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N-type polycrystalline skutterudite compounds Nig 15C03.85Sb12 and Fey 2 Nig ;5Co03 ¢5Sbjs with the bee crystal structure
were synthesized by high pressure and high temperature (HPHT) method. The synthesis time was sharply reduced to approx-
imately half an hour. Typical microstructures connected with lattice deformations and dislocations were incorporated in the
samples of Nig 15C03.85Sb> and Feg»Nig 15C03.65Sb1, after HPHT. Electrical and thermal transport properties were metic-
ulously researched in the temperature range of 300 K to 700 K. The Fey,Nig 15C03.65Sb2 sample shows a lower thermal
conductivity than that of Nig ;5C03.855b1>. The dimensionless thermoelectric figure-of-merit (zT) reaches the maximal val-
ues of 0.52 and 0.35 at 600 K and 700 K respectively, for Nig 15C03.g5Sb12 and Feg»Nig 15C03.65Sb12 samples synthesized
at 1 GPa.
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1. Introduction thermoelectric performance because of the higher
thermal conductivity, skutterudite compounds are
expected to be the most promising TE materi-
als due to numerous possibilities for modifications
of thermoelectric properties, through substituting
and/or filling of structural voids [7]. For exam-
ple, Te substitution for Sb [8], Fe substitution for
Co [9], and rare earth metals filling CoSbs [10]
have been extensively researched to reduce thermal

conductivity.

Thermoelectric (TE) materials with unex-
ceptionable transport properties have recently
been a subject of continuous interest and at-
tention [1-3]. The performance of TE materials
is generally characterized by the dimensionless
figure-of-merit [4, 5]:

T =5%6T/x (D

where S, o, T, and k represent the Seebeck co-
efficient, electrical conductivity, absolute temper-
ature, and total thermal conductivity, respectively.
The S0 is defined as the power factor. Skutteru-
dite compounds have traditionally been known as
the “phonon-glass and electron-crystal” (PGEC)
concept that was introduced by Slack et al. [6]
in 1995, in which the thermoelectric material has
both a crystalline structure to ensure good electron
transportation and a glass structure to reduce ther-
mal conduction by enhancing phonon scattering.
Although pure CoSbs does not exhibit excellent
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Compared with other methods, high pressure
and high temperature (HPHT) method is a prospec-
tive synthesis technique for thermoelectric materi-
als fabrication [11]. HPHT method has many ad-
vantages, such as the ability to tune rapidly, typi-
cally without introducing disorder. In addition, the
synthesis time is shortened greatly to around half
an hour. The method has been successfully applied
to synthesize various thermoelectric materials [12].

In this article, Nig;5Co385Sbio [13] and
Feg»Nig 15C03 655b12 skutterudites were success-
fully synthesized at 1 GPa pressure by HPHT
method. The microstructures and thermoelectric
properties, such as Seebeck coefficient, electrical
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resistivity, and thermal conductivity have been re-
searched carefully.

2. Experimental

Appropriate amounts of Co (99.95 %,
200 mesh), Sb (99.99 %, 200 mesh), Ni (99.5 %,
200 mesh), Fe (99.95 %, 200 mesh) were weighed
according to the stoichiometry of Nig 15C03.855b;2
and Feg »Nig 15C03 65Sb12. The raw materials were
homogeneously mixed in a glove box in the nitro-
gen gas atmosphere to avoid oxidation of cobalt
element. The mixtures were cold-pressed into
bulk disks (@ = 10 mm x 3.5 mm) as precursors
for HPHT synthesis. Then, the cylindrical disk
was subjected to HPHT conditions for 25 min in
a China-type large volume cubic high-pressure
apparatus (CHPA) (SPD-6x1200). The synthesis
temperature (900 K to 920 K) was measured
using a Pt-Rh 30 % Pt-Rh 6% B-type thermocou-
ple, which was embedded near the sample. The
synthesized samples were cut and polished for
thermoelectric properties measurement.

The phase composition was characterized by
X-ray diffraction (XRD) (D/MAX-RA) using
CuKa (A = 1.5418 A) radiation in the 20 range
of 20° to 80°. The microstructures of the synthe-
sized samples were examined by the field emis-
sion scanning electron microscopes (JEOL, JSM-
6700F) and high-resolution transmission electron
microscopy (JEOL, JEM-2200FS). The Seebeck
coefficient and electrical resistivity were measured
from 300 K to 700 K with a commercial equip-
ment ZEM-3 (Ulvac-Riko). The thermal diffusivity
A was directly measured by the laser flash method
with a commercial system (Netzsch LFA-427). The
specific heat Cp measurement by DSC method
was carried out using Linseis STA PT-1750 equip-
ment with the standard sample (sapphire). The vol-
ume density d was measured by the Archimedes
method. The total thermal conductivity k was cal-
culated as:

k= AC,d 2

where A, C,, and d represent thermal diffusivity co-
efficient, specific heat capacity, and volume den-
sity, respectively.

3. Results and discussion

3.1.

The crystallographic structure of the syn-
thesized samples can be identified by XRD
patterns. From Fig. 1, we can see that all
the diffraction peaks for Nigp;5C0385Sb;2 and
Feg»Nig 15C03 655b1, are indexed as CoSbj struc-
ture (PDF# 98-976) [14]. No other diffraction
peaks are present in the samples. All the sam-
ples crystallized in a body-centered-cubic struc-
ture with the space group of Im3. The results
show that polycrystalline Nig ;5Co0385Sb;, and
Fe(.2Nig.15C03.65Sb2 samples have been success-
fully synthesized by HPHT method.

XRD spectra and optical images
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Fig. 1. XRD patterns of Nigy15C03855bj» and

Fe»Nig 15C03,65Sb12 synthesized at 1 GPa
by HPHT.

3.2. FESEM micrographs

Fig. 2 shows the fractured surfaces of
Nig,15C0385Sb12  and  Fep2Nio.15C03655b12
samples synthesized at 1 GPa by HPHT. From
Fig. 2, we can see that typical granulated grains
with the size of the order of micrometers are
tightly condensed. Particle morphology implies
the isotropic crystal growth due to its cubic
lattice structure. In addition, the grain boundaries
of the samples are distinctly obvious. This is
helpful in strengthening the phonon scattering,
resulting eventually in the decrease of the lattice
thermal conductivity [15]. The FESEM images
also show that the average crystal particle size
of Fep,Nig15C03,65Sbyy is larger than that of
Ni,15C03.855b1>.
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Fig. 2. FESEM micrographs of (a) Nig 15C03.85Sb2
and (b) FegNig 15C03.655bi2 Syl‘ltheSiZCd by
HPHT.

3.3. HR-TEM micrographs

Fig. 3 shows the HRTEM micrographs of
Ni0.15C03.gSSb12 and Feo,zNio.15CO3.65Sb12 synthe—
sized at 1 GPa by HPHT. Firstly, the distinct grain
boundaries in the HRTEM images demonstrate the
good crystallinity inside each individual grain. Sec-
ondly, Fig. 3a shows lattice deformations embed-
ded inside the matrix, which is attributed to squeez-
ing and twisting by stress. From Fig. 3b, we can
see that the numerous lattice distortions, fringes,
and defects exist in our samples, which is mainly
caused by Fe substituting for Co on the basis of
Nip.15C03.85Sb1; [16]. We assume that the typical
microstructures can enhance the phonon scattering,
which further decreases the thermal conductivity to
some degree [17].

Fig. 3. HRTEM image of (a) Nig.15Co3.355b1> and (b)
Fe(.2Nig.15C03.65Sb12 synthesized by HPHT.

3.4. Thermoelectric properties

The temperature dependence of the Seebeck
coefficient is presented in Fig. 4a. The nega-
tive Seebeck coefficients indicate typical n-type
transport behavior. As we can see, the absolute
value of Seebeck coefficient of Nig 15C0385Sbi2
and Feg,Nig 15C03655byp firstly increases with

increasing temperature, reaches a maximum of
238 uV-K~! and 180 uV-K~! at 600 K, respec-
tively, and then decreases with the increase of
temperature. Further, the absolute Seebeck coef-
ficient of Feg»>Nig 15C03655b12 is lower than that
of Nig 15C03.¢55bi, at the whole measured tem-
perature range, which is possibly attributed to
the increased carrier concentration after Fe sub-
stituting for Co [18]. The relationship between
the electrical resistivity and temperature is pre-
sented in Fig. 4b. It is clear that the electri-
cal resistivity of Feg,Nig 15C03,65Sb1 sample in-
creases with increasing temperature and then de-
creases above 650 K. However, the variation
of electrical resistivity with temperature for the
Fep2Nig.15C03,65Sb12 sample is very slight from
2.14 mQ-cm to 2.23 mQ-cm at this temperature
range. Furthermore, the electrical resistivity of
Nig.15Co03.85Sb1, sample decreases with increas-
ing temperature, which is in agreement with the
result presented in the literature [19].

Power factor (PF) is calculated from the mea-
sured Seebeck coefficient and electrical resistivity
according to the following formula:

PF=5%/p 3)

As shown in Fig. 4c, Feg;Nig.15C03655b12
sample yields a lower power factor values of
6.7 x 10~* W-m~!.K~2 after Fe substituting for Co
site at room temperature. Further, Nig 15C03 g5Sb»
sample reaches the maximum power factor val-
ues of 25.80 x 107* W-m~!.K~2 at 600 K. PF
of Feg2Nig.15C03 655b1» sample reaches the maxi-
mum value of 14.76 x 10~* W-m~!-K~2 at 700 K.
This is primarily attributed to the higher absolute
value of Seebeck coefficient of Nij 15C03.g5Sbi,.

The relationship between thermal conduc-
tivity and temperature is plotted in Fig. 4d.
The thermal conductivities of both the samples
decrease with the increasing temperature in the
range of 300 K to 600 K. The minimum ther-
mal conductivity values of Nig 15Co385Sbj, and
Fe2Nig.15C03 65 are 2.9 W-m~'-K~2 at 600 K and
2.8 W-m—1.K~2 at 700 K respectively, which can
result from the intensified phonon scattering with
temperature increase [20]. From Fig. 4d,
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mal conductivity of Nig ;5C03 85Sbi2 and Feg »Nig. 15C03.65Sb1> samples.

we can see that thermal conductivity of
Fe2Nig.15C03,65Sb1, sample is slightly lower
than that of Nig ;5Co3 g5Sb1,, which is attributed to
Fe substituting for Co site that leads to the internal
nature change [21].

Fig. 5 shows that temperature dependence of the
figure-of-merit zT (zT = S?0T/k) results from the
measured values of the Seebeck coefficient, elec-
trical resistivity, and thermal conductivity. The zT
values of all samples increase firstly with increas-
ing temperature, but zT values of Nig 15C03.855b;2
decrease with increasing temperature above
600 K, thus, the sample of Nig5C03855b2

reaches the maximum zT value of 0.52 at 600 K.
However, zT value of Feg,Nigi5C03655bin
sample increases consistently with increasing
temperature. A maximum zT value of 0.35 is
achieved for Fe( 2Nig 15C03 ¢5Sb;, at 700 K.

4. Conclusions

N-type single phase polycrystalline skut-
terudite  compounds  Nig 5Co3855b;>  and
Fep2Nigp.15Co365Sb1,  were successfully syn-

thesized by HPHT method at 1 GPa in 25 min.
We have carefully studied the microstructures
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Fig. 5. Temperature dependence of figure-of-merit zT
for Nig.15C03.85Sb12 and Feg»Nip,15C03.655b12
samples.

and thermoelectric properties of the samples.
A small amount of Ni-substituting skutterudite
for Co sites yielded an improved thermoelec-
tric performance. A maximum zT value of
0.52 was attained for Nig 15C0385Sbj, at 600
K. Although the maximum zT value of 0.35
for Fep,Nig.15C03655b12 is lower than that of
Nip.15Co3.85Sbp at 700 K, the relatively lower
thermal conductivity of Feg;Nig.15C03,65Sbyo is
promising for high-performance Co-substituted
skutterudite thermoelectric materials. There-
fore, the significantly enhanced zT values of
Co-substituted skutterudite are advantageous for
the development of high-quality thermoelectric
materials by HPHT method [22].
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