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Abstract

Several compositions of the n-type, TixZr|<NiSng975Geos (x = 0, 0.1, 0.15 and 0.25), half-
Heusler (HH) alloys were synthesized by reacting elemental powders at high temperature using
induction melting. The resulting ingots were annealed at 900 °C for 2 weeks and mechanically
alloyed to achieve fine grain size. X-ray powder diffraction suggested the formation of products
with HH structure. However, electron microscopy studies revealed phase separation into Ti-rich
and Zr-rich domains for the ingot with x = 0.25. The effect of band gap engineering through
isoelectronic substitution of Sn by Ge and mass fluctuation arising from the intermixing of Ti
and Zr in the HH structure on the electronic and thermal transports in the temperature range from
300 K to 775 K was investigated. A large reduction in the lattice thermal conductivity (4.9
W/Km to 2.8 W/Km at 300 K) was observed with increasing Ti concentration. Surprisingly, the
thermopower and electrical conductivity for the sample with x = 0.25 simultaneously increase
with rising temperature from -120 pV/K and 510 S/cm at 300 K to -160 pV/K and 840 S/cm at
775 K. The combination of large reduction in lattice thermal conductivity via mass fluctuation at
the Ti/Zr site with optimization of the thermopower and electrical conductivity through Ge
substitution at the Sn site significantly improved the figure of merit from 0.05 to 0.48 at 775 K
for the sample with x = 0.25.
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Introduction

As energy demands are increasing, alternative renewable energy sources such as thermoelectric
devices, which can directly convert heat to electrical energy, are attracting more attention. The
performance of a thermoelectric material is characterized using the thermoelectric figure of merit,
ZT = 0S°T/k, where o is the electrical conductivity, S is the thermopower, T is the absolute
temperature and « is the thermal conductivity ', The efficiency of a thermoelectric device
depends on the temperature range over which the material exhibits sufficiently large ZT values.
For instance, SiGe-based materials are suitable for applications in the temperature range from
700K to ~1200 K P41, while PbTe-based materials operate under moderate temperatures (500 K
~ 800K) ¢,

Half-Heusler (HH) alloys are promising thermoelectric materials for applications in the
temperature range from 700 K to 900 K, which is comparable to the temperature of industrial
waste heat "*. HH alloys are intermetallic compounds crystallizing with MgAgAs structure,
which consists of four interpenetrating fee (face centered cubic) sublattices.!'®! Most studied HH
alloys are based on n-type MNiSn """ and p-rype MCoSb "+ where M = Ti, Zr, Hf or the
intermixing of these elements. Because the constituting elements are environmentally friendly
and cheap, these families of HH alloys can be used in large-scale applications such as on vehicle

17-19

exhaust systems and industrial power plants "', HH alloys with 18 valence electrons have

narrow band gaps, leading to a relatively high Seebeck coefficient and electrical conductivity.

However, their thermal conductivity can reach ~ 10 WK 'm™ at the room temperature resulting

13,20-22

in low ZT values | I The main strategy for increasing the Z7 value of HH alloys consists of

reducing thermal conductivity through enhanced phonon scattering. This can be achieved by

[23-27]

increasing mass fluctuation or point defects in the sample . Alternatively, thermal

conductivity of HH alloys is reduced using second phases as additional phonon scattering centers

821 In our previous research, we focused on coherently embedding full-Heusler

[23-25, 29-31

in the samples |
(FH) phases as nanostructures in bulk HH alloys I The FH phase, which is structurally
related to the HH matrix, was formed by adding excess Ni in the starting mixture, resulting in the
formation of a bulk HH/FH composite via solid-state reaction *****". The resulting bulk HH
composite with nanostructured FH particles exhibited improved electronic properties and low
thermal conductivity arising from enhanced phonon scattering at multiple HH/FH coherent

interfaces. For example, the lattice thermal conductivity of TigZry9Ni;xSn nanocomposites
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could be reduced to 4.75 WK 'm™ at 775 K ). Furthermore, we observed that the addition of a
small amount of Sb at Sn sites in Tig 171 9Ni;+xSn nanocomposites resulted in a constant Seebeck
coefficient and electrical conductivity, while the lattice thermal conductivity was effectively
reduced to ~ 4.4 WK 'm™ at 775 K P,

Most studies in n-fype MNiSn HH systems are focused on the intermixing of two or three
elements at the M site, or the substitution of Sn by a small amount of a heavier element, such as
Sb or Bi, to enhance phonon scattering °*>71. However, studies exploring mass fluctuation at
both M and Sn positions in MNiSn HH alloys are scarce. In this work, we explore the effect of
band gap engineering through isoelectronic substitution of Sn by Ge and mass fluctuation arising
from the intermixing of Ti and Zr on the thermoelectric properties of TixZr; x\NiSng 975Ge 025 (X =
0, 0.1, 0.15 and 0.25) composites synthesized by induction melting of the elements followed by
mechanical alloying using high energy shaker ball milling. All samples were consolidated under
the same condition using a uniaxial hot pressing system. Scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM) revealed the presence of Ti-rich
and Zr-rich phases in bulk ingots obtained from composition with x = 0.25. We found that the
substitution of 2.5% Sn by Ge in Tig ;ZrooNiSng 975Geg 025 led to large reduction in the thermal
conductivity and marginal change in the electrical conductivity and thermopower. This markedly
differs from the effect of Sb-doping at Sn sites (Tig1Zro9NiSng¢75Sboo2s), Where significant
increase in the electrical conductivity and large reduction in the thermopower was observed.""
In addition, we found that increasing Ti concentration in TixZr;xNiSng¢75Geg 25 resulted in a
simultaneous increase in the thermopower and additional reduction in the thermal conductivity.
This large reduction in the thermal conductivity of TixZr;.xNiSng975Geg 25 is attributed to the

introduction of mass fluctuation at both M and Sn sites in MNiSn HH alloys.

Experimental

Synthesis. Ingots of TixZr|.xNiSng¢75Geg25 were first prepared by melting a mixture of high
purity elements (Ti, Zr, Ni, Sn and Sb > 99.9%) in the desired stoichiometry using an induction
furnace. In order to prevent oxidation during induction melting, the sample mixture was first
sealed in a quartz tube under a residual pressure of 10” Torr. In addition, the induction melting
chamber was maintained under the vacuum during the synthesis. Each ingot was melted three

times to ensure homogeneity. The resulting ingots were thoroughly ground under argon
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atmosphere using an agate mortar and pestle. The polycrystalline powder was sealed in a quartz
tube under a residual pressure of 10~ Torr and annealed sequentially to 300 °C for 3 days then to
900 °C for 7 days. The annealed powder was then loaded into a stainless-steel jar with stainless-
steel balls for a 2 hr mechanical alloying process using a SPEX Sample Prep Mixer/Mill. The
resulting powder was consolidated into a pellet at 950 °C under 100 MPa using a uniaxial hot
press. The relative density of TixZr;.xNiSng975Geg 25 pellets used for in this study was above
95%.

Characterization. The structure and phase purity of the as-prepared powder with different Ti/Zr
ratios was examined by powder X-ray diffraction (PXRD) using monochromated Cu-Ka
radiation on a rotating anode Rigaku diffractometer operating at 40 kV and 100 mA. The internal
structure of hot pressed pellets was examined by a scanning electron microscope (SEM, Philips
XL30FEG) and a high-resolution transmission electron microscope (HRTEM, JEOL 3011). The
thermopower and electrical conductivity were measured simultaneously from room temperature
to 500 °C under a low pressure He atmosphere using a commercial ZEM-3 system from
ULVAC-RIKO. The instrument precision on thermopower and electrical conductivity data is +
4%. The thermal conductivity was calculated from thermal diffusivity data measured by the laser
flash method (Linseis, LFA 1000) from room temperature to 500 °C under dynamic vacuum

(~107 Torr). The instrument precision on thermal diffusion data is + 5%.

Results and discussion

Phase stability. Figure 1A shows the X-ray powder diffraction patterns of the synthesized TixZr).
«N1Sng 975Geg 025 (x = 0, 0.1, 0.15 and 0.25) samples after heat treatment and after the mechanical
alloying steps. All peaks from the XRD patterns can be indexed with the MgAgAs structure type
suggesting the formation of HH alloys. A careful examination of XRD patterns of TixZr;.
«NiSng 975Geg. 025 (x = 0, 0.1, 0.15 and 0.25) reveals a shift of the (2 2 0) peak towards higher
angles when Ti concentration increases. This indicates the substitution of large Zr
(155 ppm) atoms by smaller Ti (140 ppm) atoms in the ZrNiSn structure. This result is consistent

36:383%1 Figure 1B shows the change in the lattice parameter of all samples,

with previous studies !
after heat treatment, with increasing Ti concentration. The calculated lattice parameters slightly

deviate from Vegard’s law, which suggests the formation of multiple phases. This analysis is
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supported by the broadening of the (2 2 0) peak with increasing Ti concentration, which also

indicates intrinsic phase separation into Ti-rich and Zr-rich phases (Figure 1A).
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Figure 1: (A) X-ray diffraction pattern of
Tierl_XNiSn0,975Ge0,025 (X = 0, 01, 0.15 and
0.25) samples after heat treatment and
mechanical alloying. The insert shows the
broadening of the (220) peak with
increasing Ti concentration, indicating
intrinsic phase separation into Ti-rich and
Zr-rich phases; (B) Lattice parameters
calculated from the XRD patterns of TixZr;.
XNiSno,975G€0,025 (X = 0, 0.1, 0.15 and 025)
samples after heat treatment.

Figure 2A shows a back-scattered electron
(BSE) SEM image of a specimen cut from a
composition

the

pressed pellet with nominal

Tig.25Z1075N1Sng.975G€0.025 indicating
presence of two distinct phases within the bulk
material. The light gray area is attributed to Zr-
rich (heavy element) HH phase, whereas the
dark gray area is believed to be Ti-rich (lighter
element) HH phase. This result is also
consistent with the broadening of (2 2 0) peaks,
which suggests the coexistence of two HH
phases with similar lattice parameters (Ti-rich
and Zr-rich HH phases). It is interesting to note
the formation, for the sample with x = 0.25, of

nanometer-scale phases within the matrix

(Figure 2C), in contrary to previous studies.[***!!
The formation of such fine nanometer scale
features results from the mechanical alloying
the formation of TiZr.

steps  following

«NiSng 975Geg 25 samples through induction
melting of elemental powders. As can be
observed from the low magnification TEM
imaging (Figure 2B), these features appear as

dark particles dispersed in a bright matrix.

These nanoscale dark spots are believed to be Ti-rich particles, which are separated in the

nanometer range by Zr-rich regions. Some of the Ti-rich nanostructures overlap to form large

agglomerates. From Figure 2C, it can be seen that particles of a Ti-rich phase is formed by

agglomeration of small crystals with different orientations. The lattice parameter, a = 6.12 A,
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calculated from the SAED pattern (Figure 2D) is comparable to the lattice parameter of

Z1rNiSng 975Geg 025 further confirming that the matrix is Zr-rich.

23] [30] o
we demonstrated that the substitution of a

small amount (2.5%) of Sb

Thermoelectric properties. In our earlier work,"

(A)
Ti-rich HH phase

l\\ Zr-rich LA of Tip.1ZrooNiSn 23] 1ed to

at Sn site in the structure

the heavily doped

Tio.1Z19.9NiSng 9755bo 025
semiconductor with a
slight improvement of the
thermoelectric properties.

B39 I the current work, we

Tirich §
. x ¥
particle SESEE

4

assess the effect of band
gap engineering through

1soelectronic  substitution

of 2.5% Ge at Sn site on
Figure 2: Electron microscopy study of
Tio.25ZI'0.75NiSI10.975Geo.ozs (X = 0, 01, 0.15 and 025) composites.
(A) Back scattering electron (BSE) of SEM image, showing behavior of
micron size Ti-rich phase in Zr-rich matrix; (B) low
magnification TEM image, showing 10 nm Ti-rich phase
embedded inside Zr-rich matrix; (C) high magnification TEM system. Figure 3 shows a
image, showing the crystallization of the Ti-rich nanophase ; (D)
selected area electron diffraction (SAED) pattern, indicating the
fcc structure of Zr-rich HH matrix. temperature dependent

the thermoelectric

Ti0.1Z10.9N1Sng.975Ge€0 025

comparison of the

thermoelectric properties of the Tip ;ZroNiSng975Geo 025 samples with data previously reported
for the Tig1ZrooNiSn'*! and Tio,1Zro,gNiSn0_9758b0_025[3°]samples synthesized by solid-state
reactions of the elements. Regardless of the temperature, the highest electrical conductivity is
observed for the Sb-doped sample, Tig ;Zro9NiSng 975Sbg 025. This is consistent with the expected
increase in the carrier density upon substituting Sn by Sb in the structure of Tig 1ZrooNiSn. The
electrical conductivity of the Tip1ZrooNiSngo75Sbo s sample decreases with increasing

temperature, which is consistent with heavily doped semiconducting behavior.
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Interestingly, the electrical conductivity of Tig 1ZrooNiSng 975Geo 025 is higher than that of

Tip1ZrooNiSn at temperatures above 300 K. This is a quite surprising result. While the
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Figure 3: Temperature dependence of (A) electrical
conductivity; (B) thermopower; (C) thermal conductivity; (D)
lattice thermal conductivity; (E) power factor and (F) figure of
merit Of TionI‘ogNiSl’l; TioA1ZI‘049NiSH04975$b04025 and
TioA1ZI‘049NiSl’104975G€04025 samples.

isoelectronic substitution of
Ge at Sn sites in the
structure of Tip ;ZrooNiSn is
not expected to contribute
additional  carriers  (i.e.
constant carrier density) to
the conduction band, a slight
increase in the electrical
band gap can be anticipated.
This should result in a drop
in the carrier density, at a
given temperature, when
compared to  undoped
Tip.1Z109NiSn matrix.
Therefore, lower electrical
conductivity and  higher
thermopower  would  be
expected for

Tio.1Z19.9N1Sng 975Geo.025

compared to TipZrooNiSn

system. However, the observed higher electrical conductivity and lower thermopower for

Tip1Z199NiSng 975Gego2s imply a reduction in the electrical band gap TigZro9NiSn upon

isoelectronic substitution of Sn by Ge. One possible explanation of the reduction of the electrical

band gap is that the substitution of Sn by Ge instead of modifying the band structure of the

matrix creates impurity states within the band gap. This results in lower activation energy and an

increase in the concentration of thermally excited carriers at a given temperature. This is

consistent with the lower thermopower values observed at high temperatures for Ge-substituted

samples. The electrical conductivity of Tig ;ZrooNiSn and Tig 1Z1r99NiSng 975Geo 025 increases with

rising temperature, indicating intrinsic semiconducting behavior.
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Figure 3C and 3D show the temperature dependence of total thermal conductivity and
lattice thermal conductivity of Tip.1Z199NiSn, Ti9.1Z19.9Ni1Sng 975Sbg 025 and
Tip1Z199NiSng 975Gego2s samples. The thermal conductivity of all samples decreases with
increasing temperature. Regardless of the temperature, the Ge-substituted sample exhibits the
lowest total thermal conductivity. At 300 K, the total thermal conductivity decreases from 13
Wm™ 'K for the undoped sample to 5 Wm™ K™ upon substitution of Sn by 2.5 % Ge. The lattice
thermal conductivity (kp) was obtained by subtracting electronic thermal conductivity (k) from
total thermal conductivity, k. ke was estimated through Wiedemann-Franz law, x.=L,07, where
L,=2.45 x 10°® WQK™ is Lorenz number. The lattice thermal conductivity of all samples also
follows similar trend with the total thermal conductivity. At 300 K, the lattice thermal
conductivity of Tig1ZrooNiSn is 12.6 Wm™'K™'. Upon substituting of 2.5% Sn by Sb, the lattice
thermal conductivity of Tio.1ZrooNiSngo7sSboos decreases to 9 Wm'K™'. Interestingly, the
substitution of Sn by 2.5 % Ge in Tip1ZrooNiSnresults in a remarkable reduction in the lattice
thermal conductivity to ~5 Wm'K' at 300 K. At 775 K, TigZrooNiSn and
Tip.1Z199NiSng 975Sbo 025 have similar values of the lattice thermal conductivity (~ 6 Wm'K™),
whereas the lattice thermal conductivity of Tig 1ZrooNiSng975Geo 25 reaches 2.7 Wm'K!. The
low total thermal conductivity of Tip 1Zro9NiSng 975Geo. 25 is attributed to high phonon scattering
arising from the combination of (1) mass fluctuation due to Ge/Sn substitution and (2) high-
density grain boundaries from particle size refinement by mechanical alloying. This large
difference in the thermal conductivity of Tig;ZrooNiSng¢75Ge 025 and Tig1ZrooNiSn samples
results from the grain size refinement of the synthesized Tig 1ZrooNiSng975Geg 25 powders by

mechanical alloying.

The temperature dependence of the power factor calculated using the electrical
conductivity and thermopower data for Tig1ZrooNiSn; TigZro9NiSngoe75Sbors and
Tip.1Z10.9NiSng 975Geg 025 is shown in Figure 3E. It can be seen that the substitution of Sn by 2.5 %
Sb leads to a drastic increase in the power factor, which is mostly due to the large increase in the
carrier concentration. However, the substitution of Sn by Ge is isoelectronic; therefore, the
increase in the power factor on the Ge-substituted sample cannot be explained only by
considering the increase in the carrier concentration arising from the reduction in the band gap as
discussed above. This is due to the fact that an increase in the electrical conductivity through

thermal excitation of electrons from the valence band (or impurity band) to the conduction band
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would normally be offset by a reduction in the thermopower. Therefore, the observed
enhancement of the power factor of Ge-substituted sample compared to the undoped Sn sample
suggests that the observed increase in the electrical conductivity is not completely offset by a
reduction in the thermopower. This can be explained by considering an enhancement in the
overall carrier mobility for Ge-substituted sample. The Z7 value at 775 K for the Ge-substituted
sample is slightly larger than that of Sb-doped sample. This is due to the combination of drastic
reduction in the thermal conductivity and marginal increase in the power factor which leads to a

250 % increase in the figure of merit (0.35 at 775 K) compared to undoped sample.
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Figure 4: Temperature dependence of (A) electrical conductivity; temperature  indicating
(B) thermopower; (C) thermal conductivity; (D) lattice thermal
conductivity; (E) power factor and (F) figure of merit of TixZr;.
«NiSnq 075Genars (x = 0, 0.1, 0.15 and 0.25) samples. behavior. Regardless of

intrinsic semiconducting

the temperature, the largest electrical conductivity is observed for the sample with x = 0
(ZrNiSng 975Geo.2s5). At 300 K, the electrical conductivity initially decreases from 680 S/cm for
the sample with x = 0 to 440 S/cm for the sample with x = 0.1 and 0.15 then slightly increase to
520 S/cm for the sample with x = 0.25 (Figure 4A).

10



Page 11 of 17

Journal of Materials Chemistry A

To better understand the reason behind the change of the electrical conductivity, the band

gap (Ep) was calculated by fitting the conductivity curve, in the temperature range from 300 K to

Eg
775 K, using the Arrhenius equation, ¢ = ggexp zkT. It was found that the band gap increases

with increasing Ti concentration (Figure 5), reaching the highest value (E, = 81meV) for the
sample with x = 0.15 and decreasing to 41 meV with further increase in Ti concentration to x =
0.25. Therefore, the observed decrease in the electrical conductivity upon increasing the Ti
content from 0 to 0.15 can be associated with the drop in the carrier concentration at a given

temperature due to an increase in the band

0.09 < : : : . . . gap. Interestingly, this trend is broken for the
{1 sample with x = 0.25, in which an increase in
] the carrier concentration (smaller band gap)
] is observed. This deviation from the general
trend can be associated to the phase
separation into Zr-rich matrix with Ti-rich
nanostructures observed in the sample with x

= 0.25 (Figure 2), instead of the solid-

0 008 016

0. 2 4 solutions observed for samples with x < 0.15.
Fraction of Ti (x) In such composites, both the Zr-rich phase
Figure 5: Band gap calculated from the with high electrical conductivity and the Ti-

electrical conductivity of  TiZri. rich phase with poor electrical conductivity
«NiSng 975Gego2s (x = 0, 0.1, 0.15 and 0.25)

samples. contribute to the observed overall electrical

conductivity of the sample. The electrical
conductivity of the sample with x = 0.25 rapidly increases with rising temperature reaching a
value similar to that of ZrNiSng.975Geg.025 at 775 K.

Figure 4B shows the temperature dependence of the thermopower of TixZr.
«NiSng 975Gego2s samples. All samples show negative thermopower indicating n-type
semiconducting behavior. At 300 K, the thermopower increases with Ti concentration from -40
uV/K for the sample with x = 0 to -140 pV/K for the sample with x = 0.15, then decreases to -
120 pV/K upon increasing the Ti concentration to x = 0.25. Regardless of the composition, the
absolute themopower increases with increasing temperature. At 775 K, the largest thermopower

value of -180 pV/K is observed for the sample with x = 0.15. The most surprising result here is

11
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the large difference in the thermopower values of samples with x = 0 and 0.25 at 775 K, despite
the similarity in their electrical conductivity. To rationalize this result, one must take into
account the role of Ti-rich nanostructures on the electronic transport within the Zr-rich matrix.
As demonstrated above, the substitution of 25% Zr by Ti results in a phase separation into
microscale and nanometer-scale Ti-rich inclusions within the Zr-rich half-Heusler matrix. At
300K, we observed a small reduction (~24%) in the electrical conductivity (from 680 S/cm for x
=0 to 520 S/cm for x = 0.25) and drastic increase (~200%) in the thermopower (from -40 pV/K
for x = 0 to -120 uV/K for x = 0.25) of the sample with x = 0.25 when compared to the pure
matrix.

The total thermal conductivity and lattice thermal conductivity of TixZr; xNiSng 975Geg 025
samples are plotted in Figure 4C and 4D. The total thermal conductivity at a given temperature
decreases with increasing Ti concentration. At 300 K, the total thermal conductivity decreases
from ~ 5 Wm™ 'K for x = 0 to ~3.25 Wm 'K for x = 0.25. Regardless of the composition, the
total thermal conductivity initially decreases with rising temperature to reach a minimum then
increases with further increase in temperature. This trend can be ascribed to the effect of bipolar
conduction at temperatures above the temperature of minimum thermal conductivity. The lattice
thermal conductivity of the TixZr; xNiSng 975Geo 025 samples decrease with increasing temperature
(Figure 4D). The lowest lattice thermal conductivity (2 Wm™ 'K at 775 K) is observed for the
sample with x = 0.25. The observed large reduction in the lattice thermal conductivity with
increasing Ti concentration can be explained by (1) mass fluctuation phonon scattering due to
intermixing of Ti/Zr at the same atomic site and (2) enhanced phonon scattering at the nanometer
scale and micrometer scale phase boundary between the Zr-rich HH matrix and Ti-rich HH
inclusions and grain boundaries in Tig 2571 75NiSng 975Geg 025 composite.

Figure 4E displays the temperature dependence of the power factor of all TiZr;.
NiSnge75Geo.025 samples. At 300 K, all samples show a similar power factor of ~ 900 pW/K*m.
As the temperature increases, the power factor of the sample with x = 0 rapidly increases to ~
6000 pW/K’m at 775 K. However, the samples with x = 0.1, 0.15 and 0.25 show much lower
power factor (~ 2100 uW/K’m) at 775 K. Despite the relatively low power factor of Ti
containing samples, the observed low thermal conductivity results in large enhancements of the

figure of merit when compared to the sample with x = 0 (Figure 4F). At 300 K, ZT values
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increase with Ti concentration from 0.05 to 0.08. As the temperature increases, the Z7 values of

various samples increase, reaching a maximum of 0.48 at 775 K for the sample with x = 0.25.

Conclusion

In summary, we have examined the effects of Ge substitution at Sn sites and of Ti substitution at
Zr sites (varying Ti/Zr ratios) on the thermoelectric properties of TixZr;xNiSng ¢75Geg 25 (x = 0,
0.1, 0.15 and 0.25) series of samples produced by induction melting and mechanical alloying.
We found that increasing the Ti concentration above x = 0.15 led to a phase separation in the
bulk TixZr;xNiSng 975Geg 025 samples with the formation of Ti-rich inclusions embedded into the
Zr-rich matrix. This combination of partial solid solution and phase separation in TicZr.
«NiSng 975Geg 025 resulted in a large reduction in the thermal conductivity. In addition, we
observed an increase in the thermopower with increasing Ti concentration leading to an
improvement in the power factor when compared to the sample with x = 0. The simultaneous
increase in the power factor and large reduction in the thermal conductivity of TicZr.
«INi1Sng 975Geo 025 samples resulted in a large increase in the Z7 with a maximum value of 0.48
observed at 775 K for Tig2sZro75NiSng975Geo 025 composites. This work demonstrates that by
manipulating the band gap of half-Heusler alloys through isoelectronic substitution at Ti/Zr and
Sn/Ge sites, simultaneous enhancement of thermopower and reduction in thermal conductivity

can be achieved leading to a significant increase in the Z7 value.
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Table of Contents Synopsis

Manipulating the band gap of ZrNiSn (half-Heusler) alloys through isoelectronic substitutions at
Ti/Zr and Sn/Ge sites, and nanostructuring afford a simultaneous enhancement of thermopower

and reduction in thermal conductivity leading to a significant increase in the ZT value.

0.5
+x=0
0. 4fmx=0.1

lox=01s
0.3ex=025 | &% 7

021 o
: oo’
0.1] o2

%
0 |erees®**

f ]

1
I
Z Ti-rich
particle

T

17



