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Enhanced thermoelectric properties of Co;__,Ni.+,Sb3_.Sn, materials
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Abstract: Co,_,,Ni,,Sb;_Sn, polycrystals were fabricated by vacuum melting combined with hot-press sintering. The effect of alloying on
the thermoelectric properties of unfilled skutterudite Co,_Ni,Sb; ,Sn, was investigated. A leap of electrical conductivity from the
C00,93Nig07Sb, 93Sng o7 sample to the CogggNig 12Sby gsSng 1o sample occurs during the measurement of electrical conductivity, indicating the
adjustment of band structure by proper alloying. The results show that alloying enhances the power factor of the materials. On the basis of
alloying, the thermoelectric properties of CogggNig 12Sb, ggSng 1, are improved by Ni-doping. The thermal conductivities of Ni-doping sam-
ples have no reduction, but their power factors have obvious enhancement. The power factor of Co s Nig 10Sb, gsSn, 1> reaches 3.0 mW-m X?

by Ni doping. The dimensionless thermoelectric figure of merit reaches 0.55 at 773 K for the unfilled Coy g;Nig 19 Sb, gsSng 15.
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1. Introduction

Thermoelectricity has great potential for applications
such as energy conversion of waste heat into electricity and
solid state heating and cooling. The efficiency of advanced
thermoelectric technology is governed by the dimensionless
thermoelectric figure of merit:

ZT = d’oT/k 1)

where a, o, k, and T are the Seebeck coefficient, the electri-
cal conductivity, the thermal conductivity, and the absolute
temperature, respectively. Good thermoelectric materials
should possess a relatively higher value of power factor (a’c)
and a lower value of thermal conductivity.

CoSbs-based skutterudite compounds have attracted
much attention as one of the most promising thermoelectric
materials. Many efforts have been made to improve the
thermoelectric properties of CoSbs, including doping by
partial Co-site or Sb-site substitution, filling structure voids,
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and multi-site substitution [1-4]. The high properties of
many thermoelectric materials such as Bi,Te;/Sb,Te; and
PbTe/SnTe are directly related to the formation of solid so-
lutions. Solid solutions of skutterudites offer several impor-
tant advantages, such as tailoring the energy band gap to the
desired operational regime, altering the size of voids, and
extending the range of rare-earth ions that can be trapped in
the structure. The solid solution of CoSb; may be formed by
replacing Sb with Ge and Se, Co with Ni and Fe, or sym-
metrical replacements can be made on both Co and Sb sites
[5]. The multi-channel improving way is being performed
by combining multi-site substitution, doping, and multi-fi-
lling with nanostructuring at the same time [6]. Reducing
the lattice thermal conductivity ki is an important factor in
obtaining high efficiency energy conversion in all thermoe-
lectric materials [7]. Both the filling and solvothermal tech-
nology are important improving methods for reducing ther-
mal conductivity [1, 8]. Filled skutterudites have gained low
thermal conductivity and high ZT values due to the vibration
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effect and the doping effect from filled elements [1, 9]. The
solvothermal synthesis is limited because the low Pauling’s
electronegativity elements cannot be employed without
proper reductants, but the thermoelectric properties of mate-
rials (without low Pauling’s electronegativity elements) with
high power factor can still be improved by the solvothermal
synthesis.

In this paper, the thermoelectric properties of Co;_NiSbs_.Sn,
(no low Pauling’s electronegativity elements) were firstly
researched in order to improve the thermoelectric properties
of CoSbs; based materials. On the basis of alloying, the
thermoelectric properties of Co;_NiSb; ,Sn, were en-
hanced by further Ni-doping, and the effect of alloying and
doping on the thermoelectric properties of Co;_Ni,Sb;_.Sn,
were discussed.

2. Experimental

Co_y,Niy,Sbs_Sn, (x =0.05, 0.07, 0.12, and 0.25; y = 0,
0.01, 0.03, 0.05, 0.07, and 0.09) compounds were synthe-
sized by reactions between the elements under vacuum in
silica tubes. Stoichiometric amounts of Co (99.9%), Ni
(99.99%), Sn (99.9%), and Sb (99.99%) shots were sealed
in the evacuated quartz ampoules. After melting at 1373 K
for 30 h, the ampoules were annealed at 923 K for 5 d. After
the heat treatment, the products were grounded into powder
and hot pressed at 873 K for 60 min under a pressure of 80
MPa. The samples were analyzed with X-ray diffraction
(XRD) on a RigakuD/MAX-2550PC diffractometer using
Cu K, radiation (A = 0.15406 nm) in the range of 20 =
10°-80°. The electrical conductivity and Seebeck coefficient
were measured at a computer assistant device. The electrical
conductivity o was obtained by a four-probe method. The
Seebeck coefficient was calculated with the slope of the
thermoelectric power AU vs. temperature difference AT from
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0 to about 5 K between both ends of the sample. An Agilent
34401A multimeter was used for the measurement of AU,
temperature difference A7, and temperature. The thermal
conductivity ¥ was measured and calculated by a Netzsch
LFA 457 laser flash apparatus.

3. Results and discussion

Fig. 1 shows XRD patterns of Co;_,Ni,Sb;_,Sn, samples
with different x values. All diffraction peaks of the samples
are identical to the standard JCPDS card 01-083- 0055 of
CoSb;s, indicating that the dopants are doped into the lattice
sites and single phase compounds are obtained.
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Fig. 1. XRD patterns of Co;_Ni Sb;_Sn, with different x

values: (a) x = 0.05; (b) x =0.07; (¢c) x = 0.12; (d) x = 0.25.

Fig. 2 shows the temperature dependence of Seebeck co-
efficients and electrical conductivities for Co;_Ni,Sb;_.Sn
samples. There are two Sn position distributions in the
CoSbs;_Sn, system, which was verified by the Mossbauer
technology. Due to part Sn as donor impurities, all the sam-
ples show n-type conduction with negative Seebeck co-
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efficients. The Seebeck coefficient of the materials firstly
increases and then decreases. The maximum value of the
Seebeck coefficient is about —250 uV/K at 600 K for the
sample with x = 0.05.

As a result, the absolute value of Seebeck coefficient de-
creases with the increase of the x value, while the electrical
conductivity displays a reverse change. This tendency
agrees with other reports [10]. A leap of electrical conduc-
tivity of Co,_,Ni,Sbs_Sn, samples occurs from x = 0.07 to x
= 0.12. The relative densities of all hot-pressed samples
varied from 93% to 95%, so the effect of different densities
on electrical conductivity may be neglected.

The forbidden band gap E, may be estimated according
to the following equation [11]:

Eg
p =Aexp ﬁ 2

B

where p is the electrical resistivity, 4 is a constant, and kg is
the Boltzmann constant.

According to Eq. (2), estimated E, are displayed in Table
1. The values of E, of the materials changes from 0.048 eV
to 0.034 eV as x increases from 0.07 to 0.12. The estimated
E, (0.03-0.05 eV) agrees well with the theoretical calcula-
tion of about 0.05 eV given by Singh and Pickett [12] and
experimental values of 0.035-0.05 eV obtained from various
measurements [13-15]. As shown in Table 1, the leap of E,
from x = 0.07 to x = 0.12 is corresponding to the change of
electrical conductivity. Thus, the leap of electrical conduc-
tivity comes from the adjustment of band structure in
Co,_Ni,Sbs_Sn, by proper alloying. The electrical conduc-
tivity of the sample with x = 0.25 does not enhance obvi-
ously in comparison with that of the sample with x = 0.12,
which is attributed to the doping limit and a dramatic sup-
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pression of carrier mobility from scattering of more point
defects [16-17]. The electrical conductivity of the samples (x
=0.12, 0.25) reaches about 6.6x10* S-m™" at 773 K.

Table 1. Estimated E, of Co,_Ni,Sb; ,Sn, eV
X 0.25 0.12 0.07 0.05
E, 0.038 0.034 0.048 0.050

As shown in Fig. 3, the power factors of Co;_Ni,Sb;_,Sn,
samples increase with the increase of x values, but that of
the sample with x = 0.25 decreases due to lower Seebeck
coefficient. The trend is more obvious at high temperature.
The maximum value of the power factor is about 2.4
mW-m K at 623 K for the sample with x = 0.12, which is
higher than that (0.66 mW-m"-K?) of Co,,FeNi,Sb;
with alloying on the Co site [5]. The proper alloying is in
favor of enhancement of the power factor for thermoelectric
materials.

On the basis of alloying, the thermoelectric properties of the
Ni-doping samples were researched. Fig. 4 shows the See-
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Fig. 3. Power factor of Co,_Ni,Sb; ,Sn, with different x values.

200

my=0 Oy=005 (b)
©=001 0y=007
6o AY=003 Ay=009

= AY
3 ABOMORANARRRRARARR § 2B
g 120
S 000006060000000°°°9900000 0@
sl A AAAAAAAAAALAAAAALAAAA
oo 000®
T e
40

300 400 500 600 700 800
Temperature / K

Fig. 4. Seebeck coefficients (a) and electrical conductivities (b) of Coggg,Nig 12+,Sb1 8sSng 1, samples.
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beck
Coy.3-,Nig.124,5b,33Sng 1o samples with different y values.
The absolute of Seebeck coefficients of
Coy 83-yNig 124,Sb, 8510 12 samples decrease with the increase
of y values, while their electrical conductivities increase ac-
cordingly. This result is attributed to the increase of carrier
concentration [18]. The electrical conductivity of the sample
with y = 0.09 has no enhancement in comparison with that
of the sample with y = 0.07. The reason may be attributed to
the doping limit [16]. Thus, the maximum value of the elec-
trical conductivity is about 1.32x10°S-m™ at 623 K for the
samples with y =0.07 and 0.09.

coefficients and electrical conductivities of

values

Fig. 5 shows the power factors of CoggsNig 121,Sbs.gs-
Sng 1, samples with different Ni-doing contents. Power fac-
tors of Coy gs_,Nig 12+,5b, 85510 1, samples are less sensitive to
a doping level at low temperature; this is attributed to the
non-parabolic nature of energy bands [19]. The power fac-
tors of all samples show positive temperature dependence
from 323 to 600 K. The power factors of the samples with y <
0.05 display negative temperature dependence from 673 to
773 K, while those of the samples with y > 0.05 still keep
positive temperature dependence at above 600 K. The
maximum value of the power factor is 3.0 mW-m™-K ™ at
773 K for the sample with y = 0.07. The improved power
factor can also be attributed to the effect of alloying and
Ni-doping [1, 20].

The temperature dependence of thermal conductivities is
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shown in Fig. 6(a) for Cogss-,Nig12+,Sb,3sSn 1. The ther-
mal conductivities of the samples decrease as the tempera-
ture increases, while they increase with the increase of y
values due to the increase of carrier’s concentration. The
thermal conductivity generally includes two parts, one from
the charge carriers and another from the lattice vibration.
According to the Wiedemann-Franz relation:

K
€ =L 3
ol )

where L =2 x 10 W-Q-K % k., o, and T are the thermal
conductivity of the carrier, the electrical conductivity, and
the absolute temperature, respectively.
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Fig. 5. Power factors of Coggs_,Nig.12+,Sb;.855n,.1; samples with
different y values.
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Fig. 6. Thermal conductivity (a) and lattice thermal conductivity (b) of Coygg Niy 124,Sb28sSng 12.

The value of x; can be calculated from Eq. (3). Therefore,
the lattice thermal conductivity i can be obtained by x; =
Kiow—Ke. The thermal conductivities from the lattice vibra-
tion are shown in Fig. 6(b). As shown in Fig. 6, the thermal
conductivities of all samples come mainly from the contri-
bution of the lattice vibration. The solvothermal synthesis

may be applied to reduce the thermal conductivity of
COo'gg,yNi()'lzﬂ,sz‘ggsn 0.12 series ﬁlI'theI'.

The ZT values of Coggg_,Nig.12+,Sb2ssSng 1 samples are
shown in Fig. 7. The thermoelectric properties of doped
samples are obviously enhanced as the temperature and doped
contents increase. The maximum figure of merit Z7 = 0.55
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Fig. 7. ZT values of Coggg Nip12+,Sb283Sng 1, samples with
different y values.

is obtained for the Cogg;Nig19SbygsSng 1, sample at 773 K.
The nanostructuring (solvothermal synthesis) and filling will
improve the thermoelectric properties of CoggiNig 19Sb, gsSng 15
by reducing the thermal conductivity.

4. Conclusion

The alloying was performed by symmetrical replace-
ments on both the Co site and Sb site. £, of materials was
changed from 0.050 to 0.034 eV by proper alloying. The
change results in obvious enhancement of electrical conduc-
tivity, while there is only a little losing of Seebeck coeffi-
cient. On the basis of alloying, further Ni doping was em-
ployed in order to improve the thermo-electric properties of
the material. The maximum value of the power factor is 3.0
mW-m K at 773 K for the Cog;Nip19Sb, gsSng 1> sample.
The high power factor is attributed to the effect of proper
alloying and Ni-doping. The maximum figure of merit Z7 =
0.55 is obtained for the Cogg;Nij 19Sb, gsSng 1, sample at 773 K.
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