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A B S T R A C T   

In this study, a cost-effective thermoelectric generator was developed from recycled carbon fibre (RCF) com
posites incorporated with multi-walled carbon nanotubes (MWCNT) doped bismuth telluride (Bi2Te3) and bis
muth sulphide (Bi2S3). A facile approach utilising hot compression and brushing was used to prepare a cost- 
effective inorganic RCF thermoelectric composite with varying content of MWCNT ranging from 0.05 to 
0.20 wt%. This work investigated the effect of doping MWCNT in Bi2Te3 and Bi2S3 matrix and its corresponding 
effect on thermoelectric, morphological, structural and thermal properties of RCF thermoelectric composite. The 
thermoelectric properties of RCF composites were optimised at 0.10 wt % (1.044 μW K� 2m� 1) and 0.15 wt% 
(0.849 μW K� 2m� 1) of MWCNT for doped Bi2Te3 and Bi2S3 respectively. The addition of MWCNT reduced the 
difference in power factor between RCF-Bi2Te3 and RCF-Bi2S3 from 52% to 19%. The presence of MWCNT in the 
Bi2S3 matrix overcame the high resistivity of Bi2S3 and improved its thermoelectric properties as MWCNT pro
vided a conductive pathway for efficient electron transfer. Thus, MWCNT doped Bi2S3 RCF composites is an 
alternative to telluride free thermoelectric generators.   

1. Introduction 

Thermoelectric materials have received widespread attention over 
the past decade due to their rapidly emerging applications in waste heat 
energy harvesting. Thermoelectric materials/generators have the 
unique capability of directly converting waste heat to electricity by 
utilising the physical principle of Seebeck effect. Approximately 60–70% 
of waste heat is released into the environment during the combustion of 
fossil fuel-based energy resources, so the reuse of waste heat to 

electricity is plausible with thermoelectric materials/generators that are 
highly beneficial to energy savings [1,2]. 

Despite the numerous advantages offered by thermoelectric mate
rials/generators, the commercialization of these materials, however, are 
limited by their high cost and low efficiency. Most industrially used 
thermoelectric generators are made from telluride based alloys (for low- 
temperature operation) and silicon germanium (for high-temperature 
operation) which require rare and expensive materials such as tellu
rium and germanium and therefore increasing the price of 
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thermoelectric generators [3]. These thermoelectric generators also 
have low thermal to electrical efficiency of less than 10% and a low 
figure of merit (ZT) values of less than unity [4,5]. One way to overcome 
the low efficiency and high cost of thermoelectric material is to search 
for low cost and highly efficient thermoelectric materials that could 
counteract the negative effect of low efficiency [6]. 

Though bismuth telluride (Bi2Te3) is a widely commercialised ther
moelectric alloy, the scarcity and toxicity of tellurium have always been 
of pivotal concern [7]. Tellurium is one of the rarest stable solid element 
that only makes up 0.0000001% of the Earth’s crust. Due to the poor 
availability of tellurium in the Earth’s crust, it is vital that one look for 
alternatives to replace tellurium. A more environmentally friendly 
alternative is bismuth sulphide (Bi2S3), sulphur makes up 0.042% of the 
Earth’s crust which makes sulphur 420,000 times more abundant than 
that of tellurium. With its low toxicity and natural abundance leading to 
lower cost, Bi2S3 is a good alternative to telluride based thermoelectric 
alloys. 

In addition to its abundance, Bi2S3 has a band gap of 1.3 eV which is 
higher than that of Bi2Te3 at 0.17 eV which yields it to have naturally 
low carrier concentrations of 2 � 1018 cm� 3 approximately two orders 
lower than Bi2Te3. Bi2S3 also has a higher Seebeck coefficient in the 
range of 150–480 μV/K [7,8] as compared to that of Bi2Te3 
(60–250 μV/K) [9,10] owing to the difference in carrier concentration. 
In addition to that, Bi2S3 has a relatively lower thermal conductivity in 
the range of 0.4–0.85 W/mK [8] than that of Bi2Te3 (0.8–1.4 W/mK) 
[11], the higher Seebeck coefficient and lower thermal conductivity of 
Bi2S3 makes it a suitable replacement for telluride based alloys in ther
moelectric applications. However, due to its intrinsically low carrier 
concentrations, it is mostly restricted by its poor electrical conductivity 
which could be resolved by extrinsic doping of Bi2S3 [7,12]. A few 
dopants such as bismuth (Bi) [8], bismuth chloride (BiCl3) [12,13] and 
silver (Ag) [7] have been used in the past as electron dopants to tune the 
carrier concentration of Bi2S3 that successfully reduced the electrical 
resistivity of Bi2S3 and improved its corresponding power factor and ZT 
values. 

In the recent past, multi-walled carbon nanotubes (MWCNT) have 
been investigated as an excellent platform for thermoelectric materials 
due to its nanoscale, low dimensional, holey structure features and its 
quantum confinement effect on charge carriers that is beneficial for 
improving power factor values [14]. 

Low dimensional nanostructures such as MWCNT are postulated to 
enhance the power factor of bulk thermoelectric materials through a 
mechanism called energy filtering [15]. In the presence of these nano
structures, low kinetic energy charge carriers are stopped by the energy 
barrier at nanostructure boundaries while high kinetic energy charge 
carriers are allowed to pass through them [16]. Concurrent improve
ment in Seebeck coefficient and electrical conductivity is plausible in the 
presence of this potential barrier eliminating low energy charge carriers 
and thereby improving charge carrier mobility [17]. 

Apart from using comparatively cheaper thermoelectric materials, 
further cost reduction of thermoelectric generators can be achieved by 
the utilization of recycled carbon fibre composites. Carbon fibre rein
forced polymer (CFRP) composites are vastly utilised for automobile, 
aerospace and sports sectors due to its lightweight, low density and 
impressive mechanical properties. Due to its increased usage, there is a 
large amount of CFRP waste generated from manufacturing as well as at 
the end of life of the products [18,19]. However, incineration and 
landfilling are no longer viable options for disposal due to environ
mental and recycling regulations such as EU Directive on Landfill of 
Waste (Directive 99/31/EC) and End-of-life Vehicle Directive (Directive 
2000/53/EC) [19]. Recycled carbon fibre (RCF) unfortunately cannot be 
reused for crucial mechanical and structural applications due to the 
declined mechanical properties after recycling. Thus, there is an 
imperative need to find an alternative for the reuse of RCF. Carbon fibres 
have exhibited positive thermoelectric capabilities in the past as films 
and composites owing to its electrical conductivity and weakly p-type 

thermoelectric nature [20–25]. 
Bi2S3-MWCNT hybrid composites have been employed in electronic 

devices such as lithium and sodium ion batteries [26–28], dye sensitised 
solar cells (DSSCs) [29] and pressure sensors [30] and has exhibited 
outstanding electrical performance. The inclusion of MWCNT in Bi2S3 
can serve as a conducting pathway promoting efficient transportation of 
electron thereby enhancing its electrical properties [31]. Although 
Bi2S3-MWCNT hybrid composites were used in energy storage, sensor 
and solar applications, to the best of author’s knowledge, there are no 
studies reported in the literature thus far on the thermoelectric prop
erties of Bi2S3-MWCNT hybrid composites. 

Most of the research work pertaining MWCNT-Bi2Te3 composite was 
fabricated via ball milling/mechanical alloying complemented with 
spark plasma sintering reported an increase in the electrical resistivity of 
Bi2Te3 alloy upon the incorporation of MWCNT [32,33]. This increase in 
resistivity is may be due to the defects introduced on carbon nanotubes 
during the milling process that may have altered its conductive networks 
[34]. In this study, MWCNTs will be incorporated in the Bi2Te3 matrix as 
a hybrid composite without inducing surface defects on the carbon 
nanotubes and its resulting electrical properties will be investigated. 

As a continuation of our previous work [22], this work focuses on 
fabricating a cost-effective thermoelectric generator by incorporating 
MWCNT doped Bi2Te3 and Bi2S3 onto recycled carbon fibre composites 
to further improve the electrical conductivity and the subsequent ther
moelectric properties of RCF composites. This study investigated the 
effect of varying concentrations of MWCNT on the thermoelectric, 
morphology, structural and thermal stability properties of both 
RCF-Bi2Te3 and RCF-Bi2S3 composites. 

2. Experimental 

2.1. Materials 

Commercial bismuth (III) telluride (purity: 99.99%) and bismuth 
(III) sulphide (purity: 99.99%) with a relative density of 7.6 g/cm3 and 
7.7 g/cm3 respectively were obtained from Sigma Aldrich Sdn. Bhd to be 
used as inorganic thermoelectric fillers. Acrodur DS 3530, a water-based 
and formaldehyde free binding polymer was supplied by BASF Malaysia 
Sdn. Bhd. Recycled Toray T600 carbon fibres which were recovered 
from a fluidised bed process was supplied by Recycled Carbon Fibre 
Limited (RCF) Coseley, UK. Ethylene glycol from R&M Chemicals and 
MWCNTs with outer diameter 20–30 nm, length of ~30 μm and purity of 
95 wt% were supplied by Chengdu Organic Chemicals Co. Ltd. 

2.2. Fabrication of RCF thermoelectric composite 

2.2.1. Fabrication of bare RCF composite 
The methodology in this section has been adapted from the author’s 

previous work [22]. Randomly oriented RCF sheets were soaked for 
15 min in a solution consisting of Acrodur DS 3530 binder and water 
with a volume ratio of 1: 10 parts. After soaking, the RCF was placed 
between two metal plates lined with laboratory wipes to eliminate 
excess water. A brick load of 10 kg was then placed on the sandwiched 
RCF to obtain a uniform composite with a thickness of 1 mm. The same 
steps were repeated three times until RCF was completely free from 
residual water. The dried RCF was then subjected to an applied load of 
5 kg was and placed in a gravity convection oven (UN 55, Memmert) at 
200 �C for 1 h for the curing and formation of bare RCF composite. 

2.2.2. MWCNT doped thermoelectric filler coating on RCF composite 
The MWCNTs were suspended in ethylene glycol and subjected to 

ultrasonication for 1 h. Then, the thermoelectric filler particles (Bi2Te3 
and Bi2S3) and Acrodur 3530 binder was added to the ultrasonicated 
MWCNT suspension and is subjected again for another 1 h of ultra
sonication. The MWCNT doped thermoelectric filler coating was paint 
brushed on to the surface of bare RCF composite and placed into the 
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oven at 200 �C for 1 h. The concentration of MWCNT was varied from 
0.05 to 0.20 wt%. 

2.3. Thermoelectric properties measurement 

2.3.1. Measurement of seebeck coefficient 
The measurement of Seebeck coefficient in this study was carried out 

using an in-house fabricated measurement system as shown in Fig. 1. 
The formula in Eq (1) was used to compute the Seebeck coefficient: 

α¼ΔV
ΔT
¼

VH � VC

TH � TC
(1)  

Where the potential difference created between the hot side, VH and cold 
side, VC is measured in millivolts as ΔV. The temperature difference 
produced between the temperature on the hot side, TH and temperature 
on the cold side, Tc is represented as ΔT. Seebeck coefficient measure
ment was carried out with a hot side temperature of approximately 40 �C 
and the cold side was placed at room temperature. 

An average of six readings was taken to compute the Seebeck co
efficients of the RCF thermoelectric composites using Eq (1). 

2.4. Measurement of electrical resistivity 

HMS ECOPIA 3000 with a magnetic field 0.57 T and probe current of 
15 mA was used to measure the electrical resistivity, carrier concentra
tion and carrier mobility of the RCF thermoelectric composites. 

2.5. Power factor calculation 

Power factor (PF) was used to measure the efficiency of the ther
moelectric composite using Eq (2) [35]. 

PF ¼
α2

ρ (2) 

The measured values of both Seebeck coefficient, α and electrical 
resistivity, ρ was used to compute the PF. 

2.6. Characterisation 

2.6.1. Thermogravimetric analysis (TGA) 
Thermogravimetric analyser (Perkin Elmer STA 6000) was used to 

study the thermal degradation and stability of the composites. The 
samples are subjected to an air flow rate of 20 mL/min and heated from 
30 �C to 900 �C with a heating rate of 10 �C/min. The temperature at 5% 
weight loss is denoted as the onset degradation temperature (Tonset). The 
temperature at which the RCF thermoelectric composites experiences 
maximum weight loss is denoted as maximum degradation temperature 
(Tmax). Tonset and Tmax were used to show the thermal degradation and 
stability of the RCF thermoelectric composites. 

2.7. X-ray powder diffraction 

X-ray powder diffraction (XRD) (Cu-Kα, Bruker D8 Advance) oper
ating at 40 kV and 40 mA was used to identify the phase structure and 
crystallinity property. Cu Kα radiation wavelength of 1.540 Å with a step 
size of 0.025 was used to obtain the XRD patterns in the 2θ range from 10 
to 80�. 

Scherrer equation as depicted in Eq (3) was used to compute crys
tallite size (D) [36]: 

D ¼
0:9λ

βcosθ
(3)  

Where λ is the wavelength of x-ray (1.540 Å), θ is the Bragg diffraction 
angle, β is the full width at half maximum (FWHM) of the dominant 
peak. 

Eq (4) was utilised to calculate the microstrain (ε) of the RCF ther
moelectric composites [37]: 

Fig. 1. Schematic set up for Seebeck coefficient measurement of RCF thermo
electric composite. 

Fig. 2. Seebeck coefficient of RCF-Bi2Te3 and RCF-Bi2S3 composites doped with varying amounts of MWCNT.  
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ε ¼ β
4 tan θ

(4) 

Dislocation density (δ) within the composites was calculated using 
Eq (5) [38]: 

δ ¼
1

D2 (5)  

2.7.1. Field emission scanning electron microscope (FESEM) 
The surface morphology of the RCF thermoelectric composites was 

obtained using FEI Quanta 400F. 

3. Results and discussion 

3.1. Effect of MWCNT on the thermoelectric properties of RCF-Bi2Te3 and 
RCF-Bi2S3 

The effect of varying the concentration of MWCNT on the Seebeck 
coefficient, electrical resistivity, and the power factor of RCF-Bi2Te3 and 
RCF-Bi2S3 composites respectively are shown in Fig. 2 to Fig. 4. In Fig. 2, 
there is a noteworthy improvement in the Seebeck coefficient of RCF- 
Bi2Te3 and RCF-Bi2S3 composites upon the incorporation of MWCNTs at 
certain optimum concentrations. The introduction of nanostructures 
such as MWCNTs at appropriate concentrations into bulk materials such 
as Bi2Te3 and Bi2S3 are known to introduce interfaces within the ther
moelectric matrix [39]. The incorporation of MWCNTs within the 

RCF-Bi2Te3 and RCF-Bi2S3 composites introduced two interfaces: (a) 
MWCNT/(Bi2Te3 or Bi2S3 interface) and (b) MWCNT/insulating poly
mer. These interfaces are thought to induce an energy filtering effect 
that forms potential boundaries that are capable of filtering out lower 
energy carriers while higher energy carriers are allowed to pass through 
them thus increasing the mean energy of carriers in the path [15,39]. 
Seebeck coefficient of both RCF-Bi2Te3 and RCF-Bi2S3 composites was 
highest at 0.10 wt% of MWCNT and their Seebeck coefficients improved 
by approximately 80% and 34% respectively compared to its non-doped 
counterpart (0 wt% of MWCNT) due to the above mentioned filtering 
effect. 

Doping with MWCNTs at a certain optimum concentration resulted 
in decreased carrier concentrations as shown in Table 1, thus leading to 
increased Seebeck coefficient of both RCF-Bi2Te3 and RCF-Bi2S3 com
posites. The optimum loading of MWCNTs for RCF-Bi2Te3 and RCF-Bi2S3 
composites was 0.10 wt% and 0.15 wt% respectively, at these optimum 
loadings carrier concentrations decreased (by 84% and 87% respec
tively) and carrier mobility improved (by 939% and 3992%) as shown in 
Table 1 due to the energy filtering mechanism. This decreased carrier 
concentration is a validation of the energy filtering effect mechanism 
occurring within the composite by removing low energy carriers with 
the incorporation of MWCNTs. The improvement of charge transport 
within the inorganic matrix (Bi2Te3 and Bi2S3) and a non-conducting 
polymer matrix (polymeric binder) also led to higher Seebeck co
efficients due to high levels of carrier mobility in MWCNTs [40,41]. 

However, at higher concentrations of MWCNTs (0.15 wt% and 
0.20 wt%) (as shown in Fig. 2) there was a gradual decrease in its See
beck coefficient for both RCF-Bi2Te3 and RCF-Bi2S3 with the subsequent 
increase in carrier concentrations as shown in Table 1. As MWCNTs are 
p-type with Seebeck coefficients normally in the range of þ40–50 μV/K 
[42], the drop in Seebeck coefficient at higher concentrations of 
MWCNTs may be due to the dominating p-type doping effect over the 
n-type Bi2Te3/Bi2S3 particles [43]. At higher concentrations, MWCNT 
prevented Bi2Te3/Bi2S3 particles from connecting with each other as 
shown in Fig. 7 (c), Figs. 7 (d) and Fig. 8 (d) owing to the agglomeration 
of MWCNT and does not disperse well in the Bi2Te3/Bi2S3 matrix, thus 
playing the role of an impurity. A similar doping effect that decreased 
Seebeck coefficient of Bi2Te3 at higher concentration of carbon nano
tubes was also observed and reported by Bark et al. [43] using MWCNT, 
Zhang et al. [41] using single wall carbon nanotubes (SWCNTs) and 
Lognone and Gascoin [34] using MWCNTs on n-type Bi2Te2.4Se0.6. 

Table 1 
The effect of doping RCF-Bi2Te3 and RCF-Bi2S3 composites with varying 
MWCNT concentrations on the carrier concentration and carrier mobility.  

MWCNT 
content 
(wt%) 

Carrier 
concentration 
of MWCNT 
doped RCF- 
Bi2Te3 

composites 
(cm� 3) 

Carrier 
mobility of 
MWCNT 
doped RCF- 
Bi2Te3 

composites 
(cm2V� 1s� 1) 

Carrier 
concentration 
of MWCNT 
doped RCF- 
Bi2S3 

composites 
(cm� 3) 

Carrier 
mobility of 
MWCNT 
doped RCF- 
Bi2S3 

composites 
(cm2V� 1s� 1) 

0.00 6.01 � 1020 1.27 � 10� 2 4.27 � 1018 6.67 � 10� 2 

0.05 0.83 � 1020 10.30 � 10� 2 4.07 � 1018 22.7 � 10� 2 

0.10 0.96 � 1020 13.20 � 10� 2 0.541 � 1018 248 � 10� 2 

0.15 1.29 � 1020 11.30 � 10� 2 0.543 � 1018 273 � 10� 2 

0.20 2.10 � 1020 6.75 � 10� 2 0.590 � 1018 252 � 10� 2  

Fig. 3. Electrical resistivity of RCF-Bi2Te3 and RCF-Bi2S3 composites doped with varying amounts of MWCNT (inset: zoomed view of electrical resistivity of RCF- 
Bi2Te3 composites with varying amounts of MWCNT). 

P. Jagadish et al.                                                                                                                                                                                                                                



Composites Part B 175 (2019) 107085

5

Carrier concentration also exhibit an increasing trend at 0.15 and 
0.20 wt% as shown in Table 1, this is because the energy filtering 
mechanism is no longer viable at higher concentrations of MWCNT as 
the MWCNTs are agglomerated and do not form interfaces with the 
Bi2Te3/Bi2S3 particles, thus allowing higher amount of charge carriers to 
pass through with lower energy (i.e carrier mobility) which ultimately 
decreases Seebeck coefficient of RCF-Bi2Te3 and RCF-Bi2S3 composites. 
The energy filtering effect in most cases is only observed to be present at 
intermediate doping levels when the dopant is filling in interstitial 
spaces between Bi2Te3/Bi2S3 particles and insulating polymer [15,44]. 

As illustrated in Fig. 3, increasing concentrations of MWCNTs 
decreased the electrical resistivity of RCF-Bi2Te3 composites. This is 
because of the massive improvement in carrier mobility as depicted in 
Table 1 (939% improvement at 0.10 wt% of MWCNT) that was brought 
about by the presence of MWCNTs in the RCF-Bi2Te3 composites. The 
continuous decrease of resistivity with an increasing amount of 
MWCNTs is because MWCNTs formed conducting channels to transport 
electrons between Bi2Te3 particles and the insulating polymer [45,46]. 
A reducing trend of electrical resistivity was noted from 0.05 to 0.15 wt 
% of MWCNT, the resistivity of the RCF-Bi2Te3 composite was reduced 
by approximately 40% at 0.10 wt% of MWCNT. Other research works 
that incorporated MWCNT into Bi2Te3 alloy using ultrasonic [41,47], 
hydrothermal [33] and electrodeposition [48,49] also reported a 
decrease in the electrical resistivity of Bi2Te3 alloy composites similar to 
that observed in this study. However, at 0.20 wt% of MWCNT for 
RCF-Bi2Te3 composites, a slight increase in resistivity is observed how
ever still more conductive than that of 0 wt% MWCNT is observed as it is 
plausible that at larger concentrations MWCNT may play the role of 
impurities that prevent Bi2Te3 particles from connecting with each other 
resulting in decreased carrier mobility [43]. 

As depicted in Fig. 3, the electrical resistivity of RCF-Bi2S3 compos
ites is also seen to decrease upon the incorporation of MWCNTs at all 
concentrations, however, at higher loadings of 0.15 wt% and 0.20 wt% 
of MWCNT, the resistivity remained constant. The substantial 
improvement in carrier mobility at 0.15 wt% of MWCNT (by approxi
mately 3992%) has helped to reduce the electrical resistivity of RCF- 
Bi2S3 composites by approximately 81% when compared to 0 wt% of 
MWCNT. Although there was an 87% decrease in carrier concentration 
for RCF-Bi2S3 composites as shown in Table 1, the staggering improve
ment of 3992% in carrier mobility helped to decrease the electrical re
sistivity by 81%. A similar decrease in resistivity with increasing 
concentration of MWCNTs was also observed by Yu et al. (2008) and 
Moriarty et al. (2012) that doped a non-conducting polymer poly (vinyl 

acetate) (PVAc) with CNT [42,44]. Both, the cited studies mentioned 
that significant enhancement in electrical conductivity is plausible with 
MWCNT fillers as MWCNT forms conductive networks through the 
insulating polymer. 

The power factor as shown in Fig. 4, is one of the most important 
factors that monitors thermoelectric properties. The power factor of 
RCF-Bi2Te3 composites increased by a staggering 75–440% upon the 
varying incorporation of MWCNTs. The power factor was observed to 
increase from 0 wt% to 0.10 wt% of MWCNT, and then gradually 
dropped from 0.15 wt% to 0.20 wt% of MWCNT. The improvement in 
power factor was greatly contributed by enhanced electrical conduc
tivity and Seebeck coefficient upon the incorporation of MWCNT from 
0.05 wt% to 0.15 wt% of MWCNT. The improved power factor is stem
ming from the energy filtering effect at MWCNT/Bi2Te3 and also 
MWCNT/insulating polymer interfaces which formed potential barriers 
that allow only carriers with energy to pass, thus increasing the mean 
carrier energy in the flow. This proposed phenomenon is supported by 
the drastic decrease in carrier concentration while the carrier mobility 
increased exponentially as shown in Table 1. A similar observation was 
made by Du et al. [47] in which a concurrent enhancement in the See
beck coefficient and electrical conductivity was reported due to the in
clusion of graphene that induced the energy filtering effect. 

The power factors of RCF-Bi2S3 composites doped with MWCNTs are 
also shown in Fig. 4. The power factors of RCF-Bi2S3 composites 
improved by approximately 800% upon the incorporation of 0.15 wt% 
of MWCNT due to the simultaneous improvement in electrical conduc
tivity and Seebeck coefficient. The power factor showed significant 
improvement from 0.05 to 0.10 wt% MWCNT, however, from 0.15 to 
0.20 wt% MWCNT there was minimal improvement. This indicates that 
at lower doping concentrations MWCNT can effectively enhance carrier 
transportation owing to the energy filtering mechanism. However, at 
higher concentrations (0.20 wt%) of MWCNT, an opposite effect is 
observed, whereby the MWCNT acts as a degenerate (highly doped) 
semiconductor that exhibits a metallic behaviour. Thus, increasing its 
carrier concentration and leading to decreased Seebeck coefficient. 
Thus, the optimum doping level of MWCNT for RCF-Bi2Te3 and RCF- 
Bi2S3 is 0.10 wt% and 0.15 wt% of MWCNTs with a power factor of 
1.044 and 0.849 μW K� 2m� 1 respectively. 

3.2. Morphological study of RCF-Bi2Te3 and RCF-Bi2S3 composites doped 
with MWCNT 

Fig. 5 shows the FESEM images of RCF-Bi2Te3 and RCF-Bi2Te3 doped 

Fig. 4. Power factor of RCF-Bi2Te3 and RCF-Bi2S3 composites doped with varying amounts of MWCNT.  
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with MWCNT composite. The granular structures are shown in Fig. 5 (b) 
(as indicated by the blue arrows) are referring to the Bi2Te3 particles 
while the worm-like structures (as indicated by the yellow arrows) are 
referring to the MWCNTs. The MWCNTs are well dispersed in the 
polymer-Bi2Te3 matrix and filled the inter-spaces between Bi2Te3 par
ticles leading to the formation of a conductive pathway within the ma
trix. Similar morphology was also observed in the RCF-Bi2S3 composites 
doped with MWCNT as shown in Fig. 6 (b). A higher magnification was 

used to study the interaction of MWCNT within the RCF-Bi2S3 composite 
as this was the lowest magnification that could clearly visualise the 
interaction. The MWCNTs is also seen to form a conductive pathway 
between the Bi2S3 particles within the insulating polymer matrix. The 
81% reduction in electrical resistivity of MWCNT doped RCF-Bi2S3 
composites mentioned in Section 3.1 is due to the presence of this 
conductive network. 

The morphology of RCF-Bi2Te3 composites with increasing 

Fig. 5. FESEM images of (a) RCF-Bi2Te3 composite (b) RCF-Bi2Te3 doped with 0.05 wt% of MWCNT.  

Fig. 6. FESEM images of (a) RCF-Bi2S3 composite (b) RCF-Bi2S3 doped with 0.05 wt% of MWCNT.  

Fig. 7. FESEM images of RCF-Bi2Te3 composites doped with (a) 0.05 wt% of MWCNT (b) 0.10 wt% of MWCNT (c) 0.15 wt% of MWCNT (d) 0.20 wt% of MWCNT.  
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concentrations of MWCNTs is shown in Fig. 7. The MWCNTs are seen to 
be well dispersed within the polymer-Bi2Te3 matrix at 0.05 and 0.10 wt 
% of MWCNT, however, at 0.15 and 0.20 wt% it can be seen that 
MWCNTs are beginning to concentrate in a particular portion of the 
Bi2Te3 polymer matrix owing to the length of the carbon nanotubes as 
highlighted by the yellow circle in Fig. 7 (c) and Fig. 7 (d). These higher 
concentrations of MWCNTs may have possibly hindered carrier mobility 
leading to decreased carrier mobility as shown in Table 1, thus leading 

to lower Seebeck coefficient at 0.15 and 0.20 wt% than that at 0.10 wt% 
of MWCNT. At 0.20 wt% of MWCNT as shown in Fig. 7 (d), agglomerates 
of MWCNT (as highlighted by the yellow circle) is formed and there is 
also a separation of the granular structures of Bi2Te3 and the worm-like 
structures of MWCNTs (as highlighted by the red circle). These 
agglomeration and separation could be the reason for the increased 
electrical resistivity at 0.20 wt% of MWCNT. 

For the RCF-Bi2S3 composites doped with MWCNT as shown in Fig. 8, 

Fig. 8. FESEM images of RCF-Bi2S3 composites doped with (a) 0.05 wt% of MWCNT (b) 0.10 wt% of MWCNT (c) 0.15 wt% of MWCNT (d) 0.20 wt% of MWCNT.  

Fig. 9. XRD pattern of MWCNT doped RCF-Bi2Te3 composites.  
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the MWCNT is seen to be well dispersed at all doping concentrations 
within the Bi2S3-polymeric matrix. Though no agglomerates of MWCNT 
was observed in the case of RCF-Bi2S3 composites, a small well of 
concentrated MWCNT (as highlighted by the yellow circle) in Fig. 8 (d) 
was observed within the matrix at 0.20 wt%, which may have contrib
uted to reduced mobility as shown in Table 1. At higher concentrations 
of MWCNTs, it is observed that the power factors of both RCF-Bi2Te3 and 
RCF-Bi2S3 composites decreased, this could be due to the decreased 
interfaces between that of MWCNT and the thermoelectric particles, as 
shown in the FESEM images that is responsible for the energy filtering 
mechanism. 

3.3. The effect of MWCNT doping on the XRD of RCF-Bi2Te3 and RCF- 
Bi2S3 composites 

XRD patterns of RCF-Bi2Te3 and RCF-Bi2Te3 doped with MWCNT 
composites are shown in Fig. 9. In general, the obtained XRD patterns of 
all samples were similar to that of Bi2Te3. No visible peak corresponding 
to MWCNT in RCF-Bi2Te3 doped MWCNT composites was observed due 
to the low amount of MWCNT in the composites. A lack of MWCNT peak 
in XRD was also observed in several other Bi2Te3-MWCNT hybrid 
composite studies owing to its low doping amount [39,41,43,48]. The 
most prominent peak in the case of all XRD patterns is (015) which were 
used to calculate all XRD related parameters such as FWHM, crystallite 
size, dislocation density and microstrain. The D, ε and δ of the 
RCF-Bi2Te3 and MWCNT doped RCF-Bi2Te3 composites are as shown in 
Table 2. 

The intensity of XRD patterns increased with increasing 

concentrations of MWCNT as shown in Fig. 9, showing that incorpora
tion of MWCNT enhanced the crystallinity of RCF-Bi2Te3 composite. The 
addition of MWCNT helps reduce the amorphous nature of the insulating 
polymer used in this study. The improvement in crystallinity is also 
complemented by the decrease in the FWHM values as shown in Table 2 
upon the incorporation of MWCNT. The improvement in crystallinity 
was also noted by Refs. [48,49] upon the incorporation of MWCNTs. 

The crystallite size, D also increased with the incorporation of 
MWCNT, however, remained almost constant after 0.15 wt%. The in
crease in crystallite size could be attributed to MWCNTs attaching itself 
to the Bi2Te3 particles as the conductive networks are formed 
throughout the matrix as shown in Fig. 7. The microstrain and disloca
tion density as shown in Table 2 are also seen to decrease until 0.15 wt% 
of MWCNT, these structural properties also reflected in decreased 
electrical resistivity of the RCF-Bi2Te3 composites with MWCNTs as 
shown in Fig. 3. However, as agglomerates of MWCNTs are formed at 
0.20 wt% it resulted in increased dislocation density and electrical re
sistivity followed by the decreased power factor. 

XRD patterns of RCF-Bi2S3 and RCF-Bi2S3 doped with MWCNT 
composites are shown in Fig. 10. All XRD patterns shown in Fig. 10 have 
the following 27 diffraction peaks of Bi2S3 was observed on all the RCF- 
Bi2S3 composite were located at 2θ, 15.75�, 17.62�, 22.43�,24.99�, 
25.23�, 27.49�, 28.65�, 31.84�, 33.04�, 33.96�, 35.65�, 36.68�, 39.09�, 
39.95�, 45.60�, 46.51�, 47.05�, 48.48�, 49.21�, 52.63�, 53.86�, 54.77�, 
62.68�, 64.57�, 72.04�,73.05� and 76.21� corrsoponding to the (200), 
(201), (202), (301), (103), (210), (112), (212), (013), (303), (402), 
(312), (410), (411), (020), (314), (511), (600), (512), (321), (610), 
(611), (711), (712), (606), (417) and (408) lattice planes, respectively. 
Similar to that of RCF-Bi2Te3 composites, the obtained XRD patterns of 
all samples were similar to that of Bi2S3. No visible peak corresponding 
to MWCNT in RCF-Bi2S3 doped MWCNT composites was observed due to 
the low amount of MWCNT in the composites. A lack of MWCNT peak in 
XRD was also observed in several other Bi2S3-MWCNT hybrid composite 
studies owing to its low doping amount [27,28]. The most dominant 
peak in case of all XRD patterns is (301) was used for the calculation of 
XRD parameters. 

Similar to that of MWCNT doped RCF-Bi2Te3, RCF-Bi2S3 also 
exhibited a decreasing pattern of the FWHM values, upon the incorpo
ration of MWCNTs which denotes an improvement in the crystallinity as 
shown in Table 3. It can be seen that crystallite size, D also increased 
from 52.14 nm to a maximum value of 57.69 nm with increasing 

Table 2 
The effect of doping RCF-Bi2Te3 composites with varying MWCNT concentra
tions on the dislocation density, microstrain, crystallite size and FWHM.  

MWCNT 
Concentrations 
(wt %) 

FWHM 
(radian) 

Crystallite 
size, D (nm) 

Microstrain 
(ε x 10� 3) 
(lines� 2 m� 4)  

Dislocation 
density (δ x 
1014) (lines/ 
m2) 

0.00 0.0030 47.01 3.1 4.52 
0.05 0.0028 51.12 2.8 3.83 
0.10 0.0026 55.26 2.6 3.27 
0.15 0.0025 57.60 2.5 3.01 
0.20 0.0025 57.20 2.5 3.06  

Fig. 10. XRD pattern of MWCNT doped RCF-Bi2S3 composites.  
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concentration of MWCNT. This may be due to the conductive network of 
MWCNT that is attaching itself to the crystals of Bi2S3 particles as shown 
in Fig. 8. However, at higher concentrations of MWCNTs (0.20 wt%), 

there is no observable change in D perhaps because the interaction be
tween Bi2S3 particles and MWCNTs are lower with an observable con
centration/accumulation of MWCNTs in the polymer phase at 0.20 wt% 
with not much connection to that of Bi2S3 particles as shown in Fig. 8 
(d). 

With the increase in D, the decrease in microstrain, ε and dislocation 
density, ẟ are widely known phenomenon [50]. The continuous decrease 
in both ε and ẟ resulted in an 81% decrease in electrical resistivity for 
0.15 wt% MWCNT doped RCF-Bi2S3 composites as compared to that of 
0 wt% MWCNT as shown in Fig. 3. 

3.4. The effect of MWCNT doping on the thermal stability of RCF-Bi2Te3 
and RCF-Bi2S3 composites 

The TGA measurements for RCF-Bi2Te3 (0 wt% MWCNT) and 

Table 3 
The effect of doping RCF-Bi2S3 composites with varying MWCNT concentrations 
on the dislocation density, microstrain, crystallite size and FWHM.  

MWCNT 
Concentrations 
(wt %) 

FWHM 
(radian) 

Crystallite 
size, D (nm) 

Microstrain 
(ε x 10� 3) 
(lines� 2 m� 4)  

Dislocation 
density (δ x 
1014) (lines/ 
m2) 

0.00 0.00272 52.14 3.1 3.68 
0.05 0.00267 53.16 3.0 3.54 
0.10 0.00261 54.23 2.9 3.40 
0.15 0.00248 57.28 2.8 3.05 
0.20 0.00246 57.69 2.8 3.00  

Fig. 11. TGA curves of (a) RCF-Bi2Te3 composites doped with various loadings of MWCNTs (b) RCF-Bi2S3 composites doped with various loadings of MWCNTs.  
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MWCNT doped RCF-Bi2Te3 composites with 0.05–0.20 wt% MWCNTs 
are shown in Fig. 11 (a). Based on Fig. 11 (a), MWCNTs improved the 
onset degradation temperature (Tonset) at 5% weight loss of RCF-Bi2Te3 
composites from 316.2 �C (0 wt% MWCNT) to 330.75 �C (0.20 wt% 
MWCNT). The weight loss of composites decreased with increasing 
incorporation of MWCNT until 0.15 wt%. However, at higher concen
tration of 0.20 wt% of MWCNT the weight loss was seen to suddenly 
increase perhaps owing to the agglomeration of MWCNTs in the com
posite as explained in Section 3.2. Nevertheless, it can be concluded that 
doping of MWCNTs improved the thermal stability of RCF-Bi2Te3 com
posites if it is uniformly dispersed within the matrix. A similar 
improvement in weight loss and thermal stability of the composites were 
also observed in electrically conductive polymers doped with MWCNTs 
[47,49,51]. 

An improved onset degradation temperature (Tonset) at 5% weight 
loss was also observed for RCF-Bi2S3 composites doped with MWCNTs as 

shown in Fig. 11 (b). The TGA curves for MWCNT doped RCF-Bi2S3 
composites were similar to those of RCF-Bi2S3. The Tonset at 5% mass loss 
improved from 316.32 (0.00 wt% MWCNT) to 350.67 �C (0.20 wt% 
MWCNT). 

The improvement in thermal stability of MWCNT doped RCF-Bi2Te3 
composite is also highlighted in the improvement of the maximum 
degradation temperature (Tmax) of the composites upon incorporation of 
MWCNT as shown in Fig. 12 (a). All the DTG curves upon incorporation 
of MWCNT shifted to the right showing an increase in the Tmax from 
602.19 �C (0.00 wt% MWCNT) to 643.91 �C (0.20 wt% MWCNT). 
MWCNT doped RCF-Bi2S3 composite also showed a similar improve
ment in its Tmax as shown in Fig. 12 (b). The Tmax improved from 
638.88 �C (0.00 wt% MWCNT) to 660.45 �C (0.20 wt% MWCNT) indi
cating that MWCNT has brought an improvement in its thermal stability. 

When MWCNT is uniformly dispersed within the matrix, it is seen to 
improve the thermal stability (i.e. Tonset and Tmax) of both RCF-Bi2Te3 

Fig. 12. DTG curves of (a) RCF-Bi2Te3 composites doped with various loadings of MWCNTs (b) RCF-Bi2S3 composites doped with various loadings of MWCNTs.  
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and RCF-Bi2S3 composites due to remarkable thermal properties of 
MWCNT [52]. Thermoelectric composites are constantly subjected to 
temperature variation cycles, thus it is imperative to have a thermo
electric composite that has robust thermal stability. MWCNT as a dopant 
is proven to be valuable in improving the thermal stability of RCF 
composites. 

4. Conclusion 

In summary, the optimum doping level of MWCNT for RCF-Bi2Te3 
and RCF-Bi2S3 is 0.10 wt% and 0.15 wt% of MWCNTs, respectively. At 
optimum doping, MWCNT doped RCF-Bi2Te3 and RCF-Bi2S3 obtained 
power factors of 1.044 and 0.849 μW K� 2m� 1, respectively. At optimum 
doping level, MWCNTs enhanced the power factors of RCF-Bi2Te3 and 
RCF-Bi2S3 composites by approximately 438 and 800%, respectively. 
With the addition of MWCNT, the difference in power factor between 
RCF-Bi2Te3 and RCF-Bi2S3 was approximately 19%, whereas the dif
ference in power factor without the addition of MWCNT between RCF- 
Bi2Te3 and RCF-Bi2S3 was approximately 52%. This is a validation of the 
capability of MWCNT to improve the power factor of the environmen
tally friendly Bi2S3 thermoelectric composites to a comparable value 
with that of Bi2Te3. At optimum doping levels, MWCNT also improved 
the crystallinity and thermal stability of the RCF-Bi2Te3 and RCF-Bi2S3 
composites. 
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