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Defect engineering has been identified as an effective strategy for improving
thermoelectric performance by tailoring electron and phonon transport.
TiNiSn is unique due to its naturally formed Ni interstitials, where the inter-
stitial atoms enable strong phonon scattering that results in reduced lattice
thermal conductivity, although an adverse effect on mobility is inevitable.
Rather than pursuing the conventional strategy of strengthening the inter-
stitial scattering to improve the performance of TiNiSn-based materials, an
attempt is made to minimize the atomic disorder in order to enhance the
mobility, which in turn favors a higher power factor. The altered bandgap,
and electrical and thermal properties demonstrate that the interstitials can
be effectively controlled by intentionally reducing the amount of Ni. Ben-
efiting from the manipulation of the interstitials, significantly enhanced
mobility is achieved in the Ni-deficient composition, resulting in peak power
factor of =50 pW cm™' K-2, which is comparable to the best n-type half-
Heusler compounds. Additionally, the well-designed composition employing
Ni interstitial manipulation and heavy-element doping exhibits peak ZT of

1. Introduction

Half-Heusler compounds have been
discovered with various beneficial char-
acteristics!'! (e.g., high power factor,
novel orbital interactions, unique atomic
arrangement, robust mechanical proper-
ties, and low toxicity) for use as efficient
thermoelectric materials working at high
temperatures (800-1000 K)."%) The most
fascinating property is their high power
factor originating from the weak electron-
acoustic phonon couplings induced by
the symmetry-protected orbital interac-
tions, which favors a delicate relation-
ship between high conductivity and a
large Seebeck coefficient.’! Correspond-
ingly, a record-high power factor (with the
peak value =100 uW cm™' K2 obtained
in Ti-doped NbFeSb-based materials)

=~0.73, higher than that of all other reported TiNiSn-based materials. The
unique role of interstitials in either electron or phonon transport is empha-
sized, and further encouragement for engineering thermoelectric properties
by manipulating intrinsic disorder, especially in materials with complex

structures, is provided.
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highlights the superior electrical perfor-
mance of the half-Heusler materials.!'%
Among this class of materials, TiNiSn-
based compounds have generated much
interest,111 although their relatively low
carrier mobility (below 20 cm? V! s7!) and
inferior power factor (=30 pW cm™ K2
have impeded their development for high-
performance.’>2% Since their counterpart MNiSn (M = Zr,
Hf) compounds commonly possess large power factor values
(=50 uW cm™! K~?) resulting from higher carrier mobility (over
30 cm? V71 §71)21-23] it is reasonable that the power factor of
TiNiSn-based compounds can be improved via carrier mobility
enhancement.

TiNiSn has a MgAgAs-type structurel?! comprised of four
interpenetrating facecentered cubic (fcc) sublattices, as shown
in Figure 1a, where Ti, Ni, and Sn are located at the Wyckoff
positions: Ti at 4a (0, 0, 0), Ni at 4c (1/4, 1/4, 1/4), and Sn
at 4b (1/2, 1/2, 1/2), leaving the fourth fcc sublattice at 4d
(3/4, 3/4, 3/4) unoccupied. When this vacant position is filled
with extra Ni, the full-Heusler structure TiNi,Sn is formed, as
shown in Figure 1b. In this half-Heusler material, Ni plays a
unique role in either phonon or electron transport. Based on
first-principle calculations, interstitial Ni atoms are energeti-
cally more favorable than other types of defects.['*%] Neutron
diffraction results have also confirmed partial occupancy of the
4d position by a small amount of Ni in the 1:1:1 stoichiometric
TiNiSn.[1>20]
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Figure 1. Crystal structure of a) half-Heusler TiNiSn and b) full-Heusler TiNi,Sn. c) XRD results and d) variation in lattice parameter Aa/a for TiNi;_,Sn

(x=0, 0.02, 0.04, 0.06, and 0.08).

Generally, lattice thermal conductivity can be greatly sup-
pressed by introducing interstitial atoms,221 e.g., interstitial
zinc in Zn,Sb;B% and multiple fillers in skutterudites.! As a
consequence, the room-temperature lattice thermal conduc-
tivity of undoped TiNiSn is only around 5-6 W K™' m1,[1516
quite different from other undoped half-Heusler materials
(e.g., NbFeSb"l and ZrCoSb®l) with room-temperature lattice
thermal conductivity values over 10 W K™ m™. Besides the
reduction of thermal conductivity, the impact of Ni interstitials
on electron transport is also considerable, where the interstitial
atoms act as electron donors, making undoped TiNiSn exhibit
n-type behavior.?%32l Moreover, Tang et al. clarified the limited
solubility of excess Ni in TiNiSn by experimentally investigating
the Ti-Ni-Sn phase diagram in detail.'l Therefore, previous
studies have mainly focused on increasing the amount of inter-
stitial Ni atoms to simultaneously suppress lattice thermal con-
ductivity and tune electron concentration before the decompo-
sition into a two-phase mixture of half-Heusler and full-Heusler
compounds. However, such disorder induced by Ni intersti-
tials adversely affects the electron mobility, which could be the
origin of the inferior power factor of TiNiSn-based materials.

In contrast to the conventional strategy of strengthening
interstitial defect scattering, here we report our effort to min-
imize this atomic disorder in order to obtain higher electron
mobility, which in turn leads to power factor improvement.
The manipulation of the Ni interstitials was achieved by arti-
ficially decreasing the Ni content based on the evidence from
distinct differences of structural, electrical, and thermal proper-
ties between TiNiSn (Ni-sufficient composition) and TiNij¢,Sn
(Ni-deficient composition). Considering the increased lattice
thermal conductivity in the Ni-deficient composition, the par-
tial substitution of tantalum for titanium was employed as an
alternative approach to lower lattice thermal conductivity, which
is also capable of optimizing carrier concentration. Benefiting
from the manipulation of the Ni interstitials, the Hall mobility
in the Ni-deficient samples can be enhanced to =30 cm? V1 571,
contributing to a significantly improved power factor over the
whole temperature range, e.g., the room-temperature and peak
values show improvement of =47% and 35%, respectively, com-
pared to the Ni-sufficient composition with a similar carrier
concentration. Moreover, our well-designed TiNiSn-based mate-
rial, employing both Ni interstitial manipulation and Ta doping
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for Ti, exhibits a peak ZT of =0.73, exceeding that reported for
any other TiNiSn-based thermoelectric materials.

2. Results and Discussion

As mentioned above, the Ni content was artificially reduced to
manipulate the Ni interstitial defects, resulting in the compo-
sitions TiNi;_,Sn (x = 0, 0.02, 0.04, 0.06, and 0.08). The pure
half-Heusler phase of TiNi;_,Sn can be observed from X-ray dif-
fraction (XRD) results, as shown in Figure 1lc. Previous calcula-
tion"! and experimental?”! results demonstrated an expansion of
the lattice parameter as a result of the presence of Ni interstitials.
As clearly shown in Figure 1d, TiNiyg,Sn exhibits a shrinkage of
the lattice parameter in comparison to TiNiSn. Regardless of the
Ni-sufficient or -deficient composition, each element is evenly
distributed according to energy-dispersive X-ray spectroscopy
(EDS) mapping (Figure S2, Supporting Information).

The temperature-dependent electrical and thermal properties
of TiNi;_,Sn are shown in Figure 2. Typically, the Seebeck coef-
ficient (S) of undoped half-Heusler compounds (e.g., NbFeSb,]
ZrCoSb,®l and ZrCoBil)) is quite low at room temperature
since the two types of carriers contribute, resulting in the Fermi
level being close to the middle of the bandgap. The natural
self-doping by Ni interstitials raises the Fermi level toward the
conduction-band minimum,??! and hence the nominal compo-
sition TiNiSn shows n-type behavior with |S| of =150 uVv K!
at room temperature. As clearly shown in Figure 2a, the |S| at
room temperature falls with x. This phenomenon does not rely
on the increased electron concentration because the amount
of electron donors, namely Ni interstitials, is reduced. Further-
more, detailed theoretical calculations have pointed out that
other kinds of defects are either energetically unfavorable or
charge neutral.l'32] In this scenario, a minority carrier should
be taken into account. The actual Seebeck coefficient (o) is the
net effect of the two types of carriers, given by

5,0, +S,0,
o=t (1)
c.+0,
where S, (S;)

and o, (0p) are the partial Seebeck coefficient
and electrical conductivity for electrons (holes), respectively.!

33]
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Figure 2. Temperature-dependent electrical and thermal properties of TiNi;_,Sn. a) Seebeck coefficient, b) electrical resistivity (in units of pQ m), c)
thermal conductivity, and d) the sum of lattice and bipolar thermal conductivity. The inset of (b) shows the optical bandgap for TiNiSn and TiNigg,Sn

at room temperature.

For TiNigg,Sn, there are fewer Ni interstitials to supply elec-
trons, so the opposite contribution of the minority carrier to
the actual Seebeck coefficient cannot be neglected. As a result,
the Fermi level in TiNiyg,Sn is pushed to the mid bandgap,
leading to only weak n-type behavior in TiNijg,Sn. Corre-
spondingly, the higher resistivity (p) of TiNig,Sn than that of
other compositions is reasonable. Furthermore, the bandgap
(Eg) can be extracted from the temperature dependence of the
resistivity according to p = exp(E,/2ksT) (500 < T < 1000 K).[*¥
The extracted bandgap of TiNijg,Sn increases to =0.27 eV and
is =0.15 eV for other compositions, as shown in Figure 2b.
It should be noted that the simple Goldsmid—Sharp formula
is inadequate for revealing the true bandgap of this system
due to the large difference in the weighted mobility between
electrons and holes.®> Based on the optical measurements
shown in the inset of Figure 2b, the observed bandgap values
of TiNiSn and TiNijg,Sn are =0.15 and =0.29 eV, respectively,
further confirming the variation of the bandgap. In addition,
the reported value for TiNiSn in a range of 0.12-0.15 eV[3*3¢]
is consistent with our result. The shrinkage of the bandgap
can be mostly ascribed to the Ni interstitials—induced “in-
gap electronic states,” which is supported by the X-ray photo-
electron spectroscopy analysis and density functional theory
calculations.[19:3237]
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The temperature-dependent total thermal conductivity (k)
of TiNi;_,Sn is plotted in Figure 2¢, which includes the elec-
tronic, lattice, and bipolar contributions. The electronic thermal
conductivity (x.) can be calculated according to the Wiede-
mann-Franz relation, x, = LoT, where L and o are the Lorenz
number and electrical conductivity, respectively. By subtracting
K. from «, the sum of lattice and bipolar thermal conductivity
(ki + Kpp) is presented in Figure 2d, which shows that the lat-
tice thermal conductivity of TiNij,Sn is 90% higher than that
of TiNiSn at room temperature. There is also quite a difference
in the dependence of lattice thermal conductivity on tempera-
ture between TiNiSn and TiNij g,Sn before the onset of bipolar
conduction at high temperature. It is known that the flatter the
temperature dependence of the lattice thermal conductivity,
the stronger the phonon scattering by point defects.*® There-
fore, Ni interstitials are responsible for the much lower lattice
thermal conductivity of TiNiSn. To conclude, the striking dif-
ferences in the bandgap and the electrical and thermal proper-
ties between TiNiSn and TiNiy,Sn demonstrate the successful
manipulation of the Ni interstitials, which provides a platform
for us to further optimize the performance of the TiNiSn-based
thermoelectric materials.

To investigate the effect of manipulation of the Ni interstitials
on the electrical properties, external doping was introduced

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of electrical properties between Ta-doped Ni-deficient and Ni-sufficient compositions with similar Hall carrier concentration
=7.2 X 10%° cm~3 at room temperature. Temperature-dependent a) electrical conductivity and Seebeck coefficient and b) power factor.

in TiNigg,Sn and TiNiSn, labeled Ni-deficient and Ni-suffi-
cient compositions, respectively. Tantalum was employed as
the impurity dopant and the carrier concentration was fixed
at =7.2 x 10% ¢cm™ for better comparison. The o of the Ni-
deficient composition is noticeably higher than that of the
Ni-sufficient composition until the temperature reaches
800 K, as shown in Figure 3a. While it shows 43% improve-
ment at room temperature, it almost converges with that of
the Ni-sufficient composition when the temperature is above
800 K, which can be mainly ascribed to the higher carrier
concentration in the Ni-sufficient composition. It is known
that interstitial Ni atoms are capable of supplying more elec-
trons as the temperature increases.l?? It should be noted that
the |S] of the Ni-sufficient composition is lower than that of
the Ni-deficient composition at high temperature, which is
also caused by the increased carrier concentration in the Ni-
sufficient composition. Although the o values of both the
compositions converge above 800 K, the larger |S| of the Ni-
deficient composition still favors a higher power factor at high
temperatures. Impressively, the optimized electrical proper-
ties enable the significantly enhanced power factor (PF) of the
Ni-deficient composition over the whole temperature range,
where the room-temperature and peak PF values show 47%
and 35% improvement over those of the Ni-sufficient com-
position, respectively, as shown in Figure 3b. These positive
results highlight the beneficial contribution of Ni intersti-
tial manipulation in improving the electrical properties and
encourage us to uncover the thermoelectric performance of
Ta-doped TiNijg,Sn. According to XRD spectra, all samples
of Ti;_,Ta,Nigq,Sn (y = 0.01, 0.02, 0.025, 0.03, and 0.05) pos-
sess the pure half-Heusler phase, as shown in Figure S3 (Sup-
porting Information). The temperature dependence of S and
o are plotted in Figure 4a,b, respectively. With increasing y,
the |S| decreases and the o increases, indicating that refrac-
tory Ta can act as an effective electron donor. For TiNij¢,Sn,
the o-T curve shows an intrinsic semiconductor behavior.
For the samples with higher doping content, the ¢ monotoni-
cally decreases at elevated temperatures, which is the typical
behavior of any degenerate semiconductor. Figure 4c presents
the temperature-dependent PF of Ti;_,Ta,Niy0,Sn, showing
the peak value of =50 uW cm™' K2, which exceeds that of any
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other reported TiNiSn-based materials and is comparable with
the best n-type half-Heusler compounds.

To determine the origin of the superior PF, the Hall mobility
(upy) of Ti;_,Ta,Nig;Sn (labeled Ni-deficient samples) is plotted
versus carrier concentration (ny) in Figure 4d, including the data
of Ni-sufficient samples, i.e., Ti;_,Ta,NiSn (this work, tempera-
ture-dependent thermoelectric properties are shown in Figure S4
in the Supporting Information), TiNi;,,Sn," TiNi; 44Sn;_,Sb,, "l
TiNiCu,Sn,"”! and (TiNiSn);_, + (MnNiSb),.'" Tt is worth
noting that the py; of the Ni-deficient samples shows an increase
of 34-251% in comparison to the Ni-sufficient samples. Such
substantial enhancement of py; is mainly derived from the weak-
ened atomic-disorder scattering by Ni interstitial manipulation.
As clearly shown in Figure 4e, lower uy causes the inferior PF
of the Ni-sufficient samples. In sharp contrast, the superior PF
of the Ni-deficient samples relies on its significantly enhanced
Uy Additionally, strategies for PF improvement by engineering
intrinsic defects have been applied to various thermoelectric
materials,?*#% especially p-type NbFeSb with an ultrahigh PF.[1
Consequently, benefiting from the successful manipulation of
the Ni interstitials, decent average PF (PF,,) has been achieved
in Ni-deficient samples, showing 38-95% improvement com-
pared with that of Ni-sufficient samples (Figure 4f).1*17]

The temperature-dependent x and & + Ky, values are shown
in Figure 5a,b, respectively. With increasing y, the reduction
of ki + Ky, is visible, whereas x shows little difference with
increasing y due to the greater contribution of electrons at a
higher doping content. It should be noted that the temperature
dependence of 1 + K, in Ta-doped samples is flatter than that
of the undoped sample, suggesting that an additional phonon
scattering center is introduced. Based on the quantitative dis-
order scattering parameter presented in the inset of Figure 5b,
strong mass fluctuation and strain field fluctuation between the
Ti and Ta atoms are responsible for the dramatically reduced
lattice thermal conductivity. As a result of the carrier mobility
enhancement by Ni interstitial manipulation and the lattice
thermal conductivity suppression by Ta external doping, a peak
ZT of =0.73 is achieved in Ni-deficient samples (Figure 5c).
In comparison to previously reported TiNiSn-based materials,
our well-designed sample exhibits the best ZT, as shown in
Figure 5d.11+17]
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Figure 4. Temperature dependence of a) the Seebeck coefficient, b) electrical conductivity, and c) power factor of Ti;_,Ta,Nig;Sn (y = 0, 0.01, 0.02,
0.025, 0.03, and 0.05). d) Hall carrier concentration versus Hall mobility and e) Hall mobility versus power factor for Ni-deficient and Ni-sufficient
samples. f) Comparison of average power factor values (over the range of 300-773 K) between Ni-deficient and Ni-sufficient samples. Data of TiNi;,,Sn,
TiNij 06Sny_,Sb,, TiNiCu,Sn, and (TiNiSn);_, + (MnNiSb) are from refs. [14-17].

3. Conclusion

In summary, manipulation of Ni interstitials for minimizing the
atomic disorder in TiNiSn-based materials is successfully dem-
onstrated based on evidence from the varying structural, elec-
trical, and thermal properties. In comparison to the Ni-sufficient
TiNiSn-based materials, a substantial enhancement of carrier
mobility is observed in Ni-deficient compositions, contributing to
higher power factor with a peak value of =50 uW cm™ K2, com-
parable with the best reported n-type half-Heusler compounds.
Moreover, our well-designed composition, employing both Ni
interstitial manipulation and external Ta doping, shows a peak
ZT of =0.73, exceeding all other reported TiNiSn-based thermo-
electric materials. We anticipate that the achievement of intersti-
tial manipulation will spur further study on ingenious design at
the atomic level for high-performance thermoelectric materials.
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4. Experimental Section

Synthesis: Titanium sponge (Ti, 99.9%), nickel pellet (Ni, 99.999%),
tin shot (Sn, 99.8%), and tantalum turning (Ta, 99.95%) were weighed
according to the nominal compositions TiNi;_,Sn (x = 0, 0.02, 0.04,
0.06, and 0.08) and Ti;_,Ta,Ni;_,Sn (x =0, y = 0.025, and 0.05; x = 0.08,
y = 0.0, 0.02, 0.025, 0.03, and 0.05). The stoichiometrically weighed
raw materials were melted in an arc furnace under argon protection.
Remelting several times was necessary to form homogeneous ingots.
High energy ball milling (SPEX 8000M Mixer/Mill) was then employed
for 4 h to pulverize the ingots into fine powders. The obtained powders
were loaded into a graphite die with an inner diameter of 12.7 mm and
finally consolidated into disks by being held at 1273 K for 2 min via a
hot-pressing process.

Measurements—Thermoelectric Properties: Simultaneous measurement
for Seebeck coefficient (S) and electrical conductivity (6) was conducted
in a ZEM-3 system (ULVAC). Thermal conductivity was calculated
according to x = DpC,. Thermal diffusivity (D) was measured in a laser
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fluctuation, respectively.

flash instrument (LFA457, Netzsch). Mass density (p) was obtained by
the Archimedes method. Specific heat capacity (C,) was given by the
Dulong-Petit law C, = 3kg per atom. Hall carrier concentration (ny) at
room temperature was achieved by using the van der Pauw method in
a physical properties measurement system (Quantum Design) with an
electrical current of 8 mA and a magnetic field of £3 T. Hall mobility (1)
was determined by o = nyepy, where e is the electronic charge.

Measurements—Optical Measurement: Fourier transform infrared
spectroscopy (FTIR) was applied to reveal the optical bandgap according
to the Kramers—Kronig analysis for the reflectance. The FTIR was
performed by a Nicolet iS50 FT-IR spectrometer with a Spectra-Tech
model 500 series variable angle specular reflectance accessory in the
range of 400-7000 cm™".

Measurements—Structure Characterizations: XRD (PANalytical X'Pert
Pro diffractometer with a Cu Ko radiation source) was used to reveal
the phases of the samples. The lattice parameters were deduced from
Rietveld refinement. Scanning electron microscopy (JEOL 6340F)
together with EDS were used to characterize the microstructure and
elemental mapping.
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