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A B S T R A C T

The off-stoichiometry i.e., ZrNi1+δSn ( ), and carrier modulation are the two approaches that have sepa-
rately been found effective mainly to reduce thermal conductivity and improve power factor, respectively. This
work explores the combined effect of both of these approaches by tuning the carrier density by varying the Sb-
concentration in off-stoichiometric ZrNi1.04Sn, which shifts the conduction band towards the Fermi level as con-
firmed by the band structure calculations. The maximum thermoelectric figure-of-merit ZT∼0.95 at ∼873 K was
achieved in the optimum composition ZrNi1.04Sn0.975Sb0.025. For evaluating the device applicability of the synthe-
sized materials, the cumulative temperature dependence (CTD) model was applied, predicting the single leg max-
imum efficiency ∼8.6% at ΔT ∼ 546 K. A series of calculations have been performed to predict electronic band
structure and electronic transport properties to unearth the underlying physics. The microhardness and fracture
toughness were determined to ensure that the enhanced thermoelectric performance is not deteriorating me-
chanical robustness.

1. Introduction

The waste heat dumped in the environment needs to be cut down to
reduce global warming. Thermoelectric has gained tremendous atten-
tion in the past few decades due to its ability to generate electricity us-
ing waste heat [1], as well as cooling applications [2]. The figure of
merit, is the widely recognized parameter for determining
TE performance of the material, where, , , , and are the Seebeck
coefficient, electrical conductivity, absolute temperature, and thermal
conductivity, respectively. is the power factor ( ) which deter-
mines the electronic performance of the TE material.

In mid-to-high temperature range, some of the highly potential ma-
terials are GeTe [3,4], skutterudites [5,6], and half-Heusler (HH) alloys
[7,8]. ZrNiSn-based HHs are more attractive owing to their mechanical
robustness and stability [9,10]. However, its TE performance needs to
be enhanced to develop efficient thermoelectric generators (TEGs). In
view of this, Hf has been widely explored as the most effective dopant

for achieving high TE performance in ZrNiSn [11,12]. However, Hf's
high cost and scarcity are of significant concern [13]. Therefore, the
quest for efficient Hf-free ZrNiSn HHs is highly desirable which are
more promising economically as well as environmentally. The primary
strategies of thermoelectric performance enhancement mainly involve
power factor enhancement, reduction of thermal conductivity, or their
combination. Several approaches such as carrier density modulation
[14–17], electron energy filtering [18], and resonance doping [19,20]
have been found effective to improve the power factor of ZrNiSn;
whereas, nanostructuring [21], nanoinclusion/nanocomposite [22,23],
off-stoichiometry [24,25], doping/alloying [7,26,27], are for reducing
the thermal conductivity. Among these approaches, carrier density
modulation is a well-established approach for power factor enhance-
ment. Several studies suggest the effectiveness of carrier density modu-
lation using different dopants such as Ta [7,16], La [26], Nb [17,28], Sb
[15,29,30], and Cu [31] for enhancing the power factor. Here, it may
be noted that Sb has emerged out as a potential dopant for tuning the
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carrier concentration which leads to the enhancement in . Xie et al.
[30] have investigated the intrinsic disorder and Sb-doping in ZrNiSn
HH alloys and exhibit the maximum ∼0.8 at ∼875 K in
ZrNiSn0.99Sb0.01 HH alloy. Akram et al. [29] exhibit a maximum ZT of
0.83 at 923 K in Hf0.25Zr0.75NiSn0.985Sb0.015 by tuning Sb-content lead-
ing to the carrier density modulation. Further, the stoichiometric modu-
lation i.e., Ni1+δ (0 < δ < 1) in ZrNiSn [24,25,32,33] has been estab-
lished to enhance the TE performance by reducing the thermal conduc-
tivity and also increases the power factor. In our recent study, we inves-
tigated the off-stoichiometric composition ZrNi1.04Sn with isoelectronic
Ge-doping and found a significant enhancement in ZT [34].

In the present work, we synergistically combined the charge carrier
density modulation with off-stoichiometry, and studied the effect of
charge carrier density modulation in the off-stoichiometric composition
ZrNi1.04Sn by using Sb as dopant at Sn-site. The samples ZrNi1.04Sn1-xSbx
(x = 0.01–0.04) were synthesized employing arc melting followed by
spark plasma sintering. The temperature-dependent electronic and
thermal transport properties were measured, and the results were com-
pared with ZrNi1.04Sn and ZrNiSn reported in our earlier works [27,34].
The energy conversion parameters were calculated using the cumula-
tive temperature dependence (CTD) model [35–37], exhibiting maxi-
mum efficiency of ∼8.6% at ΔT ∼ 546 K in the sample
ZrNi1.04Sn0.975Sb0.025 showing maximum peak ZT∼ 0.95 at ∼873 K. Fur-
ther, to deepen the insight into the physics of experimental results, we
also performed the electronic band structure and electronic transport
properties calculations employing density functional theory (DFT). The
mechanical robustness has been studied, which is also a pre-requisite
for fabricating TE devices.

2. Experimental details

To synthesize the samples of compositions ZrNi1.04Sn1−xSbx
(x = 0.01− 0.04), the elements Zr, Ni, Sn, and Sb of high purity were
taken in the stoichiometric proportion and then arc melted using arc-
melter (MAM-1) under an inert atmosphere of argon gas. The arc-
melted buttons were remelted after flipping several times to ensure stoi-
chiometric uniformity. The ingots obtained post arc-melting were
ground using a mortar-pestle to a fine powder. The fine powder was
then consolidated in a 12.7 mm inner diameter graphite die and sin-
tered at ∼1473 K under ∼50 MPa by employing spark plasma sintering
(SPS; Dr. Sinter, 725). The density of all of the synthesized samples was
measured using the instrument (ML204/A01, Mettler Toledo) based on
Archimedes’ principle.

The phase investigation was performed using X-ray diffraction
(XRD; Rigaku Miniflex II), and the Rietveld refinement was executed
utilizing the FullProf Suite package. The field emission scanning elec-
tron microscope (FESEM; TESCAN MAGNA GMH) and energy disper-
sive X-ray spectroscopy (EDS; EDAX OCTANE ELECT SUPER) were em-
ployed for surface morphology and elemental analysis, respectively.
The thermal diffusivity (D) was determined by employing laser flash an-

alyzer (LFA; Linseis 1000). Then samples were cut into rectangular
shapes to measure the Seebeck coefficient (S) and electrical resistivity
simultaneously using ULVAC, ZEM 3. The specific heat ( ) was deter-
mined by employing a differential scanning calorimeter (DSC; NET-
ZSCH, 404 F3). Charge carrier concentration and carrier mobility were
determined at room temperature using the Hall effect measurement sys-
tem (HEMS, Nanomagnetics). Future Tech equipment (FM-e7) was em-
ployed for determining the microhardness and fracture toughness of all
well-polished samples, whereas, more details can be found in our ear-
lier study [34].

3. Computational details

The DFT-based calculations have been carried out by using Vienna
Ab-initio Simulation Package (VASP) [38]. VASP considers the pro-
jected augmented wave scheme for pseudo-potential calculations of ele-
ments. We opted Perdew-Burke-Ernzerhof [39,40] exchange correla-
tion functional form of generalized gradient approximation. The use of
AM05 functional [41–43] results precise structural parameters of pris-
tine HH-ZrNiSn, as discussed in our earlier report [34] and therefore
adopted in the present work also. We opted the supercell approach
while following doping of Ni and Sb in HH-ZrNiSn system and therefore
multiplying pristine unit cell by along x, y, and z-direction. For
the expansion of plane wave basis sets, we have used 550 eV cutoff en-
ergy including with Γ-centered k-points mesh. Integration of
the first Brillouin zone was performed by using Gaussian smearing
method while considering smearing width of 0.10 eV. In order to pre-
dict electronic transport properties of alloys, the BoltzTraP code [44]
was used. Before to perform any calculations we first minimize residual
force on atoms up to ≤0.01 eV/Å. All the results reported here were ex-
tracted while keeping very tight energy convergence criteria of
10−6 eV.

4. Results and discussion

The X-ray diffraction (XRD) spectra of all the samples
ZrNi1.04Sn1-xSbx (x = 0.01–0.04)) are shown in Fig. 1(a) which con-
firms the formation of half-Heusler phase. Further, the Rietveld refine-
ment of all the XRD patterns was executed to extract the lattice parame-
ters along with other fitting parameters which is shown in Table 1,
here, no significant change in lattice constant was observed with Sb-
doping owing to the comparable atomic radius of Sn and Sb [30,45].
The Rietveld refined pattern of the representative sample
ZrNi1.04Sn0.975Sb0.025 is shown in Fig. 1(b).

The surface morphology and elemental analysis of the representa-
tive sample ZrNi1.04Sn0.975Sb0.025 were investigated employing field
emission scanning electron microscope (FESEM) and energy dispersive
X-ray spectroscopy (EDS) analysis, shown in Fig. 2 which indicates the
in-situ evolution of minor secondary phases in the synthesized material.
The region a1 is representing the main matrix and its EDS analysis is

Fig. 1. (a) X-ray diffraction pattern of ZrNi1.04Sn1-xSbx (x = 0.01–0.04), (b) Rietveld refined XRD pattern of the representative ZrNi1.04Sn0.975Sb0.025 sample.

2



CO
RR

EC
TE

D
PR

OO
F

K.K. Johari et al. Ceramics International xxx (xxxx) 1–10

Table 1
The Rietveld refinement details of ZrNi1.04Sn1-xSbx (x = 0.01–0.04).
x Rp Rwp Re a (Å)

0.01 19.6 16.0 7.89 4.095 6.1179
0.02 18.7 19.0 7.03 7.334 6.1170
0.025 20.7 18.5 7.25 6.538 6.1141
0.03 17.7 14.8 8.96 2.718 6.1164
0.035 17.9 16.1 7.57 4.494 6.1133
0.04 21.9 19.7 8.15 5.827 6.1106

shown in Fig. 2(a1) which exhibits the stoichiometry close to the nomi-
nal. The bright and dark grey contrast are visible as the secondary re-
gions in the main matrix. The EDS analysis of the bright grey region
shown in Fig. 2(a2) indicates the minor secondary phase of Ni-Sn. Fur-

ther, the EDS analysis of the dark region given in Fig. 2(a3) exhibits the
Zr-rich phase. Furthermore, the Sn-Zr binary minor phase is determined
in Fig. 2(b & b1), also the substantial Ni-excess phase can be found in
Fig. 2(c & c1). Fig. 3 exhibits the microstructural analysis of the sample
ZrNi1.04Sn0.99Sb0.01 showing the excess of Ni content in the primary ma-
trix and Zr-rich secondary phase is also visible, which is very similar as
of the microstructure of the ZrNi1.04Sn0975Sb0.025. The presence of Sb in
both the samples has been realized. However, similar kinds of in-situ
secondary minor phases along with the full-Heusler phase were also ob-
served in isoelectronic Ge-doped ZrNi1.04Sn [34]. Here, it is worth men-
tioning that the expected full-Heusler (FH) phase due to an excess
amount of Ni, which was obtained in our earlier study [34] is not visi-
ble in the microstructure of the present study but we cannot rule out its
complete absence. The adopted processing route in this work is similar
to our previous work on off-stoichiometric ZrNiSn [34] which demon-

Fig. 2. FESEM and EDS analysis of ZrNi1.04Sn0.975Sb0.025.
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Fig. 3. FESEM and EDS analysis of ZrNi1.04Sn0.99Sb0.01.

strates detailed microstructural investigation; whereas, the present
work focuses on the effect of carrier density modulation on transport
properties.

To deepen our understanding of the electronic properties of the Sb-
doped ZrNi1.04Sn system, we have performed the electronic structure
calculations. The dispersion curves of ZrNi1.04Sn [34] and Sb-doped
ZrNi1.04Sn systems are illustrated in Fig. 4(a) and (b), respectively. In
the case of ZrNi1.04Sn, the narrow direct energy band gap of 0.12 eV
was predicted between the valence band maximum (VBM) and CBM at
the X-point of the Brillouin zone [34]. Looking at Fig. 4(a) and (b), it is
clear that the doping of Sb in ZrNi1.04Sn results in the shift of CBM be-
low to the Fermi energy level with no significant change in the nature of
bands and energy gap, exhibiting the transition of semiconductor
ZrNi1.04Sn to degenerate semiconductor Sb-doped ZrNi1.04Sn. In order
to understand the effect of Sb-doping on the transport properties of
ZrNi1.04Sn, we focus on the calculations of electrical conductivity scaled
by relaxation time ( ) and Seebeck coefficient (S) while varying tem-
perature and the results have been presented and compared with
ZrNi1.04Sn [34] in Fig. 4(c–f). From Fig. 4(c–f), it is obvious that the
of Sb-doped ZrNi1.04Sn increases while the S decreases which is an out-
come of semiconductor to degenerate semiconductor transition. In a
nut shell, the Sb-doping is responsible for semiconductor to degenerate
semiconductor transition without affecting the shape of the bands. It is
important to mention here that and S follow inverse proportional
relation while increasing the temperature.

The observed electronic transport properties of the samples
ZrNi1.04Sn1-xSbx are shown in Fig. 5. The temperature dependent electri-
cal conductivity (σ) is shown in Fig. 5(a). It is clear from Fig. 5(a) that
the electrical conductivity of Sb-doped samples is higher than that of
the pristine ZrNi1.04Sn. The Hall effect measurement was performed at
room temperature (RT) to understand electronic transport properties.
The Hall carrier concentration (nH) and mobility (μH) are given in Fig. 5
(b), exhibiting the enhanced nH and μH in Sb-doped compositions. Here,
it is worth mentioning that the observed simultaneous enhanced nH and
μH are out of line with their usual trade-off relationship, however, with
Sb-doping such kind of behavior has been observed earlier [30,45].
These improved nH and μH collectively contribute to the enhanced σ.
Further, σ increases with temperature of pristine ZrNi1.04Sn and thus ex-
hibits the semiconducting type behaviour, whereas, with Sb-doping the
semiconducting nature starts diminishing, and above 2.0 at% of Sb-
doping, it completely exhibits degenerate semiconducting behaviour.
The transition from semiconductor (ZrNi1.04Sn) to degenerate-
semiconductor (Sb-doped ZrNi1.04Sn) is in well accordance with the
band structure, shown in Fig. 4(a and b), which exhibits the shifting of
CBM below the Fermi level when Sb is doped in ZrNi1.04Sn. Our ob-
served behavior of electrical conductivity with Sb-doping in off-

stoichiometric ZrNi1.04Sn HH is in good agreement to that of deter-
mined earlier in Sb-doped ZrNiSn-based HH alloys [29,30,45]. The
maximum σ∼ 2.55 105 Sm−1 at ∼873 K was observed in
ZrNi1.04Sn0.96Sb0.04 which is ∼147% higher than that of pristine
ZrNi1.04Sn [34] and also it exhibits more than two-fold enhancement
than pure ZrNiSn [27].

The temperature dependence of Seebeck coefficient (S) of all the
samples is shown in Fig. 5(c). A reduction in |S| is observed with in-
creasing Sb-doping in ZrNi1.04Sn which is in accordance with the obser-
vations made earlier in Sb-doped ZrNiSn-based HH alloys [29,30,45].
The Pisarenko curve was plotted using the single parabolic band (SPB)
model under the consideration of scattering by acoustic phonons, em-
ploying the following relations [46,47].

(1)

(2)

Hall carrier concentration, , Hall factor,

, Fermi integral, , where,
is the Boltzmann constant, is the electronic charge, is the density of
states effective mass, is the temperature, and is Planck's constant.

It is clear from the pisarenko plot, shown in Fig. 5(d), that the den-
sity of states carrier effective mass is unaltered with Sb-doping, suggest-
ing no significant change in the shape of electronic bands which is also
visible in the theoretically predicted band structure shown in Fig. 4(a
and b). Therefore, the reduction in |S| with Sb-doping may be ascribed
to the enhanced , shown in Fig. 5(b). For a better understanding, we
have calculated the reduced chemical potential using equation (1). The
reduced chemical potential shown in Fig. 5(e), exhibits the systematic
increment with increasing Sb-concentration, suggesting the shifting of
the conduction band towards the Fermi level along with increasing
depth of penetration and thus leading to the enhancement of charge
carrier concentration. The shifting of the CBM below the Fermi level is
well supported by the band structure calculation shown in Fig. 4(a and
b). Further, |S| is decreasing with temperature for undoped ZrNi1.04Sn;
whereas, it is increasing with temperature for Sb-doped ZrNi1.04Sn,
which is in well agreement with the literature [29,30,45]. Thus, it can
be concluded that the charge carrier concentration is the foremost para-
meter governing the electronic transport. The reduction in |S| was ob-
served comparatively lower than that of the enhancement in the electri-
cal conductivity, which was realized in ZrNi1.04Sn0.96Sb0.04 showing
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Fig. 4. Calculated electronic transport properties of ZrNi1.04Sn (left panel) (Reprinted with permission from Ref. [34]. Copyright 2022 American Chemical Soci-
ety.) and Sb-doped ZrNi1.04Sn (right panel): (a, b) electronic band structure, (c, d) electrical conductivity scaled by relaxation time, (e, f) Seebeck coefficient.

|S|∼120.84 at ∼873 K which is ∼38% lower than that of the pris-
tine ZrNi1.04Sn [34] and ∼42% lower than that of pure ZrNiSn [27].

The power factor ( ) describes electronic performance derived syn-
ergistically from the S and . The α is depicted in Fig. 5(f), exhibiting
substantial enhancement in all the Sb-doped samples compared to pris-
tine ZrNi1.04Sn. Further, of all the samples ZrNi1.04Sn1-xSbx enhances
with increasing temperature and a maximum value ∼4.6 10−3

Wm−1K−2 at ∼873 K has been achieved for the composition
ZrNi1.04Sn0.975Sb0.025 which is ∼16% higher than that of the pristine
ZrNi1.04Sn [34] and ∼30% enhanced than pure ZrNiSn [27].

The temperature dependent thermal conductivity ( ) was deter-
mined employing the relation by using the measured thermal
diffusivity ( ), specific heat ( ), and mass density ( ), shown in Fig. 6
(a). Also, it is clear from Fig. 6(a) that the of Sb-doped samples at RT
is higher than that of the pristine ZrNi1.04Sn, these results are in well ac-
cordance with the literature [30,45]. We have observed the lowest

∼ 3.9 Wm−1K−1 at ∼624 K and ∼ 4.0 Wm−1K−1 at ∼873 K for the
composition ZrNi1.04Sn0.99Sb0.01 HH alloy which is lower than that of
the earlier reported in Hf-free Sb-doped ZrNiSn-based HH alloys
[30,45]. Further, here it is also noted that the observed is even lower
than that of the Hf-contained Sb-doped ZrNiSn-based HHs [29,48]. At

∼873 K, we have observed the maximum reduction of ∼10% in realiz-
ing ∼3.99 Wm−1K−1 in ZrNi1.04Sn0.99Sb0.01 compared to that of pristine
ZrNi1.04Sn [34], and this is ∼18% lower than that of pure ZrNiSn [27].
To understand how Sb-doping affects , we have separated electronic
thermal conductivity ( ) and lattice thermal conductivity ( ) using
the relation , and shown in Fig. 6(b) and (c), respectively.

The was calculated using the Wiedemann-Franz relation
, where, is Lorenz number calculated using the relation

, where is in 10−8 WΩK−2 when S in μVK−1 [49].
The is higher in Sb-doped samples than that of the pristine ZrNi1.04Sn
sample due to the reason that Sb-doped ZrNi1.04Sn are tending towards
the degenerate semiconductors owing to the increasing charge carrier
concentration. The increases with temperature in all the samples,
contributing significantly to at the high temperature shown in Fig. 6
(b). And it was observed that the maximum ∼4.06 Wm−1K−1 at 873 K
of ZrNi1.04Sn0.96Sb0.04 is ∼167% higher than that of the pristine
ZrNi1.04Sn [34], and it is ∼243% higher than that of pure ZrNiSn [27].
Further, the of the samples ZrNi1.04Sn1-xSbx is shown in Fig. 6(c). The

is decreasing with increasing temperature due to the enhanced scat-
tering of phonons at high temperatures. The reduction in with Sb-
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Fig. 5. (a) Electrical conductivity, (b) carrier concentration and mobility, (c) Seebeck coefficient, (d) Pisarenko plot, (e) reduced chemical, and (f) power factor, of
ZrNi1.04Sn1-xSbx (x = 0.01–0.04) samples. For comparison the data of pristine ZrNi1.04Sn (Reprinted with permission from Ref. [34]. Copyright 2022 American
Chemical Society.) and pure ZrNiSn (Reprinted with permission from Ref. [27]. Copyright 2019 American Chemical Society.) are taken from our earlier studies.

doping might be the collective outcome of phonon scattering owing to
the point defects due to Sn/Sb and interfaces of secondary phases. The
maximum reduction of ∼65% was observed in ZrNi1.04Sn0.975Sb0.025 at
∼873 K than ZrNi1.04Sn [34] and showing ∼1.0 Wm−1K−1 at 873 K,
which is ∼73% lower than that of pristine ZrNiSn [27]. The realized re-
duction in was overcompensated by the enhanced leading to the
increment of the total thermal conductivity in Sb-contained samples
than that of pristine counterpart ZrNi1.04Sn, except for two samples,
ZrNi1.04Sn0.99Sb0.01 and ZrNi1.04Sn0.975Sb0.025 at high temperature, and
the lowest ∼4.0 Wm−1K−1 at ∼873 K was observed in
ZrNi1.04Sn0.99Sb0.01 due to the optimization of and .

The temperature-dependent figure of merit (ZT) of the samples
ZrNi1.04Sn1-xSbx is shown in Fig. 6(d). The maximum ZT ∼0.95 at
∼873 K in the sample ZrNi1.04Sn0.975Sb0.025 was achieved due to the syn-
ergistic optimization of and . The enhancement in ZT has been suc-
cessively achieved as the ZT of ZrNi1.04Sn [34] is ∼22% higher than that
of pure ZrNiSn [27], and further, the ZT of ZrNi1.04Sn0.975Sb0.025 is
∼22% higher than pristine ZrNi1.04Sn [34]. In view of this, a maximum
of ∼48% enhancement was observed by synergistically combining the
two approaches of off-stoichiometry along with charge carrier modula-
tion. Here, it is worth mentioning that the present study realized an ex-
cellent high ∼4.6 × 10−3 Wm−1K−2 at ∼873 K in the sample
ZrNi1.04Sn0.975Sb0.025, and further enhancement in ZT may be achieved

by reducing the thermal conductivity and maintaining the power fac-
tor.

For device performance analysis, we opted the cumulative tempera-
ture dependence (CTD) model [35–37] and predicted the single leg en-
ergy conversion performance parameters such as engineering figure of
merit (ZT)eng, output power density (Pd) at maximum efficiency, and
maximum energy efficiency considering the leg thickness of t = 2 mm
and cold end temperature TC = 323 K, employing the following rela-
tions. The maximum energy conversion efficiency as noted:

Where, = (TH-TC)/TH is the Carnot efficiency, TC and TH are the
temperature of the cold and hot end, respectively, and is a dimension-

less intensity factor of the Thomson effect, , and (ZT)eng is

the engineering figure of merit and given as:
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Fig. 6. (a) Thermal conductivity, (b) electronic thermal conductivity, (c) lattice thermal conductivity, and (d) Figure of merit, of ZrNi1.04Sn1-xSbx (x = 0.01–0.04)
samples. For comparison the data of pristine ZrNi1.04Sn (Reprinted with permission from Ref. [34]. Copyright 2022 American Chemical Society.) and pure ZrNiSn
(Reprinted with permission from Ref. [27]. Copyright 2019 American Chemical Society.) are taken from our earlier studies.

The output power density at maximum efficiency is expressed as

where is the temperature gradient.
The temperature dependence consideration of the thermoelectric

properties in CTD model, makes it more consistent for predicting the TE
device performance. ZT evaluates the material performance at a certain
temperature or for very short difference of temperature due to tempera-
ture-independent consideration of properties, whereas, (ZT)eng is con-
sidered as the better evaluator of TE material and device for large tem-
perature difference condition. The calculated (ZT)eng of all the samples
is shown in Fig. 7(a), exhibiting the increasing trend with increasing
temperature gradient and the maximum value of (ZT)eng ∼0.46 at
ΔT ∼ 546 K. This maximum (ZT)eng is ∼41% enhanced than that of pre-
dicted for pristine ZrNi1.04Sn [34] and ∼109% higher than that of pure
ZrNiSn [27]. The Pd increases with increasing temperature gradient and
we observed that the Pd is more likely to follow the trend of (PF)eng with
Sb-doping as shown in the inset of Fig. 7(b). The maximum value of Pd
∼14.5 Wcm−2 at ΔT ∼546 K was predicted for the two samples
ZrNi1.04Sn0.975Sb0.025 and ZrNi1.04Sn0.975Sb0.035, due to its maximum
(PF)eng ∼ 2.1 Wm−1K−1. The maximum efficiency of ∼8.6% at ΔT
∼546 K was projected for the composition ZrNi1.04Sn0.975Sb0.025 which
is ∼24% higher than predicted for pristine ZrNi1.04Sn [34], and ∼73%
enhanced than pure ZrNiSn [27], shown in Fig. 7(c). For comparing our
energy conversion performance parameters, we have extracted the

(ZT)eng and ηmax using the TE data reported in the literature showing
ZT∼1 which is comparable with our maximum ZT∼0.95 at ∼873 K and
shown in Fig. 7(d). Here, it is worth noting that our peak ZT at high
temperature is among the lowest values of the compared data, however,
our (ZT)eng is among the highest values, as shown in Fig. 7(e). Here, it
may be noted that a lot of work has been carried out by various groups,
but in the present study, we have extracted (ZT)eng for very few of them.
The lies in the highest values following the (ZT)eng among the com-
pared data at high-temperature gradient shown in Fig. 7(f), exhibiting
that (ZT)eng is the more crucial parameter rather than peak ZT for defin-
ing the energy conversion performance.

Apart from the high TE performance, the mechanical strength of the
material is equally desirable to design the sustainable efficient TE de-
vice. For ensuring the robust mechanical properties of HH alloys, we
have determined the microhardness and fracture toughness of all the
samples ZrNi1.04Sn1-xSbx (x = 0.01–0.04). These properties are com-
pared with the pristine ZrNi1.04Sn and other ZrNiSn-based HHs avail-
able in the literature, and shown in Fig. 8. It is clear from Fig. 8 that the
mechanical properties i.e. microhardness and fracture toughness of the
ZrNi1.04Sn1-xSbx (x = 0.01–0.04) samples are ∼8 GPa and ∼2 MPa-
m1/2, respectively, which are in well agreement with the available liter-
ature [50,51]. In a nutshell, the mechanical properties remain intact
while the TE performance improved.

5. Conclusion

In the present work, we have attempted carrier concentration modu-
lation using Sb as a dopant in off-stoichiometric ZrNi1.04Sn at the Sn
site. The alteration of reduced chemical potential modulates the carrier
concentration in ZrNi1.04Sn1-xSbx when increasing Sb-concentration.
The improved and results in the tremendous enhancement in .
The increased is significantly contributing to the enhancement of
and raised it to 4.6 10−3 Wm−1K−2 at ∼873 K in ZrNi1.04Sn0.975Sb0.025.
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Fig. 7. (a) Engineering ZT, (b) output power density at maximum efficiency (inset: engineering power factor), (c) maximum conversion efficiency, of
ZrNi1.04Sn1-xSbx (x = 0.01–0.04) samples. For comparison, the data of pristine ZrNi1.04Sn (Reprinted with permission from Ref. [34]. Copyright 2022 American
Chemical Society.) and pure ZrNiSn (Reprinted with permission from Ref. [27]. Copyright 2019 American Chemical Society.) are taken from our earlier studies
and calculated the thermoelectric power conversion performance parameters. For comparison of (d) figure of merit ZT, (e) Engineering ZT, and (f) maximum con-
version efficiency, of the representative sample ZrNi1.04Sn0.97Sb0.25; the data are taken with permission from Ref. a [24], Ref. b [15], Ref. c [34] and calculated the
thermoelectric power conversion performance parameters.

Further, the lattice thermal conductivity was reduced enormously, but
it was overcompensated by enhanced . Therefore, no considerable
decrement in was observed. The maximum ZT ∼0.95 at ∼873 K was
attained in the composition ZrNi1.04Sn0.975Sb0.025 and the single leg
maximum energy conversion efficiency ∼8.6% at ΔT ∼546 K was pre-
dicted employing the CTD model. Further, the experimental results are
well supported with electronic structure calculations based on density
functional theory. Here, it is worth emphasizing that, the mechanical
robustness is intact even after the enhanced TE performance, which is
making the proposed composition more suitable for designing the TE
generator.

Author credit

K.K.J.: Material synthesis, characterization, data analysis, and pre-
pared the first draft of the manuscript.

A.K.V.: Formal analysis.
N.K.U., R.S.: Methodology.

D.K.S., S.K.: Theoretical calculations and analysis.
B.G.: Conceptualization, visualization, review, and editing.

Data availability

The data that support the findings of this study is available upon re-
quest from the authors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We sincerely acknowledge the Director, CSIR-National Physical Lab-
oratory, New Delhi, India, for providing the facilities, and K.K.J. sin-

8



CO
RR

EC
TE

D
PR

OO
F

K.K. Johari et al. Ceramics International xxx (xxxx) 1–10

Fig. 8. Microhardness and fracture toughness with their standard deviation of
ZrNi1.04Sn1−xSbx (x = 0.01−0.04), compared with our earlier study ZrNi1.04Sn
(Reprinted with permission from Ref. [34]. Copyright 2022 American Chemi-
cal Society.), and other ZrNiSn based HHs Ref. a [50], Ref. b [51].

cerely acknowledges the financial support (31/001(0488)/2017-EMR-
I) provided by CSIR-India. DKS thanks to Science and Engineering Re-
search Board (SERB) for the SERB-National Post-Doctoral Fellowship
vide file number PDF/2020/002789. AKV sincerely acknowledges the
financial support provided by UGC, India. We acknowledge Dr. J. S.
Tawale for FESEM and EDS measurements.

References

[1] S. LeBlanc, Thermoelectric generators: Linking material properties and systems
engineering for waste heat recovery applications, Sustainable Materials and
Technologies 1 (2014) 26–35.

[2] Z.-G. Chen, W.-D. Liu, Thermoelectric coolers: infinite potentials for finite
localized microchip cooling, J. Mater. Sci. Technol. 121 (2022) 256–262.

[3] L.C. Yin, W.D. Liu, M. Li, D.Z. Wang, H. Wu, Y. Wang, L. Zhang, X.L. Shi, Q. Liu,
Z.G. Chen, Interstitial Cu: an effective strategy for high carrier mobility and high
thermoelectric performance in GeTe, Adv. Funct. Mater. (2023) 2301750.

[4] D.-Z. Wang, W.-D. Liu, M. Li, L.-C. Yin, H. Gao, Q. Sun, H. Wu, Y. Wang, X.-L. Shi,
X. Yang, Simultaneously achieving high ZT and mechanical hardness in highly
alloyed GeTe with symmetric nanodomains, Chem. Eng. J. 441 (2022) 136131.

[5] Z.-Y. Liu, J.-L. Zhu, X. Tong, S. Niu, W.-Y. Zhao, A review of CoSb 3-based
skutterudite thermoelectric materials, Journal of Advanced Ceramics 9 (2020)
647–673.

[6] R. Bhardwaj, A.K. Verma, K.K. Johari, N.S. Chauhan, S. Bathula, S. Dhakate, A.
Dhar, B. Gahtori, CoSb3 based thermoelectric elements pre-requisite for device
fabrication, Solid State Sci. 129 (2022) 106900.

[7] D. Zhao, M. Zuo, Z. Wang, X. Teng, H. Geng, Synthesis and thermoelectric
properties of tantalum-doped ZrNiSn half-Heusler alloys, Functional Materials
Letters 7 (2014) 1450032.

[8] N.S. Chauhan, Y. Miyazaki, A mechanistic view of defect engineered VFeSb half-
Heusler alloys, Materials Advances 3 (2022) 8498–8511.

[9] S.J. Poon, Half Heusler compounds: promising materials for mid-to-high
temperature thermoelectric conversion, J. Phys. Appl. Phys. 52 (2019) 493001.

[10] S. Culp, S. Poon, N. Sorloaica, T. Tritt, Complex MNiSn phases as stable high-
temperature thermoelectric materials, ICT 2005, in: 24th International Conference
on Thermoelectrics, 2005, IEEE, 2005, pp. 384–387.

[11] Y. Kimura, H. Ueno, Y. Mishima, Thermoelectric properties of directionally
solidified half-heusler (M 0.5 a, M 0.5 b) NiSn (ma, Mb= Hf, Zr, Ti) alloys, J.
Electron. Mater. 38 (2009) 934–939.

[12] N.S. Chauhan, S. Bathula, A. Vishwakarma, R. Bhardwaj, K.K. Johari, B. Gahtori,
M. Saravanan, A. Dhar, Compositional tuning of ZrNiSn half-Heusler alloys:
thermoelectric characteristics and performance analysis, J. Phys. Chem. Solid. 123
(2018) 105–112.

[13] S.A. Barczak, J.E. Halpin, J. Buckman, R. Decourt, M. Pollet, R.I. Smith, D.A.
MacLaren, J.-W.G. Bos, Grain-by-Grain compositional variations and interstitial
Metals· A New route toward achieving high performance in half-heusler
thermoelectrics, ACS Appl. Mater. Interfaces 10 (2018) 4786–4793.

[14] S. Katsuyama, H. Matsushima, M. Ito, Effect of substitution for Ni by Co and/or
Cu on the thermoelectric properties of half-Heusler ZrNiSn, J. Alloys Compd. 385

(2004) 232–237.
[15] C. Yu, T.-J. Zhu, R.-Z. Shi, Y. Zhang, X.-B. Zhao, J. He, High-performance half-

Heusler thermoelectric materials Hf1− x ZrxNiSn1− ySby prepared by levitation
melting and spark plasma sintering, Acta Mater. 57 (2009) 2757–2764.

[16] X. Yang, Z. Jiang, H. Kang, Z. Chen, E. Guo, D. Liu, F. Yang, R. Li, X. Jiang, T.
Wang, Enhanced thermoelectric performance of Zr1–x Ta x NiSn half-heusler alloys
by diagonal-rule doping, ACS Appl. Mater. Interfaces 12 (2019) 3773–3783.

[17] K.K. Johari, R. Bhardwaj, N.S. Chauhan, S. Bathula, S. Auluck, S.R. Dhakate, B.
Gahtori, High thermoelectric performance in n-type degenerate ZrNiSn-based half-
heusler alloys driven by enhanced weighted mobility and lattice anharmonicity,
ACS Appl. Energy Mater. 4 (2021) 3393–3403.

[18] N.S. Chauhan, S. Bathula, A. Vishwakarma, R. Bhardwaj, B. Gahtori, A.K.
Srivastava, M. Saravanan, A. Dhar, A nanocomposite approach for enhancement of
thermoelectric performance in Hafnium-free Half-Heuslers, Materialia 1 (2018)
168–174.

[19] J. Simonson, D. Wu, W. Xie, T. Tritt, S. Poon, Introduction of resonant states and
enhancement of thermoelectric properties in half-Heusler alloys, Phys. Rev. B 83
(2011) 235211.

[20] N.S. Chauhan, S. Bathula, A. Vishwakarma, R. Bhardwaj, B. Gahtori, A. Kumar,
A. Dhar, Vanadium-doping-induced resonant energy levels for the enhancement of
thermoelectric performance in Hf-free ZrNiSn half-Heusler alloys, ACS Appl.
Energy Mater. 1 (2018) 757–764.

[21] A. Bahrami, P. Ying, U. Wolff, N.P. Rodríguez, G. Schierning, K. Nielsch, R. He,
Reduced lattice thermal conductivity for half-heusler ZrNiSn through cryogenic
mechanical alloying, ACS Appl. Mater. Interfaces 13 (2021) 38561–38568.

[22] Y. Liu, P. Sahoo, J.P. Makongo, X. Zhou, S.-J. Kim, H. Chi, C. Uher, X. Pan, P.F.
Poudeu, Large enhancements of thermopower and carrier mobility in quantum dot
engineered bulk semiconductors, J. Am. Chem. Soc. 135 (2013) 7486–7495.

[23] X. Huang, Z. Xu, L. Chen, The thermoelectric performance of ZrNiSn/ZrO2
composites, Solid State Commun. 130 (2004) 181–185.

[24] N.S. Chauhan, S. Bathula, B. Gahtori, S.D. Mahanti, A. Bhattacharya, A.
Vishwakarma, R. Bhardwaj, V.N. Singh, A. Dhar, Compositional tailoring for
realizing high thermoelectric performance in hafnium-free n-type zrnisn half-
heusler alloys, ACS Appl. Mater. Interfaces 11 (2019) 47830–47836.

[25] J.P.A. Makongo, D.K. Misra, X. Zhou, A. Pant, M.R. Shabetai, X. Su, C. Uher, K.L.
Stokes, P.F.P. Poudeu, Simultaneous large enhancements in thermopower and
electrical conductivity of bulk nanostructured half-heusler alloys, J. Am. Chem.
Soc. 133 (2011) 18843–18852.

[26] R. Akram, Q. Zhang, D. Yang, Y. Zheng, Y. Yan, X. Su, X. Tang, Enhanced
thermoelectric properties of La-doped ZrNiSn half-Heusler compound, J. Electron.
Mater. 44 (2015) 3563–3570.

[27] K.K. Johari, R. Bhardwaj, N.S. Chauhan, B. Gahtori, S. Bathula, S. Auluck, S.
Dhakate, Band structure modification and mass fluctuation effects of isoelectronic
germanium-doping on thermoelectric properties of ZrNiSn, ACS Appl. Energy
Mater. 3 (2019) 1349–1357.

[28] H. Muta, T. Kanemitsu, K. Kurosaki, S. Yamanaka, High-temperature
thermoelectric properties of Nb-doped MNiSn (M= Ti, Zr) half-Heusler compound,
J. Alloys Compd. 469 (2009) 50–55.

[29] R. Akram, Y. Yan, D. Yang, X. She, G. Zheng, X. Su, X. Tang, Microstructure and
thermoelectric properties of Sb doped Hf0. 25Zr0. 75NiSn Half-Heusler compounds
with improved carrier mobility, Intermetallics 74 (2016) 1–7.

[30] H. Xie, H. Wang, C. Fu, Y. Liu, G.J. Snyder, X. Zhao, T. Zhu, The intrinsic disorder
related alloy scattering in ZrNiSn half-Heusler thermoelectric materials, Sci. Rep. 4
(2014) 1–6.

[31] S. Barczak, R. Quinn, J. Halpin, K. Domosud, R. Smith, A. Baker, E. Don, I.
Forbes, K. Refson, D. MacLaren, Suppression of thermal conductivity without
impeding electron mobility in n-type XNiSn half-Heusler thermoelectrics, J. Mater.
Chem. 7 (2019) 27124–27134.

[32] Y. Liu, P. Sahoo, J.P.A. Makongo, X. Zhou, S.-J. Kim, H. Chi, C. Uher, X. Pan,
P.F.P. Poudeu, Large enhancements of thermopower and carrier mobility in
quantum dot engineered bulk semiconductors, J. Am. Chem. Soc. 135 (2013)
7486–7495.

[33] A. Bhardwaj, N.S. Chauhan, B. Sancheti, G.N. Pandey, T.D. Senguttuvan, D.K.
Misra, Panoscopically optimized thermoelectric performance of a half-Heusler/full-
Heusler based in situ bulk composite Zr0.7Hf0.3Ni1+xSn: an energy and time
efficient way, Phys. Chem. Chem. Phys. 17 (2015) 30090–30101.

[34] K.K. Johari, D.K. Sharma, A.K. Verma, R. Bhardwaj, N.S. Chauhan, S. Kumar,
M.N. Singh, S. Bathula, B. Gahtori, In situ evolution of secondary metallic phases in
off-stoichiometric ZrNiSn for enhanced thermoelectric performance, ACS Appl.
Mater. Interfaces 14 (2022) 19579–19593.

[35] H.S. Kim, W. Liu, G. Chen, C.-W. Chu, Z. Ren, Relationship between
thermoelectric figure of merit and energy conversion efficiency, Proc. Natl. Acad.
Sci. USA 112 (2015) 8205–8210.

[36] H. Armstrong, M. Boese, C. Carmichael, H. Dimich, D. Seay, N. Sheppard, M.
Beekman, Estimating energy conversion efficiency of thermoelectric materials:
constant property versus average property models, J. Electron. Mater. 46 (2017)
6–13.

[37] H.S. Kim, W. Liu, Z. Ren, The bridge between the materials and devices of
thermoelectric power generators, Energy Environ. Sci. 10 (2017) 69–85.

[38] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169.

[39] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (1996) 3865.

[40] J.P. Perdew, K. Burke, M. Ernzerhof, Erratum: generalized gradient
approximation made simple, Phys. Rev. Lett. 78 (1997) 1396.

[41] R. Armiento, A.E. Mattsson, Functional designed to include surface effects in self-

9

http://refhub.elsevier.com/S0272-8842(23)01450-5/sref1
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref1
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref1
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref2
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref2
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref3
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref3
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref3
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref4
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref4
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref4
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref5
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref5
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref5
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref6
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref6
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref6
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref7
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref7
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref7
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref8
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref8
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref9
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref9
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref10
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref10
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref10
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref11
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref11
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref11
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref12
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref12
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref12
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref12
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref13
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref13
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref13
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref13
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref14
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref14
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref14
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref15
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref15
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref15
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref16
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref16
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref16
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref17
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref17
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref17
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref17
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref18
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref18
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref18
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref18
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref19
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref19
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref19
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref20
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref20
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref20
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref20
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref21
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref21
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref21
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref22
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref22
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref22
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref23
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref23
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref24
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref24
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref24
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref24
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref25
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref25
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref25
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref25
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref26
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref26
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref26
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref27
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref27
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref27
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref27
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref28
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref28
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref28
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref29
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref29
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref29
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref30
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref30
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref30
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref31
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref31
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref31
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref31
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref32
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref32
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref32
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref32
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref33
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref33
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref33
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref33
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref34
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref34
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref34
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref34
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref35
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref35
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref35
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref36
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref36
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref36
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref36
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref37
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref37
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref38
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref38
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref39
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref39
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref40
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref40
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref41


CO
RR

EC
TE

D
PR

OO
F

K.K. Johari et al. Ceramics International xxx (xxxx) 1–10

consistent density functional theory, Phys. Rev. B 72 (2005) 085108.
[42] A.E. Mattsson, R. Armiento, Implementing and testing the AM05 spin density

functional, Phys. Rev. B 79 (2009) 155101.
[43] A.E. Mattsson, R. Armiento, J. Paier, G. Kresse, J.M. Wills, T.R. Mattsson, The

AM05 density functional applied to solids, J. Chem. Phys. 128 (2008) 084714.
[44] G.K.H. Madsen, D.J. Singh, BoltzTraP. A code for calculating band-structure

dependent quantities, Comput. Phys. Commun. 175 (2006) 67–71.
[45] T. Hu, D. Yang, X. Su, Y. Yan, Y. You, W. Liu, C. Uher, X. Tang, Interpreting the

combustion process for high-performance ZrNiSn thermoelectric materials, ACS
Appl. Mater. Interfaces 10 (2018) 864–872.

[46] A.F. May, G.J. Snyder, Introduction to Modeling Thermoelectric Transport at
High Temperatures, Materials, Preparation, and Characterization in
Thermoelectrics, CRC press, 2017, pp. 207–224.

[47] H. Naithani, T. Dasgupta, Critical analysis of single band modeling of
thermoelectric materials, ACS Appl. Energy Mater. 3 (2019) 2200–2213.

[48] K.W. Bae, J.Y. Hwang, S.-i. Kim, H.M. Jeong, S. Kim, J.-H. Lim, H.-S. Kim, K.H.
Lee, Thermoelectric transport properties of n-type Sb-doped (Hf, Zr, Ti) NiSn half-
heusler alloys prepared by temperature-regulated melt spinning and spark plasma
sintering, Appl. Sci. 10 (2020) 4963.

[49] H.-S. Kim, Z.M. Gibbs, Y. Tang, H. Wang, G.J. Snyder, Characterization of Lorenz
number with Seebeck coefficient measurement, Apl. Mater. 3 (2015) 041506.

[50] X. Fan, Mechanical Characterization of Hydroxyapatite, Thermoelectric
Materials and Doped Ceria, Michigan State University. Materials Science and
Engineering, 2013.

[51] G. Rogl, A. Grytsiv, M. Gürth, A. Tavassoli, C. Ebner, A. Wünschek, S. Puchegger,
V. Soprunyuk, W. Schranz, E. Bauer, H. Müller, M. Zehetbauer, P. Rogl, Mechanical
properties of half-Heusler alloys, Acta Mater. 107 (2016) 178–195.

10

http://refhub.elsevier.com/S0272-8842(23)01450-5/sref41
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref42
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref42
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref43
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref43
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref44
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref44
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref45
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref45
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref45
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref46
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref46
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref46
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref47
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref47
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref48
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref48
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref48
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref48
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref49
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref49
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref50
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref50
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref50
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref51
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref51
http://refhub.elsevier.com/S0272-8842(23)01450-5/sref51

	The charge carrier density modulation in off-stoichiometric ZrNiSn leads to enhanced thermoelectric performance
	1. Introduction
	2. Experimental details
	3. Computational details
	4. Results and discussion
	5. Conclusion
	Author credit
	Data availability
	Acknowledgements
	References


	fld90: 
	fld91: 
	fld132: 
	fld150: 
	fld191: 
	fld223: 
	fld242: 
	fld265: 
	fld277: 
	fld413: 


