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Influence of carbon nanotubes on thermoelectric properties

of p- and n-type Heusler alloys

© E.M. Elsehly'2, A. El-Khouly':?, Mohamed Asran Hassan?, A.P. Novitsky?, D.Yu. Karpenkov?,

D.S. Pashkova?, N.G. Chechenin*, T. Uchimoto®, H. Miki

! Physics Department, Faculty of Science, Damanhour University,
22516 Damanhour, Egypt

2 National University of Science and Technology MISiS,

119049 Moscow, Russia

3 Department of Physics, Moscow State University,

119991 Moscow, Russia

“ Skobeltsyn Institute of Nuclear Physics, Moscow State University,
119991 Moscow, Russia

3 Institute of Fluid Science, Tohoku University,

980-8577 Sendai, Japan

6 JSC ,Giredmet”,

111524 Moscow, Russia

" Belgorod National Research University,

111524 Belgorod, Russia

E-mail: elsehlyfigo@yahoo.com, khovaylo@misis.ru

Received October 20, 2021
Revised October 25, 2021
Accepted October 25, 2021

5 Yu.N. Parkhomenko3-°, V.V. Khovailo*’

This paper presents the results of studying the effect of carbon nanotubes on thermoelectric properties of p-type
(Nbo.¢Tag.4)0.sTio.2FeSb and n-type Tig sZro 25 Hfy 2sNiSn half Heusler alloys. The experimental data obtained indicate
a strong effect of the carbon nanotubes on electrical conductivity and Seebeck coefficient of the n-type compound,
while the changes in these properties in the p-type compound were significantly less. It is suggested that a possible
reason for this difference is the formation of a conducting cluster of carbon nanotubes in the sample of the n-type

Heusler alloy.
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1. Introduction

One of the approaches to increasing the thermoelectric
Q-factor ZT of materials is the composites formation based
on a thermoelectric matrix and a nanodispersed filler.
This approach makes it possible to significantly reduce the
lattice thermal conductivity by enhancing the scattering of
medium- and long-wavelength phonons at the interfaces
between the matrix and the filler. Besides, the density
increasing of electron states at the Fermi level and the
effects of carriers filtering can lead to the Seebeck coefficient
increasing [1].

Carbon nanotubes (CNTs) are widely used as additives
to many structural and functional materials to improve
their properties [2]. Despite the fact that CNTs have
weak thermoelectric properties, which is mainly due to
their high thermal conductivity and low Seebeck coeffi-
cient [3], they have been widely used as additives to a
number of thermoelectric materials. The effect of CNTs
on the thermoelectric properties of materials based on
BiyTes was actively studied [4-8]. CNTs shown significant
improvement of ZT n-type bismuth tellurides [4,5], while
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no significant improvement of ZT was observed in p-type
materials [6,7]. Along with this, the literature reported on
the study of CNTs effect on the thermoelectric proper-
ties of MnSij 75 [9], Ybo3CosSbyy [10], a-MgAgSb [11],
BixS; [12], SnTe [13,14], ZnO [15] and a number of
polymers [16-18].

As it is known, the CNTs effect on the thermoelectric
properties of Heusler alloys was not yet studied. The large
family of these alloys includes full-Heusler alloys, which are
characterized by the general formula X,YZ and a L2; type
crystal structure, and half-Heusler XYZ alloys with a Cly
type structure. In both cases X,Y are 3d or 4d transition
elements, or rare-earth metals, while Z is metalloid. The
highest values of thermoelectric Q-factor were obtained
for half-Heusler alloys, where it was possible to achieve
ZT > 1 both in ntype and in p-type compounds [19].
Considering the growing interest in studying the CNTs effect
on the thermoelectric properties of materials [7-18], for
such studies we selected materials based on half-Heusler
alloys Ni(Ti, Zr, Hf)Sn of n-type and Fe(Nb,Ta,Ti)Sb of
p-type.
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2. Samples and study methods

Ingots of nominal chemical composition
(Nb0,6Ta(),4)0,8Ti(),2FeSb (NFS) of p—type and
Tig 5Zr 2sHfy 2sNiSn (TNS) of n- type were synthesized
from initial chemical elements by arc and induction
melting in argon atmosphere. To ensure homogeneity
the alloy ingots were remelted three times in the arc
furnace. An excess of Sb was added to the charge
to compensate for its losses due to evaporation during
induction melting. The fabricated alloys were annealed in
evacuated quartz tubes for 72h at different temperatures
(923K for (Nb(),éTa()A)(),gTio,zFeSb and 1073K for
Tig sZro.2sHfy 25NiSn), then both alloys were quenched in
cold water. The annealed ingots were crushed to a fine
powder, divided into two parts, and carbon nanotubes were
added to one of the parts in an amount of 1% by weight.
The powder and CNTs were mixed in a ball mill in argon
atmosphere for 2h with a rotation speed of 450 rpm at a
ratio of balls to powder mixture of 10:1. The powders
were consolidated in a vacuum on a spark plasma sintering
(SPS) unit Labox 650, Sinter Land at a pressure of 50 MPa
and temperatures of 1023K (NFS) and 1173K (TNS)
(the process of samples consolidation on the SPS unit is
described in detail in [20]). Consolidated samples in the
form of disks were annealed at 923K (NFS) and 1073K
(TNS) for 3 days.

The phase composition of the studied samples was
analyzed on a Difrey 401 diffractometer using CrK,
(A =2.2909 A) radiation. For qualitative elemental analysis,
a Tescan Vega 3SB scanning electron microscope (SEM)
with an attachment for energy dispersive analysis was
used. The thermal conductivity of the samples was deter-
mined from the temperature dependences of the thermal
diffusivity measured on a Netzsch LFA 447 unit by the
laser flash method in the temperature range 300—873 K.
The temperature dependences of electrical conductivity and
thermoelectric EMF coefficient were determined in the
temperature range 300—873 K by four-probe and differential
methods, respectively.

3. Research results

X-ray patterns taken at room temperature on pow-
ders of alloys (Nb0.6Tao_4)0.gTio_2FeSb (NFS) and Tio_SZI'
0.25Hfp 2sNiSn (TNS) are presented in Fig. 1. The
positions of the main peaks correspond to the cubic
structure with the lattice parameter a = 5.9950 A for NFS
and a=6.0260A for TNS, respectively, which is in
good agreement with the literature data [19,21,22]. The
results of X-ray and electron microscopic analyzes do not
indicate the existence of impurity phases in the samples
under study. According to the results of energy-dispersive
analysis, it was found that the actual chemical composition
of the iIlgOtS is (1n at%) Nbi7.,Ta; gTis gFe343Sbss 7 and
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Figure 1. Diffraction patterns of samples (Nbo.¢Tao.4)o.sTio.2FeSb
(NFS) and Tio.sZro.2sHfo.2sNiSn (TNS) taken at room temperature.

Ti17.3Zr9Hfg.1Ni33Sn32_6, which is close to nominal compo-
sitions.

Electrical conductivity o and Seebeck coefficient S
vs. temperature for samples Tig sZrg5Hf2sNiSn and
(Nbg.¢Ta ¢.4)0.8Tip.2FeSb without additives (TNS and NFS)
and with additives of carbon nanotubes (TNS+ CNT
and NFS+ CNT respectively) are shown in Fig. 2. The
obtained data show that the degree of CNTs effect on the
thermoelectric properties of Heusler alloys strongly depends
on the type of conductivity of these alloys. Whereas adding
CNTs to the (Nbg¢Tag4)0.8Tip.2FeSb compound of p-type
leads to approximately two times increasing of the electrical
conductivity and decreasing of the Seebeck coefficient,
adding CNTs to Tig 5Zrg 25sHfy 25NiSn compound of n-type is
accompanied by a change in the values of o and S by almost
an order of magnitude (Fig. 2,a, b). The power factor, which
is defined as PF = S’ is also more affected by CNTs in
ntype alloy (Fig. 2,c). Note that a strong dependence of
the degree of CNTs effect on the type of conductivity of
materials was also observed for bismuth tellurides [4-7].

In our opinion, a significant difference in the degree
of CNTs effect on the thermoelectric properties of p-
and n-type Heusler alloys (Fig. 2) can be qualitatively
explained taking into account the type of conductivity of
the carbon nanotubes themselves. Considering that CNTs
are conductors of p-type with the Seebeck coefficient at
room temperature ~ 20—40uV - K~ [3], their addition
to the Heusler alloy (Nbgg¢Tag.4)osTio2FeSb of p-type,
that has a relatively small value S~ 50uV -K~' at room
temperature and a relatively large electrical conductivity
o ~20000hm~" - cm~!, leads to a relatively small change
in both S and o (Fig. 2). On the other hand, additions
of ptype CNTs to the Heusler alloy Tig sZr25Hfp 25NiSn
of n-type as expected lead to a large decreasing of the
absolute value of the Seebeck coefficient from S~ —125

Semiconductors, 2022, Vol. 56, No. 2



XVII Interstate conference ,Thermoelectrical materials and their applications — 2021“ (ISCTA 2021) 139

104 - T T T T T T T T T T —
g MS
l oo—0—0—0—0—00-—0-—0-0-0 0]
n | Q"M |
g
(&)
< 10°F 3
G F ]
) r ]
]02 1 L 1 L 1 L 1 L 1 . ] .
W—Q—.b
T OFao— b
| 0b—8—0-—o0 -85 0 —1—8a—0—0—8a
> L
=i
“ 100 .
200, . ! . ! . ! . I ! R
+ —=— TNS ]
o 30k —O— TNS+CNT )
: —&— NFS
TE I —O0— NFS+CNT
© 20 -
= i
=3
< 10} .
O 1 [l L 1 L 1 L 1 L 1 L
300 400 500 600 700 800 900
T,K
Figure 2. Electrical conductivity (a), Seebeck coeffi-

cient (b) and power factor (c) vs. temperature of samples
(Nb0A6Ta0A4)0A3Ti0_2FeSb and Tio.sZro.25sHfy.25sNiSn without additives
(TNS,NFS) and with additives of carbon nanotubes (TNS + CNT,
NFS + CNT).

to —15uV-K~'. The electrical conductivity increas-
ing from o ~4000hm~'-cm~! in TNS sample without
nanotubes to ¢ ~ 80000hm~'-cm~! in the TNS + CNT
sample can be explained taking into account that the
transport properties of the TNS + CNT sample are due to
both electrons and holes.

Note that change by almost order of magnitude of the
electrical conductivity and Seebeck coefficient upon the
CNTs addition to TigsZrg25Hfp 25sNiSn may indicate that
the transport properties and thermoelectric EMF of the
TNS+CNT sample were determined by the properties
of CNTs that formed the conducting cluster in the
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Tig.5Zr¢ »5Hfy 2sNiSn matrix. This assumption is supported
by data on the thermal conductivity « of the studied samples
without and with the addition of carbon nanotubes. It
can be seen from Fig. 3,a that the thermal conductivity
of (Nbg¢Tag 4).sTioFeSb slightly decreases upon CNTs
addition, which, in all likelihood, is caused by the growth
of phonon scattering processes at the interfaces between
the matrix and nanotubes. On the other hand, the thermal
conductivity of Tig sZrg 25Hfy 2sNiSn at room temperature
sharply increases from « ~ 2.8 W-m~! - K~ ! in the sample
without CNTs to k ~ 6W -m~! - K~ in a sample with
CNTs, the phonon scattering processes at the interfaces
between the matrix and nanotubes are overlapped by heat
transfer processes along the conducting CNT cluster in the
Ti0.5ZI'0.25Hf0.25NiSIl matrix.

Summing up the data relating CNTs effect on the thermo-
electric properties of Heusler alloys (Nbg ¢Tag 4)0.sTio 2FeSb
and Tig sZro2sHfp 2sNiSn (Fig. 3,b), it is necessary to
note a strong drop of the thermoelectric Q-factor ZT of
Tig.5Zr0 25Hfp 25NiSn alloy by adding carbon nanotubes to
it. ZT decreasing by almost 10 times in this compound
upon the nanotubes addition is primarily due to a very
large decreasing of the absolute value of the Seebeck
coefficient S (Fig. 2, b), and significant increasing of thermal
conductivity « (Fig. 3, a).
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Figure 3. Thermal conductivity (@) and thermoelectric Q-
factor (b) vs. temperature of samples (NbggTao4)os Tio2FeSb
and Tig sZro25Hfy.25sNiSn without additives (TNS,NFS) and with
additives of carbon nanotubes (TNS + CNT, NFS + CNT).
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4. Conclusion

The effect of carbon nanotubes on the thermoelectric
properties of p- and n-type Heusler alloys was studied for
the first time in the paper. It was shown that additions of
CNTs lead to the electrical conductivity and thermoelectric
power change by 10 times in the n-type Heusler alloy, while
the changes in these properties in the p-type alloy are much
smaller. As a development of these studies in the future, it
seems interesting to study the thermoelectric properties of
materials with different CNTs content, which will make it
possible to determine the percolation threshold and trends
in the change in the thermoelectric properties of compounds
of n- and p-type conductivity with the content increasing of
carbon nanotubes.

Funding

The work was supported by the Ministry of Science
and Higher Education of the Russian Federation (agree-
ment No. 075-15-2021-985, contract No. 13.2251.21.0052),
Academy of Scientific Research and Technology (ASRT),
Egypt (grant N 6735), Institute of Fluid Science, To-
hoku University, Japan (Collaborative Research Project
N J211093).

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] L-D. Chen, Z. Xiong, S-Q. Bai. J. Inorg. Mater, 25, 561
(2010).

[2] V.N. Popov. Mater. Sci. Eng. R, 43, 61 (2004).

[3] N-T. Hung, ART. Nugraha, R. Saito. Energies., 12, 4561
(2019).

[4] D-H. Park, M.-Y. Kim, T-S. Oh. Current Appl. Phys., 11, S41
(2011).

[5] Y. Zhang, X L. Wang, WK. Yeoh, RK. Zheng, C. Zhang.
Appl. Phys. Lett,, 101, 031909 (2012).

[6] F. Ren, H. Wang, P.A. Menchhofer, J.O. Kiggans. Appl. Phys.
Lett.,, 103, 221907 (2013).

[7] H. Bark, J.-S. Kim, H. Kim, J-H. Yim, H. Lee. Current Appl.
Phys., 13, S111 (2013).

[8] B. Trawinski, B. Bochentyn, N. Gostkowska, M. Lapinski,
T. Miruszewski, B. Kusz. Mater. Res. Bull,, 99, 10 (2018).

[9] D.Y. Nhi Truong, H. Kleinkeb, F. Gascoin. Dalton Trans., 43,
15092 (2014).

[10] Q. Zhang, Z. Zhou, M. Dylla, M.T. Agne, Y. Pei, L. Wang,
Y. Tang, J. Liao, J. Li, S. Bai, W. Jiang, L. Chen, GJ. Snyder.
Nano Energy, 41, 501 (2017).

[11] J. Lei, D. Zhang, W. Guan, Z. Ma, Z. Cheng, C. Wang,
Y. Wang. Appl. Phys. Lett., 113, 083901 (2018).

[12] Y. Liao, W. Liu, W. Jia, B. Wang, L. Chen, K. Huang,
M.J. Montgomery, J. Qian, S. Lv, L.D. Pfefferle. Adv. Electron.
Mater,, 7, 2100468 (2021).

[13] Z. Ma, C. Wang, Y. Chen, L. Li, S. Li, J. Wang, H. Zhao.
Mater. Today Phys., 17, 100350 (2021).

[14] J. Fan, X. Huang, F. Liu, L. Deng, G. Chen. Composites
Commun., 24, 100612 (2021).

[15] S. Liu, G. Li, M. Lan, M. Zhu, T. Mori, Q. Wang. J. Phys.
Chem. C, 124, 12713 (2020).

[16] H. Yan, K. Kou. J. Mater. Sci., 49, 1222 (2014).

[17] Kh. Yusupov, A. Zakhidov, S. You, S. Stumpf, PM. Martinez,
A. Ishteev, A. Vomiero, V. Khovaylo, U. Schubert. J. Alloys
Compd., 741, 392 (2018).

[18] Kh. Yusupov, D. Hedman, A.P. Tsapenko, A. Ishteev, S. You,
V. Khovaylo, A. Larsson, A.G. Nasibulin, A. Vomiero.
J. Alloys Compd., 845, 156354 (2020).

[19] RJ. Quinn, J-W.G. Bos. Mater. Adv,, 2, 6246 (2021).

[20] V.B. Osvenskiy, V.P. Panchenko, YuN. Parkhomenko,
AL Sorokin, D.I. Bogomolov, V.T. Bublik, N.Yu. Tabachkova.
J. Alloys Compd., 586, S413 (2014).

[21] V.V. Khovailo, A.LL Voronin, V.Yu. Zueva, M.A. Seredina,
R. Chatterjee. FTP, 51 (752), 2017 (2017) (in Russian).
[V.V. Khovaylo, Al Voronin, V.Yu. Zueva, M.A. Seredina,
R. Chatterdjee. Semiconductors 51, 718 (2017).]

[22] A. El-Khouly, A. Novitskii, I. Serhiienko, A. Kalugina,
A. Sedegov, D. Karpenkov, A. Voronin, V. Khovaylo,
AM. Adam. J. Power Sources, 477, 228768 (2020).

Semiconductors, 2022, Vol. 56, No. 2



