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ABSTRACT: This paper presents a method to synthesize a new bismuth telluride 
nanocomposite film by including graphene and cellulose nanofiber through an 
electrodeposition process. A significant challenge in this process was the formation of cracks 
in the films due to excessive polymer content from poly (diallyldimethylammonium chloride) 
(PDDA) coating on CNF. This study found a significant improvement in the integrity of the 
film’s structure when 1.5 ml of PDDA was used for coating the CNFs, the resulting films 
exhibited no cracks, maintaining their structural integrity and enhanced thermoelectric 
properties. An adequate PDDA solution is crucial for developing robust, high-performance 
thermoelectric materials for potential waste heat recovery and power generation applications. 
The inclusion of cellulose nanofibers increased the carbon content of the Bi2Te3/graphene film. 
The carbon content increased from 1.6 wt.% in the baseline film to 3.7 wt.% and 5.57 wt.% 
for films with 1 g/L and 2 g/L CNF, respectively. This clearly demonstrates the substantial 
influence of CNFs on the composition and performance of the composite. The reduced 
volume of PDDA coated with CNF effectively reduced the issues with film brittleness.

KEYWORDS: Thermoelectric film; Electrodeposition; Nanocomposite; Cellulose Nanofiber 
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1.0	 INTRODUCTION
Thermoelectric generators (TEGs) are a very promising technology that directly turns waste 
heat into electricity and is one of the crucial initiatives in tackling the worldwide energy crisis 
and environmental issues. The overall performance of a thermoelectric (TE) material can be 
analyzed by figure of merit (ZT), and a high ZT value involves a combination of a high Seebeck 
coefficient, high electrical conductivity, and low thermal conductivity [1]. Nanocomposites 
are essential for enhancing thermoelectric performance, particularly in terms of electrical 
conductivity. Furthermore, utilizing the nanocomposite method can yield advantages 
regarding mechanical qualities. [2].(Ahmad & Almutairi, 2023) prove that including multi-
wall carbon nanotubes (MWCNTs) enhanced the composites’  electrical conductivity, 
Seebeck coefficient, and power factor [3]. This resulted in a considerable improvement in the 
thermoelectric figure of merit of the composites by 10% compared to the pure Bi2Te3. Besides 
that, (Nour et al., 2023) emphasize that incorporating reduced graphene oxide (RGO) and 
carbon nitride (g-C3N4) into the bismuth telluride (Bi2Te3) matrix as nanocomposites has 
been proven to improve thermoelectric performance through several ways [4]. The ZT values 
of these nanocomposites exhibited a notable rise compared to the pure Bi2Te3, suggesting a 
significant improvement in thermoelectric performance.

The inclusion of Cellulose nanofiber (CNF) and graphene could provide the same benefits as 
other carbon-based nanomaterial in thermoelectric nanocomposites by increasing electrical 
conductivity, decreasing thermal conductivity, and improving mechanical properties at 
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the same time [5]. The simultaneous use of Cellulose nanofiber (CNF) and graphene in 
thermoelectric nanocomposites can yield advantages similar to those of other carbon-
based nanomaterials. This includes enhancing electrical conductivity, reducing thermal 
conductivity, and simultaneously enhancing mechanical characteristics. Adding Graphene 
nanoparticles to Bi2Te3 film enhances its electrical conductivity by enhancing charge carrier 
mobility. Furthermore, the presence of CNF improves the film’s mechanical characteristics, 
particularly micro-hardness and young modulus. This study presents a novel advancement in 
the fabrication of a Bi2Te3 nanocomposite film by incorporating CNF/graphene nanoparticles 
using electrodeposition. There is a lack of comprehensive information regarding the synthesis 
technique, particularly with the previous deposition process used in electrolyte preparation 
to address the issue of crack formation in the film. This work also examines the impact of the 
polymer of CNF nanoparticles on the deposition process.

2.0 	 METHODOLOGY
The electrolyte solution prepared in this study consists of 3.2 mM Bi3+ and 7.2 mM HTeO2

 + in 
HNO3. The electrolytes used for the deposition of nanocomposite films were prepared with a 
mixture of 0.75g/L graphene nanoparticles and CNF (2 g/ L). The mixing process underwent 
rigorous stirring conditions and was sonicated intermittently to ensure the optimum result 
of the graphene/CNF nanoparticles dispersion and suspension in the electrolyte solution. 
The synthesized nanocomposite film on the working electrode was established at -100mV 
of the applied potential in the three-electrode cell of the potentiostatic electrodeposition 
system. Before these processes, the CNF nanoparticles were coated with the Poly (diallyl 
dimethylammonium chloride) (PDDA). The nanoparticles were mixed and sonicated in the 
diluted PDDA to ensure the polymeric molecules fully covered the nanoparticle’s surface. 
Then, the CNF nanoparticles in the PDDA solution went through the filtration process to 
filter the excessive PDDA solution. The surface morphology and element composition were 
analyzed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDX).

3.0 	 RESULTS AND DISCUSSION
The synthesis of cellulose nanofiber CNF/graphene-bismuth telluride (Bi2Te3) nanocomposite 
films faces a significant challenge in avoiding cracks during the deposition process, owing 
to the high polymer content of poly (diallyldimethylammonium chloride) (PDDA), which is 
used to coat the CNFs during the filtration process. Table 1 depicted the correlation between 
reducing the quantity of PDDA utilised to coat the CNF and the mitigation of cracking in 
the resultant film. When a significant quantity of PDDA (10ml) [6] was mixed with 2g of 
CNF, the films experienced fracturing irrespective of the amount of distilled water added. 
Therefore, a high PDDA concentration can result in cracks forming in the final film. The 
elevated concentration of PDDA is the probable explanation for creating a dense polymer 
layer that is prone to distortion and fracturing when the film is formed.

 The films remained susceptible to cracking even when the quantity of PDDA was decreased 
to 5ml and 2.5 ml while maintaining the same amount of CNF and introducing 500ml of 
distilled water. This indicates that even small amounts of PDDA can disrupt the film’s 
integrity. Nevertheless, when the dosage of PDDA was reduced to 1.5ml, accompanied by 
2g of CNF and 500 ml of distilled water, the resulting film exhibited no cracks, as depicted 
in Figure 1. This demonstrates that maintaining an optimal ratio of PDDA to CNF is crucial 
to attaining a stable and devoid-of-cracks film structure. The study additionally discovered 
that reducing the dosage of CNF to 1g, while keeping PDDA at 1.5 ml and distilled water at 
500 ml, led to the formation of a film without any cracks. This suggests that the proportion of 
PDDA to CNF is a more significant factor than the overall quantity of CNF in the prevention 
of cracking. The main factor responsible for this observation is the reduction in PDDA content 
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of the CNF, which enhances the quality of the polymer coating. This leads to a more consistent 
and durable film structure that is less likely to rupture during the deposition process [7,8]. 
An excessive amount of poly (diallyldimethylammonium chloride) (PDDA) may result in 
the creation of a thick and easily shaped layer that is likely to develop cracks. On the other 
hand, a lower amount of PDDA enables a more even distribution and integration of cellulose 
nanofibrils (CNF) in the film. 

Table 1: Amount of PDDA content to prevent crack films.

No CNF (g/L) PDDA 
(ml)

Film Condition

1 2 10 Crack

2 2 5 Crack 

3 2 2.5 Crack 

4 2 1.5 No Crack 

5 1 1.5 No crack
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Figure 1 The improved film of CNF-Graphene/Bi2Te3 
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Figure 1 The improved film of CNF-Graphene/Bi2Te3

Table 2 shows the elemental composition found in graphene-CNF/Bi2Te3 nanocomposite 
films. The composition has been examined by Energy Dispersive X-ray Spectroscopy (EDX). 
The nanocomposite film has a maximum weight percentage of CNF-wt.% of 5.57%. The 
Bi/Te atomic ratio remained rather constant in the presence of various quantities of CNF 
nanoparticles, and the atomic percentage error, based on the stoichiometric ratio of the 
Bi2Te3 phase, was consistently below 3%. Based on the ideal ratio of Bi2Te3 (40:60), the atomic 
percentage error for the Bi-Te ratio was found to be quite acceptable, with such an error 
amounting to no more than three percent. It is recommended that the ratio fluctuation of 
Bi-Te should not exceed 5% error from the pristine one. This is done to prevent any potential 
ratio factor from affecting TE performance.

Table 2: The elemental composition found in graphene-CNF/Bi2Te3 nanocomposite films.

Electrolyte

Graphene 
Content in 
electrolyte 

(g/L)

Cellulose 
nanofiber 

(CNF) 
content in 
electrolyte 

(g/L)

Electrodeposited 
film

Composition in the deposited film

Carbon 
(wt%)

Bi: Te 
(at%)

Atomic 
percentage error 

due to Bi2Te3 
phase ratio (%)

I

0.75

0 Bi2Te3/Graphene 1.6 37:63 ±3

II 1
Bi2Te3/Graphene 
(0.75 wt%) -CNF 

(3.80wt%)
3.8 42:58 ±2

III 2
Bi2Te3/Graphene 
(0.75 wt%) -CNF 

(5.57wt%)
5.57 43:57 ±3
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4.0 	 CONCLUSION
This study utilized electrochemical deposition to synthesis nanocomposite films consisting of 
CNF-Graphene/Bi2Te3. The resulting films exhibited enhanced crack resistance. The deposited 
films contained up to 5.57 wt.% of CNF nanoparticles, effectively reducing issues with film 
brittleness. Ultimately, reducing the volume of PDDA to 1.5ml was essential to effectively 
prevent film cracking. The polymer content was optimized to achieve efficient dispersion and 
stabilization of CNF, while simultaneously reducing film cracking resulting from brittleness. 
The optimization process enhanced the mechanical strength and performance of the CNF/
graphene – Bi2Te3 nanocomposite films.

ACKNOWLEDGMENTS 
The study is funded by Ministry of Higher Education (MOHE) of Malaysia through the 
Fundamental Research Grant Scheme (FRGS), No: FRGS/1/2023/TK08/UTeM/02/5. The 
authors would like to thank Universiti Teknikal Malaysia Melaka (UTeM) for all the support.

REFERENCES 
[1]	 Trung Nguyen Huu, Toan Nguyen Van, and Ono Takahito, “Flexible thermoelectric power 

generator with Y-type structure using electrochemical deposition process,” Applied Energy, vol. 
210, pp. 467–476, Jan. 2018, doi: https://doi.org/10.1016/j.apenergy.2017.05.005.

[2]	 M. K. Keshavarz, Dimitri Vasilevskiy, R. A. Masut, and S. Turenne, “Mechanical properties of 
bismuth telluride based alloys with embedded MoS2 nano-particles,” Materials & design, vol. 103, 
pp. 114–121, Aug. 2016, doi: https://doi.org/10.1016/j.matdes.2016.04.042

[3]	 K. Ahmad and Zeyad Almutairi, “Enhanced thermoelectric properties of bismuth telluride 
(Bi2Te3) and multiwall carbon nanotube (MWCNT) composites,” Materials today communications, 
vol. 35, pp. 106228–106228, Jun. 2023, doi: https://doi.org/10.1016/j.mtcomm.2023.106228.

[4]	 A. Nour, H. M. Refaat, A. El-Dissouky, and Hesham M.A. Soliman, “Europium (III) doped 
bismuth telluride decorated on carbon-based materials for enhancing thermoelectric 
performance,” Ceramics international, vol. 49, no. 16, pp. 26982–26993, Aug. 2023, doi: https://doi.
org/10.1016/j.ceramint.2023.05.237.

[5]	 X. Zhao  et al., “Flexible cellulose nanofiber/Bi2Te3 composite film for wearable thermoelectric 
devices,”  Journal of power sources, vol. 479, pp. 229044–229044, Dec. 2020, doi: https://doi.
org/10.1016/j.jpowsour.2020.229044.

[6]	 Khairul Fadzli Samat, Y. Li, Nguyen Van Toan, Mohd Asyadi Azam, and T. Ono, “Highly enhanced 
thermoelectric and mechanical properties of Bi2Te3 hybrid nanocomposite with inclusion of Pt 
nanoparticles and SWCNTs,” Journal of materials research/Pratt’s guide to venture capital sources, vol. 
37, no. 20, pp. 3445–3458, Aug. 2022, doi: https://doi.org/10.1557/s43578-022-00694-z.

[7]	 “High-performance cellulose nanofibril composite films:: BioResources,”  @bioresjournal, 2024. 
https://bioresources.cnr.ncsu.edu/resources/high-performance-cellulose-nanofibril-composite-
films/ (accessed Jul. 04, 2024).

[8]	 P. Xi, F. Quan, Y. Sun, and Y. Jiang, “Cellulose nanofibers reinforced nanocomposites with high 
strength and toughness by tunable wet-drawing and ionic cross-linking method,”  Composites. 
Part B, Engineering, vol. 242, pp. 110078–110078, Aug. 2022, doi: https://doi.org/10.1016/j.
compositesb.2022.110078.


	00_eIRID24_toc
	01_IRID24_isi



