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The thermoelectric properties of nanostructured bismuth telluride and its nanocomposites with 0.3 wt% graphene 
are reported in this communication. Nanocomposites of bismuth telluride were synthesized by using high energy ball-
milling technique followed by pressing at 4 kN/m2 and sintering at 573K temperature in vacuum.  XRD was used for 

crystallographic investigations, and phase determination. Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 
were used to analyze microstructure, particles shape, size and surface morphology of the synthesized materials. Thermoelectric parameters 
such as Seebeck coefficient, electrical conductivity, thermal diffusivity, specific heat and figure of merit and of the samples were determined. 
Nanocomposite of bismuth telluride reinforced with 0.3% by wt graphene has been synthesized and an improvement in its figure of merit was 
observed which was due to significant decrease in its thermal conductivity, due to increase phonon scattering by graphene.

ABSTRACT
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INTRODUCTION 
It is known that of all the primary energy we harness and use, only 
30% is translated into useful work. A staggering 70% is wasted as 
dissipated heat during energy conversion, transportation and stor-
age [1]. This huge loss is itself a source of recyclable energy. If this 
waste heat could be harnessed employing thermoelectric devices, it 
could lead to additional available green energy resources [2-3]. How-
ever, the present use of TE devices is limited by their low efficiencies. 
To achieve the goal of high-efficiency energy conversion the current 
traditional TE materials are not satisfactory, having new generation 
TE materials will have to be developed to bring about substantial im-
pacts [4].

Thermoelectric devices based on bismuth telluride are widely used 
in the fabrication of thermal sensors, laser diodes, thermoelectric re-
frigeration for cooling and power generation [5-6]. Efficiency of the 
thermoelectric material depends on its figure of merit ZT = S2σT/ k 
[7]. Where, ZT= figure of merit, α = Seebeck’s coefficient or thermo-
electric power, σ = electrical conductivity, T=Temperature and k= 
thermal conductivity. In order to increase the thermoelectric efficien-
cy of the material we need to improve the figure of merit. With the 
advent of sophisticated materials processing techniques, novel na-
nostructures with enhanced figure-of-merit (ZT) have been realized 
in wide variety of materials, such as tellurides, silicides, skutterudites, 
and others [8]. Although high ZT values were reported in superlattice 
structures and nano-wires/rods, it has proven difficult to use them in 
large-scale energy-conversion applications because of limitations in 
both heat transfer and cost [9-10]. Bi

2
Te

3
 is an excellent thermoelec-

tric material which has been widely used for refrigeration applications 
at room temperature. However, the ZT needs to be further increased 
in order to enhance the efficiency and the performance. The figure of 
merit can be increased by increasing electrical conductivity, improv-
ing thermoelectric power and reducing thermal conductivity. Heat 
in solids is conducted by various carriers: electrons, lattice wave (or 
phonons), magnetic excitations and in some cases electromagnetic 
radiations [11-12]. The presence of nanostructures, which increase 
the grain boundary concentration in the materials, can enhance pho-
non scattering at grain boundaries, resulting in marked decrease in 
thermal conductivity [13]. However, due to the high density of grain 
boundaries, electrons are also scattered efficiently, leading to a con-
current decrease in electrical conductivity. We need to suppress pho-
non conductivity rather than reducing thermal conductivity due to 
electrons, as the flow of electrons due to thermal potential aids the 
development of thermoelectric EMF [14]. One of the best methods to 
reduce phonon conductivity is by increasing the number of interfac-
es encountered by the phonons in the material. Bulk material made 
by compressing the nanoparticle will offer increased interface in the 
path of the phonons. Addition of foreign nanostructure materials also 
increases the interface [15-17].

In the present work we have used graphene as a reinforced material 
to make Bi

2
Te

3
 nanocomposites by using ball milling process followed 

by consolidation sintering. The advantage of this planner material 
is that, one can easily change its electronic properties by introduc-
ing tunable gap in the sample or changing the number of graphene 
planes [18-19]. It has a very high electrical conductivity at room tem-
perature due to its very large mobility [20]. However, the ability of 
graphene to conduct heat is an order of magnitude higher than that 
of copper. Therefore, it is necessary to reduce its thermal conduct-
ance for thermoelectric application. The high thermal conductance 
of graphene is mostly due to the lattice contribution, whereas the 
electronic contribution to the thermal conduction can be ignored. 
Therefore, by proper engineering of phonon transport properties it is 
possible to reduce the total thermal conductance without significant 
reduction of the electrical conductance and the power factor [21]. If 
a small quantity of graphene is embedded into the Bi

2
Te

3
 matrix, it is 

expected that, Bi
2
Te

3
+0.3% graphene nanocomposite has large num-

ber of grain boundary may exert some detrimental effect on the ther-
mal conductivity while simultaneously maintaining the high electrical 
conductivity. 

EXPERIMENTAL
2.1 Synthesis of Bi

2
Te

3
/ Bi

2
Te

3
+0.3% graphene Nanocomposites:

Bi
2
Te

3
 bulk compound was synthesized by using vertical direction-

al solidification (VDS) method. A small piece was taken from the as 
synthesized Bi

2
Te

3
 bulk compound ingot and ground manually in the 

astle to form powder. This manually grinds Bi
2
Te

3 
powder and its mix-

ture with 0.3% by wt pure graphene was further ball milled (BM) at 
the rate of 200 rpm for 4 hrs in Ar atmosphere to obtain fine powders. 
Zirconia balls were used for milling at a ball to powder weight ratio of 
10:1. Petroleum ether was added in mixture to prevent agglomeration 
of fine particles induced due to heating effect during ball milling pro-
cess. Mechanical alloying is a proven, low cost technique for synthe-
sis of thermoelectric materials. After ball milling these powders were 
compressed under the pressure of 4 kN/m2 for 2 min to form pellets, 
which were sintered at 573K for 2 hrs in vacuum of the order of 10-3 
torr. 

2.2 Characterization of Bi
2
Te

3
/ Bi

2
Te

3
+0.3% graphene Nanocom-

posites:
Phase and structures of the synthesized composites were investigat-
ed by XRD technique using CuK

α
 line radiation. Surface morphology 

and elemental analysis were performed by using scanning electron 
microscopy (SEM, make Leo model EVOMA10) and energy dispersive 
spectroscope (EDS: oxford ISIS 300) attached with SEM. Grain size, 
shape and microstructures were investigated by using high resolution 
transmission electron microscope (HRTEM) make FEI, model Tecnai 
G2 F30 STWIN operated at 300 kV. Thermal diffusivity Seebeck coef-
ficient, and electrical conductivity were determined by using Laser 
Flash Technique (Linseis, LFA 1000 and Ulvac, ZEM 3). Specific heat of 
the composite was measured by using differential scanning calorime-
ter (Mettler Toledo, DSC842). Thermal conductivity ‘K’ was calculated 
using the formula k=d ρ C

p 
where ρ is the sample density, d is thermal 

diffusivity and C
p
 is specific heat. Density of the samples was deter-
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mined by using Archimedes kit.

RESULT AND DISCUSSION
Powder XRD measurements were carried out by using Cu k

α
 line ra-

diation with wavelength 1.54059Å on 4 hrs ball mill Bi
2
Te

3
 and its 

composite reinforced with 0.3% graphene respectively. The data was 
recorded in 2θ range of 10–80 degree with step size of 0.01o. A typical 
XRD pattern of the 4 hrs ball milled Bi

2
Te

3 
powder and its composite 

with 0.3% graphene is shown in Fig.1. The XRD pattern shown in Fig.1 
curve (a) consists of all possible reflection of Bi

2
Te

3 
with sharp peaks 

which indicates the formations of single phase and polycrystalline na-
ture of Bi

2
Te

3 
nanocomposites having hexagonal structure and (R3̅m) 

space group. The results were found to be in good agreement with 
standard values of JCPDS file No. (82-0358) of Bi

2
Te

3 
having rhombo-

hedral structure. Fig.1 curve (b) represents the XRD pattern of ball 
milled Bi

2
Te

3 
nano composite reinforced with graphene (Bi

2
Te

3
+0.3% 

graphene). Thorough analysis of the XRD pattern does not shows any 
reflection of graphene.  This may be due to the fact that we have used 
only 0.3% graphene in Bi

2
Te

3 
nanocomposite matrix which is much 

lower in quantity to be detected in the XRD measurement. XRD pat-
tern of graphene has been shown  in Fig.2 indicating the reflection 
peaks corresponding to (111), (010) and (222) plane having rhom-
bohedral structure which are in good agreement with JCPDS file no. 
75-2078. The strain (η) developed in the composite during synthesis 
process has been evaluated using the Hall-Williamson relation: βcosθ 
= κλ/τ + ηsinθ, where, β, θ, κ, λ, τ, and η are FWHM (full width at half 
maximum) of the diffraction peak in radians, Bragg diffraction angle 
of the peak (half of the peak position on the 2θ-axis), Scherrer con-
stant, wavelength of X-rays, crystallite size, and strain distribution 
within the materials respectively. Slope of linear fit of the data points 
directly gives the value of η. The values of η for Bi

2
Te

3 
bulk compound 

and its composite reinforce with 0.3% graphene are found to be 0.28 
and 0.30 respectively. X-ray diffraction peaks are broadened by small 
grain-size and by lattice distortions caused by lattice defects.

Figure 1 curve (a) XRD pattern of Bismuth Telluride 
ball milled for 4 hrs and curve (b) XRD pattern of 
Bi2Te3+0.3% graphene ball milled for 4 hrs.

  

Figure 2.  XRD pattern of grapheme

Surface morphology of Bi
2
Te

3
+0.3% graphene pellets after sintered 

at 573K temperature was investigated by using scanning electron mi-
croscope (SEM). Fig.3 (a) shows SEM image of Bi

2
Te

3
+0.3% graphene

 
pellet after sintered at 573K and recorded at low magnification reveal-
ing morphology of top surface. SEM micrograph shows the flattened 
surface due to applied pressure of 4 kN/m2.  Further magnified image 
of the top surface of the pellet revealed the presence of micro pits 
(Fig.3b). A small broken piece was also taken from the pellets for fur-
ther investigation under SEM. Fig.3(c) and 3(d) shows the SEM images 
of the broken area of the pallets revealing the presence of micro and 
nano pores. Fig. 3(d) Shows morphology and arrangement of Bi

2
Te

3 
particles having platy and granular shape particle of size varying be-
tween 150 nm to 1.5µm for 4 hrs ball mill and 10:1 ball to materials 
weight ratio.

 

Figure 3(a) SEM image of top surface of pellet, (b) fur-
ther magnified image of same area, (c) image of broken 
area, (d) further magnified image of broken area.

Figure 4 EDS spectrum of Bi2Te3+0.3% graphene nano-
composite
 
As synthesized graphene based Bi

2
Te

3 
nano composites were exam-

ined for elemental analysis and stoichiometry by energy dispersive 
spectrometer (EDS: oxford ISIS 300) attached to scanning electron 
microscope (SEM: Leo EVOMA10). From the EDS spectra as shown 
in Fig.3 it is observed that stoichiometry of Bi and Te  in Bi

2
Te

3
+0.3% 

graphene is nearly maintained with presence of graphene (carbon). 
The presence of oxygen as observed in the EDS spectra of the com-
posite may be due to trapped oxygen in the micro and nano pores in 
the composite sintered in the vacuum of the order of 5x10-3 torr.

Microstructural features associated with Bi
2
Te

3
+0.3% graphene na-

nocomposite was examined under high resolution transmission elec-
tron microscope (HRTEM operated at accelerating voltage of 300KV. 
Fig.4(a) shows TEM image of Bi

2
Te

3 
nanocomposite revealing sheet/

layered like structure of Bi
2
Te

3 
nano

 
particles consisting of the particle 

size between 300nm to 1 um. Presences of graphene sheets are clear-
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ly visible in the TEM micrograph as marked in the image.  Selected 
area electron diffraction patterns (SAEDP) of the corresponding area 
revealing ring pattern shows polycrystalline nature of the material. 
Detailed analysis of SAEDP suggests the growth along (1 0 10), (006) 
and (015) oriented planes of Bi

2
Te

3
 having rhombohedral structure. 

The results of electron diffraction pattern of Bi
2
Te

3
 are in good agree-

ment with the JCPDS file No. (82-0358) 

Figure 5(a) TEM image of Bi2Te3 nanocomposite shows 
the attachment of Bi2Te3 particle with graphene sheet. 
(b) represents the corresponding SAEDP of Bi2Te3+0.3% 
graphene nanocomposites. 
 
The thermoelectric parameters such as thermal diffusivity, See-
beck coefficient and electrical conductivity of the nanocomposite 
of Bi

2
Te

3 
and Bi

2
Te

3
+0.3% graphene nanocomposites  were de-

termined by using Laser Flash Technique (Linseis, LFA 1000 and 
Ulvac, ZEM 3) and are shown in Fig.6. Fig.6(a) shows the plot be-
tween electrical conductivity and temperature for nanocomposites 
of   Bi

2
Te

3 
and Bi

2
Te

3
+0.3% graphene. It is observed that electrical 

conductivity increases with temperature for the both the compos-
ites showing the semiconducting behavior of these nanocompos-
ites. It is important to mention here that the electrical conductivi-
ty for Bi

2
Te

3
+0.3% graphene composite was found to be increased 

by 4.4% as compared with the nanocomposites of Bi
2
Te

3
. However 

the Seebeck coefficient of Bi
2
Te

3
+0.3% graphene nanocomposites 

was found to be decreased as compared to nanocomposites of   
Bi

2
Te

3
 as shown in (Fig.6b).  Fig.6(c) represents the change in ther-

mal conductivity as a function of temperature for nanocomposites 
of Bi

2
Te

3
 and Bi

2
Te

3
+0.3% graphene. It is observed that the thermal 

conductivity of Bi
2
Te

3
+0.3% graphene nanocomposites has lower 

value than that of nanocomposite of Bi
2
Te

3
. Decrease in thermal 

conductivities of Bi
2
Te

3
+0.3% graphene nanocomposites may be 

due to the fact that addition of  graphene have created  more 
interfaces resulting more phonon scattering at interfaces of the 
grain boundaries. Carriers of heat in solids are electrons and lat-
tice waves, leading to an overall thermal conductivity k = k

el
 + k

ph
, 

where k
el

 is the electronics components and k
ph

 the lattice compo-
nents. The carrier-related thermal conductivity k

el 
can be calculat-

ed from the electrical resistivity (ρ) according to the Wiedemann–
Franz law: k

el
 = LT/ρ [22], where L is the Lorentz constant and k

el
 

and k
ph

 behave differently as function of temperature. For nano 
bulk Bi

2
Te

3 
and Bi

2
Te

3
+0.3% graphene nanocomposites k

ph
 forms 

appreciable components at room temperature. With the addition 
of graphene, k

el
, according to the Wiedemann–Franz law and k

ph
, 

is according to the phonon–grain boundary scattering decrease. 
This indicates that the lattice thermal conductivity has been effi-
ciently restrained by the nanostructure, which enhances phonon–
grain boundary scattering and results in a remarkable decrease in 
thermal conductivity, which results in improvement in the figure 
of merit of Bi

2
Te

3
+0.3% 

graphene nanocomposites obtained in this work. 

The maximum dimensionless figure of merit of the Bi
2
Te

3
+0.3% 

graphene nanocomposites is found to be 0.48 at 327K temper-
ature, which is higher than the nanostructured Bi

2
Te

3
 (ZT=0.34) 

at the same temperature as depicted from Fig.6d. For further im-
provement in the thermoelectric efficiency of the Bi

2
Te

3 
based 

nanocomposites, efforts are being made by employing various 
process conditions. Thermoelectric parameters as observed during 
the study have been summarized in table 1. From the results sum-
marized in the table, it is clearly evident that with reinforcement 
graphene in the nano structured Bi

2
Te

3
 an increase in ZT has been 

observed.            

Figure 6 Temperature dependence of thermoelectric 
properties of 573K sintered n-type Bi2Te3 nanostruc-
tured alloys and Bi2Te3+0.3% graphene (a) electrical con-
ductivity, (b) Seebeck coefficient (c) thermal conductivi-
ty (d) calculated ZT data.
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Table 1.  ZT values of ball milled and vacuum sintered 
nanostructured Bi2Te3 and its composite  with 0.3 wt% 
graphene .

Sample
Electrical 
Conductivity 
(S/m)

S.C. 
(μV/K)

Thermal conduc-
tivity (W/m-K) ZT

Bi
2
Te

3
 4.53x104 -148 0.93 0.34

Bi
2
Te

3
+0.3%g-

raphene 4.75x104 -140 0.63 0.48

 
CONCLUSIONS
Nanostructured Bi

2
Te

3
 and its graphene reinforced nanocomposite 

have been synthesized by ball milling process under Ar atmosphere 
and were pelletized under the pressure of 4 kN/m2 for 2 min. These 
pellets were sintered at 573K for 2 hrs in vacuum of the order of 10-3 
torr. A noticeable variation in the thermoelectric parameters such 
as thermal conductivity, Seebeck coefficient and  the calculated fig-
ure of merit ZT of  graphene reinforced nanocomposite (Bi

2
Te

3
+0.3% 

graphene) have been observed.  This study demonstrates that the 
figure of merit of Bi

2
Te

3 
nanocomposite is found to enhanced by in-

corporating graphene and it is expected that it would be a promising 
thermoelectric material for commercial applications. Effort are being 
made in order to achieve further higher ZT value by optimising the 
high energy ball milling process  parameter followed by spark plasma 
sintering of Bi

2
Te

3 
nanocomposite reinforced with varying concentra-

tion of graphene.
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