
determined by distinct physical processes without measurement artifacts. Furthermore,
because this technique relies on phase-shift analysis rather than absolute temperature rise,
it remains highly robust against variations in surface emissivity and structural inhomo-
geneities inherent in nanostructured films. Based on these thermal diffusivities, the thermal
conductivities in the corresponding directions were obtained from x = apC, where a is
the thermal diffusivity, p is the density determined from the mass and volume of the bulk
samples, and C;, is the specific heat taken from References [50,51]. Furthermore, for the
Pd-decorated samples, C, was calculated based on the mass fractions of Te and Pd using
the Neumann-Kopp rule [52]. The detailed calculation procedures and parameters are
described in the Supplementary Materials (Figure S1).

3. Results and Discussion
3.1. Structural Properties of Hollow Te Nanowires

Figure 2 presents the crystallographic characterization of the Te nanowires, including
a TEM image with the corresponding SAED pattern and the XRD profile. Figure 2a shows
a TEM image of a single Te nanowire, revealing its elongated morphology with a uniform
diameter and smooth surface. Notably, the interior region appears lighter in contrast than
the periphery, suggesting that the nanowire possesses a hollow internal structure. The
corresponding SAED pattern, displayed in the inset, consists of sharp and well-defined
diffraction spots that can be indexed along the [001] zone axis. This confirms the single-
crystalline nature of the nanowire and indicates a preferential growth direction consistent
with the trigonal phase of tellurium. Together, the TEM and SAED analyses demonstrate
that the synthesized Te nanowires exhibit structural uniformity, high crystallinity, and a
possible hollow architecture.

Figure 2b presents the XRD pattern of the Te nanowires, along with the standard
reference profile from JCPDS card No. 36-1452 for trigonal Te. The experimental pattern
exhibits distinct diffraction peaks that correspond closely to the reference, with major
reflections indexed to the (100), (101), (102), and (110) planes. This strong agreement
confirms that the nanowires are composed of phase-pure trigonal Te without detectable
secondary phases or structural impurities. The presence of multiple indexed peaks further
indicates high crystallinity and long-range structural order within the nanowire ensemble.
Taken together, the TEM, SAED, and XRD results consistently demonstrate that the Te
nanowires possess a well-defined trigonal crystal structure, high phase purity, and uniform
morphology, with a possible hollow internal architecture suggested by the TEM contrast.
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Figure 2. Structural and crystallographic characterization of hollow Te nanowires. (a) TEM image
showing tubular morphology, with an inset showing a SAED pattern indexed to the [001] zone
axis, confirming crystallinity. (b) XRD profile of Te nanowires compared with the standard JCPDS
reference (card no. 36-1452) with diffraction peaks indexed to Te crystal planes.

The possible mechanism of formation of the hollow structures was discussed in our
previous report [48]. In brief, the emergence of hollow Te structures can be interpreted
as a consequence of Te concentration gradients on the surfaces of solid seeds [53]. Under
conditions where the NaOH concentration in the precursor solution is low—corresponding
to a reduced availability of OH™—the amount of Te atoms present in the bulk solution
decreases [54]. Once the seeds are formed, Te atoms tend to accumulate preferentially along
the circumferential edges of the cylindrical seeds, as these sites possess relatively higher
free energies compared with other surface regions [55]. During subsequent crystal growth,
the supply of Te atoms to the central region of the growth plane becomes insufficient or
depleted, leading to the development of a hollow interior within the growing Te nanowires.
Through this sequence of reactions, Te nanowires ultimately adopt a hollow morphology.

3.2. Pd Surface Decoration on Te Nanowires with Hollow Structure (Figure S2)

To further control the thermal conductivity of the Te nanowires, we decorated the
surfaces of the hollow Te nanowires with Pd deposits using electroless plating. Figure 3
shows SEM images of the surface morphologies of the Pd-decorated Te nanowires prepared
with various PdCl, concentrations. As shown in Figure 3a, a hexagonal hollow structure
was observed at the center of the basal plane of the Te nanowire, consistent with the
faint-contrast region in the TEM image of Figure 2a, which indicates the presence of a
hollow interior. The hexagon has an edge length of approximately 60 nm and exhibits
well-defined edges with a high degree of symmetry, suggesting anisotropic growth along
the crystallographic c-axis. Statistical analysis of multiple nanowires revealed that the
synthesized hollow Te nanowires had an average length of 4.1 £ 3.8 pm, an average
outer diameter of 217 £ 72 nm, and an average internal hexagonal cavity edge length
of 87 £ 43 nm. At a PdCl, concentration of 1.1 mM, as shown in Figure 3b, Pd was not
deposited as a continuous film but as discrete nanodots, resulting in a rough and textured
surface morphology. To quantitatively evaluate these deposits, a detailed statistical analysis
was performed using multiple SEM images, measuring a total of 80 particles across the
samples (see Figure S2 in the Supplementary Material). The analysis showed that at
1.1 mM, the Pd nanoparticles had a mean diameter of 40 & 16 nm. The hollow structure
of the Te nanowires remained intact after Pd deposition. As the PdCl, concentration
increased, as shown in Figure 3c,d, the mean diameter of the Pd nanodots remained
relatively consistent at 59 & 16 nm for 2.2 mM and 40 + 9 nm for 5.5 mM, confirming
that the individual particle diameter did not scale monotonically with the concentration.
While the particle diameter remained within a stable range, the surface roughness became
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more pronounced due to increased deposition density and the formation of denser, more
irregular Pd clusters. Although the hollow structure was preserved, the edge length of
the central cavity expanded progressively with increasing Pd concentration. In particular,
at a PACI, concentration of 5.5 mM, the edge length expanded to approximately 140 nm
[Figure 3d], which is attributed to the progressive dissolution of Te during electroless
plating. This enlargement arises from an enhanced galvanic displacement reaction, where a
higher Pd?* concentration accelerates the reduction of Pd?* to Pd” on the Te surface while
simultaneously promoting the oxidative dissolution of Te. Consequently, this process leads
to a pronounced expansion of the cavity, most notably at 5.5 mM PdCl,.

Figure 3. SEM images of hollow Te nanowires electroless plated at varying PdCl, concentrations:
(a) 0 mM, (b) 1.1 mM, (c) 2.2 mM, and (d) 5.5 mM.

The crystal structure and phase purity of the Pd-decorated Te nanowires fabricated
with various PdCl, concentrations were analyzed using XRD, as shown in Figure 4. Despite
the Pd incorporation, the XRD patterns exhibited no peaks corresponding to metallic Pd
(JCPDS 46-1043) [56]. Notably, even for the sample with the highest Pd concentration
(approximately 15 at.% Pd), no diffraction peaks such as Pd (111) or (200) were detected.
This strongly indicates that the Pd deposits are in an “XRD-amorphous” state, likely
consisting of ultra-fine nanocrystallites or amorphous clusters below the detection limit of
conventional XRD (typically < 3-5 nm), consistent with previous reports [41,57-60]. This is
also in agreement with the established growth models of galvanic displacement, where Pd
initially forms highly dispersed, sub-nanometer clusters before significant grain growth
occurs [61,62]. In all samples, regardless of the PACl, concentration, diffraction peaks
corresponding to trigonal Te (JCPDS 36-1452) [63] were clearly detected, and no peaks
associated with Pd-Te compounds were observed, indicating that alloy or intermetallic
phase formation did not occur during the plating process.
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Figure 4. XRD patterns of hollow Te nanowires electroless plated with varying PdCl, concentrations
(0-5.5 mM), compared with Pd (JCPDS 46-1043) and Te (JCPDS 36-1452) reference patterns.

Figure 5 shows the material properties of hollow Te nanowires electroless plated at
different PdCl, concentrations. For visual convenience, the properties of the pristine bulk
Te nanowire assemblies, which were not subjected to electroless plating, were plotted
at a PdCl, concentration of 0 mM. The atomic composition of the hollow Te nanowires
with Pd decoration is shown in Figure 5a. As the PdCl, concentration increased from 0
to 5.5 mM, the Te content decreased from 100 at.% to approximately 85 at.%, while the
Pd content increased correspondingly to around 15 at.%. This trend indicates progressive
Pd incorporation into the nanowire structure, likely through surface incorporation during
the plating process. Figure 5b presents the corresponding mass density of the nanowires.
The density increased from 4.8 g/cm3 at 0 mM to a maximum of 5.6 g/cm? at 2.2 mM
PdCl,, followed by a slight decrease to 5.0 g/cm? at 5.5 mM. The initial increase suggests
structural densification due to Pd incorporation, whereas the subsequent decline may
reflect morphological changes such as increased porosity or surface roughening at higher
PdCl, concentrations. These results collectively demonstrate that PdCl, concentration
plays a critical role in tuning both the composition and physical properties of the plated
Te nanowires.
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Figure 5. (a) Atomic composition and (b) mass density of hollow Te nanowires electroless plated at
varying PdCl, concentrations.
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3.3. Thermal Properties of Pd Surface Decoration on Hollow Te Nanowires

A note should be made that the measured thermal conductivity predominantly reflects
the lattice contribution and is therefore closely associated with phonon transport. This is
because the total thermal conductivity consists of both electronic and lattice components, as
shown in the Supplementary Materials (Figure S3), the electronic contribution is negligibly
small compared with the lattice contribution across all PdCl, concentrations.

Figure 6 shows the in- and cross-plane thermal conductivities of the bulk Te nanowire
assemblies with hollow structures when Pd was deposited with different PACI, concentra-
tions obtained through electroless plating. The fact that most hollow Te nanowires remain
unbroken, preserving their original length while forming connections with neighboring
nanowires, has already been confirmed in our previous study through SEM observations
of both the pressed surface and the fracture surface [48]. For reference, representative
SEM images of these surfaces are provided in the Supplementary Materials (Figure S4).
The PdCl,-concentration dependence of the thermal diffusivity and specific heat used
to derive the thermal conductivity is also provided in the Supplementary Materials
(Figures S1 and S5). In the Pd-free deposition condition (0 mM PdCl,), the thermal con-
ductivity was 1.57 W/(m-K) in the in-plane direction and 0.58 W/(m-K) in the cross-plane
direction, yielding an anisotropy ratio of 2.71. Up to a PdCl, concentration of 2.2 mM,
both thermal conductivities remained nearly constant, and the anisotropy ratio showed
minimal variation. However, a marked divergence was observed at 5.5 mM PdCl,: the
in-plane thermal conductivity increased to 2.14 W/(m-K), while the cross-plane value
decreased to 0.39 W/(m-K), resulting in an anisotropy ratio of 5.49—approximately twice
that of the Pd-free sample. Notably, this value is significantly higher than the anisotropy
ratio of typical bulk anisotropic materials, such as Bi,Te3 single crystals, which exhibit
a ratio of approximately 2.1 [64]. This pronounced enhancement in anisotropy suggests
that Pd incorporation significantly alters the directional heat transport characteristics of
the nanowire-based bulk material. To elucidate the origin of this strong anisotropy, the
underlying phonon-transport mechanism is discussed in the following section.
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Figure 6. PACI, concentration dependence of in- and cross-plane thermal conductivities of hollow
Te nanowires.

3.4. Mechanism of Anisotropic Thermal Properties

The substantial increase in thermal conductivity anisotropy observed at 5.5 mM PdCl,
can be interpreted by considering how Pd incorporation modifies phonon transport path-
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ways in a direction-dependent manner within the nanowire-based bulk structure [65-67].
Although the XRD patterns (Figure 4) do not exhibit distinct Pd-related diffraction
peaks—indicating that the deposited Pd does not form large crystalline domains—the
compositional analysis (Figure 5) clearly shows a significant increase in Pd content at
higher precursor concentrations. This suggests that Pd is present as nanoscale clusters or
highly dispersed deposits that remain below the detection limit of XRD, yet still exert a
strong influence on interfacial phonon scattering. It is important to note that the observed
enhancement of thermal anisotropy is primarily driven by these morphological alterations
and the formation of Pd-rich interfacial pathways, rather than the specific atomic crys-
tallinity of the Pd deposits. These highly dispersed Pd “disorders,” whether amorphous or
nanocrystalline, effectively serve as additional scattering centers for phonons and modify
the interfacial landscape, which is the core mechanism underlying the observed modulation
in thermal conductivity. The role of the hollow geometry in reducing thermal conductivity
compared to solid counterparts has been previously established [48]. In this study, the
hollow structure serves as a consistent baseline for all samples, allowing us to isolate the
effects of Pd decoration. By comparing the pristine hollow Te (0 mM) with the Pd-decorated
samples, the marked increase in anisotropy can be directly attributed to the formation
of Pd-rich interfacial pathways and the expansion of the hollow cavity. Therefore, the
observed trends remain physically representative of the synergistic effect between the
hollow architecture and Pd ornamentation. At PdCl, concentrations up to 2.2 mM, Pd
was deposited primarily as isolated nanodots on the nanowire surfaces, as observed in
Figure 3. These nanodots act as additional phonon-scattering centers, but their distribution
is nearly isotropic with respect to the nanowire orientation. Consequently, both in-plane
and cross-plane thermal conductivities remain nearly unchanged, and the anisotropy ratio
shows only minor variation.

In contrast, at 5.5 mM PdCl,, the Pd deposition behavior changes markedly. SEM
observations (Figure 3d) reveal a much denser and more irregular accumulation of Pd on
the nanowire surfaces, accompanied by a pronounced enlargement of the hollow cavity
due to enhanced galvanic displacement. In the in-plane direction—where nanowires lie
laterally and share extended contact surfaces—this denser Pd coverage can form locally
interconnected Pd-rich regions or high-density clusters along the nanowire interfaces. These
Pd-rich regions effectively smooth the interfacial landscape, reducing phonon scattering
and enabling more efficient heat flow along the in-plane direction [68-70]. This mechanism
accounts for the increase observed in the in-plane thermal conductivity at 5.5 mM.

In contrast, the cross-plane direction is dominated by point-like junctions between
stacked nanowires. At these junctions, Pd deposition does not lead to extended coverage
but instead increases structural irregularity and interfacial complexity. This enhances
phonon scattering and further suppresses cross-plane thermal conductivity [71-73]. While
atomic-scale distribution at the interfaces remains a subject for future high-resolution
studies, our EPMA elemental mapping confirmed a uniform distribution of Pd throughout
the bulk, and SEM observations clearly showed the preferential in-plane orientation of
the nanowires. Collectively, these results imply that Pd-decorated surfaces are integrated
into the high-density junctions along the cross-plane direction, effectively enhancing the
anisotropic phonon scattering observed in our thermal measurements. The combined effect
of reduced scattering in the in-plane direction and enhanced scattering in the cross-plane
direction results in a dramatic amplification of anisotropy, with the ratio increasing from
2.71 to 5.49.

The electronic thermal conductivity trend shown in Supplementary Materials (Figure S1)
further supports this interpretation. Quantitative analysis using the Wiedemann-Franz law
reveals that while the electronic contribution increases at 5.5 mM PdCl,, it remains less than
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4% of the total thermal conductivity, confirming that the lattice contribution is dominant
across all samples. The sharp increase in electronic contribution at 5.5 mM PdCl, suggests
the formation of conductive Pd-rich pathways preferentially along the in-plane direction.
This indicates that electronic transport also contributes to the enhancement of the overall
thermal anisotropy. Because electrons have a much shorter mean free path than phonons
in high-carrier-density regions, they can traverse these Pd-rich regions more effectively
than phonons [74-76]. This selective enhancement of electronic transport, combined with
the contrasting phonon-scattering environments in the two directions, provides a coherent
explanation for the pronounced increase in thermal conductivity anisotropy.

4. Conclusions

In this work, we demonstrated a strategy for engineering anisotropic thermal trans-
port in one-dimensional energy materials by combining hollow Te nanowires with con-
trolled Pd surface decoration. Hollow trigonal Te nanowires were synthesized through
solvothermal processing, and their surfaces were modified via electroless Pd deposition.
Structural analyses confirmed that Pd was incorporated as nanoscale surface deposits
without forming crystalline Pd phases, while SEM observations revealed that higher PdCl,
concentrations promoted both denser Pd accumulation and enlargement of the hollow
cavity through galvanic displacement. Bulk films prepared by cold pressing exhibited
clear direction-dependent thermal behavior, with a pronounced divergence in thermal
conductivities at 5.5 mM PdCl, that increased the anisotropy ratio from 2.71 to 5.49. This
enhancement originates from direction-dependent phonon scattering, where Pd-rich inter-
facial regions facilitate smoother in-plane heat flow while increased junction irregularity
suppresses cross-plane transport. These findings demonstrate that surface metal decoration
is a powerful strategy for tailoring the anisotropic thermal properties of nanostructured
energy materials, providing an effective route for controlling phonon pathways. The
concept introduced here offers a promising foundation for thermal routing, directional
heat-control technologies, and advanced thermal-management or thermoelectric systems
requiring precise heat-flow manipulation. Although the specific chemical oxidation state of
the decorated Pd remains to be further elucidated, potentially through X-ray photoelectron
spectroscopy (XPS) in future studies, the present results clearly demonstrate the effective-
ness of surface decoration in tailoring anisotropic phonon transport. Future work may
explore alternative metal decorations and further optimization of hollow geometries to
expand tunability and enhance anisotropic thermal performance.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/en19051319/s1. Figure S1. Calculated specific heat of
bulk Te nanowire assemblies, calculated from Refs. [50-52]. Figure S2: Particle size distribution
histograms of Pd nanoparticles decorated on hollow Te nanowires prepared with different PdCl,
concentrations: (a) 1.1 mM, (b) 2.2 mM, and (c) 5.5 mM. Figure S3: In-plane electronic thermal
conductivity of Pd-decorated Te nanowires as a function of PdCl, concentration. Figure S4: SEM mi-
crographs of cold-pressed bulk specimens composed of hollow Te nanowires: (a) surface morphology
and (b) fracture cross-section. Reprinted from Ref. [48]. Figure S5: PdCl, concentration dependence
of thermal diffusivity of bulk Te nanowire assemblies.
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