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The rubber, graphene and p-Bi2Te3 composite thermoelectric cells are fabricated and their properties are investigated. The 
cells were fabricated by deposition of the graphene nano powder and p-Bi2Te3 powder on the surface of porous rubber by 
use of rubbing-in technology. It was observed that Seebeck coefficient of the rubber and graphene composite decreased 
with increase of temperature, but in the case of the rubber, graphene and p-Bi2Te3 composite, it was increased. The output 
thermoelectric voltages of both composites increased with increase of the gradient of temperature. The thermoelectric 
voltage generated by the cell, fabricated from rubber and graphene composite was lower, at the same gradient of 
temperature, than that of the composite based on rubber, graphene and p-Bi2Te3. The rubbing-in technology can be used 
for the fabrication of the thermoelectric devices for demonstrative purpose. The obtained results may be used for the 
development of the flexible thermoelectric cells technology. The used technology for the cell’s fabrication is simple and low 
cost. 
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1. Introduction 
 

In the last years, thermoelectric cells and generators 

(TEGs) becoming more attractive for the researchers due to 

simplicity and cheapness in comparison with solar cells 

because of the absence of some kind of junction, as p-n, 

Schottky junctions or multiple junction structures [1,2]. At the 

same time, one of the most important point is the 

demonstration of a record high thermoelectric conversion 

efficiency of 8.5% that was recently shown in p-type 

MgAgSb-based compound which was operated in the 

temperature interval of (20 - 245) °C [3]. The efficiency can 

exceed 10% by increasing the hot side temperature to 295 °C 

which is comparable with solar cells efficiency. The sample 

was fabricated with silver contact pads using a one-step hot-

press technique, eliminating a typically required sample 

metallization process. This significantly simplifies the 

fabrication of thermoelectric elements with low electrical and 

thermal contact resistances. 

Efficiency (Z) of the thermoelectric cells is determined by 

the following relationship which was derived by Ioffe [4]:  
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where σ is the electrical conductivity, κ is the thermal 

conductivity, and α is the Seebeck coefficient. Later, the 

dimensionless quantity, figure of merit (ZT) was 

introduced as well [5], with the average temperature: 
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where TH and TC are temperatures of two contacts. 

A greater ZT indicates a greater thermodynamic 

efficiency, subject to certain provisions, particularly that 

the two materials in the couple have similar efficiency. ZT 

is therefore a method for comparing the potential 

efficiency of devices using different materials. Values of 1 

are considered good; values in the 3–4 range are essential 

for thermoelectrics to compete with mechanical devices in 

the efficiency. To date, the best reported ZT values are in 

around of 2 [6,7]. Much of the research in thermoelectric 

materials has focused on increasing of Seebeck coefficient 

and reducing κ by manipulating the nano-structure of the 

materials. Maximum energy efficiency is determined by:  

 

max

1 1

1

H C

CH

H

T T ZT

TT
ZT

T


  



 

  (3) 

 

Controlled oxidation level of reduced graphene oxides 

and its effect on thermoelectric properties were studied by 

Choi et al. [8]. In [9], higher thermoelectric performance 

of Bi2Te3 was obtained via defect engineering. The 

thermoelectric properties of the reduced graphene oxide 

/Bi2Te3 nanocomposites was investigated in [10] and it 
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was shown that Seebeck coefficient was negative, 

indicating n-type conduction. The Seebeck coefficient first 

increased and then decreased in the temperature interval 

from 25 °C to 300 °C. The thermal, electrical and 

thermoelectrical properties of graphene were reviewed in 

[11] and high thermoelectric power factor was observed in 

Graphene /hBN [12]. 

In recent past, we investigated elastic layered rubber-

graphene composite fabricated by rubbing-in technology 

for the multifunctional sensors [13], semi-transparent 

photo-thermoelectric cells based on bismuth antimony 

telluride alloy [14]. Design, fabrication and investigation 

of semitransparent photo-thermoelectric cell with solar 

water collector for energy harvesting were presented in 

[15]. In [16], we studied the semitransparent thermo-

electric cells, based on bismuth telluride and its 

composites with CNTs and graphene. In continuation of 

our efforts for the investigation of the thermoelectric 

properties of the graphene and telluride containing 

composites, we are presenting in this paper the properties 

of the elastic thermoelectric cells based on rubber, 

graphene and p-Bi2Te3 composites, fabricated by rubbing-

in technology. 

 
 
2. Experimental 
 

In Fig. 1, the X-ray diffraction results are presented. 

Each diffraction data (rubber, graphene and bismuth 

antimony telluride) was obtained three times to check the 

repeatability. 

 

 
 

Fig. 1. XRD patterns of original rubber, graphene powder and 

bismuth antimony telluride (color online) 

 

The XRD pattern of rubber shows notable high 

intensity Bragg’s diffraction peaks at 2θ of 23.1°, 29.4° 

and 36°, respectively. These peaks and other peaks present 

in the rubber XRD diffractogram are characteristics of 

polyvinyl chloride which correspond to high amount of 

structural arrangement (order) in its polymeric chains [17]. 

The peaks of graphite were observed around 26.60° 

corresponding to the graphitic structure (002) and was 

consistent with standard XRD data (ICSD code: 0250284). 

The major peaks of bismuth antimony telluride (p-type) 

was observed at 2θ of 28.11°, which is consistent with 

standard XRD data (PDF 049-1713) [18]. 

For the fabrication of the samples, the rubber 

substrate, graphene powder and p-Bi2Te3 powder were 

used. In Fig. 2, the fabrication of graphene and p-Bi2Te3 

composites films by rubbing-in technology is shown. The 

rubber substrate sizes were 30 mm × 5 mm × 5 mm. In this 

process, the rubber substrate was covered uniformly by 

powder of graphene and by densifier the powder, in order 

to fabricate rubber-graphene composite. The 

thermoelectric measurements of the fabricated, rubber-

graphene composite cell were recorded. 

 
Fig. 2. Fabrication of graphene and p-Bi2Te3 composites 

films by rubbing-in technology: rubber substrate (1), 

graphene and p-Bi2Te3 films (2), cylindrical rubber 

densifier (3) and motion of densifier in horizontal plane 

(4) (color online) 
 

After the thermoelectric experiments on rubber 

substrates coated by graphene films, on the same graphene 

film, p-Bi2Te3 film was deposited by rubbing-in 

technology as well. It was done in order to identify the 

total effect of the graphene and p-Bi2Te3 film on the 

thermoelectric properties of the samples. The thickness of 

each of these films was equal to 10-12 μm. In this process, 

the pressure of the densifier to graphene powder was in the 

range of (40-50) gf/cm2. Velocity of the densifier’s motion 

along the two horizontal axes, was in the range of (0.5-1.0) 

cm/sec. Fig. 3 shows the elastic thermoelectric cell based 

on rubber, graphene and p-Bi2Te3 composites fabricated 

by rubbing-in technology. The elastic thermoelectric cells 

based on rubber and p-Bi2Te3 composites only without of 

graphene layer was also fabricated by rubbing-in 

technology. Due to high resistance of these cells, it was 

not possible to measure the thermoelectric voltage 

developed in these samples. 

 
Fig. 3. Elastic Thermoelectric Cells Based on Rubber, 

Graphene and p-Bi2Te3 composites fabricated by 

rubbing-in technology: rubber substrate (1), graphene 

film (2), p-Bi2Te3 film (3), thermocouples (4 and 5), 

terminals (6 and 7) (color online) 
  

Fig. 3 shows the schematic diagram of the elastic 

thermoelectric cells based on rubber, graphene and p-

Bi2Te3 composites, fabricated by rubbing-in technology: 
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rubber substrate (1), graphene film (2), p-Bi2Te3 film (3), 

thermocouples (4 and 5), and terminals (6 and 7).  

 
 
3. Results and discussions 
 

Fig. 4 shows relationships between thermoelectric 

voltage (V) developed by the rubber-graphene composite 

and rubber-graphene- p-Bi2Te3 composite samples and 

gradient of temperature (ΔT). It is seen that both curves are 

quasi-sub linear: the voltages increased with increase of 

temperature gradient. The thermoelectric voltage 

developed in the rubber-graphene- p-Bi2Te3 composite 

samples is higher than that of the voltage in the case of 

rubber-graphene composite sample. It is obviously due to 

presence of p-Bi2Te3 in the composite. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig. 4. Relationships between voltages and gradient of 

temperature in rubber-graphene- composite and rubber-

graphene- p-Bi2Te3 composite samples (color online) 

 

Fig. 5 shows relationships between Seebeck 

coefficient and temperature received in the rubber-

graphene composite and rubber-graphene- p-Bi2Te3 

composite samples. Fig. 5 shows that Seebeck coefficients 

(Δα) and temperature relationships of the rubber-graphene 

composite and rubber-graphene-p-Bi2Te3 composite. As 

the temperature increased, Seebeck coefficient of the 

rubber-graphene composite decreased unlike to the case of 

the rubber-graphene- p-Bi2Te3 composite. 

The thermoelectric properties of Bi2Te3 and n-type 

Bi2Te3, co-doped with x at % CuI and ½x at % Pb (x = 0, 

0.01, 0.03, 0.05, 0.07, and 0.10) were investigated by Han 

et al. [19]. In these results, it was found that, in the 

temperature range from 300 K to 523 K, Seebeck 

coefficient of undoped Bi2Te3 decreased with increase of 

temperature from -270 μV/K to -25 μV/K. In heavily 

doped Bi2Te3 (10% CuI-Pb), the Seebeck coefficient 

slightly increased from -80 μV/K to -110 μV/K.  
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Fig. 5. Relationship between Seebeck coefficient (α) and 

temperature (T), received in the rubber-graphene 

composite and rubber-graphene-p-Bi2Te3 composite 

samples (color online)  
 

Experimental and theoretical results on the 

thermoelectric properties of graphene and its 

nanostructures were reviewed by Dollfus et al. [20]. It is 

stated that Seeback effect in graphene is lower as graphene 

is gapless and contribution of electrons and holes are 

opposite and ZT is very limited. Nevertheless, it was 

discussed also the thermoelectric properties of the hybrid 

graphene structures, as graphene, layered carbon allotropes 

as graphynes, graphdiynes, and graphene/ hexagonal boron 

nitride heterostructures. These structures offer new 

opportunities for further development 2D semiconductors 

with finite bandgap, i.e. dichalcogenides and phosphorene, 

which can be used in thermoelectric technology.  

The rubber-graphene-p-Bi2Te3 thermoelectric cell 

structure, investigated by us, can be represented as 

graphene, p-Bi2Te3 and interface between of these two 

layers structure which may be replaced by the following 

equivalent circuit, where I1, I2 and I3 are corresponding 

current sources (Fig. 6). Probably one of the most 

important and interesting layers is interface between 

graphene and p-Bi2Te3,
 where in principle, due to 

collective oscillations of electrons [20-23], the waveguide 

may be formed which can crucially increase 

thermoelectric effect. 

The Seebeck coefficient for metals and degenerate 

semiconductors can be described by the following 

Equation [24]:  
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where m* is the effective mass of the carrier, h is the 

Planck constant, and KB is the Boltzmann constant. The 

carrier scattering and the carrier concentration influence 

crucially to the Seebeck coefficient of the composites. The 

Seebeck coefficient dependences on temperature is shown 

in Fig. 6. For rubber-graphene- p-Bi2Te3 composite in the 
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first approximations, can be explained accordingly by 

increase of the temperature mostly and effects related to it. 

In the case of rubber-graphene composite for the 

explanation of the decrease of the Seebeck coefficient with 

increase of the temperature, probably it is needed 

additional data concerning dependence of the effective 

mass on temperature. 

At present, the elastic, stretchable or deformable 

electronics is developing in particular described in [25-27], 

that will allow to fabricate different devices for different 

applications, including conformable for human body, 

electronic devices for particular applications, as presented 

in this paper, for measurement, for example, of 

temperature gradient that can be potentially realized by use 

of elastic thermoelectric cells based on rubber, graphene 

and p-Bi2Te3 composites. 

 
 

Fig. 6. Equivalent electric circuit of the rubber-

graphene-p-Bi2Te3 thermoelectric generator, shown as 

currents I1, I2 and I3 representing graphene layer, p-

Bi2Te3 layer and interface between graphene-p-Bi2Te3 

(color online) 

 

                                                    

Table 1. Comparison of the obtained results with existing research related to thermoelectric effect in the investigated materials 

 

Sr. # Presented (in the paper) results Obtained results in literature 

1. Relationships between thermoelectric 

voltage and gradient of temperature of 

rubber graphene composite and rubber-

graphene- p-Bi2Te3 composite samples 

(Fig. 4). 

Improving thermoelectric properties of p-type 

Bi2Te3-based alloys by spark plasma sintering [28]. 

2. Relationships between Seebeck 

coefficient and temperature received in 

the rubber-graphene composite and 

rubber-graphene-p-Bi2Te3 composite 

samples (Fig. 5). 

P-type bismuth telluride-based composite 

thermoelectric materials produced by mechanical 

alloying and hot extrusion [29]. 

3.  Thermoelectric properties of p-type 

(Bi2Te3)0.2(Sb2Te3)0.8 thermoelectric material doped 

with PbTe [30]. 

4.  Shifting up the optimum figure of merit of p-type 

bismuth telluride–based thermoelectric materials 

for power generation by suppressing intrinsic 

conduction [31].  

5  Bi2Te3–based applied thermoelectric materials: 

research advances and new challenges [32].                                                                                                           

6.  Review of development status of Bi2Te3–based 

semiconductor thermoelectric power generation 

[33]. 

 

Comparison of the obtained results with published 

data given in Table 1 concerning p-type Bi2Te3 based 

thermoelectric materials show that our findings, presented 

in this paper, bring new additional information concerning, 

in particular, rubber graphene composite and rubber-

graphene- p-Bi2Te3 composite based thermoelectric cells.               

 
 
4. Conclusion 
 

In this paper, the properties of the elastic 

thermoelectric cells based on rubber, graphene and p-

Bi2Te3 composites, fabricated by rubbing-in technology 

were investigated. It was observed that the thermoelectric 

properties of the rubber-graphene composite can be 

improved by adding Bi2Te3 in the composite layer. At 

present, the elastic, stretchable or deformable electronics is 

developing, that will allow to fabricate different devices 

for different applications, including conformable for 

human body, electronic devices for particular applications, 

as presented in this paper, for measurement, for example, 

of temperature gradient that can be potentially realized by 

use of elastic thermoelectric cells based on rubber, 

graphene and p-Bi2Te3 composites. It should be mentioned 

that the developed technology (rubbing-in) that was used 

for the fabrication of the thermoelectric cells, which were 

investigated in this paper, is simple, low cost, easier and 

can be realized in the laboratories conditions. 
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