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Preface

Thermoelectric modules can achieve energy conversion between heat and electricity, which are
generally used for power generation or electronic refrigeration, and are important in solving energy
crises and environmental pollution. However, the efficiency of existing thermoelectric materials
is inferior to that of heat engines under the same operating conditions. Nanomaterials such as
superlattices, quantum dots, nanowires, and nanocomposites are considered some of the most
effective methods for decoupling thermoelectric parameters (e.g., electric conductivity, thermal
conductivity, and Seebeck coefficient) to enhance the performance of thermoelectric materials. Within
this framework, this reprint is a collection of research articles authored by expert authorities, focusing

on nanoscale materials for thermoelectric applications.

Ting Zhang and Peng Jiang
Editors
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[ B N O S

Recently, there has been growing academic interest in researching thermoelectric materials
that exhibit energy conversion capability between thermal energy and electricity, providing so-
lutions to energy crises and environmental pollution [1-6]. Generally, the efficiency of existing
thermoelectric materials still has potential for improvement compared with traditional heat
engines under the same operating conditions [7-9]. Nanomaterials, such as superlattices, quan-
tum dots, nanowires, and nanocomposites, are considered one of the most effective materials
for decoupling thermoelectric parameters, thus enhancing the performance of thermoelectric
materials [10-14]. Although some relevant research has already been published, there is still
great potential to further investigate the preparation, measurements, devices, and applications
associated with thermoelectric nanoscale materials.

This Special Issue intends to summarize the advanced developments towards highly
efficient thermoelectric nanomaterials and applications. In this Special Issue, we present
nine high-quality original papers from the field of advanced nanoscale materials, with
contributions from more than 50 authors worldwide.

In terms of inorganic thermoelectric materials, nanomaterials have an exceptional
performance due to their narrow band gap, high electrical conductivity and low thermal
conductivity. Zhao et al. found that a copper-based chalcogenide CuzSbSe4 could achieve
a maximum ZT value of 0.72 at 673 K due to a sulfur alloying effect, which widened the
band gap, increased the effective carrier mass, and scattered phonons [Contribution 1].
Additionally, the use of nanowire networks is considered an effective method for manufac-
turing thermoelectric modules. Tristan et al. demonstrated a flexible thermoelectric module
by embedding Co-Fe nanowires in a polymer film with a power factor of 4.7 mW/mK?
[Contribution 2]. The fabricated thermocouple operated as a Peltier cooler and achieved
an equivalent cooling of 1.2 mW. Furthermore, thermoelectric fibers are promising for
wearable applications due to their flexibility. Sun et al. successfully prepared flexible Cu-Se
alloy core fibers using a thermal drawing method and obtained a high power factor of
1.2 mW/mK?, higher than that for bulk polycrystals [Contribution 3]. The Cu-Se fiber
was applied to thermal-electric response with 5% measurement uncertainty. Using the
same method, n-type Bi,Te; fibers were prepared and the microstructure during the an-
nealing process was explored [Contribution 4]. The reported BiyTes fiber demonstrated an
enhanced ZT value of 1.05 at room temperature after the Bridgman annealing processes.

Carbon nanotubes (CNTs) are widely used in the fields of electronics, energy and
functional materials. The novel preparation technique makes it practical to develop high-
thermoelectric-performance CNTs. Zimmerer et al. explored an environmentally friendly
technique to coat single-walled carbon nanotubes (SWCNTs) with nickel using polydopamine
(PDA) as an adhesion promoter [Contribution 5]. The results show that the SWCNTs modified
by PDA have good dispersion and a homogeneous coating. The Seebeck coefficient of the
obtained SWCNTs was reversed from positive to negative and reached —19 uV/K for the
n-type application. Moreover, Almasoudi et al. polymerized CNTs with polypyrrole (PPy) in
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situ to form one-dimensional core-shell nanocomposites [Contribution 6]. The thermoelec-
tric properties, including power factor and ZT value, were optimized to 0.36 mW /mK? and
0.09, respectively. Using the prepared sample, a thermoelectric generator that can generate a
maximum power of 24 nW at a temperature difference of 40 K was designed.

Hybrid thermoelectric materials combine the flexibility of organic materials with the
high performance of inorganic materials and serve to further enhance the applications of
flexible thermoelectric materials. For example, Li et al. produced boron nitride/polyetherimide
(PEI) composite films via a casting—hot pressing method [Contribution 7]. The tensile strength
of the composite film reached 102.7 MPa giving it a potential application in a flexible circuit
substrate. Furthermore, Salah et al. developed a TiS; /organic hybrid superlattice (TOS), which
had an optimized power factor of 0.1 mW/mK? at a temperature of 233 K [Contribution 8].
Further studies suggest that TOS devices have better application prospects in cool environments
than those at room temperature. In addition, Kim et al. prepared and studied several cellulose
nanocrystal (CNC) aqueous solutions with surfactant aqueous solutions [Contribution 9]. As a
result, the non-covalent dispersion method showed effective dispersion and stability.

In conclusion, this Special Issue, entitled “Advanced Nanoscale Materials for Thermo-
electric Applications”, collates state-of-the-art achievements in the relevant fields of research,
including CNTs, thermoelectric fibers and high-performance films. This Special Issue provides
broad insights into the valuable research in these rapidly advancing and interdisciplinary fields.
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Abstract: Single-walled carbon nanotubes (SWCNTs) have unique thermal and electrical properties.
Coating them with a thin metal layer can provide promising materials for many applications. This
study presents a bio-inspired, environmentally friendly technique for CNT metallization using
polydopamine (PDA) as an adhesion promoter, followed by electroless plating with nickel. To
improve the dispersion in the aqueous reaction baths, part of the SWCNTs was oxidized prior to
PDA coating. The SWCNTs were studied before and after PDA deposition and metallization by
scanning and transmission electron microscopy, scanning force microscopy, and X-ray photoelectron
spectroscopy. These methods verified the successful coating and revealed that the distribution of PDA
and nickel was significantly improved by the prior oxidation step. Thermoelectric characterization
showed that the PDA layer acted as a p-dopant, increasing the Seebeck coefficient S of the SWCNTs.
The subsequent metallization decreased S, but no negative S-values were reached. Both coatings
affected the volume conductivity and the power factor, too. Thus, electroless metallization of oxidized
and PDA-coated SWCNTs is a suitable method to create a homogeneous metal layer and to adjust
their conduction type, but more work is necessary to optimize the thermoelectric properties.

Keywords: thermoelectric; carbon nanotubes; polydopamine; nickel

1. Introduction

Applying carbon nanotubes (CNTs) as fillers in metal or other material composites is
promising to create materials with unique performance. Metallized CNTs can be considered
steady organic metals without the need for further activation by doping or charge transfer
to achieve powerful electron carrier mobility [1]. Especially for lightweight metal-matrix
composites [2], electrical and thermal conductive adhesives [3], impact protection and
vibration damping [4], metallized carbon allotropes have great potential as compatibilized
fillers [5-7], for sensors [8-10], catalysis [8,11], and energy storage [12].

CNTs have exceptional thermal and electrical properties. They are able to generate
thermoelectric voltage when a temperature gradient is applied [13] and can thus be used
for thermoelectric (TE) applications [14-19]. With regard to the thermoelectric performance
of CNTs, however, it has to be noted that it is lower than that of traditional TE materials,
such as half-Heusler compounds, clathrates, silicides, antimonides, and tellurides [13,20].

The thermoelectric (TE) properties are characterized by the Seebeck coefficient S. This
parameter S is calculated from the generated thermoelectric voltage (U) divided by the
applied temperature difference (AT) (Equation (1)). p-conductive electrical behaviour
(conduction based on the directional movement of defect electrons (holes)) is indicated
by a positive S-value and n-conductive behaviour (conduction through freely movable
electrons) by a negative S-value. The second parameter used is the power factor PF,

Nanomaterials 2023, 13, 2813. https://doi.org/10.3390 /nan013202813 4
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which is calculated from the product of the squared Seebeck coefficient S and the volume
conductivity o (Equation (2)) [21,22].

S=47 )

PF =S%.0o 2)

Nonoguchi et al. [15] have conducted a screening experiment with a wide range
of additives, which include phosphine-containing and imine-containing molecules as
dopants for single-walled CNTs (SWCNTs). Different polymeric dopants were described
by Piao et al. [14] for the modification of pieces of SWCNT buckypaper by immersing them
overnight in the respective solutions. In both papers, it was reported that the additives can
change the initial positive S-value of SWCNTs to other positive S-values but also to negative
values. Hata et al. [18] showed that the Seebeck coefficient could be reduced from 62.3 uV /K
for pure CNTs to values between —30.1 and —44.1 uV /K when nanotubes were wrapped
with surfactants. Tzounis et al. [16] described polyetherimide (PEI)-based composites
with SWCNTs, whereby the Seebeck coefficient of the pure SWCNTs at 31 1V /K could be
increased up to 55 pV/K for a composite containing 4.4 vol% SWCNTs. Mytafides et al. [17]
prepared n-type SWCNT films by solution mixing of SWCNTs with cetyltrimethylammo-
nium bromide (CTAB). All these doping methods have in common that the p-conductive
properties of the SWCNTs are enhanced or changed to n-conductive by bringing polymers
to their surface in the solution.

The preparation of CNT composites faces, however, serious challenges:

Creating well-dispersed systems in the matrix material;

ensuring high interfacial adhesion to the matrix material;

avoiding damage, such as structure defects and shortening, to the CNTs and thus
altering their properties during composite preparation, especially for metal matrices.

To fulfil the first two requirements, highly oxidative, toxic, and, in general, environ-
mentally harmful chemicals [23-25] or expensive, energy-consuming processes have been
widely applied [23-25], and result in chemical modifications of the surface to improve the
wetting of the CNTs and, therefore, the compatibility with the partner material(s) of the
composite. A further disadvantage of chemical surface functionalization is the difficult
control of the balance between functionalization and the damage degree of CNTs.

New paths open up with bioinspired concepts in material science. A versatile adhesion
promotion concept from the field of synthetic biology has been successfully transferred to
the technical sphere in recent years, adapting the mussel adhesive derivative dopamine
(DA) as an environmentally friendly bridge between different types of materials [26-28].
DA can be applied in a “green” process as a water-based coating. On solid surfaces, it
auto-oxidizes spontaneously under oxygen exposure and forms a thin film of oligomers
and polymers, the so-called polydopamine (PDA), with high intra- and intermolecular
interaction potential [29,30]. The universal adhesion mechanism is explained by the various
functional groups of DA and the fact that loosely adhering layers are replaced by DA
during its polymerization directly on the surface. This reaction is accompanied by a volume
contraction, which leads to interlocking with the surface [28]. In particular, the size of the
CNTs and their rod shape geometrically favour stable functionalization with PDA as a
closed wrapping. The polymerisation of PDA leads to a covalently cross-linked, enveloping
film around the tubular structure, and the shrinkage during polymerisation leads to close
contact with the CNT carbon backbone. Furthermore, the high polarity of the hydroxyl
groups on the surfaces of PDA leads to a significant change in the electronic properties of
the CNTs due to their interaction with 7-electrons in the benzene rings of the CNTs [31-33].
Studies show that CNTs are capable of absorbing various metal ions in solutions [34,35].
Molecular dynamics simulations have shown that hydroxyl and carboxyl functional groups
on the CNT surface lead to more effective adsorption of Cu (II) ions [36].
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In general, the contact resistance of the CNTs is affected by any functionalization. Yet,
PDA films are only a few molecular layers thick and exhibit redox-active behaviour that
enables electron transfer. With PDA coating, high compatibility of the CNTs with and
adhesion to metals are expected. PDA functionalization of CNTs was applied for decoration
with gold nanoparticles [37] and in electrodeposition composite coating formation [38,39].
Elsewhere, electroless metallization with silver and copper based on PDA as an adhesion
promoter was demonstrated on tungsten carbide microparticles and on alumina nanoparti-
cles [40].

Different metallization methods [1,23,24,41,42] such as powder metallurgy techniques,
electroless plating, electroplating, physical and chemical vapour deposition, flame-, arc-,
and supersonic spraying, make a colourful bouquet for different metals or applications [5].
The most well-known method is autocatalytic electroless plating. It has high mass produc-
tion importance because it is scalable and straightforward in a non-vacuum environment.
Metals such as those given in Table 1 can be processed from aqueous solutions under suit-
able conditions (reducing agent, temperature, bath composition, pH, and corresponding
catalytic surface) [11]. Especially Ni possesses technical relevance because the plated layers
are almost not porous, smooth and hard, and show more uniform thickness and better cor-
rosion resistance. Against the background of the suitability of the metals as thermoelectric
materials, the Seebeck coefficients S of the pure metals are given in Table 1. Low, mostly
single-digit values with positive and negative signs are observed for the metals in Table 1.
It is interesting to note that nickel (Ni) and cobalt (Co) show particularly high negative
S-values with —19 and —20 puV /K, respectively. No S-values are given for the metal alloys,
as they vary for different compositions.

Table 1. Selected electrolessly depositable metals, their Seebeck coefficients, and metal alloys for
main industrial applications.

Seebeck Coefficient

Metals Reference S [LV/K] @300 K Metal Alloys Reference
. CuNi, NiCo, PdNiP,
Ni [5,10,11,23,43-47] —19 [48] NiWP, [11,43]
CulNi, CuCo, CuAu,
Cu [11,43,49-51] 1.7 [48] CuCd, [11]
CuCo, NiCo, CuCd,
Co [11] —1.7[52] CuAu, PdCoP [11]
Cd [11] 2.6 [13] CuCd, [11]
Ag, Ag-NP * [9,11,43,53] 1.5[13] AgAu, [11]
Aubn, AgAu, CuAu,
Au [11,43] 1.9 [13] Auln [11,43]
Pt [11] —4.9[48]
PdCoP, PdZnP,
Pd [11] —10.7 [13] PANIP, [11]
Rh [11] 1[54]
Cr [11] 12 [54]
Zn [11] 2.4[13] ZnCo, NiZn, PdZnP [11]
Sn [11,43] —1[55] AuSn, SnPb [11]
Co [11,43] —20 [54] CuCo, PdCoP, [11]

* nanoparticle (NP).

The aim of the present study is to develop a technique for coating SWCNTs with
nickel using PDA as an adhesive coupler to investigate how the coating affects their
thermoelectric properties (Figure 1). If possible, the Seebeck coefficients of the SWCNTs
should be reversed to generate n-type SWCNTs. To the best of our current information,
PDA-functionalized and electroless nickel-coated SWCNTs have not been fabricated yet as
hybrid nanoparticles. Both the modification of the SWCNTs with PDA and the subsequent
nickel deposition take place in an aqueous medium. Unmodified SWCNTs are difficult to
disperse in water due to their polarity. Therefore, oxidized SWCNTs were investigated as a
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parallel approach in the modification steps. They are better dispersible and separable in
water due to their significantly more polar character. The research study will investigate
whether the two surface modifications lead to higher electroless metal deposition rates
when the SWCNTs are more strongly separated at the beginning of the synthesis. The
influence of all modification steps on their thermoelectric properties will be investigated.
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0.9
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/ /
+ PDA + Ni
-\
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Figure 1. Schematic drawing of the SWCNTSs; process steps to functionalize and metallize yielding in
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/
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structure modification.

2. Materials and Methods
2.1. Materials

Single-walled carbon nanotubes (SWCNTs) of the type Tuball™ grade 75% (OCSiAl
Europe S.a rl., Leudelingen, Luxembourg) with diameters less than 2 nm and lengths
larger than 1 um were used as electrically conductive filler. Structural details are described
in [56]. Tuball™ SWCNTs were selected because earlier investigations showed that this
material has a very high Seebeck coefficient and is suitable for changing the thermoelectric
conduction type [57,58].

Nitric acid (AnalaR NORMAPUR Nitric Acid, 65%, VWR International GmbH, Darm-
stadt, Germany) was used to oxidize the SWCNTs, and dilution deionized water (ELGA
PURELAB Plus, Veolia Water Technologies Deutschland GmbH, Celle, Germany) was applied.

2.2. SWCNT Treatment
2.2.1. SWCNT Oxidation

Three grams of SWCNTs was added to 150 mL of HNOj3; (AnalaR NORMAPUR Nitric
Acid, 65%, VWR International GmbH, Darmstadt, Germany) and dispersed in an ultrasonic
bath USC600TH (VWR International GmbH, Darmstadt, Germany) at 120 W for 10 min.
The reaction mixture was boiled for 2 h under reflux, then cooled with ice water and diluted
with 100 mL deionized water via the reflux condenser. The SWCNTs were separated by
suction filtration using a PTFE filter with a 1.2 pm pore size (Sartorius Stedim Biotech,
Gottingen, Germany) and washed neutrally. Before further use, the SWCNTs were dried for
8 hat 120 °C in a vacuum oven. The oxidized SWCNTs appear in the paper as “SWCNT-ox”.

2.2.2. Dispersion and PDA Deposition

For TRIS buffer preparation, 10 mmol/L 2-amino-2-(hydroxymethyl)propane-1,3-
diol (99.9%, Roche Diagnostics GmbH, Grenzach-Wyhlen, Germany) was dissolved in
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deionized water (0.055 uS/cm) and adjusted to pH = 8.5 using hydrochloric acid (37%,
VWR International GmbH, Darmstadt, Germany).

Briefly, 0.3 g of SWCNT or SWCNT-ox was dispersed in 750 mL of TRIS buffer. An
ultrasonic processor (UP400St, Hielscher Ultrasonics GmbH, Teltow, Germany) with a
sonotrode H3 (Hielscher Ultrasonics GmbH, Teltow, Germany) was used for vigorous
mixing at an amplitude of 60% with a cycle of 1 for 5 min.

The SWCNT and SWCNT-ox dispersions were diluted with an additional 1.25 L of
TRIS buffer. Then, 4 g of dopamine hydrochloride solution (2 g/L, 99%, Thermo Fisher
GmbH, Bremen, Germany) (DA) was added. The suspensions were stirred at 250 rpm
for 60 min to allow DA oxidative polymerization to endow the nanotube surfaces with
PDA. Afterwards, they were suction filtered using PTFE filters with a 1.2 um pore size and
washed twice with 100 mL of deionized water.

2.2.3. Metallization of the PDA-SWCNTs

An electroless nickel plating bath series from MacDermit Enthone, Waterbury, CT,
USA, was used to metallize the CNTs. The SWCNT/PDA and SWCNT-ox/PDA sample
dispersions were first immersed in a colloidal palladium activator bath (UDIQUE 879W)
for 3 min at 30 °C under stirring, then filtered off by suction filtration using PTFE filters
and washed two times with deionized water (2x 100 mL). Next, CNTs were immersed
in an accelerator bath solution (UDIQUE 8810) for 2.5 min at 50 °C with stirring, then
separated from the solution by suction filtration with PTFE filters. In the metal coating bath
process, the SWCNT/PDA and SWCNT-ox/PDA were metallized using a nickel-plating
bath (UDIQUE 891, UDIQUE 892, UDIQUE 893) for 8 min at 30 °C. The pH of the nickel
bath was adjusted to pH 9 with ammonium hydroxide (28-30 wt% solution of ammonia in
water: NH3-H,O, Acros Organics B.V.B.A., Geel, Belgium). After metallization, the CNTs,
now named SWCNT/PDA /Ni and SWCNT-ox/PDA /Ni, were separated from the solution
by suction filtration with PTFE filters, washed twice with deionized water (2x 100 mL),
and dried under vacuum at 25 °C for 30 min.

2.3. Characterization

For the transmission electron microscopy (TEM) study, a drop of the freshly prepared
aqueous dispersion was placed on a carbon-coated TEM grid and dried in air. The TEM
images were collected with a Libra120 (Carl Zeiss GmbH, Oberkochen, Germany).

For scanning electron microscopy (SEM), the dry powder was put on the grid. A Carl
Zeiss Ultra plus SEM with an SE2 detector at 3 kV (Carl Zeiss Microscopy Deutschland
GmbH, Oberkochen, Germany) was used for these studies. Before imaging, the surfaces
were coated with 3 nm platinum.

All XPS studies were carried out by means of an Axis Ultra photoelectron spectrometer
(Kratos Analytical, Manchester, UK). The spectrometer was equipped with a monochro-
matic Al K« (h-v = 1486.6 eV) X-ray source of 300 W at 15 kV. The kinetic energy of the
photoelectrons was determined with a hemispheric analyzer set to pass energy of 160 eV
for wide-scan spectra and 20 eV for high-resolution spectra. With Scotch double-sided
adhesive tape (3M Company, Maplewood, MN, USA), the powdery SWCNT samples were
prepared as thick films on a sample holder, enabling the samples” transport to the recipient
of the XPS spectrometer. During all measurements, electrostatic charging of the sample was
avoided by means of a low-energy electron source working in combination with a magnetic
immersion lens. Later, all recorded peaks were shifted by the same value that was necessary
to set the component peak Gr showing the sp?-hybridized carbon atoms of the graphite-like
lattice (-C"C=C"C— +» =C"C-5"C=) to 283.99 eV [59]. Quantitative elemental compositions
were determined from peak areas using experimentally determined sensitivity factors and
the spectrometer transmission function. Spectrum background was subtracted, according
to Shirley [60]. The high-resolution spectra were deconvoluted by means of the Kratos
spectra deconvolution software (Vision Processing, version 2.2.9 [2011], provided by Kratos
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Analytical, Manchester, UK). Free parameters of component peaks were their binding
energy (BE), height, full width at half maximum, and the Gaussian—Lorentzian ratio.

For the AFM investigation, freshly cleaved HOPG (highly oriented pyrolytic graphite)
was dipped into CNT-water suspensions for 5 s. The remaining drops were removed
by a paper tissue. The AFM measurements were done in tapping mode using a Dimen-
sion FastScan AFM (Bruker-Nano, Billerica, MA, USA) and silicon nitride sensors with a
sharpened silicon tip (ScanAsyst-Fluid+) (Bruker-Nano, Billerica, MA, USA). They have a
nominal spring constant of 0.7 N/m and a nominal resonance frequency of 150 kHz, and
the tip radius is 2 nm. Height images (surface morphology) and phase images were taken
simultaneously. According to Magonov [61], the scan conditions were chosen either to
get stiffness contrast (free amplitude > 100 nm, setpoint amplitude ratio 0.8) or adhesion
contrast (free amplitude < 20 nm, setpoint amplitude ratio 0.7) in the phase image.

The thermoelectric (TE) characterization was carried out using a Seebeck measuring
device developed at IPF Dresden. More details are given in [57,62]. The measurements
were performed at 40 °C with temperature differences between the two copper electrodes
up to 8 K. For the measurements on powders, the SWCNTs were filled into a double
T-shaped sample consisting of a PVDF tube (inner diameter 3.8 mm, length 16 mm) sealed
with copper plugs (see Figure 1 in [57]). The measurement of voltage and resistance was
performed using the Keithley multimeter DMM2001 (Keithley Instruments, Cleveland, OH,
USA) as a 4-wire technique for powders. The values given represent the mean values of
three measurements.

3. Results
3.1. Dispersion Stability

The stability of the aqueous SWCNT dispersions was observed over a longer period
of time (Figure 2). It can be clearly seen that the oxidation of the SWCNTs leads to a
significantly more homogeneous and stable SWCNT dispersion. For the as-grown SWCNTs,
agglomerates can be seen at the bottom of the glass while the solution remains clear. The fine
dispersion of SWCNT-ox appears dark grey and remains like this for 24 h. The dispersions
containing PDA already appear grey-brown due to the PDA (samples 3 and 4), but the
dispersion with SWCNT-ox is darker than the dispersion with as-grown SWCNT and
also stable over a longer time. It is known from the literature that the oxidation of CNTs
leads to the formation of polar groups on the surface, followed by a significant increase
in their polarity, which thus improves their dispersibility in polar water [63—-65]. From
the stability test, it can be concluded that the PDA coating of oxidized SWCNTs leads to
the best SWCNT distribution in polar medium water, which is advantageous for the next
process step of nickel deposition.

The high dispersion stability of both SWCNT types coated with PDA is a prerequisite
for good accessibility of the SWCNT surface in the metallization process. While function-
alization with an organic material does not change their properties much, metallization
creates a dense nickel shell (Ni density is about 8.9 g/cm?). In comparison, the density of
plain SWCNTs is assumed to be around 1.5 g/cm? for SWCNTs with an outer diameter of
2 nm [66]. Consequently, the properties of the nanomaterials, i.e., surface/volume ratio and
density, as well as dispersion and sedimentation behaviour are significantly affected by the
nickel shell (compare Figure 1). Nickel-coated SWCNTs settle to the bottom as sediment.
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Figure 2. Sedimentation stability over one day. Photographs of aqueous dispersion of SWCNT (1),
SWCNT-ox (2), SWCNT/PDA (3), SWCNT-ox/PDA (4).

3.2. Morphological Characterisation

In Figure 3, the SEM images of the differently modified SWCNTs are shown. In the
case of the as-grown SWCNTs, the PDA coating (Figure 3b) hardly leads to any change in
the appearance of the SWCNTs (Figure 3a). In the SWCNT-ox/PDA sample (Figure 3d), the
SWCNTs appear thicker and more separated than in the SWCNT/PDA sample (Figure 3b).
After Ni coating, the SWCNT/PDA /Ni appears like a glued mat of SWCNTs (Figure 3c).
In contrast, the SWCNT-ox/PDA /Ni (Figure 3e) can be recognized as individual fibres
that are significantly thicker than the SWCNT-ox/PDA. Also, some spherical particles are
visible. In summary, the coating of the oxidized SWCNT with PDA and nickel resulted in a
more homogeneous material.

Figure 3. SEM image of SWCNT unmodified (a) SWCNT/PDA (b), SWCNT/PDA/Ni (c), and
SWCNT-ox /PDA (d), SWCNT-ox/PDA /Ni (e).
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In Figure 4a,b, the TEM images of both SWCNT types coated with PDA are shown. It
is assumed that the black spherical particles in the images are PDA agglomerates from the
aqueous dispersion. It seems that the PDA particles preferentially attach to the oxidized
SWCNTs, while in the case of the non-functionalized SWCNTs, the PDA particles tend to
lie next to the SWCNTs. The thin PDA coating cannot be reliably detected for any SWCNT
type, even at higher magnifications. The TEM images of both SWCNT types coated with
PDA and Ni (Figure 4c,d) show small grey areas adhering to the SWCNTs. It is assumed
that this is nickel. For both SWCNT types, nickel always seems to be associated with the
SWCNTs. Whether the SWCNTs were evenly coated cannot be estimated from the images.

Figure 4. TEM image of SWCNT/PDA (a) and SWCNT-ox /PDA (b), SWCNT/PDA/Ni (c), SWCNT-
ox/PDA/Ni (d).

Figure 5 shows AFM images of individual pristine, oxidized, and PDA-coated SWCNT.
A comparison of pristine and oxidized CNTs is difficult because the effect of the oxidation is
on the atomic scale and therefore below the resolution of the AFM. The PDA layer is hardly
visible on the non-oxidized SWCNTs, neither in the topography (Figure 5b) nor in the
phase image (Figure 5c). On a contrary, topography and phase images of the PDA-coated
oxidized SWCNTs (Figure 5e,f) clearly show the characteristic globular structure of the
PDA layer.

In Figure 6, AFM images of PDA- and Ni-coated SWCNTs are compared. Besides the
height images, amplitude error images are presented. They show the first deviation of the
height and, therefore, small structures. It is clearly visible that on oxidized fibres with a
more homogeneous PDA coating (Figure 6b,d) the Ni distribution is more uniform, while
on unoxidized PDA-coated SWCNTs (Figure 6a,c) the Ni is arranged in clusters.

11
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Figure 5. Topography images of individual SWCNTs: SWCNT (a), SWCNT-ox (d), SWCNT/PDA
(b), SWCNT-ox/PDA (e); phase images of PDA-modified SWCNTs at higher magnification: SWCNT
/PDA (c), SWCNT-ox/PDA (f).
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Figure 6. Topography images (a,b) and amplitude error images (c,d) of metallized SWCNTs:
SWCNT/PDA/Ni (a,d), SWCNT-ox/PDA/Ni (b,d).

3.3. Investigation of the Chemical Composition and Bonding States near the Surface

As can be seen in the XPS wide-scan spectrum, the pristine SWCNT sample contains
only traces of oxygen ([O]:[C] = 0.019) (Figure 7a). The majority of this oxygen is probably
bound to iron, which was also clearly detected in the sample as Fe 2s, Fe 2p, and Fe LMM
Auger series. No component peaks for oxidized carbon species could be separated in
the high-resolution C 1s spectrum (Figure 8a). The main component peak Gr in the C 1s
spectrum at 283.99 eV results from photoelectrons of the sp?-hybridized carbon atoms of
the graphite-like lattices in their electronic ground states. Photoelectrons from electronically
exited states produced by m — 7* transitions were collected as shake-up peaks on the
spectrum’s high-energy side.

12
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Figure 7. XPS wide-scan spectra recorded from pristine SWCNT (a), SWCNT-ox (b), SWCNT/PDA
(c), SWCNT-ox/PDA (d), SWCNT/PDA/Ni (e), and SWCNT-ox/PDA /Ni (f) samples.
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Figure 8. C 1s and N 1s high-resolution XPS spectra recorded from pristine SWCNT (a), SWCNT-ox
(b), SWCNT/PDA (c), and SWCNT-ox/PDA samples. The blue component peaks in the figures (c)
and (d) demonstrate the presence of PDA on the SWCNT surfaces (their origins).

The oxidation of the SWCNTs increased not only the relative oxygen content signifi-
cantly to [O]:[C] = 0.056, but it also removed the iron impurities in the sample (Figure 7b).
The component peaks C (at 286.54 eV) and F (at 288.33 eV) separated in the C 1s spec-
trum (Figure 8b) showed that oxidation of the carbon took place and that mainly phenolic
C-OH groups (component peak C) and carboxylic acid groups (component peak F) were
introduced in the surfaces of the SWCNT-ox sample.

Deposition of PDA creates N 1s peaks and enhances the oxygen peaks in the spectra.
Taking its intensity as a measure of the PDA content in the surface region of the SWCNTs,
it can be seen that the oxidation had a beneficial effect on the adsorption and interfacial
polymerization of the DA (Figure 7c,d). It increased the relative nitrogen content from
[N]:[C] = 0.036 for the SWCNT/PDA sample to [N]:[C] = 0.06 for the SWCNT-ox/PDA
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sample, i.e., about twice the amount of PDA was deposited on the hydrophilic SWCNT-ox
surface. The corresponding C 1s and N 1s spectra (Figure 8c,d) show the characteristic
component peaks indicating the presence of PDA on the SWCNT surfaces. In addition to
the main component peaks Gr and the shake-up peaks, we found the component peaks B’
(at ca. 285.11 eV), C’ (at ca. 285.97 eV), and D’ (at ca. 287.25 eV). Component peaks B/, which
have twice the intensity as the [N]:[C] ratios, show the C-N bonds of the PDA’s indoline and
indole units. Component peaks C’ result from the catechol groups (' C-OH). Since some of
the catechol groups were present in their oxidized form, namely as quinone-like groups,
their intensities were slightly smaller than the intensities of peaks B’. The quinone-like
groups (P 'C=0) were represented by the component peaks D’. The main component peaks
L' (at ca. 399.7 eV) in the N 1s spectra show the fractions of the PDA’s indoline-like bonded
nitrogen atoms (C—L/MH—C). Due to the increased electron density of the indole-bonded
nitrogen atoms (C=K'N-C & CX'N=Q), the component peaks K’ were shifted to lower
binding energy values (ca. 398.03 V). Protonated secondary amino groups (C-*'N#H,-C)
were identified as component peaks M’ at ca. 401.58 eV.

After the metallization, the element peaks of nickel (Ni 2s, Ni 2p, and Ni LMM Auger
series) appear in the wide-scan spectra (Figure 7e,f). Surprisingly, the relative nickel content
of SWCNT/PDA with lower PDA content was with [Ni]:[C] = 0.509, significantly greater
than that of the SWCNT-ox/PDA sample with more PDA in the SWCNT /nickel interphase
(INi]:[C] = 0.305). This is surprising at first glance but can be explained by the different
distribution of the nickel visible in the SEM images (Figure 3). On the SWCNT/PDA /Ni
sample, a lot of metal is deposited between the CNTs, while on the SWCNT-ox/PDA /Ni
sample, only the CNTs are covered with nickel.

The almost complete disappearance of the N 1s peaks together with the changed
shapes of the C 1s spectra (Figure 9a,b) shows that the PDA film is mostly covered by
the nickel layer. The presence of carbon is now largely due to the presence of surface
contaminants, such as fatty acid esters that spontaneously adsorb onto metal oxides and
minimize their surface-free energy. Detailed analysis shows, however, that the nickel
layers are not fully closed. In the deconvolution process of the spectra, it was necessary
to introduce the component peak Gr (at ca. 284.3 eV), which indicates the presence of
graphite-like bonded carbon atoms in the surface region. The intense component peaks
A" (at 285.00 eV) result from photoelectrons from sp®-hybridized carbon atoms that have
no heteroatoms in their immediate vicinity. Carboxylic ester groups are identified by the
component peaks C” (alcohol-sided carbon atoms, O=C—O-“C) and E” (carbonyl carbon
atoms, O=FC-O-C). Component peaks F" arise from carboxylic acid groups (O=" "C-OH)
and their corresponding carboxylates (O=F"C-0® « ©O-F'C=0). Carbon atoms in «-
position to the carbonyl carbon atoms (3 C—-COO) are observed as component peaks B”.
The small component peaks D" at 287.7 eV are an indication of the presence of ketone
groups (O=P"Q).

The complex shapes of the Ni 2p spectra (Figure 9¢,d) and the high relative oxygen
contents (Figure 7e,f) indicate that nickel is present preferentially in its oxidized forms
(formally as Ni?*). The positions of the main component peaks U” in the high-resolution
Ni 2p3/, spectra at ca. 855.64 eV confirm the presence of NiO and/or Ni(OH), [67].
The small component peaks T” on the low-energy side of the main component peak
result from metallic nickel (Ni’). The divalent nature of the nickel ions (Ni%**) mainly
present in the samples corresponds to the [Ar]4s°3d® electron configuration with a mag-
netic moment of 2.83 Bohr magneton. The photoionization of this electron configura-
tion results in the [1s?2s?2p®~13s?3p®]45°3d® electron state, which can be neutralized by
electrons from the oxygen-containing ligands (L) situated in the nickel’s coordination
sphere. The so-called local screening resulted in the [1522522p6_13sz3p6]4so3d9[L_1] electron
ground state causing the component peaks U’ mentioned above. An electronically excited
state resulted from a second electron transfer from the ligands to Ni?*. Photoelectrons
from this [1522522p6*13523p6] 4593d19[L~2] state are observed as satellite peaks (52) at ca.
861.35 eV. Oxygen-containing ligands that are further away can also provide electrons
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for the photoionized nickel ions via a transfer by hopping (non-local screening to the
[1522522})6_13523p6]4503d9[L][3d8L_1] state). The corresponding satellite peaks (51) are
found at ca. 857.46 eV. Finally, satellite peaks S3 arising at ca. 863.57 result from photo-
electrons in the [Ar]4s°3d® state, which are not neutralized by the electrons provided by
the ligands.

Cis Ni‘Zp 12 Ni‘2p3/z

295 291 287 283 885 870 855
Binding Energy [eV] Binding Energy [eV]

Figure 9. C 1s and Ni 2p high-resolution XPS spectra recorded from SWCNT/PDA/Ni (a), and

SWCNT-ox/PDA/Ni (b) samples. (The origins of the component peaks are explained in the text).

3.4. Thermoelectric Characterisation

In Figure 10 the values of volume conductivity, Seebeck coefficient, and power factor
are summarized for the three different modification states of SWCNT and oxidized SWCNT.
The Seebeck coefficient of pristine SWCNT powder is determined to be 39.6 uV /K [57].
The oxidation of the SWCNT leads to a lower S-value of 22.4 + 0.1 uV/K. It is assumed
that the insertion of hydroxy and carboxyl groups partially destroys the perfect structure of
the SWCNT walls and thus impairs electron transport across the SWCNT walls, resulting
in a lower S-value. At the same time, SWCNT oxidation leads to an increase in volume
conductivity from 1790 S/m [57] up to 3291 £ 59 S/m. Thus, the PF decreases from 2.8 [57]
to 1.1 uW/m-K2 due to the lower Seebeck coefficient.
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Figure 10. Thermoelectric parameter of SWCNTs at different modification state (the green and brown
arrows only serve to illustrate the trends).
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For both as-grown SWCNTs and oxidized SWCNTs, the PDA coating leads to an
increase in the S-value by 9 uV/K, such that S-values of 48.0 &+ 0.4 uV/K (SWCNT) and
31.5 £ 0.0 nV/K (SWCNT-ox) are achieved, i.e., PDA acts as a p-dopant agent. It is surpris-
ing that the effect is about the same for SWCNTs and SWCNT-ox because both morpho-
logical examination and XPS showed a thicker and more homogeneous PDA coating on
the SWCNT-ox. In addition, after PDA coating, the electrical conductivity of SWCNT-ox
powders drops sharply to 128 &= 4 S/m, and only slightly for SWCNTs (1451 £ 32 S/m). The
electrically insulating PDA layer can presumably deteriorate electron transport by direct
contact with the SWCNTs or even electron hopping. Thus, the PDA modification leads to
a slightly higher PF for SWCNT/PDA at 3.3 pyW/ m-K? compared to SWCNT. However,
for the SWCNT-ox, the PF decreases from 1.1 uW/m-K? (SWCNT-o0x) to 0.1 uW/m-K?
(SWCNT-0x/PDA) due to the strongly decreased volume conductivity.

The coating of both SWCNT/PDA types with nickel leads to a reduction of the Seebeck
coefficient to0 29.3 £ 0.1 uV/K (SWCNT) and 7.8 £ 0.0 uV /K (SWCNT-ox). This reduction
is consistent with the negative S-value of the nickel itself of —19 uV /K [48,62]. Nickel
thus acts as an n-dopant, as expected. This effect is clearly more pronounced with the
oxidized SWCNTs. Here, the S-value is reduced by 23.8 uV /K instead of only 18.7 pV /K
for SWCNT/PDA. Obviously the more uniform nickel coating of the oxidized SWCNTs, as
seen in Figure 3, has a stronger effect on the S-value despite the lower amount of deposited
nickel revealed by XPS. Unfortunately, the amount of nickel deposited was not sufficient
to produce SWCNTs with a negative Seebeck coefficient. The XPS study showed that the
nickel layer is not closed on the SWCNT surface. Thus, p- and n-conducting structures
alternate. Presumably, this is one reason why no negative S-value was obtained. Thus, the
PF decreases for both samples to 0.03 pW/ m-K? (SWCNT) and 0.01 uW/m-K? (SWCNT-ox).

4. Discussion

The present study investigates how SWCNTs can be coated with nickel using PDA as
an adhesive coupler in a “green” process in aqueous solutions. With regard to thermoelec-
tric applications, the aim was to reverse the Seebeck coefficient of the SWCNTs to negative
values since nickel as a metal has a negative S-value of —19 uV /K.

Oxidation of the SWCNTs improved their dispersibility in water. The better dispersibil-
ity of the oxidized SWCNTs remained after modification of the SWCNTs with PDA, which
led to better modification results.

Both pristine and oxidized SWCNTs were modified with dopamine and metallized
with nickel. XPS verified the deposition of PDA and nickel on both pristine and oxidized
SWCNTs. While more PDA was detected on oxidized SWCNTs, the elemental ratio of
nickel was significantly higher on non-oxidized SWCNTs. This corresponds to morphology
studies of the SWCNTs carried out by SEM, TEM, and AFM. On the surfaces of oxidized
SWCNTs, PDA and nickel are homogeneously distributed. On non-oxidized SWCNTs,
however, no continuous PDA layer was detected, and nickel was deposited not only on the
CNTs but also in the spaces between them.

The thermoelectric characterisation shows that PDA acts as a p-dopant, resulting in
an increase in the Seebeck coefficient by around 9 uV /K for both pristine and oxidized
SWCNT. This increase was not helpful with regard to the aim of the study (reduction of
the S-value), but the PDA coating was only an intermediate step. The coating with nickel
successfully reduced the S-value by 19 uV/K (SWCNT/PDA) and 23.8 uV/K (oxidized
SWCNT/PDA). The deposited amount was, however, not sufficient to create a negative
Seebeck coefficient.

The results show that electroless metallization is able to create a nickel layer on
PDA-modified SWCNTs. Prior oxidation of the SWCNTs is essential to ensuring good
dispersion and homogeneous coating with PDA and nickel. The nickel coating can actually
change the conduction type of the SWCNTs, but more work is needed to adjust the nickel
layer thickness.
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In future studies, the thermoelectric properties will be investigated as a function of Ni
content or Ni layer thickness on the SWCNT. On the other hand, it is interesting that the
PDA coating increases the S-value. Here, too, the dependence between the PDA coverage
of the SWCNTs and their thermoelectric properties is worth studying.
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Abstract: CuzSbSey is a potential p-type thermoelectric material, distinguished by its earth-abundant,
inexpensive, innocuous, and environmentally friendly components. Nonetheless, the thermoelectric
performance is poor and remains subpar. Herein, the electrical and thermal transport properties of
CuzSbSey were synergistically optimized by S alloying. Firstly, S alloying widened the band gap,
effectively alleviating the bipolar effect. Additionally, the substitution of S in the lattice significantly
increased the carrier effective mass, leading to a large Seebeck coefficient of ~730 1wVK 1. Moreover,
S alloying yielded point defect and Umklapp scattering to significantly depress the lattice thermal
conductivity, and thus brought about an ultralow xi,; ~0.50 Wm~'K~! at 673 K in the solid solution.
Consequently, multiple effects induced by S alloying enhanced the thermoelectric performance of
the CuzSbSes-Cu3SbS, solid solution, resulting in a maximum ZT value of ~0.72 at 673 K for the
Cu3SbSe; gS1 2 sample, which was ~44% higher than that of pristine CuzSbSey. This work offers
direction on improving the comprehensive TE in solid solutions via elemental alloying.

Keywords: CuzSbSes-based materials; solid solutions; S alloying; point defect; thermoelectric properties

1. Introduction

Thermoelectric (TE) technology has the capability to directly and reversibly convert
heat into electricity, making it a promising source of clean energy. It plays a significant
role in addressing the challenges posed by the energy and environmental crises [1-3].
Numerous TE materials are currently under exploration for power generation and solid-
state cooling applications, leveraging the Seebeck and Peltier effects, respectively [4],
such as skutterudites [5], half-Heusler compounds [6], Zint] phases [7], chalcogenides [8],
oxides [9,10], and high-entropy alloys [11]. Commonly, the conversion efficiency of TE
materials is assessed using the dimensionless figure of merit, ZT = S20T/x, where S, o,
T, and « stand for the Seebeck coefficient, electrical conductivity, absolute temperature
in Kelvin, and total thermal conductivity (comprising lattice part xj,; and electronic part
Kele), Tespectively [12,13]. Actually, achieving high conversion efficiency (1) necessitates
a higher power factor (PF = S20) and/or lower x [14-20]. Unfortunately, it is difficult to
simultaneously optimize the S, o, and %, in the given TE material due to their strong
coupling effects [12,21]. Nevertheless, ki, stands as the sole independently regulated TE
parameter, leading to extensive research over the last two decades [16,17,19].

Copper-based chalcogenides have garnered significant attention because of their
relatively favorable electrical transport and low thermal transport properties [22-25]. In ad-
dition, thermoelectric minerals like germanites, colusites, tetrahedrites, and other materials
also have rather high ZT values [26-28]. Among them, the Cu3SbSe; compound is a p-type
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semiconductor, featuring a narrow band gap of ~0.29 eV [29,30]. More importantly, its com-
ponents are earth-abundant, inexpensive, non-toxic, and environmentally friendly [31,32].
However, its high x and low ¢, stemming from low carrier concentration and mobility,
present challenges that hinder its practical use. Extensive efforts have been implemented to
enhance the TE performance of CuzSbSey, including elemental doping [33-37], band engi-
neering [38—40], and nanostructure modification [41,42]. These approaches have potential
in improving the carrier concentration of (1), S, or k., and thus leading to an appealing
figure of merit. Although high n can enhance ¢, it has a negative impact on S and result
in an increase in x¢e. The TE performance of CuzSbSe; falls significantly short of that of
Cu-based chalcogenides due to these two inherent issues. On one side, the narrow energy
band gap of ~0.29 eV leads to bipolar diffusion, causing deterioration in electrical proper-
ties [29,30]. On the other side, the high thermal conductivity (xi,;) inherently arises from its
composition comprising lightweight elements and a diamond-like structure [25]. In other
words, optimizing carrier concentration alone proves challenging in further enhancing the
TE performance.

The formation of a solid solution via elemental alloying is an effective strategy for
depressing the «xj,; and thereby enhancing the TE performance. For example, Skoug
et al. demonstrated that the substitution of Ge on Sn sites can lead to the formation of
CuySnj_,GeySes solid solutions, synergically optimizing the TE properties [43]. Jacob
et al. reported that a high ZTn,x value of ~0.42 was obtained in the Cuy,Ge(S;_,Sey)s
system via Se alloying [44]. Wang et al. enhanced the TE properties of Cu,Ge(Se;_,Tey)s; by
incorporating Te on the Se site, resulting in a ZTax of ~0.55, which was 62% higher than that
of the matrix [45]. The afore-mentioned research give us an idea that the CuszSb(Se;_,Sy)4
solid solution is an effectively strategy for enhancing the thermoelectric performance
of the Cu3SbSe; compound via S alloying. Moreover, the development of TE materials
with more cost-efficient constituent elements is of significant importance for large-scale
practical applications.

Herein, we present the synthesis and thermoelectric characterization of the
CuzSb(Seq_xSy)s solid solutions with x covering the whole range from 0 to 1. The re-
sults demonstrate that the Cu3SbSes-CusSbSy solid solutions exhibit an extremely high
Seebeck coefficient and ultralow thermal conductivity. Firstly, S alloying can widen the
band gap, alleviating the bipolar effect. Additionally, S substitution in the lattice can signif-
icantly increase the carrier effective mass, leading to a remarkably high Seebeck coefficient
of ~730 uVK~!. Moreover, the «j,; can be significantly depressed owing to point defect
scattering and Umklapp scattering, thus obtaining a minimum xj,; of ~0.50 Wm 1K1,
Consequently, the multiple effects of S alloying boost the TE performance of the CuzSbSey-
Cu3SbS, solid solution, and a maximum ZT value of ~0.72 at 673 K is obtained for the
CuzSbSe; 8512 sample.

2. Experimental Procedures
2.1. Synthesis

The Cu3zSb(Sej_,Sy)4 solid solutions with varying S content (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, and 1) were synthesized by vacuum melting and plasma-activated sintering
(Ed-PAS 111, Elenix Ltd., Zama, Japan). Concretely, the synthesis was divided into two
steps. The first step was to synthesize the primary powders. Firstly, the starting materials,
consisting of high-purity components (Cu: 99.99 wt.%; Sb: 99.99 wt.%; Se: 99.999 wt.%; S:
99.99 wt.%) corresponding to the nominal composition of CuzSb(Sej_,Sx)s (x = 0-1), were
carefully sealed in the quartz tube under high vacuum conditions (<10~3 Pa). Afterwards,
the sealed tubes were incrementally heated to 1173 K with a controlled rate of 20 K/h and
maintained at 1173 K for a duration of 12 h. Following a holding period, the tubes were
cooled down with a relatively low rate of 10 K/h until reaching 773 K, and finally the
samples were quenched into water. Subsequently, the acquired quenched ingots underwent
direct annealing at 573 K for a period of 48 h to facilitate the uniformity of chemical
compositions. After this step, the obtained ingots were finely pulverized using an agate
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mortar to produce uniform powders. The second step was to synthesize the target samples.
The resultant powders were then introduced into a graphite die of ©¥12.7 mm in diameter
and treated using the PAS technique at 673 K for a duration of 5 min while applying an
axial pressure of 50 MPa. In detail, the sintering temperature reached to 523 K after an
activation time of 10 s under the activation voltage of 20 V and the activation current of
300 A, and then the current was manually adjusted to increase by a rate of 1.5 K/s to reach
the desired sintering temperature of 673 K after 225 s; the temperature was then held for
300 s. Ultimately, the samples were furnace-cooled to room temperature.

2.2. Characterization

The X-ray diffraction (XRD) patterns for the CuzSb(Se;_,5Sy)4 (x = 0-1) solid solutions
were conducted using a Bruker D8 advance instrument, which was equipped with Cu
Ko radiation (A = 1.5418 A). Lattice parameters were refined using the Rietveld method,
employing the HighScore Plus computer program for analysis. The morphologies and com-
positions of the afore-mentioned solid solutions were performed by a Nova NanoSEM450
(FESEM) and a JEM-2010F (HRTEM), equipped with a detector of energy-dispersive X-ray
spectroscopy (EDS).

2.3. Thermoelectric Property Measurements

The as-sintered cylinders were processed into bars of 10 mm X 2 mm x 2 mm and
disks of ©¥12.7 mm x 2 mm. The bars were used for concurrently measuring o and S by the
commercial measuring system (LINSEIS, LSR-3) under a helium atmosphere, spanning a
temperature range from room temperature to 673 K. Thermal conductivity was calculated
using the equation of ¥ = DCpp. Herein, the D, Cp, and p stand for the thermal diffusivity,
specific heat, and density, respectively. The disks were used for simultaneously measuring
D and C;, by utilizing a Laser Flash apparatus of Netzsch (LFA-457) under a static argon
atmosphere. The p of the CuzSb(Se;_,Sy)4 (x = 0-1) solid solutions were conducted using
Archimedes’ methods. The relative densities, in relation to the theoretical density of
5.86 g cm 3, have been provided in Table S1. The n (carrier concentration) and y (carrier
mobility) of the afore-mentioned solid solutions at 300 K were performed using the Hall
effect system (LAKE SHORE, 7707 A) according to the van der Pauw method under a
magnetic field strength of 0.68 T.

3. Results and discussion
3.1. Crystal Structure

The crystal structures and phase compositions for the CuzSb(Se;_,Sy)s (x = 0-1)
samples were performed by XRD. Figure 1a shows the crystal structure of tetragonal
Cu3SbSey, with blue, gray, and green atoms representing Cu, Sb, and Se, respectively. As
displayed in Figure 1b, the major diffraction peaks of the pristine sample (x = 0) are fully
indexed to the zinc-blende-based tetragonal structure (I-42m space group) of CuzSbSey
(JCPDS No. 85-0003) without any detectable impurities [29]. With increasing S content
(0 < x < 1), a continuous shift of the (112) diffraction peak towards higher angles can be seen
(Figure 1c), demonstrating that S atoms replace Se at the Se site to form CuszSb(Sej_,Sy)4
solid solutions. The shift in the diffraction peak can be ascribed to the smaller radius of S?~
(1.84 A) in comparison to Se?~ (1.98 A) [46]. For x = 1, the XRD peaks match the pattern of
Cu3SbS, (JCPDS No. 35-0581) [47].

The Rietveld refinement profiles of the CuzSb(Se;_,Sy)s4 (x = 0.3) samples based on
the famatinite crystal structure are shown in Figure 1d. The data of the final agreement
factors (Rp, Rup, and Reyp) of CuzSb(Seq—,Sy)4 (x = 0-1) samples are listed in Table S2. The
lattice parameter exhibits a linear decrease with increasing S concentration, and closely
follows the expected Vegard’s law relationship [48] (Figure le), indicating the formation of
CuzSbSes-CusSbS, solid solutions.
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Figure 1. (a) The crystal structure of CuzSbSey; (b) X-ray diffraction (XRD) patterns and (c) mag-
nified diffraction peaks corresponding to the (112) planes of Cu3zSb(Sej_,Sy)s (x = 0-1) samples;
(d) Rietveld refinement profile of x = 0.3 solid solution; (e) Alterations in lattice parameters as S
concentration varies.

3.2. Microstructure

The morphologies and chemical compositions of the CuzSb(Se;_Sy)s (x = 0.3) sample
were characterized by a SEM equipped with an EDS detector (Figure 2). As presented
in Figure 2a,b, the SEM images of fracture surfaces (x = 0.3) indicated that they were
isotropic materials. The nanopores (marked by the blue dotted circles) were observed on
the fracture surface due to the Se/S volatilization of the synthesis process of the sample
(Figure 2a), which can contribute to blocking the transport of mid-wavelength phonons [47].
To investigate the composition of the sample, we observed its polished surface (Figure 2c).
According to the EDS elemental mapping (Figure 2d-h), the four constituent elements were
uniformly distributed with no distinct micro-sized aggregations. This was combined with
a back-scattered electron (BSE) image and elemental ratios (%), where Cu, Sb, Se, and S
were present in proportions of 40.07:12.68:31.26:15.59 (as depicted in Figure S1), which
demonstrated the formation of the CuzSbSes-Cu3zSbSy (x = 0.3) solid solution.

The morphologies and compositions of CuszSb(Se;_,Sy)s4 (x = 0.3) were further in-
vestigated at nanoscale using high-resolution TEM (HRTEM) (Figure 3). The TEM im-
ages demonstrated that many nanophases were distributed in the sample, and elemental
mapping taking over the entire region revealed that the four constituent elements (Cu,
Sb, Se, and S) were uniformly dispersed within the Cu3SbSes-CuzSbS, solid solution
(Figures 3a and S2). As presented in Figure 3b, the grain boundary (indicated by blue dot
lines) could be clearly observed in the sample. Meanwhile, as shown in Figure 3b,c, the
crossed fringes, with interplanar spacing of 3.26 A and 1.99 A corresponded to the (112)
and (204) planes of Cu3SbSey, respectively [49]. Additionally, the SAED pattern taken from
the Figure 3c along the [110] zone axis is displayed in Figure 3d. The ordered diffraction
spots can be indexed to the (002), (110), and (112) planes of Cu3SbSe,, whose interplanar
spacings are 5.64 A, 4.06 A, and 3.26 A, respectively [50].
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Figure 2. (a) SEM image of the fracture surfaces of the CuzSbSe; 851, sample; (b) high magnification
images of (a); (c) the corresponding EDS mapping for all constituent elements of selected region in
(b); (c) SEM images of the polished surfaces of the CuzSbSe; gS1, sample; (d) The corresponding
elemental mapping by EDS, obtained by overlaying the respective EDS signals directly arising from
Cu (e), Sb (f), Se (g), and S (h).

Figure 3. (a) The low-magnification image; (b,c) high-resolution TEM images; (d) SAED pattern
taken from (c) of CuzSb(Se;_Sy)s (x = 0.3) sample.
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3.3. Charge Transport Properties

To explore the effects of S alloying on the TE properties of the CuzSb(Sej_,Sx)4 (x = 0-1)
solid solutions, the charge transport properties were conducted. The temperature depen-
dence of electrical conductivity () of the CusSb(Se;_Sx)s (x = 0-1) solid solutions is
displayed in Figure 4a. The pristine CuzSbSey4 exhibited a monotonous increase in ¢ with
rising temperature, demonstrating characteristic behavior of a non-degenerate semicon-
ductor. For the x > 0.2 samples, the samples showed a transition from non-degenerate
semiconductors to a partially degenerate regime [51]. The ¢ exhibited an initial decrease
followed by an increase, with the minimum value occurring at ~473 K, indicating its asso-
ciation with bipolar conduction [38,52]. The ¢ of S alloying samples increased with the S
contents until x = 0.3, after which it started to decrease with a higher S content. Notably,
the o improved from ~4.6 S/cm of pristine CuzSbSey to ~42 S/cm of x = 0.3 solid solution
at room temperature, arising from the augmented carrier concentration (Table S1). It is
worth noting that the solid solutions with high S content (x > 0.5) had lower ¢ compared
to the pristine CuzSbSe4, which was ascribed to the reduced 7 (carrier concentration) and
diminished y (carrier mobility). Furthermore, due to the intensified lattice vibration at
elevated temperatures, the solid solutions exhibited lower ¢ than the pristine sample at
high temperatures, indicating that the intensified lattice vibration in the solid solutions at
elevated temperatures hindered the carrier migration [40,53].
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Figure 4. Temperature-dependent (a) electrical conductivity o; (b) Seebeck coefficient S, the inset is
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Figure 4b illustrates the temperature-dependent S of the Cu3Sb(Sej_,Sy)s4 (x = 0-1)
samples. The p-type semiconductor behavior of solid solutions, characterized by dominant
hole carriers, was evidenced by the positive S value observed across the entire tempera-
ture range.

Notably, the S value of the samples exhibited an initial ascent followed by a subsequent
descent as the temperature rose, ultimately reaching its zenith at ~473 K. This behavior can
be attributed to the influence of the bipolar effect [54]. The maximum S of ~730 VK1
was obtained from the x = 0.6 solid solution. We calculated the Eg of the CuzSb(Se; _Sx)4
(x = 0-1) samples with the formula: Eg =2eSmaxT, where Eg, €, Smax, and T represent the
band gap, elementary charge, maximal Seebeck coefficient, and the associated temperature,
respectively [55]. The calculated Eg for the pristine CuzSbSey of ~0.30 eV aligned well with
the reported literature [36,56]; the results are displayed in Figure S3. Consequently, the
introduction of alloyed S played a role in enlarging Eg from ~0.30 eV to ~0.69 eV, thus
widening the band gap to alleviate the bipolar effect. For the semiconductors, we note that
the increase in S (1S 1) was directly proportional to the carrier effective mass and n~2/3. We
calculated the Pisarenko relation between |S| and n (indigo and red dashed lines with
m* ~ 0.68 and 1.4 me, respectively) based on the single parabolic band model (SPB), as
follows [57,58]:

872k, 7T \2/3
B (371) @
where kg, I represent the Boltzmann constant, and Planck constant, respectively. The
calculated m* was significantly enhanced from 0.68 for pristine CuzSbSey to 5.03 m for the
x = 0.6 sample (Table S1). As seen in Figure 4c, the calculated m* based on S (experimental

values) of CuzSb(Se1_Sy)s (x = 0.1-1) samples were above the Pisarenko line. Furthermore,

the m* depended directly on the Eg (ZZ% =E (1 + E%) ), where E the energy of electron
states), which deviated from a single Kane band model [21,59,60], thus confirming the large
S was related to Eg and m*. Consequently, the decreased carrier concentration (x > 0.5) and
increased m*, resulted in the significant enhancement of S.

The temperature dependence of the power factors (S?¢) of the Cu3Sb(Se; Sy)s
(x = 0-1) samples are presented in Figure 4d. The S20 of CuzSbSes-CusSbS, solid so-
lutions exhibited a similar temperature-dependent behavior as the electrical conductivity
(0). The temperature-dependent trend observed in the S was mirrored in the behavior of
the o for the CusSbSes-CusSbSy solid solutions. Owing to their relatively elevated o and S
values, these samples demonstrated larger S?c values compared to the pristine CuzSbSey,
particularly within the lower temperature range. Notably, the x = 0.3 sample achieved a
larger S20 value than the other samples, and the peak S%0 value of CuzSbSe; gS1 » sample
was ~670 uW m~! K2 at 673 K.

3.4. Thermal Transport Properties

The temperature dependence of the thermal transport properties of the CuzSb(Se;j_Sx)a
(x = 0-1) solid solutions are presented in Figure 5 and Figure S4. Obviously, the « de-
creased with increasing temperature, mainly attributed to the increased scattering by lattice
vibrations at elevated temperatures [8,40,53] (Figure 5a). For instance, the « of pristine
CusSbSe, decreased from ~3.11 Wm 1K1 at 300 K to ~1.03 Wm 'K~ at 673 K. Similarly,
the xot of the x = 0.5 sample decreased from ~1.37 Wm 1K1 at 300 K to ~0.52 Wm 1K !
at 673 K. Generally, the x,; can be obtained by subtracting the electronic part (i) from the
Ktot using the Wiedeman—Franz relationship (the details are displayed in Supplementary
Material) [61,62]:

Kee=LoT (2)

where L is the Lorenz number and it can be expressed as Equation (3) [63,64]:

L=15+exp [AZ'] 3)
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Figure 5. Temperature-dependent (a) total thermal conductivity «iot; (b) electronic thermal conductiv-
ity Kele; (c) lattice thermal conductivity ), of CuzSb(Se;_Sy)s (x = 0-1) samples, and (d) imperfection
scaling parameters; (e) k1, at 300 K, the red dotted lines is calculated by the Callaway model; (f) the
comparison of x,; of CuzSbSey-based materials [33,34,36,38,39].

The calculated L values of the CusSb(Se1_Sy)s (x = 0-1) samples ranged from 1.5 to
1.6 W Q K72, and the results are listed in Figure S5. Owing to the enhanced carrier
concentration (x < 0.6), the x.j, showed a slight increase at low temperature after S alloying,
as described in Figure 5b. The «1,; of the CusSb(Se;_Sy)4 (x = 0-1) samples is plotted in
Figure 5¢, indicating a significant decrease within the measured temperature range after
S alloying.

To explore the effects of S alloying on the phonon scattering and the significant
reduction in xp,;, the x,; of the CuzSb(Se1_,Sy)s (x = 0-1) compounds was evaluated at
room temperature by the Debye—Callaway model. The primary scattering mechanisms
under consideration were point defect scattering and Umklapp scattering. Then, the «j,; of
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pristine

the pristine (x;,,” ) and S-alloyed (x1,;) CuzSbSe4 compounds could be computed based
on the Debye-Callaway model [48,65,66]:

Koo _ arctan(u) o,  720pQ) pristine

pristine u P U= ho?2 lat I 4)

lat
where u, 0p, (), h, and v represent the scaling parameter, Debye temperature, volume per
atom, Planck constant, and average speed of sound, respectively (herein, p = 131 K and
v=1991.2 m/s [46]). I is the imperfection scale parameter, which is associated with the I'r,
(mass fluctuation) and T’ (strain field fluctuation) [67]:

AMN® | (Ar)®
M r
where x, AM /M and Ar/r are the S concentration in one molecular, the relative change of

atomic mass, and atomic radius owing to the replacement of Se with S, respectively. The ¢
value can be computed using the following formula [68]:

2
o 2(6.47(1 + up)> ©

9 1-vp

IF=Tm+Ts=x(1-x) (5)

where, 7y and v}, are the Griineisen parameter and Poisson ratio, respectively (here, 7y = 1.3 [46]
and vp, = 0.35 [69]).

The values of I'r, and I's for the CusSb(Se;—,Sx)s compounds are presented in Table S3.
Figure 5d shows how the scattering parameters I'y, and I's changed with varying Se-alloying
levels. It was observed that I'y, was smaller than I's when the S content x < 0.6, indicating
that the I's (strain field fluctuation) contributed greatly to the drop of xj,;. As for the
x > 0.6 samples, the I'y, (mass fluctuation) was the dominant. It is commonly accepted
that the atomic radius of S is different from that of the Se atom, inducing a localized
lattice distortion and leading to local field fluctuations that hinder the propagation of
heat-carrying phonons [70,71]. However, with increasing S content, the mass fluctuation
gradually became the dominant factor. The experimental xj,; closely aligned with the curve
calculated by the Callaway model (Figure 5e), suggesting that point defects made a great
contribution to suppress the xj,; in the CuzSb(Se;_,Sy)s solid solutions [48]. For a more
comprehensive evaluation of our results, a comparison of the our x},; data with the recently
reported values of CuzSbSey are illustrated in Figure 5f [33,34,36,38,39]. Remarkably, the
CuzSb(Se1_xSx)4 (x = 0.5) sample achieved an outstandingly low #x,; of ~0.50 W m K1
at 673 K.

3.5. Figure of Merit (ZT)

The temperature-dependent ZT of the Cu3Sb(Sej_Sx)s (x = 0-1) samples are illus-
trated in Figure 6a. With the benefit of the collaborative enhancement of electrical and
thermal transport properties, the x = 0.3 sample attained a maximum ZT value of ~0.72 at
673 K, which was 44% higher than that of pristine Cu3SbSes. To further analyze our
TE properties, the comparison of the ZTmax of the CuszSbSes-based materials is given
in Figure 6b [33-40,72]. Obviously, our ZTnax of 0.72 was higher than that of other
Cu3SbSey-based materials, such as CuzSbgg7Ing g3Ses ~0.5, CuzSbyogsGagg155e4 ~0.54,
CU3SbSe3.99TE0.01 ~0.62, Cu3Sb0.925n0.0883_755e0.25 ~0.67, Cu2_95Sb0_96Ge0.04Se4 ~0.70, and
Cu2.955b0,988n0.02‘5e4 ~0.7 and is comparable to the ZT values for CU3Sbo‘ggBiQ‘Ozse&ggTeo'Ol
~0.76 and Cu3Sbg 915Sng 03Hfp g6Ses ~0.76. Although the CuzSb(Se1_xSy)s (x = 0-1) sam-
ples had relative low ZT values in comparison with other high-performance TE materials,
further enhancements of the ZT values can potentially be achieved by tuning the carrier
concentration, dual-incorporation, and/or introducing band engineering.

28



Nanomaterials 2023, 13, 2730

ZT

Cu;SbSey S (
—@— x=0

—8— x=0.1
—h— x=0.2
—¥— x=0.3
—o— x=0.4
x=0.5
—»— x=0.6
—e— x=0.8
—e— x=1

ZTmax

v
[
~
©
®
1}
()
g
LS
=
(7]
8
S
=
[77]
e
o
3
(&)

L L L L 1 L L
400 450 500 550 600 650 700

Temperature (K)

Figure 6. (a) Temperature-dependent figure of merit (ZT); (b) Comparison of ZTmax of CuzSbSey-
based materials [33-40,72].

4. Conclusions

In summary, a series of CuzSbSes-CuzSbS, solid solutions were synthesized by vacuum
melting and plasma-activated sintering (PAS) techniques, and the effects of S alloying
on TE performance were investigated. S alloying can widen the band gap, effectively
alleviating the bipolar effect. Additionally, the S (Seebeck coefficient) was significantly
improved because of the increased m*. Furthermore, the substitution of S for Se in CuzSbSey
lattice led to noticeable local distortions, yielding large strain and mass fluctuations to
suppress the «j,; thus decreasing the «j,; and ot to ~0.50 Wm~!K~! and ~0.52 Wm~1K~!
at 673 K, respectively. Consequently, a peak ZT value of ~0.72 was obtained at 673 K for
the CusSb(Se;_Sx)4 (x = 0.3) sample. Based on these results, it is speculated that further
improvement in the figure of merit of CuzSb(Sej_,Sy)4 solid solutions can be obtained by
enhanced electrical transport properties. Our research offers a new strategy to develop
high-performance TE materials in solid solutions via elemental alloying.
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Abstract: Thermoelectric energy conversion based on flexible materials has great potential for
applications in the fields of low-power heat harvesting and solid-state cooling. Here, we show
that three-dimensional networks of interconnected ferromagnetic metal nanowires embedded in a
polymer film are effective flexible materials as active Peltier coolers. Thermocouples based on Co-Fe
nanowires exhibit much higher power factors and thermal conductivities near room temperature
than other existing flexible thermoelectric systems, with a power factor for Co-Fe nanowire-based
thermocouples of about 4.7 mW /K?m at room temperature. The effective thermal conductance of
our device can be strongly and rapidly increased by active Peltier-induced heat flow, especially for
small temperature differences. Our investigation represents a significant advance in the fabrication
of lightweight flexible thermoelectric devices, and it offers great potential for the dynamic thermal
management of hot spots on complex surfaces.

Keywords: flexible thermoelectrics; active cooling; 3D nanowire networks

1. Introduction

Flexible thermoelectric (TE) materials and devices that easily harness the thermal
energy of hot surfaces with complex geometries or even the human body for the conver-
sion of heat into electricity offer innovative perspectives in a sustainable development
context [1,2]. In particular, flexible TE generators should make it possible to respond to the
rapid development of miniature, lightweight and functional portable electronic devices
for nomadic products and medical sensors [3,4]. They add their own advantages, linked
to their flexibility, lightness and conformability to the main attractions of TE converters,
which are the absence of moving mechanical parts and operating noise, high reliability and
an almost unlimited lifetime.

Flexible thermoelectrics are generally formed either from fully organic materials or
from inorganic/organic hybrid systems, including composites with inorganic nanostruc-
ture fillers in a conducting polymer matrix and thin-film inorganic materials deposited on
flexible polymer substrates [5-9]. Each of these TE systems requires the development of
specific synthesis methods [10-21]. These include solution processes for the fabrication of
conducting polymers, and physical vapor deposition, spin coating, screen printing, physi-
cal mixing and solution mixing for the fabrication of inorganic/organic hybrid systems.
Although the thermoelectric properties of conducting polymers and their corresponding
nanocomposites have been improved in recent decades, they are still significantly lower
than those of bulk thermoelectric materials [5,6,8,9]. In addition, electrical and thermal con-
tact resistances, as well as the mismatch in the thermal expansion coefficients of contacting
materials, also affect the performance of such flexible TE devices [22].

Although flexible and lightweight TE devices are expected to generate the same
interest in low-power miniaturized refrigeration based on the Peltier effect, it is only very
recently that this field of application has received attention [23,24]. Flexible TE devices
could enable the development of wearable devices for personalized thermoregulation with
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the prospect of drastically reducing the volume of heating or cooling by targeting the areas
of the human body that require precise thermal doses [23-26]. In normal operation, Peltier
coolers use materials with a high thermoelectric power factor and low thermal conductivity
to reduce the reverse heat flow from the hot side. However, the increased development of
electronic products, such as computer processors, LEDs and electric batteries, requires that
conventional cooling systems be combined with dynamic thermal management to quickly
dissipate heat peaks that interfere with the operation of the devices [27,28]. While heat
removal from electronic components is usually achieved through high-thermal-conductivity
materials that provide passive cooling, thermoelectric cooling has also been considered for
dynamic thermal management [29]. Dynamic thermal management is a technique adopted
at runtime to minimize hot spots and temperature peaks. Dynamic thermal management
is of great interest because of its rapid adaptability to changing environments over time
and the energy savings that it offers compared to passive materials. In this particular
regime, called active cooling [30-32], the Peltier heat flow carried by the electric current is
added to the natural flow of heat from the hot to the cold side. As recently demonstrated,
materials suitable for the thermal management of electronic hot spots must not only have a
high power factor but also high thermal conductivity [33]. Therefore, conventional Peltier
TE modules are not suitable for this application due to the low thermal conductivity of
their semiconductor components. On the contrary, some transition metals are excellent
candidates as thermoelectric materials for active cooling. This is the case for cobalt, which,
together with YbAI3 [34], presents the highest room-temperature (RT) thermoelectric power
factor among known materials, with a value of around 15 mW/ K?m, up to a factor of
10 higher than that of bismuth tellurium [35]. In addition, its thermal conductivity of
~100 W/Km is very high compared to that of Bi;Tes (less than 2 W/Km). A new factor
of merit, called the effective thermal conductivity, makes it possible to account for the
flow of heat transported by materials during active cooling [30,33], i.e., accounting for
both passive Fourier heat transport and active Peltier-driven heat flow. The effective
thermal conductivity appears as the sum of the “passive” normal thermal conductivity
and an “active” thermal conductivity that only starts up when the cooling power supplied
by the Peltier module is activated. Using an active cooler made from a rigid bulk-type
Co-CePd3 thermoelectric couple, it was found that the effective thermal conductivity
of the cooler can exceed 1000 W/Km in its active mode vs. 40 W/Km in the passive
mode depending on the hot—cold temperature difference [30]. Although these recently
obtained results open up new perspectives in the selection of thermoelectric materials
useful for active cooling, hot spots appearing on arbitrarily shaped surfaces require the use
of miniaturized, flat and flexible active Peltier coolers. In this context, the easy realization of
high-performance flexible thermoelectric modules, with the advantages of reduced weight
and size, remains challenging.

In this study, we demonstrate the ability to efficiently cool hot spots on electronic de-
vices using lightweight, flexible Peltier coolers. We achieve this by developing an attractive
electrodeposition method of manufacturing thermoelectric modules from ferromagnetic
nanowire (NW) networks. Electrochemical synthesis has been shown to be a powerful
method for fabricating multicomponent NWs with different metals due to its engineering
simplicity, versatility and low cost [36-38]. In addition, NW networks have already been
proposed as a pathway for efficient thermoelectric devices [39,40]. Herein, NW networks are
obtained via simple electroplating within 3D porous polymer membranes so that the nano-
constituents active for Peltier cooling are completely embedded and perfectly interconnected
within a polymer matrix (see the Experimental Section) [41-45]. In such centimeter-scale
NW networks, electrical connectivity is essential to allow charge flow throughout the sample
and to preserve the excellent bulk properties. The shapeable nanocomposite films also meet
the key requirements for electrical, thermal and mechanical stability.
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2. Results and Discussion

Flexible TE modules composed of p-type and n-type legs are fabricated via the suc-
cessive electrodeposition of arrays of crossed nanowires (CNWs) in a single 22 pum thick
polycarbonate (PC) template from a sputtered Au cathode by adapting a previously de-
veloped method [41,42,45] (see Figure 1a and the Experimental Section). Here, the TE film
devices are made of electrodeposited n-type Co CNW and p-type Fe CNW legs. Next, the
Au cathode is removed locally via plasma etching to create the multi-electrode architecture,
as shown in Figure 1a,b. In this planar device, the TE elements are connected thermally in
parallel and electrically in series, and the current is injected in the macroscopic direction
of the film plane taking advantage of the very high degree of electrical connectivity of
CNWs, as illustrated in Figure 1b. The device benefits from the mechanical properties of
the porous polymer material, which allows for good flexibility and easy handling of the TE
films, as shown in Refs. [45,46] (See Supporting Information, Video S1). Figure 1c shows
a picture of an example of a nanowire-based active cooler, which highlights that a rigid
support is not required to hold the self-supported thermoelectric film device. It should be
noted that the dimensions of the device shown in Figure 1c are chosen to better present the
characteristics of the system and do not correspond to those of the devices considered in
this work, which have much shorter and wider legs to decrease the electrical resistance and
increase the performance of the nanowire-based active cooler (see Section 4). The widths
of the p and n legs can be selected individually during the successive electrodeposition
processes, allowing for thermal and electrical impedance matching, while the lengths of
both nanowire legs can be adjusted during the etching process. The fabrication method
using track-etch technology allows for thicker nanocomposite films (up to 100 um) while
maintaining flexibility. Note that this system offers much better mechanical properties (in
terms of softness and flexibility) than metallic films of similar thicknesses. The polymer
matrix also protects the metal NWs from oxidation. In addition, the non-toxicity of the
constituent materials makes them wearable devices, whereas toxicity is an issue for many
existing flexible thermoelectric devices, apart from conductive polymers [2,3]. The scanning
electron microscopy images (see Figure 1d,e) obtained after the complete dissolution of the
PC membrane of free-standing CNWs with a 105 nm diameter and a 20% packing density
reveal the interconnections between the NWs.

The TE power factors (PF = S?/p, where p is the electrical resistivity, and S is the
Seebeck coefficient) of the n-type Co CNW and p-type Fe CNW legs are determined sepa-
rately using previously developed experimental setups for measuring electrical resistance
and thermopower as a function of temperature (See Methods and Supporting Information
Section S1, Figures S1 and S2). The RT resistivities of the Co and Fe CNW networks are
estimated to be 7.1 uQcm and 12.8 uQcm, respectively. These values are significantly larger
than those of the bulk metals (5.8 pQcm and 9.8 uQcm for Co and Fe, respectively). At RT,
the resistivity of a bulk metal is fully dominated by large-angle electron—phonon scatter-
ing [47]. The residual resistivity due to defect scattering is typically more than a hundred
times lower than the resistivity obtained at T = 300 K. On the contrary, in metal NWs, the
residual resistivity increases strongly, as evidenced by the reduced residual resistivity ratio
(RRR) observed in Co and Fe NWs being close to 4 and 5, respectively (see Supporting
Information Section S1). Such an increase in residual resistivity results from an increase
in electron scattering caused by structural defects in polycrystalline NWs made using
electrodeposition [48] and the surface of the NWs. In particular, it was found for polycrys-
talline gold NWs that the increase in resistivity due to the external surface scattering of the
electrons is not dominant until the diameter is very close to the grain size (40-50 nm) [49].
Therefore, contrary to ultra-small-diameter NWs and thin metal films [50,51], size effects
are not very pronounced in our NW system due to the relatively large diameter of the
NW (105 nm), so scattering at the grain boundaries is mainly responsible for the increased
resistivity of the metal NWs compared to the bulk materials. Furthermore, the temperature
dependence and measured Seebeck coefficient values of the NW networks correspond
to those of bulk ferromagnets (see See Methods and Supporting Information Section 51,
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Figure S2). The measured RT values of S for the Co and Fe CNW networks are —28 uV/K
and +15 puV/K, respectively, values very close to those of the bulk metals (—30 uV/K and
+15 uV/K for Co and Fe, respectively).

Au cathode

INKSIV” RN

Co CNWs

“Fe CNWs

Plasma etching

Heater

Cernox sensor

Cernox sensor

Figure 1. Flexible thermoelectric coolers based on interconnected nanowire networks. (a,b) Fab-
rication technique of a thermoelectric device consisting of p- and n-type interconnected metallic
nanowire networks (with Fe for p-type and Co for n-type materials). The Co and Fe NW networks,
shown in orange and green respectively, are obtained via direct electrodeposition from a Au cathode
within a three-dimensional porous polycarbonate membrane (a). The thermocouple is made after
local removal of the Au electrode via plasma etching (b). The temperature at the thermoelectric
junction can be raised by means of a resistive heater. Cernox resistance thermometers are used to
determine the temperatures of the cold and hot junctions. The inset in (b) shows the current path
in the nanowire networks. (c) Picture of the nanowire-based active cooler corresponding to the
schematics in (b), showing the flexible and self-supported device. (d,e) Scanning electron microscopy
images of self-supported interconnected Co nanowires with 105 nm diameter showing a 50°-tilted
view of the macroscopic nanowire network film (d) and the nanowire branched structure at higher
magnification (e).

Consequently, extremely high PF values of ~11.0 mW/K?m and ~1.8 mW/K?m at RT
are estimated for the Co and Fe CNWs, respectively [45]. These values are only slightly
lower than the bulk values, PF ~15.0 mW /K?m and ~2.3 mW/K?m for Co and Fe, respec-
tively [35,52,53]. The PF values obtained for these magnetic NWs are even larger than those
of the widely used TE material bismuth telluride (in the range of 1-6 mW/ K?m [54]) and
at least one order of magnitude larger than those reported for flexible thermoelectric films
based on optimized conducting polymers and inorganic/organic hybrid systems [6,9,12].
Using these values, the power factor of the Co-Fe nanowire-based thermocouple can be
estimated as follows [32,55]:

(SFe — SC0>2
(\/PFe + v/PCo)?

At room temperature, the power factor is about 4.7 mW/K?m.

The complete characterization of the properties of nanostructured thermoelectric
materials, including the measurement of thermal conductivity, is generally complex and
requires the development of specific integrated measurement devices [56-58]. As pointed

)

PF Co-Fe —
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out above, materials suitable for active cooling must have high thermal conductivity «, in
contrast to traditional thermoelectric materials, which require low thermal conductivity
to achieve a high figure of merit Z = PF/«. Because of the very low thermal conductivity
of PC (x = 0.2 W/Km at RT) and the large packing factor of the NW networks, the
contribution of the polymer matrix to heat transport is much smaller than that of the
metallic NWs. Although the measurement of the thermal conductivity of isolated NWs and
NW networks is very delicate, it has been the subject of several works (for recent reviews,
see Refs. [56,57,59]). For metallic NWs, heat is predominantly transported by electrons, and
the Wiedemann-Franz law (kp = LoT, where Ly = 2.44 108 V2 /K2 is the Lorenz number)
holds at room temperature to a good approximation, as demonstrated in previous studies
on Ni and Ag NWs [60-62]. Thus, the thermal conductivity of the Co and Fe NWs can be
estimated at RT from their resistivity values, leading to x ~100 W/Km and x ~56 W/Km
for the Co CNWs and Fe CNWs, respectively. Although these thermal conductivity values
are somewhat lower than those of the bulk metals, they are up to two orders of magnitude
higher than those of the flexible thermoelectrics developed so far [3,5,63]. It should be
noted that the high thermal conductivity of the NW-based nanocomposite system in any
direction in the plane of the film, as well as in the direction perpendicular to the film,
is directly related to the perfect electrical and thermal connectivity between the NWs
along the entire length of the film. In conventional nanocomposite systems consisting
of randomly distributed NWs in a polymer matrix, the high thermal contact resistances
between the constituents combined with the low thermal conductivity of the polymer lead
to significantly lower thermal conductivities. A further comparison of the power factor
and thermal conductivity of ferromagnetic CNW networks with those of several flexible
and rigid thermoelectric materials is shown in Figure 2a. From these results, it appears
that ferromagnetic CNWs are suitable as active TE coolers, as this particular application
requires materials with both high PF and high thermal conductivity [30,33]. Based on the
thermal conductivity estimates made above, the ZT figure of merit of Co and Fe nanowire
networks at room temperature is about 3 x 1072 and 10~2, respectively. The drawings
in Figure 2b,c compare active cooling and refrigeration applications. In the case of active
cooling (see Figure 2b), both Peltier flow and Fourier heat conduction are directed from the
hot side to the cold side, in contrast to the case of refrigeration (see Figure 2c), where the
two heat flows oppose each other.

Two CNW thermocouples with different network heights and resistive characteristics
are reported here. In sample 1, the PC template is partially filled by the NWs (Figure 3a),
thus showing a higher resistance (R = 32.4 m()) than sample 2, where the metallic materials
completely fill the pores (Figure 3b, R = 23.6 m(}). The thermocouple legs are approxi-
mately 3 mm long, and the widths are set to 22 mm and 40 mm for the Co and Fe CNW legs,
respectively, to achieve reasonably good thermal and electrical impedance matching. The
two extremities of the thermocouple are connected to the heat sink maintained at RT, while
the heated thermocouple junction is physically attached to a Cernox temperature sensor
placed in close contact with a resistive heating element, as shown in the insets in Figure 3a,b.
The Peltier characteristics of the two samples are first extracted with the resistive heater
turned off and by injecting different current values through the sample, which induce both
Peltier cooling /heating and Joule heating. The steady-state temperature gradient recorded
using the Cernox sensor AT = T — Ty, where T and Ty denote the temperatures measured
at the thermocouple junction and heat sink, respectively, is reported in Figure 3a,b for the
high- and low-resistance samples, respectively. As can be seen, the data (black circles in
Figure 3a,b) correspond well to the expected variation due to the Peltier effect contribution
(AT o< I) and Joule heating contribution (AT « %), as shown by the dashed red curves
in Figure 3a,b. These combined effects lead to an asymmetric variation in temperature
depending on the current direction. The optimal current that minimize AT can be estimated
from the theoretical expression Iopt = ST/R. Considering a sensitivity of 45 uV/K at RT
for the Co-Fe thermocouple, this leads to Iopt = —420 mA (sample 1) and Iopt = —590 mA
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(sample 2). The experimental results obtained for both samples are in good agreement with
these predictions, as shown in Figure 3a,b.
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Figure 2. Comparison of the active cooling performance among several flexible thermoelectric
materials. (a) Thermoelectric power factor PF vs. thermal conductivity x for flexible TE systems made
of n-type (red symbols) and p-type (green symbols) magnetic nanowire networks [45], conductive
polymers, organic/inorganic hybrids and continuous inorganic films [1-3]. The data for conventional
bulk thermoelectric materials near room temperature [64-69], correlated metals [34,70,71], group V
semimetals [72] and transition metals and alloys [30,35,52,53,73-75] are also presented. The gray
dashed line shows the case ZT = 1 (with Z = PF/x as the figure of merit), which corresponds to
the best power conversion efficiency achievable to date. The most suitable active Peltier coolers are
located at the top right of the graph, as indicated by the red arrow. In contrast, the most suitable
materials for conventional Peltier refrigeration are located at the bottom right of the graph, as
indicated by the gray arrow. (b,c) Schematic drawings showing the differences between active
cooling (b) and refrigeration (c). In the active cooling mode, Peltier heat flows from the hot side to
the cold side, increasing Fourier heat conduction rather than opposing it as in the refrigeration mode.

Figure 3c,d show the temperature versus time changes measured using the Cernox
sensor for the two samples according to the direction of the DC current supplied to the
NW-based Peltier device. After 100 s, a negative current corresponding to the optimal
current is injected in the thermocouple for 400 s, leading to a net cooling at the junctions of
AT_ = —0.27 Kand AT_ = —1.12 K for samples 1 and 2, respectively. Then, the current
is turned off for 400 s to restore the working temperature of 300 K. Next, changing the
direction of the optimal current supplied to the Peltier device leads to temperature increases
of AT = +0.81 Kand AT} = +3.35 K for samples 1 and 2, respectively. The Peltier and
Joule contributions at the optimal current, ATp and ATj, can be extracted as given by
ATp = (ATy — AT_)/2 = £0.54 K (£2.23 K) and ATy = (AT +AT_)/2 = 0.27 K (1.12K)
for the high- (low-) resistance samples, respectively. As can be seen, this sequence applied
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Figure 3. Device characterization as a function of current injection. (a,b) Measured total temperature
changes at the Peltier junction of the NW-based thermocouple versus current intensity applied both
forward and reverse for samples 1 (a) and 2 (b), respectively. The dotted lines provide a fit, including
Joule and Peltier contributions to temperature variations. The insets in (a,b) show schematics of the
hot side of thermoelectric coolers consisting of networks of interconnected Co and Fe nanowires of
105 nm in diameter partially filling a porous polymer film (a), with the same nanowire constituents
completely filling the porous medium with the formation of a thin metallic layer on the surface
in (b). (c,d) Temperature versus time traces of the sum of the Joule and Peltier heats relative to a
working temperature of 300 K, as recorded using the Cernox sensor. The direct currents of 420 mA
for sample 1 (c) and of 590 mA for sample 2 (d) are applied sequentially forward and reverse in the
NW-based thermocouple. Error bars in (a,b) are smaller than the markers, reflecting the uncertainty
of the voltage and temperature measurements, and they are set to two times the standard deviation,
gathering 95% of the data variation (See Supporting Information Section S3 for details).

Following the measurement scheme shown in Figures 1a and 3a,b, the thermal con-
ductance of the thermoelectric device with a heat sink at ambient temperature is evaluated
by heating the thermocouple junction using the heat source provided by the resistive heater
and measuring the temperature difference AT = T — Tj after establishing a steady-state
temperature distribution. For the passive cooling (I = 0) regime, the proportional rela-
tionship between the known power input Q and the resulting temperature drop is shown
in Figure 4a,b for both samples. The same measurements are performed in the active
cooling regime using the optimum currents for sample 1 (Iopt = —420 mA) and sample
2 (Iopt = —590 mA). As expected, the active Peltier effect leads to smaller AT values for
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a given power dissipation in the heater than the passive cooling state. In contrast to the
passive mode, the relationship between Q and AT in the active mode is no longer linear in
particular for small temperature differences, indicating an increase in thermal conductance,
as given by Q/AT (see insets in Figure 4a,b). Figure 4c shows the temperature versus time
traces obtained during the successive switching on of the thermal load on the thermoelectric
junction and the optimal cooling currents of samples 1 (in black) and 2 (in yellow). For
sample 1, the temperature increase resulting from a power dissipation P = 0.5 mW in the
resistive heater can be completely compensated by the NW-based TE cooler operating at its
optimum current of —420 mA (Figure 4c in black). Similarly, for sample 2, a AT of 1.1 K
resulting from a thermal load of 1.2 mW in the heater can be canceled out by injecting an
optimal Peltier current of —590 mA (Figure 4c in yellow).

At the optimal current I,pt, the ratio between the effective thermal conductance K
(including both the passive cooling and active Peltier contributions—see Supporting Infor-
mation Section 52) and the thermal conductance of the thermocouple is given by [30,33]

1(Sp— Sn)?TH
2 KRAT 1 @)

Kegt _
K

where S, and S, are the respective Seebeck coefficients for the p and n legs, R is the
electrical resistance, and Ty is the hot-side temperature. This expression indicates that
Kefe/ K increases when the temperature difference is low, in agreement with the results
reported in Figure 4d for samples 1 and 2. As an example, for AT = 0.1 K, the gain on
the thermal conductance due to active cooling reaches factors 4 and 12 for samples 1 and
2, respectively. It should be noted that a decrease in contact resistance, which can hardly
be made negligible compared to that of the conductive film formed by the NW array
(see Section 4), should lead to even better performance. Another limiting factor is radiation
losses, which are not evaluated in this study.
For metallic legs, Equation (2) can be simplified as follows:

1(Sp — Sn)?Th
?—iEF—+1, 3)

where L is the Lorenz number, equal to the ratio KR/ T in the Wiedemann-Franz law.
Equation (3) makes it easy to estimate, for a given metallic thermocouple, the maximum
thermal conductance gain at any working temperature for various values of AT. It should
be noted that Equation (3) does not take into account additional heat losses due to radiation
or the contribution of contact resistances that reduce the K¢/ K ratio, as observed in our
Co-Fe CNW thermocouples (see Figure 4d). For a Co-Fe thermocouple, this leads to
Kegt/K = 13 for AT = 1 K at RT. Therefore, the effective thermal conductivities of the Co
and Fe legs with bulk values of ~125 W/Km and ~80 W/Km, respectively, both exceed
1000 W/Km for AT = 1K, which corresponds to the values of the best thermal conductors
at RT. In addition, a larger improvement can be obtained when the temperature of the
hot spot is higher than RT. From Equation (3), it is also seen that active Peltier cooling
removes more heat than passive cooling if AT < (S, — Sn)zTH /2Ly, which corresponds
to AT < 124K for a Co-Fe thermocouple at ambient temperature. Furthermore, as the
thermal conductivity of Cu is about four times higher than that of Co NWs, it can be seen
from Equation (3) that, under ideal conditions and for a AT lower than about 3.8 K, the Co-
Fe NW thermocouple has a better cooling capacity in active mode than passive heat transfer
via Cu. Moreover, it should be noted that the main advantages of active Peltier cooling are
the dynamic and controllable aspects, which allow for dynamic heat removal for precise
temperature control. In a regime of rapid temperature increases in small amounts (i.e., small
AT), the active Peltier cooler can effectively increase the effective thermal conductance
of the cooling system, which can be precisely controlled by adjusting the electric current
flowing through the thermocouple. Therefore, the large improvement in effective thermal

Keff _
K
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conductance in our flexible Co-Fe NW-based devices holds promise for the accurate and
fast-response temperature management of hot spots in electronic devices. Furthermore, by
simply reversing the polarity of the current, the effective conductance can be significantly
reduced, allowing for the easy realization of flexible thermal switches, which have great
potential for heat management; thermal logic devices; and magnetocaloric/electrocaloric
coolers [76,77].
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Figure 4. Active cooling of an electronic device. (a,b) Temperature variations of the Cernox sensor as
a function of thermal load when optimal electric currents and zero current are passed through the
partially filled (a) and completely filled (b) Co and Fe nanowire thermocouples. The slopes of the lines
provide the thermal conductance. Insets: AT vs. Q plots on log-log scales. (c) The time dependence
of temperature changes during successive switching on of the thermal load on the thermoelectric
junction and the optimal cooling current of samples 1 (in black, Q = 0.5 mW and Iopt = —420 mA)
and 2 (in yellow, Q = 1.2 mW and Iopt = —590 mA). (d) Variation in effective thermal conductance
Keff normalized by the passive-mode thermal conductance K with the temperature gradient AT for
partially filled and completely filled Co and Fe nanowire thermocouples at the optimal switching
currents. Error bars in (a,b,d) reflect the uncertainty of the voltage and temperature measurements,
and they are set to two times the standard deviation, gathering 95% of the data variation (See
Supporting Information Section S3 for details).

3. Conclusions

In this paper, we propose a simple, versatile and reliable fabrication technique for
lightweight, non-toxic, flexible and shapeable TE devices consisting of interconnected
nanowire arrays embedded in 22 um thick polymer films. The combination of a high
power factor and high thermal conductivity in ferromagnetic nanowires provides flexible
active Peltier coolers with significantly better performance than other existing flexible
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TE systems. A power factor of about 4.7 mW /K?m was obtained at room temperature
for Co-Fe nanowire-based thermocouples, providing the highest value reported to date
for flexible TE films. We found that the ratio of the effective thermal conductance of Co-
Fe nanowire-based thermocouples in the active mode to the thermal conductance in the
passive mode increases sharply as the hot—cold temperature difference decreases. The
process of integrating electrochemically produced nanowire thermocouples into active TE
coolers is simple to implement. The size of the planar device and thermocouples, as well
as the number of modules, can be adjusted and optimized to cool hot spots on surfaces
with complex geometries. Another interesting prospect of 3D nanowire networks is the
possibility to fabricate multilayer nanowires to achieve magnetic control of the thermo-
electric properties [41,46]. It should be noted that a route for the fabrication of vertical
thermocouples based on CNWs has very recently been proposed [46]. This architecture,
which is closer to that generally found in usual thermoelectric devices and offers excellent
prospects for flexible active coolers, requires further optimization to limit contact resistance
issues. These results represent a significant advance in the design of flexible TE device
assemblies and offer real prospects for the thermal management of electronic hot spots.

4. Experimental Section
4.1. Fabrication of Flexible Nanowire-Based TE Devices

Polycarbonate (PC) porous membranes with interconnected pores were fabricated by
exposing a 22 pm thick PC film to a two-step irradiation process [78,79]. The topology of
the membranes was defined by exposing the film to an initial irradiation step at two fixed
angles of —25° and +-25° with respect to the normal axis of the film plane. After rotating
the PC film in the plane by 90°, the second irradiation step took place at the same fixed
angular irradiation flux to finally form a 3D nanochannel network. Then, latent tracks
were chemically etched following a previously reported protocol [80] to obtain 3D porous
membranes with pores 105 nm in diameter and a volumetric porosity of 20%. Next, the
PC templates were coated on one side using an e-beam evaporator with a metallic Cr
(3 nm)/Au (700 nm) bilayer to serve as the cathode during electrochemical deposition.

Flexible NW-based TE devices were manufactured via the successive electroplating
of n-type Co NW legs and p-type Fe NW legs. Electrodeposition was performed at RT in
the potentiostatic mode using a Ag/AgCl reference electrode and a Pt counter electrode.
The electrodeposition of Fe and Co CNWs into interconnected pore PC templates was
carried out at the respective constant potentials of —1.20 V and —0.95 V using the following
electrolytes: 0.5 M FeSOy - 7 H,O + 0.5 M HzBO3 at pH 2, and 0.5 M CoSOy - 7 H,O + 0.5 M
H3BO3 at pH 3.6.

The dimensions of the p and n NW legs were 40 mm X 3 mm and 22 mm x 3 mm
in area, respectively, and they were 22 um thick when pore filling was complete. After
the electroplating process, a single etching step carried out using plasma etching through
a mechanical mask allowed for the local removal of the surface gold layer to finalize the
design of the planar TE module. At the end of this etching step, only metallic segments of
the continuous gold layer remained, which allowed for the thermoelectric legs p and n to
be alternately connected in series.

4.2. Electrical and Thermoelectric Measurements

Thermoelectric and resistivity measurements of individual Co NW and Fe NW net-
works were performed as a function of temperature using homemade setups. For conduct-
ing electrical and thermoelectric transport measurements, the cathode was locally removed
via plasma etching to create a two-probe design suitable for electric measurements (see
Supporting Information Section S1, Figure S1). In this configuration, the current was di-
rectly injected to the branched CNW structure of the film samples from unetched sections
of the metallic cathode, where the electrical contacts were directly made using Ag paint,
and it passed through the NW network thanks to the high degree of electrical connectivity
of the CNWs. The typical resistance values of the prepared specimens were in the range
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of a few tens of ohms. For each sample, the input power was kept below 0.1 uW to avoid
self-heating, and the resistance was measured within its ohmic resistance range with a
resolution of one part in 10°. The RT resistivities of the Co and Fe NW networks were
estimated from low-temperature resistance measurements assuming that the Matthiesen’s
rule holds. In this case, the resistivity at RT is given by pRty. = oRY + pQe, where pR, is
the resistivity of the FM that composes the NWs at RT due to thermally excited scatterings,
and pQy, is the residual resistivity of the NWs due to impurities, and surface and grain-
boundary scatterings. For an NW diameter that is not too small (¢ < 40 nm), the thermally
induced scattering effects are independent from the sample dimensions, nanostructuration
and defect concentration [81]. Therefore, pX\; can be taken as the ideal resistivity value at
RT reported for bulk materials; i.e., pg = 5.8 pQcm and pRT = 9.8 uQcm. Moreover the
resistivity of the NW networks at T = 10 K can be approx1mated to pi%K ~ pQive- Fmally,
using the measured residual resistivity ratio RRR = Rty /RO, ~ (pFM + oXws) 7 0w
(see Supportmg Information Section S1, Figure S2a), the RT resistivity of the NWs can be
estimated as pXEy, ~ pRRRR/(RRR — 1). The resistivity values obtained for the CNW
systems (p&f = 7.1 pQcm and pR! = 12.8 uQcm) were slightly larger than those obtained
for the bulk materials, as expected for electrodeposited nanostructured materials.

The thermoelectric power was measured by attaching one end of the sample to a cop-
per sample holder using silver paint and a resistive heater to the other end (see Supporting
Information Section S1, Figure S1). The voltage leads were made of thin Chromel P wires,
and the contribution of the leads to the measured thermoelectric power was subtracted us-
ing the recommended values for the absolute thermopower of Chromel P. The temperature
gradient was monitored with a small-diameter type E differential thermocouple. A typical
temperature difference of 1 K was used in the measurements. Electrical and thermoelectric
measurements were performed under vacuum. The temperature of the samples can be
varied from 10 to 320 K.

Active Peltier cooling experiments were conducted at room temperature on two differ-
ent NW-based thermocouples made of interconnected Co and Fe NWs 105 nm in diameter.
In the first NW-based thermocouple, the NW network partially filled the 22 um thick porous
polymer film, with a resistance of 32.4 m(). In the second specimen, the same nanowire
constituents completely filled the porous medium with the formation of a thin metallic
layer on the surface, thus leading to a lower resistance of 23.6 m(). Through independent
characterization tests, the electrical contact resistance was estimated at ~6 + 2 m(), thus
being significantly smaller, although not negligible, than the resistance of the two samples
investigated in this study. The relatively low contact resistance can be attributed to the
large surface area of the electrode used as a cathode for direct nanowire growth via elec-
trodeposition combined with the interconnected structure of the nanowire network and its
high packing factor (~20%). The heat absorbed or released at the thermoelectric junction,
whose temperature can be raised by means of a resistive heater, was measured using a small
Cernox thin-film resistance sensor (<3 mg, 1 mm?; Cernox 1010, Lake Shore Cryotronics
Inc., USA) attached at the junctions between the NW networks. The temperature resolution
of this highly sensitive thermometer is about 1 mK, which enables the detection of Peltier-
effect-based heating or cooling, while a DC electrical current was applied sequentially
forward and reverse in the NW-based thermocouples.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13111735/s1, Figure S1: Device configuration for measure-
ments of the resistance and the Seebeck coefficient of the metallic NW networks. a, Schematic of
3D interconnected nanowire network film grown by electrodeposition from a Au cathode into a 22
pm thick polycarbonate template with crossed-nanopores. b, Two-probe electrodes design obtained
by local etching of the Au cathode. ¢, The voltage differential AV induced by the injected current
I between the two metallic electrodes is measured while the two electrodes are maintained at an
identical and constant temperature. d, Heat flow is generated by a resistive element at one electrode
while the other electrode is maintained at desired temperature. The temperature difference AT
between the two metallic electrodes is measured by a thermocouple while thermoelectric voltage AV
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settles. Figure S2: Temperature variation of the electrical resistance and Seebeck coefficient of the Co
and Fe CNW networks. a, Measured resistance vs. temperature curves for the interconnected Co and
Fe NW networks, 105 nm in diameter, 10 mm x 2.5 mm x 0.022 mm (thickness) in sizes. b, Measured
S(T) curves obtained on the same samples. The data are compared with the bulk values indicated by
the dashed lines. Error bars are smaller than the markers, reflecting the uncertainty of the voltage
and temperature measurements and set to two times the standard deviation, gathering 95% of the
data variation. Video S1: Movie showing the flexible thermoelectric active cooler composed of three
p-n modules. The electrical resistance of the nanowire nanocomposite remains unchanged when
subjected to twisting movements. References [82,83] are cited in the supplementary materials.
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G W N e

Abstract: Recently, the n-type TiS;, /organic hybrid superlattice (TOS) was found to have efficient
thermoelectric (TE) properties above and near room temperature (RT). However, its TE performance
and power generation at the temperature gradient below RT have not yet been reported. In this work,
the TE performance and power generation of the TOS above and below RT were investigated. The
electrical conductivity (0) and Seebeck coefficient (S) were recorded as a function of temperature
within the range 233-323 K. The generated power at temperature gradients above (at AT = 20 and
40 K) and below (at AT = —20 and —40 K) RT was measured. The recorded ¢ decreased by heating
the TOS, while S| increased. The resulting power factor recorded ~100 pW/mK? at T = 233 K
with a slight increase following heating. The charge carrier density and Hall mobility of the TOS
showed opposite trends. The first factor significantly decreased after heating, while the second one
increased. The TE-generated power of a single small module made of the TOS at AT =20 and 40 K
recorded 10 and 45 nW, respectively. Surprisingly, the generated power below RT is several times
higher than that generated above RT. It reached 140 and 350 nW at AT = —20 and —40 K, respectively.
These remarkable results indicate that TOS might be appropriate for generating TE power in cold
environments below RT. Similar TE performances were recorded from both TOS films deposited on
solid glass and flexible polymer, indicating TOS pertinence for flexible TE devices.

Keywords: TiS; /organic superlattice; thermoelectric; TE power generation; AT below RT; TE module

1. Introduction

Global energy demands increase by the day in all sectors of society. This is due to
the extensive use of electricity in modern electronic devices and facilities, various mobili-
ties, industries, and infrastructures. However, this has resulted in serious environmental
pollution and a climate crisis, particularly due to the use of fossil fuels. As these sources
are limited and non-sustainable, it is of great importance to find other energy sources and
alternative technologies. One of the promising technologies is converting solar energy
or waste heat from various sources into electrical energy using effective thermoelectric
(TE) materials. There is a large number of TE materials that have been developed and
attempts have been made to enhance/improve these for better TE performance. The first
developed TE material was BiyTes [1], this was then followed by n-type BiTe; «Sex and
p-type BiySbxTez [2]. Subsequently, a wide variety of TE materials, such as sulfides,
selenides, silicides, skutterudites, intermetallic compounds, oxides, organic polymers, and
carbon nanomaterials, etc. [3-11] have been developed. These were mostly developed as
mid- to high-temperature TE materials, some of which include SnSe, SnSy ¢1Seq 09, SnTe,
GeTe, and CuyTe-based compounds, etc. [12-18] However, low-temperature TE materials
are still rarely developed. Moreover, it is noticed that most of the developed materials were
investigated for their power generation at temperature gradients only far above RT.
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Thus far, the best low-temperature TE materials are Bi,Tes-based compounds [19].
However, the generated power using these compounds at low temperatures is rarely
reported in the literature. Moreover, improving its intrinsic poor mechanical properties
and lowering the content of toxic tellurium is still a big challenge for extensive applications.
Afterward, some efforts were made to develop other low-temperature TE materials such
as BiSb alloys [20], Ta4SiTey crystal in its one-dimensional form [21], Ce(Ni;xCux),Si; and
CeNiy(Siy-yGey)s [22], CoSi and Coq-yM,Si [23]. Recent reports on AgoSe showed that this
material is a promising low-temperature TE material due to its high ZT value, intrinsic
semiconductor nature, ultra-high carrier mobility, small density-of-states effective mass,
and ultra-low lattice thermal conductivity [24,25]. MgzBi, [26], TaySiTey [27], GeTe-based
alloys [28], and silicon thin films [29] were also reported to have moderately good TE
performance at low temperatures. Some of these materials seem to be promising; however,
the effect of incorporating them with some polymers to produce flexible TE devices is
still unknown and their power generation at temperature gradients below RT has not
been reported.

For flexible TE materials and devices, highly anisotropic crystals such as CsBisTeg or
TiS, might be useful for intercalation with some organic thin layers. Recent reports showed
that CsBisTeg has a good TE performance at low temperatures [30]. In addition, TiS; has an
anisotropic layered structure with attractive electrical properties. Furthermore, 1T-TiS; has
a hexagonal close-packed (hcp) structure, with its layers consisting of covalent Ti-S bonds
with a bond length of 2.423 A. Such layers are bound together by the van der Waals force.
Moreover, due to its elegant features such as an attractive structure, lightweight material,
cheap chalcogenide, and high electrical conductivity with a semi-metallic behavior [31],
TiS; has been employed as a cathode material in rechargeable batteries [32], electrode
materials of pseudocapacitors [33], and as a sensor material for uric acid determination [34].
In addition to these applications, the single crystals of TiS, were reported to show good
TE performance [35-38]. It was also involved in nanocomposites [39] for producing flexi-
ble TE materials and devices [40-42]. Additionally, layered TiS, intercalated with linear
alkylamines has recently attracted significant interest as a model compound for flexible
n-type thermoelectric applications, showing remarkably high-power factors at RT [43]. The
excellent anisotropic property of TiS; led to the novel work on developing a superlattice
made of TiS, /organic, which seems to be very important from the application point of view.
However, the TE performance of the TiS, /organic superlattice and its power-generation
characteristics below RT have not been reported yet in the literature.

In this work, the n-type TiS; /organic hybrid superlattice (TOS) was produced and
investigated for its TE performance below RT. Moreover, the power generation at a tem-
perature gradient below RT was measured. The electrical conductivity (o) and Seebeck
coefficient (S) were recorded as a function of temperature within the range 233-323 K.
Additionally, the power-generation characteristics at the temperature gradients AT =20 K
and 40 K were measured either below or above RT. The charge carrier density and Hall
mobility of TOS were measured at 233-323 K. The generated maximum power of a small
module made of TOS (formed on a glass substrate) at AT = 20 and 40 K above RT were
compared with those generated below RT. The obtained results are discussed in detail and
showed the significant potential of this material to be used for generating TE power in cold
environments.

2. Materials and Methods

Synthesis of the TiS; /organic superlattice thin film was conducted in this work, similar
to that reported by Tian et al. [40]. Commercially available TiS, powder of high purity
(99.9%) with a particle size of around 200 mesh was obtained from Sigma Aldrich, Ben-
galuru, India. While hexylamine, HA (99.0%,) and N, N-dimethylformamide, DMF (99.0%)
were supplied from Sigma Aldrich, Darmstadt, Germany. Initially, TiS, powder was mixed
and ground with hexylamine (HA) in an agate mortar with a molar ratio of 1:4, and this
resulted in a metallic brown powder. This resultant powder was further exfoliated into
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nanosheets by adding DMF as a highly polar solvent. A volume ~20 times that of the HA
was added. This addition was followed by sonication. The obtained colloidal solution
was then centrifuged to remove the unintercalated TiS2 and thick flakes. The exfoliated
nanosheets were added into a petri dish containing a glass slide to make thin films on. The
petri dish was inserted inside a vacuum furnace at 60 °C for drying. The obtained films
formed on the glass slide had a thickness of 40 pm. The film was further annealed at 403 K
for 5 h. A polymer substrate was also used to produce a flexible TE material. This polymer
is a polyethylene terephthalate (PET) sheet of a thickness of around 20 um. It was supplied
by Fuji Film Holdings, Japan.

The films were characterized using several techniques, such as scanning electron
microscopy (SEM) (JSM-7500F, JEOL, Tokoyo, Japan), transmission electron microscopy
(TEM) (JEM 2100F, JEOL), and X-ray diffraction system (XRD) (ULTIMA 1V, Rigaku, Japan).
The electrical conductivity, Seebeck coefficient, and thermal conductivity in the in-plane
directions were recorded for the prepared film as a function of temperature. An LSR-3
Linseis-Seebeck coefficient and electric resistivity system manufactured by Linseis, Ger-
many was used in a helium atmosphere to measure the films’ resistivities and Seebeck
coefficients. The heating rate and temperature gradient between the hot and cold sides
were fixed at 5 K/min and 50 K, respectively. The charge carrier concentration and Hall
mobility were measured using the HCS 10 system, Linseis. A single leg of the TE module
made of a film of dimensions: thickness x length x width = 0.03 x 8 x 8 mm was con-
structed. The in-plane thermal conductivity of the fabricated TOS was determined using
the laser flash method in LFA-1000 (Linseis, Selb, Germany). The measurements were
performed using a sample holder made of graphite supplied by Linseis. The measurement
was conducted in a vacuum atmosphere and the heating rate was set at 10 K/min. The
TE leg was perpendicularly fixed using a stand made of a ceramic plate, while aluminum
electrodes were used to attach both sides of the TE leg to the measurement systems. To
control the temperature gradient between two sides of the leg, a hot plate, solid ice, cold
water, and liquid nitrogen were employed to generate the temperature differences (a table
and figure describing this arrangement are included in the following sections). An infrared
temperature gun to measure the temperature at the edge of the leg was used. The power-
generation characteristics of this single leg were investigated at different temperatures
under real-time conditions in the air.

3. Results and Discussion

The surface morphology and microstructure of the produced TiS; / organic superlattice
(TOS) film on a glass substrate were investigated by both SEM and TEM techniques and the
obtained result is presented in Figures 1 and 2. The SEM images shown in Figure 1a,b clearly
display the aligned layers/flakes of TOS with a thickness of less than 100 nm. Some gaps
can be seen between these layers. These layers/flakes of TOS seem not to be completely
stacked with each other, at least in those which are close to the edges. Nevertheless, this
structure and these layers are similar to those reported previously [40—-45]. The film color is
also like those reported in the literature, as shown in the photographed image presented
in Figure 1c, which shows a top view of the film formed on a 10 x 10 mm glass substrate.
HRTEM images of a TOS film were also recorded at two different magnifications and are
presented in Figure 2a,b. These images show the atomic and sub-atomic details of a single
layer/flake of TOS, which firmly indicate that a nearly perfect stacking of a TiS2/organic
layer-by-layer structure was achieved. The line scan of the HRTEM image is presented
in Figure 2c, which shows the d spacing of the corresponding (001) plane is ~9.64 A. This
value is much larger than that of a TiS, single crystal, ~5.4 A [38], as shown in Figure 2d,
which also confirms that a nearly perfect superlattice composed of TiS, /organic alternate
stacking layers was formed [44].
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Figure 1. SEM images (a,b) of the synthesized film of TiS, /organic superlattice. Photograph image
of a top view of the film formed on a 10 x 10 mm glass substrate is also shown (c).
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Figure 2. HRTEM images (a,b) of TiS; /organic superlattice and line scan (c) of the HRTEM image
showing a d-spacing of ~9.64 A. The HRTEM image presented in (d) is of a TiS, single crystal.

As mentioned above in the experimental section, a polymer substrate was also used to
produce a flexible TE material. This polymer was chosen to be a polyethylene terephthalate
(PET) sheet of a thickness of around 20 pm (Figure 3). In Figure 3a, a SEM image of
the TOS deposited on the PET substrate is shown. The thickness of the deposited TOS

51



Nanomaterials 2023, 13, 781

is around 25 pm. The layers shown in Figure 3b are like those deposited on a glass
substrate (Figure 1b). The photographs of the PET film without and with TOS are shown in
Figure 3c,d, respectively. The deposited TOS film was found to be very stable even with
bending the film several times. No crack formation or significant effect on TE performance
was observed. Its TE performance and power generation are similar to those of the film
deposited on a solid-glass substrate (shown in the next sections). This is quite important to
fabricate TE materials for different systems and flexible devices.

Figure 3. (a) SEM image of the TiS; /organic superlattice deposited on a PET substrate. (b) High-
magnification SEM image of the TOS deposited on the PET substrate. Photographs of the PET film
(c) without TOS and (d) with deposited TOS.

In addition to the above investigations, which described the surface morphology and
microstructure of the TOS (Figures 1 and 2), the XRD pattern of the film formed on a glass
substrate as well as that of a pressed compact of collected powder (collected without using
any substrate) was recorded. These measurements were recorded after annealing these
samples at 403 K for 5 h. The obtained results are presented in Figure 4a,b. The XRD pattern
of the TOS film displays several peaks. These peaks were reported to be of two intercalated
phases due to the different arrangements of organic molecules in the van der Waals gap of
TiS, [40]. The hkl values were labeled in two different colors: blue for phase one and black
for the second phase. These two phases were reported to have different lattice parameters
¢, with values of 17.1 A and 9.92 A. In the present samples, the major phase present in both
the film and the pellet (Figure 3a,b) is that of the lattice parameter 9.92 A. The HRTEM
image presented in Figure 2b shows a d spacing of 9.64 A, indicating that this phase is
the major one present here. Nevertheless, these results are similar to those produced and
evaluated previously [40].
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Figure 4. XRD patterns of TOS formed as (a) a film on a glass substrate, and (b) a pressed compact of
the collected powder formed on the bottom of the petri dish without using a substrate.

Seebeck coefficient at 233 K was recorded as —55 uV /K. This value increased to
approximately —72 uV /K by heating the film to 323 K. The obtained values are all negative,
indicating that this semiconductor has n-type carriers, which is similar to that of TiS,
reported by many workers [35-38]. The calculated power factor, PE, is shown in Figure 5b.
The obtained value at 233 K is ~104 uW/mK?. This value is found to slightly increase with
heating. It recorded around 120 pW /mK? at 323 K. This behavior proved to be of almost a
degenerate semiconductor, confirming its suitability as an n-type TE material.

The charge carrier density, Hall mobility, charge carrier effective mass, and charge
carrier mean free path of the TOS film were also recorded as a function of temperature and
the obtained results are presented in Figure 6. It is clear from Figure 5a that the charge
carrier density and Hall mobility curves have opposite trends against temperature. The
recorded carrier density at 233 K is ~0.75 x 10*! cm~3, but it increased by a factor of three
with heating up to 323 K. The Hall mobility is ~2.8 = 0.5 cm?/Vs at 233 K but decreased
to approximately 0.65 & 0.11 cm? / Vs by heating up to 323 K. The obtained charge carrier
density and mobility values in this study are close to those reported in the literature [40,46].
However, the observed behavior of increasing the charge concentration by heating might
be due to the generation of more carriers and their participation in the electrical conduction,
while the decrease in their mobility might have occurred as a result of lattice expansion,
which would affect the available carrier channels.

To further investigate the electrical conductivity, the effective mass (m*) and mean
free path of the free charge carriers in TOS as a function of temperature were calculated
and plotted in Figure 6b. It is clear from the above result that the electrical conductivity
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(Figure 5a) of the TOS film seems to be of a degenerate semiconductor; therefore, the
effective mass can be obtained from the Seebeck coefficient, S, and the carrier concentration,
n, according to Pisarenko’s relationship [47]:

_ 8n2k32m*T< 7r )2/3

— 1
3eh? 3n M

where kp is Boltzmann constant = 1.38 x 1072 m? kgs_2 K=1, h is Planck’s
constant= 6.63 x 10~3* m?kg/s, and e = the electron charge = 1.6 x 10~ Coulomb.
The electron mean free path [ was deduced from the Fermi velocity vp and the scatter-
ing time (or relaxation time) 7 [46]:
I =vpt 2)

The relaxation time () can be calculated using the following equation:

®)

The Fermi velocity at the Fermi surface was calculated using the following equa-
tion [48]:
hk h 1
=L = —(37%n)° @)

v
F mo mo

where h = reduced Planck constant, m = electron mass, and kr = the Fermi wavevector.
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Figure 5. TE performance of the TOS film as a function of temperature.
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Figure 6. (a) Charge carrier density, Hall mobility, and (b) effective mass and mean free path of the
free charge carriers in TOS as a function of temperature.

The effective mass values were found to increase with heating from around 2.8 my
at 233 K to approximately 5.5 mg at 323 K (Figure 6b). This high value and its increase
with increasing temperature is the main reason for the obtained Seebeck coefficient, whose
absolute value also increased with heating. In the case of the mean free path, the maximum
value, 8 nm, was detected at ~273 K. Below 273 K, the mean free path reduced to 5 nm,
while above 273 K, this value significantly decreased, to 1 nm at 323 K. The mean free path
of 8 nm seems to be close to the interlayer distance of TOS, but by changing temperature,
the interlayer distance might have decreased due to either layer expansion or shrinkage.
However, it is difficult to model the relationship between the carrier mean free path and
lattice distortion; thus, this phenomenon should be subject to further investigation.

The thermal conductivity (kiota1) of @ material is the sum of electronic thermal conduc-
tivity (ke) and lattice (phonon) thermal conductivity (kp). The value of ke can be obtained
using the following Wiedemann-Franz law [49] after measuring the electrical conductivity.

21,2
_ﬁ_”kB_ -8 2
L= =32 =2 x 1078 WOK @)

where L is the Lorenz number, kg is Boltzmann’s constant, and e is the electron charge.
The values of the recorded in-plane ka1, Kp and ke of the present TOS are presented as
a function of temperature in Table 1. They were recorded within the range 298-363 K. At
298 K, the Kiotq) Of the TOS was equal to 0.76 W/mK. When the temperature was increased
to 363 K, this value increased to around 0.97 W/mK. The Ky, seems to be temperature-
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dependent within this temperature range. Nevertheless, these values are comparable to
those published in the literature [41]. As the temperature increases, the TOS layers may
expand, resulting in close contact between them. Consequently, it may reduce phonon
scattering sites and enhance phonon transport, which would lead to increased thermal
conductivity, kp. The ke of the TOS is small compared to its Kyota1, While the kp is closer to its
Kiotal, @S displayed in Table 2. This indicates that the phonons are the major heat carriers in
the TOS. At temperatures below 298 K the values of ki, might be much smaller; this will
be considered in our future work. The assessment of the figure of merit (ZT) as a function
of temperature within the range 298-363 K of the present TOS is shown in Table 1. ZT is
almost independent of temperature within this temperature range, while PF increased with
increasing temperature.

Table 1. The in-plane total thermal conductivity, x4,, phonon thermal conductivity, «;, electronic
thermal conductivity, ., and figure of merit, ZT of the TiS, /organic superlattice film as a function of
temperature within the range 298-363 K. The values of the density; specific heat capacity, C; thermal
diffusivity, D; electrical conductivity, o; and power factor, PF of the TOS film are also shown in this
temperature range.

Density

C D Ktotal Kp Ke o PF

TR (gemd  (gK) (ms)  (WmK)  (WmK)  (WmK)  (Sm)  (@WmK) 2T
298 0.582 0.0136 0.76 0.60 0.160 27,000 120 0.047
323 096 0.585 0.0145 0.81 0.65 0.156 24,200 124 0.049
348 ' 0.601 0.0156 0.94 0.792 0.148 21,300 127 0.047
363 0.619 0.0164 0.97 0.840 0.131 18,100 129 0.048

Table 2. The selected temperatures and temperature gradients are used to measure the power-
generation characteristics of a single-leg module of TOS film above/near and below RT.
T T, AT=T, - Ty
R k
® K (K) emarks
Above/ RT 283 303 20 A heater was used at T, cold water at Ty
ovesneat 293 333 40 A heater was used at Ty, RT air at Ty
Below RT 273 253 —20 Liquid nitrogen with a thin ceramic plate was used at T, solid ice at T;
clow 273 233 —40 Liquid nitrogen was used at Ty, solid ice at Ty

The TE power characteristics of a single-leg module of the TOS film above/near
RT at two different temperature differences, AT, above and below RT were investigated.
As mentioned above, a thin film formed on a glass substrate with thickness = 25 pm,
length = 8 mm, and width = 8 mm was used. Table 2 summarizes the selected temperatures
and temperature gradients, AT was used to measure the power generation produced from
this single-leg module. Figure 7 shows a schematic diagram of the single-leg module and the
used setup to measure the power generation of this TE device above (Figure 7a) and below
(Figure 7b) RT. The obtained results were plotted and are presented in Figures 8 and 9,
respectively. When AT was fixed at 20 K and 40 K above RT, the recorded short-circuit
currents were found to be approximately 75 and 165 nA, while the open-circuit voltages
reached 0.5 and 1.1 mV, respectively (Figure 8A). The corresponding power values were
plotted as a function of current and are shown in Figure 8B. At AT =20 K, the maximum
power was recorded around 10 nW, while at AT = 40 K, the maximum power reached
45 nW. These values are reasonable for a single leg made of a small foil [40]. The obtained
power values were plotted as a function of load and are shown in Figure 8C. The curves
in this figure clearly show that the maximum power values were obtained at an external
load of approximately 7 Q) for both AT = 20 K and 40 K. This indicated that the internal
resistance of the used film is close to 7 Q). This value is low, which is consistent with the
value of the electrical conductivity of the present TOS film.
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Figure 7. A schematic diagram of the TE device structure and the user setup to measure the power-

generation characteristics of a single-leg module of TOS film (a) above (AT = 20 K and 40 K) and
(b) below RT (AT = —20 K and —40 K).
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Figure 8. (A-C) Above/near RT thermoelectric power characteristics of TOS single leg module
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Figure 9. (A-C) Below RT thermoelectric power characteristics of the TOS single-leg module at
AT = —20 K and —40 K (for AT = =20 K: T; =273 K and Tp = 253 K, for AT = —40 K: T; =273 K and
T, =233 K).

The generated power below RT for the single-leg module made of the TOS film
was also measured and the obtained results are shown in Figure 9. Two temperature
gradients, AT, were selected, —20 K and —40 K, as shown in Table 2. Similarly, when AT
was fixed at —20 K and —40 K below RT, the recorded short-circuit currents were found to
be approximately 280 and 520 pA, while the open-circuit voltages reached 1.7 and 2.5 mV,
respectively (Figure 9A). The corresponding power values were plotted as a function of
current and are shown in Figure 9B. At AT = —20 K, the maximum power recorded was
around 140 nW, while at AT = —40 K, the maximum power reached 350 nW. Surprisingly,
these values were found to be several times higher than those obtained at temperature
gradients above RT (Figure 8B). The obtained power values were also plotted as a function
of load and the obtained results are shown in Figure 9C. The curves in this figure clearly
show that the maximum power values were obtained at an external load of approximately
4-5 ) for both AT = —20 K and —40 K. This indicated that the internal resistance of the
used foil is close to this range, e.g., 4-5 (). This value is lower than that obtained when
the value of AT was fixed above RT (Figure 8C). Although the achieved power density of
this single small module (area = 64 mm?) was found to be 5.47 mW/m? at AT = —40 K,
the obtained results can still be further enhanced by changing the polar organic molecules
used in the superlattice formation, as reported recently by another research group [50].

The new remarkable finding on TOS in this work is the generation of highly improved
TE power below RT, which is several times higher than that generated above/near RT at the
same AT values. Similarly, here, below RT, the generated current is very high compared to
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the generated voltage, suggesting that this kind of TE module is suitable as a current source
for some devices requiring higher currents. This might be useful in cold-environment
regions, particularly in the winter season. The reason behind this improvement below
RT might be related to the enhancement of both electrical conductivity and the Seebeck
coefficient occurring below RT, as shown in Figure 5a. The reduction in thermal conductivity
(hopefully below RT), as shown in Table 2, would keep a comparatively high ZT, giving
credit for energy conversion efficiency below RT.

The present remarkable findings would firmly suggest that the TOS films might be
useful to generate TE power in cold environments. Moreover, the TOS film can be formed on
a solid-glass substrate or a flexible-polymer substrate (Figure 3) and both can show almost
the same TE performance. This feature can extend the TOS application as a promising
heat-driven power source for a wide range of flexible/wearable electronic systems.

4. Conclusions

In this work, the n-type TiS, /organic hybrid superlattice (TOS) was found to have
efficient TE properties below RT. In particular, a single-leg module made up of a TOS
film showed remarkable power-generation characteristics. The generated TE power below
RT was found to be more than eight times higher than those generated above RT. It was
recorded as 140 and 350 nW at AT = —20 K and —40 K, respectively. This might be
related to the enhancement of both electrical conductivity and the Seebeck coefficient, while
rather high ZT was maintained below RT due to effectively lowered thermal conductivity;
however, this phenomenon needs to be further investigated in future work. From the
application point of view, this finding would suggest that TE TOS devices might be useful
for small-scale TE power generation in cold environments, for which largely extended
modules might be designed and fixed to house windows, for instance, to generate TE
power from the temperature difference between inside and outside.
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Abstract: Cu-Se alloy core fibers with glass cladding were fabricated by a thermal drawing method
of a reactive molten core. The composition, crystallography, and photoelectric/thermoelectric per-
formance of the fiber cores were investigated. The X-ray diffraction spectra of the Cu-Se alloy core
fibers illustrate the fiber cores being polycrystalline with CuSe and Cu3Se; phases. Interestingly,
the fiber cores show a lower electrical conductivity under laser irradiation than under darkness at
room temperature. Meanwhile, the fiber cores possess a power factor of ~1.2 mWm~'K~2 at room
temperature, which is approaching the value of the high thermoelectric performance bulk of Cu,Se
polycrystals. The flexible Cu-Se fibers and their micro—nano tapers have potential multifunctional
applications in the field of photoelectric detection and thermoelectric conversion on curved surfaces.

Keywords: Cu-Se alloy; multifunctional fiber; thermal drawing; photoelectric detection; thermoelectric
conversion

1. Introduction

Copper selenide (CuSe) is a semiconductor material with excellent electrical and
optical properties [1]. It is available in many crystalline phases and structures: the stoichio-
metric compounds of Cu,Se, CuzSe;, CuSe, or CuSey, and the non-stoichiometric Cuy.Se.
Two-dimensional thin films of CuSe have been used in many applications, such as solar
cells, photodetectors, thermoelectric devices, and gas sensors [2-7]. CuSe is reported to
be hexagonal at room temperature, transforming to orthorhombic at 321 K, and returning
to hexagonal at 393 K [8]. For Cu; gSe, the direct band gap width is 2.2 eV, and for Cu,Se,
the indirect band gap width is 1.4 eV [9]. However, the forbidden bandwidth of CuSe is
1.2 eV. There are various reasons for the wide variation of the band gap, including large
stoichiometric deviations, a large number of dislocations, and quantum size effects [10]. In
addition to studying the crystalline phases of CuSe, researchers have done many studies
on the morphologies and electronic bands of CuSe compounds, including nanoparticles,
nanotubes, and nanowires [11-15]. However, the reported CuSe materials only show sole-
function applications and the multifunctional performance of CuSe materials should be
systematically assessed.

In the field of photodetection, Kou et al. successfully prepared In®*-doped Cuj,.Se
nanostructures using an electrochemical deposition method [16]. It was analyzed that the
doping of In3* caused a larger photo-contact surface in the nanostructure, which facili-
tated the rapid separation of photogenerated charges, thus increasing the photocurrent.
The results show that In** doping can improve the photoelectric properties of Cuy.,Se
and has potential applications for photodetection devices. Furthermore, one of the exten-
sive research fields of Cu-Se compounds is thermoelectric conversion. In 2013, Liu et al.
investigated the phase transition properties of Cuy.,Se, which led to improved thermal
properties, and electrical properties by electron and phonon critical scattering [17]. In
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Cuy.«Se, Se forms a face-centered cubic sublattice, which provides a pathway for holes in
the semiconductor. Cu ions are highly disordered around the Se sublattice and liquid-like
in their mobility, resulting in Cu,_,Se having a very low thermal conductivity. It resulted
in Cuy.,Se with ultra-high thermoelectric properties, and the highest ZT value of 2.3 at
room temperature. Cuy.4Se has been expected to be used for microprocessor cooling and
thermoelectric generators to power wireless sensors.

Herein, Cu-Se alloy core fibers were prepared with a thermal drawing method with a
reactive molten core. The fiber cores showed a photoelectric response with a lower electrical
conductivity under laser irradiation than under darkness. The fiber cores possessed high
electrical conductivities and high Seebeck coefficients, approaching that of the bulk Cuy.,Se
polycrystals [17]. The Cu-Se alloy core fibers with mechanical flexibility can be applied
in flexible photoelectric detection, optical switching, thermoelectric sensing, and even
multifunctional fiber sensing.

2. Experimental Procedure

The precursor powders of the fiber core were chosen to be CuSe. The CuSe used in
this experiment was purchased from Longjin Materials Corporation, Shanghai, and it has a
melting point of about 660 K and a density of about 6.8 g/cm?. The CuSe powders were
stacked into a BK7 glass tube purchased from Schott Corporation, Germany, and it possesses
about a 1070 K softening temperature. Cu-Se core fibers with several meters in length were
thermally drawn at about 1150 K in an optical fiber tower under argon. Additionally, some
micro—nano Cu-Se fiber tapers were secondly drawn from the 200-pm-diameter Cu-Se
fibers with an alcohol lamp.

The morphology and elemental distribution on the fiber end face were analyzed
by an electron probe X-ray microanalysis (Shimadzu EPMA-1600). The crystallography
of the cores was characterized by X-ray diffraction (XRD, X'Pert Pro) and microscopic
Raman spectroscopy (Renishaw RM2000). The fiber cores were ground and analyzed by
a UV-NIR spectrometer (Perkin-Elmer Lambda). The photocurrents of the fibers under
532/808 nm laser irradiation were measured by connecting both ends of the fiber to
an external circuit [18]. Additionally, the Seebeck coefficient and electrical conductivity
were measured by a two-probe method, when two ends of the fibers or tapers are silver-
pasted and connected to the electrical circuit [19]. Under the same conditions, three-time
measurements were performed to obtain the average measuring values, and their relative
deviations were smaller than 5%.

3. Results and Discussion

Figure 1a shows the cross-section electron micrograph of the Gu-Se alloy core fiber. It
can be seen that the core diameter is about 380 pm and the core/cladding structure is intact,
indicating that the borosilicate glass and Cu-Se core have high-temperature wettability [20].
Figure 1b—e show the element distribution of the wavelength dispersive spectrometer
(WDS) on the fiber end face. The boundary of the element distribution forms a circle, while
Cu and Se are mainly distributed in the core region, and Si and O are mainly distributed
in the cladding region. By the WDS of the electron probe micro analyzer (EPMA), the
atomic ratio of Cu and Se was determined to be CuySe. It is worth noting that both
Figure 1b,c exhibit elemental enrichment, and the distribution of elements is not uniform.
This implies that during the high-temperature drawing process, CuSe underwent some
kind of Se element volatilization, and the atomic ratio of Cu and Se changed.
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Figure 1. (a) Cross-section electronic micrograph of the Cu-Se core fiber; element distribution of
(b) Cu, (c) Se, (d) Si, and (e) O in the fiber core region. The color palette at the right exhibits the
relative concentration of the related element in (b—e) from low to high.

Figure 2a shows the XRD spectra of the fiber cores after drawing. It can be seen
that the XRD peaks indicate the crystalline phases of CuzSe; (JCPDS#47-1745) and CuSe
(JCPDS#34-0171). Figure 2b shows the Raman spectra of the precursor CuSe powders and
Cu-Se fiber cores. In the range of 200-300 cm ™!, there is a peak at 262 cm ! in the CuSe
powders, which corresponds to the vibration of Cu-Se. The peak at 262 cm ™! is also present
in the spectrum of the Cu-Se powders, and a new peak at 193.0 cm ! is present. This peak
position is consistent with that reported in the literature for CusSe; [21], indicating that
the CusSe; crystalline phase was generated during the fiber drawing process, and that the
final fiber crystalline phase composition was a mixture of CuSe and Cu3Se;.

(a) (b)

Cu-Se fibers
- 5 —— Raw powders
2 —— Cu-Se fibers
£ Cu;Se, JCPDS#47-1745
2
£
E A ||1||H e ikl
J CuSe JCPDS#34-0171
T J 'l J. n IIJ ¥ P | T A da T
20 40 60 80 200 250 300
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Figure 2. (a) X-ray diffraction spectra of the Gu-Se core fiber; and (b) Raman spectra of the Gu-Se raw
powders and core.

The reflectance spectra of the CuSe core precursor powder and Cu-Se core composite
glass fiber core can be obtained via a UV-NIR spectrometer, as shown in Figure 3. The
CuSe raw powders and Cu-Se core powders have a strong absorption, and the strongest
absorption is in the 500~1000 nm wavelength range. Therefore, visible light was chosen
as the light source for the subsequent photocurrent test. The transmittance of Cu-Se core
powders in this region is higher than that of the CuSe raw powders. The reason is that
CusSe; is generated during the CuSe fiber drawing process. The forbidden bandwidth is
Eg =2.03 eV for CuSe [22] and Eg = 1.45 eV for CuzSe; [23], due to the intrinsic absorption
within the semiconductor material of sufficient energy for the photons to be absorbed. A
photon of sufficient energy excites an electron, which leaps across the forbidden band into
the empty conduction band and leaves a hole in the valence band. Due to the narrowing

64



Nanomaterials 2023, 13,773

of the forbidden band width, photons can cross the forbidden band more easily, and
the Cu-Se alloy core fiber can exhibit a stronger absorption of light. The photocurrents
of the Cu-Se alloy core fiber in dark and irradiation conditions are carried out using
the same experimental setup as our previous study [18], which was mainly focused on
the thermoelectric and mechanical performance of Bi,Te; micro-nano fibers without any
optical irradiation. Figure 3b shows the current—voltage curves of the Cu-Se core fiber
in dark and irradiation conditions. It can be seen that the electrical conductivity of the
Cu-Se core fiber becomes significantly smaller under the irradiation of 532 nm laser and
808 nm laser. By linear fitting and calculation, the conductivity of the Cu-Se core fiber was
reduced by 60% under the 532 nm laser and 80% under the 808 nm laser. According to the
reported literature [22,23], the response of CusSe; to light irradiation is mainly in the form
of conductivity reduction.

2.0

1004 (2)
15 (b)

SO-N’_\ 10 — Darkness
o M\ ' 532 nm laser
S 60 Z05 — 808 nm laser
g &
g —— Cu-Se fibers € 0.0
2 401 —— g
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Figure 3. (a) Absorbance spectra for CuSe raw powders and Cu-Se core fibers; and (b) the current-
voltage curves of a Cu-Se core fiber in dark and irradiated conditions. Inset of (b) is the optical graph
of a Cu-Se fiber and schematic of the electrical circuit.

Beyond these, the Cu-Se alloy core fiber was secondly drawn by an alcohol lamp to be
a micro—nano taper with a maximum diameter of about 200 pm and a minimum diameter
lower than 1 um. As shown in Figure 4a, two ends of a fiber or a taper were silver-pasted
and connected to the electrical circuit. Additionally, when one end was heated at the groove
and the other end was cooled at the sink, the thermoelectric voltage differences arose with
temperature differences. In Figure 4b, the Seebeck coefficients of the Cu-Se fiber and its
micro—nano taper were measured, being 101 pV/K and 117 pV/K, respectively, at room
temperature. When the Cu-Se taper possesses a 16% higher Seebeck coefficient than the
Cu-Se fiber does, it should be derived from a size-related effect. So the power factors
(PF = S20) of the fiber and taper were calculated, respectively, being about 1.2 mWm K2
and 1.6 mWm~'K~2, approaching that of the bulk Cu,Se polycrystals, when the electrical
conductivity of the taper was estimated to be 1176 S/cm, the same as the Cu.Se fiber cores.
Additionally, the ZT values of the fibers and tapers were calculated, respectively, being
approximately 0.45 and 0.60 at 300 K, when their thermal conductivity was estimated to be
about 0.8 Wm 'K, as is reported for the bulk Cu,Se polycrystals [17]. The ZT value of
the fibers at 300 K was similar to that of the bulk Cu,Se polycrystals [17], but much lower
than the ZT value of 2.3 at their phase change point of 400 K. In addition, for estimating
their mechanical flexibility [18], the Cu-Se fibers with a diameter (D) of 200 pm exhibited
a minimum bending radius (rmin) of approximately 2 cm during the bending tests, and a
maximum bending strain (¢max = D/27min) of 0.5%. Therefore, Cu-Se alloy core fibers can
be expected to be used as multifunctional fibers in the fields of photoelectric detection and
thermoelectric conversion on curved surfaces.
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Figure 4. (a) Schematic of an electrical circuit connecting the two ends of a fiber or a micro-nano
taper; the inset of (a) is the optical micrograph of a Cu-Se taper. (b) The thermoelectric voltages at
temperature differences of 0 K, 3K, 5 K, 8 K, or 10 K cross the two ends. The error bar in (b) shows
5% measurement uncertainty.

4. Conclusions

In conclusion, Cu-Se alloy core fibers have been fabricated by using molten-core
thermal drawing. The polycrystalline Cu-Se cores are constituted of CuSe and CusSep, and
their composition is made up of Cuj >Se. Interestingly, the electrical conductivity of the
Cu-Se cores under laser irradiation is only a third of that under darkness. The as-drawn
Cu-Se core fibers possess a PF of ~1.2 mWm~!K~2 and ZT of ~0.45. The secondly drawn
Cu-Se core tapers possess a PF of ~1.6 mWm~'K~2 and ZT of ~0.60. Ultimately, the Cu-Se
core shows a good flexibility and photo-/thermo-electric responses at room temperature,
and future work should focus on the related size effect, phase change, and optimized
applications of these multifunctional fibers.
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Abstract: High-performance thermoelectric fibers with n-type bismuth telluride (Bi,Tes) core were
prepared by thermal drawing. The nanosheet microstructures of the Bi,Te; core were tailored by the
whole annealing and Bridgman annealing processes, respectively. The influence of the annealing
processes on the microstructure and thermoelectric performance was investigated. As a result of
the enhanced crystalline orientation of BiyTes core caused by the above two kinds of annealing
processes, both the electrical conductivity and thermal conductivity could be improved. Hence, the
thermoelectric performance was enhanced, that is, the optimized dimensionless figure of merit (ZT)
after the Bridgman annealing processes increased from 0.48 to about 1 at room temperature.

Keywords: n-type BiTes; thermoelectric fibers; thermal drawing; crystalline orientation

1. Introduction

Thermoelectrics (TEs) can directly convert heat to electricity through the directional
movement of the internal carriers with the temperature difference. Due to their small
size, high reliability, and no noise, thermoelectric devices have great potential for civil
and military applications [1,2]. The dimensionless figure of merit (ZT) is used to iden-
tify the performance of TEs, which is determined by the inherent electrical conductiv-
ities ('), Seebeck coefficients (S), power factors (PF = S%¢), and thermal conductivities
(x). Nowadays, bismuth telluride (Bi,Te3) is considered a class of state-of-the-art TEs
(ZT > 1) for low-temperature applications (0-300 °C), such as Peltier refrigerators or CCD
coolers [3]. Due to its anisotropic structure, Biy Tes is considered as a significant candidate
for directional thermoelectric properties, such as the ¢ plane or across the out-of-plane of
Bi, Tes sheets [4,5]. Theoretically, the ability of crystalline orientation is highly related to
the crystal size and orientation degree of the ¢ plane (F) [6]. There have been many studies
on the introduction of crystalline orientation at various scales [7-12]; however, the artificial
regulation of crystalline orientation and related mechanisms have rarely been reported.

In high-performance thermoelectric fiber devices, p-n BipTes fibers are usually paired
in series electrically and in parallel thermally to realize thermoelectric conversion [13]. To
date, it has been found that the n-type Bi,Te; fibers (thermally drawn with glass cladding
by a powder-in-tube method) could exhibit a restricted ZT < 0.5 owing to the low relative
density and more texturing-related sensitivity of the carriers” mobility than their p-type
fibers (ZT~1.4) [9]. In the thermoelectric fibers fabricated by thermal drawing from our
previous works [14-17], the c-plane crystalline orientation enhances the carrier mobility
and electrical conductivity in Bi,Te; core fibers.
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Herein, high-performance n-type Bi, Tes fibers were fabricated by a rod-in-tube thermal
drawing method, and subsequent annealing processes (whole annealing and Bridgman
annealing) were used to enhance the crystallization of two kinds of opposite crystalline
orientations [17]. Crystalline orientations along (110) and (001) in the fiber cores were
increased by whole annealing and Bridgman annealing, respectively, and the elemental
enrichment was reduced. Hence, the resulting fibers exhibit tailored electrical-phonon
transport, and the Bridgman-annealed fibers show a better thermoelectric performance.
The optimized ZT values of the annealed fibers are measured to be about 1 near room
temperature, which is about twice as large as that of their as-drawn fiber counterparts. The
n-type BiyTe; fibers with oriented crystal nanosheets in the core and the glass cladding
protection can be connected by electroconductive paste electrically in series and thermally
in parallel with the similar p-type BiyTe; fibers to fabricate thermoelectric elements [6,9,13].
Additionally, they could be used in the field of waste heat recycling on the curved surface
(e.g., hot water tubes and vehicle tailpipes), Peltier cooling, and temperature-sensing textiles
(e.g., face masks and sleeveless shirts), etc.

2. Experimental Procedure
2.1. Fabrication

A two-step method with thermal drawing and post-processing annealing was applied
on n-type Bi, Te; fibers fabrication. The BipTes and BipSes powders of 99.999% purity (under
200 mesh, Aladdin, Ontario, CA, USA) at a ratio of 9:1 were used as raw materials to prepare
an n-type BipTes rod with a relative density of 99%, and the fabrication process is reported
in detail in our previous study [16]. The Bi,Te; rod was inserted into a borosilicate glass
(BK7, Schott, Zagreb, Croatia) tube, which has a glass-transition temperature of 562 °C
and a softening temperature of 800 °C, forming a fiber preform. Several-meter-length
Bi, Tes-core/ glass-clad fibers were drawn from the fiber preform at ~880 °C in an optical
fiber drawing tower under an argon atmosphere.

One group of the as-drawn fibers were wholly annealed at 565 °C for 5 h in a muffle
furnace and cooled down to room temperature at a rate of 0.1 °C/min. The other group of
the as-drawn fibers were Bridgman-method annealed, which descended step by step and
crossed a high-temperature ring with a constant speed of 1 cm/h to recrystallize the core as
shown in our previous study [6]. The ring-zone temperature is ~645 °C, which is higher
than the melting temperature of the BiyTez ~585 °C.

2.2. Measurements

For characterizing the crystallinity and electrical transport of the fiber cores, the as-
drawn and annealed fibers were etched in HF acid to strip the glass cladding, and then, the
fiber cores were identified by X-ray diffractometer (XRD, X'Pert PROX, Cu Ka). Energy-
dispersive spectroscopy (EDS) of elemental studies was carried out on the fiber cross-
sections by using scanning electron microscopy (SEM, Zeiss Merlin, Oberkochen, Germany).

The Seebeck coefficients (S) and the electrical conductivities (¢) of the fiber cores were
tested by a four-probe method [9]. Three-time measurements were performed under the
same conditions for each fiber core to obtain the average testing value, and the relative
deviations were <5%. The thermal conductivity (x) was tested by a method of time-domain
thermal reflection, and the relative deviation was <10%. All the relative deviations show
the testing results are reproducible and reliable.

3. Results and Discussion
3.1. Microstructure

The XRD patterns of as-drawn fiber cores, whole-annealed fiber cores, and Bridgman-
annealed fiber cores are exhibited in Figure 1. All the XRD peaks are indexed to the
BiyTey 7Sep 3 hexagonal phase (JCPDS#50-0954). The as-drawn BiyTe; 7Seq 3 fiber cores
(BTSF) are polycrystals after a process of thermal drawing and quick cooling (>100 °C/s).
The average crystal size of as-drawn fiber core is estimated to be ~30 nm based on the XRD
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peak width and the Scherrer formula [16], and the average particle sizes of post-annealed
fiber cores are >100 nm. A great difference is found in XRD peaks among the as-drawn
fibers and annealed fibers. The annealed fiber cores show larger XRD peak intensities
than the as-drawn fiber cores at special lattice planes, such as (1 1 0) marked in blue
or (0 0 6) marked in red. The difference in XRD peak intensities demonstrates that the
crystals in annealed fiber cores could possess an orientation over the crystals in as-drawn
fiber cores. According to the Lotgering method [6], the orientation degree F of the (0 0 1)
planes in polycrystals can be calculated: F = (P — Py) / (1 — Py); Po =1p(001) / YIo(h kI);
P=I1(001)/ YI(h k). Hence, the F of the crystals in as-drawn fiber cores and annealed
fiber cores are calculated as 0.45, 0.06, and 0.92, respectively. This means that the as-drawn
fiber cores and Bridgman-annealed fiber cores are in the (0 0 1) orientation and that the
Bridgman-annealed fiber cores show a greater orientation. Oppositely, the whole-annealed
fiber cores show a great (1 1 0) orientation when their (110) orientation factor (F(;19)~0.85)
can be calculated from the data of Figure 1.
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. . 4 ry A
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2
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2 J As-drawn BTSF
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Figure 1. XRD patterns of the as-drawn and annealed BTSE.

The cross-section SEM images and EDS elemental mappings of Bi, Se, and Te on the
as-drawn and annealed fibers are shown in Figure 2. All three samples show a layered
structure in the cross-section. In Figure 2a,i, it is shown that the three samples show similar
nanosheet microstructures, following the (001) orientation of the as-drawn/Bridgman-
annealed fiber cores. It can be carefully observed that the nanosheets are almost parallel to
the cross-section at the bottom left of the whole-annealed fiber core in Figure 2e, following
the (110) orientation of the whole-annealed fiber cores. In the elemental mappings, there
are traces of elements Bi, Se, and Te diffused from the core into the cladding region. It is
observed that there are Te enrichments in the as-drawn fiber core, but little enrichment can
be found in the annealed fiber cores. Enriched Te could be decreased by whole annealing at
565 °C or Bridgman annealing at 645 °C with a 1 cm/h recrystallization speed. Since the
crystalline orientation and Te enrichments impact the electrical-phonon transport [18], the
fiber with different Te enrichments may show diverse TE performance.
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Figure 2. SEM cross-sectional images and EDS elemental mappings of (a—d) the as-drawn, (e-h) the
whole-annealed, and (i-1) the Bridgman-annealed fibers.

In the micrometer-scale limited space of fiber cores, it is important to uncover the
growth process and mechanism of the oppositely crystalline orientation, whose nanosheet
microstructure and element distribution are shown in Figure 2. As the as-drawn fibers
went through a quick cooling process (>100 °C/s) after thermal drawing, as reported in our
previous work [6], the fiber cores possessed a preferred (001) orientation because of residual
thermal stress along the radial direction from the core to the cladding. The microstructure
evolutions of the as-drawn fibers during annealing are schematically illustrated in Figure 3.
In the whole annealing process (i), the thermal stress gradually decreased by annealing and
slow cooling. The fiber core then exhibits a trend of being a preferred (110) orientation with
the thermal stress decreasing. In the Bridgman annealing process (ii), the core melt gradu-
ally recrystallizes into nanosheets around the fiber interface to minimize surface energy.
In the limited fiber core space, the nanosheets recrystallize continuously along the (001)
plane and the fiber axis. It should be illuminated in a similar microstructural orientation
during a single-crystal crystallization process by directional Bridgman annealing [19] or
laser annealing [20]. In addition, there is elemental diffusion on the core—clad interface,
which might cause surface roughness and low-dimensional defects of the fiber core, as in
our previous study [9].

Slow

Initial annealing Thermal stress decreasing ~ (110) orientation

g, S

2
As-drawn fiber 0,

.. Slow o

(i) ey,

o Q/I”g cooling N — 4
Initial melting Recrystallizing (001) orientation

' Thermal stress == Nanosheet 1 Orientation e Element diffusion

Figure 3. Two oriented crystal growth models of the n-type BiyTe; fiber core during whole annealing
or Bridgman annealing.
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3.2. Thermoelectric Properties

The electrical conductivities () and Seebeck coefficients (S) of the fibers are shown in
Figure 4a,b, measured by a home-made setup in our previous work [6]. In Figure 4a, all the
as-drawn/annealed fibers possess a decreasing ¢ with increasing temperature (10-50 °C),
revealing the metallic resistance characteristic [21]. The o, of the whole-annealed fibers
and the ¢y, of the Bridgman-annealed fibers are higher than the ¢, of the as-drawn fibers,
and the oy, is approaching threefold o, at the same temperature. The result could be derived
from the fact that the (001) orientation of Bridgman-annealed fibers or the (110) orientation
of whole-annealed fibers could enhance ¢, and the greater orientation along (001) would
support the higher carrier mobility and ¢, as reported in our previous work [6]. In Figure 4b,
the negative Seebeck coefficient means that all the fibers are n-type conductors [22]. All
the as-drawn fibers and the annealed fibers possess an increasing | S| with increasing
temperature (10-50 °C). The |5, | of the whole-annealed fibers is bigger than |S,, | of the
Bridgman-annealed fibers and |S, | of the as-drawn fibers under the same temperature.
This could be attributed to the fact that the annealing process could decrease Te enrichment
to increase 1S, and the oriented crystals along (110) should exhibit a little higher IS
than the oriented crystals along (001), whose isotropic behavior is following the result of
the reported n-type Bi, T3 single crystals [23] or films [24]. The PF = S?¢ of all fibers were
calculated and shown in Figure 4c. The PF,, of the Bridgman-annealed fibers is higher
than the PF,, of the whole-annealed fibers and the PF, of the as-drawn fibers at the same
temperature. The PFy, of the Bridgman-annealed fibers exceeds fourfold the PF,, and the
highest value is about 4 mW/ mK?2 at 10 °C.

The measured o, S, x, and calculated ZT of all three samples are listed in Table 1. For
the thermal conductivities, the x, of the as-drawn fiber is ultralow, which could be caused
by enhanced phonon scattering from the nanocrystalline grains, as reported in our previous
work [16]. The room temperature ZT (~27 °C) of the Bridgman-annealed BiyTe; 7Se( 3
fibers is the highest, which is twice as large as that of the as-drawn fibers and is two times
larger than the reported ZT of the BiyTep 55€( 5 or BipSes fibers [13,15]. Even the Bridgman-
annealed fibers possess a higher ZT than that of the Bridgman-growth-method Bi-Te-Se
crystals [25], which shows higher ¢ and x but a lower S at the end of Table 1. For the high
ZT, the Bridgman-annealed fibers possess a higher ¢ and a higher « than Bi,Te; 5S¢ 5 fibers,
which benefits from the (001) orientation. Additionally, the whole-annealed fibers possess
a higher ¢ but a similar x, which also benefits from the (110) orientation. Different from the
reported works found in oriented Biy Tej single crystals [3,23], whose ZT doubles in the (001)
compared to along the (110), the ZT of n-type Bi, Te; fibers is similar in the (001) orientation
by Bridgman annealing compared to along the (110) orientation by whole annealing. In the
meantime, during the bending test for estimating mechanical flexibility [9], the annealed
fibers with a diameter D of 200 pm exhibit a minimum bending radius (rmin) of about
1.8 cm and a maximum bending strain (emax = D / 2#min) of 0.56%.
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Figure 4. (a) The 0, (b) S, and (c) calculated PF of the as-drawn fibers and the annealed fibers at 10-50 °C.

Table 1. 7, S, kes, and calculated ZT of the n-type Bi,Tes-based fibers and Bridgman-method-growth
crystals near room temperature.

Samples Electrical Conductivity Seebeck Coefficient Thermal Conductivity 7T

o (S/cm) S (uV/K) x (W/mK)
Bridgman-annealed fibers 689 £ 33 —226 £11 1.01 £ 0.1 1.05
Whole-annealed fibers 355+ 17 —251 +12 0.71 £ 0.07 0.95
As-drawn fibers 289 + 14 —181+9 0.59 £+ 0.06 0.48
Biy Tep 5Seq 5 core fibers [17] 180 —227 0.64 0.43
Bi,Ses fibers [13] 763 -92 0.84 0.23
Bi,Sej core fibers [15] 319 —150 1.25 0.18
Bridgman Bi-Te-Se crystals [25] 1064 —201 1.4 0.92

4. Conclusions

In conclusion, high TE performance n-type Bi, Tes fibers were prepared via rod-in-tube
thermal drawing and Bridgman/whole annealing. The polycrystalline Bi, Te; cores possess
a polycrystalline orientation, and the F of (001) orientation factor in the Bridgman-annealed
fiber cores is 0.92, and the F of (110) orientation factor in the whole-annealed fiber cores is
0.85. The (001) orientation increases the electrical conductivity and the thermal conductivity
of the fiber cores more than the (110) orientation. Interestingly, both ZT of n-type Bi,Te3
fibers along (001) orientation and (110) orientation are approximately 1. Additionally, our
future work will apply X-ray microfluorescence microscopy or tomography to study the
composition of fibers in length and diameter. Finally, the Bridgman-annealed Bi,Te3 core
shows an enhanced ZT = 1.05 at room temperature, and our future work will be on the TE
device applications of these fibers. This proof-of-concept method of thermal drawing and
annealing has potential in fiber-based TE applications.
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Abstract: AgSbTe, intermetallic compound is a promising thermoelectric material. It has also been
described as necessary to obtain LAST and TAGS alloys, some of the best performing thermoelectrics
of the last decades. Due to the random location of Ag and Sb atoms in the crystal structure, the
electronic structure is highly influenced by the atomic ordering of these atoms and makes the accurate
determination of the Ag/Sb occupancy of paramount importance. We report on the synthesis
of polycrystalline AgSbTe, by arc-melting, yielding nanostructured dense pellets. SEM images
show a conspicuous layered nanostructuration, with a layer thickness of 25-30 nm. Neutron powder
diffraction data show that AgSbTe, crystalizes in the cubic Pm-3m space group, with a slight deficiency
of Te, probably due to volatilization during the arc-melting process. The transport properties show
some anomalies at ~600 K, which can be related to the onset temperature for atomic ordering. The
average thermoelectric figure of merit remains around ~0.6 from ~550 up to ~680 K.

Keywords: thermoelectrics; neutron powder diffraction; layered nanostructuration; thermal conductivity

1. Introduction

The technological progress that humanity has witnessed in recent years has also led
to an unstoppable increase in energy demand worldwide. In addition, society’s depen-
dence on fossil fuels is a cause for concern, so renewable energy sources are becoming
increasingly important. Thermoelectric materials, which can directly generate electricity
from a temperature gradient, can be a key piece in the near future. These devices have
several advantages, such as their reliability and absence of mobile parts as well as their
environmental benignity. The efficiency of these materials is assessed by the thermoelectric
figure of merit [1,2], ZT, a dimensionless parameter that is defined as ZT = (S%-0/x)T,
where S is the Seebeck coefficient, ¢ is the electrical conductivity, « is the total thermal
conductivity (which is the sum of the lattice and electronic contributions) and T is the
absolute temperature.

Among the best thermoelectric materials, tellurides are perhaps the most studied com-
pounds [3-6]. The most prominent, lead telluride (PbTe), has been widely used in the past
century [7], and even today remains one of the best performing thermoelectrics [8-11]. Many
approaches have been made in the past in order to enhance the thermoelectric performance
of PbTe, such as the use of the band convergence concept [12] or deep defect level engineer-
ing [13], the implementation of solid solutions [14], the application of lattice strains [15], the
introduction of different discordant atoms [8,16,17] and the design of all-scale hierarchical
architectures [18]. One of the strategies that has been proven useful is the mixture of PbTe
with AgSbTe,, resulting in a compound known as LAST-18 [11,19-21] with a remarkably
good thermoelectric performance [11,22]. These kinds of chalcogenide compounds are the
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paradigmatic example of materials with a low thermal conductivity, due to the high bond
anharmonicity [23,24], caused by the lone-pair electrons present in the structure [25].

Wernick and Benson synthesized AgSbTe; for the first time in 1957 [26], and it has
been well known in the thermoelectric community since then [22,27,28]. It was defined as a
narrow band gap semiconductor with a rock-salt type structure where Ag and Sb atoms are
located at random in the cationic sublattice [29]. The partial atomic ordering of these Ag/Sb
atoms in the AgSbTe, compound is an important feature when analyzing this material,
since it strongly influences the electronic structure near the Fermi level [29]. Therefore, the
precise determination of the Ag/Sb occupancy in this telluride has a significant relevance
in terms of transport properties. This cation disordering is often found in other ternary
cubic chalcogenide compounds, with the associated point defects usually leading to a poor
reproducibility of the properties of these materials [30]. Recently, Roychowdhury et al.
have proven that the atomic ordering can be achieved in AgSbTe, with cadmium (Cd)
doping [31]. This opens a new paradigm, since up until then, most thermoelectric materials
were optimized by adding disorder [32].

The LAST compound AgPb,,SbTe;,m also exhibits the honor to be the bulk material
in which nanostructuring was first reported [21,22,33-35]. Since then, this approach has
been widely used in different thermoelectric compounds with the aim to improve the
thermoelectric figure of merit, ZT [36—41]. Nanostructuring can produce, for instance, an
increase in the Seebeck coefficient, by means of an increased quantization of the density
of states [42], or a reduction in the lattice thermal conductivity, by means of an enhanced
phonon scattering mechanism [43]. AgSbTe; is reported to show a natural formation
of nanoscale domains with different orderings on the cation sublattice [44], which is an
example of increased phonon scattering, due to a nanostructuring effect.

We have previously used the arc-melting technique to synthesize different chalco-
genides and nanostructured compounds, such as PbTe [45], GeTe [46-48], BiyTe; [49-51]
or SnSe [39,52-58]. This synthesis method has the advantage to be very fast, compared to
other techniques; the reaction itself happens in only a few seconds, and the entire process
can be completed in several minutes. Furthermore, the sample is obtained in the form of
dense ingots, which is a useful outcome when we think about the possibility to scale this
process up. Here, we report on the synthesis and characterization of the ternary compound
AgSbTe, synthesized by arc-melting. Using this fast and straightforward technique, we can
obtain highly dense pellets with nanostructuration in the layers, easily observed by scanning
electron microscopy (SEM). The arc-melted compound has been studied by means of X-ray
diffraction (XRD) and neutron powder diffraction (NPD), and we have measured its main
thermoelectric properties; electrical resistivity, Seebeck coefficient and thermal conductivity,
to gain some knowledge about its thermoelectric performance at high temperature.

2. Materials and Methods

AgSbTe, was synthesized in an Edmund Buhler MAM-1 mini-arc furnace. The pressed
pellet was placed in a water-cooled copper crucible, and was melted by a voltaic arc, created
by a tungsten electrode in an inert Ar atmosphere. The melting process was repeated three
times to ensure the homogeneity of the sample. The reagents were pure elements of Ag
(99.9%, Goodfellow Metals, Cambridgeshire, UK), Sb (99.5%, Alfa Aesar, Haverhill, MA,
USA) and Te (99.99%, Alfa Aesar, Haverhill, MA, USA), which were weighted (~1.5 g) and
mixed, according to the stoichiometric ratio. A small part of the resulting ingot was cut and
ground to powder to perform the structural characterization, and the rest of the sample was
cold pressed in a Retsch (Haan, Germany) Pellet Press PP25 under an isostatic pressure of
10 MPa to do the transport measurements. This final pellet is typically ~10 mm in diameter
and ~2 mm in thickness. The density of the cold-pressed pellet was ~90% of the theoretical
crystallographic density. The high-temperature Seebeck coefficient was measured using an
MMR technologies instrument under vacuum (10° mbar) from room temperature up to
~750 K. Conventional van der Pauw geometry was employed to determine the electrical
resistivity. The total thermal conductivity was calculated from the thermal diffusivity (x)
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using a Linseis LFA 1000 equipment, by the laser-flash technique. The thermal conductivity
(k) is determined from k¥ = a-c,-d, where ¢, is the specific heat, calculated using the
Dulong-Petit equation, and d is the sample density.

Phase characterization was carried out for the pulverized sample using X-Ray diffrac-
tion (XRD) on a Bruker-AXS D8 (Karlsruhe, Germany) diffractometer run by DIFFRACT-
PLUS software (version 2.5.0, Bruker, Karlsruhe, Germany) in Bragg—Brentano reflection
geometry with Cu Ko radiation (A = 1.5418 A). Furthermore, the NPD was used to char-
acterize the crystal structure in detail. High-resolution patterns were collected in the D2B
diffractometer at the Institut Laue-Langevin, Grenoble, France, in the high-flux configu-
ration with a neutron wavelength A = 1.549 A, at 298 K. Around 2 g of the sample were
measured in a vanadium can. The diffraction data were analyzed using the Rietveld
method, employing the FULLPROF program (version Sept. 2018, Institut Laue-Langevin,
Grenoble, France). The coherent scattering lengths of Ag, Sb and Te used in the refinement
were 5.92, 5.57 and 5.80 fm, respectively. The profile parameters included in the refinement
were the background as a set of refinable points, peak shape, asymmetry and FWHM
parameters. The structural parameters included the scale factor, lattice parameters, atomic
positions, isotropic atomic displacement parameters and occupancy factors. Scanning
electron microscopy (SEM) images of an as-grown pellet were collected with a table-top
Hitachi TM-1000 microscope (Hitachi, Japan).

3. Results & Discussion
3.1. Crystallographic Analysis by the XRD and NPD

AgSbTe, was obtained as a well-crystallized sample with negligible impurities (Figure 1).
The laboratory XRD patterns display the expected AgSbTe, cubic phase, defined in the
space group Pm3m with the lattice parameter a = 6.0788 A. In Figure 1a, the peaks appear
indexed in the mentioned cubic lattice. There are no additional reflections that could
suggest a superstructure or a different space group. The pattern displays a slight preferred
orientation effect and minor impurities of Ag,Te and Sb;Tes, as expected, according to
previous literature reports [59].
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Figure 1. (a) XRD and (b) NPD patterns of AgSbTe, at room temperature. The experimental points
are shown in red, the calculated model in black and the difference in blue. The star denotes the
known impurities detected in the X-ray pattern.

A detailed structural investigation was performed by NPD at 295 K, which was
essential as a bulk analysis to remove any orientation effects and to precisely determine the
atomic displacement parameters (ADPs). The Rietveld refinement was performed using the
CsCl-type structure, defined in the Pm3m space group, which shows a good agreement with
the observed pattern (Figure 1b). Previous reports have also proposed the F-centered Fm3m
space group to define the AgSbTe; structure, but we could not improve the refinement of
the primitive unit cell. Moreover, a structural description from the single-crystal diffraction
data discarded a type-F lattice [60]. Thus, at Pm3m, Ag and Sb atoms share randomly 3¢
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(%, %, 0) Wyckoff positions, Sb is additionally located at 10 (%, %, %) and Te at 1a (0, 0, 0)
and 34 (0, %, 0) Wyckoff positions. Table 1 lists the experimental set-up and Table 2, the

determined structural parameters.

Table 1. NPD experimental parameters of AgSbTe, at room temperature.

Diffraction Parameters

Wavelength A) 1.594
20 range (°) 0.07-159.97
20 step (°) 0.05
Temperature (K) 295
Rietveld Refinement 3199 data points
No. of Parameters 67
Structural parameters
Formula AgSbTe;
Space Group Pm3m
Z 2
a(A) 6.0788(1)
V(A3) 224.619(7)
Theoretical Density (g-cm™3) 7.168

Table 2. Structural parameters obtained from the refinement of the NPD data of AgSbTe, at room

temperature.
Atomic Parameters
Atom Wyckoff site x y z U, (A%) Occ. (<1
Tel 3d 0.00000 0.50000 0.00000 0.027 (7) 0.82 (3)
Te2 la 0.00000 0.00000 0.00000 0.014 (6) 1.0 (1)
Sb1 1b 0.50000 0.50000 0.50000 0.038 (8) 1.0(1)
Ag 3¢ 0.50000 0.50000 0.00000 0.026 (5) 0.6667
Sb2 3c 0.50000 0.50000 0.00000 0.026 (5) 0.3333
Atomic Displacement Parameters (A2)
't u2? 33 u? u
Tel 0.022 (5) 0.04 (1) 0.022 (5) 0.00000 0.00000
Sb 0.038 (8)  0.038(8)  0.038 (8) 0.00000 0.00000
Ag 0.036 (5)  0.036(5)  0.005 (6) 0.00000 0.00000
Sb2 0.036 (5)  0.036 (5)  0.005 (6) 0.00000 0.00000
Agreement Factors Disti(::ei A)
Ry(%) Rp(%)  Rwp(%)  Rexp(%) x> d(Ag/Sb-Te)
5.2 3.2 41 2.8 2.1 3.03939(6)

A slight Te deficiency at the 3d position is observed, which agrees with some Te
volatilization during the arc-melting process, and these anion vacancies will increase the
Fermi level and electron concentration. Figure 2 illustrates a view of the Pm3m crystal
structure, with the anisotropic atomic displacement ellipsoids (ADPs) for the 3¢ and 34
sites. This is a rock-salt-like structure, with Te and Sb as contiguous atoms and SbXg
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(X =Ag, Sb) and TeTe; X4 octahedra. It is noteworthy that this model provides only one
bonding distance, equivalent for every position. The highly anisotropic ADPs reflect the
strong anharmonic bonding, which in turn has been ascribed to the lone s? pair effect of Sb
atoms [25]. The flat ellipsoids are perpendicular to the Sb-X bond and the elongated 3d-Te
ellipsoids suggest more labile Te-Te, Ag/Sb-Te interactions and stronger Ag/Sb-Sb bonds,
as well as repulsion effects with the origin at the 1b-Sb position.

Figure 2. Crystal structure of AgSbTe, defined in the Pm3m space group. The characteristic shape of
the ellipsoids (elongated for Tel and flattened for Ag/Sb2) are highlighted.

The crystal structure of AgSbTe; is peculiar in the sense that Ag and Sb may be
totally disordered, i.e., statistically distributed over the same crystallographic positions, as
described in the cubic space group Fm3m, or partially disordered, as described in the Pm3m
space group, and found in the present case, where part of Sb and Ag are still distributed at
random over the 3c Wyckoff sites (see Table 2, Figure 2). Some authors [31] have found that,
by means of Cd doping, the structure tends to increase the ordering; then Ag and Sb(Cd)
become ordered by forming nanoregions. The fact that there are no thermal events in the
DSC curves of AgSbTe,, as reported by Roychowdhury et al. [61], seems to suggest that
AgSbTe, remains in a partly ordered structure (Pm3m), although the presence of partially
ordered regions, at the nanoscale, that do not give rise to the superstructure reflections at
intermediate temperatures, should not be discarded [29].

3.2. Scanning Electron Microscopy

The microstructure of the as-grown AgSbTe, ingots has been investigated by high-
resolution SEM, recorded in a table-top microscope. Some selected micrographs are shown
in Figure 3. The material seems to be quite homogeneous, while it consists of a stacking of
sheets, each of them presumably single-crystalline, with the large surfaces perpendicular
to a crystallographic axis. This stacking of sheets seems to be a consequence of the arc-
melting synthesis procedure, probably due to the inherent fast cooling protocol. Figure 3c,d
assess a layer thickness in the 25-30 nm range. This strong nanostructuration in the layers,
accounting for the ease of the cleavage of this material, is also responsible for the observed
decrease of the thermal conductivity, as described below.
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agSbTe20035 x3.0k 30 um agSbTe20025 x40k  20um

agSbTe20003 x9.0k  10um agSbTe20037 x9.0k  10um

Figure 3. SEM micrographs with (a) 3000, (b) 4000 x, (c,d) 9000 x magnification, illustrating the
nanostructuration in the layers observed in this material, grown from arc melting.

3.3. Thermoelectric Properties

Figure 4 displays the electrical transport properties of AgSbTe,. The resistivity (Figure 4a)
shows almost constant values with the temperature, with a small variation from 2.6 x 10~* to
2.8 x 10~* Q2'm in the temperature range 300-770 K. It shows increasing values up to 550 K,
with a small bump that has been related to the cation disorder at high temperatures [61],
and which will also be apparent as a peak in the weighted, as we will discuss later. This is
followed by a slight decrease in the resistivity, most likely a result of a minority carriers’
excitation. These values are above those that have been previously reported, within the
range 0.5-2 x 10~* Q-m for pristine AgSbTe, prepared by melt-quench or mechanical
alloying and SPS [62,63]. The Seebeck coefficient evolution with the temperature (Figure 4b)
exhibits a steady increase from 200 pV K~! to 340 V K~! up to 540 K, a plateau up to 700 K
and a stark reduction above 700 K, due to the bipolar contribution. This behavior is found
in other AgSbTe, samples, with a maximum value and temperature determined by the
contribution of both carrier types in a semimetal as [64]:

g Spop + Seve
0p + 0

AgSbTe; displays a high Seebeck coefficient, due to its valley degeneracy and hole
heavy effective band mass. Here, the samples display an increase of the Seebeck values
above 300 wV-K~1, higher than those reported on the literature [62,63], possibly due
to the lower values of the carrier concentration, which would also match the increased
resistivity. This is opposite to the results obtained by the high-pressure high-temperature
preparation [65].

The power factor (Figure 4c) follows the Seebeck coefficient evolution with maximum
values close to 0.4 mW-m~1-K~2, in the range from 540 to 640 K [31,62,63]. These values
are comparable to those reported in the literature (0.5-0.8), slightly limited by the higher
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electrical resistivity. AgSbTe; presents a melting point slightly above ~800 K, and thus, the
measurements have been performed up to ~760 K, to ensure the reproducibility of the results.
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Figure 4. (a) Resistivity, (b) Seebeck coefficient and (c) power factor of the arc-melted AgSbTe,. The
power factor is calculated from the experimental resistivity and the Seebeck coefficient.

3.4. Thermal Conductivity

The total thermal conductivity vs. the temperature curve is shown in Figure 5a. It
shows an almost constant value close to 0.4 W m~! K~!, below the previously reported
values for pristine AgSbTe; [31]. The electronic and lattice contributions were determined
by the Wiedemann-Franz law. The lattice thermal conductivity values are rather close to
those of the total conductivity, due to a small electronic contribution (Figure 5b). AgSbTe,
exhibits an extremely low intrinsic thermal conductivity, which has been related to the
anharmonic bonding, due to the lone pair effect [25]; it additionally presents a sponta-
neous nanostructuration, due to the different cationic ordering in the nanoscale [44,65,66].
Our specimen, prepared by arc melting, has even lower values than those reported in
the literature, reaching down to 0.32 W-m~! K~! at 623 K, while previous reports show
minimum values of 0.4 W-m~! K~1. This enhanced phonon scattering, observed in our
samples, is a consequence of the characteristic nanostructuration, obtained after arc-melting
of the samples, as observed in the SEM images (Figure 3), and it was described in other
thermoelectric materials [39,49,52].

The minimum value of the lattice thermal conductivity, observed at 623 K, followed
by a conspicuous increase (Figure 5) can be explained, based on the effect of the atomic
ordering happening at that temperature. It has been reported that this atomic ordering
effect can be inferred from the unconventional temperature dependence of the transport
properties [30], such as in the lattice thermal conductivity, as well as in the resistivity, the
Seebeck coefficient and the weighted mobility.

In Figure 6a, the weighted mobility dependence on the temperature is shown. It increases
up to 520-550 K, when the cationic disorder at a high temperature increases the carrier scattering.
These values are much closer to those reported for the hole-mobility (~15 cm? V~! s71), while
much lower than those found for the electron mobility (~10* cm? V~! s71), as the heavy p-type
band is the main contribution to the Seebeck coefficient. The maximum weighted mobility
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is consistent with the temperature evolution of the Seebeck coefficient and the resistivity,
showing the significance of the cationic ordering in the electrical transport properties [31].
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Figure 5. (a) Total and (b) lattice and electronic contributions to the thermal conductivity as a function
of temperature for the AgSbTe, compound. There is an increase in the lattice thermal conductivity at
623 K, probably related to the effect of the atomic ordering happening around that temperature range.
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Figure 6. (a) Weighted mobility and (b) thermoelectric figure of the merit for the arcmelted AgSbTe, compound.

Overall, the figure of merit (Figure 6b) reaches a non-negligible value of 0.6 at 680 K,
following the increase of the Seebeck coefficient, despite the reduced electrical conductivity.
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Nevertheless, these samples display the effect of an even more reduced thermal conduc-
tivity, as obtained by the nanostructuration of the arc-melted samples. The experimental
data for this arc-melted compound are shown in Figure 7, together with other reported
data for similar compositions, for the sake of comparison. Owing to this extremely low
thermal conductivity, arc-melted samples are a suitable platform for the optimization of
the electrical transport properties. Moreover, this synthesis procedure presents advantages
over those previously described, since in a single step we obtain, by arc melting, a material
in the form of an ingot, which can be directly implemented into a thermoelectric device,
without requiring additional (and expensive) treatments, such as SPS, hot pressing, etc.
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Figure 7. (a) Maximum thermoelectric figure of merit, ZT, and (b) minimum lattice thermal conductivity
for several tellurides [31,61,67,68], compared with the composition analyzed in this work, AgSbTe,.

4. Conclusions

We have prepared the telluride AgSbTe; through the arc-melting technique, yielding
a nanostructured dense pellet. The SEM images reveal a conspicuous layered nanostruc-
turation, with layer thicknesses of 25-30 nm. The refinement of the crystal structure from
the neutron powder diffraction data at RT has performed well, considering a Pm3m space
group and it reveals a tellurium deficiency that can be associated with the volatilization
during the arc-melting process. This structure involves an intrinsic partial disordering of
Ag/Sb, statistically distributed over the 3c Wyckoff positions. The possible atomic ordering
reported for this compound can be inferred by an unconventional temperature dependence
of the transport properties at high temperatures; this event can be detected at around
~600 K, when the weighted mobility and the lattice thermal conductivity, for example, show
an anomaly in their behavior. The average thermoelectric figure of merit of this arc-melted
compound remains at around ~0.6 from ~550 up to ~680 K, an important parameter to bear
in mind to implement this material in practical devices.
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Abstract: Modern electronics not only require the thermal management ability of polymer packaging
materials but also need anti-voltage and mechanical properties. Boron nitride nanosheets (BNNS),
an ideal thermally conductive and high withstand voltage (800 kV/mm) filler, can meet application
needs, but the complex and low-yield process limits their large-scale fabrication. Herein, in this
work, we prepare sucrose-assisted ball-milled BN(SABM-BN)/polyetherimide (PEI) composite films
by a casting-hot pressing method. SABM-BN, as a pre-ball-milled filler, contains BNNS and BN
thick sheets. We mainly investigated the thermal conductivity (TC), breakdown strength, and
mechanical properties of composites. After pre-ball milling, the in-plane TC of the composite film
is reduced. It decreases from 2.69 to 2.31 W/mK for BN/PEI composite film at 30 wt% content;
however, the through-plane TC of composites is improved, and the breakdown strength and tensile
strength of the composite film reach the maximum of 54.6 kV/mm and 102.7 MPa at 5 wt% content,
respectively. Moreover, the composite film is used as a flexible circuit substrate, and the working
surface temperature is 20 °C, which is lower than that of pure PEI film. This study provides an
effective strategy for polymer composites for electronic packaging.

Keywords: polymer composites; boron nitride nanosheets; thermal conductivity; breakdown strength;
mechanical properties

1. Introduction

As electronic devices become increasingly miniaturized and intelligent, their energy
density rises sharply and can be up to 300 W/cm? [1-3]. Local “hot spots” will have an
irreversible impact on the life and stable use of electronic components. Because of their
packaging and thermal management capabilities, thermally conductive polymer films
are increasingly attracting attention, with the expectation of expanding their applications
in flexible display screens [4], circuit substrates [5], and highly integrated insulated gate
bipolar transistors (IGBT) [6].

Common insulating polymer films in electronic devices include polyimide (PI) [7],
epoxy (EP) resin [8], and polyvinylidene fluoride (PVDF) [9]. However, the intrinsic
thermal conductivity of this type of polymer is low, <0.2 W/mK [10]. It is often necessary to
compound thermally conductive fillers to prepare thermal management materials (TMMs).
Nevertheless, modern electronics also impose anti-voltage and mechanical performance
requirements on TMMs to ensure low electrical failure rates and high reliability [11,12].

Boron nitride nanosheets (BNNS) have a two-dimensional hexagonal structure similar
to graphene, high thermal conductivity (600 W/mK) [13-15], and ultra-high breakdown
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strength (800 kV/mm) [16], which are ideal choices for thermal management and anti-
voltage polymer composites. Song et al. [17] incorporated 2 wt% BNNS into PVDE. The
thermal conductivity was improved to 0.28 W/mK, and the breakdown strength increased
from 366 kV/mm of pure film to 450 kV/mm. The common preparation process of BNNS
includes ball milling [18], chemical exfoliation [19], and tip sonicate [20]. Note that these
methods have so far been too complex, inefficient (~10 wt% yield), and very unsuitable for
large-scale manufacturing. Still, the corresponding unexfoliated BN is more likely to form
heat conduction networks than small-sized BNNS [21-23]. The size difference between
bulk BN and BNNS may bring related synergies. Gu et al. [24] employed hybrid fillers of
micrometer BN and nanometer BN with polyphenylene sulfide to hot-press into the highly
thermal conductive composites. It was found that hybrid fillers were more beneficial in
improving the thermal conductivity of composites compared to single-size fillers. These
advantages are ignored, and the bulk BN is wasted by blindly pursuing BNNS. In addition,
the functionalization of fillers, such as hydroxyl [25] or amino groups [26], should also be
considered in the exfoliated process to increase the affinity with the polymer matrix and
improve the mechanical properties [27-29].

Consequently, in this work, we use commercially available and cheap sucrose as
grinding for exfoliating and modifying BN. Furthermore, polyetherimide (PEI), a mature
and commercial P, is selected as the matrix. The thermal conductivity, breakdown strength,
and mechanical properties of composite films before and after pre-ball milling BN are
emphatically compared. The film prepared from BN by sucrose-assisted ball milling
is named SABM-BN/PEI composite film, and the untreated version is named BN/PEI
composite film. As a result, the in-plane thermal conductivity of the SABM-BN/PEI
composite film decreases to a certain extent compared with the BN/PEI composite film.
However, the through-plane thermal conductivity of the SABM-BN/PEI composite film is
improved. The breakdown strength of the SABM-BN/PEI composite film is higher than that
of the BN /PEI composite film in the entire content range. For mechanical properties, the
tensile strength of the composite film shows a similar trend to the breakdown strength. This
improvement is attributed to the interface interaction. Verifying the thermal management
capability of the SABM-BN/PEI composite film, the film surface uses screen printing to
prepare a flexible circuit. The surface had a lower working temperature compared with
commercial paper and PEI. Compared with previous work, this paper does not carry out
subsequent separation after ball milling. The composite film prepared by combining the
advantages of BNNS and BN has anti-voltage, excellent mechanical properties, and thermal
management ability. The above shows that the prepared SABM-BN/PEI composite film
has great potential to be used in electronics packaging and unique applications.

2. Materials and Methods
2.1. Materials

Polyetherimide powder (PEI, Ultem 1000) was purchased from SABIC Innovative
Plastics Co., Ltd. (Shanghai, China). Boron nitride platelets (BN, ~20 pm) were supplied
by Dandong Rijin Science and Technology Co., Ltd. (Dandong, China). N,N-dimethyl
formamide (DMF) and sugar were provided by Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China).

2.2. Preparation of Sugar-Assisted Ball-Milled BN Powder

In the dry ball milling process [30,31], BN (1 g), sugar (5 g), and zirconia balls (60 g)
were loaded into a 500 mL grinding jar. The zirconia balls were divided into three kinds
with diameters of 10 mm, 5 mm, and 1 mm in a weight ratio of 2:5:3. The mixture was
ball milled at 500 rpm for 24 h using a planetary ball mill (YXQM-2L, MITR, China). Then
D.I. water (200 mL) was poured into the mixture and stirred to speed up the dissolution
of the sucrose. Finally, the suspension was vacuum filtered through an aqueous filter
membrane (pore size: 0.22 um) and washed several times to remove residual sucrose,
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followed by vacuum drying to obtain sugar-assisted ball-milled BN (SABM-BN). The
SABM-BN contained the BN thick sheets (BNTS) and BN nanosheets (BNNS).

2.3. Preparation of PEI Composite Films

The preparation process of the BN/PEI and SABM-BN/PEI composite films is shown
in Figure 1. First, BN or SABM-BN was ultrasonically dispersed in DMF (40 mL). Next, PEI
powder (10 g) was added to the aforementioned DMF to dissolve. It was stirred at 80 °C for
4 h and sonicated to obtain a homogeneous composite solution. Then, the solution was cast
on a clean glass plate. The glass plate was placed in an oven (160 °C) to remove the DMF.
Subsequently, the film was peeled off the glass plate and shredded. The cut samples were
placed between two layers of stainless-steel plates, and the mold release paper was Teflon
fiber cloth. Finally, it was hot-pressed at 1 MPa, 270 °C for 10 min using a hot-pressing
machine (6170B, BOLON, Dongguan, China) to obtain PEI composite films. Filler content
was set at 0, 5, 10, 20, and 30 wt%.

Ball-milling L T
Vacuum filtration ] L BT
Washing Q D BNNS
Functional BN
________________________________________ =
1
1
1
Evaporation 7 -~ Hot-press !
- 4R 1
' 1
) |
1
1

Figure 1. Schematic diagram illustrating the preparation of the SABM-BN and composite film.

2.4. Characterization

The Fourier transform infrared (FT-IR, Tensor 27, Bruker Nano Gmbh, Berlin, Germany)
spectrum of the BN, SABM-BN, and sugar were collected using pressed KBr pellets. The
filler and film cross-section morphologies were observed using a field emission scanning
electronic microscope (FESEM, Regulus 8100, Hitachi, Tokyo, Japan). Before testing, the two
samples were sprayed with a thin layer of gold for 90 s and 120 s. The differential scanning
calorimetry (DSC, 204F1, Netzsch, Zelb, Germany) was performed to investigate the glass
transition temperature (Tg). The films were heated to 300 °C at a 10 K/min heating rate
under N, atmosphere. The mechanical properties of the composite films were measured on
an electronic universal testing machine (105D-TS, Wance, Shenzhen, China) with a tensile
rate of 1 mm/min. The breakdown strength was obtained using a withstand voltage tester
(CD9917-AX, Changsheng, Nanjing, China) at a ramping voltage rate of 1 kV/s. A thermal
constant analyzer (TPS2500s, Hot Disk AB, Vésterds, Sweden) was used to determine the
thermal conductivity of the composite film at room temperature. The heat resistance of the
composite films was recorded using a thermal gravimetric analyzer (TG, 209F3, Netzsch,
Zelb, Germany) from room temperature to 800 °C at N, atmosphere. To investigate the heat
dissipation of the composite films in flexible electronic devices, first, silver circuits were
screen-printed on the surface of the samples, followed dried. Next, a constant 12 V voltage
was applied to the sample surface circuit, and the thermal distribution on the surface was
simultaneously recorded using an infrared thermal imager (PS400, Guide, Wuhan, China).
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3. Results and Discussion

Figure 1 shows the preparation process of the SABM-BN /PEI composite film. First,
sucrose and BN are ball milled to obtain the SABM-BN, followed by casting and hot
pressing to prepare the composite films. It is worth mentioning that, since the PEI solution
easily absorbs moisture and causes irreversible phase transition during the casting process,
it is necessary to further hot-press to obtain a dense composite film. As shown in Figure 2a,
the peaks at 1375 cm ™! and 809 cm~! on BN and SABM-BN correspond to the stretching
and bending vibrations of B-N [32,33], respectively. It is found that some characteristic
peaks of sucrose do not appear on the SABM-BN curve, which also indicates that the
sucrose is completely removed during washing. In addition, on the SABM-BN curve, the
new broad peak at 3431 cm ™! corresponds to the vibration of ~OH [34]. For the products of
saccharide-assisted ball-milled BN, extensive theoretical studies believe that H atoms in
saccharides are preferentially combined with N atoms on BN to form N-H bonds [30,35-37],
and the N-H bond on BN is easily hydrolyzed to generate NH3 and —~OH. For this reason,
the slightly alkaline pH of the BN-sucrose suspension (Figure 2c) can better verify the
sucrose modification. Functionalized BN will improve the adhesion between the filler and
the polymer matrix.

BNNS | BNTS q BNNS B8 BNTS

) b ey )

1k

1
. [
: (a) :
o L]
Lot E "
|2 n
» [
. u
L [
. u
» a
. =1 ]
. :
: £ :
= 3 .
= -
i :
[] g :
: g \,\} :
& 5 =
. [
- = -
» "
: ]
_ ——BN -
£ SABM-BN n
L]
: f Sucrose :
" [
= [
. L]
- [
. [
: T T T T T T :
" 4000 3500 3000 2500 2000 1500 1000 500 s
.
- Wavenumber(cm™) -
}II.I.II-III.-.-.-I.I.I.IIII.I.-I-I.I ssssEssssnnd
-
- & -
:(b) IR :
-
L
L]
-
u
o
u
1
-
-
-
-
L]
o
.
-
-
L]
L]
u
o
-

Figure 2. (a) FT-IR spectra of BN, sucrose, and SABM-BN. (b) SEM images of (i) BN, (ii) BNTS, and
(iii) BNNS, respectively (scale bar: 10 um). (c) Detection pH of BN-Sucrose suspension and D.I. water.
(d) Stability of BNNS and BNTS (~1 mg/mL) aqueous solution for 6 h.

The SABM-BN contains exfoliating BNNS and larger size BN considering the ball
milling efficiency. Therefore, the suspension is ultrasonically bathed (50 W) for 30 min
before filtration and washing. Then the suspension is centrifuged at 2000 rpm for 30 min
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to separate the precipitate and supernatant, followed by filtration, washing, and drying
to obtain BNTS and BNNS, respectively. The yields of BNTS and BNNS are 75.98% and
21.18%, respectively. However, the yield of BNNS is 10.24% without adding a grinding
agent (sucrose). Although under high shear forces and collisions with the balls, the self-
lubricating effect of BN sheets greatly reduces the exfoliation efficiency [38]. The addition
of sucrose promotes the crushing of the sheets. The SEM images of BN, BNTS, and BNNS
are shown in Figure 2b. The obtained BNNS has a Tyndall effect in an aqueous solution
(~1 mg/mL, Figure 1). At the same concentration, BNNS has better dispersion stability
than BNTS (Figure 2d) because larger size BNTS is more easily settled by gravity. All the
above indicate that sucrose has a good effect on the exfoliation and modification of BN.

3.1. Thermal Properties Analysis

As mentioned above, the size of BN changed after ball milling. This will have an
impact on the thermal conductivity of the composite film. Considering the anisotropy
of film and sheet-like BN, the thermal conductivity of the composite film needs to be
analyzed from both the horizontal and the vertical direction. Figure 3a shows the in-plane
thermal conductivity (?\H) of the PEI and composite films. The A of the 30 wt% BN /PEI
composite film is 2.69 W/mK. The A of the SABM-BN/PEI composite film is lower than
that of the BN /PEI composite film. The }‘H of the 30 wt% SABM-BN /PEI composite film is
2.31 W/mK, which is ~11 times that of the pure film (0.205 W/mK). The through-plane
thermal conductivity (A ) of the PEI and composite films (Figure 3b) is much lower than
that of the in-plane, which is owing to the orientation of molecular chain arrangement [39]
and the low A | of BN (~10 W/mK) [32]. At the same time, it is found that A | of the SABM-
BN/PEI composite film is improved. At 30 wt% content, the A is 0.512 W/mK, higher
than that of the BN/PEI composite film. We use the heat conduction model (Figure 3c)
to explain. The large-sized BN tends to be arranged in parallel during the hot-pressing
process. It is easier to form a thermal conduction network in the horizontal direction while
the vertical direction is missing. However, after ball milling, the inconsistency of BN size
destroys the continuity in the horizontal direction on the one hand. On the other hand, it
gives the possibility to form a thermal network in the vertical direction.

Next, as shown in Figure 3d, the typical upper and lower tangent center is the glass
transition temperature (Tg) of the polymer. The Tg of PEl is 215.6 °C. The Tg of the SABM-
BN/PEI composite films is higher than that of PEI. Furthermore, it is found that the Tg of
the pre-ball-milling BN /PEI composite film without sucrose does not change significantly.
It may be because the surface -OH of SABM-BN will also strengthen the interaction with
polymer molecular chains, hindering the movements of PEI molecular chains and thereby
increasing the Tg [40,41].

Under high power density, local heat accumulation in electronic devices and expansion
for unique application scenarios, such as aerospace, military [10], etc., will place require-
ments on the heat resistance of the substrate. As an ether group-containing PI, PEI itself has
excellent heat resistance. The TG curves of the composite films are shown in Figure 3e, with
the accelerated decomposition of the films at ~550 °C. The increasing residual rate with
the increasing content indicates that the heat resistance of the composite films is further
improved than that of the PEI film [42].
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Figure 3. (a) In-plane and (b) through-plane thermal conductivity of PEI and the PEI composite films
and (c) a heat conduction model. (d) DSC curves of PEI, the SABM-BN/PEI composite films (dashed
line), and the pre-ball-milling BN /PEI composite film without sucrose (solid line). (e) TG curves of
PEI and the SABM-BN/PEI composite films.

3.2. Application Assurance

Packaging substrates have excellent anti-voltage properties, which is the premise of
ensuring the reliable operation of electronic devices. The anti-voltage properties of the
composite films are tested by breakdown strength. The breakdown strength values of PEI
and the PEI composite films are fitted by the Weibull distribution formula [43], as depicted

in Equations (1) and (2).
P=1—-exp|— E ’ @D
= p EO
i—05
- n+0.25 @

where P is the cumulative probability of electric failure, and E; is the i-th breakdown
strength after the measured values are arranged from small to large. n represents the
number of electrical breakdown points of the sample, and here are eight data points. Ey is
the Weibull breakdown strength at p = 63.2% under the linear fit of Equation (1). j is the
shape distribution parameter, representing the discrete situation of the data.

Figure 4a,b show the Weibull distribution plots and breakdown strengths of PEI and
the PEI composite films. As shown in Figure 4b, (i) the breakdown strength of the SABM-
BN/PEI composite films is generally higher than that of the BN/PEI composite films, and
the maximum value (54.6 kV/mm) appears when the content is 5 wt%. This is mainly
owing to the contribution of BNNS. BNNS has an ultra-high theoretical withstand voltage
performance (800 kV/mm). At the same time, after ball milling, the size reduction of
BN will make the development of the electric tree during the breakdown process more
tortuous [44]. Thus, the breakdown strength of the composite film is improved. (ii) With the
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increase of filler content, the breakdown strength of the films decreases from 49.4 kV/mm
of PEI to 36.2 and 38.5 kV/mm. Since the increase of filler content will bring more defects,
the generation of conductive paths will result [45]. Although the addition of high-content
fillers reduces the breakdown strength of the composite film, it still meets the anti-voltage

requirements in electronic devices (>5 kV/mm) [17].
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Figure 4. (a) Weibull distribution plots and (b) breakdown strength of PEI and the PEI composite
films. (c) The stress-strain curves and (d) tensile strength of PEI and the PEI composite films. Black
circle: PEI. Downward-facing black triangle 1-4: 5~30 wt% BN/PEI composite films. Upward-facing
orange triangle 1-4: 5~30 wt% SABM-BN/PEI composite films.

Figure 4c shows stress-strain curves of PEI and the PEI composite films. The SABM-
BN/PEI composite film curve is higher than that of the BN /PEI composite film at the same
content. The tensile strength of the composite films is similar to the breakdown strength
change (Figure 4d). The tensile strength of the PEI film is 85.87 MPa. The mechanical
properties of the BN/PEI composite films decrease with the increasing content. At 30 wt%
content, the tensile strength of the composite film is 49.38 MPa. The SABM-BN/PEI
composite films have better mechanical properties than the BN/PEI composite films,
and a typical “rise-fall” process occurs: the tensile strength of the 5 wt% SABM-BN/PEI
composite film is 102.6 MPa, and at 30 wt% content, the tensile strength is 69.83 MPa. The
improvement in tensile strength is attributed to the hydroxyl-rich surface of BN after ball
milling, which promotes the compatibility of fillers with a polymer matrix and reduces
stress concentration points [46].

3.3. Morphological Distribution

Figure 5 shows the cross-section morphologies of PEI and the SABM-BN/PEI com-
posite films. The cross-section of pure PEI film is denser than that of composite films. It
is found that with the increase of filler content, the filler arrangement tends to be more
horizontal. At 5 wt% content, the distribution of fillers has no obvious regularity, but at
20 wt% content, the distribution of fillers begins to tend to be horizontal. This is because
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the mutual volume between the fillers becomes more significant at high filler content so
that it is distributed in parallel in the film under the external force of hot pressing [47]. It
effectively explains the reason for the sudden increase in the in-plane thermal conductivity
of the composite film at 20 wt% content; the heat conduction network in the horizontal
direction has been formed. As shown in Figure 5f, the distribution of fillers of different
sizes in the films is observed at high magnifications.

Figure 5. Cross-section SEM images of (a) PEI (b) the 5 wt%, (c) 10 wt%, (d) 20 wt%, and (e) 30 wt%
SABM-BN/PEI composite film. (f) Filler distribution at high magnification for the 20 wt% SABM-
BN/PEI composite film.

3.4. Thermal Management

To evaluate the thermal management ability of the prepared composite film as a flexible
substrate, here we use screen printing to print circuits on the surface of the composite films
(30 wt% SABM-BN/PEI). Paper and PEI film serve as controls. As shown in Figure 6a,
the substrate size is tailored to 4 cm x 6.5 cm, the flexible circuit integrates with the PEI
composite film that can be bent and has a certain flexibility, and then a constant voltage
of 12 V is applied across the circuit. Owing to the existence of Joule heat, the film surface
heats up immediately, and the surface heat distribution is shown in Figure 6c. It is found
that the PEI film has a fast temperature rise rate, which is stable at around ~60 °C, followed
by the paper, which is stable at ~45 °C. Importantly, the surface temperature of the PEI
composite film was ~20 °C lower than that of the pure film, indicating that the “hot spot”
temperature can be effectively reduced. Such a composite film substrate has excellent
thermal management capability and can be used in flexible electronic devices with high
energy density.
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Composites film *;

Figure 6. (a) From left to right: optical photographs of flexible circuits integrated into paper, PEI, and
composite film; applying voltage; and bending the flexible substrate. (b) Surface temperature versus
time. (c) Infrared thermal images.

4. Conclusions

In summary, commercially available and cheap sucrose was chosen to exfoliate and
modify BN simultaneously. The yield of BNNS in SABM-BN is ~21%, and SABM-BN has
—OH groups. The size changes after ball milling and results in opposite differences in A
and A of the SABM-BN/PEI composite film and the BN /PEI composite film. The A of
the SABM-BN/PEI composite film decreases to a certain extent compared with the BN /PEI
composite film. At 30 wt% content, the BN/PEI composite film is 2.69 W/mK, while
the SABM-BN/PEI composite film is 2.31 W/mK. However, the through-plane thermal
conductivity of the SABM-BN/PEI composite film is improved. After ball-milling, the
thermal conductive network reduces in the horizontal direction but becomes feasible in
the vertical direction. Owing to the presence of BNNS and the modification of sucrose,
the composite films’ breakdown strength and mechanical properties are improved. The
maximum reaches 54.6 kV/mm and 102.7 MPa at 5 wt% content. Furthermore, as a flexible
circuit substrate, the composite film has excellent thermal management capability. The
working surface temperature is 20 °C lower than that of pure PEI film. We believe that
this study provides an effective strategy for high-performance polymer composites for
electronic packaging.
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Abstract: Polypyrrole (PPy) is a conducting polymer with attractive thermoelectric (TE) properties.
It is simple to fabricate and modify its morphology for enhanced electrical conductivity. However,
such improvement is still limited to considerably enhancing TE performance. In this case, a single-
wall carbon nanotube (SWCNT), which has ultrathin diameters and exhibits semi-metallic electrical
conductivity, might be a proper candidate to be combined with PPy as a core shell one-dimensional
(1D) nanocomposite for higher TE power generation. In this work, core shell nanocomposites based
on SWCNT /PPy were fabricated. Various amounts of pyrrole (Py), which are monomer sources for
PPy, were coated on SWCNT, along with methyl orange (MO) as a surfactant and ferric chloride as
an initiator. The optimum value of Py for maximum TE performance was determined. The results
showed that the SWCNT acted as a core template to direct the self-assembly of PPy and also to
further enhance TE performance. The TE power factor, PF, and figure of merit, zT, values of the
pure PPy were initially recorded as ~1 uW/mK? and 0.0011, respectively. These values were greatly
increased to 360 uW/mK? and 0.09 for the optimized core shell nanocomposite sample. The TE
power generation characteristics of the fabricated single-leg module of the optimized sample were
also investigated and confirmed these findings. This enhancement was attributed to the uniform
coating and good interaction between PPy polymer chains and walls of the SWCNT through m—mt
stacking. The significant enhancement in the TE performance of SWCNT /PPy nanocomposite is
found to be superior compared to those reported in similar composites, which indicates that this
nanocomposite is a suitable and scalable TE material for TE power generation.

Keywords: thermoelectric materials; conducting polymers; polypyrrole; single-wall carbon nanotubes;
core shell nanocomposites

1. Introduction

In recent years, there has been rapid development in organic thermoelectric materials,
especially conducting polymers and their composites due to several advantages over
inorganic thermoelectric materials. These conducting polymers exhibit light weight, lower
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cost, reasonable thermal conductivity, easy fabrication process, and excellent flexibility. For
instance, the thermoelectric performance of organic polymers can be significantly improved
by controlling the combination of carbon nanotubes (CNTs) or graphene nanosheets with
such polymers [1-3]. So far, the most common conducting polymers that have been
investigated as thermoelectric materials are polyaniline (PANI) [4], polypyrrole (PPy) [5],
and poly (34-ethylene dioxythiophene) (PEDOT) [6-8]. However, the TE performance was
limited because of the low electrical conductivity of the used carbon nanostructures or due
to the low interaction between the conducting polymer and carbon material [9,10]. Tuning
the morphology of such polymers was also performed in [6,11,12]; however, no significant
improvement in the TE performance was reported.

The conducted work on PPy-based composites as a TE material is less compared to
that reported on PEDOT and PANI composites, but recent studies showed that when PPy
is doped with appropriate dopants or included in a proper composite material, it shows
good mechanical properties, high electrical conductivity, and low thermal conductivity,
which therefore enhance the TE performance [13]. The nanostructure form of PPy was also
reported to have a considerable TE performance [9,14-16], especially the PPy nanotube,
which showed remarkable improvement in TE performance [13]. Multiwall carbon nan-
otubes (MWCNT) or single-wall carbon nanotubes (SWCNT) were also used to enhance
the TE properties of PPy [10,17-19]. The effect of other carbon nanostructures such as
graphene nanosheets [20] or reduced graphene oxide (rGO) [21] was also investigated
to obtain the TE performance of the PPy. However, it is still necessary to explore other
approaches or suitable precursors that can be developed, such as a one-dimensional (1D)
core shell structure of CNTs/PPy, with a smooth coating. This coating might facilitate
charge transport and thus increases the electrical conductivity. It also can generate extra
energy filtering sites at the interfaces between the PPy and CNTs.

The recent work reported in our lab on PPy [22,23] and PPy with carbon nanotubes [20,22]
was focused on enhancing the TE performance of this polymer, but these efforts were
focused either on the effect of surfactant type [22] or the surfactant [23] and carbon
nanotubes [18] concentrations on the TE performance of the PPy. Although these studies
demonstrate the capability of this polymer as TE, the observed TE performance is still
low for real application as TE materials. One of the most important factors to enhance the
TE performance of PPy is the selection of highly conducting carbon nanotubes such as
single-wall carbon nanotubes, which have not been well addressed. It is understood that
the electrical conductivity of carbon nanotubes can vary from semiconductors to metallic.
This TE property depends on several factors such as diameters and chirality, and even the
SWCNT, which is considered the best interim of their electrical conductivity, can vary from
low semi-conductive to metallics [24]. In this case, coating PPy with highly conducting
SWCNT along with an electrical conductivity value larger than 50,000 S/m (in a pressed
compact form) might be quite important to enhance the TE performance. Moreover, select-
ing the proper surfactant and oxidant are also important for developing a 1D core shell
structure with a smooth coating.

In this work, PPy was synthesized in the presence of methyl orange (MO) as a surfac-
tant to regulate its shape as a blank thermoelectric polymer. Subsequently, highly conduct-
ing SWCNTs along with various concentrations of PPy were produced in the form of 1D core
shell nanocomposite structures (SWCNT/Ppy) using an in situ polymerization method. The
manufactured SWCNT /PPy nanocomposites were characterized by several well-known
techniques such as SEM, TEM, Raman, FTIR, and XPS spectroscopy to analyze the TE
performance. Moreover, the power generation characteristics of a single-leg module of the
optimized SWCNT /PPy core shell nanocomposite were numerically and experimentally
quantified. Additionally, the TE performance of the present SWCNT /PPy nanocomposite
is found to be superior compared to previous studies reported in the literature.
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2. Materials and Methods
2.1. Materials

Highly pure pyrrole monomer (Py), ethanol, anhydrous ferric chloride (FeClz.6H0O),
and methyl orange (MO) were purchased from Sigma-Aldrich, Steinheim, Germany. All
reagents were of analytical grade (99.99%) and used as received without further purification.
Single-wall carbon nanotubes (SWCNTs) of high electrical conductivity (>1000 S/cm in
their pellet form) were purchased from Ad-Nano Technologies (Karnataka, India).

2.2. Synthesis of SWCNT/PPy Nanocomposites

Pure PPy was prepared by dissolving 750 mg of MO and 1 mL of Py monomer in
50 mL of absolute ethanol, and the resulting solution was diluted by DI water up to 200 mL
using a magnetic stirrer (800 rpm) at room temperature (RT) for 20 min. In another beaker,
2340 mg of FeCl3.6H,O as an oxidant agent was dissolved in 200 mL of DI water, which
was then added dropwise to the Py solution. The mixture was magnetically stirred for 48 h.
The resulting black precipitation was filtered and washed several times successively with
DI water and absolute ethanol to remove the surfactant and unreacted species. Then, the
resulting product was dried at 60 °C for 24 h. The SWCNT /PPy nanocomposites were
prepared as follows. A typical amount of SWCNT (300 mg) was dispersed in 50 mL of
ethanol; then, this solution was diluted by 150 mL of DI water and sonicated for 3 h. The
desired amounts of MO and Py monomer were added to the previous solution under
continuous stirring for 30 min. Then, under vigorous stirring, the corresponding amount of
FeCl3.6H,0 in 200 mL of DI water was added slowly dropwise into the above solution to
initiate the polymerization reaction and the mixture was magnetically stirred for two days.
The product was filtered, washed, and dried exactly as in the case of pure PPy. Table 1
shows SWCNT amounts and the chemical materials used for this coating.

Table 1. Raw materials used for coating the SWCNT with PPy at a different layer thickness.

Py (mL) FeCl; (mg)
Samples SWCNT (mg) MO (mg) (In zgo mLDI)  (In 200 mL %)I)
PW1 375 0.05 117
PW2 75 0.1 234
PW3 300 mg 375 0.5 1170
PW4 750 1 2340
PW5 1500 2 4680

2.3. Characterizations

The morphology and microstructure of the pristine SWCNT, the neat PPy, and SWCNT/
PPy nanocomposites were investigated using scanning electron microscopy (SEM) (JSM-
7500F, JEOL, Tokyo, Japan) and transmission electron microscopy (TEM) (JEM 2100F,
JEOL). Raman spectra were acquired using micro-Raman spectroscopy (Thermo Fisher
Scientific, Waltham, MA, USA), whereas the FTIR spectra of the samples were derived by
attenuated total reflection—Fourier transform infrared (ATR-FTIR) spectrometry (Thermo
Fisher Scientific, Waltham, MA, USA). X-ray diffraction (XRD) studies were carried out
using an Ultima-IV X-ray diffractometer (Rigaku, Japan) equipped with Cu K« radiation
(k = 15406 A), while the surface composition changes of the synthesized samples were
examined using X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Japan).
To investigate the thermoelectrical properties, the pellets of the pure and SWCNT /PPy
nanocomposites were prepared under a pressure of 15 tons utilizing a manual hydraulic
press. The prepared pellets, which have dimensions of 13 mm diameter and 1.5-2.0 mm
thickness, were annealed at 370 K for one hour in an oven under a vacuum atmosphere,
and then their thermoelectric properties were measured.

The electrical resistivity and Seebeck coefficient measurements from 300 to 370 K were
accomplished using the LSR-3 (Linseis GmbH) in the He atmosphere. The heating rate was
fixed at 5 K/min and the temperature gradient between the cold and hot sides was set at
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50 K. Thermal conductivity of the fabricated pellets was then determined using the laser
flash method in LFA-1000 (Linseis, Selb, Germany). The measurements were performed
perpendicular to the surface of the pressed pellet in a vacuum atmosphere and the pellet
sides” heating rate was set at 10 K/min. The charge carrier density and Hall mobility of
prepared samples at RT were determined using the HCS 10 system, Linseis. To measure
the output power for pure SWCNT, PPy, and SWCNT /PPy nanocomposites, rectangular
(4 x 6 x 10 mm) single-leg modules were fabricated using a manual hydraulic press. These
modules were fixed on a ceramic substrate, and both sides of the modules were connected
to the measuring apparatus using aluminum electrodes. Strips of aluminum electrodes
were used to cover the two sides. One side of the modules was placed on the hot plate
that was heated to the maximum temperature (370 K). To measure the output voltage and
current, a high sensitivity I-V measurement system (Keithley Instruments, Solon, OH, USA)
was utilized.

3. Results and Discussion

The surface morphology and microstructure of the produced SWCNT /PPy nanocom-
posites were investigated by both SEM and TEM techniques, as shown in Figure 1; Figure 2.
The SEM images show that the PPy was clearly formed on the sidewalls of the SWCNT,
resulting in a one-dimensional (1D) nanocomposite (Figure 1). SEM images reveal that the
PPy smooth coating had a considerable impact on the diameter of the SWCNT. As a system-
atic coating could be seen, smaller amounts of PPy could result in thinner shells/layers of
PPy on the walls of SWCNT, while higher amounts of PPy could produce thicker layers of
PPy. This coating was achieved by using different amounts of PPy (increasing the amount
of PPy from 0.05 to 2 mL) and fixing the amount of SWCNTs, as displayed in Table 1. As
shown in Figure 1a, the SWCNTs exist mostly in bundles with various diameters, and there-
fore, the formed core shell nanocomposites are present in various diameters (Figure 1b—f),
which can be also seen clearly in the TEM images in Figure 2. From this figure, the uncoated
and coated PPy-SWCNT with different PPy layer thicknesses show a similar trend to that
observed in SEM images. As the amounts of PPy increase, the coating thickness increases,
as shown in Figure 2a—g. Moreover, it can be clearly seen the SWCNT is situated in the
cores of these 1D structures, whereas the PPy forms the shells (Figure 2h). This kind of
smooth coating was also observed previously in MWCNT /PPy [25].

Figure 1. SEM images at the same magnification of SWCNT /PPyl nanocomposites. Images of pure
SWCNT and PPy are also shown. (a) SWCNT, (b) PW1, (c) PW2, (d) PW3, (e) PW4, (f) PW5, and (g) PPy.
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Figure 2. TEM images obtained at the same magnification for SWCNT /PPy nanocomposites. Images
of pure SWCNT and PPy are also shown. (a) SWCNT, (b) PW1, (c) PW2, (d) PW3, (e) PW4, (f) PWS5,
(g) PPy. The image in (h) is a high-resolution TEM image for the PW4 sample.

Raman and FTIR spectra of the SWCNT, PPy, and the SWCNT /PPy core shell nanocompos-
ites were recorded and are presented in detail in the supplementary data in Figures S1 and S2,
respectively, while the results of utilizing the XRD pattern of these samples are presented in
Figure S3. The elemental composition and chemical states of C1s present in the SWCNT, PPy,
and SWCNT /PPy core shell nanocomposites were investigated using the XPS technique, as
demonstrated in Figures S4 and S5. The XPS survey profiles of these samples are shown in
Figure 54, while the band of C1s of the uncoated SWCNT, SWCNT /PPy nanocomposites, and
pure PPy was deconvoluted and presented in Figure SSa—g. The results are described and
interpreted in the Supplementary Materials.

The TE properties of the pure PPy, SWCNT, and SWCNT /PPy core shell nanocom-
posites (PW1-PW5) are presented in Figure 3a—e. At room temperature (RT), the mea-
sured electrical conductivity for pure PPy and SWCNT is approximately equal to 1330
and 113,510 S/m, respectively (Figure 3a). When the temperature increases to 350 K, the
value of PPy slightly rises to 1455 S/m, while the SWCNT decreases to 104,069 S/m. PPy
showed semiconductor behavior while SWCNT showed typical metallic conducting be-
havior. Therefore, the electrical conductivity of the produced PPy molecules is comparable
to or even higher than those with similar structures or morphologies, as reported in the
literature [20,35]. The electrical conductivity of the SWCNT /PPy nanocomposites with
different PPy layer thicknesses is presented in Figure 3a. The obtained values were recorded
as a function of temperature in the temperature range of 300-350 K. The values of coated
SWCNT at RT were increased with an increase in the thickness of the coating PPy layer,
mainly of the PWland PW2 samples. The measured values at RT are equal to 123,000 and
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178,000 S/m for PW1 and PW2, respectively. These values were decreased with an increase
in the temperature up to 350 K, reaching 120,616 S/m for the PW1 sample and 173,637 S/m
for PW2 samples, indicating degenerate semiconductor behavior. In contrast, the electrical
conductivity values of the remaining samples (PW3, PW, and PW5) were decreased with
the increase in thickness of the coating PPy layer. At RT, the electrical conductivity of
PW3, PW4, and PW5 is approximately 68,000, 24,000, and 14,000 S/m, respectively, while
at 350 K, the electrical conductivity values of these samples (PW3, PW4, and PW5) were
25-30% higher than those recorded at RT, which explains the semiconductor behavior.
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Figure 3. TE performance of the SWCNT /PPy nanocomposites as a function of the temperature (a—c).
The charge carrier concentration, Hall mobility (d), effective mass (e) at RT of the pure PPy, SWCNT,
and SWCNT /PPy nanocomposite samples are also shown. (f) is a schematic illustration showing the
77t conjugation interaction between Ppy and SWCNT during the polymerization.

This substantial improvement in the electrical conductivity of the SWCNT by Ppy
coating at optimum concentration is remarkable, which is probably attributed to the
smooth and flawless Ppy coating generated on the wall of SWCNT. This coating perhaps
assisted charge transport and boosted the charge concentrations, simply by combining
the carriers that exist in both the SWCNTs and Ppy. These findings match those of Ppy
nanowire/graphene nanocomposites reported previously [35]. Furthermore, according to
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previous studies reported in the literature [36], the electrical conductivity of SWCNT/Ppy
core/shell nanocomposites may be improved by using SWCNT as a template for the self-
assembly of Ppy. This, therefore, enhances the order of crystalline alignments by the strong
m—7t conjugation interaction between Ppy and SWCNT during the polymerization. This
interaction is shown in Figure 3f.

The measured Seebeck coefficients, as a function of temperature for the pure PPy,
SWCNT, and SWCNT /PPy nanocomposites (PW1-PW5), are displayed in Figure 3b. All
tested samples had a positive Seebeck coefficient, indicating a p-type conductive behavior.
At 300 K, the measured Seebeck coefficients of SWCNT and PPy are equal to 46.5 nV /K
and 13.2 uV /K, respectively; however, these values were slightly increased by heating the
samples to 350 K. The nanocomposite samples (PW1-PW5) showed intermediate values
between those of SWCNT and PPy. However, the samples of PW1 and PW2 have closer
Seebeck values to that of SWCNT. These remarkable results for TE application were mainly
obtained for PW2, which was also found to have the highest electrical conductivity. The
thicker layers of PPy on SWCNT for PW3-PWS5 significantly reduced the Seebeck values,
but they were still higher than the Seebeck values of PPy.

The calculated power factor (PF) values of the pure PPy, SWCNT, and SWCNT/PPy
nanocomposites were plotted as a function of temperature, and the obtained results are
shown in Figure 3c. At RT, the power factor values of the uncoated SWCNT and PPy were
found to be around 245 and 0.2 uW/mK?, respectively. By excluding samples of PW1
and PW2, the calculated PF of the SWCNT /PPy nanocomposites decreases for the thicker
coating layer of the PPy. The PF value of the PW2 sample is equal to 362 uW/mK?, which
is higher than values of the pure or other nanocomposite samples. This value is achieved
due to the enhancement in the electrical conductivity of the PW2 sample (Figure 3a). This
is likely due to the use of well-coated PPy (that have fewer defects or agglomerations)
on the surface of the selected highly conducting SWCNT (Figure 2; Figure 3). The other
coated samples with thicker layers of PPy (PW3-PW5) seem to contain some defects and
agglomerations of PPy and also some residuals of MO molecules on the sidewalls of the
SWCNT (see Figure S1). This is expected to reduce the charge transport and decrease the
electrical conductivity. In general, the use of SWCNT as a template for the self-assembly of
PPy will facilitate the crystalline alignments of PPy chains and make them more ordered by
the strong -7 conjugation interaction between PPy and SWCNT during polymerization.
This interaction will enhance the electrical conductivity by acquiring more carriers, as PPy
is rich with charge carriers (see Figure 3d), but at certain layer thickness of highly pure PPy
(with no defects/agglomerations or residuals). It is worth mentioning that the recorded
PF value of the optimum nanocomposite sample in this study, PW2, is greater than the PF
values of MWCNT /PPy and SWCNTs/PPy composites reported in the literature [36,37].

Hall effect characterization of the PPy, SWCNT, and SWCNT /PPy nanocomposite
samples was performed to demonstrate the effect of PPy coating on the SWCNT in terms
of electrical conductivity. Figure 3d depicts the charge carrier concentration and Hall
mobility of these samples at 300 K. From the figure, the maximum carrier concentration of
12.5 x 10?! cm™ was achieved for the PW2 (SWCNT/PPy (0.1)), whereas the corresponding
Hall mobility was equal to 0.85 cm?/Vs. On the other hand, the pure PPy recorded the
lower charge carrier concentration of 1.1 x 10?! cm=3, while the Hall mobility was around
0.05 cm?/Vs. Moreover, the carrier concentration and the Hall mobility of SWCNT are
approximately equal to 5 x 10> cm™ and 1.1 cm?/Vs, respectively. The charge carrier
concentration was increased dramatically due to the coated SWCNT with a thinner PPy
layer, especially in the PW2 sample. This indicates that the carrier concentration is a crucial
factor to enhance electrical conductivity by PPy coating on the SWCNT walls. The electrical
conductivity value of the coated sample of PW2 was 57% higher than that value of SWCNT
(Figure 3a). In general, it is noticeable that coating SWCNTs with PPy is a useful approach
to enhance the electrical conductivity and similarly might be suitable for other carbon
nanotubes (CNTs) [18,25].
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To further elaborate on the electrical conductivity, the effective mass (1m*) values were
also estimated, as displayed in Figure 3e. The above results of the electrical conductivity
(Figure 3a) show that the core shell nanocomposites seem to be degenerate semiconductors,
mainly for PW1 and PW2 samples; therefore, the effective mass m* can be obtained from the
Seebeck coefficient, S, and the carrier concentration, n (p for holes), according to Pisarenko’s
relationship [38]:

_ 87T2k32 *T<£)2/3
3eh? 3n

where kg is the Boltzmann constant = 1.38 x 1072 m?kgs 2K~!; h is Planck’s

constant = 6.63 x 10734 mzkg /s; and e = the electron charge = 1.6 x 10~ Coulombs.

Figure 3e shows that the maximum effective mass value is equal to around 12 m,
for the PW2 (SWCNT/PPy (0.1)). The high effective mass value along with the relatively
high value of mean free bath for carrier scattering might be the reasons for the electrical
conductivity enhancement in this sample (PW2). This was perhaps facilitated due to the
smooth coating of PPy on the SWCNT sidewalls, which enables the charge transport. On
the other side, the pure PPy showed the lowest effective mass of 0.7 m,, while the mean
free path was equal to around 0.01 nm. Moreover, the effective mass of neat SWCNT was
around 7 m,. In the case of thicker PPy coatings (PW3-PW?5), the effective mass values
were decreased with increasing the thickness of the PPy layer. This perhaps is due to the
presence of some branches or agglomerations of PPy particles within the coated layers
( Figure 1; Figure 2).

The thermal conductivity (,s,;) of a material can be described as the sum of electronic
thermal conductivity and phonon’s lattice thermal conductivity. This means that thermal
conductivity is the total amount of heat transferred through the material by electron/hole
transporting (k) and that which is transferred by phonons traveling (x,). The value of
k. can be obtained using the measured electrical conductivity and then the Wiedemann-—
Franz law [39] on the premise that the relaxation times of phonons and electron holes are
the same.

)

212
L= = 7;6’;3 — 2 x 10 SWOK 2 )
where L is the Lorenz number, kg is Boltzmann'’s constant, and e is the electron charge.
The values of x;y,1, kp, and &, of the neat PPy, SWCNT, and SWCNT/PPy core shell
nanocomposites (PW1-PW5) are presented as a function of temperature in Figure 4a—c.

At RT, the x4, of SWCNT was equal to 1.08 W/mK. When the temperature was raised
to 350 K, this value slightly increased to around 1.16 W/mK (Figure 4a). These values are
low compared to those published in the literature [40]. This may be due to the presence of
SWCNTs in bulk bundles with a complex network that has many interfaces (Figure 1a). The
Kot in the case of pure PPy is around 0.3 in the temperature range of room temperature to
350 K. This value is similar to those values reported in the previous study [23]. It is obvious
that the x;,;,) of SWCNT appears to be almost temperature-dependent, which differs from
the case of pure PPy sample. As the temperature increases, network structures may expand,
resulting in close contact between nearby nanotubes of SWCNT. Consequently, it may
minimize phonon scattering sites and enhance phonon transit, which therefore leads to
increased thermal conductivity, x;y,;.

The x, of SWCNT is small compared to its k., While the k), of pure PPy is closer
to its Ko, as displayed in Figure 4a,b. This interestingly indicates that the electrons are
the major heat carriers in the SWCNT sample, whereas the phonons are the major heat
carriers in pure PPy. The «;,,; of the SWCNT /PPy nanocomposite samples (PW1-PW5)
are presented in Figure 4a. Those samples demonstrate a trend similar to that shown by
electrical conductivity. Intentionally, x;y, increased with an increase in the wrapping
layer of PPy on SWCNTs (PW1 and PW2). Then, it is decreased with an increase in the
thickness of the coated layers, as can be seen in samples PW3-PW5. At RT, PW1 and PW2
samples recorded the highest thermal conductivity values of around 1.12 and 1.2 W/mK,
respectively. These values slightly increased with an increase in temperature up to 350 K,
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reaching to 1.2 and 1.26 W/mK for samples PW1 and PW2, respectively. The &, of
PW3, PW4, and PW5 samples were found to be approximately 0.9, 0.8, and 0.5 W/mK,
respectively, at both RT as well as at high temperature (383 K). The «;.,; of these samples
(PW3-PW?5) are lesser than those of uncoated SWCNTs. The effect of the interfacial sites
between the CNTs and the PPy layer may play an important role in the scattering of more
phonons. Normally, at high temperatures, the total thermal conductivity decreases due to
the enhanced phonon scattering (role of x), but in the present case, the observed slight
increases by heating might be due to the role of «,, which are found to be the major heat
carriers or major contributors to the total thermal conductivity in most of these samples.
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Figure 4. Total thermal conductivity, «.,; (a), phonon thermal conductivity, x, (b), electron thermal
conductivity, x. (c), and figure of merit, zT (d) of the SWCNT /PPy core shell nanocomposites as a
function of temperature.

It is clear that PW2 has the lowest value of xj, (around 0.12 W/mK) but has the highest
value of x, (1.07 W/mK). This indicates that electrons are the major heat carriers in this
1D nanocomposite sample. The results in Figure 3a,d show that this sample possesses
the highest electrical conductivity and the maximum charge carrier concentration. The
PW3 sample shows that the contributions of «, and %, are almost equal, while the «,, of
the remaining samples (PW4 and PW5) are closer to those of ;. It is clear that the «.
contribution seems to be small in these nanocomposites, mainly in PW4 and PW5 samples.
Nevertheless, the thermal conductivity of the SWCNTs coated with the optimum amount
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of PPy in this work is significantly lower than the values of similar composites described in
the literature [20].

The assessments of figure of merit (zT) as a function of temperature for all prepared
samples are displayed in Figure 4d. The zT was dramatically raised thanks to the flawless
1D coating of PPy on the sidewalls of the SWCNTs. The zT for these samples demonstrated
a trend similar to that shown by electrical conductivity. At RT, the uncoated SWCNT
value was equal to 0.067, while it slightly increased to 0.076 by heating to 350 K. The pure
PPy exhibited significantly lower zT values than those of SWCN, with values equal to
0.5 x 1073 at RT and 2.0 x 1073 at 440 K. The zT values of the slightly coated SWCNTs
(PW1 and PW2) were significantly higher than those of both the SWCNT and PPy. The
highest zT value of 0.09 was acquired for the PW2 sample (SWCNT/PPy(0.1)) at RT and
this value was increased to nearly 0.11 at 350 K.

To compare the TE performance of the present SWCNT /PPy nanocomposites in this
work with those of the similar composites, Table 2 summarizes the comparison values of the
electrical conductivity, Seebeck coefficient, and power factor at 300 K for the nanocomposite
materials based on carbon nanotubes and PPy. From the table, it is obvious that the present
SWCNT/PPy nanocomposites have superior TE properties. The optimum SWCNT /PPy
nanocomposite of PW2 shows the highest PF and zT values. Moreover, this study presents
a clear strategy to wrap highly conducting SWCNTs with smooth PPy layers without PPy
agglomeration to form 1D core shell nanocomposite with superior TE performance. These
improvements in the TE performance of the PPy-coated SWCNT nanocomposites are due to
the utilization of highly conducting SWCNTs and, more particularly, this massive increase
because of coating with PPy. The Seebeck coefficient is also reasonable, beside the low
thermal conductivity, leading to a nanocomposite with a high zT value.

Table 2. The optimum thermoelectric properties of CNT /PPy composites.

Nanocomposite Materials (SZn) (H\f /K) (uWI/).:l.KZ) zT Ref.
PPy/rGO 4160 26.9 3.01 - [21]
PPy/GNs (PPy/graphene nanosheets) 10,168 31.74 10.24 2.80 x 1073 [20]
PPy /rGO thin film 8000 29 7.28 - [41]
PPy nanowire/rGO 7500.1 33.8 8.56 + 0.76 - [12]
PPy/SWCNT (60 wt %) 39,900 222 19.7 £ 0.8 - [19]
PPy/MWCNT (20 wt %) ~3150 ~25.4 2.079 [36]
PPy/MWCNT (68 wt %) (at RT) 3670 245 22 - [17]
PPy nanowire/SWCNT (60 wt %) (at RT) ~30,000 ~25 21.7 + 0.8 - [10]
PPy/graphene (20 wt %) (at 380 K) 3690 16.6 1.01 [35]
SWCNT/PPy (40 wt %) (at 398 K) 10,699 22.59 5.46 - [42]
PPy/SWCNTs film (at RT) 34,160 33.2 376 £23 - [37]
MWCNTs/PPy 4000 ~14 0.77 1x1073 [18]
PPy/acid-doped SWCNT 385,000 25 240.3 - [43]
SWCNT/PPy (at RT) 178,835 45 362 90 x 1073 Thi K
SWCNT/PPy (at 350 K) 173,637 47 382 110 x 103 15 wor

The main reasons for improving the TE properties of the SWCNT /PPy nanocomposite
might be further elaborated. The first reason is using the SWCNT, which has high electrical
conductivity, beside its large surface area and aspect ratio that acted as conducting bridges
or conducting networks linking the PPy conducting domains [44]. The second explanation
is the enhancement of the electrical conductivity of SWCNT /PPy core/shell nanocompos-
ites, which could be increased by using SWCNT as a template for the self-assembly of PPy,
which makes crystalline alignments more ordered by the strong 7—mt conjugation interaction
between PPy and SWCNT during polymerization (Figure 3f) [45]. The third reason is the
energy filtering effect at the SWCNT /PPy interfaces, where adequate potential boundary
barriers positively permitted the carriers with high energy to pass, which enhances (or
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maintain) the Seebeck coefficient [20]. It is understood that forming core shell nanocompos-
ites is expected to enrich the interface sites. These sites are clearly shown in the HRTEM
image presented in Figure 2h. However, in the present case, such filtering effects could only
maintain the Seebeck values of the PW1 and PW2 samples. This is almost in agreement with
the explanation given by Neophytou et al. [46]. Moreover, since SWCNT has a complex net-
work and the interfaces between the SWCNT /PPy nanocomposites themselves are intricate,
a significant influence on phonon scattering might result in low thermal conductivity.

The presented results in this work showed a remarkable finding: SWCNTs’ electrical
conductivity may be considerably increased by properly wrapping them with a conducting
polymer such as PPy to produce a 1D core shell nanocomposite. This might be due to the fact
that conducting polymers such as PPy possess this feature by using appropriate precursors
and suitable surfactants during the polarization process. It is therefore recommended to
apply this approach to other highly conducting carbon materials and other conducting
polymers. This straightforward procedure may serve to optimize the TE performance
of TE-based polymer materials and it does not require a lengthy procedure or the use of
intricate ternary composites. However, the procedure should be addressed very carefully,
as sometimes this might lead to a negative result; Wang et al. [47] reported that a decrease
in the electrical conductivity of other polymers might occur after adding carbon nanotubes,
stating that “polymer/carbon nanotube composites exhibit poorer electrical conductivity
than pure carbon nanotubes”.

A thermoelectric generator (TEG) is a small and solid-state apparatus employed to
convert heat energy into electricity by a phenomenon called the thermoelectric Seebeck
effect. In TEG devices, several factors should be examined, including the output voltage
(V), current (I), and power (P) of the single-leg module generated by the temperature
gradient between the two sides of a pressed compact. In real conditions, the power
generation characteristics of the single cuboid-shaped leg modules composed of SWCNT,
PPy, and SWCNT /PPy nanocomposite (PW2) were examined, and the results are given in
Figure 5a—f. The measured V and P as a function of I under different AT showed that the
SWCNT /PPy nanocomposite exhibited improved TE power compared to the individual
samples. The dimensions of a single cuboid leg module are presented in Figure 5g. It
can be seen that the V linearly decreases as the I increases at a fixed AT, and this I-V
linear relationship remains unaltered when AT is changed; therefore, Ohm’s law holds
true at any AT. Moreover, the V increased proportionally with the increase in AT due
to the Seebeck effect. It has been also noted that the slopes of all I-V curves are nearly
identical, demonstrating that AT has no major effect on the internal resistance (R) of all
samples. As AT increases, the output power also increases; at AT = 40 K, the Prax of
24.42 nW (the equivalent power density is ~61 nW/cm?) was achieved for the PW2 sample.
The experimental results were also validated by generating numerical simulation curves
(Figure 5a—f). These curves were generated by a three-dimensional ANSYS numerical model
with 20 node coupling elements, SOLID226, selected to simulate the thermoelectric current
and voltage, similar to the work reported in the literature [48-51]. More details about this
model are described in the Supplementary Data. From the figure, it can be concluded that
the numerical simulation curves are in agreement with the experimental results.

The above findings show that the TEG of SWCNT/PPy(0.1) nanocomposites is superior
compared to the individual samples, e.g., SWCNT and PPy. The attained findings are
consistent with the PF and zT values of each leg, as shown in Figures 3c and 4d. The
PPy coating significantly improved the TE power output of the SWCNT and served as an
excellent binder for the SWCNT, which is required for fabricating a strong leg. The results
presented above concern only one leg of the SWCNT wrapped with a PPy semiconductor.
Utilizing a large number of p—n pairs with acceptable matching might be used to create a
functional electrical device with greater TE power generation.
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Figure 5. TE power generation characteristics of the single-leg module of the SWCNT /PPy core shell
nanocomposite of sample PW2. The same for pure SWCNT and PPy are also shown for comparison.
The simulated curves performed by ANSYS software are also shown (a—f). A single squared leg
module is shown in (g).

4. Conclusions

In this work, a highly conducting SWCNT was combined with PPy as a 1D core shell
nanocomposite for higher TE power generation. Various amounts of Py as a monomer
source for PPy were coated on SWCNT along with methyl orange as a surfactant and ferric
chloride as an initiator. The TE power factor and figure of merit values of the optimized
core shell nanocomposite sample of SWCNT/PPy were greatly increased to 360 W /mK?
and 0.09, respectively, which demonstrate significantly better TE performance than the
individual materials. The power generation characteristics of a single-leg module of the
optimized sample confirmed these enhancements. This enhancement was attributed to the
uniform coating and good interaction between PPy polymer chains and walls of the SWCNT
through m—mt stacking. The achieved enhancement in the TE performance of SWCNT /PPy
nanocomposite is found to be superior to those reported of similar composites based
on carbon and PPy materials. It is therefore of importance to continue developing such
nanocomposites that might be recommended as a scalable TE material for the future of
generating high TE power.
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Abstract: Given the importance of nanofluid dispersion and stability, a number of approaches
were proposed and applied to the nanofluid preparation process. Among these approaches, the
noncovalent chemical process was intensively utilized because of its effective dispersion ability.
For the noncovalent dispersion method, polymers and surfactants are typically used. In order to
find an effective noncovalent dispersion method, several types of solutions were prepared in this
study. The widely used naturally cellulose nanocrystal (CNC) aqueous solution was compared
with several surfactant aqueous solutions. The dispersion characteristics of the prepared fluids
were examined by UV/VIS spectroscopy at operating wavelengths ranging from 190 to 500 nm.
Furthermore, the heat capacity and the electrical and thermal conductivity of the fluids were analyzed
to evaluate their heat transfer performance and conductivity. The Lambda system was utilized for
thermal conductivity measurement with operation at proper temperature ranges. The electrical
conductivity of the fluids was measured by a conductivity meter. This experimental study revealed
that the cellulose nanocrystal was an effective source of the noncovalent dispersion agent for thermal
characteristics and was more eco-friendly than other surfactants. Moreover, cellulose aqueous
solution can be used as a highly thermal efficient base fluid for nanofluid preparation.

Keywords: nanofluid; surfactant; heat transfer performance; dispersion; cellulose

1. Introduction

Nanofluid has been studied over the past decades and has a great potential to improve
heat transfer properties [1]. However, unless the nanoparticles of the nanofluid are well
dispersed, enhanced thermal performance [2,3] cannot be expected [4]. For this reason,
two methods are generally applied for the well dispersion of nanofluids [5]; one is a
mechanical method, and the other is a chemical method. However, the ultrasonic excitation
and grinding of the mechanical method can leave too many fragments in a nanofluid
when CNTs are used as nanoparticles. Therefore, it is not good to reduce the aspect ratio
for the degree of dispersion stability [6]. This mechanical method is time-consuming
and inefficient.

Unlike the mechanical method, covalent and non-covalent chemical methods [7-10]
can avoid the aggregation of nanoparticles. The covalent methods have been functionaliza-
tion with many chemical moieties to enhance the solubility of solvents; however, strong
chemical synthesis at high temperatures causes defects on the carbon nanotube (CNT)
surface, changing the electrical characteristics of CNT. On the other hand, the noncovalent
method involves the adsorption of the chemical moieties onto the CNT surface, either
through 7-7t stacking interactions, such as in DNA; uncharged surfactants; or the Coulomb
attraction in the case of charged chemical moieties. The noncovalent method is effective
in the sense that it does not alter the m-electron cloud of graphene, in turn protecting the
electrical characteristics of nanotubes. For instance, polymers and surfactants are widely
used for CNT dispersion through non-covalent methods.

Among those for CNT dispersion, cellulose is the richest polymer in nature. Over
the past few years, the development of cellulose-based materials for CNT dispersion has
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been reported [11,12]. Cellulose nanocrystals (CNCs) have become widespread in many
studies [13,14]. They are rod-shaped nanoparticles obtained from the acid hydrolysis of
cellulose. They are about 10 to 100 nm in diameter and 100 to 1000 nm in length, depending
on the cellulose source and the hydrolysis conditions.

CNC strongly interacts with the water molecules through hydrogen bonding be-
cause of the hydroxyl groups on the cellulose molecules [15,16]. Surfactants are classified
into cationic, anionic, nonionic, and amphoteric depending on the charge of the head
group [17-20]. In ionic surfactants, the surfaces of the particles have the same charge,
which can generate electrostatic repulsion. Strong electrostatic repulsion between nanopar-
ticles promotes the stable dispersion of nanofluid [21].

Many kinds of surfactants are used with nanoparticle suspensions, such as sodium
dodecyl sulfate (SDS), sodium dodecyl benzenesulfonate (SDBS), and lauryl betaine (LB),
to increase the dispersion and stability of nanofluids [22,23]. In order to choose the proper
surfactant for a particular application, it is very important to conduct a systematic study
of different parameters, such as stability and concentration [24-28]. Yurekli et al. [29]
and Hertel et al. [30] studied changes in the phase behavior of CNTs on the basis of the
concentration and the type of interaction of the surfactants. However, there have been
fewer systematic studies on the different, proper parameters of cellulose [31-33] influencing
the nanoparticle dispersion of a base fluid.

In this study, the noncovalent process was conducted to maintain conductivity and
enhance the nanoparticle dispersion for a base fluid, and [34,35] the heat capacity was also
compared with that of other surfactants according to previous studies. It was found that
cellulose is not only hydrophilic and eco-friendly, but it is also more thermally efficient
than other surfactants. From these results, it can be confirmed that this study will make a
significant contribution to the heat transfer technologies related to nanofluids because it
shows good dispersion and stability to avoid nanoparticle agglomeration and identifies the
stable thermal and electrical characteristics of a base fluid.

2. Materials and Methods
2.1. Materials

Demineralized water (DW) was prepared using a membrane-type DW device, which
can produce DW with water quality of under 10 ppm of total dissolved solids (TDS).
The cellulose nanocrystal (CNC) used in this research was extracted from the western
hemlock plant and was supplied by SKB Tech, South Korea. Sodium dodecyl sulfate (SDS,
CH3(CH;)110S0O3Na) with a 288.38 relative molecular mass (Junsei Chemical Co., Ltd,
Tokyo, Japan); sodium dodecyl benzene sulfonate (SDBS, C;3H»9NaOsS), hard type, with a
348.48 relative molecular mass (Chemical Industry Co., Ltd, Tokyo, Japan), and dodecyl
betaine (DB, C14H33NO,) with a 271.44 relative molecular mass (Avention Co., Ltd., Seoul,
Korea) were used for the dispersants.

2.2. Methods

The electrical conductivity meter (Model CM-25R) used a contacting-type conduc-
tivity sensor, which consists of an electrode. The titanium-palladium alloy electrode was
specifically sized and spaced to provide a known “cell constant”. A UV /Visible Spectropho-
tometer (X-ma 3000 Series Spectrophotometer, Human Co., Ltd., Seoul, Korea) was used to
measure the dispersibility of the aqueous solution. The LAMBDA system measured the
thermal conductivity of the aqueous fluids according to ASTM D 2717 by hot wire methods
(evaluation of thermal conductivity of liquids). The heat capacities of all samples were
measured by applying a constant heat source at the same time, and a comparison of the
temperature of each surfactant was made. For all the measurements, tests were recorded
at the same time, and each was carried out three times in the same way. In the repeated
measurements, no significant differences were found.
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2.3. Preparation of Samples

Garg et al. [36] experimentally studied the sedimentation and dispersion properties
of nanofluid dispersed in a multi-walled carbon nanotube (MWCNT) over time. They
reported that nanofluid treated with ultrasonic treatment for 40 min had a maximum
thermal conductivity improvement effect.

Figure 1 shows the sedimentation of the MWCNT nanofluid [37]. Following Garg et al.,
the cellulose and surfactants were dispersed with DW, and the excitation frequency and
period were 42 kHz and 40 min, respectively. CNC was heated to temperatures ranging
from 50 to 90 °C because CNC solution is not easily dispersed well without heating
according to Molnes et al. [38]. All samples were prepared at a concentration of 0.1 wt%.

Non-Ground Ground
oB

Figure 1. Sedimentation of the CNT nanofluid over time. (1) After sonication, (2) after 7 days, (3) after
30 days. Reprinted from ref. [37].

3. Results and Discussion
3.1. Structures of CNC

As seen in Figure 2, the morphological analysis of the cellulose was performed by
Transmission Electron Microscopy (TEM, Technai 128 FEI). Figure 2A shows the agglom-
erations of nanocellulose formed as bundles by the strong hydrogen bonds between the
single cellulose crystallites. However, Figure 2B,C show that the agglomerated particles
consist of multiple single particles, which gathered together and formed the large aggre-
gates. Through the TEM investigation, it can be seen that nanocellulose was formed by the
aggregation of small rods.

Figure 2. TEM image of cellulose nanocrystal ((A): 0.2 um, (B): 50 nm, (C): 10 nm).
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3.2. Electrical Conductivity of Solution

In the area of electromechanical microelectronics, the property of electrical conductivity
is an important factor. Some devices need electrical conductivity, while other devices do
not need conductivity because of electrical interference. For instance, it is required for the
probe to have a high thermal conductivity but low electrical conductivity.

Therefore, this study investigated the electrical conductivity of several factors. The
calibration was performed with a potassium chloride standard (1.41, 12.86 uS/cm) solution
before the measurement.

As seen in Figure 3, the electrical conductivity of the CNC solution was lower than
that of other surfactants. In the case of CNC, its electrical conductivity was not severely
changed with the temperature variation, as shown in Figure 4, which means that CNC has
the characteristic of low electrical conductivity regardless of the temperature variation.
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Figure 3. Electrical conductivity of each surfactant.
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Figure 4. Electrical conductivity of CNC with increase in temperature.

In general, as the temperature increases, the electrical conductivity also increases in an
aqueous solution because of fast ion diffusion. Therefore, most insulators can be combined
with CNC regardless of temperature. It can be also applied in industrial fields in which
the electrical conductivity of a working fluid can potentially be a threat to a system and
its surroundings.

3.3. Dispersibility of Solution

In order to investigate the light absorbance characteristic of a solution in accordance
with wavelength, a UV/VIS spectrophotometer was used. The UV /VIS spectrophotometer
can measure the light absorbance of wavelengths ranging from 190 to 500 nm, which shows
the light absorbance characteristics of the solutions.
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The UV/VIS spectrophotometer is generally used for two purposes in nanofluid stud-
ies, which are the investigations of the concentration and the dispersion of nanoparticles.
As the concentration of nanoparticles increases, the light absorbance increases. Addi-
tionally, the better the dispersion, the higher the light absorbance if the concentration of
nanoparticles is the same.

Figure 5 presents the experimental results showing the light absorbance characteristics
through the UV /VIS when each material was independently mixed with DW. Since each
of the three surfactants and CNC were mixed with DW alone, Figure 4 provides the
information on how the three surfactants affected the light absorbance when they were
used for a well dispersion of nanoparticles.

4.0

35} SDS

—— SDBS

30} -
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& —— CNC
< 25
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S
§ 15}
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Figure 5. UV/VIS spectra of each surfactant.

Figure 5 shows that SDS does not absorb the lights over the measurement range of
UV/VIS, which means that SDS is transparent in a solution and that SDS does not affect the
light absorbance of a nanofluid. In the cases of SDBS and LB, some peaks were observed
from 200 to 280 nm; however, those peaks fell into the range of ultraviolet rays. Therefore,
they are also transparent when mixed with DW. Therefore, if three surfactants are used
for a better dispersion of nanoparticles, the investigation of the visible light absorbance
can be the index of a well dispersion, which means that the well dispersion can be roughly
evaluated with the naked eye.

When CNC was independently mixed with DW, its light absorbance gradually de-
creased as the wavelength increased. Especially, it should be noticed that CNC has very low
absorbance characteristics in the ultraviolet range compared with other surfactants, such as
SDBS and LB. These results have an important physical meaning when making nanofluids.

The CNC has smooth absorbance characteristics over the whole UV /VIS wavelength,
which indicated that CNC could provide more detailed information on the dispersion and
concentration. If SDBS and LB are used as the surfactants for the dispersion, it is difficult to
use light absorbance in the ultraviolet range for the evaluation criteria of dispersion and
concentration. Figure 6 shows the UV /VIS measurement for the Al,O3 nanofluid, which
was previously performed by the author [5]. As seen in Figure 6, the smooth absorbance
clearly provides the concentration variation, which means that CNC is a good surfactant to
evaluate the dispersion and concentration of nanoparticles.
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Figure 6. Absorbance of a base liquid (DW) and the nanofluids with three different alumina concen-
trations. Reprinted from ref. [5].

3.4. Thermal Conductivity of Solution

The thermal conductivities were measured by the LAMBDA measuring system to
investigate each solution.

The LAMBDA system is based on the hot-wire method, and a platinum wire with a
0.1 mm diameter was applied as the hot wire. The detailed principles of this can be found
in the previous research [39].

Figure 7 shows the thermal conductivities according to the concentration of CNC and
the temperature variation. It can be seen that the thermal conductivity of CNC nanofluid
decreased when the content of cellulose increased. It was reasonable to compare each
surfactant at a concentration of 0.1% because when the CNC concentration was 0.1%, the
value of thermal conductivity was high. Therefore, all samples were set at the proper
concentration of nanofluid of 0.1 wt%.
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Figure 7. Thermal conductivity measurements of CNC according to concentration.

As seen in Figure 8, CNC showed the highest thermal conductivity, followed by LB,
and SDS and SDBS had similar values of thermal conductivity. Generally, when a surfactant
is used in the preparation of a nanofluid, the thermal conductivity is degraded [15], and
thus it may be seen that a good thermal conductivity value of cellulose is excellent for the
preparation of a nanofluid.
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Figure 8. Thermal conductivity measurements of each surfactant.

3.5. Heat Capacity of Solution

Each sample was prepared for the same amount of solution and was constantly heated
by a hot plate and magnetic stirrer, and the liquid temperatures were measured by thermally
insulated T-type thermocouples. Each sample was measured for 20 min at the same initial
temperature and same magnetic RPM. Temperatures were recorded in the data logger.

Figure 9 shows the result of the temperature variation of samples during the heating
process. It is known that the heat capacity C of a sample is represented by the formula:

Q

C== )

where Q is the heat supplied to the samples, and AT is the temperature variation during the
heating process. It is possible to grasp the difference in heat capacity from the temperature
variation in the samples. The measured heat capacities were the orders of SDS, SDBS, DB,
and CNC, as seen in Figure 9. The fact that cellulose has a higher temperature increase rate
than other surfactants shows that the heat transfer rate is more excellent than that of the
others. It is concluded that CNC can be a good option as a dispersant for nanofluid because
of its superior properties to other surfactants.
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Figure 9. The comparison of heat capacity of various surfactants.

120



Nanomaterials 2022, 12, 1537

4. Conclusions

The importance of dispersion and stability in the application of nanofluid in industries
is becoming more prominent. Accordingly, this study investigated an approach to the
nanofluid manufacturing process.

Among these methods, effective dispersion ability was shown by intensively utilizing
non-covalent methods rather than strong chemical methods. In this paper, cellulose and
surfactants were generally used as non-covalent dispersion methods.

(1) The structure analysis of nano callouses was conducted by the TEM method. It
showed rod-shaped nanoparticles acquired from the acid hydrolysis of callouses. The
size of the CNC was about 100 nm in diameter and 1000 nm in length. It is shown in
Figure 1 that CNC can interact with water strongly by hydrogen bonding because of
the hydroxyl group on the molecule.

(2) The electrical conductivity of solutions was studied to figure out the electrical interfer-
ence in the application of base fluid in industry. CNC had the lowest value of electrical
conductivity compared with other surfactants. Furthermore, it was found that, unlike
other surfactants, the electrical conductivity of CNC did not change with temperature.

(3) The absorbance of samples was investigated using a UV /VIS spectrophotometer.
When other surfactants were used for dispersion, it was hard to use the light ab-
sorbance in the ultraviolet range for the evaluation criteria of dispersion and con-
centration. However, it was revealed that CNC has a stable value across different
wavelengths, which indicates that CNC could provide more detailed information on
the dispersion and concentration.

(4) The thermal conductivities were examined by the LAMBDA system. First, it was
found that the low concentration had high thermal conductivity by comparing the
thermal conductivity according to the CNC concentration. As the cellulose content
increased, the thermal conductivity of the CNC nanofluid decreased. Overall, CNC
had the highest thermal conductivity, followed by LB, and SDS and SDBS had similar
thermal conductivity. Moreover, the heat capacity also had a similar value to thermal
conductivity, as shown by acquiring the data on differences in temperature when the
same quantity of heat was applied.

Therefore, in this study, it was found that cellulose is not only hydrophilic and eco-
friendly, but it is also more thermally efficient than other surfactants. These data could be
widely used for the base fluid for making nanofluids and in other industries.
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