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Abstract
Half-Heusler alloys, which possess the advantages of high thermal stability, large power factor and good
mechanical property, have been attracted increasing interest in mid-temperature thermoelectric
application. In this work, the extra Zr-doped TiZrxNiSn samples were successfully prepared by a modi�ed
solid-state reaction followed by spark plasma sintering. It demonstrates that extra Zr doping could not
only improve the power factor on account of an increase in Seebeck coe�cient but also suppress the
lattice thermal conductivity originated from the strengthened phonon scattering by the superlattice
nanodomains and the secondary nanoparticles. As a consequence, an increased power factor of 3.29
mW m− 1 K− 2 and a decreased lattice thermal conductivity of 1.74 W m− 1 K− 1 are achieved in
TiZr0.015NiSn, leading to a peak ZT as high as 0.88 at 773 K and an average ZT value up to 0.62 in the
temperature range of 373 − 773 K. This work gives a guidance for optimizing the thermoelectric
performance of TiNiSn-based alloys by modulating the microstructures on the secondary nanophases
and superlattice nanodomains.

1 Introduction
Thermoelectric (TE) materials can directly convert heat into electricity, i.e., the carrier density gradient
causes the diffusion of the carriers (electrons and holes) from the hot to the cold end of a semiconductor,
and an electric potential difference would be built up against this process, having bright prospects in the
low-grade waste heat recovery [1 − 3]. The energy conversion e�ciency of thermoelectric materials is
usually tailored by the dimensionless �gure of merit (ZT), ZT = S2σ κ−1T, where T is the absolute
temperature, S is the Seebeck coe�cient, σ is the electrical conductivity, S2σ is the power factor (PF), κ is
the total thermal conductivity, which is usually comprised of the electronic (κe) and lattice (κl) thermal
conductivity. Theoretically, an outstanding thermoelectric material should simultaneously possess a high
S, a high σ, as well as a low κ [4].

Many excellent thermoelectric materials have been developed in recent decades, including half-Heusler
(HH) alloys [5, 6], chalcogenides [7, 8], pentatellurides [9] and phonon glass electron crystal (PGEC) (e.g.,
skutterudites and clathrates) [10, 11]. Among them, the HH alloys exhibit excellent mechanical property,
good thermal stability and relatively abundant non-toxic raw materials [12], making them an attractive
candidate for mid-temperature thermoelectric application. MNiSn (M = Ti, Zr, Hf) alloy, which has a cubic
MgAgAs-type structure (space group: F4 ̅3m), belongs to a class of intermetallic compound with an
indirect band gap in the range of 0.1 − 0.5 eV [13]. Such HH alloy usually exhibits a high σ and an
intermediate S, which result in a relatively large PF [14, 15]. However, the high thermal conductivity (e.g., ~ 
10 W m− 1 K− 1 at room temperature [16]) is one of the biggest disadvantages for half-Heusler alloys as a
thermoelectric material candidate [17]. Therefore, various strategies, such as boundary phonon scattering
[18, 19], nanostructures [20], and multi-scale scattering [21], were employed to reduce the κl by
strengthening the phonon scattering. For example, Rabin et al. reported that the mass-�uctuations caused
by Al doping could effectively reduce the κl to 3.1 W m− 1 K− 1 at 703 K (Ti0.99Al0.01NiSn) [14]. Schrade et
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al. reported that both ultra�ne grains (≤ 100 nm) and defects can play an important role in the reduction
of κl, also leading a low κl of 3.1 W m− 1 K− 1 at 625 K for TiNiSn [22].

Up to now, many methods have been employed to synthesize MNiSn (M = Ti, Zr, Hf) alloys, such as arc
melting [23], levitation melting [24], solid-state reaction [25], microwave method [26], mechanical alloying
[27]. However, it is di�cut to synthesize the pure phase of half-Heusler alloys TiNiSn directly, which
shows a narrow phase stability window according to the TiNiSn phase diagram [28]. The Sn element
would �rst melt and react with other elements during the synthesis process, due to its low melting point
(505 K), leading to the aggregation of elemental Sn and the generation of related impurities (Ti6Sn5,

TiNi2Sn), which usually needs a long time annealing (2 weeks) to eliminate [29]. Nonetheless, Ren et al.
have been demonstrated that pure phase TiNiSn could be prepared by means of arc melting, ball milling
followed by hot pressing [30]. Herein, we describe a modi�ed solid-state reaction method for synthesising
the TiNiSn-based TE materials. The solid-state reaction usually conducts at relatively low temperatures,
so that the experimental conditions are readily satis�ed and has the virtures of energy-saving and good
repeatability, which is conducive to industrial production.

In this work, Zr-doped TiNiSn alloys have been successfully prepared by a modi�ed solid-state reaction
followed by spark plasma sintering (SPS). It demonstrates that extra Zr doping is effective in improving
the thermoelectric properties compared to the substitution of Ti with nominal stoichiometry Zr, as shown
in Fig. S1. Therefore, this paper mainly focuses on the effect of extra Zr doping on the thermoelectric
properties of TiNiSn. Compared with the pristine TiNiSn, the power factor is improved by 1.5 times and
the lattice thermal conductivity is suppressed by 34% in the sample TiZr0.015NiSn, leading to a peak ZT
value of 0.88 at 773 K and an average ZT value of 0.62 in the temperature range of 373 − 773 K. This
work demonstrates extra Zr doping is an effective strategy to optimize the thermoelectric performance of
TiNiSn-based materials, and offers enlightenment and reference to the relevant materials.

2 Experiment Procedure

2.1 Synthesis
Ti (99.9%, Aladdin), Zr (99.5%, Aladdin), Ni (99.9%, Aladdin), Sn (99.9%, Aladdin) powders were weighed
according to the nominal compositions of TiZrxNiSn (x = 0, 0.005, 0.015, 0.025). For a typical synthesis
process, the powders were �rstly mixed and cold-pressed into a block, and then it was wrapped up by the
carbon paper and buried in silicon carbide powder in a corundum crucible. The solid-state reaction was
conducted in three steps: maintained (1) at 473 K for 10 h, (2) at 973 K for 10 h, and (3) at 1173 K for 24
h under Ar/H2 atmosphere in a tube furnace. The synthesized samples were pulverized using an agate
mortar pestle and then the obtained powders were sintered into bulk samples by the SPS technique
(LABOX-325, SINTER LAND INC.) at 1173 K for 4 min under an axial pressure of 50 MPa in vacuum.

2.2 Characterization
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X-ray diffraction (XRD, Bruker D8 Advance, Germany, Cu Kα radiation, λ = 0.154 nm) was used to
characterize the phase composition and crystal structure of the sample. The microstructures were
observed by the �eld-emission scanning electron microscope (FE-SEM, Zeiss Sigma 500, Germany) and
transmission electron microscopy (TEM, JEOL ARM 200F, Japan), the composition was analysed by
energy disperse spectroscopy (EDS, Oxford X-MaxN, England). The electrical conductivity and Seebeck
coe�cient were measured by a model CTA-3 thermoelectric parameter test system (Beijing Cryoall
Science and Technology Co., Ltd, China) in the helium (99.999%) atmosphere. The Hall coe�cient (RH)
was evaluated by using the van der Pauw technique under a reversible magnetic �eld of 1.5 T. The hall
carrier concentration (n) and mobility (µ) were calculated by formulas n = 1/(eRH) and µ = RH/ρ,
respectively. The thermal conductivity is calculated by the formula κ = DdCp, where D is the thermal
diffusivity measured by the laser �ash method (Netzsch LFA467 HT, Germany), Cp is the speci�c heat
capacity of the material measured by the contrast method (Netzsch LFA467 HT, Germany), d is the
density measured by Archimedes’ method, all the samples show a high relative density, higher than 95%
(Table 1).

Table 1

Lattice parameters, density and relative density of the Zr-doped TiNiSn samples

Samples Lattice parameters (Å) Density

(g cm− 3)

Relative density (%)

TiNiSn

TiZr0.005NiSn

TiZr0.015NiSn

TiZr0.025NiSn

5.933

5.939

5.940

5.948

6.902

6.869

6.825

6.897

96.53

96.07

95.45

96.46

3 Results And Discussion
The crystal structure of TiNiSn belongs to a cubic system, where each kind of atom forms a face centered
cubic lattice, as shown in Fig. 1a. The XRD patterns of the synthesized TiZrxNiSn samples are presented
in Fig. 1b, which shows the main diffraction peaks of all the samples could be indexed to the cubic phase
TiNiSn (reference code: 03 − 065 − 0617), suggesting the samples could be successfully prepared by the
modi�ed solid-state reaction. Besides, a few weak peaks corresponding to TiNi2Sn, ZrNiSn, Sn5Ti6 and Sn
were detected. The enlarged XRD patterns in the 2θ range of 42°−44° clearly show the low-angle shifting
of major diffraction peak, (220) plane, with increasing Zr content, which is possibly due to the
incorporation of the larger ions Zr4+ (inradius: 72 pm) into the Ti4+ (inradius 53 pm) sublattice. As expect,
Zr doping leads to a slight expansion of the unit cell, see the calculated lattice parameters in Table 1. And,
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the smaller electronegativity of Zr (1.33) compared with Ti (1.54) could lead to an increase in the bonding
force, making the crystal structure more stable.

Figure 2 and S2 show the SEM images of freshly fractured surface for TiZrxNiSn (x = 0, 0.005, 0.015,
0.025) samples. It can be seen that each bulk sample is comprised of the compacted grains, which is
consistent with its high relative density. Notably, the size of the grains in the pristine sample TiNiSn (x = 0)
is on micrometer scale (Fig. 2a). Notably, as the Zr amount increases to x = 0.015, there appear many
nanoparticles in the matrix (Fig. 2c), which is conducive to reducing the κl of the materials. Fig. S3 is the
local particle size statistics of TiZr0.015NiSn. It can be seen that the particle diameter in this region ranges
from 25nm to 726nm, of which 79.5% is less than 100 nm, and the average grain size is 83.7nm. To
further clarify the composition of these nanoparticles, EDS mapping was carried out on the typical
sample TiZr0.015NiSn, as shown in Fig. S4. It shows that the aggregation area of Zr and Sn is exactly
corresponded to the nanoparticles accumulated zone, suggesting that these nanoparticles are in (Zr, Sn)-
rich phase.

As shown in Fig. 3, TEM and HRTEM characterizations are performed on the pristine TiNiSn and
TiZr0.015NiSn samples. Figure 3b shows a HRTEM image of the pristine TiNiSn sample taken from the

marked area in Fig. 3a. It can be seen that the clear lattice fringes corresponding to  plane spread
over a large area (> 20 nm), showing a good crystallinity of the pristine sample. In contrast, as observed in
Fig. 3d, there are nanodomains with a size of ~ 15 nm in the TiZr0.015NiSn matrix, which has a
superlattice structure with the characteristic plane spacing of 8.66 Å, as it is coincident about 3 times of

lattice spacings of plane , 2.94 Å. We con�rmed that these nanodomains are uniquely dispersing
in the current TiZr0.015NiSn matrix, as shown at black arrowed points in Fig. 4c by using HRTEM
technique. Such nanodomains might also play an important role in suppressing the κl.

Figure 4a plots the temperature-dependent n of the samples TiZrxNiSn (x = 0, 0.005, 0.015, 0.025), which
shows a decrease trend with the increase of Zr content. It is demonstrated that the impurity of residul
elemental Sn could increase the n in TiNiSn [15, 31].Conversely, the residual Sn in TiNiSn is diminished
with the increase of Zr content (Fig. 1b), which could contribute a decrease in the n.

Figure 4b polts the temperature-dependent µ of the samples TiZrxNiSn, which shows an increase trend
with the increase of Zr content. This could be ascribed to to the signi�cant decrease in n and the change
of carrier scattering mechanism [32]. For the TiNiSn with nominal Zr content at x = 0 and 0.005, the carrier
mobility is divided into two regions over the temperature range of 300 − 720 K. When the temperature is
lower than 500 K, the mobility increases with rising the temperature, suggesting the scattering of ionized
impurity is dominant. When the temperature above 500 K, the temperature-dependent µ obeys T− 0.5 law,
which indicates that the alloy scattering is dominant, which is basically consistent with the literatures
[33].
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Figure 5 shows the temperature-dependent electrical properties of the samples TiZrxNiSn (x = 0, 0.005,
0.015, 0.025). Figure 5a demonstrates that the σ of the TiZrxNiSn samples increases with rising

temperature, for the typical sample TiZr0.015NiSn, which is from 342 S cm− 1 at 323 K to 914 S cm− 1 at
823 K. And the electrical conductivity shows a decreasing tendency with increasing the Zr content, which
decreases from 611 S cm− 1 for the pristine sample to 274 S cm− 1 for the sample TiZr0.025NiSn at room
temperature, which is consistent with the change of carrier concentration. Additionally, it is con�rmed that
the Sn-rich metallic phase could result in the increase of σ, as shown in Fig. S5. Notably, the jump region
in the temperature-dependent σ curve (marked in yellow) could be attributed to the elemental Sn resided
in the matrix, which has a low melting point (505 K).

The temperature-dependent S of the TiZrxNiSn samples are plotted in Fig. 5b. The negative value
indicates an n-type conducting behavior of TiZrxNiSn samples. From the Goldsmid formula [37], the band
gap can be estimated by the maximum Seebeck coe�cient and its corresponding temperature. It is found
that Zr doping can improve the band gap from 0.19 eV to 0.25 eV. With rising temperature (> 526 K), the
decrease of the absolute value of S for all samples could be attributed to the bipolar diffusion effect at
high temperatures. Additionally, it can be seen that the absolute value of S increases with increasing the
Zr content, which is mainly due to the decrease in n. For a degenerate semiconductor, the S is commonly
correlated with n, which could be described by the Mott equation [38], i.e., 

, where kB is the Boltzmann constant, h is the Planck constant, m* is
the carrier density of states effective mass, and e is the elemental charge.

Furthermore, the S as a function of n at 323 K, together with Pisarenko curve based on the single
parabolic model using m* = 1.52 me, is plotted in Fig. 5c. For the samples with x = 0 and 0.005, the
absolute S agrees well with the �tted curve, while the absolute S for x = 0.015 and 0.025 samples locates
below the curve, indicating the decrease in m*, which is consistent with the increase of µ (Fig. 4b). With
both decrease in n and m*, it reaches a conclusion that the enhanced absolute S for Zr-doped samples is
due to the decline in n according to the Mott equation. As expected, the maximum absolute value of S up
to 207 µV K− 1 at 538 K is attained in the TiZr0.015NiSn sample.

Figure 5d shows the temperature-dependent PF of the samples TiZrxNiSn. The power factor is
signi�cantly improved in Zr doped samples due to the signi�cant enhancement of S. The maximum
power factor of 3.29 mW m− 1 K− 2 at 773 K is achieved in the sample TiZr0.015NiSn, which is 50% higher
than that value of the pristine TiNiSn sample, and comparable to the Mn-doped TiNiSn [15].

Figure 6a shows the κ of TiZrxNiSn (x = 0, 0.005, 0.015, 0.025) samples. We can see that the pristine

sample exhibits a high κ, 3.9 − 4.4 W m− 1 K− 1 in the temperature range of 323 − 823 K. And extra Zr
doping could effectively reduce the κ of the TiNiSn-based material, as demonstrated in the doped
samples. The lowest κ is obtained in the sample TiZr0.015NiSn, which is 2.3 W m− 1 K− 1 at 573 K. To
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clarify the reasons, we calculated the κe (κe = LσT, where L is the Lorentz number determined by �tting the
measured S based on the single parabolic band model [39, 40], as shown in Fig. S6c) and the κl (κl = κ − 
κe), which are plotted in Fig. S6d and Fig. 6b, respectively. It shows that the κ is mainly contributed by the
κl, especially at low temperatures (< 600 K). Also the decrease in κ for the Zr-doped samples is mainly

contributed by the reduction of κl. The minimum κl as low as 1.74 W m− 1 K− 1 at 723K is attained in the
TiZr0.015NiSn. In order to further understand the contribution of various phonon scattering sources on the
reduction of κl, the Debye-Callaway model is employed [41]. The solid line is the theoretical κl with respect
to mass and strain �uctuation caused by Zr substitution on Ti sites. As shown in Fig. 6c, the experimental
κl is signi�cantly lower the theoretical curve, suggesting the reduction of κl is originated from other
phonon scattering sources. According to the XRD, SEM, and TEM characterization results, it is believed
that the secondary nanoparticles and superlattice-like nanodomains may be responsible for the low κl in
TiZr0.015NiSn.

Figure 7a shows the temperature-dependent ZT of the samples TiZrxNiSn over 323 − 823 K, which are
greatly improved by extra Zr doping. The maximum ZT value of 0.88 at 773 K is achieved in
TiZr0.015NiSn, which is more than twice that value of the pristine sample. The average ZT value is

calculated using the formula,  where Tc and Th are the temperatures of
the cold and hot end, respectively, ZTavg is the ratio between integrated area under the ZT curve and
temperature difference ΔT=Th-Tc. The average ZT value obtained in the sample TiZr0.015NiSn is up to
0.62 in the temperature range of 373−773 K, which is much higher than the reported values of the
counterparts [14,15,24,42−44].

4 Conclusion
In summary, Zr-doped TiNiSn samples was successfully prepared by a modi�ed solid-state reaction
combined with SPS technology. Extra Zr doping not only leads to an obviously improved power factor but
also results in a greatly suppressed lattice thermal conductivity due to the appearance of a lot of
nanoparticles and superlattice nanodomains. For a typical sample TiZr0.015NiSn, the power factor
increases by 50%, and the thermal conductivity decreases by 40% compared with the pristine TiNiSn, as a
result, a peak ZT of 0.88 at 780 K and an average ZT up to 0.62 in the temperature range of 373 − 773 K
are obtained. This work could give a guidance for optimizing the thermoelectric performance of relevant
materials by regulating the microstructures such as superlattice-like nanodomains.
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Figure 1

(a) Crystal structure of TiNiSn; (b) XRD patterns of the samples TiZrxNiSn (x = 0, 0.005, 0.015, 0.025); (c)
enlarged XRD patterns ranging from 42° to 44°.
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Figure 2

The SEM images of freshly fractured surface for TiZrxNiSn samples: (a) x = 0; (b) x = 0.005; (c) x = 0.015;
(d) x = 0.025.
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Figure 3

(a) TEM and (b) HRTEM images of TiNiSn, the insets are corresponding to the fast Fourier transformation
(FFT) patterns of the matrix; (c) TEM and (d) HRTEM images of TiZr0.015NiSn, the inset is FFT pattern of
the nanodomain.
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Figure 4

(a) Temperature-dependent Hall carrier concentration and (b) mobility of the samples TiZrxNiSn (x = 0,
0.005, 0.015, 0.025).

Figure 5
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Temperature-dependent electrical properties of the samples TiZrxNiSn (x = 0, 0.005, 0.015, 0.025); (a)
electrical conductivity; (b) Seebeck coe�cient; (c) Seebeck coe�cient as a function of carrier
concentration at 323 K; (d) power factor.

Figure 6

Temperature-dependent thermal properties of the samples TiZrxNiSn (x = 0, 0.005, 0.015, 0.025): (a) total
thermal conductivity; (b) lattice thermal conductivity; (c) The change trend of lattice thermal conductivity
with Zr content at 323 K. The solid line represents �tting curve using the Debye-Callaway model.
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Figure 7

(a) Temperature-dependent of ZT values for the samples TiZrxNiSn. (b) The comparison of the average
ZT value of TiNiSn-based materials obtained in this work with the literatures [14,15,24,42−44].
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