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Effects of partial substitution of Co by Ni on the high-temperature
thermoelectric properties of TiCoSb-based half-Heusler compounds
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Abstract

TiCoSb-based half-Heusler compounds were prepared by solid-state reaction and their thermoelectric properties were studied. The un-doped
TiCoSb compound shows n-type conduction and demonstrates high Seebeck coefficient at high temperatures. The partial substitution of Co
by Ni caused great increase in electron concentration and electrical conductivity, while the Seebeck coefficient and the thermal conductivity
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howed little change when Ni content (x) is below 5%. A maximum power factor of 16�W/K cm and a maximum dimensionless figure
erit (ZT) of 0.27 have been obtained for the composition of TiCo0.95Ni0.05Sb at 900 K.
2004 Elsevier B.V. All rights reserved.

ACS: 72.20.Pa; 72.15.Jf; 72.80.−r
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. Introduction

Thermoelectric materials have attracted a renewed
nterest in recent years. The performance of a thermoelectric

aterial is usually evaluated by the dimensionless figure
f merit ZT =S2σT/κ, whereS, σ, T and κ are Seebeck
oefficient, electrical conductivity, absolute temperature and
hermal conductivity, respectively. A good thermoelectric
aterial should possess high Seebeck coefficient, high
lectrical conductivity and low thermal conductivity.

The half-Heusler compounds crystallize in the MgAgAs-
ype structure, which is built from three interpenetrating face-
entered-cubic (fcc) sub-lattices of equal unit cell size. Two
f the fcc sub-lattices, Ti and Sb sub-lattices in the case
f TiCoSb, for example, combine to form a rock-salt sub-
tructure. The third fcc sub-lattice, Co, is displaced along the
ody diagonal of the rock-salt substructure by one-fourth of

he unit cell (Fig. 1). Band structure studies of half-Heusler
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compounds gave the magnitude of energy gap as 0.1–0
and suggested a high Seebeck coefficientS that arises as
consequence of the narrow band with heavy carrier
[1–6]. The high Seebeck coefficient and moderately l
electrical conductivity make them attractive candidates
thermoelectric applications. Recent interest in half-Heu
compounds is just due to their promising thermoele
properties.

ZrNiSn-based half-Heusler compounds have been e
sively investigated for their thermoelectric properties in
past several years[7–11]. These compounds were reporte
exhibit semi-conducting properties with high Seebeck co
cients in the order of a hundred�V/K. Doping with less tha
1 at.% Sb on the Sn site results in a great increase of elec
conductivity without significant reduction of Seebeck coe
cient and leads to large power factors (S2σ) [12]. The therma
conductivity of ZrNiSn-based half-Heusler was reporte
be depressed by alloying Hf on the Zr site and alloying P
the Ni site. Therefore theZT value was greatly improved b
the combination of Sb-doping and partial substitution o
or Ni by Hf or Pd[13].
925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. The crystalline structure of TiCoSb compound. The small circles
represent vacancies.

TiCoSb compound with a wider energy gap of 0.95 eV
is a new family of half-Heusler compounds exhibiting semi-
conducting characters[1]. Both the Seebeck coefficient and
electrical conductivity of TiCoSb compound at room tem-
perature are comparable to those of ZrNiSn compound
[8,12,14–17]. It was also shown by the studies on the transport
of TiCoSb-based half-Heusler compounds at low temperature
(below room temperature) that moderate doping of Nb, Ta,
Ni or Pt results in the increase of power factor[15]. However,
there have been no reports on the high temperature thermo-
electric properties so far. In the present study, preparation and
high temperature thermoelectric properties of TiCoSb-based
half-Heusler are reported, especially the effect of Co substi-
tution by Ni on the thermoelectric properties are investigated.

2. Experimental procedure

TiCo1−xNixSb (x= 0, 0.01, 0.025, 0.05, 0.1) samples were
prepared by a solid-state reaction method. The highly pure
constituents of Ti (99.5%, powder), Co (99.99%, powder),
Sb (99.9999%, powder), Ni (99.996%, powder) were used
as starting materials. The mixed powder was pressed into
pellets and then heated to 1173 K in a carbon crucible under
a flowing argon atmosphere for 120 h. The reacted materials
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and thermal diffusivity. And the thermal diffusivity was mea-
sured by a laser flash technique (NETZSCH LFA427) in Ar
atmosphere over the temperature range from 300 K to 900 K.

3. Results and discussion

Fig. 2 shows typical XRD patterns of the TiCo1−xNixSb
samples. XRD analysis confirmed that all the samples were
crystallized in the single-phase with MgAgAs crystalline
structure. A lattice parameter of 0.5882 nm for the un-
doped sample was obtained. This value is consistent with the
data (a= 0.5884 nm) reported by Webster and Ziebeck[18].
The lattice parameters of TiCo1−xNixSb (0< x≤ 0.1) only
showed a little change after doping Ni on Co site, for exam-
ple, the lattice parameter of TiCo0.90Ni0.10Sb was measured
as 0.5880 nm, because the atomic radius of Ni (0.1620 nm)
is very close to that of Co (0.1670 nm).

Fig. 3 displays the temperature dependence of electrical
conductivity for TiCo1−xNixSb. The electrical conductivity
of the un-doped TiCoSb compound was in the order of
103 �−1 m−1 and increased with increasing Ni content. The
σ values increased by more than one order of magnitude
from appropriately 4× 103 �−1 m−1 for TiCoSb to as high

Fig. 3. Temperature dependence of the electrical conductivity for
TiCo1−xNixSb samples.
ere milled into fine powder and consolidated by a sp
lasma sintering technique (Sumitomo Coal Mining, S
040) at 1123 K for 6 min.

The phase composition of the samples was examined
ay diffraction (XRD) analysis with Rigaku RINT2000 (C
� radiation). The carrier concentration n was measure

he bar method using a Hall measurement system (Ac
500). The electrical conductivity (σ) was measured in th

emperature range from 300 to 900 K, using a standar
echnique in a four terminal arrangement with bare gold w
eing glued to the samples by conducting silver epoxy.

hermoelectromotive force (�E) was measured at five diffe
nt temperature gradients (0≤ �T≤ 5 K) for a given temper
ture, and the Seebeck coefficient (α) was obtained from th
lope of�Eversus�Tplot. The thermal conductivity (κ) was
alculated from the values of density, specific heat cap
Fig. 2. The X-ray diffraction pattern of TiCo1−xNixSb samples.
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Fig. 4. Temperature dependence of the Seebeck coefficient for
TiCo1−xNixSb samples.

as 1× 105 �−1 m−1 for TiCo0.9Ni0.1Sb at room temperature.
The TiCo1−xNixSb compounds exhibited semiconductor-
to-semimetal (SC–SM) transition at 500∼650 K when Ni
content (x) is less than 0.05, and the SC–SM transition
temperature shifts to lower temperatures when Ni content in-
creased. A further increase of Ni-doping content (x≥ 0.05),
a metal-like behavior was observed over the measured
temperature range. A similar change inσ is also reported
in ZrNiSn-based half-Heusler compounds. In that system,
the temperature dependence ofσ changed from an activated
behavior to a metal-like one after doping Sb on Sn site,
which was considered to be due to the band overlap[7–9,12].

Fig. 4shows the temperature dependence of Seebeck coef-
ficient for TiCo1−xNixSb. The un-doped TiCoSb compound
exhibited a relatively large negative Seebeck coefficient
because of the heavy electron band mass. The absolute
values ofα (|α|) decreased after doping Ni on Co site, which
is consistent with the increase ofσ. The changes ofσ andα

are considered to be contributed by the increase of electron
concentration[8,12,13](as shown inTable 1) after the partial
substitution of Ni on Co site because Ni possesses one more
covalent electron than Co. For the samples ofx< 0.05,|α| val-
ues showed peaks at about 650 K. Below 650 K|α|increases
with increasing temperature, which indicates that the
conduction may be dominated by extrinsic charge carriers
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S TiCo0.975Ni0.025Sb TiCo0.95Ni0.05Sb TiCo0.90Ni0.10Sb

n 1.3 7.2 9.1
σ 0.96 5.14 10.00

Fig. 5. Temperature dependence of the power factor for TiCo1−xNixSb sam-
ples.

Fig. 6. Temperature dependence of the thermal conductivity for
TiCo1−xNixSb samples.

atures in the measured temperature range. This is consistent
with the metal-like conducting behavior of TiCo1−xNixSb
(x≥ 0.05) observed in the temperature dependence of elec-
trical conductivity shown inFig. 3. The contribution of hole
carriers to Seebeck coefficient is neglectable for a metal-like
compound[19].

Fig. 5 shows the temperature dependence of power fac-
tors (S2σ) for TiCo1−xNixSb. Power factors of the samples
are observed to rapidly increase as Ni doping content in-
creased. When Ni content (x) is 0.05,S2σ reaches a maximum
value of 16�W/K2 cm at about 750 K. This value is around
three-fold increase as compared to the un-doped TiCoSb
sample.

Fig. 6 indicates the temperature dependence of ther-
mal conductivity for TiCo1−xNixSb. Thermal conductivity
showed little change after doping Ni on Co site. Thermal con-
ductivity can be expressed by the sum of a phonon conduc-
xcited from the impurity state.|α| values reached a ma
mum at about 650 K and then decreased with increa
emperature. This is considered to be due to the excitati
lectron-hole pairs across the energy gap, because the o

ng contributions to Seebeck coefficient from the two car
educe the observed|α|. A similar behavior is also reporte
or ZrNiSn-based half-Heusler[11,12]. When Ni content (x)
s more than 0.05,|α| increases monotonously with temp

able 1
arrier concentrationn and the electrical conductivityσ of TiCo1−xNixSb s

amples TiCoSb TiCo0.99Ni0.01Sb

(1019/cm3) 0.3 0.8
(104 �−1 m−1) 0.42 0.60
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Fig. 7. Temperature dependence of the dimensionless figure of merit (ZT)
for TiCo1−xNixSb samples.

tion component and an electronic component asκ = κl +κe.κe
can be estimated from Wiedemann–Franz’s law asκe =LTσ,
whereL is the Lorenz number (2.45× 10−8 V2 K−2 for free
electrons). For TiCo1−xNixSb compounds, it is estimated that
κe is between 0.03 and 0.38 W/m K for different composi-
tions. Clearly,κe is only a small part of the total thermal
conductivity. As a result,κ comes largely from the lattice
component contribution (κl ). The un-doped TiCoSb com-
pound has a relatively high thermal conductivity of approx-
imately 15 W/m K at room temperature. After doping Ni on
Co site, the decrease ofκ is not obvious because of the
small levels of doping of Ni (x≤ 0.1) and the close prox-
imity of Co and Ni in the periodic table, which results in
unnoticeable mass-fluctuation scattering between Ni (atomic
mass = 58.7) and Co (atomic mass = 58.9). Thermal conduc-
tivities of TiCo1−xNixSb compounds decreased with temper-
ature and reached about 5 W/m K at 900 K. The decrease of
κ with temperature is mainly caused by the phonon–phonon
scattering.

Fig. 7 showsZT of all the samples in the temperature
range of 300 to 900 K. TheZT values tend to increase with
temperature due to the rapid decrease of thermal conductivity,
in spite of a little decrease of power factor at high temperature
(T> 650 K). Ni doping resulted in the increase ofZTvalue. A
maximum value of 0.27 is obtained for the TiCo0.95Ni0.05Sb
s un-
d
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has been observed in doped compounds of TiCo0.95Ni0.05Sb
at 750 K. The dimensionless figure of meritZT is much en-
hanced by Ni doping on Co site and the maximum value
of ZT (0.27) is obtained at 900 K for TiCo0.95Ni0.05Sb. The
thermal conductivities of these compounds are between 12
and 15 W/m K at 300 K and still much higher than that of the
state-of-the-art materials. It is expected to further improve
the thermoelectric performance of TiCo1−xNixSb system es-
pecially by depressing lattice thermal conductivity through
introducing some extra phonon modes into this system.
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