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Abstract

Within the framework of recycling and reusing carbfibre, this study focused on the
fabrication of a thermoelectric composite encomipgssecycled carbon fibre and two
thermoelectric fillers (i) bismuth telluride and) (bismuth sulphide. This study investigated
the effect of the concentration of bismuth tellerignd bismuth sulphide fillers respectively
on the thermoelectric, morphology, structural ahdrmal stability of the recycled carbon
fibre thermoelectric composites. The optimum thezlaciric filler concentration is 45 wt%
for both fillers, which resulted in a power factfr0.194 + 9.70x18pWK?m™ and 0.0941 +
4.71x10° pWK?m™ for recycled carbon fibre-bismuth telluride andyeled carbon fibre-

bismuth sulphide composites respectively. This ystedhibited the energy harvesting
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capabilities of recycled carbon fibre compositesmflow grade waste heat when coated with

thermoelectric materials.

Keywords. recycled carbon fibre, thermoelectric compositeismuth telluride, bismuth

sulphide; energy.

1. Introduction

Carbon fibre-reinforced composites are now stead#yng preferred in the automotive,
aerospace and industrial applications due togtstweight, flexibility and robust mechanical
properties (Shuaib & Mativenga, 2016; Marsh, 200ifamis et al., 2015; Tian et al., 2017).
This increasing preference has led to approximaB&l90 tonnes of carbon fibre scrap
composites produced by United States of AmericaA)Ushd Europe annually (McConnell,
2010). The Landfill Directive (1999/31/EC) has ewfd environmental legislation that
compels industry stakeholders to explore altereatiigposal methods for these carbon fibre-
reinforced scrap instead of conventional incineratand landfill disposal (Marsh, 2009;
Howarth et al., 2014).

Recycled carbon fibre (RCF) has been primarily esgd for its mechanical properties in
structural applications (Cholake et al., 2016; tiaé , 2016; Feng et al. , 2013), however
recycling leads to a slight decrease in tensilengiih properties which makes it challenging
to be used for structural purposes currently. R@rnot be used as a direct substitute of
virgin carbon fibre in critical structural applicats, as it would not have the same strength
and rigidity (Li et al., 2016). Hence, differentutes to use RCF should be explored to close
the recycling loop in which mechanical properties aot as vital. One such application is
utilising RCF in the field of thermoelectricity. €moelectricity is the conversion of widely
available thermal energy (i.e. waste heat fromgefators, air-conditioners, exhaust pipes of
vehicles, electronic gadgets) into usable eletyrigternandez-Yarez et al., 2018; Kishita et

al., 2016).
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Though recycling leads to reduction of mechanicalpprties, the electrically conductive
nature of carbon fibres are preserved despite liegy@/Vong et al., 2010). Carbon fibre is an
electrical conductor that is weakly thermoelectin@s enabled it to be integrated into
polymer-matrix composites and also cement compodite thermoelectric and heating
applications as fillers (Wang et al., 2014; Tsuktomet al., 1989; Hambach et al., 2016).
RCF has previously been explored by the authois ffexible substrate in electrodeposited
bismuth telluride (BiTes) thin films and exhibited positive thermoelectcgpabilities (Pang

et al., 2012; Jagadish et al., 2016; Jagadish,e2GL7).

However, for practical application the thicknessttuf films are just too small to sustain a
substantial temperature difference for thermoaleemnergy harvesting. Moreover for large-
scale conversion of thermal to electrical energpyn film techniques require high cost of
processing, special infrastructure, time consunang are energy intensive. In addition to
that, the previously used electrodeposition tealmmiglso results in toxic solvent disposal

issues as most electrolytes used are stronglycesudih as hydrochloric and nitric acids.

Therefore, in order to overcome the shortcomingshef previous technique, this research
work focuses on the development of a low-cost &ffecRCF polymer thermoelectric
composite using a combination of hot compressiahtanshing technique. To the best of the
author's knowledge, no prior work has been done tbe hybrid RCF-inorganic
thermoelectric filler polymer thermoelectric compes In this study, the inorganic
thermoelectric filler chosen is n-type bismuthugtle (BiTes) as it has the highest reported
value of ZF 1.4 at a room-temperature range of 200-400 K wiscsuitable for portable

power generators (Venkatasubramanian et al., 2009agaya and Takashiri, 2015).

Although telluride based thermoelectric materiapexially ByTe; have high figure of merit

(ZT) values at approximately 1.2 (Venkatasubranrarea al., 2001; Wang et al., 2015)



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

showing superior thermoelectric properties and ldoichinant market share in thermoelectric
industry, it is imperative to develop alternativeaterials because of the rare nature of
availability and toxicity of tellurium (Zhao et al2008). ByS; has recently acquired much
attention due to its environmentally friendly na&uand its potential application in the
thermoelectric field (Yu et al.,, 2011; Wong et &016). Bismuth sulphide (B3) is
promising in this respect because of its abundamgé, Seebeck coefficient and low thermal
conductivity. Thus, the second part of this studgoainvestigated the thermoelectric

properties of BiS; coated RCF composite.

This work focused on the optimisation of the conion of thermoelectric fillers and its
subsequent effect on the thermoelectric properfiess Seebeck coefficient, electrical
resistivity and power factor) for both Bie; and BpS;. The morphological, structural and
also the thermal stability of the RCF compositékedi with Bi,Te; and BpS; were also

demonstrated in this work.

2. Material and Methods

21. Materials

The inorganic thermoelectric fillers used are bigm(il) telluride and bismuth (111) sulphide
powders. The bismuth (I1l) telluride powders withredative density of 7.6 g/chand purity

of 99.99% was purchased from Sigma Aldrich Sdn..BBidmuth (lll) sulphide powders
with a relative density of 7.7 g/éhand purity of 99% was purchased from Sigma Aldrich
Sdn. Bhd. A water-based formaldehyde-free crogsetinacrylate binding polymer, Acrodur
DS 3530 was supplied by BASF Malaysia Sdn. Bhd. rBugcled carbon fibres used in this
experiment are recycled Toray T600 carbon fibreoveced via fluidised bed process

supplied by Recycled Carbon Fibre Limited (RCF) €eg, UK.
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2.2.  Thermoelectric Composite Fabrication

2.2.1 RCF Composite

Layers of randomly oriented RCF were placed in radéi-water suspension with a 1: 10
(volume ratio). The RCF was soaked in the suspan&p approximately 15 minutes. The
soaked RCF was sandwiched between two metal plaéésvere covered with laboratory
wipes on the top and bottom plate to remove thieluaswater. The top metal plate was then
manually subjected to a brick load of 10 kg to il a uniform RCF composite with a
thickness of 1 mm. The laboratory wipes were regalawith new ones once it was wet and
the RCF were subjected to the same load for apmately three times until it was dried. The
dried RCF with an applied top load of 5 kg was thted in a Memmert oven at 200 °C for

1 hour for moisture evaporation and also curingfanahation of the RCF composite.

2.2.2 Thermoelectric Filler Coating on RCF composite

Two thermoelectric fillers are used in this worlgnmely BpTe; and BpS; particles. The
thermoelectric filler particles are mixed with e#nye glycol and Acrodur DS 3530 binder
and are subjected to ultrasonication for one hthus, ultrasonicated solution will thereafter
be referred to as thermoelectric filler coatingeThermoelectric filler coating is then applied
to the surface of the RCF composite using a brgshachnique (using paint brush). The
coated RCF composite is then placed into the ov@0@ °C for 1 hour. The weight percent
of both thermoelectric fillers were varied from fib 60 weight percent (wt%) within the

composite.
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2.3. Characterization

2.3.1. Seebeck coefficient

The Seebeck coefficient was measured using anusehmeasurement system ($egure
S.1in Supplementary data).

The Seebeck coefficient is calculated using thentda shown in Eq (1):

LAV V-V
AT Ty -Tg

a (1)

AV in millivolts is the open circuit potential diffence (\bc) generated betweenyythe
potential at the hot side and-Mthe potential at cold sidAT in Kelvin is the temperature
induced between theyT temperature on the hot side angl fEmperature on the cold side.
The test was conducted with an average measunmgei&ture of 40 °C on the hot side and
cold side subjected to room temperature. Wherehy,the combined measured value of the

Seebeck coefficient of coppeic(}) and RCF thermoelectric composite-d), therefore the

Seebeck coefficient of RCF thermoelectric compdsitgiven by Eq (2).

Ocr = Qcy — @ (2)
The Seebeck coefficients of the carbon fibres wedeulated using Eq (2) by taking an

average of all six readings.

2.3.2. Hall Effect measurement
The electrical parameters such as electrical reisyst carrier concentration and carrier
mobility was measured using a Hall Effect measurgmsgstem, HMS ECOPIA 3000 with a

magnetic field 0.57T and probe current of 15mAdtisamples.

2.3.3. Power Factor Calculation
The performance/efficiency of a thermoelectric cosife is given by the power factor (PF)

with the formula shown in Eq (3) (Kim and Oh, 2009)
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PF=— (3

PF is calculated based on measured values ofdboatialp.

2.3.3. Phase analysis

The phase structure and crystallinity property ysialof the RCF thermoelectric composites
was determined by X-ray powder diffraction (XRD)u(®a, Bruker D8 Advance) operating
at 40kV and 40 mA. XRD patterns were recorded exahrange from 10 to 80° with a step

size of 0.025° using Cudradiation wavelength of 1.540 A.

Crystallite size (D) can be calculated using thkeeBer equation as shown in Eq (4):

0.91

D = Beost (4) (Hasan and Shallal, 2014)

Where# is the Bragg diffraction anglé, is the wavelength of x-ray (1.540 A),is the full

width at half maximum (FWHM) of the main peak iretKRD pattern.

The microstrain f) of the thermoelectric composites are calculatgdgithe formula in Eq

(5):

=L (5) (Yiicel and Yiicel, 2017a)

" 4tan6

Dislocation density §) is defined as the length of dislocation lines peit volume of

the crystal space is calculated using Eq (6):

6=—= (6) (Yucel and Yucel, 2017b)

D2
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2.3.4. Field Emission Scanning Electron Microscope (FESEM) and Energy Dispersive
X-Ray (EDX) Analysis

The RCF thermoelectric composites were cut intanlxcl cm and placed onto a double-
sided sticky tape that was positioned on sample pafore being placed into the FESEM
machine. The FESEM images were taken using the ®@kAnta 400 to obtain the
morphological structure of the composites. The EfMalysis was carried out to determine

the percentage distribution of bismuth, telluriund gulphur in the composites.

2.3.5. Thermogravimetric Analysis (TGA)

Thermal degradation and stability of the RCF theslmctric composites were measured
using a thermogravimetric analyser ( Perkin EImMEA$000). A sample of approximately
10-15 mg in weight was placed in an open alumirmayader an air flow rate of 20 ml/min
and heated from ambient 30 °C to 900 °C at a hgatate of 10 °C/min. The onset
degradation temperature ({s) is defined as the temperature at 5% weight IbEximum
degradation temperature (&) is defined as temperature at which the thermdésdec
composite losses its maximum weight, that is idextiby the peak of derivative (dW/dT)
curve. These temperatures were used to indicatthtémmal degradation and stability of the

RCF thermoelectric composites.
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3. Reaults and discussions

3.1.  Thermoelectric properties of RCF composites coated with Bi,Te; and Bi,S;

Seebeck coefficient, electrical resistivity and poviactor of RCF composites coated with
different weight concentrations of Bie; and BpS; are shown iFigure 1 to Figure 4. Based
on Figure 1, it was observed that RCF composites exhibitedkiyega-type thermoelectric
nature with a Seebeck coefficient of +4.52 + 0.R26K. Upon the incorporation of Bies
and BpS; coating on the surface of RCF composite, the tbetettric nature of the RCF
composite shifts from p-type to n-type as showrkigure 1. All Bi,Te; and BpS; coated
RCF composites displayed negative Seebeck -coeftieowing to the change in
conductivity. This shift is because JBe; and BpS; used in this study are n-type

semiconductors which are electron dominant.

-180 -

-160 _ B RCF-Bi;Te; Composite

M RCF-Bi.S; Composite

-140 1
-120 -

-100 -

Seebeck coefficient (uV/K)
do
o

0 15 30 45 60

Weight percent of thermoelectricfiller loading (wt%)

Figure 1: The effect of BiTe; and BpS; concentrations on the Seebeck coefficient of
RCF-BiTe; and RCF-BiS; composites.
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As both Seebeck coefficient and electrical redistiare highly dependent on the carrier
concentration, their changes can be justified by Yhariation in carrier concentration as

shown in Eq (7) and Eq (8).

p= — (7) (Lietal, 2011)

neu

2(27tm*kBT)3/2]

;)
a—_e[(r+2)+ln e

(8) (Lietal., 2011)

Where, is the electrical resistivity) is carrier concentratiom is the electron charge (1.60 x
10 coulombs),p is carrier mobility,« is the Seebeck coefficienkg is Boltzmann’s
constant,r is the scattering factom is effective massh is Planck constant and is

temperature.

The Seebeck coefficient of both composites wasrgbdeto increase linearly with respect to
the concentration of the Hie; and BpS; particles as shown ifigure 1. An increase in
Seebeck coefficient is a result of decreased cacoacentration as deduced from Eq (8)
above. The carrier concentration for RCRI®s composites decreased by approximately
62% from 1.43 x 18 cm® (15 wt%) to 4.50x 18 cm® (60 wt%) and that of RCF-B$;
composites by approximately 92% from 4.59 *°1@n* (15 wt%) to 3.27x 11§ cm™ (60
wt%) as shown inrable 1. RCF are inherently conductive due to its carbontent, thus
having a higher amount of carrier concentrationsweler, with the increased incorporation
of semiconductors such as,;Be; and BpS; on RCF, the composites transition from a
conductive to semi-conductive nature, suppressiegdensity of its carrier concentration. It
is also important to emphasize that the SeebecKiadeat of RCF-BbS; composites are
higher than that of RCF-Bie; composites at all loadings. This is becaus&fhas intrinsic
carrier concentrations around'i@m® that are two orders lower than that of B (10°° crmi

% (Rowe, 1995).
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A similar increase in Seebeck coefficient was olbs@iby Li et al., as the concentration of

230 Bi,Te; was increased in a high performance,(B)«(ShTes);x bulk materials due to the
231 large difference in electronegativity between Bdahe atoms that suppresses the carrier
232 concentrations (Li et al., 2011).
233 Table 1. Carrier concentration and carrier mobility ofriineelectric composites with
234 respect to increasing Hie; and BpS; concentrations.
Weight Carrier concentration | Carrier mobility | Carrier concentration | Carrier mobility
per cent of for RCF-Bi,Te; for RCF-Bi,Te; for RCF-Bi,S; for RCF-Bi,S;
thermoelectric composites composites composites composites
filler (Wt%) (cm™) (cm?V's? (cm™) (cm?V's?
15 1.43 x 10 4.62 x 10 4.59 x 16° 5.94 x 10
30 9.70 x 18 7.31x 10 9.55 x 16° 3.40 x 10
45 6.01 x 1¢ 1.27 x 10 4.27 x 16° 6.67 x 10
60 4.50 x 1¢ 1.49 x 10 3.27 x 1¢° 7.37 x 10
235
236 The influence of the concentration of,Bé; and BpS; particles on the electrical resistivity of
237 the composites are shownkingure 2. As the changes in electrical resistivity of RCEI®;
238 composites are not apparent Figure 2 due to much higher resistivity of RCF2Bj
239 composites, a zoomed in-view is plotted kigure 3. All RCF-Bi,Te; and RCF-BiS;
240 composites exhibited higher electrical resistithgn that of pure RCF composites (0 wt%),
241 attributed to the decreased carrier concentratiBoth RCF-ByS; and RCF-BiTe; depicted
242 aninitial increase in resistivity from 0 wt% to %6% as shown ifrigure 2, this behaviour is
243 observed due to the presence of polymeric bindehéncoating on the surface of RCF.
244 However, a decreasing trend in the electrical tiegig was observed from 15 wt% to 45 wt%
245 and 15 wt% to 30 wt% for RCF-Bie; and RCF-BiS; composites respectively. This
246 decreasing trend is owing to the improvement imieamobility by one order from 4.62 x
247 10° cnfVist (15 wit%) to 1.27 x 16 cnfV's? (45 wit%) in RCF-BiTe; and 5.94 x 19
248 cmPVst (15 wt%) to 3.40 x 18 cnfV st (30 wt%) in RCF-BiS; respectively as shown in
249 Table 1. Bi,Te; and BpS; particles acts as a bridge between the haphazardinged RCF
250 strands, thus facilitating electron transport tlgloaut the composite. Rahman et al. also
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observed a similar decrease in electrical resigtiwhen poly(3.4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT: PSS) was doped ®itiie; until a maximum of 0.8 wt%
whereby beyond that there was intense dopant agpeaghat resulted in increased electrical
resistivity (Rahman et al., 2015). However increlleading of BiTe; and BpS; beyond 45
wt% and 30 wt% respectively, exhibited a detrimeetéect on the electrical resistivity as
shown inFigure 2, due to the continuous decrease in carrier coretgnt and only marginal

improvement in carrier mobility at higher loadings.

Based orfFigure 2, it is also observed that RCF:B} displayed a higher resistivity than that
of RCF-BiTes at all concentrations. This is due to the diffeeim band gap between these
two semiconductors, B$; has a band gap of 1.3 eV (Liufu et al.,, 2007) wherthat of
Bi,Tes; is at 0.17 eV (Kioupakis et al., 2010). Band gafluences the intrinsic carrier

concentration and this relationship is describeBlqrn(9) below:

Where, nis the intrinsic carrier concentrationcNs the effective density of states in the
conduction band, \Nis the effective density of states in the valebaed, g is the band gap,
k is Boltzmann’s constant aridis temperature. Therefore, as the band gap £35:B8 wider
than that of BiTes, intrinsically it has fewer carrier concentratiotiiuis rendering it more

resistive.
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The power factor of RCF-Ble; and RCF-BiS; composites is calculated taking into
consideration both Seebeck coefficient and eledtrigsistivity and the corresponding values
is as shown irFigure 4. The highest power factor obtained for RCERLIRBs and RCF-BiS;
composites are 0.194 + 9.70<UOWK?m™ and 0.0941 + 4.71x10pWK?m™ respectively,
both composites attained the highest power fadtdbanvt% of thermoelectric filler loading.
The environmentally friendly RCF-B; thermoelectric composite is approximately 95%
lower in power factor compared to that of RCEKI®s composites. The lower thermoelectric
performance of RCF-BS; composites could be attributed to its resistivithe highest
resistivity of RCF-BiS; composites is 0.259 + 1.30 x40.m whereas that of RCF-Hies is
9.44x10° + 4.72x10" Q.m, which renders BS; 27.4 times more resistive than,Bé;. The
resistive nature of BB; is due to its low carrier concentrations, the Iswearrier
concentration of RCF-B8 composite is 3.27 x 1bcm® whereas that of RCF-Bie;
composite is 4.50 x £bcm® as shown iffable 1 which is approximately two orders lower
than BpTes. However, the naturally low carrier concentrationsBi,S; resulted in higher
Seebeck coefficient of RCF-F; (-150.1+7.51 pV/K) composites approximately 252%

higher than that of RCF-Bie; (-42.6£2.13 uV/K) composites.
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Figure 4: The effect of BiTe; and BpS; concentrations on the power factor of
RCF-BipTe; and RCF-BiS; composites.

The thermoelectric properties of RCF:84 can be further enhanced in future works through
increase in the electronic density of states (D&%®) band engineering by doping (Yu et al.,
2011;Du et al., 2014), nanostructuring (Liufu et 2D07) and introducing sulphur vacancies
(Zhao et al.,, 2008). Though in this study RCESBi composites exhibited lower
thermoelectric performance than that of RCETB4, but with future modifications through
band engineering, RCF-E8; composites can be a plausible non-toxic altereatvtelluride

based thermoelectric materials.

The current limitation of the thermoelectric comipes produced in this study is its rigidity
and lack of flexibility. To enable the usability tfese composites on waste heat areas with
different surface geometry, flexibility is a vitphrameter. Flexibility as well as the electrical

conductivity of these composites can be improvedehyploying electrically conductive
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polymers such as polyaniline (PANI), poly (3,4-ddmedioxythiophene)-

poly(styrenesulfonate) (PEDOT: PSS) and polythiepien future works.

The potential application of the recycled carbdmdithermoelectric composites fabricated in
this study is in the field of energy harvestingnfravaste heat with a minimum hot side
temperature of 40 °C such as that from electroeiMdags, glass windows in air-conditioned

buildings and cars and any other mild waste hea¢igging surface.

3.2. FESEM and EDX study of RCF-Bi,Te; and RCF-Bi,S; composites

The FESEM images were used to study the morphotdgfhe composites. In the cross-
sectional view, the RCF strands are seen to beedbun the BiTes—binder coating (see
Figure S.2 in Supplementary data). All three components i@ RCF-ByTe; composite,
which are RCF, polymeric binder and,B&; powder can be clearly observedFigure S.3
(see Supplementary data). The RCF strands are rmpredotly carbon, C and have 2 atomic
percent (at%) of oxygen, O coming from some redidpaxy from previous applications and
also due to some binder attaching itself on théasarof RCF as depicted Figure S.3 (a)
(see Supplementary data). The polymeric binder usebis study was Acrodur 3530 S, a
dispersion of a modified polycarboxylic acid andayol (cross-linking agent) thus resulting
in elements such as C and O in its EDX as showiiguare S.3 (b) (see Supplementary data)
The EDX analysis of Bire; powder indicated 58.52 at.% of Te and 41.48 atf9%Bioas

displayed inFigure S.3 (c) (see Supplementary data).

Figure 5 shows the effect of increasing ;Be; concentration within the RCF-Hies
composite. At lower loadings of Hie; in the composite (15 wt% and 30 wt%), it can bense
that there is not sufficient amount of,Be; particles filling up the gaps between the RCF
strands and having low coverage, thus leading wedgoower factors. However, from 45

wt% onwards there seems to be sufficienfTBi, and/no visible gaps were observed in the



340 FESEM image which led to saturation at 60 wt%. Thins values of power factors plateaued

341 with no further increase.

(b)

342

343 Figure5: FESEM surface images of RCF;Bes composite at (a) 15 wt% (b) 30 wt% (c) 45
344 wt% (d) 60 wt% of BiTes.

345

346 A similar image of RCF being buried inJ8 -binder coating can be seenFigure S.4 (see
347 Supplementary data). The ;B is seen to coat each RCF strand from the crosssat
348 view and subsequently filling in the gaps betwe®a haphazardly arranged RCF similar to

349 that of BpTes.

350 Figure S5 (see Supplementary data) shows all three compsn@esent within the RCF-
351 BiySz composite which are (a) RCF strands, (b) polyméxcodur binder 3530 S and (c)
352 BiyS; particles.Figure S5 (a-c) (see Supplementary data) also shows the corresppndi
353 EDX study of all three components present withia tomposite. The EDX of RCF and

354 polymeric binder is similar to that discussed abforeRCF-BpTe; composites. The EDX of
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Bi,S; particles as shown iRigure S.5(c) (see Supplementary data), indicates 61.05 at.% of S
and 38.95 at.% of Bi which is deviating from iteishiometric composition of 60 at.% of S
and 40 at.% of Bi. The enrichment in sulphur insbt@chiometry of the as-received powders

may have resulted in higher electrical resistiotyhe RCF-BjS; composites.

Referring toFigure 6, it can be seen that the gap between RCF strandsbeen filled with
Bi,S; particles from 30 wt% onwards which correspondstoeasing power factor values as
shown inFigure 4. At 60 wt% (sed-igure 6 (d)), it can be seen that the RCF strands are not
completely embedded in the polymer®i coating when compared fgure 6 (a-c). There

is a separation of polymeric binder phase fromBh&; particles perhaps owing to the high

loading of BpS; particles, thus also leading to a drop in powetdiaas shown ifrigure 4.

With optimum loading of BiTe; and BpS;, the thermoelectric fillers acts as a bridge Harfi
the gaps between the RCF strands. Thus, allowingdtier transport of electrons across the

composite which is proven by the improved carriebitity as shown ifTable 1.

Thus, it can be concluded based on surface morghand thermoelectric properties, 45
wt% is the highest optimum filler concentration footh RCF-BiTe; and RCF-BiS;

composite.
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Figure 6: FESEM surface images of RCF;Bi composite at (a) 15 wt% (b) 30 wt% (c) 45
wt% (d) 60 wt% of BjSs.

3.3. XRD Analysis of RCF-Bi,Te; and RCF-Bi,S; composites

The obtained XRD patterns for RCF;Be; composites from X-ray diffractometer are shown
in Figure 7. The following 12 diffraction peaks of Hie; located at @, 17.59°, 27.78°,
37.93°, 40.42°, 41.27°, 44.64°, 50.37°, 54.00°,187. 62.31°, 66.04° and 67.17° with
orientations of (006), (015), (1010), (0111), (11(®M0O15), (205), (1016), (0210), (1115),

(0120) and (125) were observed for all the RCEFFBj composite.

At all loadings of BiTe;, all 12 diffraction peaks mentioned above are olesk These
values are in good agreement with standard dafmiat Committee on Powder Diffraction

Standards (PDF 00-015-0863) data and the obsemakl positions are consistent with the



385 rhombohedral structure of Hie; and observed peak positions are represented hy the
386 corresponding Miller indices in the spectra. Thestmarominent peak is (015) was used to

387 calculate all XRD related parameters for RCETB composites.

(015) 15wtk
30wtk
45wt

(1010) 60 wt%
(006) (110)

125
(0111) (20%) (1016) (0210) (1115) 10120‘) !

Intensity (a.u.)

'
10 20 30 40 50 60 70 80

38 8 2 Theta (degree)

389 Figure 7: X-Ray diffraction patterns of RCF-Bie; composite at different Bl e;
390 concentrations.

391

392 For the RCF-BIS; composite, the XRD spectra are as showRigure 8. The following 24
393 diffraction peaks of BIS; located at @, 15.75°, 17.62°, 22.43°,24.99°, 25.23°, 27.49°,
394 28.65°, 31.84°, 33.04°, 33.96°, 35.65°, 36.68°089.39.95°, 45.60°, 46.51°, 47.05°, 48.48°,
395 49.21°, 52.63°, 53.86°, 54.77°, 62.68° and 64.57th worientations of (200), (201),
396 (202),(301),(103), (210), (112), (212), (013), (ROR02), (312), (410), (411), (020), (314),
397 (511), (600), (512), (321), (610), (611), (711) a@d2) were observed for all RCF-Bj

398 composite.

399 At all loadings of B}S;, all 24 diffraction peaks mentioned above are nleskThese values
400 are in good agreement with standard data of Jommnr@Gittee on Powder Diffraction
401 Standards (PDF 01-074-9437) data and the obsemakl positions are consistent with the

402 orthorhombic structure of BS; and observed peak positions are represented hy the



403 corresponding Miller indices in the spectra. Thestim@rominent peak is (301) was used to

404 calculate all XRD related parameters for RCESBicomposites.

15 wt%
(301) 30 wi%
45 wt%
— 60 Wt%
(711)712) (606)417) (408)
s
Z
g
g
5
10 20 30 40 50 60 70 80
405 2 Theta (Degree)
406 Figure 8: X-Ray diffraction patterns of RCF-E8; composite at different Bs;
407 concentrations.

408

409 With the increasing amount of Bie; and BpS;, there is a slight increase in crystallite size
410 from 15 wt% to 30 wt% as shown Table 2 and Table 3 respectively. However, from 30
411 wt% to 60 wt% the crystallite size is kept constanbund 46-47 nm for RCF-Bie;
412 composite and the crystallite size is kept conséaotind 52-53 nm from 30 wt% to 45 wt%
413 for RCF-BbS; composite as shown ifiable 2 and Table 3 respectively. This is probably
414 because at 15 wt% there is not much thermoeleptaiticles, thus the x-rays may have
415 passed through the gaps between the RCF strands hecording a smaller crystallite size.
416 However, from 30 wt% there is an increased packih@i,Te; and BpS; particles in the

417 thermoelectric composite thus resulting in a sliglarger crystallite size.
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In addition to the crystallite size, there is als@mall decrease in the FWHM indicating
improved crystallinity with the increasing incorption of BpTes and BpS; particles as

shown inTable 2 andTable 3 respectively.

A lower microstrain and dislocation density is coomy preferred in order to lower
electrical resistivity values (Grasso et al., 2Q1&jwala et al., 2015). With increasing Ba;

and BpS; concentration, the microstrain and dislocationsitgnis seen to have decreased
from 15 wt% to 45 wt% for RCF-BT'e; composite and from 15 wi% to 30 wt% for RCF-
Bi»,S; composite as shown ihable 2 and Table 3 respectively. The decreased microstrain
and dislocation density is becauseT®s and BpS; particles filled in the gaps between RCF
strands, which also led to a decrease in electrgsastivity as shown ifigure 2. Beyond 45
wt%, the increased packing of ;Be; particles results in the propagation of small micr
cracks on the surface of the RCFrB3; composite that may have resulted in increased
dislocation density and microstrain with a corresging increase in electrical resistivity at 60

wit%.

On the other hand, for RCF4%; composite, an increased dislocation density artasirain
was observed at 45 wt%, which also reflected orirtbeeased electrical resistivity as shown
in Figure 2. There is still a continuity between the RCF atisaand polymer-BE; coating as
shown inFigure 6 (c) thus still improving the power factors of the comape at 45 wt%.
However, at 60 wt% there was a significant incraasmicrostrain and dislocation density
even higher than 15 wt%, due to the discontindigt bccurred owing to the separation of the
polymeric phase from the 83 particles as shown ifrigure 6 (d). Thus leading to a

significant increase in electrical resistivity ahwp in power factor at 60 wt%.
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Table 2. FWHM, crystallite size, microstrain and dislocatidensity of RCF-Bil'e;

composite.
Bi,Tes FWHM Crystallite size, Microstrain Didocation density
Concentrations (radian) D (nm) (ex1073) (8 x 10"
(Wt%) (lines®m™) (linesm?)
15 0.0032 44.46 3.2 5.06
30 0.0031 46.74 3.1 4.58
45 0.0030 47.01 3.1 4.52
60 0.0031 45.69 3.2 4.79

Table 3: FWHM, crystallite size, microstrain and dislocatidensity of RCF-BiS;

composite.
Bi,S; Concentrations FWHM Crystallite size, Microstrain Didocation density

(Wt%) (radian) D (nm) (ex1073) (8 x 10*%)
(lines?m™) (linesm?

15 0.0031 45.69 3.50 4.79

30 0.0026 53.86 2.97 3.45

45 0.0027 52.14 3.08 3.68

60 0.0034 41.07 3.90 5.93

3.4. Thermal stability of RCF-Bi,;Te; and RCF-Bi,S; composites

The thermal stabilities of both RCF-Be; and RCF-BiS; were evaluated using
thermogravimetric analysis (TGA) and derivative rthegravimetric (DTG) studies. As
thermoelectric composites are subjected to temyer aifferences, it is vital to determine the

temperature range in which it is thermally stable.

The thermal stability of each constituent withive tRCF-BjTe; and RCF-BiS; composite
such as RCF, Ble;, Bi,S; and binder in the air are shownHigure S.6 (see Supplementary
data). The polymeric binder experienced major dimjian after 180 °C owing to the
decomposition of some polyester components su€@sLCQ, CH,, ethylene and acetylene
(Khalfallah et al., 2014). The RCF started to depose from 260 °C, owing to residual
epoxy that may still be present on its strands fymevious applications. Bie; particles
exhibited a thermally stable behaviour until 40Q B€yond 400 °C the particles experienced

oxidation that results in a sharp weight gain aswshin Figure S.6 (see Supplementary
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data).This weight gain was also observed by Brostow .etlaht attributed it to the escape of
tellurium due to its low vapour pressure and subest oxidation of bismuth at 400 °C
(Brostow et al., 2012). On the other hand,SBiparticles exhibited a thermally stable
behaviour in air as depicted gure S.6 (see Supplementary datatil 530 °C, beyond that

it experienced a slight oxidation (540 °C) (duehe oxidation of its main constituents such
as Bi and BiS; in the presence of oxygen in air (Rincbn, 1996)sudbsequent mass

degradation (from 600 °C to 800 °C) and oxidizeely(ind 800 °C).

Based orfFigure 9, increasing amounts of Hie; and BpS; had no significant change on the
Tonset FOr RCF-BjTe; composites, Jdrsetvaried slightly from 308.46 °C (at lower loadings o
Bi,Tes) to 316.2 °C (at higher loadings of,Bes). A similar pattern in the TGA analysis was
also observed for RCF-E8; composites until 45 wt% as shownRigure 9. The TynsetvVaried
from 306.13 °C to 316.82 °C, at 60 wt% there idighs drop in Tonsetto 308.86 °C. At 60
wt%, due to high filler loading resulting in the pseation of the polymer from the
thermoelectric fillers, may have resulted in lovieermal stabilities. All RCF-Bire; and
RCF-BbS; composites started degrading at around 294 °Chawirs in Figure 9. The
residual char was also seen to increase with isgrgaconcentration of Ble; and BpS;

within the thermoelectric composite.
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Figure 9: TGA analysis of RCF-Bir'e; and RCF-BiS; composites.

Figure S.7 (see Supplementary datt)ows the DTG curve of all the constituents inRIG--
Bi,Te; and RCF-BiS; composites. It can be seen that both RCF and bstdded degrading

at lower temperatures around 250 °C due to the raotlvermal stability of polymeric
compounds. On the other hand, both the thermogefters only exhibited degradation
after 400 °C and 480 °C for Hie; and BpS; respectively. The mass loss rate of the RCF and

binder is higher than that of the thermoelectiierfs.

Tmax IS approximately 600 °C and 630 °C for all RCRLI®s composites and RCF-E8;
composites as shown kigure 10. There was insignificant improvement igkwith respect

to increasing concentration of Be; and BpS;. However, the mass loss rate of composites
was reduced with increasing amount of Tés and BpS; and reached the least mass loss at 45
wt% thermoelectric filler loading. At concentrat®rhigher than 45 wt%, there was no
improvement in terms of mass loss rate for RCH-& composites but however for RCF-

Bi»S; composites at 60 wt%, the mass loss rate waseaatedl showing that it becomes less



492 thermally unstable than 45 wt%, which is also i&#e on its decreased power factor as

493 shown inFigure4.

15 wt% of Bi,Te,
30 wt% of Bi,Te,
45 wt% of Bi,Te,
60 Wt% of Bi,Te,

Derivative Weight % (% /min)

15 wi% of Bi,S,
3 30 wi% of Bi,S,
45 Wt% of Bi,S,
60 wi% of Bi,S,
-4 I ] I I
200 400 600 800 1000
494 Temperature(°C)
495 Figure 10: DTG curves of RCF-BiTe; and RCF-BiS; composites.
496

497 4. Conclusion

498 The power factor of RCF composite improved by 3d &ri times upon the incorporation of
499 thermoelectric fillers (BiTe; and BpSs) respectively. The power factor of RCF composites
500 increased with respect to increasing concentratidms, Te; and BpS;, however, it reached a
501 maximum of 0.194 + 9.70xIQUWK?m™ and 0.0941 + 4.71x10uWK?m™ for RCF-BjTe;
502 and RCF-BiS; at 45 wt% respectively. The thermoelectric prapsrof both RCF-Bile;
503 and RCF-BiS; were remarkably higher than that of bare RCF aweqat by the Seebeck
504 coefficient, electrical resistivity, carrier propermeasurement, FESEM, EDX, XRD and

505 TGA analysis. This is because the presence ofntiemioelectric fillers not only suppressed
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the carrier concentration but also improved theigamobility between the gaps of RCF

strands, thus enhancing its thermoelectric capisili

The environmentally friendly BS; filler is seen to show promising thermoelectrioperties,
although it is one order lower than that of Bi; due to its innate material property that has
high electrical resistivity. The thermoelectric quosites are proven to be a cost effective and
feasible alternative to producing efficient therhea&ic materials, which is economically
efficient as well as industrially scalable with fmmal infrastructure requirement. The
proposed RCF composites in this study could be frsethe recovery of low grade waste
heat such as that from laptops and mobile devicegotver low consumption electronic

devices.
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Highlights

Reuse of recycled carbon fibre (RCF) for thermoelectric applications.

Power factor improved by 34 and 17 times upon incorporation of Bi,Tes and Bi,Ss.
Highest power factor at 45 wt% of thermoelectric filler loading.

Attained power factor of 0.194 uWK?m™ (Bi,Tes) and 0.0941 uWK*m™ (Bi,Ss).

Thermoelectric composites at all concentrations are thermally stable until 294 °C.



Supplementary material:

Copper
Sheet

Heat Heat
Source Sink
-‘_

RCF Thermoelectric
Composite

Figure S.1: Schematic set up for Seebeck coefficient measurement.

Figure S.2: FESEM images of RCF composites (a) Cross-sectional view of the 45 wt% RCF-

BixTes composite (b) Zoomed in cross-sectional view of the 45 wt% RCF-Bi,Tes composite.
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Figure 8.3: FESEM and EDX study highlighting 3 components in the 45 wt% RCF-Bi;Te;
composite (a) EDX of RCF (b) EDX of polymeric binder (c) EDX of Bi>Tes powder.



Figure S.4: FESEM cross-sectional view of the RCF-Bi>S3 composite.
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Figure S.5: FESEM and EDX study highlighting 3 components in the 45 wt% RCF-Bi>S;3
composite (a) EDX of RCF (b) EDX of polymeric binder (c) EDX of Bi>S3 powder.
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Figure S.6: TGA of constituents in RCF-Bi>Te3 and RCF-Bi>S3 composite.
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Figure S.7: DTG curves of constituents in RCF-Bi>Tes and RCF-Bi>S3 composites.
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