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EFFECT OF SURFACTANT ADDITION ON Bi2Te3 NANOSTRUCTURES SYNTHESIZED BY HYDROTHERMAL METHOD

In the present work, we have prepared Bi2Te3 nanostructures with different morphologies such as nano-spherical, nanoplates 
and nanoflakes obtained using various surfactant additions (EG, PVP, and EDTA) by a hydrothermal method. The shape of the 
nanoparticles can be controlled by addition of surfactants. The samples were characterized by x-ray diffraction (XRD) and scanning 
electron microscopy (SEM). It is found that the minority BiOCl phase disappears after maintained pH at 10 with EG as surfactant. 
SEM bulk microstructure reveals that the sample consists of fine and coarse grains. Temperature dependence of thermoelectric 
properties of the nanostructured bulk sample was investigated in the range of 300-450K. The presence of nanograins in the bulk 
sample exhibits a reduction of thermal conductivity and less effect on electrical conductivity. As a result, a figure of merit of the 
sintered bulk sample reached 0.2 at 400 K. A maximum micro Vickers hardness of 102 Hv was obtained for the nanostructured 
sample, which was higher than the other reported results.
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1. Introduction

More than half the energy consumed nationwide is lost as 
heat and growing energy demands, concerns over global warm-
ing and depleting fossil fuel resources have been the key drivers 
for the development of sustainable technologies for efficient 
energy use and recovery of waste energy [1-3]. Thermoelec-
tric (TE) technology involves the direct conversion of waste 
heat into electricity and vice versa, which can lead to power 
generation and cooling applications [2]. The performance of 
TE material is determined by the dimensionless figure of merit 
ZT = S2σT/κ where S, σ, κ, and T are the Seebeck coefficient, 
electrical conductivity, thermal conductivity, and absolute tem-
perature, respectively. Slack et al. [4] suggested a new concept 
of phonon-glass/electron-crystal (PGEC), which states that 
an efficient thermoelectric material should possess a high σ 
like a crystalline material and a low thermal conductivity like 
a glass. A significant research effort has focused on increasing 
ZT for well known thermoelectric materials by maximizing the 
Seebeck coefficient and electrical conductivity while minimizing 
the thermal conductivity. Among them, the reduction of thermal 
conductivity was an effective strategy for enhancing the ZT 
value higher than 2 [5]. The obtained ZT values due to a large 
number of interfaces in the superlattice structure, which plays 
a significant role in reducing κlat by interface phonon scattering. 

Bismuth telluride, Bi2Te3, and its derivatives are the 
best TE materials used in the state-of-the-art devices for the 
 200-400K temperature range. Bulk Bi2Te3 based alloys exhibit 
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a ZT value close to unity [6]. Theoretical studies showed that 
making nanostructured bulk TE materials could enhance ZT by 
decreasing their phonon thermal conductivity. During the past 
decades, there have been many reports on different attempts to 
enhance the ZT values of the nanostructured bismuth telluride 
based alloys. Hicks et al. [7] showed that the ZT value of Bi2Te3 
quantum well might be higher than the bulk value. X.B. Zhao 
et al. [8] used the hydrothermal method for preparation of na-
notubes and utilized ball milling followed by hot-pressing for 
producing nanotube containing nanocomposites, which showed 
a high ZT value of 1.05 at 450 K. However, the reported ZT values 
of n-type Bi2Te3 still remain below unity compared to p-type 
Bi2Te3 materials. Bi2Te3 nanoparticles can be synthesized via 
methods like co-precipitation [9], reverse micelle [10], micro-
emulsion [11], reduction of metal-organo complexes [12], and 
hydrothermal (solvothermal) method [13, 14]. Among them, 
the hydrothermal method has the salient features such as low 
reaction temperature which leads to fewer crystal defects, and 
thermal stresses, homogenous reaction conditions resulting in 
narrow size distribution, simple operation with low cost. Ther-
moelectric properties strongly influenced by the morphologies 
of the powder and their sizes [14]. Recently, hydrothermal or 
solvothermal have been used to prepare various morphologies of 
Bi2Te3 alloys including nano sphericals, polygonal nanosheets, 
polyhedral nanoparticles and sheet rods [14-16]. 

In this work, we report on the effects of EG, PVP, and EDTA 
as surfactants on the surface morphology and thermoelectric 
properties of spark plasma sintered sample was discussed. 
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2. Experimental procedure

In a typical process, high purity (>99.99%, Alfa Aesar Co. 
Ltd) analytical reagent (AR) grade BiCl3, and Te powder were 
used as the precursors with a molar ratio of 2:3. Initially, 0.15g 
Te, 0.25 g BiCl3, 0.5 g surfactants (EG – ethylene glycol, PVP- 
polyvinylpyrrolidone, or EDTA – ethylenediaminetetraacetic 
acid), and 1.5 g NaBH4 as the reducing agent were added to 
300 mL capacity neck flask containing 150 mL deionized water. 
The solution was stirred for 10 min by a magnetic stirrer. In the 
second step, NaOH gradually added to the solution for control 
the pH value. The solution containing flask was kept in a home-
made oil bath setup for maintaining the uniform temperature 
at 70°C for 12 h with continuous stirring. To investigate the 
effects of surfactant additives on the morphology of the Bi2Te3 
nanoparticles, three parallel experiments were performed through 
a similar route as described above. After completion of reaction 
time, the system was naturally cooled to room temperature. The 
resulting dark gray powders were filtered using centrifugation 
and washed with distilled water, and ethanol for several times 
and subsequently dried in vacuum oven at 60°C. The result-
ing powder of EG-pH10 sample was consolidated using spark 
plasma sintering at 623 K for 10 min under a pressure of 50 MPa 
in a  20-mm diameter graphite die. The phase structure of the 
powders was investigated by x-ray diffraction (XRD) with 
a Rigaku, MiniFlex-600 diffractometer using CuKα radiation 
at room temperature. The powder morphologies and fracture 
surface were analyzed using scanning electron microscopy 
(SEM-MIRA LMH II (TESKAN)). The relative density and 
Vickers microhardness of the sample were estimated by using the 
Archimedes method and a Vickers hardness tester, respectively. 
The Seebeck coefficient (S) and electrical conductivity (σ) were 
measured using a thermoelectric measurement system (TEP-
1000, Seepel). The total thermal conductivity κ was calculated 
using the equation κ = λCp d, where d is the bulk density of the 
sample, λ is thermal diffusivity, and Cp is the heat capacity, were 
measured on a Netzch LFA 457 system. The carrier concentration 
(nc) and mobility (μc) were measured using Hall measurement 
setup (Ecopia HMS-3000). 

3. Results and discussion

XRD patterns of the Bi2Te3 nanopowders synthesized 
with different surfactants are given in Fig. 1. As can be seen in 
Fig. 1 that the powders synthesized individually using EG, PVP, 
and EDTA contains Bi2Te3 as majority and BiOCl as minority 
phases could be clearly identified. The formation of minority 
phase was may be due to the reaction of BiCl3 with H2O. The 
BiOCl phase was disappeared after maintained at pH 10 with EG. 
These results suggest that the single phase of Bi2Te3 is difficult 
to produce with EG, PVP, EDTA surfactant additions; however, 
a single phase of Bi2Te3 was clearly identified after maintaining 
the pH value at 10. The diffraction peaks could be indexed to 
reflections of rhombohedral phase Bi2Te3 with lattice parameters 

a = 4.395Å, and c = 30.440 Å (JCPDS#820358). The intense 
and sharp diffraction peaks from EG-pH10 sample are typical 
signatures of a high degree of crystallinity. Firstly, Te powder 
was reduced to Te2– by reducing agent (NaBH4) in the presence 
of strong alkaline solution (NaOH). The reduced Te2– ions react 
with Bi3+ to form the Bi2Te3 nanoparticles during hydrothermal 
synthesis. The result indicates that strong alkaline 

Fig. 1. Powder X-ray diffraction patterns of as-prepared Bi2Te3 nano-
particles with different surfactant additions

The morphology of the nanopowders with different sur-
factant additions are shown in Fig. 2. As can be seen in Fig. 2a, 
the Bi2Te3 nanoparticles obtained using EG as surfactant were 
spherical in shape and slightly agglomerated with particle size 
about 25 nm. The fine nanoparticles can be easily agglomerated 
owing to their high surface energy. The plate-like nanostructures 
were identified using PVP as surfactant (see Fig. 2b). The size 
of the nanoparticle is around 200 nm. Nano-flake shape mor-
phology was observed with a length of about 300 nm by using 
EDTA as surfactant (see Fig. 2c). Interestingly, uniform spherical 
nanoparticles were observed while maintaining pH at 10, and 
using EG as surfactant. The results suggest that surfactants can 
induce the growth manner and direction of the grain to form 
different morphology. A single phase of Bi2Te3 nanopowder was 
consolidated using spark plasma sintering. The relative density 
of spark plasma sintered sample was found as 98.95%. 

Fig. 3 shows SEM micrographs of a fracture surface of the 
Bi2Te3 bulk sample prepared from EG-pH10 nanopowder. As can 
be seen in the Fig. 3a, the laminated structure was observed and 
there is no obvious porosity in the bulk sample. At high magni-
fication clearly, reveals that the bulk fracture consists of fine and 
coarse grains. It is expected that the combination of fine and coarse 
grains could be possibly reducing the total thermal conductivity 
due to the enhanced scattering of phonons by the fine grains. 

Fig. 4 shows the temperature dependence of Seebeck coef-
ficient, electrical conductivity and power factor for the EG-pH10 
nanostructured bulk sample. As shown in Fig 4(a), The result 
indicates that strong alkaline medium was essential for forma-
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Fig. 2. Scanning electron microscopy images of Bi2Te3 nanoparticles prepared using different surfactant additives: (a) EG, (b) PVP, (c) EDTA 
and (d) EG-pH10

Fig. 3. SEM images of spark plasma sintered samples processed from EG-pH10 nanoparticles (a) low, (b) medium and (c) high magnification
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Fig. 4. Temperature dependence of transport properties of the SPS-processed bulk samples (a) Seebeck coefficient; shows an increasing behav-
ior with temperature to a maximum and then slightly decreases with further increase in temperature (b) Electrical conductivity; decreases with 
temperature indicates degenerate semiconducting nature, (c) Power factor

Fig. 5. Temperature dependence of thermal transport properties of the spark plasma sintered bulk sample (a) Total thermal conductivity, (b) 
Electronic contribution to thermal conductivity, (c) Lattice contribution to thermal conductivity
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tion Bi2Te3 nanocrystals the Seebeck coefficient values for the 
sample shows negative sign which confirms that electrons are the 
majority carriers in the transportation. The Seebeck coefficient 
values increase with temperature, it reaches a maximum value 
of 112 μV/K around 400 K and decreases at higher temperatures 
due to the intrinsic excitation of minority carriers. It is well 
known that the Seebeck coefficient can be expressed as Eq. (1) 
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where γ is the scattering parameter, h is Planck’s constant, and e is 
the carrier charge. According to Eq. (1), the S could be increased 
with the decrease of carrier concentration via the increase of 
scattering parameter [17]. 

Fig. 4(b) shows the temperature dependences of electri-
cal conductivity for the EG-pH10 bulk sample. The electrical 
conductivity values of the sample decrease with increasing 
measuring temperature, indicating a degenerate semiconducting 
behavior. The electrical conductivity of EG-pH10 sample was 
about 579 (/Ωcm) at 300 K which is higher than reported papers 
[18]. The electrical conductivity (σ) and carrier concentration 
(n) as well as the mobility (μ) described as σ = neμ. In order to 
clearly understanding the transport mechanism, we have been 
measured carrier concentration and mobility using Hall measure-
ment. The carrier concentration and mobility of the bulk sample 
was measured as 3.69×1019 /cm3 and 97 cm2/Vs, respectively. 

Fig. 4(c) shows the temperature dependences of power fac-
tor for the EG-pH10 sintered bulk sample. The power factor can 
be estimated using measured Seebeck coefficient and electrical 
conductivity. The maximum value of power factor of 5.85×10–4 
Wm–1K–2 at 375 K was obtained. 

The temperature dependences of thermal transport proper-
ties for the EG-pH10 sintered bulk samples are presented in 
Fig. 5. As shown in Fig. 5(a), the total thermal conductivity of 
EG-pH10 bulk sample exhibited 1.16 W/mK at 400 K. The at-
tained value is lower than the reported thermal conductivity of 
rare earth containing Bi2Te3 binary compounds prepared by the 
solvothermal process [18]. The thermal conductivity decreases 
with increase in temperature reveal the dominance of phonon-
phonon scattering. The lower thermal conductivity was due to the 
enhancement of phonon scattering by introducing a lot of grain 
boundaries through nanometer-sized spherical grains. 

The total thermal conductivity is expressed by the sum of 
a lattice (κph), and electronic contributions (κel). According to 
Wiedemann-Franz’s law, κel can be estimated as: κel = LσT, here 
L is the Lorenz number taken as 2.0×10–8 V2/K2 for a degenerate 
semiconductor [19]. The lattice thermal conductivity κph is then 
estimated by subtracting κel from κ. The temperature depend-
ence of electronic and lattice thermal conductivity are shown 
in Fig. 5(b, c).

Fig. 6 shows the dimensionless figure of merit (ZT) as 
a function of temperature for the EG-pH10 sintered bulk sample. 
The maximum ZT of 0.2 at 400 K was obtained; which is higher 
or comparable to that of other Bi2Te3 nanostructures synthesized 

by various solution methods [18]. The mechanical strength of 
thermoelectric materials is important for preparation TE mod-
ules. The maximum Vickers hardness of 102 Hv was obtained 
for the EG-pH10 sintered sample, which is significantly higher 
or comparable to several reported results [14,20]. The obtained 
high hardness in the bulk sample was due to the presence of fine 
grains and increased amount of grain boundaries [20]. 

Fig. 6. Temperature dependence of dimensionless figure of merit ZT of 
the nanostructured bulk sample

4. Conclusions

In summary, we have demonstrated the effect of surfactant 
addition on the morphology of Bi2Te3 nanoparticles. The tem-
perature dependence of thermoelectric properties was systemati-
cally investigated. The experimental results reveal that EG-pH10 
sample exhibited a single phase of Bi2Te3 at present synthesis 
conditions. The spark plasma sintered bulk sample composed 
of fine and coarse grains. Such a fine grains can induce a large 
reduction in the thermal conductivity by enhanced scattering 
of phonons at grain boundaries. As results, a maximum figure 
of merit ZT of 0.2 at 400 K was obtained for the EG-pH10 
sample. The Vickers microhardness of the sintered samples 
significantly improved, and comparable with best results found 
in the literature.
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