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ABSTRACT

Polycrystalline p-type Ca/Ce co-filled skutterudites CagsCegsFes_xNiySbi, (0 <0 <0.7) compounds have
been successfully prepared by traditional melting-annealing-spark plasma sintering (SPS) method. The
effective adjustment in carrier concentration dominates electronic transport behavior in a manner
of significant decrease of electrical conductivity as well as the enhancement in Seebeck coefficient
with increasing Ni-substitution, resulting in a slight degradation of power factor. Meanwhile, the
thermal conductivity, dominated by electronic contribution, decreases monotonically with increasing
Ni-substitution, and the negligible mass fluctuation between Ni and Fe gives rise to a slight change in
phonon thermal conductivity. In particular, the lattice thermal conductivity of these co-filled skutteru-
dites shows rather low value compared with other double filled analogs due to the large difference in
localized frequencies between Ca and Ce elements. Due to the opposite tendency between electronic
properties and thermal conductivities, ZT governed by carrier concentration increases firstly and then
decreases. The maximum ZT value of 0.85 at 700 K is obtained in the sample Cag5Ceg5FessNigs5Sbiz with
a carrier concentration of ~2.6 x 1020 cm~3, and this peak value is comparable to some excellent p-type
skutterudites reported so far. This study demonstrates that the effective control in carrier concentration
can be easily realized through proper Fe-site substitutions without deterioration in carrier mobility and

change in electronic structure, thus bringing about an optimization of thermoelectric figure of merit.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

In times of energy shortage thermoelectric (TE) power genera-
tion is an attractive issue for recovering electrical power directly
from waste heat, for instance in automotive exhaust systems or
solar energy converters [1-3]. The main limit of thermoelectricity
to niche applications is the low efficiency of current TE materials.
The efficiency of TE materials is governed by the dimensionless fig-
ure of merit ZT=a20T/k, where « is the Seebeck coefficient, o is
the electrical conductivity, T is the absolute temperature, and « is
the total thermal conductivity, which contains both electronic and
lattice contribution k¢ and «, respectively.

Skutterudites, having attracted great interest for decades
because of their low-cost and promising TE performance, are some
of the most promising candidates for TE power generation at mod-
erate temperature [4,5]. Truly, n-type skutterudites, possessing
large effective masses and thus high power factors, have exten-
sively obtained high ZTs exceeding 1.4 in double or triple filling
system owing to the drastic decrease in lattice contribution to
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thermal transport [6-12]. P-type skutterudites based mainly on
FeSb; [13-17] and being essential to module fabrications, how-
ever, exhibit relatively low ZTs for their low values of Seebeck
coefficients. Therefore it is of great importance to improve the ther-
moelectric performances of p-type skutterudites which is tricky
and needs to touch upon some fundamental physical issues.

As mentioned previously, the three parameters determining ZT
are closely related to the carrier concentration, and thus effective
control in carrier concentration is crucial to obtain a high power
factor and thus improved figure of merit. In p-type FeSbs-based
skutterudites, the intrinsic high carrier density leads to poor TE per-
formance and the substitution in Fe sublattice is a widely adopted
and effective approach [18-21]. Generally, Ni or Co is considered
to be a typical choice and also extensively studied. In comparison
with Co, Niis more efficacious and each atom donates two electrons,
realizing an effective control in carrier density.

Besides substitution at cation site, filling in the nanocages by
rare earth, alkali or alkaline earth metal element is actually becom-
ing popular to form a so-called filled skutterudites [6-17,22,23].
The main benefit of filling atoms is the introduction of excessive
scattering to heat transport phonons originated from the “rattling”
effectin the local structures. This strategy has truly witnessed great
achievement in the past decade. In order to greatly depress ki,
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however, the kind and fraction of filling atoms need to be care-
fully considered. It has been found out that different kinds of filler
atoms with distinct vibration frequencies in the voids can decrease
the lattice thermal conductivity largely exceeding alloying limit
[6,7,24,25]. In particular, as compared to other double filled skut-
terudites, Ca and Ce co-filled systems display the lowest x| value
especially when the filling fraction of Ca and Ce is approximately
identical [26]. This benefit is mainly attributed to the large differ-
ence of vibration frequencies between the two atoms. So, in this
research, we choose Ca and Ce as fillers and their filling fraction is
both fixed at 0.5. The aim of the present work is to realize an effec-
tive control in carrier concentration by Ni substitution at Fe site,
and thus well regulate the electrical transport properties (PF) while
retaining a low k| in Ca-Ce double filling system. Consequently an
overall improvement in ZT can be expected

2. Experiment

Polycrystalline  samples with nominal compositions
CagsCegsFes_xNixSbyo (x=0, 0.1, 0.3, 0.5 and 0.7) were pre-
pared as follows. Stoichiometric quantities of the constituent pure
elements Ca (99.9%, ingot), Ce (99.99%, plate), Fe (99.999%, shot), Ni
(99.999%, ingot), and Sb (99.9999%, ingot) were weighed according
to their nominal composition, loaded into a quartz tube with
carbon depositing on the inner wall, and sealed under a pressure
of 10~3 Pa. All the above procedures were done in a glove box
filled with high-purity Ar (05 <0.1 ppm, H,0 <5 ppm). The samples
were slowly heated to 1373 K and rested for 24 h. They were then
quenched in a saltwater base and annealed at 953 K for 168 h. The
resulting ingots were ground into fine powders and then sintered
by spark plasma sintering (SPS) at 853 K for 5 min under pressure
of 40 MPa.

The phase compositions of bulk samples were determined
by powder X-ray diffraction (XRD) (PANalytical X'Pert Pro X-ray
diffraction) using Cu Ko radiation (A=1.5406A). The chemical
compositions of the samples were analyzed by inductively cou-
pled plasma Auger emission spectroscopy (ICP-AES). ICP analysis
confirms that the actual composition is very close to the nomi-
nal composition. Hence, in this paper, the nominal compositions
will be used for all samples. Electrical conductivity (o) and See-
beck coefficient () were simultaneously measured by commercial
equipment (ZEM-1, Ulvac Riko, Inc.) under a low pressure inert gas
(He) atmosphere from 300 K to 800 K. The thermal conductivity («)
was calculated from the measured thermal diffusivity (D), specific
heat (Cp), and density (d) using the relationship k=D x G, x d. The
thermal diffusivity was tested by the laser flash diffusivity method
using a Netzsch LFA 457 system and the specific heat (Cp) was
measured by TA instrument: DSC Q20. All the measurements were
performed in the temperature range from 300 K to 800 K. The densi-
ties of the bulk samples were measured by the Archimedes method
and the relative densities of obtained bulk samples are higher than
98.0%. The Hall coefficient (Ry) and electrical conductivity (oy)
at room temperature were measured by Accent HL5500PC Hall
system using the van der Pauw method with the magnetic field
strength of 0.513T, and the corresponding carrier concentration
(n) and carrier mobility (uy) were calculated by the followed equa-
tions: n=1/e| Ry | and uy =o/ne.

3. Results and discussion
3.1. Phase compositions

Fig. 1(a) shows the powder XRD patterns of
Cap5CeqsFeq_xNixSbiy (x=0, 0.1, 0.3, 0.5, 0.7) compounds after
SPS. The XRD patterns demonstrate that the major phase is CoSbs
(JCPDS No. 51-0824) for all samples, which is crystallized in a

cubic CoAss-type structure with Im3 group. As the Ni nominal
composition increases upon 0.7, at 20=31.274°, a small peak
can be observed which corresponds to the NiSb (101) peak (PDF
No. 02-0783). This indicates that the solubility limit of Ni is less
than 0.7 in the compounds. The enlarged (6 00) peaks of the XRD
patterns shown in Fig. 1(b) display an apparent shift to high angle
with increasing the Ni content, which is mainly due to the smaller
atomic radius of Ni (1.62A) compared with that of iron (1.72 A).
This also presumably verifies that the Ni atoms successfully enter
into the crystal lattice of the compounds. However, it can be noted
that there is no obvious peak shift for the samples with Ni content
larger than 0.5, indicating that the solubility limit of Ni in Fe site is
around 0.5.

3.2. Electrical transport properties

Fig. 2 shows the temperature dependences of electri-
cal transport properties for the prepared bulk materials
CagsCegsFes_xNixSbip. The electrical conductivities decrease
monotonically with increasing temperature which indicates a
degenerate semiconductor characteristic. Moreover, the electrical
conductivity decreases with increasing the Ni content. Conversely,
the Seebeck coefficient exhibits an opposite variation tendency.
In order to further investigate the detailed transport proper-
ties of the prepared bulk samples, the room temperature Hall
coefficients were measured, as well as the corresponding carrier
concentrations and mobilities were calculated.

As shown in Fig. 3(a), the carrier concentration decreases with
increasing the Ni content. Since Ni owns two outmost electrons
more than Fe, Ni doping at Fe site would donate electrons into the
system and thus lower the hole concentration. In fact, for filled
skutterudites, one can evaluate the carrier concentration by esti-
mating the effective hole numbers (N) in a unit cell using a simple
charge counting method. For Cag 5Ceg sFe4_xNixSbq; skutterudites,
fillers, such as Ca and Ce, would donate their valence electrons to
the framework and the effective charge states were reported to be
around +3 and +2, respectively [26-28]. Since Fe (Ni) is one electron
less (more) than Co, the effective charge state of Fe (Ni) in skutteru-
dites should be close to —1 (+1). Therefore, N is equal to (1.5-2x).
Positive value of (1.5-2x) indicates the major carrier is holes, while
negative value suggests electrons as the major carrier. For example,
in Cag5Ceqs5Fe35Nig5Sby; sample, N=(1.5-2 x 0.5)=0.5>0, hence
it shows p-type conduction. Moreover, the larger N, the higher hole
concentration can be expected. Fig. 3(b) reveals the experimental
Hall carrier concentration as a function of Ni content x. Apparently,
experimental Hall carrier concentration increases with increasing
N. So, with the increasing Ni content x, N decreases, thereby lower-
ing the hole concentration.

The composition dependence of carrier mobility is plotted in
Fig. 3(c) and shows a nonmonotonic variation. The hole mobil-
ity slightly increases when Fe is substituted by a small amount
of Ni (x=0.1). Similar observations were also noted for Ni-
substituted CoSbs, such as BayCos_xNixSbqy or CayCos_xNixSby;
system [29-31]. However, with further increase of x, the mobil-
ity decreases gradually owing to the reinforced defect scattering
caused by the differences in atomic mass, size and electronegativ-
ity between Ni and Fe. Based on equation o = peuy, it is not difficult
to understand that the variations of p and u co-affect the varying
of electrical conductivity.

To further understand the mechanisms of the variation of See-
beck coefficient, by assuming a charge carrier scattering distance
independent of energy and degenerate approximation, the Seebeck
coefficient can be written as Eq. (1) [32,33]:

2 21,2 2/3
_ nksTdin(o) — 8mkg *T(T[) 1)
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Fig. 1. (a) The powder XRD patterns and (b) enlarged (6 00) peaks of XRD patterns for the CapsCegsFes_xNixSbi; (0 <0 <0.7) compounds. The inset patterns in (a) are the

local enlargement of the patterns for the sample with x=0.5.

where kg, Er, h, m", and T are the Boltzmann constant, Fermi
energy, Planck constant, effective hole mass and absolute temper-
ature, respectively. The relationship of room temperature «-p is
presented in Fig. 3(d) and the solid line demonstrates a p~2/3 depen-
dence which indicates that the dominant scattering mechanism
in Cags5CeqsFes_xNixSbiy bulk samples is acoustic phonon scat-
tering [32], which can be also demonstrated in other p-type filled
skutterudites [34]. Hence, the change of the Seebeck coefficient is
predominated by the variation of carrier concentration.

The power factors for all compounds are presented in Fig. 4(a).
It can be noted that with increasing the Ni content, the power
factor slightly decreases. The variation of the PF can be well inter-
preted by the theory proposed by loffe [35], Goldsmid [36] and
Slack [2]: the weighed mobility U=(m")3/2;1, depending solely on
the effective mass m" and mobility p of the carrier, could be used
to approximately characterize the electrical transport properties of
a TE material.

Based on Fermi statistics in a single parabolic-band model, See-
beck coefficient & and hole concentration p are given by [8,37-39]:
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Table 1
The carrier effective masses m’, calculated weighed mobilities U and Lorenz con-
stants L at 300K for the CagsCeqsFes xNixSby2 (x=0, 0.1, 0.3, 0.5, 0.7) compounds.

X m (me) Ulcm2V-1s-1 L/10-8V2|K?
0 0.76 26.3 2.00

0.1 0.74 21.9 1.98

0.3 0.80 234 1.92

0.5 0.82 235 1.84

0.7 0.81 17.4 1.77

/2 [m*kBTr/zF - 3

P=\/7 2 1721

where r is the exponent of the energy dependence of the hole
mean-free-path, m" is the hole effective mass, e is the electron
charge, n=Eg/kgT is the reduced Fermi energy, Er is the Fermi
Energy, kg is Boltzmann constant, and Fy is the Fermi integral of
order x. As mentioned above, holes are mainly scattered by acous-
tic phonons, so we suppose r=0. The estimated m is between 0.74
and 0.82 me (me is the free electron mass), nearly independent
of Ni content (see Table 1). Subsequently, the weighed mobility
was calculated according to the calculated m” and measured p
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Fig. 2. The temperature dependences of the electrical properties for the CagsCeqsFes_xNiySb12 (0 <0 <0.7) compounds. (a) Seebeck coefficient. (b) Electrical conductivity.
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Fig. 3. (a) Room temperature carrier concentrations p as a function of x; (b) the experimental Hall carrier concentration p as a function of Ni content x; (c) carrier motilities
1y as a function of x; (d) the room temperature Seebeck coefficients as a function of carrier concentration and the solid line demonstrates such an p~2* dependence for the
bulk CagpsCepsFes _xNixSbq, (0 <0<0.7) samples.

from the Hall data. The room temperature weighed mobility (U) 3.3. Thermal transport properties and ZTs
and power factor (PF) as a function of Ni substitution amount

x are plotted in Fig. 4(b). The U and PF show the same trend The temperature dependences of thermal transport properties
with the change of x, and one can conclude that the slight dete- for CapsCegsFeq_xNixSbi, compounds are presented in Fig. 5. As
rioration of PF mainly arises from the decreasing trend of the shown in Fig. 5(a), with increasing temperature, the thermal con-
mobility. ductivities for all samples first remain unchanged and then increase
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Fig. 4. (a) The temperature dependences of power factors; (b) The room temperature weighed mobilities (U) and power factors (PF) as a function of nickel substitution
amount x for the bulk Cag5Cegs5Fes_xNiySbi, (0 <0 <0.7) compounds.
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Fig. 5. The temperature dependences of the thermal transport properties for the Cag5CegsFes xNiySbi; (0 <0 <0.7) compounds. (a) Thermal conductivity, (b) carrier thermal
conductivity, (c) lattice thermal conductivity. The lattice thermal conductivities for the samples CaFe,Sb;, and CeFe4Sby; are from our unpublished results. For comparison,
the lattice thermal conductivities as a function of temperature for Ce-Yb [44] and Ce-La [45] double filled systems are incorporated in (c). (d) The temperature dependences

of ZT values for all the samples.

at elevated temperature owing to the bipolar diffusion carriers
conducting much heat. Fig. 5(b) displays the temperature depen-
dence of carrier thermal conductivity «¢ calculated according to the
Wiedemann-Franz equation:

Kc = LoT

(4)

where o is the measured electrical conductivity, T is the absolute
temperature. The Lorenz number L can be calculated by the formula
as follow [40]:

_ (kg\? [ 3Fo(m)Fa(n) — 4F}(n)
L_(?> { F2(n)

With the reduced Fermi energy 7, obtain from Eq. (2), the values
are calculated to be in the range from 2.00 to 1.77 x 1078 V2K~2 as
listed in Table 1. It can be concluded from Fig. 5(b) that k- decreases
with increasing x value mainly resulting from the decrease in elec-
trical conductivity. The temperature dependent x—«¢ is shown in
Fig. 5(c). The values of k-« start to increase sharply especially for
those with higher Ni content at high temperature between 550 K
and 750K. This can be attributed to the so-called bipolar diffu-
sion. However, the values are almost independent of Ni substitution
amount before bipolar diffusion (when we can simply rewrite k-« ¢
as k1, which represents lattice thermal conductivity). The same

(5)

phenomenon is also observed by other researchers [39]. This seems
to be contradictory to the common knowledge that the lattice
thermal conductivity can be greatly reduced by alloy scattering
which is supposed to strongly scatter the heat transport phonons.
Mangersnes et al. [41] predicted the crystal structure, thermody-
namic stability and electronic structure of 75 filled and unfilled
P-based skutterudite compounds MxCo,_yFe,P, from periodic
density functional calculations. They found that the rattling ampli-
tude of the filling atom M, which is important for the thermal
conductivity of the compounds, depends mostly on the type of fill-
ing elements and only to a small extent on the filling fraction, or
the fraction of Fe in the structure. The conclusion may be also cor-
rect for Ni substituted antimony based skutterudites. What's more,
Rotter et al. [42] investigated the lattice dynamics of CoSbs using
inelastic X-ray scattering and they found that the low frequency
phonons mainly correspond to vibrations of Sb atoms rather than
Co atoms. Therefore, doping at Sb-site is believed to be more effec-
tive to scatter phonons than doping at Co-site, which has been
also demonstrated by Qiu et al. [43]. Hence, we conclude that the
variety and nature of the filling atoms are dominant in the lattice
thermal conductivities of as-prepared samples. For comparison, the
lattice thermal conductivities of some other single or double filled
p-type skutterudites are also drawn in Fig. 5(c). One can see that
Ca and Ce co-filled skutterudites possess the lowest lattice thermal
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conductivities, which is mainly owing to the striking differences in
atomic mass, size and electronegativity between Ca and Ce atoms,
thus resulting in a so-called dual frequency resonant scattering [7].

The dimensionless figure of merit is calculated by the measured
values of «, o and k and shown in Fig. 5(d). The ZTs first increase
almost linearly with increasing temperature and reach peaks at
high temperature, and then tend to decrease with further elevat-
ing temperature due to the detrimental bipolar effect. Ca and Ce
co-filling makes the system exhibit a much lower «. Simultane-
ously, Ni-doping effectively adjusts the hole concentration, and
thus cooperatively regulates the electrical (PF) and thermal («¢)
transport properties. Hence, all the Ni-doping samples show much
higher ZT values compared with that of Ni-free sample resulting
from decreased x¢ and high PF. The best ZT value of 0.85 at 700 K
is obtained for the sample CagsCegsFes35Nig5Sby,, which is ~18%
higher than that of Ni free sample.

4. Conclusions

In this work, a traditional melting-annealing-spark plasma
sintering method is successfully utilized to synthesize p-type
Ni-substituted and Ca and Ce co-filled skutterudite compounds
Cag5CepsFes_xNixSby; (0 <0<0.7). Ni substitution effectively reg-
ulates the hole concentration and enhances the Seebeck coefficient,
thereby retaining a high power factor. Simultaneously, the thermal
conductivity shows a low value in Ca-Ce double filled skutteru-
dite due to the large difference in rattling frequency. As a result,
the maximum ZT value reaches ~0.85 at 700K for the sample with
x=0.5 and a carrier concentration of ~2.6 x 1020 cm~3, about 18%
improvement compared with that of Ni free sample. This study
demonstrates that, by carefully selecting fillers with appropriate
difference in rattling frequency, the thermoelectric performance in
p-type skutterudites can be properly improved through adjusting
the carrier concentration.
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