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Abstract: The effects of ball milling with simultaneous addition of multiwall carbon nanotubes (MWCNTS) on the thermoelectric
properties of BiShTe based nanocomposites were investigated in the temperature range from 300 K to 500 K. The MWCNTSs in 0.5
vol% and 1.0 vol% were incorporated in fine BiSbTe powder that was processed from commercially available BiShTe lumps and

consolidated through pressure assisted induction heated sintering. The results show that the electrical and thermal transport

properties of the composites are altered substantially. The thermal conductivity of the composites decreases significantly from pure
BiSbTe bulk due to enhanced phonon scattering caused by nanostructuring and nanoinclusion effects. While the electrical
conductivity deteriorates with the addition of MWCNTSs, which is attributed partly to enhanced electron scattering and
predominantly, rather low densification of the composites. The figure of merit of 1.0 vol% MWCNTSs/BiShTe composite remains
close to that of pristine BiSbTe, snice the decrease in electrical conductivity is compensated by the significant reduction in thermal

conductivity. The result suggests that optimizing the processing parameters for enhanced densification could improve the figure of

merit for BiSbTe based MWCNTSs composites.

Key words: BiSbTe; multiwall carbon nanotubes; composites; thermoelectric properties

Sustainable clean energy is the biggest challenge in the
21* century and there are continued efforts for the develop-
ment of viable and economical energy production technolo-
gies. Thermoelectric materials that convert waste heat into
electricity offer solutions for sustainable energy challenges
through improving the efficiency and providing the distribu-
tion generation of clean energy'l. BiSbTe is the state of the
art thermoelectric material and being used in energy har-
vesting and refrigeration applications. There are continued
efforts to improve energy conversion efficiency of BiSbTe
that can be quantified by the dimensionless parameter called
figure of merit ZT=S%6T/K, where S, 5, T, K are the Seebeck
coefficient, electrical conductivity, absolute temperature and
thermal conductivity, respectively. The advancements in
powder processing nanotechnology pave the way for the de-
velopment of high performance thermoelectric bulk materi-
als via nanostructuring through ball milling and consolida-
tion through pressure assisted sintering®®®. Efforts were
done to improve the figure of merit of BiShTe through
nanostructuring and nanoinclusion. Yu Pan et al. reported the
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effects of ball milling and spark plasma sintering on BiShTe
bulks and showed improvement in ZT and mechanical prop-
erties’®. Similarly, Bed Poudel et al. did nanostructuring of
BiSbTe and achieved improved figure of merit due to reduc-
tion in thermal conductivity™. Others have used
nanostructuring and nanoinclusion to improve the efficiency
of BiSbTe. For instance, Li Jingfeng et al. incorporated SiC
in BiShTe and reported improved ZT which is attributed to
enhanced power factor and low thermal conductivity™. Li
Yuanyue and coworkers incorporated 1.0 vol% of Cu;SbhSe,
and reported significant reduction in thermal conductivity
with simultaneous enhancement in power factor that leads to
improved figure of merit at 476 K. Most recently, Li’s
group incorporated graphene nanosheets in Big,Sb; ¢Te; and
demonstrated simultaneous increase in electrical conductivi-
ty and reduction in thermal conductivity which resulted in
improved figure of merit!®.

Multiwall carbon nanotubes (MWCNTS) possess unique
electrical, mechanical and thermal properties. Their incorpora-
tion in the form of second phase have been found to improve
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electrical and mechanical properties with simultaneous deteri-
oration in thermal conductivity®®™!. Therefore, it is expected
that addition of MWCNTSs in BiSbTe will not only improve its
mechanical properties but also its thermoelectric figure of
merit by increasing electrical conductivity and reducing ther-
mal conductivity.

In this work, 0.5 vol% and 1.0 vol% of MWCNTs were in-
corporated in fine BiSbTe powder and consolidated by the
pressure assisted induction heated sintering. In addition, pris-
tine BiSbTe bulk of coarse powder was also fabricated under
similar conditions for comparison of the results. The effects of
MWCNTSs addition and the nanostructuring by the ball milling
have been analyzed on the thermoelectric properties of the
composites.

1 Experiment

Multiwall carbon nanotubes having diameter and length in
the range 5~20 nm and 1~10 pm respectively were purchased
from EMFUTUR Spain. BiSbTe in the form of lumps were
commercially obtained from American Elements. The lumps
were transformed into coarse powder and subsequently fine
powder through ball milling in an inert environment. High
frequency induction heated furnace was used to consolidate
the composites. The density was measured by the Archimedes
principle in water. The electrical conductivity and Seebeck
coefficient measurements were performed on ZEM-3
(ULVAC). The thermal properties were measured on LFA-457
(NETZSCH).

2 Results and Discussion

2.1 Powder processing and microstructure

Fig.1a shows the as received lumps that were processed to
form fine BiSbTe powder. The MWCNTSs and BiSbTe powder
were weighed in appropriate proportions to form the 0.5 and
1.0 vol% MWCNTs/BiSbTe composites. The MWCNTs were
deagglomerated through ultra-sonication in ethanol and fur-
ther mixing in BiSbTe was done through magnetic stirring and
ball milling. The SEM image of dried composite powder of
1.0 vol% MWCNTSs/BiSbTe is shown in Fig.1b. The compo-
site powders were consolidated by pressure assisted induction

heated sintering furnace at 400 <C with a uniaxial pressure of
35 MPa in a 12.7 mm cylindrical graphite mold. The bulk
densities of the pristine BiShTe, 0.5 and 1.0 vol%
MWCNTSs/BiSbTe composites were estimated as ~97%, ~77%
and ~83%. Fig.1c shows the representative microstructure of
fractured surface of 1.0 vol% MWCNTs/BiSbTe consolidated
composite.

The randomly oriented grains show layered structure of
BiSbTe within the domain of each grain. It is hard to find
MWCNTs as other report [12]. The XRD patterns of
MWCNTSs starting powder and consolidated pure BiSbTe, 0.5
and 1.0 vol% MWCNTSs/BiSbTe bulks are shown in Fig.2. All
the major peaks are well indexed with the standard BiSbTe
PDF card 49-1713. The MWCNTSs peaks are not detected in
the consolidated composites due to its low volume fraction
less than the XRD limit of detection.

2.2 Thermoelectric properties

Electrical properties of pure BiSbTe and MWCNTs/BiSbTe
composites are shown in Fig.3. The electrical conductivity of
BiSbTe bulks decreases with increasing temperature as
shown in Fig.3a. The positive values of Seebeck coefficients
exhibit p-type conduction mechanism with semi-metallic
electronic transport. The conductivity decreases significantly
with the addition of 0.5 vol% MWCNTSs, while at 1.0 vol% it
decreases moderately.

The results suggest that low density of 0.5 vol% of
MWCNTSs leads to significant decrease in the electrical con-
ductivity of the composite due to poor contacts between con-
ducting particles in the composites apart from interface scat-
tering of charge carries. Whereas, 1.0 vol% MWCNTs/BiSbTe
composite shows a less decrease in the electrical conductiv-
ity due to relatively improved density and increased volume
fraction of MWCNTSs. In contrast, the Seebeck coefficient
increase at 0.5 vol% of MWCNTSs is attributed to low elec-
trical conductivity while rest of two samples have similar
values in the measured temperature range. Since the power
factor is dominated by the electrical conductivity, it exhibits
similar behavior with the increasing of temperature to the
electrical conductivity.

Fig.1 (a) BiSbTe lumps, (b) 1.0 vol% MWCNTs/BiShTe composite powder, and (c) fracture surface of 1.0 vol% MWCNTs/BiSbTe bulk composite
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Fig.2 XRD patterns of MWCNTSs (a), pure BiSbTe, 0.5 and 1.0 vol%
MWCNTs/BiSbTe bulks (b)

< 140
*E’ —e—1.0v0l% MWCNTs/BisbTe 2
= ~ —+— 0.5 vol% MWCNTSs/BiShTe
= e 105 \.\—-— Pure BiSbTe
© o.
§ :/) 7.0 \.\0\
—_ O *— —
8 ¥ ——, M
£ % 35 Tt—e—
8 *——k: *: *x-
m OO I I I I
300 350 400 450 500
220
2 —+— 1.0 vol% MWCNTS/BiShTe b
2 210 —+—05vol% MWCNTSs/BisbTe _, s
= —e— Pure BiShTe */" *.><!
S, 200] T —
8 190 —
X %. e g/
© L —
<5} 180 / .
o)
g o} ,.4‘-/
160 : : :
300 350 400 450 500
4.0 —e—1.0v0l% MWCNTs/BiSbTe
-~ 350, —+— 0.5 vol% MWCNTs/BiShTe
S “"\ 3.0 \'\°iﬁw BiShTe
g X 2.5 .\.\o
L £ 20 T
[«5]
= a5f ———
S E 10 TTr——
05 X
300 350 400 450 500

Temperatrue/K

Fig.3 Electrical conductivity (a), Seebeck coefficient (b), and power
factor (c) of pure BiShTe, 0.5 and 1.0 vol% MWCNTs/BiSbTe
composites

The thermal conductivity of pure BiShTe and MWCNTSs/
BiSbTe composites is shown in Fig.4a. The thermal conductivity
decreases drastically from pristine BiSbTe to 1.0 vol% and 0.5

1.
= 50 —+—1.0vol% MWCNTS/BisbTe a
= 1251 ./.\. —+—0.5 vol% MWCNTSs/BiShTe
=9 \<o.—P\ure.B|SbTe .
| s
S £
ozomi.
N D e S
L A ]
=
= ' : ' :
300 350 400 450 500

12 =—Tovom vwcnTyBisHTe b

N ol 05 vol% MwCNTsBistTe,

2 T erue Bist%,ﬁtf Sy

b

5 06}

o ——F*——%

5’ 0al /*/*/* * x—

iT *

2 L L L L
300 350 400 450 500
Temperture/K

Fig.4 Thermal conductivity (a) and figure of merit (b) of pure BiShTe,
0.5 and 1.0 vol% MWCNTs/BiShTe composites

vol% MWCNTs composites. The decrease in thermal conductiv-
ity is partly attributed to enhanced phonon scattering caused by
the reduction in lattice thermal conductivity and partly to the
porosity. The decrease in lattice thermal conductivity was ob-
served by other researchers with the addition of nanostruc-
tures™*. The relatively less decrease in the thermal conductivi-
ty of 1.0 vol% MWCNTs/BiSbTe composite is due to increased
density and more electronic contribution by the MWCNTs. The
dimensionless figure of merits is shown in Fig.4b. The tempera-
ture dependent figure of merit values of pure BiSbTe and 1.0
vol% MWCNTs/BiSbTe composite are almost the same. The
decrease in electrical conductivity of the composite has been
compensated by the reduction in thermal conductivity. The re-
sults suggest that optimizing the processing parameters for im-
proved density could enhance figure of merit at 1.0 vol% of
MWCNTSs.

3 Conclusions

1) The incorporation of MWCNTs accompanied by the ball
milling reduces the electrical and thermal conductivity of pris-
tine BiSbTe bulk.

2) Moderate reduction in electrical conductivity accompa-
nied by the considerable decrease in thermal conductivity
leads same figure of merit as the pristine BiShTe for 1.0 vol%
MWCNTSs/BiShTe composite.

3) Optimizing the processing parameters for improved den-
sity may lead to better figure of merit at 1.0 vol% of
MW(CNTs.
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