
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 1
2:

40
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Improving the th
aLeibniz Institute of Solid State and Mate

E-mail: a.bahrami@ifw-dresden.de; r.he@if
bInstitute of Materials Science, Technisch

Germany
cNational Center for International Joint Rese

School of Mechanics and Safety Engin

Zhengzhou, China

† Electronic supplementary infor
https://doi.org/10.1039/d2ta02413f

‡ These authors contributed equally to th

Cite this: J. Mater. Chem. A, 2022, 10,
13476

Received 25th March 2022
Accepted 30th May 2022

DOI: 10.1039/d2ta02413f

rsc.li/materials-a

13476 | J. Mater. Chem. A, 2022, 10,
ermoelectric performance of
ZrNi(In,Sb)-based double half-Heusler
compounds†

Shiyang He,‡ab Amin Bahrami,‡*a Pingjun Ying,a Lars Giebeler, a Xiang Zhang, c

Kornelius Nielschab and Ran He *a

The complexity of crystal structures plays an intriguing role in manipulating properties in thermoelectrics,

spintronics, and batteries. In comparison to the widely studied ternary half-Heusler thermoelectric

compounds, quaternary double half-Heusler compounds are promising due to their intrinsically low

lattice thermal conductivities (kL). However, they have been much less investigated due to the limited

material availability. In this study, we report a new double half-Heusler compound based on ZrNi(In,Sb).

Upon tuning the ratio of In/Sb from 0.5/0.5 to 0.4/0.6 and reducing the nominal concentrations of Zr

and Ni by 10%, we greatly reduce the intensities of the impurity-phase peaks in the diffraction patterns.

An even better phase purity, in combination with an optimized power factor, is realized by substituting

Co at the Ni sites. Further alloying Hf at the Zr sites enhances the point defect scattering of phonons,

which yielded a minimum kL of �1.8 W m�1 K�1 and a maximum zT of �0.5 for

Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6 at 973 K. Our work thus confirms the intrinsically low kL of ZrNi(In,Sb)

double half-Heusler compounds and indicates their promising applications upon further improving their

electrical transport properties.
1 Introduction

Exotic or even anomalous physical phenomena are oen
observed in materials by designing complex crystal structures,
such as enhancing the mechanical properties with multiple
elements alloyed in high-entropy alloys1 and facilitating the
diffusion of lithium ions with the desired atom site occupancies
in battery materials.2 Therefore, it is imaginable that similarly
amazing electrical and thermal transport properties can be
achieved in robust materials with the designed complex crystal
structures to enable a tailored manipulation of the transport
mechanism of carriers.3

Thermoelectric (TE) technology is a promising sustainable
solution to alleviate the energy crisis and environmental
pollution.4 The performance of TE materials is determined by
the coupled electrical and thermal transport, as manifested in
the expression of the gure-of-merit, zT, given by zT ¼ S2r�1(kele
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mation (ESI) available. See

is work.
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+ kL)
�1T, where S, r, kele, kL, and T are the Seebeck coefficient,

the resistivity, the electrical thermal conductivity, the lattice
thermal conductivity and the absolute temperature, respec-
tively.5 Thus, good TE materials require high power factors (PF
¼ S2r�1) as well as low total thermal conductivity to realize high
zT.6 However, optimizing the zT is challenging due to the
intercorrelation of the transport parameters (S, r, and kele), such
as via the carrier concentration.7 To realize effective decoupling,
tremendous efforts are devoted, which can generally be cate-
gorized into two approaches.8 One is to maximize the PF by
optimizing the carrier concentration via doping or band engi-
neering,9 while another one targets seeking materials or
processes to minimize the thermal conductivity.10

As a prominent TE material candidate in the moderate
temperature region, half-Heusler (HH) compounds have
attracted signicant attention due to their low cost, high
thermal stability, and mechanical robustness, as well as their
excellent electrical properties.11 The bandgap of HH
compounds varies from 0.1 to 3.7 eV based on the composi-
tion.11 The valence electron count (VEC) per unit cell has been
conrmed to play a critical role in the transport properties.12 A
slight variation from the 18 VEC (i.e., through doping) will
optimize the PF, and the high PF is marked as the unique
advantage of HH compounds.13 For instance, an ultrahigh PF
value of �10.6 mW m�1 K�2 has been achieved in Ti-doped
NbFeSb, and a record output power density of �22 W cm�2 is
obtained in a single-leg TE device.14 In another example, Zhu
This journal is © The Royal Society of Chemistry 2022
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et al. reported an outstanding zT of �1.5 at 923 K for p-type HH
in a Sn-doped ZrCoBi alloy with a high PF (3.7 mW m�1 K�2 at
823 K).15 Despite the excellent electronic performance, in
comparison with other classic thermoelectric materials (e.g.
Bi2Te3-, PbTe- and Cu2Se-based TE materials),13,16,17 the intrin-
sically large kL of HH compounds impedes their further zT
improvement. Because of their innately low thermal conduc-
tivity, the nominal 19-electron half-Heusler compounds,18 or
defective half-Heusler compounds,19 have recently been identi-
ed as attractive TE material options for HH compounds. As
a result, the primary objective of discovery in the TE discipline is
to create novel HH alloys with low kL yet strong electrical
characteristics.

The complexity of a primitive unit cell is a key factor to
reduce the kL of HH compounds. Anand et al.20 compared the
phonon frequency dependence of calculated cumulative kL of
ternary (TiCoSb) and quaternary (Ti2FeNiSb2) HH compounds.
A kL reduction of �50% as found for Ti2FeNiSb2 occurred in the
high energy range of the phonons. In comparison to TiCoSb,
a lower group velocity and a higher scattering rate of Ti2FeNiSb2
have been found, which indicates that quaternary HH
compounds with more complex crystal structures would in
general have lower kL than the traditional ternary HH
compounds. Hence, HH systems are promising candidates for
designing complex crystal structures to suppress the kL. Anand
et al. predicted a total number of 713 possible ternary, defect-
free HH compounds, of which 487 have been fully explored.20

However, quaternary double HH compounds, based on the
same calculations, have been rarely investigated, with only
TiFe1�xNixSb being successfully synthesized.21 The lowest kL of
Fig. 1 (a) Unit cell of the crystal structure of ZrNi(In,Sb) double HH comp
kL among other low kL HH systems. (c) Temperature-dependent zT valu

This journal is © The Royal Society of Chemistry 2022
2.5 W m�1 K�1 at 973 K has been achieved in TiFe0.6Ni0.4Sb
while still reaching a high PF (�1.5 mWm�1 K2), indicating that
enhancing the complexity of a primitive unit cell for HH alloys
can dramatically suppress the kL.21 Thus, quaternary HH
compounds have huge potential to enable the discovery of
further new highly performing TE materials due to the huge
unexplored phase space of�7719 quaternary HH compounds.20

In this study, a new n-type double HH compound based on
ZrNi(In,Sb) is realized (Fig. 1(a)). Starting from ZrNiIn0.5Sb0.5,
we nd obvious impurity peaks besides the main HH phase by
X-ray powder diffraction (XRD). The intensity of the impurity
peaks is substantially reduced aer tuning the composition by
changing the nominal In/Sb ratio to 0.4/0.6. Lowering the
nominal amount of Zr and Ni by 10% improves this impurity
phase reduction. Further substituting Co at the Ni sites not only
tunes the carrier concentrations to realize an almost doubled
peak PF from 1.08 to 2.03 mW m�1 K2 at 973 K in Zr0.9Ni0.65-
Co0.25In0.4Sb0.6 but also further removes the impurity phase
completely according to the detection limit of the diffractom-
eter. Additionally, we further suppressed the kL from 2.10 to
1.81 W m�1 K�1 at 973 K by alloying a small amount of Hf to
partially substitute Zr on the respective sites, which is compa-
rable with other HH materials that have shown minimized kL

(Fig. 1(b)). As a result of simultaneously optimizing the elec-
trical properties and suppressing the kL, the nal zT values were
enhanced by 336% from 0.11 to 0.48 at 973 K in a compound
with the composition of Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6
(Fig. 1(c)), demonstrating the great potential of ZrNi(In,Sb) HH
compounds for intermediate- and high-temperature energy
conversion.
ounds (space group F�43m). (b) Comparison of temperature-dependent
es of ZrNi(In,Sb) double HH compounds.2,38–41,42
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2 Experimental
2.1 Materials synthesis

The samples with nominal compositions of ZrNiInxSb1�x (x ¼
0.4–0.6), Zr0.9Ni0.9�yCoyIn0.4Sb0.6 (y ¼ 0–0.3) and Zr0.9�zHfz-
Ni0.65Co0.25In0.4Sb0.6 (z ¼ 0.05–0.2) are prepared by arc melting,
ball milling, and hot-pressing processes. The stoichiometrically
weighed rawmaterials (Zr sponges, 99.2%; Ni granules, 99.98%;
In granules, 99.9%; Sb shots, 99.8%; Hf sponges, 99.9%; Co
powder, 99.9%) were melted three times in an Ar-protected
chamber to form homogeneous ingots. Subsequently, the
ingots were loaded into an Ar-lled stainless steel jar and ball
milled for 4 h in a SPEX 8000D machine. The ball-milled
powders were pressed into pellets by spark plasma sintering
(AGUS-PECS SPS-210Gx) at 1173 K for 5 minutes under vacuum
with a uniaxial pressure of 50 MPa.

2.2 Phase identication andmicrostructure characterization

X-ray powder diffraction (XRD) measurements for bulk samples
were performed using a Bruker D8 with a Co source in the
Bragg–Brentano mode to examine the phase purity and crystal
structure of the samples. For the Rietveld analysis, the powders
were prepared as at samples, where powder less than the tip of
a spatula was glued on acetate foil. The sample was inserted
into a Stoe Stadi P powder diffractometer equipped with a Mo
source and a Ge(111) monochromator that yield a single wave-
length of 0.7093 Å. The position sensitive detector was a Mythen
1K fromDectris. The samples were measured in the range of 10�

# 2q # 60� in the transmission mode. The recorded data were
analyzed according to the Rietveld method22 with the program
package Fullprof/WinPlotR.23 With the prole function nPr ¼ 7
for the structure model renement, the isotropic temperature
factors (Biso) and the asymmetry parameters Asy1 and Asy2 were
rened. An instrumental resolution function was deduced from
the NIST 640d silicon standard. All data were used as measured.
For the main HH phase, the ZrCoSb structure model with the
space group F�43m of Romaka et al.24 was adopted to carry out
investigation on the compounds. The fractured surface of the
samples was analyzed by eld emission scanning electron
microscopy (Sigma300-ZEISS FESEM). Inductively coupled
plasma-optical emission spectrometry (ICP-OES) measure-
ments were conducted with an iCAP 6500 Duo View (Thermo
Fisher Scientic) aer aqueous acidic digestion.

2.3 Thermoelectric measurement

Both sides of the obtained pellets were polished aer spark
plasma sintering (AGUS-PECS SPS-210Gx), and the thermo-
electric properties were directly quantied aerward. The
temperature-dependent Seebeck coefficient (S) and electrical
resistivity (r) were measured by the standard four-probemethod
(LSR-3, Linseis). The temperature-dependent thermal diffusivity
(l) was evaluated by a laser ash method in a helium atmo-
sphere (LFA 1000, Linseis). The density (r) of the samples was
measured by the Archimedesmethod, and the heat capacity (Cp)
was calculated using the Dulong–Petit law. The thermal
conductivity (ktot) was calculated according to the relationship
13478 | J. Mater. Chem. A, 2022, 10, 13476–13483
ktot ¼ lrCp. The carrier concentration and Hall mobility were
determined from 10 K to 300 K with Hall measurements in the
van-der-Pauw geometry with a physical property measurement
system (9 T LOT Dynacool system).

3 Results and discussion
3.1 Phase identication and purication

The bulk XRD patterns of all the samples of ZrNi(In,Sb) double
HH are shown in Fig. S1.† Compared with the crystal structure
of ZrCoSb,24 the main reections of all the samples correspond
well with the MgAgAs-type with the space group F�43m (No. 216).
In the starting compound, ZrNiIn0.5Sb0.5, we also nd multiple
impurities with the main reections indexed as Zr2Ni2In and
ZrNi2In. The impurities vary in concentration upon changing
the ratio of In/Sb. For example, with an In/Sb ratio of 0.6/0.4, the
main reection intensity of Zr2Ni2In (at 2q � 49� with Co Ka
radiation) is signicantly enhanced. In contrast, the ZrNi2In
reection almost vanishes with an In/Sb ratio of 0.4/0.6.
Furthermore, since other impurities are intermetallics of Zr–
Ni in ZrNiIn0.4Sb0.6, we modied the composition by reducing
the nominal concentrations of Zr and Ni by 10%. This way, only
a small fraction of an In-based impurity remains in the sample
with the nominal composition Zr0.9Ni0.9In0.4Sb0.6. Moreover, we
substituted Co for Ni, forming Zr0.9Ni0.9�yCoyIn0.4Sb0.6 (y ¼ 0–
0.3). Interestingly, we found that the remaining In-based
impurity almost disappears with higher concentrations of Co
(y ¼ 0.25 and 0.3). Nevertheless, by substituting Hf at Zr sites to
form Zr0.9�zHfzNi0.65Co0.25In0.4Sb0.6, the slight impurity reec-
tion of In-based impurity reappears with low intensity, and the
second phase of impurity becomes more prominent with
increased Hf content (Fig. S1(c)†). All of these experimental
observations suggest that ZrNiInxSb1�x-based compounds
exhibit the HH crystal structure, although most end up with
slight impurities. The phase-evolvement dynamics of the
studied system remain unclear and could be rather complex due
to its multi-element nature. It may originate from the
composition-dependent state of equilibrium, or simply from
the multi-step processing under partially harsh conditions. For
example, In and Sb have much higher vapor pressure compared
to Zr and Ni, so the reduced nominal concentration of Zr and Ni
in improving the phase purity may simply be because it
compensates for the losses of In and Sb during the arc melting
process. A more detailed analysis demands further study in the
future.

Subsequently, to evaluate the lattice parameters and phase
contents, Rietveld analyses based on the XRD results were
performed for four specimens with the nominal compositions
of ZrNiIn0.5Sb0.5, ZrNiIn0.4Sb0.6, Zr0.9Ni0.9In0.4Sb0.6, Zr0.9Ni0.65-
Co0.25In0.4Sb0.6, and Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6 as shown in
Fig. 2, and the detailed information can be found in Table S1.†

For the Rietveld analyses, the structural model of Romaka
et al.24 was adopted for the previously discussed elements. The
resulting structural model ts the X-ray powder diffraction
patterns to a great extent and with a phase content > 93 wt% to
almost 99 wt% depending on the total amount of minor phases.
Here, the specimen with the nominal composition
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Results of the Rietveld analyses for compounds with the nominal compositions (a) ZrNiIn0.5Sb0.5, (b) ZrNiIn0.4Sb0.6, (c) Zr0.9Ni0.9In0.4Sb0.6,
(d) Zr0.9Ni0.65Co0.25In0.4Sb0.6, and (e) Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6.

Fig. 3 The fracture surfaces obtained by SEM for (a) ZrNiIn0.6Sb0.4, (b)
ZrNiIn0.5Sb0.5 and (c) ZrNiIn0.4Sb0.6, and the distribution of the (d) grain
size for the above composition.
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ZrNiIn0.5Sb0.5 has the highest percentage of �7 wt% and �1 to
2 wt% for all other compounds. The evaluated sizes of the lattice
parameter a result in the following order of the compounds:
ZrNiIn0.4Sb0.6 > ZrNiIn0.5Sb0.5 > Zr0.9Ni0.9In0.4Sb0.6 > Zr0.9-
Ni0.65Co0.25In0.4Sb0.6 > Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6 reecting
the different concentrations of substituent elements and their
respective radii. As Sb has a smaller radius than Zr, Ni, and Co,
reduced lattice parameters are expected, and the lattice
parameters of the individual compounds therewith follow their
composition obtained by the ICP-OES analyses shown in Table
S2.† We nd that while the concentrations of other elements
agree well with the nominal one, In always displays certain
deciencies that may originate from the losses during the arc
melting. Additionally, increased Sb and Ni/Co concentrations
are found, whereas the In concentration decreased. Both may
lead to the resulting lattice parameter order. The occupancy has
not been included in this consideration as these results need
further investigation to explain them plausibly. Fig. 3 illustrates
the fracture surface obtained by SEM (scanning electron
microscopy) for the compounds ZrNiInxSb1�x (x ¼ 0.4–0.6). The
grain boundaries on this scale become less dened with
decreasing In content, as displayed in Fig. 3(b) and (c). Addi-
tionally, the average grain size values of ZrNiInxSb1�x are
similar based on statistics but still show a slightly increasing
trend with lower In content. This behavior may be attributed to
the distinct response to the current-assisted sintering process,
as will be discussed soon since the Sb-rich compound is more
conductive than the In-rich one. It is worth noting that the
increasing trend of grain size is more visible, while the electrical
resistivities increased in Co-doped samples. As shown in
Fig. S2,† the clear grain boundaries can be observed, and the
grain size signicantly increased with increased Co doping
content (Fig. S2(h)†). Additionally, grain sizes above 1 mm
This journal is © The Royal Society of Chemistry 2022
appeared and were distributed uniformly –marked with the red
circles – when the Co-doped content reached 0.3 (Fig. S2†).
3.2 Electrical transport properties

As is known, HH compounds involve p-type/n-type transport
with a valence electron count (VEC) less and more than 18,
respectively. As displayed in Fig. 4(a), the Seebeck coefficients
exhibit an increasing trend upon heating. All samples show
a strong n-type conductor behavior even with x ¼ 0.6 that
nominally has a VEC of 17.8. This nding is related to the loss of
In, as documented by the ICP-OES results. The temperature-
dependent r of ZrNiInxSb1�x (x ¼ 0.4–0.6) are given in
Fig. 4(b). All r of the investigated samples increase for the
measured temperature range pointing to degenerated or metal-
J. Mater. Chem. A, 2022, 10, 13476–13483 | 13479
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Fig. 4 Temperature dependence of S (a and d), r (b and e) and PF (c and f) for ZrNi(In,Sb) double HH compounds.

Fig. 5 (a) Temperature dependence of n; (b) m and (c) n dependence
of jSj at 300 K ; (d) optimum PF at 300 K for the ZrNi(In,Sb) double HH
compounds.
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like behaviors. A lower Sb content increases the value of r from
1.27 mU m to 2.33 mU m at 300 K. The nominal deciency of Zr/
Ni has little inuence on r, suggesting that the effect of a second
phase on the electrical properties is negligible for such a heavily
doped conductor. Finally, a maximum PF of�1.8 mWm�1 K2 is
obtained for ZrNiSb0.5In0.5. However, Zr0.9Ni0.9Sb0.6In0.4

exhibits relatively low impurities, which is the reason it was
selected for subsequent optimizations.

Considering the low electrical resistivity and the Seebeck
coefficient, it is desirable to reduce the carrier concentration to
optimize the power factor, which is realized by substituting Co
for Ni. As illustrated in Fig. 4(d) and (e), both the electrical
resistivity and the Seebeck coefficient of Zr0.9Ni0.9�yCoyIn0.4-
Sb0.6 (y ¼ 0–0.3) are linearly dependent on the temperature in
the degenerated nature. The value of r increases monotonically
from 2.35 to 12.57 mU m with the doping level of Co at 973 K
(Fig. 4(e)). Correspondingly, the S also increases three times
from �51.3 to �151.1 mV K�1 at 973 K (Fig. 4(d)), implying that
the Co doping could effectively tune the electrical properties.
Beneting from the huge increase of S, the PF displays �100%
enhancement from 1.07 to 2.04 mWm�1 K2 for the composition
of y ¼ 0.25 (Fig. 4(f)).

The variation in the electrical properties can be understood
from the results of the carrier concentration (n) and the Hall
mobility (m). Fig. 5(a) and (b) show the Hall measurement
results in the range of 10–300 K. The n values of all the samples
are found in the range of 1021 cm�3 and are weakly dependent
on the temperature. As shown in Fig. 5(a), the ZrNiIn0.5Sb0.5
sample has the lowest Hall concentration (nH) among the
ZrNiIn1�xSbx samples in the temperature range of 10–300 K.
The Hall concentration was found to increase by either
increasing the In/Sb ratio to 0.6/0.4 or decreasing it to 0.4/0.6.
Whereas the increased nH stems from an increased VEC in
the Sb-rich composition (nominally the VECs are 18 for
ZrNiIn0.5Sb0.5, and 18.2 for ZrNiIn0.4Sb0.6), it has more complex
13480 | J. Mater. Chem. A, 2022, 10, 13476–13483
origins in the In-rich composition because of the much higher
concentration of impurities (Fig. S1(a)†). Interestingly, the
carrier concentration changes little by decreasing the nominal
concentrations of both Zr and Ni by 10% from ZrNiIn0.4Sb0.6 to
Zr0.9Ni0.9In0.4Sb0.6. The Co-substituted composition, Zr0.9-
Ni0.65Co0.25In0.4Sb0.6, displays a further reduced n to �2 � 1021

cm�3, thus explaining its higher power factor in Fig. 4(f).
Additionally, Fig. 5(a) shows that the substitution of Hf on the
Zr site doesn't inuence the nH signicantly due to the isovalent
nature of Zr and Hf, as well as the lanthanide-contraction of Hf
as has been discussed by Liu et al.25 Accordingly, the electrical
properties do not change signicantly upon Hf substitution, as
shown in Fig. S3.†

On the other hand, the m values for all the Co-free samples
are similar, typically ranging from 14 to 10 cm2 V�1 s�1. The
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta02413f


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 1
2:

40
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
substitution of Co in Zr0.9Ni0.65Co0.25In0.4Sb0.6 yields a reduc-
tion in the mobility by nearly �40%, probably due to the
enhanced electron scattering through alloying. Based on the
Hall measurement and electrical measurement results, we
plotted the carrier-concentration as a function of the absolute
Seebeck coefficient in Fig. 5(c) together with the calculations to
evaluate the DOS effective mass m*, using the single parabolic
band (SPB) model,26 which is estimated to be 2.8me and similar
to the ZrNiSn-based compounds.27–29 This approach is reason-
able since the band edges mainly constitute the d-orbitals from
the transition metals (Zr and Ni), so the modication at the
most electronegative sites (In/Sb or Sn) is not expected to
change the effective mass drastically. Fig. 5(d) shows the n-
dependent optimum PF of ZrNi(In,Sb) samples at 300 K
following an SPB model,26 together with our experimental
results. Clearly, there is great potential to further improve the
power factor by further reducing the carrier concentration.
However, this idea is not realized by increasing the Co
concentration to y ¼ 0.3, as shown in Fig. 4, which might
originate from an enhanced alloy scattering when the Co
amount exceeds a certain limit. Therefore, other approaches are
sought to further enhance the thermoelectric performance,
which will be introduced later.
3.3 Thermal transport properties

Fig. 6(a) plots the temperature-dependent total thermal
conductivity ktot of the ZrNiInxSb1�x-based HH compounds. The
ktot of the ZrNiInxSb1�x compound decreases weakly with
increased temperature and In/Sb ratio. For example, the ktot

decreases from 9.90 W m�1 K�1 in ZrNiIn0.4Sb0.6 to 7.65 W m�1

K�1 at 973 K in ZrNiIn0.6Sb0.4. Fig. 6(b) shows the kL, as obtained
by subtracting the electronic component ke using the Wiede-
mann–Franz law, ke ¼ LsT, where L is the Lorenz number
determined by the formula L ¼ 1.5 + exp(�jSj/116)
Fig. 6 Temperature dependence of (a) ktot and kL (b) for ZrNiInxSb1�x,
and (c) the comparison of kL of the calculated/experimental double HH
alloys at 300 K.20

This journal is © The Royal Society of Chemistry 2022
(Fig. S4(a)†).30 kL shows a decrease from 2.22 W m�1 K�1 to
0.98 W m�1 K�1 at 973 K with a shrinking In/Sb ratio. Appar-
ently, ke dominates the heat conduction, suggesting the
importance of reducing the carrier concentration for a lower
ktot. Additionally, the introduced deciencies of Zr and Ni
further suppress the kL to �0.4 W m�1 K�1 at 973 K, which is
even lower than the theoretical Cahill minimum kL (�0.7Wm�1

K�1 for ZrNiSn). Admittedly, such an extremely low kL may
originate from an overestimated ke due to the inaccurate eval-
uation of the Lorenz number for such a complex system.
Nevertheless, these results do conrm the low-kL nature of the
double HH compounds ZrNi(In,Sb), which has been rarely
realized in ternary half-Heusler compounds. Glassbrenner and
Slack suggested that the kL follows the T�1 relationship if only
the Umklapp scattering process above the Debye temperature is
considered.31 The curves in Fig. 6(b) indicate that such a T�1

relationship is roughly followed except for ZrNiIn0.6Sb0.4,
implying that the phonon scattering is dominated by the
phonon–phonon interaction. The kL � T�0.67 relationship of
ZrNiIn0.6Sb0.4 implies other dominant phonon scattering
mechanisms such as point defects or impurities.32 Further-
more, we compare in Fig. 6(c) our kL with other double half-
Heusler compounds based on theoretical calculations and
experimentally discovered TiFe1�xNixSb at 300 K. The kL of
ZrNi(In,Sb) is found to be comparable with TiFe1�xNixSb, and
much lower than the values as predicted by theoretical calcu-
lations (e.g., 13.60 W m�1 K�1 for ZrNiIn0.5Sb0.5).20 We thus
demonstrate the great potential of ZrNi(In,Sb) as a low-kL plat-
form to realize subsequent improvement of zT.

Subsequently, we investigated the dependence of the
thermal transport properties on the Co and Hf substitutions. In
parallel, the temperature-dependent ktot and kL of Zr0.9Ni0.9�y-
CoyIn0.4Sb0.6 and Zr0.9�zHfzNi0.65Co0.25In0.4Sb0.6 compounds
are presented in Fig. 7. For Zr0.9Ni0.9�yCoyIn0.4Sb0.6, while ktot is
suppressed by increasing the Co content (Fig. 7(a)), kL displays
an inverse trend (Fig. 7(b)). Thus, the reduction of ke is very
important to overcompensate the rebound of kL. Furthermore,
the increased kL with respect to the increased Co content is
Fig. 7 Temperature dependence of ktot (a and c) and kL (b and d) for
the Co-doped and Hf-doped ZrNiInxSb1�x based HH alloy samples.
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counter-intuitive, since heavier alloying usually scatters
phonons more strongly. The Rietveld analysis (Table S1†) sug-
gested that the half-Heusler phase has a phase content of �98.6
mass% for the Zr0.9Ni0.65Co0.25In0.4Sb0.6 sample; therefore, the
impurity phases should contribute negligibly to the varied
lattice thermal conductivity. Furthermore, we observe a trend of
grain enlargement with more Co following the SEM results
(Fig. S2†), which could be partially accountable for the
enhanced kL. The mechanism of such a grain-enlargement is
not well understood, but it has been widely reported for half-
Heusler materials that, under the same preparation condi-
tions, a lower electrical resistivity usually yields a small grain
size.33,34 This is probably due to less Joule heating produced
during sintering. In addition, our group recently revealed that
a higher doping level will induce, spontaneously, a stronger
charge-compensation effect in the half-Heusler compounds by
producing charged point defects to counteract the extrinsic
doping.34 This effect is widely appreciated in tuning the elec-
tronic transport, but it can also signicantly intensify the pho-
nonic scattering. The substitution of Co at the Ni sites reduces
the carrier concentration/doping level, thus reducing the
formation of charged point defects that are against the extrinsic
doping. Admittedly, considering the complex multiple-
elemental nature and the formation of impurities, it is very
challenging to quantify the point defect through renement
based on a Mo anode. Diffraction patterns with higher quality
are necessary such as those obtained by synchrotron or even
neutron radiation. These will be subject to future studies.

For Zr0.9�zHfzNi0.65Co0.25In0.4Sb0.6 samples, the ktot gradually
decreases as the Hf content increases, while there is only
a negligible difference of ke (Fig. S4(c)†). Hence, the decrease of
ktot is related to a stronger mass uctuation induced by higher
Hf contents. In particular, the lowest kL of Zr0.7Hf0.2Ni0.65-
Co0.25In0.4Sb0.6 is �4.1 W m�1 K�1 at room temperature and
�1.81 W m�1 K�1 at 973 K as given in Fig. 7(d). Finally, the zT
values increase from �0.1 to �0.4 at 973 K with a tuned carrier
concentration by Co-doping and are further improved to�0.5 at
973 K with suppressed lattice thermal conductivity realized in
the compound with the nominal stoichiometry Zr0.7Hf0.2-
Ni0.65Co0.25In0.4Sb0.6 as shown in Fig. 1(c). Additionally, the
optimum zT of the newly discovered ZrNi(In,Sb) compounds is
comparable with that of other double HH systems21,35–37

(Fig. S5†), demonstrating that ZrNi(In,Sb) compounds enrich
the HH families and can potentially be applied in electricity
generation.

4 Conclusion

In this work, we proposed and examined the thermoelectric
properties of new double HH ZrNi(In,Sb) compounds. We also
demonstrated how the phase purity evolves by controlling the
In/Sb ratio and the nominal content of Zr and Ni, doping the Ni
sites with Co, and substituting Hf for Zr. The interrelated TE
parameters are partially decoupled, through which simulta-
neously optimized electronic and phononic properties could be
realized. A reduced kL � 1.8 W m�1 K�1 and a peak zT � 0.5 are
obtained for the compound with a nominal stoichiometry of
13482 | J. Mater. Chem. A, 2022, 10, 13476–13483
Zr0.7Hf0.2Ni0.65Co0.25In0.4Sb0.6 at 973 K. These ndings reveal
the role of Co doping in improving the PF via tuning the charge
carrier concentration and the role of Hf in suppressing kL by
enhancing the point defect-related phonon scattering. The
enhanced TE performance indicated the effectiveness of this
strategy and suggests its potential for further enhancement,
which may help enrich HH families and discover novel
materials.
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