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Abstract

Recycling carbon fibre waste is crucial for sustainability in the composites industry. Herein, we
report the fabrication of a heterostructure composite using recycled carbon fiber (RCF) and n-type
bismuth telluride (n-Bi>Tes) for thermoelectric applications. In the present study, we have
comprehensively investigated the effects of annealing temperature and time on the thermoelectric,
structural, charge carrier transport, morphological, and thermal stability properties of annealed
RCF/n-Bi>Tes composites. The optimum annealing temperature and time were at 350 °C and 2
hours, respectively, which yielded a maximum power factor of 7.83 pWK?m™. Annealing
redistributed the bismuth and tellurium atomic percentage, decreased carrier concentration,
improved carrier mobility, enhanced the crystallinity and increased the grain size of the bismuth

telluride particles, subsequently improving the thermoelectric performance as well as the thermal
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stability of annealed RCF/n-Bi>Tez composites. In addition, this study has explored the plausibility
of a cross-plane configured Seebeck coefficient measurement utilizing recycled carbon fibre/n-
type bismuth telluride heterostructure thermoelectric composite. Energy band diagram analysis
indicated favorable heterojunction alignment between RCF and n-Bi,Tes, validating the viability
of the thermoelectric composite in a cross-plane configuration. Our study provides a promising
route for closing the recycling loop of carbon fiber waste and achieving sustainable thermoelectric

materials.

Introduction

Carbon fiber reinforced polymer composites have emerged in various manufacturing sectors,
including aerospace, automotive, wind, military, construction, and sports goods, since their
discovery in the 1960s. These composites possess desirable characteristics such as high tensile
strength, a favorable strength-to-weight ratio, corrosion resistance, thermal stability, and good
electrical properties [1][2][3]. In anticipation of the industry's requirements, global carbon fiber
production is projected to reach a volume exceeding 120,000 metric tonnes annually [4] [5],
resulting in approximately 483,000 to 500,000 tonnes of carbon fibre scrap/waste generated in the

next few decades [6].

However, considering the potential hazards associated with carbon fibre waste, it is not
recommended to dispose of it in incineration plants due to the risk of defibrillation or oxidation,
leading to the formation of tiny carcinogenic fibres. Besides, the fibres can also cause the shorting
of electric flue gas filters in incinerators, posing a fire hazard. Therefore, carbon fibre wastes are
normally sent for landfilling [7]. In the last decade, extensive research has also been done on
recycling techniques and the performance of RCF composites. Generally, carbon fibre wastes can

be recycled using mechanical, chemical (solvolysis and low-temperature chemical processing),
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thermal (pyrolysis and fluidized bed) or fragmentation methods. Furthermore, the wastes can also
be processed or recycled into the chopped and milled fibre, oversized tows, non-woven mats and
injection moulding compounds [8,9]. Meng et al. have also reported that recovery of carbon fibre
from wastes can be achieved at 5 USD/kg or less, which is around 15 % of virgin carbon fibre
production cost [10]. This has shown that recycled carbon fibre (RCF) can be more economical
for various applications. However, most studies have exhibited lower mechanical properties such
as tensile strength, strain and fracture toughness in RCF composites than that of their virgin
counterparts owing to changes in the length of the fibre, surface oxidation and char formation on
fibre strands, filamentous nature of fibres which limits its reuse in critical load-bearing applications
[11][22][13]. To address these limitations, incorporating polymers, nanomaterials, or hybrid

materials has been explored to enhance the mechanical properties of RCF composites.

Therefore, creating a market for recycled carbon fibre composites in non-load bearing applications
is imperative. Currently, recycled carbon fibre is employed in making sheet moulding compounds
(SMC) [14] and in electromagnetic interference (EMI) shielding applications [15][16]. Since
recycling has a minimal impact on the electrical conductivity of carbon fibres [15], and carbon
fibres have also proven to exhibit a weak p-type conduction mechanism naturally [17][18], there
exists a possibility of its usage also in thermoelectricity in the form of a hetero-structured
thermoelectric device. Thermoelectricity is the conversion of a temperature gradient to electric
voltage or vice versa. This conversion mechanism is highly desirable for energy-harvesting

applications from waste heat [19].

In fact, there is a very high demand for thermoelectric materials and thermoelectric generators
(TEGSs) that can convert heat energy into electricity. Notably, portable and wearable devices

necessitate efficient power sources, leading to the widespread utilization of TEGs. According to a
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market research analysis from SNS Insider, TEGs are widely used in portable and wearable devices
requiring efficient power sources. Hence, the market of TEGs is estimated to achieve 1,634 million
USD by 2030 from 779 million USD in 2022, with a compound annual growth rate (CAGR) of
9.7 % [7]. The waste heat recovery segment currently dominates the TEG market, as these
generators not only diminish carbon emissions but also produce valuable electricity. Achieving net
zero emissions is paramount and has been legally mandated in countries such as Sweden, France,
Denmark, New Zealand, and Hungary [20]. Furthermore, the automotive sector is anticipated to
witness a substantial increase in demand for TEGs in the near future due to the rising popularity

of hybrid and electric vehicles [7].

Bismuth telluride (Bi2Tes) is a well-known chalcogenide with superior thermoelectric properties
at room temperature (with a figure of merit, ZT of 2.4 and 1.4 for p-type and n-type Bi>Tes) [21].
Although there are other reported thermoelectric materials with larger ZT, such as SnSe (4.33 at
923 K) and CuiAloo2Se (2.62 at 1,029 K), Bi>Tes has been widely used in almost all
commercially available thermoelectric generators of lasers and X-ray detectors due to its high ZT
value at room temperature compared to most of the other thermoelectric materials [22]. Nearly all
commercially available thermoelectric generators consist of a rigid heat sink plate and rigid heat
absorber plate predominantly made of ceramic with the n-type and p-type thermoelectric pellets
connected via metallic interconnects and sandwiched in the middle of these plates [23]. However,
ceramics as an external substrate is highly brittle and fragile and has poor flexibility and
mechanical properties for prolonged usage. For other flexible polymer composite films, it requires
the need of another external flexible substrate such as polyimide or Kapton will serve to attach
these n and p-type flexible composite films alternatingly using metal contact (i.e., silver, etc.) paint

[24][25]. The need for external substrates and in-series connection using metallic contacts in
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pelletized samples and flexible composite films often complicates the fabrication process, thus

making it expensive and plausibly non-scalable for practical thermoelectric conversion [26].

Therefore, in this study, we would like to capitalize on the electrically conductive nature of the
RCF and n-type conduction of Bi>Tes to form a hetero-structured thermoelectric device. The
plausibility of recycled carbon fibre incorporation in hybrid thermoelectric composites with
bismuth telluride (Bi2Tes) and bismuth sulphide (Bi.S3) have previously been investigated by the

authors and have exhibited positive thermoelectric performances [27-31].

As an extension and improvement to our previously published works, we have investigated the
effects on the thermoelectric performance of incorporating annealed Bi>Tes thermoelectric fillers
on RCF composites in this study. In the past, annealing has been known to improve the carrier
transport properties [32][33], improve crystallization and structural properties [34][35], and
ultimately thermoelectric performance [36][37]. However, most of the reported work in the
literature has primarily focused on the effect of annealing temperature. Only very few researchers
have studied the effect of varying annealing times on the thermoelectric properties of Bi>Tes.
According to a previous compilation, the annealing temperature of Bi>Tez can range from 100 °C
to 450 °C, while the annealing time of those studies was mainly fixed and ranged from 2 mins to
480 minutes (8 hours) [38]. A study conducted by Sakane et al. has also applied rapid thermal
annealing (RTA) of B-FeSi> doped Si nanostructure at 900 °C for 20 s after annealing at 600-650
°C for 2 mins to reduce interstitial P atoms and point defects within the structure [39]. Generally,
annealing above 300 °C can produce the highest power factor. Therefore, the temperature ranging

from 300 °C to 450 °C was chosen as the annealing temperature in this study for investigations.

This study provides a comprehensive investigation into the influence of annealing temperature and

duration on various aspects of the RCF-Bi,Tes composite, including its thermoelectric properties,
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carrier transport properties, thermal stability, as well as structural and morphological
characteristics. Notably, the thermoelectric performance of incorporating annealed semiconductor
fillers into fiber-based polymer thermoelectric composites, particularly in the case of RCF, has not
been reported in the existing literature. Thus, this work aims to bridge this knowledge gap and

contribute to the understanding of the thermoelectric behavior of such composites.

Materials & Methods

Materials

In this study, bismuth telluride powder (Bi>Tes, 99.999% purity) with a relative density of 7.6
g/cm? and particle size of 325 mesh was obtained from Sigma Aldrich. A water-based polymeric
binder, Acrodur DS 3530 (BASF, Malaysia), was used for recycled carbon fibre sheets. This study
used ethylene glycol (C2HsO2) (R&M Chemicals, Malaysia) as a solvent. Toray T600 recycled

carbon fibre was sourced from Recycled Carbon Fibre Limited (RCF) Coseley, UK.
Fabrication of thermoelectric composite from recycled carbon fibre
The methodology for the fabrication was adapted from the authors’ previous published works [31].

Fabrication of uncoated recycled carbon fibre composite

Several layers of recycled Toray T600 carbon fibre sheets were soaked in a mixture of water-based
binder containing Acrodur DS 3530 and deionized water in a ratio of 1:10 by volume for 15
minutes. The soaked layers of recycled carbon fibre sheets were sandwiched between two metal
plates covered with laboratory wipes and then subjected to a load of 10 kg to remove the excess
water. This step was repeated two times to remove all residual moisture. Then, the dried layers

were sandwiched between two metal plates lined with overhead projector films while subjected to

6
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a load of 5 kg, then placed in a gravity convection oven at 200 °C for 1 hour to facilitate curing

the recycled carbon fibre composite.

Annealing of BioTes thermoelectric fillers

The Bi>Tes powder was placed in a crucible boat and then positioned in the middle of the quartz
tube. The quartz tube was purged three times by nitrogen gas to remove residual contaminations
within the tube, and the base pressure of the tube was maintained at 200 mTorr using a 2-stage
rotary vacuum pump. Annealing was carried out in argon (purity: 99.9999%) ambient with a
working pressure of 1.7 + 2 Torr. The tubular furnace was programmed to ramp at 10 °C/min. The
annealing temperature was varied at 300, 350, 400 and 450 °C for a constant annealing time of 2
hours. The temperature variation during annealing within the quartz tube was controlled at + 1.5
°C. Thereafter, the annealing time was varied for 1, 2 and 3 hours, respectively, for the optimum

annealing temperature.

Incorporation of non-annealed and annealed Bi-»Tes filler on recycled carbon fibre (RCF)

composite

BixTes powder not subjected to annealing is termed non-annealed (NA) [27]. The non-
annealed/annealed Bi,Tes thermoelectric fillers are mixed with a binder, Acrodur DS 3530 and
ethylene glycol, then sonicated in an ultrasonic water bath for 1 hour at room temperature. Then
the sonicated slurry is brushed onto one side of the recycled carbon fibre composite fabricated in
step 2.2.1 using the paint brushing technique. The loading of Bi>Tes is 45 wt% of the composite
based on the optimized study conducted previously [27]. Finally, the coated recycled carbon fibre

composite is placed in the gravity convection oven at 200 °C for 1 hour to facilitate coating drying.

Measurements and Characterization

7
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Thermoelectric Properties Measurement

Seebeck Coefficient

Seebeck coefficient was measured in a cross-plane mode with a custom-built measurement system,
as shown in Figure 1. The RCF thermoelectric composite was sandwiched between two copper
plates that acted as terminals. One side of the composite was heated using a Peltier module to a
temperature of 40 °C (Tw), and the cold side was subjected to room temperature (Tc). The voltage
difference (AV) resulting from this temperature difference (AT) is measured using a Fluke
multimeter whereas the temperature difference is logged using a K-type thermocouple connected
to a Picolog thermocouple data logger. The Seebeck coefficient, a is computed using the formula

below, as shown in Eq (1):

Figure 1: Schematic of the cross-section of the Seebeck coefficient measurement setup.
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Electrical Resistivity and Carrier Transport Properties Measurement

The electrical resistivity (p) and carrier transport properties, such as carrier mobility (u) and carrier
concentration (n), were measured using the Hall effect measurement system (Ecopia, HMS 3000)
at room temperature. The magnetic field strength and the probe current used are 0.57 T and 15

mA, respectively, with a delay time of 0.100 s and measurement number of 1000 times.

Power Factor
The power factor (PF) is used to gauge the performance of a thermoelectric composite and is

computed using the formula below, as shown in Eq (2):

pr = ©)
p

Material Characterizations

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

The surface morphology of the RCF thermoelectric composites was studied using FESEM (FEI
Quanta 400F). The elemental atomic percentage of tellurium and bismuth in the composites was

studied using EDX (Oxford-Instruments INCA 400 with X-Max Detector).

X-ray Diffraction (XRD)

XRD (Cu-Ka, Bruker D8 Advance) was used to study the crystal orientation and structural
properties of the RCF thermoelectric composites. The operating voltage and current were set at 40
kV and 40 mA, respectively. The XRD patterns of the RCF thermoelectric composite were studied
in the range (20 of 10° to 80°). The radiation source is Cu Ko with a step size of 0.025° and

wavelength of 1.540 A.
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The crystallite size (D) was computed using Eq (3) (Scherrer equation):

0.914

D = Booso 3 [40]

Where 0 is the Bragg diffraction angle, B is the full width at half maximum (FWHM) of the

dominant peak, and X is the wavelength of the x-ray (1.540 A).

The microstrain (€) was calculated using the formula in Eq (4):

g=_1F 4) [41]

"~ 4tand

Dislocation density (8) was calculated using Eq (5):

0=—= (5) [42]

D2

Thermogravimetric Analysis (TGA)

The thermal stability properties of the thermoelectric composites were studied using a
simultaneous thermal analyzer (Perkin EImer STA 6000). The samples were tested under an air
environment with a flow rate of 20 ml/min and heated from 30 °C to 900 °C with a heating ramp

rate of 10 °C/min.

Results and discussions

Effect of annealing temperature on the thermoelectric properties of annealed RCF-BiTes

The thermoelectric properties of annealed RCF-Bi>Tez composites with varying annealing
temperatures are shown in Figure 2 to Figure 4. As shown in Figure 2, the Seebeck coefficient
increased by approximately 437% from NA to 350 °C. The increase in the Seebeck coefficient is
associated with the reorganization of bismuth (Bi) and tellurium (Te) atoms during annealing. As
a result, the Te atomic percent (at.%) increased from 58.42 at.% (NA) to 59.41-59.46 at.% of Te

10
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(300 and 350 °C), as shown in Table 1. The increase in Te at.% resulted in decreased carrier
concentrations from 6.01 x 102 cm (NA) to 1.07 x 10° cm™ (350 °C), as shown in Figure 5. The
increasing Seebeck coefficient trend was also observed by [43] in Te rich BizTes thin films and
also by [44] with increased Te particles in virgin carbon fibre based thermoelectric composite. In
addition to the increase in Te content, the larger grain and or the crystallite sizes of Bi>Tes particles
upon annealing also led to a larger carrier mean free path that enhanced carrier mobility of
electrons [34] in Bi;Tes particles from 1.27 x 102 cm?V1s? (NA) to 9.91 x 10 cm?Vv-1s? (350

°C) as shown in Figure 5, thus leading to enhanced Seebeck coefficients.

-250
< 200 - I
3 ]
3 -150 A I I
Q
=
S
O -100 A
X
[&]
[«5]
O
o I I I I
w I
0 |
non-annealed 300 350 400 450
Annealing Temperature (°C)

Figure 2: The influence of annealing temperature on the Seebeck coefficient of RCF-Bi>Tes
composites.
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Figure 3: The influence of annealing temperature on the electrical resistivity of RCF-BizTes

composites.
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Figure 4: The influence of annealing temperature on the power factor of RCF-Bi>Tes composites.

Table 1: Effect of annealing temperature on the Bi and Te content in the RCF-Bi2Te3

composites.
Annealing Temperature Te (at %) Bi (at %)
0
NA 58.42 41.58
300 59.41 40.59
12
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350 59.46 40.54
400 58.14 41.86
450 57.61 42.39

[
<

(=)}
(1-S1-AgWO-01%) N[O JoLLre)

@

Carrier Concentration (x 1019cm'3)
W
(=]

NA 300 350 400 450

Annealing Temperature (°C)

Figure 5: Carrier concentration and carrier mobility of RCF-Bi>Tesz composites with respect to
annealing temperature.

However, at higher annealing temperatures of 400 and 450 °C, a re-evaporation of Te occurs in
the annealing temperature region ranging from 400 to 450 °C [45]. This re-evaporation is proven
in the EDX study (see Table 1) as the Te content decreased from 59.46 at.% (350 °C) to 57.61
at.% (450 °C). Furthermore, this decrease in Te content also resulted in an increased carrier
concentration and decreased carrier mobility at 400 and 450 °C, respectively, as shown in Figure

5, thus leading to a decrease in the Seebeck coefficient beyond 350 °C as depicted in Figure 2.

The annealing process greatly improved the crystalline quality of the Bi>Tes particles resulting in
reduced defect vacancies and grain boundaries [46,47]. This reduction in surface defects has
improved the carrier mobility within the RCF-Bi,Tes composites, thus decreasing the electrical
resistivity from 0.0082 Q.m (NA) to 0.0055 Q.m (400 °C) by approximately 33%, as shown in

13
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Figure 3. The carrier mobility improved by one order from 1.27 x 102 cm?V-s? (NA) to 9.91 x
10 cm?Vv-1s? (350 °C), as shown in Figure 5. A similar decrease in electrical resistivity upon
annealing is observed in Bi>Tes films obtained by electrodeposition [38] and RF magnetron
sputtering [39] due to the annealing-induced reduction in defect vacancies. However, at 450 °C,
the electrical resistivity of RCF-Bi>Tes composites increased as compared to 400 °C perhaps owing
to surface defects that were induced due to lack of stoichiometry at higher annealing temperatures

thus reducing the carrier mobility,

The power factor of RCF-Bi,Tes composites was greatly enhanced from 0.194 yWK2m™ (NA) to
7.821 WK 2m (350 °C) by approximately 3930%, as shown in Figure 4. This increment in power
factor is due to the improvement in grain growth that occurs during annealing, thus altering its
electron transport behaviour [48]. Beyond 350 °C, the power factors are seen to decrease at higher
annealing temperatures of 400 and 450 °C. At elevated annealing temperatures, the atomic
proportion of Te experienced a decremental trend, as evidenced by the data presented in Table 1,
which can be attributed to the process of Te evaporation. This occurs because the evaporation
energy of Te (1)(52.55 kJ/mol) is approximately two times lower than that of Bi (104.80 kJ/mol)
in the rhombohedral layered structure of -Te(1)-Bi-Te(2)-Bi-Te(1)-, thus making it easier for Te
to evaporate [45,49]. Therefore, the imbalance in the stoichiometry of Bi>Tes at higher
temperatures has decreased power factors at 400 and 450 °C. The optimum annealing temperature

for RCF-Bi>Tes composites is 350 °C.

14
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291  Effect of annealing temperature on the morphology of annealed RCF-Bi,Tesz composites

292 Figure 6 below shows the surface morphology images of RCF-Bi>Tez composites annealed at
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Figure 6: FESEM surface images of RCF-Bi>Tes composites non-annealed (a) NA and annealed
at (b) 300 °C (c) 350 °C (d) 400 °C (e) 450 °C.

The augmentation of thermal energy during annealing has facilitated the amalgamation of
submicron grains, thereby forming larger grains, as depicted in Figure 6 (b). This contrasts with
the individualized submicron grains evident in the NA sample illustrated in Figure 6 (a). These
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findings are in agreement with previous studies [43]. The grain size of Bi>Tes particles increased
with respect to the increase in annealing temperature, as shown in Figures 6 (b) to (e). There were
also fewer grain boundaries observed in the FESEM images with the increment in grain size,
leading to improved carrier mobility that ultimately led to a decrement in the electrical resistivity
upon annealing, as shown in Figure 3. A similar agglomeration of grains and grain size
improvement was observed by Wang et al. [39] with annealed sputtered Bi,Tes films and Rashid

et al. [46] with electrodeposited Bi>Tes films that were rapid thermally annealed.

Effect of annealing temperature on the XRD analysis of annealed RCF-Bi>Tes composites

X-ray diffraction (XRD) patterns of RCF-Bi>Tes (NA) and annealed RCF-Bi>Tes with respect to
different annealing temperatures at a constant annealing time of 2 hours are shown in Figure 7.
Figure 7 depicts 12 distinct diffraction peaks located at 26 of 17.59°, 27.78°, 37.93°, 40.42°,
41.27°,44.64°,50.37°, 54.00°, 57.17°, 62.31°, 66.04° and 67.17° with orientations of (006), (015),
(1010), (0111), (110), (0015), (205), (1016), (0210), (1115), (0120) and (125). The obtained
diffraction peaks are compared to the standard data of the Joint Committee on Powder Diffraction
Standards (PDF 00-015-0863), confirming the presence of Bi;Tes [50]. All the XRD related

parameters below are calculated with respect to the dominant peak (015) obtained in this study.
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Figure 7: XRD patterns of RCF-Bi>Tes composites with respect to different annealing
temperatures.

The D, € and 6 of the non-annealed and annealed RCF-Bi>Tes composites with respect to different

annealing temperatures are shown in Table 2.

Table 2: Structural properties of RCF-Bi>Tes with respect to varying annealing temperatures.

Annealing FWHM Crystallite size, Microstrain Dislocation density
Temperature (radian) D (nm) (ex1073) (6 x 104
(°C) (lines?m™) (lines/m?)
NA 0.0030 47.01 3.1 4.52
300 0.0026 54.88 2.6 3.32
350 0.0023 61.94 2.3 2.61
400 0.0024 60.13 24 2.78
450 0.0023 62.89 2.3 2.53

The crystallization of Bi,Tes particles in the RCF-Bi>Tes composites improved upon annealing,
which is proven by the increase in the intensity of XRD peaks for all annealed samples, as shown
in Figure 7. Upon annealing, the increase in temperature accelerated the diffusion and

18

https://mc04.manuscriptcentral.com/jss-ecs

Page 18 of 46



Page 19 of 46

oNOYTULT D WN =

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

ECS Journal of Solid State Science and Technology

agglomeration of the Bi>Tes atoms, leading to the above mentioned increase in crystallinity. As a
result, all of the samples exhibited a polycrystalline nature. This increase in crystallinity upon
annealing is also further validated with a decrement in the FWHM values upon annealing, as shown
in Table 2. The FWHM decreased from 0.0030 rad (NA) to 0.0023 rad (350 °C). A similar increase
in the intensity of XRD peaks due to improved crystallinity owing to annealing was also observed

[51-53].

Figure 7 also shows a slight shift in the XRD peaks, which is in line with the change in Bi and Te
content as depicted in Table 1 upon annealing. For example, the 20 angle for 015 plane in
stoichiometric Bi>Tes (PDF 00-015-0863) with 60 at.% of Te and 40 at.% of Bi is 27.564°. The
015 plane at annealing temperatures of 300 and 350 °C has 20 at 27.545° that is closest to
stoichiometric 20 at 27.564°. Thus, it is observed in Figure 7 the XRD peaks shift from right (NA)
to left ( 300 and 350 °C) upon annealing. Beyond 350 °C, the XRD peaks shift again towards the
right side due to the volatility of Te and subsequent off-stoichiometry content of Bi and Te. The
phenomenon of XRD peak shifting as a result of annealing was also observed by Rashid et al. The
change of the peak positions are due to the crystalline change in the composite after the annealing

treatment [46].

As shown in Table 2, the crystallite size also increased upon annealing from 47.01 nm (NA) to
62.89 nm (450 °C). When annealed, the increase in D results from the agglomeration and
enlargement of Bi>Tes grains. During the annealing process, the crystal size increase and grain
boundary reduction also result in a larger effective mean free path for carriers, thus improving its
carrier mobility [34,51,54]. The improved carrier mobility resulted in an increased Seebeck
coefficient and reduced electrical resistivity simultaneously, as shown in Figure 2 and Figure 3,

respectively.
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The microstrain, € and dislocation density, 8, as shown in Table 2, were also seen to decrease with
respect to the increase in annealing temperature. Both ¢ and & decreased tremendously from NA
to 350 °C, owing to the reduction in lattice imperfection and defects commonly attributed to
annealing [54]. The decrease in € and § also resulted in a subsequent decrease in the electrical

resistivity of the annealed RCF-Bi>Tes composites until 400 °C as shown in Figure 3.

Effect of annealing temperature on the thermal stability of annealed RCF-Bi>Tes composites

The thermal stabilities of annealed RCF-Bi>Tes composites were evaluated using
thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) studies. The TGA
results for annealed and non-annealed (NA) RCF-Bi>Tes composites with respect to annealing

temperatures are shown in Figure 8.

110
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Figure 8: TGA curves of RCF-Bi2Tes composites annealed at different temperatures.
Based on Figure 8, annealing improved the onset degradation temperature (Tonset), Tonset IS the

initial temperature at which the composite exhibits a characteristic mass loss of 5% [27]. The Tonset
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improved from 316.2 °C (NA) to 363.83 °C (450 °C). The improvement in Tonset may be probable
because of the evaporation of volatile and weakly bonded Bi and Te atoms after annealing,
especially for RCF-Bi>Tes composites annealed at higher temperatures. For example, for RCF-
Bi>Tes composite annealed at 450 °C, there is a peculiar increase in the Tonset plausibly because
most volatile bonds may have evaporated at 400 °C, resulting in the formation of a more thermally
stable compound at 450 °C. However, this thermally improved structure has adverse

thermoelectric properties, as shown in Figures 2 to 4.

The improvement in thermal stability of annealed RCF-Bi>Tes composite is also highlighted in the
improvement of the maximum degradation temperature (Tmax) Of the composites upon annealing,
as shown in Figure 9. Tmax is the temperature at which the composite experiences a maximum
weight loss, denoted by the peak of derivative (dW/dT) curve [27]. All annealed DTG curves
shifted to the right compared to the NA curve, denoting an improvement in Tmax. The Tmax
increased from 602.19 °C (NA) to approximately 630 °C (300, 350 and 400 °C). However, at 450
°C, there is an extreme shift to the right at which the Tmax Was unable to be obtained due to the
limitation of the TGA equipment with a maximum measurement temperature range of up to 1000
°C. Hence, it can be hypothesized that at 450 °C, a much more thermally stable compound is
produced with a marginally larger Tmax than the rest of the annealed samples. However, though
thermally more stable, the Bi>Tes structure annealed at 450 °C may have lost elements and bonds
responsible for thermoelectric capabilities, as proven by its poor thermoelectric performance at

this annealing temperature.
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Figure 9: DTG curves of RCF-Bi,Tesz composites annealed at various temperatures.

Effect of annealing time on the thermoelectric properties of annealed RCF-BizTes

As observed in , the optimum annealing temperature for RCF-Bi>Tes composites is 350 °C. Thus,
this section studied the effect of varying annealing times (1, 2 and 3 hours) at an annealing
temperature of 350 °C. The influence of annealing time on the Seebeck coefficient is illustrated in
Figure 10. The results show that all annealed samples are n-type with a negative Seebeck
coefficient. As the annealing time increased, the Seebeck coefficient increased from -39.84 pVv/K
(NA) to a maximum of -214.27 pV/K (2 hours), denoting a 437% improvement in the Seebeck

coefficient.
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Figure 10: The influence of annealing time on the Seebeck coefficient of RCF-Bi,Tez composites.

Heat energy supplied during annealing allowed for the redistribution and reorganization of bismuth
and tellurium atoms. As a result, the tellurium content increased from 58.42 at.% (NA) to 59.46
at.% (2 hours), as shown in Table 3. The increase in tellurium content also led to a subsequent
decrease in the carrier concentration from 6.01 x 10%° cm™ (NA) to 1.15 x 10*° cm™ (2 hours), as
depicted in Figure 11, resulting in the increased Seebeck coefficient. A similar decrease in carrier
concentration after annealing was also observed for sputtered n-type Bi,Tes thin films [37] and
also for Bi>Tes nanoplate films synthesized from a combination of solvothermal and

electrodeposition [55].

Table 3: Effect of annealing time on the Bi and Te content in the RCF-Bi,Tes composites.

Annealing Time Te (at %0) Bi (at %)
(hour)
NA 58.42 41.58
1 59.1 40.9
59.46 40.54
3 58.88 41.12
23
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The prolonged exposure to heat at 350 °C led to slight evaporation of Te from 59.46 at.% (2 hours)
to 58.88 at.% (3 hours), as shown in Table 3. Though Te element tends to sublime out of Bi;Tes
at temperatures higher than 400 °C due to its low melting point and high evaporation pressure, as
previously reported by [56,57], however Ohsugi et al. [58] have reported the plausibility of Te
sublimation at temperatures lower than 400 °C. This is because, within the Bi>Tes structure, the
thermal expansion perpendicular to the Te layers is more prominent than the thermal expansion
parallel to the tellurium layers. Thus spacing between tellurium layers is increased when subjected
to heating, leading to the loss of Te at a faster rate than that of Bi. In addition to the thermal
expansion, Te easily sublimes out due to the weak van der Waals bond between neighbouring
tellurium layers in the Bi>Tes structure [49,51]. The evaporation Te is also accompanied by the
increase in carrier concentration from 1.15 x 10'° cm™ (2 hours) to 1.35 x 10'° cm™ (3 hours), as
shown in Figure 11. Each tellurium vacancy (VTe) generates two electrons per defect [49], thus
contributing to the overall increase in carrier concentration and subsequent decrease in the Seebeck

coefficient at 3 hours, as depicted in Figure 10.
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Figure 11: Carrier concentration and carrier mobility of RCF-Bi>Tes composites with respect to
annealing time.

The influence of annealing time on the electrical resistivity is illustrated in Figure 12. The electrical
resistivity initially was reduced by approximately 56% from 0.0082 Q.m (NA) to 0.0036 Q.m (1
hour). This decrease in resistivity is attributed to the 2671% enhancement in carrier mobility from
1.27 x 102 cm?V-1st (NA) to 3.52 x 10t cm?V-1s (1 hour), though annealing decreased the carrier
concentration of Bi>Tes particles, however as the improvement in carrier mobility was larger than
the percentage drop in carrier concentration thus decreasing the overall electrical resistivity of the
RCF-Bi,Tez composite. A similar improvement in electrical resistivity with decreased carrier
concentration and improved carrier mobility was also observed in annealed Bi>Tesz nanoplate films
grown using molecular beam epitaxy owing to the crystallization that takes place during annealing

[32].
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Figure 12: The influence of annealing time on the electrical resistivity of RCF-Bi>Tes
composites.

In addition to the carrier transport properties, annealing also improved the bismuth and tellurium
content to more stoichiometric proportions from 58.42 at.% of Te (NA) to 59.1 at.% of Te (1 hour),
as shown in Table 3, resulting in lower carrier trapping and a defect free band gap allowing
electrons to transfer efficiently from the valence band to the conduction band. A marginal rise in
resistivity from 0.0036 Q.m (1 hour) to 0.0059 Q.m (2 hours) was observed after annealing for 2
hours. This can be attributed to the decrease in carrier concentration from the annealing process.
Prolonged annealing at 350 °C beyond 2 hours resulted in tellurium evaporation, and the tellurium
decreased from 59.46 at.% (2 hours) to 58.88 at.% (3 hours) shown in Table 3. However, as the
bismuth content increases in the bismuth telluride alloy owing to the evaporation of Te, it depicts
a metallic property with a corresponding increase in carrier concentration from 1.15 x 10° cm
(2 hours) to 1.35 x 10 cm™ (3 hours) resulting in reduced electrical resistivity as shown in Figure

12.
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The influence of annealing time on the power factor is illustrated in Figure 13. The power factor
increases with respect to annealing duration and reaches a maximum power factor of 7.80 pWK"
?m™ and 7.83 pWK2?m for 2 and 3 hours, respectively. All annealed samples exhibited a higher
power factor than the non-annealed counterpart owing to annealing-induced nucleation, grain
growth and redistribution of bismuth and tellurium atoms. However, annealing beyond two hours
leads to tellurium loss, alters the stoichiometry of Bi>Tes and slightly decreases the power factor,
which is not favourable for its thermoelectric properties. Thus the optimum annealing time for

RCF-Bi,Tes composites is 2 hours.
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Figure 13: The influence of annealing time on the power factor of RCF-Bi>Tes composites.

Effect of annealing time on the morphology of annealed RCF-Bi>Tes composites
Figure 14 shows the surface morphology images of RCF-Bi>Tes composites annealed at 350 °C

with varying annealing duration.
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(d)

Figure 14: FESEM surface images of RCF-Bi,Tes composites non-annealed (a) NA and
annealed at 350 °C for (b) 1 hour (c) 2 hours (d) 3 hours.

The present study investigates the influence of annealing on the grain size of Bi>Tes particles. Our
results demonstrate that all annealed Bi,Tes particles exhibit a larger grain size compared to their
non-annealed counterparts. Moreover, the observed grain size positively correlates with annealing
duration, as illustrated in Figure 14. A similar improvement in grain size after annealing was also
observed in the surface morphology studies for Bi;Tes thin films synthesized via thermal
evaporation [34] and electrochemical deposition [59] owing to nucleation of grains with the
increase in thermal energy. The increment in grain size upon annealing led to decreased density of

grain boundaries, thus resulting in a one-order improvement in carrier mobility for all annealed
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samples from 1.27 x 102 cm?V1s? (NA) to a maximum of 9.42 x 10 cm?Vv-1s? (3 hours) as
shown in Figure 11. When there are fewer grain boundaries, there are fewer scattering centres,
thus requiring lower energy when electrons move from one grain to the other resulting in improved
carrier mobility. The improved carrier mobility resulted in a simultaneous increase in both Seebeck
coefficient and decreased electrical resistivity, as shown in Figure 10 and Figure 12, resulting in
higher power factors for annealed RCF-Bi,Tes composites, as shown in Figure 13. The optimum
annealing duration is 2 hours as there was no significant improvement in grain growth between 2
and 3 hours, which was also reflected in its power factor that remained almost constant with a

slight decrease at 3 hours, as shown in Figure 13.

Effect of annealing time on the XRD analysis of annealed RCF-Bi>Tes composites

X-ray diffraction (XRD) patterns of RCF-Bi,Tes non-annealed (NA) and annealed RCF-BizTes
with respect to different annealing durations at a constant annealing temperature of 350 °C is as
shown in Figure 15. It depicts 12 distinct diffraction peaks located at 20 of 17.59°, 27.78°, 37.93°,
40.42°, 41.27°, 44.64°, 50.37°, 54.00°, 57.17°, 62.31°, 66.04° and 67.17° with orientations of
(006), (015), (1010), (0111), (110), (0015), (205), (1016), (0210), (1115), (0120) and (125). The
obtained diffraction peaks are compared to the standard data of the Joint Committee on Powder
Diffraction Standards (PDF 00-015-0863), confirming the presence of Bi>Tes [50]. All the XRD
related parameters below are calculated with respect to the dominant peak (015) obtained in this

study.
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Figure 15: XRD patterns of RCF-Bi,Te; composite annealed at 350 °C for varying
annealing durations.

The D, ¢ and & of the NA RCF-Bi2Tes and annealed RCF-Bi>Tes composites with respect to

different annealing durations are shown in Table 4.

Table 4: Structural properties of the NA RCF-BizTes and annealed RCF-Bi.Tes at 350 °C with
varying annealing durations.

Annealing Time FWHM Crystallite size, Microstrain Dislocation density
(hours) (radian) D (nm) (ex1073) (8 x 10
(lines?m™) (lines/m?)
NA 0.0030 47.01 3.1 4.52
1 0.0029 49.56 2.9 4.07
2 0.0023 61.94 2.3 2.60
3 0.0022 63.89 2.3 2.45

All annealed samples exhibited higher peak intensities than the non-annealed sample, as shown in

Figure 15. The crystallinity of samples also increased with increasing annealing duration, which
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resulted in decreased FWHM values from 0.0030 (NA) to 0.0022 (3 hours), as shown in Table 4.
The improvement in crystallinity is due to the high thermal energy supplied during annealing that
enhanced crystallization of the Bi,Tes particles, leading to sharp and narrower peaks in the XRD
pattern and corresponding lower FWHM values. There was no improvement in crystallinity in
samples annealed at 2 and 3 hours, as the FWHM remained at 0.0022-0.0023, as shown in Table

4.

Table 4 demonstrates that all annealed samples' crystallite size, D, was greater than that of the non-
annealed sample. The size of D increased from 47.01 nm (NA) to 63.89 nm (3 hours). This increase
in D is attributed to the agglomeration and enlargement of Bi>Tes grains during annealing. This is
also reflected in the larger grain size of annealed Bi,Tes particles, as shown in Figure 14. With
larger grain sizes, there is a reduction in grain boundaries and larger effective mean free path for
carrier transportation, which is reflected in the improvement in carrier mobility from 1.27 x 10

cm?V1st (NA) to 9.42 x 10"t cm?V-1s? (3 hours) as shown in Figure 11.

The microstrain, € and dislocation density, 8, as shown in Table 4, declined with respect to the
increase in annealing duration. The decrease in ¢ and & is due to the reduction in lattice defects
upon annealing. Amorphous-like materials are known to contain large defects with higher carrier
concentrations [60]. However, with annealing, as the crystallinity is improved and the amorphous
phase is reduced, there will be lower defects within the lattice structure of Bi>Tes. However,
decreasing € and & did not reduce the electrical resistivity of annealed RCF-Bi>Tez composites
with respect to annealing duration beyond 1 hour, as shown in Figure 12. Instead, the electrical
resistivity increased due to the massive decrease in carrier concentration. Despite the increase in

electrical resistivity, all annealed RCF-Bi>Tes composites exhibited a higher power factor than the
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non-annealed sample, as shown in Figure 13, due to reduced lattice defects that improved carrier

mobility by one order compared to its non-annealed counterpart.

Effect of annealing time on the thermal stability of annealed RCF-Bi>Tesz composites

The thermal stabilities of RCF-Bi>Tes composites annealed at 350 °C with varying durations were
evaluated using thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG)
studies. The TGA results for annealed and non-annealed (NA) RCF-Bi>Tes composites with

respect to annealing time are shown in Figure 16.
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Figure 16: TGA curves of RCF-Bi,Tes composites annealed at different durations.

Based on Figure 16, annealing improved the onset degradation temperature (Tonset) at 5% mass
loss in RCF-Bi2Tes composites from 316.2 °C (NA) to 353.16 °C (2 hours). The improvement in

Tonset COuld be attributed to the evaporation of volatile and weakly bonded elements during
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annealing (heat treatment). However, after two hours, the Tonset Slightly decreased from 353.16 °C

(2 hours) to 347.94 °C (3 hours).

The improvement in thermal stability of annealed RCF-Bi>Tes composite is also highlighted in the
improvement of the maximum degradation temperature (Tmax) Oof the composites as shown in
Figure 17. All annealed DTG curves shifted to the right compared to the non-annealed curve,
denoting an improvement in Tmax. The Tmax increased from 602.19 °C (NA) to approximately 630
°C (1,2 and 3 hours). There was no observable change in Tmax With varying annealing duration.
Both TGA and DTG results indicate that removing volatile elements within the Bi.Tes structure

during annealing improved the thermal stability of the thermoelectric composites.
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Figure 17: DTG curves of RCF-Bi2Tes composites annealed at various durations.
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RCF/n-Bi>Tes heterojunction band structure

A majority of reported studies in the literature thus far have only reported an in-plane configuration
for the measurement of the Seebeck coefficient as it is predominantly focused on a singular semi-
conducting behaviour, either n-type or p-type in the form of thin films, pellets or flexible films
[37][61][62]. However, this study primarily adopted a cross-plane measurement configuration to
validate the feasibility of RCF/n-Bi>Tes heterostructure as a thermoelectric device. A similar cross-
plane measurement configuration for the Seebeck coefficient was previously reported only for
virgin carbon fibre and also glass fibre based thermoelectric composites [44][63] [18]. However,
these studies did not report the band and electronic structure of its thermoelectric composites. As
presented in our result and discussion, RCF/n-Bi2Tes heterostructure thermoelectric composite has
recorded an optimal power factor of 7.836 pWK2?m™, indicative of a favourable heterojunction
formation for thermally induced charge carrier transport. Herewith, we attempt to elucidate the
possible heterojunction energy band diagram of RCF/n-Bi,Tes heterostructure thermoelectric
composite, as shown in Figure 18. Figure 18 (a) depicts the electronic property of RCF and n-
BizTes prior to junction formation. Work functions, ® of RCF and n-Bi>Tes were obtained from
literature to be 4.95 eV, and 5.12 eV, respectively [64][65], whereas the optical band gap of n-
BioTes is 0.17 eV [65]. Due to the n-type conductivity of Bi>Tes in this study, the Fermi level, Er
is located in the vicinity of the conduction band edge, Ec. One of the prerequisites for energy band
alignment in thermal equilibrium is the formation of a flat Er (dEr/dx = Q) across the
heterostructure [66]. Hence, to accommodate the aforesaid condition, a downward band bending
of Ec and valence band edge, Ev, in the vicinity of RCF/n-Bi>Tes hetero-interface occurs, as shown
in Figure 18 (b). Figure 18 (c) illustrates the energy band diagram of RCF/n-Bi.Tes heterostructure

thermoelectric composite when subjected to a thermal gradient in an open circuit condition akin
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1
2
i 599  tothe Seebeck coefficient measurement setup. When n-BiTes is subjected to a higher temperature,
5 o -
6 600 thermal excitation of electrons from the Ev to Ec occurs and subsequently results in increased
7
8 601  minority (holes in valence band (VB)) and majority (electrons in conduction band (CB)) carriers.
9
10
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- a) | - b) quilibri
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35

36 603 Figure 18: Schematic of the energy band diagram of (a) RCF and n-Bi2Tez in isolation (b) RCF
37 604 and n-Bi>Tes in thermal equilibrium (c) RCF and n-Bi>Tes subjected to temperature gradient in
38 605 open circuit condition (d) RCF and n-Bi>Tes subjected to temperature gradient in closed circuit
39 606 condition.

41 607  Consequently, the Fermi level changes as a function of temperature according to Eq (6), as shown

608  below [67].

N¢
47 609 (Ec — Ep) = kTln————
48 ¢ F Ng— N,

(6)
57 610  Whereby (Ec-EF) is the difference in the energy level of Fermi level and conduction band edge, k

53 611 isthe Boltzmann constant in eV.K™?, T is the temperature in Kelvin, Nc is the effective density of
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states in the conduction band, Ngq is electron concentration in the conduction band, and N is hole

concentration in the valence band.

As per equation (6), the Fermi level in n-Bi2Tes moves away from the EC with an increase in
temperature and vice versa, owing to the temperature gradient. This shift in the Fermi level of n-
Bi>Tes concerning the Fermi level of RCF leads to the observation of a Seebeck voltage in an open
circuit condition. As an extension of our current study, we would also like to postulate the
possibility of a cross-plane thermoelectric generator (TEG) from RCF/n-Bi;Tesz heterostructure
thermoelectric composite. As the work function of n-Bi>Tes is higher than the work function of
RCF, an ohmic metal-semiconductor contact is established [68]. From the charge carrier transport
perspective, an ohmic contact allows bi-directional movement of charge carriers (electrons in this
case) depending on the direction of the thermal gradient, which allows extraction of thermoelectric
generated current in a closed-circuit condition as depicted in Figure 18 (d). Our preliminary
investigation revealed that a current density in the range of 25 nA/cm? to 162 nA/cm? could be
obtained from this cross-plane RCF/n-Bi;Tes heterostructure thermoelectric composite
configuration. To the best of our knowledge, no studies have been reported in the literature thus
far pertaining to the proof-of-concept of RCF/n-Bi,Tes cross-plane TEG, as demonstrated in this
study. However, the obtained current density is low and significant improvements are required to
enhance further the current density for practical utilization in sub-watt power generation for
various applications. Therefore, as a continuation of this finding, we are undertaking a systematic
investigation to address the performance limiting factors of RCF/n-Bi,Tes cross-plane TEG. The

outcomes will be reported in future publications.
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Comparison of power factor enhancement with literature review

Table 5 presents a comparison of various methods employed to enhance the power factor,
including material doping, morphology modification, thickness modification, and thermal
annealing. According to Cai et al., the annealing of Bi>Tes films at 400 °C for 60 mins has enhanced
the power factor by 1,090 %, which is the highest even compared with the power factor
enhancement of other recent studies [69]. Notably, our study demonstrates an even more
significant power enhancement of 4,021% by annealing the Bi2Te3/RCF at 350 oC for 120
minutes (2 hours), which is approximately four times greater than the improvement reported by
Cai et al. These findings suggest that the annealing duration is crucial in augmenting the power
factor. Consequently, future investigations in this field should consider adjusting the annealing

time to enhance the power factor further.

Table 5: Comparison of the power factor enhancement of this study with literature review.

Enhancement in Power

Thermoelectric materials Factor (%)

Annealed Bi;Tes/RCF of 350 °C for 120 minutes (This study) 4,021
Controlled nanaowire interfaced and Al-doped ZnO [70] 53
Rapid thermal annealing (RTA) at 900 °C for 20 s after thermal activation annealing 200
at 600-650 °C for 2 min of B-FeSi, doped Si nanostructure [39]
Reduced thickness of ultrathin Bi;Tes film [71] 868
Zn-doped BixTes;[72] 121
Co-doped Bi,Tes[73] 47
Cu-doped Bi,Tes [74] ~99
Annealing of Bi,Tes films at 400 °C for 60 mins [69] 1,090
Annealing of nanostructured Bio.7Sb1.3Tes film at 200 °C for 30 mins [75] 300
PbTe doping and annealing of Bi>Tesat 300 °C for 60 mins [76] ~400

Conclusion
This investigation examines the impact of annealing conditions, specifically temperature and

duration, on the thermoelectric performance, carrier transport, morphology, structural integrity,
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and thermal stability characteristics of annealed RCF-Bi>Tes composites. Some of the key findings

can be summarized as:

a. The optimum annealing profile for annealing temperature and time for RCF-Bi>Tes
composites is 350 °C and 2 hours, respectively, which yielded an optimal power factor of
7.83 PWK?m™,

b. The annealed RCF-Bi>Tes composites exhibited almost 4000% improvement in their
power factor compared to the non-annealed (0.19 pWK2m™) counterparts at optimum
annealing temperature and time.

c. Nucleation and grain growth enlargement during annealing have substantially improved
the charge carrier transport and structural properties of the Bi>Tes particles, which
improved the thermoelectric performance of the annealed RCF-BiTes composites
tremendously.

d. It is observed that annealing at higher temperatures and longer duration led to the
evaporation of tellurium, which reduced the thermoelectric performance of the RCF-Bi>Tes
composites.

e. It can be also elucidated that RCF and n-Bi>Tes can be readily adapted as a cross-plane

thermoelectric generator (TEG) due to favourable heterojunction band alignment.

The present study establishes a foundation for exploring diverse practical avenues for re-utilizing
RCF (reinforced carbon fiber) in thermoelectric applications. Furthermore, it is advisable to
examine the impact of annealing temperature and duration on thermoelectric materials in future
investigations to attain optimal enhancement of thermoelectric performance through thermal
annealing. Additionally, future research endeavors in the field of thermoelectric materials

development could encompass the synthesis of these materials under optimized conditions, along
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674  with the introduction of nanomaterial doping prior to thermal annealing, thereby warranting further

675  Investigation.
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