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Interstitial Defect Modulation Promotes Thermoelectric
Properties of p-Type HfNiSn

Xin Ai, Wenhua Xue, Lars Giebeler, Nicolás Pérez, Binghua Lei, Yue Zhang, Qihao Zhang,
Kornelius Nielsch, Yumei Wang,* and Ran He*

The n-type MNiSn (M = Ti, Zr, or Hf ) half-Heusler compounds are reported
as promising medium- and high-temperature thermoelectric materials;
however, their p-type counterparts have suffered from poor performance due
to the in-gap state caused by Ni occupying the tetrahedral interstitials.
Inspired by recent findings that thermoelectric performance can be enhanced
without substantially increasing compositional or structural complexity, the
study attempts to manipulate the Ni interstitial defects by altering the
stoichiometric composition. The results show that when HfNiSn is prepared
by a non-equilibrium method, the intrinsic Ni defects are effectively
suppressed by simply reducing the nominal Ni content. The suppression of
Ni defects not only leads to a larger bandgap, but also attenuates carrier
scattering to achieve higher mobility. After further optimization of the carrier
concentration, the p-type HfNi0.85Co0.05Sn achieves a maximum power factor
of 3100 μW m−1 K−2 at 773 K and a peak zT of ≈0.7 at 973 K, both of which
are superior to that of the state-of-the-art p-type MNiSn. The results
demonstrate that the off-stoichiometric ratio is effective in decoupling
electron-phonon transports of thermoelectric materials with massive intrinsic
defects, and also contribute to understanding the role of defect modulation in
optimizing thermoelectric properties.
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1. Introduction

Thermoelectric (TE) technology utilising
waste heat to generate electricity is recog-
nised as one of the most promising
approaches to alleviate the global fos-
sil fuel shortage and promoting ecologi-
cal sustainability.[1–3] The conversion ef-
ficiency of a TE device is strongly re-
lated to the performance of TE materials,
which is determined by the dimension-
less figure-of-merit (zT). zT = 𝛼2𝜎T/𝜅,
where 𝛼 is the Seebeck coefficient and 𝜎

the electrical conductivity, T is the abso-
lute temperature, and 𝜅 is the total ther-
mal conductivity that consists of the elec-
tronic (𝜅e), lattice (𝜅 l), and bipolar (𝜅bip)
thermal conductivity.[4–6] Therefore, good
thermoelectric materials require high
Seebeck coefficients, high electrical con-
ductivity and low thermal conductivity.
However, these parameters are strongly
intertwined, thus making zT enhance-
ment extremely complicated.[7,8] Over the
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past decades, a number of approaches have been devised
to improve the thermoelectric properties, including carrier
concentration optimization,[9] band structure engineering,[10–12]

hierarchical microstructure manipulation[13–16] and entropy
engineering.[17,18] Most of these strategies aim at increasing the
disorder of the material and thus effectively decoupling electron
and phonon transport.

In contrast, recent work has shown that reducing the defect
concentration can also decouple the transport of electrons and
phonons, especially for those with massive intrinsic defects.[19–21]

In this regard, the TE properties of compounds can be enhanced
by manipulating defects with less-alloyed compositions or even
without introducing any foreign elements, different from tradi-
tional extrinsic alloying. For example, trace amounts of copper
atoms are used to suppress intrinsic defects in Sn vacancies in
SnSe, thereby attenuating carrier scattering from defects and in-
creasing carrier mobility.[21] In addition, in GeTe compounds, a
“compositional plainification” strategy is proposed, whereby the
hole concentration is simply tuned by annealing without anti-
doping or heterogeneous alloying. As a result, the carrier mo-
bility was greatly improved due to the suppression of intrinsic
vacancies.[22] Another study found that the addition of excessive
Ge in GeTe compounds resulted in the same effect.[23] These
strategies refer to controlling intrinsic defects in materials with-
out involving compositional or structural complexity and present
a simple yet effective approach to TE optimization. Apart from
this, intrinsic defect modulation may restore the crystal structure
to an ordered state, which is essential for analyzing the inherent
effects of different types of defects on TE transports.

Among the various thermoelectric materials, half-Heusler
(HH) compounds are one of the most promising candidates for
mid- to high-temperature generators because of their high ther-
moelectric performance as well as their environmentally friendly,
outstanding thermal stability and mechanical robustness.[24,25]

Among them, n-type MNiSn (M = Ti, Zr, Hf) stands out with
zT exceeding 1.0 through strategies such as aliovalent dop-
ing, isoelectronic alloying, and nanostructuring.[26–29] In con-
trast, the thermoelectric properties of p-type MNiSn are still
much lower than their n-type counterparts, which limits the de-
velopment of MNiSn-based thermoelectric devices. The experi-
mental results contradict first-principle calculations, which pre-
dicted that the TE properties of p-type MNiSn could be simi-
lar to those of n-type compounds.[30] However, the current ex-
perimental results are far from expectations. Recent findings
suggest that this disparity originates from the formation of in-
terstitial Ni defects, that is, certain Ni atoms occupying other-
wise vacant 4d (3/4, 3/4, 3/4) lattice sites in nominally stoi-
chiometric polycrystalline MNiSn.[31,32] On one hand, these in-
terstitial Ni defects can be ionized to provide electrons, which
gives rise to an overall n-type conductive characteristic in the ab-
sence of any chemical doping.[33] On the other hand, an “im-
purity band” is induced in the forbidden band, resulting in a
narrowing of the bandgap (Eg) to 0.15 eV.[31–33] As a result, a
bipolar effect occurs at lower temperatures, thereby severely de-
teriorating the zT of p-type MNiSn compounds. Therefore, to
achieve high-performance p-type MNiSn, it is desirable to first
suppress the interstitial Ni defects to realize a primitive defect-
free structure without introducing compositional or structural
complexity.

The large difference in electronegativity between Ni and Hf
atoms in HfNiSn is favourable for the stabilization of Ni atoms
and the suppression of intrinsic interstitial Ni defects.[34,35] In
this regard, we synthesize HfNi1-xSn compounds with nominal
Ni deficiency. To avoid the formation of interstitial Ni defects
due to rapid crystal growth during high-temperature melting,
we employ a non-equilibrium approach that combines mechan-
ical alloying and spark plasma sintering. As a result, the off-
stoichiometric composition of HfNi1-xSn is largely tunable over
a range of x (up to 0.1 in this work) without secondary-phase
formation based on energy dispersive X-ray (EDS) analysis. The
Ni deficiency eliminates the in-gap state and gives rise to the
“real” bandgap (Eg) of HfNiSn (Figure 1a). The bandgap obtained
from the resistivity measurement (Eg_re) of HfNi1-xSn (x = 0.1) is
≈0.4 eV, which is higher than that of previously reported MNiSn
polycrystals[36] and close to that of ZrNiSn single crystals[37]

(Figure 1b). Further doping with cobalt adjusts the carrier con-
centration. The optimized composition, HfNi0.85Co0.05Sn, main-
tains a Goldsmid-Sharp bandgap[38] (Eg_GS) of 0.33 eV, still higher
than the literature values of MNiSn[32,35,39] (Figure 1c). Moreover,
by suppressing as many intrinsic Ni defects as possible, carrier
scattering is attenuated, leading to an increase in carrier mobility
(Figure 1a). The weighted mobility (μW) is thus elevated to 285
cm−2V−1s−1 along with an exceptional power factor(𝛼2𝜎) of 2300
μWm−1K−2 at room temperature, outperforming the reported
state-of-the-art p-type MNiSn compounds[32,35,40,41] (Figure 1d).
Finally, in combination with the reduced lattice thermal conduc-
tivity, a zT of ≈0.7 is achieved in HfNi0.85Co0.05Sn at 973 K, which
is the highest value among existing p-type MNiSn.

2. Results and Discussion

We first calculated the electronic band structures of HfNiSn com-
pounds with different defect concentrations and investigated the
contribution of suppressed Ni interstitial defects to the bandgap.
It is found when the interstitial Ni concentration decreases from
9.4% (three Ni 4d atoms in 2 × 2 × 2 supercell) to 3.1% (one Ni 4d
atom in 2 × 2 × 2 supercell), the dispersion of the impurity bands
narrows, yielding a bandgap widening of HfNiSn (Figure 2a,b). If
the Ni interstitial defects can be completely suppressed, a “true”
bandgap of 0.4 eV is exposed (Figure 2c). Besides, further calcula-
tion results suggested that the Ni deficit at the 4c position which
is an order site for Ni as shown in Figure S1a (Supporting Infor-
mation), has no significant effect on the energy band structure,
regardless of whether Ni is present at the 4d site or not (Figure
S1b,c, Supporting Information).

In light of this, we synthesized HfNi1-xSn (x = 0, 0.05, 0.1,
and 0.15) by a facile process combining mechanical alloying
and spark plasma sintering. XRD measurements on bulk sam-
ples indicate that all HfNi1-xSn are successfully synthesized with
the same half-Heusler phase (Figure S2, Supporting Informa-
tion). All XRD patterns are well indexed with a cubic MgAgAs-
type crystal structure with the space group F-43m.[24,42] The ac-
tual sample compositions determined by the inductively coupled
plasma optical emission spectroscopy (ICP-OES) closely match
their nominal compositions (Table S1, Supporting Information).
In addition, some signals of impurity phases with very low in-
tensity compared to the main half-Heusler phase are detected
in the XRD patterns of all samples. However, the backscattered

Adv. Energy Mater. 2024, 2401345 2401345 (2 of 10) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202401345 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [29/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 1. Bandgap enlargement and optimization of electrical properties by interstitial defect modulation in HfNiSn. a) Schematic showing the strategy
to suppress the intrinsic defects of HfNiSn, thereby increasing the bandgap and weakening carrier scattering. b) Energy bandgap Eg_re of MNiSn obtained
from resistivity measurements.[35–37] c) Goldsmid-Sharp bandgap Eg_GS of MNiSn.[32,35,39] d) Comparison of power factor and weighted mobility at room
temperature of Hf(Ni,Co)0.9Sn in this study with the reported state-of-the-art p-type MNiSn.[32,35,40,41]

electron images and corresponding elemental mappings show
the presence of a Ni-deficient phase in the x = 0.15 sam-
ple (Figure S3, Supporting Information). We further doped
HfNi0.9Sn with cobalt (Co) to modulate the carrier concentration.
The XRD patterns of bulk HfNi0.9-yCoySn with 0.01 ≤ y ≤ 0.09 are
presented in Figure S4 (Supporting Information), where all peaks
are well indexed to the cubic half-Heusler phase. The uniform
distributions of Hf, Ni, Sn, and Co are confirmed by elemental
mappings in Figure S5 (Supporting Information).

Subsequently, the amount of Ni interstitial defects in the
HfNi0.95Sn, HfNi0.9Sn, HfNi0.85Sn and HfNi0.85Co0.05Sn com-
pounds is estimated through powder XRD patterns using the Ri-
etveld method[43] (Figure 2d,e; Figure S6, Supporting Informa-
tion). The first step is to perform phase analyses, which shows
that as the Ni content decreases, the number of phases other than
HfNiSn increases, such as Hf and Hf-Sn alloy or HfO2 which
may be a residue of the metal before synthesis or a reaction prod-

uct of the metal with traces of residual oxygen during the synthe-
ses processes. This result implies that some Hf and Sn are lost
during the formation of the main half-Heusler phase, thus the ac-
tual compositions remain consistent with the stoichiometric ra-
tio of HfNiSn. After the exclusion of impurity phases, structural
models with different refinement scenarios, such as refinements
with or without 4c and 4d coupling as well as mixed occupancies
of certain crystalline sites, are used to achieve a variety of occu-
pancy capacities and to arrive at the most probable results. As a
result, by careful refining the 4d position occupancy, the Ni 4d
interstitial defects in the Ni-deficient samples are <1%, which is
lower than that of pristine HfNiSn[35] (3.3%, Figure 2f). The 4d
occupancy slightly increases with higher Ni deficiency, probably
due to the lack of Ni leading to a p-type growth, which triggers
n-type self-compensating defects (i.e., Ni 4d interstitials in this
case).[33,44] Specifically, the amounts of 4d interstitial Ni defects
in HfNi0.9Sn and HfNi0.85Co0.05Sn are estimated to ≈0.5%. These
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Figure 2. Influence of insufficient Ni on formation of Ni 4d interstitial defects and band structure. Calculated band structure of a) Hf32Ni32Sn32 with
three Ni 4d interstitial defects, b) Hf32Ni32Sn32 with one Ni 4d interstitial defect, and c) Hf32Ni32Sn32 without Ni 4d interstitial defects. d) X-ray powder
diffraction pattern of HfNi0.9Sn together with Rietveld refinement result. Bragg markers corresponding to the half-Heusler phase are used to fit the
pattern. The markers from top to bottom are assigned to HfNiSn, HfO2, Ni3Sn, Hf5Sn3, Hf and Ni3Sn4, respectively. e) X-ray powder diffraction pattern
of HfNi0.85Co0.05Sn and its Rietveld refinement result. The markers from top to bottom are assigned to Hf(Ni,Co)Sn, HfO2, Hf5Sn3, HfSn2, Hf and
Ni3Sn4, respectively. f) Comparison of Ni 4d occupancies of different HfNi1-x -yCoySn samples. The value of pristine HfNiSn is taken from reference.[35]

miniature values indicate that the deficiency of Ni is effective in
inhibiting the formation of interstitial defects.

To further evaluate the occupancies of the Ni sites located at
the Wyckoff position 4c and 4d from a microstructural perspec-
tive, transmission electron microscopy (TEM) and Cs-corrected
high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) investigations were performed on
HfNiSn, HfNi0.9Sn and HfNi0.85Co0.05Sn. The selected area elec-
tron diffraction patterns (Figure S7, Supporting Information) for
all three samples can been successfully indexed according to the
structure of F-43m space group. HAADF-STEM images provide
direct projections at the atomic level with a contrast roughly pro-
portional to Z1.7, where Z is the atomic number.[45] Figure 3a–c
shows the HAADF-STEM images of HfNiSn, HfNi0.9Sn, and
HfNi0.85Co0.05Sn, respectively, which are taken along the [110] di-
rection to avoid the overlap of different Wyckoff positions. The
intensity profiles in Figure 3d,g,j obtained from the cyan dashed
boxes of Figure 3a–c shows strong, moderate, and weak intensi-
ties corresponding to Hf (Z= 72), Sn (Z= 50), and Ni or Co atoms
(Z = 28 and 27), respectively. According to these profiles, in the
HfNiSn samples, the intensity at 4d sites is close to that at 4c sites
(Figure 3d), whereas in the HfNi0.9Sn and HfNi0.85Co0.05Sn sam-
ples, the difference between 4c and 4d sites is greater (Figure 3f,j).
This suggests that there are fewer Ni atoms distributed at the 4d
sites in Ni-deficient samples.

To better display the distribution of Ni in different sam-
ples, we counted the intensities at 4c and 4d position in the

whole HAADF-STEM image. 3D normalized stereograms are
presented, where the intensities at 4c and 4d sites are inversely
related to each other, which signifies that the formation of in-
terstitial Ni is not only due to excess Ni, but also probably par-
tially attributed to Frenkel defects.[46] As shown in Figure 3e,f,
the intensity at 4d sites is comparable to that at 4c sites in the
HfNiSn sample, which suggests that the 4d site has a relatively
high probability of occupation. In contrast, for the Ni-deficient
samples, the Ni atoms tend to be concentrated at 4c sites, and
the relative intensity at 4d sites is lower (Figure 3h,i,k,l). The TEM
results indicate that the 4d interstitial Ni content is reduced in Ni-
deficient samples compared to pristine HfNiSn, which is consis-
tent with the results of the Rietveld analyses of the XRD patterns.
Therefore, the off-stoichiometric strategy without compositional
or structural complexity has an inhibitory effect on the formation
of intrinsic interstitial Ni defects of HfNiSn.

The electrical transport properties of HfNi1-xSn (x = 0, 0.05,
0.1, and 0.15) samples are shown in Figure 4. As presented
in Figure 4a, the Seebeck coefficient at room temperature is
shifted from negative to positive with increasing Ni deficiency,
which indicates that the dominant carriers gradually change
from electrons to holes. However, due to the bipolar diffusion
caused by the inadequate concentration of hole carriers, the
Seebeck coefficients of HfNi0.9Sn and HfNi0.85Sn turn negative
at elevated temperatures. The electrical resistivity of HfNi1-xSn
shows a monotonous decrease with increasing temperature
(Figure 4b), exhibiting typical semiconductor conductive
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Figure 3. Comparison of 4d position occupancy in pristine HfNiSn and Ni-deficient samples. a–c) HAADF-STEM images of HfNiSn, HfNi0.9Sn, and
HfNi0.85Co0.05Sn along the [110] direction, respectively. The red, blue, and yellow balls represent Hf, Sn, and Ni, respectively. The yellow dotted circles
indicate the 4d sites. d) Intensity profile across the horizontal cyan dashed box in (a). e,f) A corresponding statistical view of normalized occupied
intensity distribution at 4c and 4d sites in (a). g) Intensity profile across the horizontal cyan dashed box in (b). h,i) Corresponding statistical view of
normalized occupied intensity distribution at 4c and 4d sites in (b). j) Intensity profile across the horizontal cyan dashed box in (c). k,l) Corresponding
statistical view of normalized occupied intensity distribution at 4c and 4d sites in (c).
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Figure 4. Electrical transport properties of Ni-deficient samples. a) Temperature-dependent Seebeck coefficient of HfNi1-xSn. Data for the pristine HfNiSn
sample is taken from previous work.[35] b) Temperature-dependent electrical resistivity of HfNi1-xSn. The inset shows the bandgap Eg_re that is estimated
using the high-temperature resistivity data. The polycrystalline HfNiSn data for comparison is taken from Aliev et al.[36] c) Temperature-dependent
Seebeck coefficient of HfNi0.9-yCoySn. d) Comparison of the Goldsmid-Sharp bandgap Eg_GS of HfNi0.9-yCoySn with those of published MNiSn-based
materials.[32,35,40,41,47]

behavior. The bandgap Eg_re is estimated using the high-
temperature resistivity data according to the formula
𝜌≈exp(Eg_re/2kBT).[37] As shown in the inset of Figure 4b,
Eg_re of HfNi0.9Sn is 0.41 eV, which is nearly identical to that
from the first-principles calculations in Figure 2c. Noticeably, it
is nearly twice as high as the one obtained from polycrystalline
HfNiSn samples in previous work[36] and close to the 0.46 eV of
single-crystalline ZrNiSn.[37]

Although HfNi0.9Sn and HfNi0.85Sn samples with Ni defi-
ciency exhibit p-type semiconductor characteristics at room tem-
perature, their thermoelectric properties are not satisfactory ow-
ing to the low hole concentration and high thermal conductiv-
ity (Figure S8, Supporting Information). To further enhance the
thermoelectric properties, we introduced Co as an aliovalent ele-
ment to partially substitute Ni. As a result, Co doping effectively

increases the hole concentration (Figure S9, Supporting Infor-
mation) and thereby enhances the electrical transport properties.
As shown in Figure 4c, the Seebeck coefficient increases dra-
matically from ≈10 μV K−1 for HfNi0.9Sn to ≈150 μV K−1 for
HfNi0.89Co0.01Sn at room temperature, and the latter remains
positive over the whole temperature range. With further increase
of the Co content, the maximum 𝛼 of HfNi0.9-yCoySn samples
decreases gradually, but the peak moves toward higher temper-
atures, which suggests a more degenerate p-type semiconductor
transport behavior. Further, the Goldsmid-Sharp thermopower
bandgap of HfNi0.9-yCoySn is derived from the formula Eg_GS =
2eTmax𝛼max, where 𝛼max is the maximum Seebeck coefficient and
Tmax is the absolute temperature at which 𝛼max occurs.[38] As il-
lustrated in Figure 4d, the maximum Eg_GS of the HfNi0.9-yCoySn
samples is ≈0.33 eV, which is higher than those of the n- and
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p-type MNiSn samples in previous literature.[32,35,40,41,47] These
results agree with the calculations that reducing interstitial Ni
defects in Hf(Ni,Co)Sn can expand the bandgap. Therefore, it is
concluded that altering the Ni stoichiometry ensures the avail-
ability of high-quality HfNiSn samples with fewer interstitial Ni
defects leading to a desirably enlarged bandgap.

Corresponding to the change in the Seebeck coefficient, the en-
hancement of electrical conductivity also suggests that Co doping
leads to an increase in carrier concentration (Figure 5a). The car-
rier concentration gradually increases from 5.23 × 1020 cm−3 to
2.48 × 1021 cm−3 as the Co doping reaches 9%. More critically,
the electrical conductivity of HfNi0.9-yCoySn is much higher com-
pared to the Hf(Ni,Co)1Sn and Zr(Ni,Ir)1.3Sn samples which have
similar carrier concentrations.[35,41] It is evident from the tem-
perature dependence of the conductivity that the correlation ex-
ponent gradually changes from 0.13 to −0.6 as the stoichiomet-
ric ratio of Ni decreases. This variation implies that insufficient
Ni composition weakens the defect-induced carrier scattering[48]

which is well reflected by the weighted mobility μw. As shown
in Figure 5b, μw has a strong dependence on the stoichiomet-
ric ratio near room temperature and gradually increases with
decreasing Ni content at similar carrier concentrations, such as
Hf(Ni,Co)0.9Sn with ≈1.1 × 1021 cm−3 and Hf(Ni,Co)1Sn with
≈1.04 × 1021 cm−3 or Hf(Ni,Co)0.9Sn with ≈1.61 × 1021 cm−3

and Hf(Ni,Co)1Sn with ≈1.5 × 1021 cm−3. The large increase in
μw suggests that the electrical transport properties are well opti-
mized by plainifying the elemental composition to modulate the
scattering mechanism.

To elucidate the effect of Ni deficiency on the structure of the
energy band, the density-of-states (DOS) effective mass m* is esti-
mated based on the single parabolic band (SPB) model (Support-
ing information) with values up to m*≈6.5 me (Figure S10, Sup-
porting Information). Therefore, large Seebeck coefficients can
be obtained even at high carrier concentrations. Furthermore,
this value is in accordance with our previous findings for p-type
HfNiSn (m*≈7 me), which is probably due to the fact that the
valence band of MNiSn has little dependence on Ni, and thus Ni-
deficiency do not cause a significant change in the effective mass
of the valence band at the Γ point.[49] Assuming the same m* for
Hf(Ni,Co)1-xSn, the carrier-concentration dependence of the mo-
bility is evaluated and shown in Figure 5c. It is indicated that
the mobility obtained in x ≥ 0.1 samples is doubled compared
to that of x = 0 over the whole range of nH, and that μH tends to
increase at similar nH as the amount of nickel deficiency (x) in-
creases. This enables a higher electrical conductivity at the same
Seebeck coefficient. Moreover, the doping efficiency of the ele-
ment (cobalt) increases as well (Figure S11, Supporting Informa-
tion). The enhanced hole doping efficiency further supports the
minimized interstitial defects at the 4d sites, which are known to
impair the p-type doping efficiency. Due to the largely enhanced
Seebeck coefficient and relatively high electrical conductivity, the
power factor approaches 2300 μW m−1 K−2 at room tempera-
ture and reaches a maximum value of 3100 μW m−1 K−2 at 773
K, which is much higher than the previously reported values[35]

(Figure 5d).
Figure 5e shows the thermal conductivity of HfNi0.9-yCoySn

samples. The total thermal conductivity decreases from 8.3 to 7 W
m−1 K−1 at 300 K due to the suppression of lattice thermal con-
ductivity. The decrease of lattice thermal conductivity is mainly

due to the introduction of point defects and lattice softening as
reported in our previous work.[35] Clearly, Co doping has a syn-
ergetic effect on the thermoelectric properties of HfNi0.9Sn, op-
timizing both the electrical and thermal transport properties. A
notable zT improvement is realized with a peak value of ≈0.7
at 973 K in HfNi0.85Co0.05Sn (Figure 5f). In addition, the sam-
ples exhibit consistent performance during the repeat measure-
ments (Figure S12, Supporting Information), indicating that the
nickel defects are thermally and chemically stable. Compared to
the previously reported p-type MNiSn compounds synthesized
at stoichiometric ratios,[32,35,41] the Ni-deficient sample in this
work presents the highest zT due to a larger bandgap and higher
mobility.

3. Conclusion

In summary, this work demonstrates that the thermoelectric
properties of p-type HfNiSn can be enhanced substantially by
an off-stoichiometric strategy without complex composition or
structure. The HfNiSn-based compounds with Ni content deviat-
ing from the stoichiometric ratio are successfully synthesised by a
non-equilibrium method. The Rietveld analysis of XRD data and
scanning transmission electron microscopy confirm that chang-
ing the stoichiometric ratio effectively inhibits the formation of
Ni 4d interstitial defects. As a result, the HfNi1-x -yCoySn sam-
ples exhibit a larger bandgap and higher carrier mobility. A high
zT of 0.7 at 973 K is achieved in Ni-deficient HfNi0.85Co0.05Sn
sample, which is superior to previously reported MNiSn-based
p-type thermoelectric materials. Our results deepen the under-
standing of MNiSn-based half-Heusler thermoelectrics, demon-
strate the effectiveness of manipulating the intrinsic defects in
half-Heusler system, and will reveal the potential for improving
other thermoelectric materials.

4. Experimental Section
Synthesis: Raw elements including Hf powder (99.6%, Alfa Aesar), Ni

powder (99.7%, Alfa Aesar), Sn powder (99.5%, Alfa Aesar) and Co pow-
der (99.9%, MaTeck), were weighted according to the stoichiometry and
loaded into ball milling jars with two stainless steel balls of 12.7 mm in
diameter in an Ar-filled glovebox. Subsequently, mechanical alloying was
performed on a high energy ball mill (SPEX 8000D) for 6 h, with the pow-
ders being loosed every 2 h. The obtained powders were then compacted
using a field-assisted sintering technique (FAST, FCT Systeme GmbH) at
1373 K and 50 MPa for 3 min in a vacuum. The sintered samples were
cut and polished to the desired sizes for measuring the thermoelectric
properties.

Transport Property Measurement: Electrical transport properties, in-
cluding electrical conductivity (𝜎), and Seebeck coefficient (𝛼) were mea-
sured using a commercial device (LSR-3, Linseis). High-temperature ther-
mal conductivities were calculated by 𝜅 = 𝜆𝜌Cp, where 𝜆 is the thermal
diffusivity, 𝜌 is the density and Cp is the specific heat. 𝜆 was measured by
a laser flash system (LFA1000, Linseis). Cp is estimated from the Dulong-
Petit law, 𝜌 was determined by the Archimedes method. Hall concen-
trations (nH) were measured by a physical property measurement sys-
tem (Versalab, Quantum Design) at room temperature using the Hall bar
method with ±3 T magnetic induction. The Hall mobility (μH) is calcu-
lated by μH = 𝜎 /nHe, where e is the unit charge. The measurement errors
are 4%, 5%, and 6% for electrical resistivity, Seebeck coefficient, and ther-
mal conductivity, respectively. Explicitly, the uncertainties of thermal con-
ductivity originate from 2% in mass density, 4% in diffusivity. Therefore,
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Figure 5. Improvement of thermoelectric properties. a) Temperature-dependent electrical conductivity and b) weighted mobility of HfNi0.9-yCoySn in
comparison with previously reported data.[35,41] c) Hall mobility dependence on Hall carrier concentration of Hf(Ni, Co)1-xSn samples (x = 0, 0.05, 0.1,
and 0.15) at 300 K, the data of x = 0 from the literature.[35] d) Temperature-dependent power factor. e) Temperature-dependent total thermal conductivity
(𝜅) and lattice and bipolar thermal conductivity (𝜅 l + 𝜅bip). f) Temperature-dependent zT in comparison with reported data.[32,35,41]
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according to error propagation, the uncertainties in power factor and zT
are 10% and 15%, respectively.

Microstructure Characterization: Bulk XRD of all samples was per-
formed on polished surfaces using a Bruker D8 Advance diffractometer
with a Co K𝛼 source to characterize the phases. The high-resolution X-
ray powder diffraction patterns were collected on a STOE Stadi P diffrac-
tometer with a Mo source, a Ge (111) monochromator and Mythen 1K
detector (Dectris) that yields a single wavelength of 0.7093 Å in a flat sam-
ple transmission geometry. Rietveld analyses of the XRD patterns were
performed using the FullProf software.[50] The microstructure was con-
firmed by field-emission SEM (Zeiss Sigma 300) and energy-dispersive
X-ray spectroscopy (EDX) was applied to study the elemental distribu-
tion. TEM and high-angle annular dark field (HAADF)-STEM investiga-
tions were carried out by using a JEM-ARM 200F electron microscope
equipped with a cold FEG source and double-Cs correctors operated at
200 kV. The samples ground to powder were characterized by ICP-OES
(iCAP 6500 Duo View, Thermo Fisher Scientific) for elemental ratios with
a standard deviation of ≈1% for each element.

Theoretical Calculations: The density functional theory (DFT) calcula-
tions were conducted by the plane-wave pseudopotential method using
the Vienna ab initio simulation package (VASP). A supercell cell consisting
of 8 (2 × 2 × 2) units was adopted for structural relaxation and electron
band calculations. The projector augmented wave (PAW) method pseu-
dopotentials with the Perdew–Burke–Ernzerhof generalized gradient ap-
proximation (GGA-PBE) functional were used to describe the electron-ion
interactions.[51–53] A 3 × 3 × 3 k-mesh grid generated by the Monkhorst-
Pack scheme (Gamma-centered) was used to sample the Brillouin zone.
The electron wave functions expand into a basis set of plane waves with
a kinetic-energy cutoff of 450 eV. All lattice parameters and atomic posi-
tions are relaxed. The total energy convergence was set to be <1× 10−5 eV
and the force convergence was set to be <0.03 V Å−1 on the atoms. A
band-unfolding technique was applied to get the band structure of defec-
tive HfNiSn from supercell calculations.[54]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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