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We show that Rh substitution at the Co site in Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 (0rxr1) half-Heusler

alloys strongly reduces the thermal conductivity with a simultaneous, significant improvement of the

power factor of the materials. Thermoelectric properties of hot-pressed pellets of several compositions

with various Rh concentrations were investigated in the temperature range from 300 to 775 K. The Rh

‘‘free’’ composition shows n-type conduction, while Rh substitution at the Co site drives the system to

p-type semiconducting behavior. The lattice thermal conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

alloys rapidly decreased with increasing Rh concentration and lattice thermal conductivity as low as

3.7 W/m*K was obtained at 300 K for Zr0.5Hf0.5RhSb0.99Sn0.01. The drastic reduction of the lattice

thermal conductivity is attributed to mass fluctuation induced by the Rh substitution at the Co site, as

well as enhanced phonon scattering at grain boundaries due to the small grain size of the synthesized

materials.

Published by Elsevier Inc.
1. Introduction

Widespread interest in renewable energies has been triggered
by growing global energy needs, prospects of climate change and
eventual fossil fuel depletion. Among many other renewable
energy technologies such as solar, wind, biomass, etc., energy
production from heat sources via the use of thermoelectric
materials has received tremendous attention primarily because
of the abundance of thermal energy sources which can come from
sunlight, from combustion of fossil fuels or from various chemical
reactions as well as nuclear decay [1]. In order to create
thermoelectric devices with high energy conversion efficiency,
both n-type and p-type materials with large dimensionless figure
of merit, ZT¼S2sT/k (where S is the thermopower, s is the
electrical conductivity, k is the thermal conductivity and T is the
absolute temperature) within the temperature range of interest
must be identified [2]. Half-Heusler alloys with a valence electron
count (VEC) of 18 have demonstrated excellent potential as
materials for high temperature power generation, mainly because
of their large thermopower and moderately high electrical
conductivity [3–9]. However, most efforts have so far been
concentrated on the optimization of the thermoelectric perfor-
Inc.

u).
mance of n-type half-Heusler alloys [3–8]. The search for
promising p-type half-Heusler materials which can be coupled to
existing high performance n-type half-Heusler alloys for high
temperature thermoelectric power generation has only been
initiated in the past decade. For example, the half-Heusler phases
(VEC¼18) with composition MCoSb (M¼Ti, Zr, Hf) [10], ErNiSb
[11], RE(Pd,Pt)(Bi,Sb) (RE¼rare earth) [12–15] have been investi-
gated as candidates for bulk p-type thermoelectric materials.
Although the MCoSb (M¼Ti, Zr, Hf) materials were found to
exhibit n-type semiconducting behavior at room temperature [10],
robust p-type materials can be identified in these systems with
proper substitution and doping at M, Co and/or Sb sites. For
instance, Sn doping at the Sb site in TiCoSb resulted in a maximum
thermopower value of +222mV/K at 840 K [16]. A similar result
was reported in ZrCoSb where 10% Sn substitution at the Sb site
changed the room temperature thermopower value from �8mV/K
to +130mV/K. [10] Furthermore, substitutions between Ti, Zr and
Hf at the M site in MCoSb half-Heusler compounds have been
shown to reduce the lattice thermal conductivity [10,17]. Recently,
simultaneous substitutions at both M and Sb sites in MCoSb
compounds have generated p-type half-Heusler phases with
improved figures of merit. For example, in the Zr1�xTixCoSnySb1�y

family of compounds, thermal conductivity values as low as
4.5 W/m*K and a figure of merit as high as ZT�0.2 were observed
at 1000 K [18]. An even larger figure of merit, ZT�0.5 at 1000 K
was recently reported in the Zr0.5Hf0.5CoSb0.8Sn0.2 [19].

www.elsevier.com/locate/jssc
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In this paper, we explore the effect of Rh substitution at
the Co site, on the electrical conductivity, thermopower and
thermal conductivity of the p-type Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

materials. Although high figure of merit was reported for
compositions with higher Sn concentration, such compositions
severely depart from the basic valence electron count of 18.
In order to fully understand the effect of Rh substitution at the Co
site on the thermal conductivity of the Zr0.5Hf0.5Co1�xRhxSb
materials and determine the Rh concentration of minimum
thermal conductivity, we have selected low Sn-doped composi-
tions for this study. Thermoelectric properties of several composi-
tions were measured in the temperature range from 300 to
775 K. Although Rh substitution at the Co site is primarily
expected to reduce the lattice thermal conductivity of the
materials due to large mass fluctuation and strain fluctuation
field effects [20], we show that significant enhancement of the
electrical conductivity as well as the thermopower toward p-type
semiconducting behavior is achieved for optimum Rh concentra-
tions. All compositions exhibited remarkable reduction of the
lattice thermal conductivity. For example, lattice thermal con-
ductivity as low as 3.7 W/m*K was observed at 300 K for
Zr0.5Hf0.5RhSb0.99Sn0.01.
2. Experimental procedure

Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 half-Heusler materials
(0rxr1) used in this study were synthesized as polycrystalline
fine powders by combining elements in the desired stoichiometry
via high temperature solid state reaction. Approximately 10 g of a
mixture of starting materials were used for the synthesis. High
purity elements (Zr: 99.7%, CERAC; Hf 99.8%, CERAC; Co: 99.5%,
Alfa Aesar; Rh: 99.9%, Sigma Aldrich; Sb: 99.5%, CERAC; and Sn:
99.9%, CERAC) in their powder form, weighed under Ar atmo-
sphere in a dry glove box were thoroughly ground into a
homogeneous mixture using an agate mortar and pestle. The
mixture was sealed in a fused-silica tube under a residual
pressure of �10�4 Torr and heated stepwise to 1173 K using a
programmable temperature tube furnace. A complete reaction
could be achieved in either a one- or a two-step process. In the
first heating cycle, the mixture of starting materials was slowly
heated to 573 K and annealed for 24 h to prevent volatilization
of low melting Sn upon rapid increase of the furnace temperature
to 1173 K. The furnace temperature was held at 1173 K for 72 h
followed by fast cooling to room temperature. The resulting
product was well ground under Ar atmosphere in a dry glove box
and sealed in a fused-silica tube under residual pressure of
�10�4 Torr for the second heating cycle. The furnace temperature
was rapidly raised to 1173 K, annealed for an additional 72 h
and finally rapidly cooled to room temperature. Upon completion
Table 1
Lattice parameter, bulk density (He gas pycnometric), relative density of hot pr

Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 half-Heusler alloys.

Nominal composition Lattice parameter (Å) Bulk density

Zr0.5Hf0.5CoSb0.99Sn0.01 6.0489(3) 9.176(2)

Zr0.5Hf0.5Co0.9Rh0.1Sb0.99Sn0.01 6.0899(2) 9.222(3)

Zr0.5Hf0.5Co0.8Rh0.2Sb0.99Sn0.01 6.0905(4) 9.255(3)

Zr0.5Hf0.5Co0.7Rh0.3Sb0.99Sn0.01 6.1201(2) 9.332(3)

Zr0.5Hf0.5Co0.6Rh0.4Sb0.99Sn0.01 6.1295(3) –

Zr0.5Hf0.5Co0.5Rh0.5Sb0.99Sn0.01 6.1579(1) 9.365(4)

Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 6.1762(3) 9.472(3)

Zr0.5Hf0.5Co0.3Rh0.7Sb0.99Sn0.01 6.1960(3) –

Zr0.5Hf0.5Co0.2Rh0.8Sb0.99Sn0.01 6.2284(2) 9.494(3)

Zr0.5Hf0.5Co0.1Rh0.9Sb0.99Sn0.01 6.2316(1) 9.633(4)

Zr0.5Hf0.5Rh1.0Sb0.99Sn0.01 6.2404(1) 9.691(4)
of the reaction, the final powder was sieved and only powders
with particles sizes less than 20mm were used in subsequent
characterization steps. To check the purity of the synthesized
materials, powder X-ray diffraction (PXRD) patterns were mea-
sured using a PANalytical X’pert Pro X-ray diffraction system
equipped with a curved graphite crystal monochromator and a
scintillation counter. The system was operated in y�y geometry,
using CuKa radiation and tube settings of 40 kV and 40 mA. Data
were acquired from 151 to 751 in 2y. Specimens for electrical
conductivity, thermopower and thermal conductivity measure-
ments were fabricated by hot pressing fine powders of the half-
Heusler materials using a 10-ton uniaxial hot press system.
The pressing was carried out under dynamic vacuum of �10�4

Torr. Pellets were obtained by applying a maximum pressure
of 100 MPa with the furnace temperature set to 1173 K. Relative
density of the pressed pellets used for thermoelectric properties
measurements are summarized in Table 1 along with lattice
parameter, bulk density, and room temperature lattice thermal
conductivity of selected compositions. The resulting pellets were
polished into disk-shaped specimens with approximate thickness
of 2.5 mm and diameter of 10 mm for thermal diffusivity
measurements. Rectangular bar specimens with approximate
dimensions 3.0 mm�2.5 mm�9 mm for simultaneous measure-
ment of the electrical conductivity and thermopower were also
cut from the same pellets using a wire saw. All specimens were
polished with SiC sandpaper to a mirror-like finish. Densities of
powders and pressed pellets were respectively obtained by He gas
pycnometry using a Micromeritics Accupyc II 1340 and by
geometrical measurements using a digital micrometer. Thermal
diffusivity was measured using a Netzsch LFA 457 laser
flash system. A pyroceram reference material was measured
alongside each sample. Measurements were made under flowing
N2 gas (430 mL/min) from 300 to 775 K at increments of 25 K.
Cp values for thermal conductivity calculations were extracted
from the laser flash data. Electrical conductivity and thermo-
power measurements were performed simultaneously using a
commercial ZEM-3 electrical properties measurement system
manufactured by Ulvac. To ensure reproducibility, data were
collected on three heating and cooling cycles under a residual
pressure of He gas, over the range from 300 to 775 K at increments
of 25 K, using DT values of 5, 10 and 15 K for all temperature steps.
The compositions of specimens used for the thermoelectric
properties measurements were confirmed by energy dispersive
spectroscopy (EDS).
3. Results and discussion

Fine powders of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 half-Heusler alloys
were synthesized at 90% to 95% purity using traditional solid state
essed pellets and room temperature lattice thermal conductivity of selected

(g/cm3) Relative pellets density (%) klattice (W/mK) at 300 K

97 6.25(2)

99 5.23(1)

90 4.432(7)

96 5.150(4)

– –

– –

96 4.57(2)

– –

– –

96 4.30(2)

99 3.767(5)
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reaction at 1173 K. Complete reaction of the starting elements could
be achieved within a week without the need for ultra-high
temperature processes such as arc-melting and induction melting,
typically used for the synthesis of half-Heusler alloys. Control over
the composition of the resulting half-Heusler materials is limited
with these methods. Furthermore, the ingots resulting from arc-
melting and induction melting are often not homogenous and
usually require long annealing at high temperature to complete the
reaction. The traditional solid state synthetic technique used in
this study not only provided better control over the composition
of the final product, but ultra-fine powders of the desired
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 materials could also be obtained.

The X-ray powder diffraction patterns (Fig. 1A) indicated
complete substitution of Co by Rh in Zr0.5Hf0.5Co1�x

RhxSb0.99Sn0.01 half-Heusler alloys and all phases crystallize
with the MgAgAs crystal structure. The diffraction peaks of the
synthesized half-Heusler phases shift towards low 2y angle with
increasing Rh concentration. This trend is consistent with the
substitution of small Co (1.253 Å) atoms by larger Rh (1.345 Å)
atoms within the structure of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01. The
unit cell parameter, a, refined from X-ray powder diffraction
patterns increases almost linearly with increasing Rh
concentration (Fig. 1B). Likewise, the density of polycrystalline
powders of the synthesized half-Heusler alloys also increases
linearly with increasing Rh concentration indicating (according to
ZrO2/HfO2
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Fig. 1. (A) X-ray powder diffraction patterns of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

(0rxr1) half-Heusler alloys showing clear shift of diffraction peaks towards low

2y with increasing Rh concentration. (B) Refined unit cell parameter and measured

powder density of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 (0rxr1) half-Heusler alloys as

a function of Rh concentration. The almost linear relationship of both parameters

with varying Rh content indicates adherence to Vegard’s law for solid solutions.
Vegard’s law) the formation of ‘‘true’’ solid solution between the
Zr0.5Hf0.5CoSb0.99Sn0.01 and Zr0.5Hf0.5RhSb0.99Sn0.01 end members.
The diffraction patterns of some compositions showed additional
peaks which were identified as ZrO2 and/or HfO2 impurities
phases. Since ZrO2 and/or HfO2 impurity phases are not present in
all samples and also because the amount of impurity is
independent of the composition of the half-Heusler phase, we
considered that ZrO2 and/or HfO2 impurities are formed as a
result of the regrinding process after the first heating cycle. To
avoid the formation of these impurity phases the second heating
cycle was eliminated by mixing the starting materials for several
hours follow by longer annealing time (up to five days) at 1173 K.

Fig. 2A shows the transmission electron microscopy (TEM)
images of specimens prepared from a hot-pressed pellet with
composition Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01. Grain sizes are in the
range of 80–175 nm suggesting that half-Heusler powder
materials with considerably smaller grain sizes were achieved
via the high-temperature solid state reaction. The grains are
densely packed and are uniform with respect to composition. A
selected area electron diffraction (SAED) pattern taken from one
of the grains (Fig. 2B) was indexed as the half-Heusler structure
with lattice parameter aE6.10 Å. The composition of selected
specimens used for the thermoelectric properties measurements
as estimated from EDS analysis, is consistent with the nominal
composition. However, accurate determination of the amount of
Sn by this method was not possible because of the its very small
quantity and also similar transition energies of the L shell in Sb
and Sn, partly overlapped which complicates the identification of
trace amounts of Sn in an Sb-rich matrix. Fig. 2C shows a bright
field transmission electron microscopy (TEM) image taken from a
very local region of the specimen where smaller grain sizes in the
range of 20–100 nm were observed. EDS analysis from the region
marked by an arrow on Fig. 2C reveals the particle to be rich in Hf
and oxygen compared to the matrix. This suggests that the
impurity phase in the synthesized half-Heusler materials is likely
HfO2. An interface between the half- Heusler matrix and another
precipitate was also observed in this specimen and was imaged at
high magnification (Fig. 2D). Energy dispersive spectrum (EDS)
were recorded from the half-Heusler grain matrix and from the
precipitate as shown in Fig. 2E. From the analysis of the EDS
spectrum, it can be seen that the precipitate is rich in Hf as
compared to the grain of half-Heusler matrix. The Hf-rich
precipitate is incoherently embedded in the half-Heusler grain
matrix as can be observed from the HRTEM image (Fig. 2D).

Fig. 3A shows the temperature dependence of the lattice
thermal conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 samples.
At 300 K, the lattice thermal conductivity of the Rh ‘‘free’’
composition, Zr0.5Hf0.5CoSb0.99Sn0.01 (x¼0) is �6.5 W/mK. This
value is lower than the numbers reported for ZrCoSb (�9 W/mK)
and HfCoSb (�7 W/mK) [21] suggesting effective phonon
scattering due to mass fluctuation induced by the solid solution
alloying between ZrCoSb0.99Sn0.01 and HfCoSb0.99Sn0.01. Although,
the observed reduction in the lattice thermal conductivity
of Zr0.5Hf0.5CoSb0.99Sn0.01 is significant, further reduction can be
achieved upon Rh substitution at the Co site. The room
temperature value of the lattice thermal conductivity of
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 decreases with increasing Rh
concentration from 6.5 W/mK for x¼0 to �3.7 W/mK for x¼1.0.
The deviation from this general trend observed for composition
x¼0.2, which showed anomalously low lattice thermal
conductivity, is presumably due to the poor compaction of the
pellet (relative density¼90%).

Regardless of the temperature, the lattice thermal conductivity
of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 samples gradually decreases with
increasing Rh concentration (Fig. 3B). The lattice thermal conductiv-
ity value as low as 3.7 W/mK was observed at 300 K for
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Fig. 2. (A) Bright field TEM image of Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 specimen showing densely packed particles with grain sizes in the range from 80 to 175 nm; (B)

corresponding SAED pattern along ½1 1 1� zone axis of half-Heusler fcc phase with lattice parameter, a¼6.1 Å obtained from the composition Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01.

(C) Bright field image taken from a very local region of the specimen showing an impurity phase marked by an arrow; (D) HRTEM image showing another precipitate

incoherently embedded in the half-Heusler matrix. (E) EDS analysis of the precipitate (in Fig. 2D) showing Hf-rich composition compared to the half-Heusler matrix.
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Zr0.5Hf0.5RhSb0.99Sn0.01 (x¼1). This corresponds to about a 40%
reduction of the lattice thermal conductivity of
Zr0.5Hf0.5CoSb0.99Sn0.01 (x¼0). The observed drastic reduction in
the lattice thermal conductivity of Zr0.5Hf0.5CoSb0.99Sn0.01 with
increasing Rh content strongly indicates that mass fluctuation
phonon scattering in ZrCoSb or HfCoSb half-Heusler phases is highly
effective when substitution is operated at the Co site, compared to
when the substitution involves Zr or Sb site [17–19]. In addition,
because of the small grain size of the synthesized polycrystalline
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 materials (Fig. 2A), a high density of
grain boundaries is expected. This also translates into enhanced
phonon scattering at grain boundaries which contributes signifi-
cantly to the reduction of the lattice thermal conductivity.
Regardless of the composition, the lattice thermal conductivity
decreases monotonically with rising temperature (Fig. 3A) and
lattice thermal conductivity as low as 2.7 W/mK was achieved at
775 K for composition with x¼0.9. A similar trend was observed for
the total thermal conductivity of all Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

compounds (Fig. 3C). The difference between the total thermal
conductivity and the lattice contribution is marginal for all samples
due to the very low electronic thermal conductivity of
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys (Fig. 3D).

Fig. 4A shows the temperature dependence of the electrical
conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys. The electrical
conductivity of the Rh ‘‘free’’ composition (x¼0) starts at �5 S/cm
at 300 K and does not exceed 25 S/cm at 775 K. The observed
temperature dependence as well as the magnitude of the
electrical conductivity of the Zr0.5Hf0.5CoSb0.99Sn0.01 composition
is consistent with compensated narrow band gap semiconductors
[22,23]. Holes supplied by �1%Sn doping on the Sb site
compensate n-type carriers in Zr0.5Hf0.5CoSb leading to a
significant reduction of the electrical conductivity. Interestingly,
Rh substitutions at the Co site significantly increase the electrical
conductivity of the resulting Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys.
Room temperature values of the electrical conductivity gradually
increase from 29 S/cm for x¼0.2–90 S/cm (Fig. 4A) for the fully
substituted alloy (x¼1). For composition with x¼0.1, electrical
conductivity as high as �155 S/cm was measured at 300 K. The
observed dependence of the electrical conductivity on increasing
Rh concentration is not yet understood. Hall Effect measurements
of this series of samples are in progress to provide information
on the variation of charge carriers concentration and mobility
as a function of Rh concentration. The dependence of the
electrical conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys on
temperature strongly varies with the Rh concentration. The
electrical conductivity of compositions with low Rh content
(xr0.3) is almost constant in the whole measured temperature
range, while alloys with high Rh content (x40.5) show
exponential increase of the electrical conductivity with
temperature reaching a value of �200 S/cm at 775 K for the
x¼1 composition. Although a significant improvement of the
electrical conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys
could be achieved by optimizing the Rh concentration, the
observed values are still low for a promising thermoelectric
material. However, the prospect of further enhancement of the
electrical conductivity of this family of compounds through Sn
substitution at the Sb site is very high [19].

Another surprising result of the investigation of the thermo-
electric properties of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys is the
notable dependence of the thermopower of the materials on Rh
concentration. The Rh ‘‘free’’ composition Zr0.5Hf0.5CoSb0.99Sn0.01

exhibits n-type conducting behavior at all temperatures as indicated
by the negative values of the thermopower (Fig. 4B). The thermo-
power value is about ��0.5mV/K at 300 K and does not exceed
�10mV/K at higher temperatures. The observed room temperature
thermopower value of Zr0.5Hf0.5CoSb0.99Sn0.01 is about 100 times
smaller than that of Zr0.5Hf0.5CoSb (��50mV/K at 300 K) [19], again
suggesting compensation of n-type carriers in Zr0.5Hf0.5CoSb by
holes introduced with �1% Sn substitution at the Sb site. Never-
theless, as the temperature increases, n-type carriers gradually
became predominant in the Zr0.5Hf0.5CoSb0.99Sn0.01 alloy. One
explanation for this behavior is the gradual population of the
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Fig. 3. (A) Temperature dependence of the lattice thermal conductivity of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 (0rxr1) half-Heusler alloys. (B) Variation of the lattice thermal

conductivity with increasing Rh concentration at constant temperature. Temperature dependence of the total thermal conductivity (C) and electronic thermal conductivity

(D) of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 (0rxr1) half-Heusler alloys.
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conduction band by thermally excited electrons with rising
temperature. Although Rh substitution at the Co site in the n-type
Zr0.5Hf0.5CoSb0.99Sn0.01 alloy does not supply holes into the system,
a small inclusion of Rh at the Co site drives the Zr0.5Hf0.5

Co1�xRhxSb0.99Sn0.01 system to p-type semiconducting behavior.
The room temperature value of the thermopower slightly increases
with increasing Rh concentration, reaches a maximum value of
� +30mV/K for x¼0.6 and decreases thereafter with further addition
of Rh into the system. The temperature dependence of the
thermopower of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys strongly vary
with Rh concentration. Although, only small differences are
observed on the thermopower of various compositions at 300 K,
sharp divergence is observed on thermopower curves at high
temperatures. The composition Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01

(x¼0.6) showed the strongest temperature dependence of the
thermopower and a maximum value of +135mV/K was observed at
775 K. The observed thermopower of Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01

is comparable to the value of � +130mV/K at 750 K reported for the
best Sn-doped half-Heusler alloy Zr0.5Hf0.5CoSb0.8Sn0.2 [19]. This
suggests that the Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 (x¼0.6) composi-
tion holds great promise for enhanced figure of merit as the
thermopower and electrical conductivity can be further increased
via the optimization of Sn doping at the Sb site in the system.
This study is currently in progress and will be reported later.

Although, large thermopower values could be achieved
by optimizing the Rh concentration in the p-type
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 alloys, their power factors are still
very low. The power factor is almost negligible at low tempera-
tures for all samples and compositions with high Rh content
(x40.5) showed a sharp increase of the power factor with rising
temperature (Fig. 4C). The highest power factor, �120mW/mK2 at
775 K, was observed for Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 (x¼0.6).
This composition also displays low thermal conductivity,
�3.4 W/mK at 775 K and the resulting dimensionless figure of
merit is ZT�0.03 at 775 K (Fig. 4D). Although, the observed figure
of merit of Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 (x¼0.6) is low, the
prospect of further increase of both the electrical conductivity and
the thermopower via Sn doping at the Sb site as demonstrated
in the Rh ‘‘free’’ compositions Zr0.5Hf0.5CoSb1�xSnx [19], coupled
with the observed low lattice thermal conductivity make this
composition (x¼0.6) attractive in the search for high performance
p-type thermoelectric materials for high temperature power
generation.
4. Conclusions

The thermoelectric properties of several compositions of the
Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01 half-Heusler alloys synthesized
by high temperature solid state reaction were investigated in
the temperature range from 300 to 775 K. The lattice thermal
conductivity of the compounds drastically decreases with
increasing Rh content. Lattice thermal conductivity value of
�2.7 W/mK at 775 K, which is among the lowest values reported
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for half-Heusler compounds [4,24,25], was achieved for
Zr0.5Hf0.5Co0.1Rh0.9Sb0.99Sn0.01. The drastic reduction of the lattice
thermal conductivity of the Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

half-Heusler alloys is attributed to enhanced phonon scattering
due to (1) high density of grain boundaries resulting from the
small grain size of the synthesized materials and (2) mass
fluctuation and strain fluctuation induced by Rh substitution at
the Co site in Zr0.5Hf0.5CoSb0.99Sn0.01 system. The electrical
conductivity and thermopower of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

are very sensitive to the Rh concentration. The Rh ‘‘free’’
composition shows n-type character with low electrical conduc-
tivity and thermopower, while Rh substituted compositions
exhibit positive thermopower (p-type) with enhanced electrical
conductivity. The largest power factor of �120mW/mK2 at 775 K,
was observed for Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 (x¼0.6). The
dimensionless figure of merit of Zr0.5Hf0.5Co1�xRhxSb0.99Sn0.01

half-Heusler alloys is enhanced by Rh substitution at the Co site
and the highest value, ZT�0.03 was observed at 775 K for
Zr0.5Hf0.5Co0.4Rh0.6Sb0.99Sn0.01 (x¼0.6). Although the observed ZT

value is low for a viable thermoelectric material, further
improvement is expected through enhancement of the electrical
conductivity and thermopower via optimization of Sn doping at
the Sb site. This study is underway and will be reported later.
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