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Abstract

In the present work, a series of single phase Ni-doped skutterudite compounds Ni,Co,_,Sb,, (x=0.1, 0.2, 0.3, 0.4, 0.5) were
successful synthesized by 5 min microwave heating for the first time. The resulting ingots was pulverized and sintered by
spark plasma sintering to fabricate bulk samples, and their microstructure and thermoelectric properties have been investi-
gated systematically. The results show that the matrix grain characteristics are influenced by Ni concentration and microwave
irradiation. The Ni; ;Cos ;,Sb,, bulk has the smallest and uniform grain size of about 1-2 um. The maximum power factors
of Ni,Co,_,Sb,, are 2273, 2479, 2711, 2613 and 2526 uWm™ 'K~ respectively. A highest ZT of 0.52 for Nij ;Cos ,Sb, is
achieved at 773 K along with a total thermal conductivity of 3.8 Wm™'K~.

1 Introduction

Thermoelectric (TE) conversion technology could directly
convert waste heat into electricity based on the Seebeck
effect, which can become an important part of the solution
to today’s ever-increasing energy and environmental crisis
[1]. The application of thermoelectric conversion technol-
ogy depends on the development of thermoelectric materials
which requires the optimization of thermal and electrical
transportation to achieve a high thermoelectric figure of
merit (ZT), defined as ZT = SzT/pK, where S, p and k is the
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Seebeck coefficient, electrical conductivity and thermal con-
ductivity, respectively. Excellent TE materials should have
good electrical and thermal transport properties simultane-
ously, namely, as high as possible Seebeck coefficient and as
small as possible electronic thermal conductivity and lattice
thermal conductivity.

Skutterudites, body-centered cubic structure AB; (A:
Co, Rh, Ir; B: P, As, Sb) compounds, are widely recognized
as promising medium-temperature thermoelectric materi-
als because they can satisfy the phonon-glass and electron-
crystal scattering concept [2—4]. In the family of skutterudite
compounds, CoSb;-based material is of the most interest to
researchers due to their good electronic properties and sta-
ble mechanical property. Nevertheless, pure CoSb; cannot
be used in thermoelectric applications because its electrical
resistivity and especially thermal conductivity are very high
[3]. Two approaches, i.e., filling impurity atom into intrinsic
holes or doping treatment [5-8], could be used to improve
the thermal and electrical transport property of CoSb;-based
materials. It is well known that Ni-doping in CoSb;-based
skutterudites not only controls the conduction type but also
enhances ZT through reduction of both electrical resistivity
and thermal conductivity [3, 9-16]. Kitagawa et al. [12],
[I-Ho et al. [13], Soon-Chul et al. [14] and Qinyu et al. [15]
reported ZT of 0.28 (600K), 0.2 (650K), 0.3 (650K) and 0.7
(823K) for Coy ¢sNi( ¢sSbs, Cog oNij |Sbs, Cop 93Nij ¢7Sbs
and nanostructured Coy ¢;Ni, ooSb; enhanced by Ni-doped,
respectively. Ahmad et al. [16] reported largest power factor
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value of 13.65 uW/em-K? for Co, 9»,Ni ¢75Sb;, at 475 K, 25
times improvement over the non-doped CoSb;.

The skutterudite compounds powder or ingot is usually
synthesized via smelting [12—14], mechanical alloying [15],
wet synthesis [16], or solid-state reaction [17—19]. Then the
resulting powder or ingot is quenched, annealed for several
days and subsequently sintered with spark plasma sinter-
ing or hot press sintering to fabricate bulk thermoelectric
materials. The conventional fabrication techniques are
complex and inefficient, so it’s important to explore new
synthetic method which could lead to the superior thermo-
electric compounds with better structural and performance.
Microwave heating techniques, possessing characteristics
of instantaneous, volumetric and selective heating, might
offer faster and cost-effective processes for synthesis reac-
tion [20-26]. In the present work, a series of Ni-doped
skutterudite Ni,Co,_,Sb, (x=0.1, 0.2, 0.3, 0.4, 0.5) bulks
were fabricated by combination of microwave synthesis and
spark plasma sintering (SPS). The phase composition, grain
growth characteristics and thermoelectric performance were
investigated. The effects of the microwave heating and impu-
rity on microstructure and thermoelectric properties were
systematically studied.

2 Experimental

The starting metal powders are nickel (Ni, ~48 pm, 99.9%,
Aladdin), cobalt (Co, ~48 um, 99.99%, Aladdin) and
antimony (Sb, ~20 um, 99.9%, Aladdin). The three pow-
ders were weighed and mixed at nominal compositions
of Ni,Co,_,Sb;, (x=0.1, 0.2, 0.3, 0.4, 0.5) and subse-
quently formed as button on powder compressing machine.
The resulting button was sealed in vacuumed quartz tube
and subsequently heated in microwave oven for 5 min
(M1-L202B/700W, Midea/China). The synthesized ingot
was pulverized and sintered by spark plasma sintering (SPS)
(LABOX-100, Sinter Land INC./Japan) at 903 K for 5 min to
fabricate bulk sample. More details concerning the process
used are described in our previous papers [24-26].

The phase composition for bulk samples was detected
by X-ray diffraction (XRD) on Bruker/D8-ADVANCE dif-
fractometer with Cu-Ka radiation (A=1.54 /ok) and scanning
speed of 1 degree per min. The microstructure was observed
by field emission scanning electron microscope (FE-SEM)
on FEI/Nano-SEM430. The Seebeck coefficient and electri-
cal resistivity were tested on Joule Yacht/Namicro-3 test sys-
tem at the range from room temperature to 773K with a step
of 25 K. The thermal diffusivity was measured on Netzsch/
LFA-427 laser flash thermal analyzer at the range from room
temperature to 773K with a step of 100 K, then the ther-
mal conductivity was calculated as k=DdC,,, where D is
the thermal diffusivity, d is the sample density determined
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basing on the Archimedes’ method, C, is the temperature
dependence specific heat capacity, for CoSbs-based com-
pounds whose value could be estimated as 0.24 J.g~!.K~!
[27].The electronic thermal conductivity was calculated as
k,;=LT/p, where p is electrical resistivity, L is Lorenz num-
ber estimated as 2.0 x 1078V2K~2 [6]. The lattice thermal
conductivity was calculated as x;,, =«-k,;. The thermoelec-
tric figure of merit was calculated as zT = Tx(S%6)/k.

3 Results and discussion
3.1 Microstructures

The XRD patterns of Ni,Co,_,Sb;, compounds after SPS are
shown in Fig. 1. All samples are single phase in accordance
with the standard PDF card of CoSbs. Because the sintering
temperature of 903K cannot meet the demand of alloying
reaction, we vary the phase compositions of Ni,Co,_,Sb,,
through controlling the microwave synthesis process. Nearly
single phase of different types of thermoelectric compounds,
e.g., CoSbs, TiNiSn, CuSe, BiCuSeO, were achieved in
1-5 min microwave synthesis [24-26, 28-31]. As the inset
in Fig. 1 shows that the XRD peak (310) of Ni,Co,_,Sb,,
compounds shift towards higher angles, indicating that Ni
successfully enters into the Co site.

The lattice constants of Ni,Co,_,Sb;, were calcu-
lated by using MDI Jade 5.0 software (DELL/Materials
Date, Inc.) basing on the XRD patterns. It can be seen
from Fig. 2 that the Ni doping causes a decrease of lat-
tice parameter due to the relative smaller radius of nickel
(~1.62 angstrom) atom than that of cobalt (~1.67 ang-
strom) atom. The lattice parameters of Ni,Co,_,Sb, basi-
cally decrease with the increase of Ni concentration. The
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Fig. 1 Powder XRD patterns of Ni,Co,_,Sb,, compounds
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Fig.2 Lattice parameters of Ni,Co,_,Sb,, compounds

lattice parameter depends on the real composition which
is related to the reaction state of the synthesis process. The
lattice parameters of Nij, ;Co; ;Sb,, and Ni; ,Co; (Sb, are
not so different, meaning that the real compositions for
them are close to each other. The possible reason is that
the reaction states of different samples are not exactly the
same due to the ultra-fast reaction rate of microwave syn-
thesis. The lattice parameters calculated in this work are
similar with those of samples obtained by conventional
method [16].

The real densities of Ni,Co,_,Sb,, compounds (x=0.1,
0.2, 0.3, 0.4, 0.5) are measured as 7.554, 7.550 7.540,
7.557 and 7.597 respectively based on Archimedes’
method. The FE-SEM morphologies of cross section of
Ni,Co,_,Sb,, bulks are shown in Fig. 3a—e. The matrix
grain and the grain boundaries are clearly visible in the
field of view. The matrix grain sizes of Ni,Co,_,Sb,, are
about 1 to several micrometers with varying degrees of
unevenness. The insets show the details of matrix grain
for Ni,Co,_,Sb,, bulks. The Ni; Cos ¢Sb,, sample and
Ni, ;Co5 ;Sb;, sample obviously have the maximum
and minimum grain size, respectively. The decreasing
order of grain sizes for Ni,Co,_,Sb;, (0.1, 0.2, 0.3, 0.4,
0.5) are Nij Co; ¢Sb;, (maximum), Nij,,Co; ¢Sb;, and
Nij 4Co; ¢Sb,, Nij sC05 sSby,, Nij 3C05 ;Sb;, (minimum).
From the above, it can be deduced that the grain sizes
for Ni,Co,_,Sb;, depend on not only the point defects
introduced by Ni doping, but also the microwave syn-
thesis process. It is generally believed that the higher the
heating rate the finer the grain size, however, it’s hard to
control the grain size precisely in microwave field. The
EDS elemental distribution maps of Ni, ;Co; ;Sb;, bulk
are shown in Fig. 4. The results show that the concentra-
tion and distribution of Ni, Co and Sb coincide with the
nominal composition of Nij ;Cos ;Sb,.

3.2 Electrical transport properties

The electrical resistivity, Seebeck coefficient and power
factor of Ni,Co,_,Sb,, compounds are shown in Fig. 5a—c.
The most significant trend is that the electrical resistiv-
ity decreases with the increased Ni concentration due to
the increase of free electron. The electrical resistivity of
Ni, ;Co; ¢Sb;, decreases with the increased temperature
due to the valence electrons constantly excited, exhibit-
ing typical semiconductor behaviors. With the increase of
Ni concentration, Ni,Co,_,Sb,, gradually shows hybrid
natures of semimetal and semiconductor behaviors, the
electrical conductivity is very little affected by tempera-
ture, resulting in the very little variation of electrical resis-
tivity. Similar trends can be seen in the previous works
[15, 16].

The absolute value of Seebeck coefficients of
Ni,Co,_,Sb, strictly decreases with the increased Ni con-
centration due to increase of electrical conductivity. There
are maxima in the Seebeck coefficient vs temperature
plots. The absolute value of Seebeck coefficient are firstly
increase due to the reduction of chemical potential, which
is a common phenomenon among degenerate semiconduc-
tors. With the increase of temperature, the lattice vibra-
tion will increase and resulting in significant enhancement
of intrinsic excitation, and consequently cause the rapid
increase of carrier concentration and decrease of Seebeck
coefficient. Because of the bipolar effect, when at lower
temperatures, the intrinsic excitation can be ignored and
the carrier is mainly provided by the ionization of impu-
rities (Se doping); on the opposite, when at higher tem-
peratures, the intrinsic carriers dominate. The maximum
Seebeck coefficients of Ni,Co,_,Sb;,, where x is 0.1, 0.2
,0.30.4 and 0.5, are —254, —211, — 191, — 188 and —160
uVK™!, respectively.

The variations of power factors for different Ni-doped
samples are consistent, which firstly increase and then
decrease with the increased temperature. The variations of
power factors with the increase of Ni concentration for dif-
ferent samples are not regular. The main reason is that the
power factors are proportional to the Seebeck coefficient and
inversely proportional to the conductivity synchronously,
high power factor are required for moderate electrical con-
ductivity and relative high Seebeck coefficient. The maxi-
mum power factors of Ni,Co,_,Sb,, are 2273, 2479, 2711,
2613 and 2526 pWm™'K~2 respectively.

Overall, the electrical transport properties for un-filled
CoSb; are sensitive to the Ni-doped concentration, which
indicates that Ni atoms act as electron donors could sig-
nificantly improve electrical conductivity at the cost of part
of Seebeck coefficient, making the achieved power factors
significantly higher than those of samples reported in previ-
ous works [16].
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Fig.3 FE-SEM morphology of cross section of Ni, ;Co;¢Sb,, (a), Nijy,Co;3¢Sb;, (b), Nij 3;Co;,Sb, (¢), Niy 4Co; (Sby, (d), Niy sCos sSb;, (e),
respectively

3.3 Thermal transport properties conductivity of Ni,Co,_,Sb,, compounds are shown in
Fig. 6a—c respectively. The electronic thermal conductivi-
The temperature dependences of electronic thermal con-  ties increase with the increased Ni concentration due to the

ductivity, lattice thermal conductivity and total thermal increase of electrical conductivity if the Lorenz is fixed. The

@ Springer



Journal of Materials Science: Materials in Electronics (2019) 30:5929-5935

5933

Fig.4 EDS elemental distribution maps of Nij;Cos ;Sb, bulks

lattice thermal conductivities of Ni,Co,_,Sb,, depend on
the Ni concentration and the grain boundary characteristic.
The lattice thermal conductivities at room temperature basi-
cally increase with the increased Ni concentration due to the
increase of point defect. The lattice thermal conductivities
are also influenced by the average grain size especially at
relative higher temperature. The Nij, 3Co; ;Sb,, bulk has the
smallest lattice thermal conductivity of 2.73Wm™'K~! at
773K, which is significantly smaller than those of un-filled
samples synthesized by conventional ways [10, 12—14, 16].
The lattice thermal conductivity makes major contribution to
the total thermal conductivity. The variation of total thermal
conductivity is similar to that of lattice thermal conductivity
due to the ambipolar diffusion. The total thermal conductiv-
ity of Niy;Co, ,Sb,, is 3.89-5.56 Wm™'K~".

3.4 Thermoelectric figure of merit, ZT
The thermoelectric figures of merit of Ni,Co,_,Sb,, bulks

are shown in Fig. 7. The thermoelectric figures of merit
increase with the increased temperature. The Nij ;Cos ,Sb,,

has the maximum ZT of 0.52 at 773 K and that the values
larger might be realized at a bit higher temperature. The
maximum ZT of 0.52 for the present sample synthesized
via 5 min microwave heating is slightly smaller than that of
nanostructured sample synthesized via 20-50 h mechanical
alloying [15], but significantly greater than those of samples
synthesized via smelting [12—14] and solid-state reaction
[10].

4 Conclusions

In summary, a series of single phase Ni-doped skutteru-
dite compounds Ni,Co,_,Sb,, (x=0.1, 0.2, 0.3, 0.4, 0.5)
were successful synthesized by 5 min microwave heating
for the first time. The Nij ;Co; ;Sb,, bulk has the small-
est and uniform grain size of about 1-2 um, such grain
characteristic may beneficial to reduce the lattice thermal
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Fig.5 Temperature dependences of electrical resistivity (a), Seebeck  Fig.6 Temperature dependences of electronic thermal conductivity
coefficient (b) and power factor (¢) of Ni,Co,_,Sb;, bulks, respec- (a), lattice thermal conductivity (b) and total thermal conductivity (c)
tively of Ni,Co,_,Sb, bulks, respectively

773 K. The new preparation route shows highly competi-
conductivity through enhance the phonon scattering. The  tive compared with the conventional ways both in terms
electrical transport property has been enhanced by Ni  of efficiency and thermoelectric performance.
doping. The Ni;;Co; ;Sb,, has the highest ZT of 0.52 at
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