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A B S T R A C T

TiNiSn is an N-type thermoelectric material with low toxicity. The electrical conduction of TiNiSn can be tuned 
from N-type to P-type by substituting Co atoms at Ni sites. However, the ZT value is lower than that of the N-type 
TiNiSn, primarily due to its higher electrical resistivity. To decrease the electrical resistivity, it is necessary to 
increase the carrier density or mobility; however, the absolute value of the Seebeck coefficient decreases, which 
has a trade-off relationship with the electrical resistivity. To solve this problem, we prepared P-type thermo
electric materials TiNi1–x–yCoySn (0 ≤ x ≤ 0.1, 0.01 ≤ y ≤ 0.05) with reduced interstitial Ni atoms by arc melting 
and heat treatment process. As a result, we successfully improved the electrical conductivity while maintaining 
the Seebeck coefficient. The hole carrier density increases as the number of interstitial Ni atoms decreases, and 
the electrical resistivity decreases by 78 % from 2.78 × 10− 2 Ωcm (for x = 0, y = 0.05) to 6.02 × 10− 3 Ωcm (for x 
= 0.03, y = 0.05) at 300 K. The ZT value increases by a factor of 1.5 (ZTmax = 0.18 at 700 K) for TiNi0.92Co0.05Sn 
compared to TiNi0.95Co0.05Sn, indicating that the reduction of interstitial Ni atoms is effective in improving the 
thermoelectric properties of the P-type half-Heusler alloy TiNiSn. The peak ZT of 0.18 remains below the level 
required for practical implementation; however, this can be further improved by decreasing the lattice thermal 
conductivity.

1. Introduction

Thermoelectric (TE) technology enables the direct conversion of 
waste heat into electrical energy, offering significant potential for 
realizing an energy-efficient society [1,2]. A thermoelectric generator 
(TEG) is a type of environmental power generation that can be used to 
recover waste heat to power IoT devices. However, due to the low 
conversion efficiency, the application of TEG devices is still limited [3]. 
For the practical implementation of TEG, it is necessary to achieve high 
conversion efficiency. In order to improve the thermoelectric conversion 
efficiency, we need to utilize high-performance materials. The perfor
mance of TE materials is characterized by: 

ZT=
S2

ρ⋅(κele + κlat)
T (1) 

where ZT is the dimensionless figure of merit, S is the Seebeck 

coefficient, T is temperature, ρ is electrical resistivity, and κ is thermal 
conductivity, where κ consists of carrier thermal conductivity κele and 
lattice thermal conductivity κlat (κ = κele + κlat). S2ρ− 1 is called the power 
factor (PF). Therefore, ZT can be improved by increasing PF and 
decreasing κ.

Generally, a TE module consists of P-type and N-type elements [4,5]. 
Therefore, improving ZT values for both P-type and N-type significantly 
contributes to enhancing the device efficiency. In recent years, the 
search for thermoelectric materials with high thermal stability and 
durability has been conducted to reach practical application [6,7]. 
Those materials may include oxide [8,9], silicide [10,11], and Heusler 
[12–16]. A good thermoelectric material should exhibit good thermal 
stability while operating at high temperatures. To achieve this goal, we 
focus on the half-Heusler (HH) alloy TiNiSn, which is one of the practical 
thermoelectric materials due to its relatively low cost, low toxicity, and 
chemical stability at high temperatures (<1273 K) [17,18].
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The crystal structure of TiNiSn is MgAgAs type (Space Group F–43m, 
No. 216), where Ti and Sn form a rock salt structure (NaCl) and Ni atoms 
occupy half of the sublattice. Half of the sublattice is vacancies, TiNiSn, 
showing a high power factor [19], but exhibits a high lattice thermal 
conductivity (κlat) due to its simple crystal structure. Therefore, many 
studies have been conducted to increase ZT by decreasing κlat. For 
example, as reported in Refs. [20,21], the κlat was decreased by 
increasing phonon scattering through nanostructures, fine precipitates, 
and microstructure control. The results of a reduction in thermal con
ductivity from 3.9 to 4.4 Wm− 1K− 1 (T = 323 K–823 K) to 2.3 Wm− 1K− 1 

(T = 523 K) have also been reported [22]. Although the sample prepared 
by powder metallurgy technique yields a low κlat value, it usually has the 
disadvantage of increasing ρ due to the formation of oxidation impu
rities [23]. The conduction properties of TiNiSn can be controlled by 
changing the majority of charge carriers [21,24,25]. We have recently 
succeeded in making P-type TiNiSn by Co substitution at the Ni site, and 
found that the largest ZT for P-type thermoelectric material TiNi1

–yCoySn (0 ≤ y ≤ 0.15) is ZT = 0.12 (T = 675 K) when y = 0.05 [26], but 
this value is less than half that of N-type TiNiSn [27–29]. The main 
reason for the low ZT is the high ρ. According to previous studies on 
intrinsic defects in the TiNiSn system, TiNiSn was reported to form 
interstitial Ni atoms in which Ni atoms occupy the 4d sites, which should 
be vacancies in the stoichiometric composition [30–33]. This intrinsic 
defect (interstitial Ni atoms) is the lowest formation energy among 
several other defects formed in TiNiSn and is therefore more easily 
formed than any other intrinsic defects. Some previous studies using 
first-principles calculations have reported that interstitial Ni atoms are 
defects that are easily formed[33–35]. The same tendency is also 
observed in the similar HH compound MNiSn (M = Ti, Zr, Hf) [15,36]. 
The interstitial Ni atoms are considered to act as donor impurities to the 
system, and in the P-type, they promote the increase of electrical re
sistivity due to the electroneutrality condition. In addition, according to 
Sun et al. [36], the removal of interstitial Ni atoms by decreasing the Ni 
composition ratio improves the mobility, which affects the relaxation 
time of the carrier.

As mentioned above, it is considered that the removal of interstitial 
Ni atoms in the P-type thermoelectric material TiNi1–yCoySn could 
effectively decrease ρ by increasing the hole carrier density and 
mobility. However, the increase in carrier density and mobility gener
ally decreases the absolute value of the Seebeck coefficient [37], but this 
is not the case when the electronic states change. Ai et al. reported that 
Eg changes in HfNiSn when the interstitial Ni atoms are reduced [15]. 
Since the expansion of Eg contributes to the enhancement of |S|, the 
removal of interstitial Ni atoms is expected to have a positive effect on | 
S|. However, to our knowledge, the comprehensive investigation of 
P-type TiNiSn compounds with reduced interstitial Ni atoms, including 
the ZT values, has not been reported.

Therefore, we prepared TiNi1–x–yCoySn (0 ≤ x ≤ 0.1, 0 ≤ y ≤ 0.05) by 
the arc melting method, which is free from oxide impurities and pro
duced high-density samples, and measured thermoelectric properties up 
to 800 K to obtain maximum ZT values. This study aims to improve the 
ZT of Co-substituted TiNiSn compounds by reducing the interstitial Ni 
atoms and optimizing the thermoelectric properties.

2. Experimental method

2.1. Sample preparation

The raw elements of Ti (grain, 99.9 % up), Ni (grain, 99 %), Co 
(powder, 99 % up), and Sn (grain, 99.9 % up) were weighed to follow 
the composition ratio of TiNi1–x–yCoySn (x = 0, 0.01, 0.03, 0.05, 0.08, 
0.1, y = 0.01, 0.03, 0.05), and the total weight is 15 g. From our recent 
report [26], since it is clear that ZT decreases with y > 0.05, the 
composition is limited to y = 0.05. Since the Co substitution level greatly 
affects the carrier density, we also fabricated y = 0.01 and 0.03 were 
prepared. (This paper describes only the results for y = 0.05, which 

showed good thermoelectric properties. The results for y = 0.01 and 
0.03 are described in the supplementary information(SI).) The weighed 
materials were melted in an arc melting furnace with high-purity Ar gas 
introduced at 5 kPa. Ti was first melted as an oxygen getter to react with 
any residual air in the chamber. In this process, the ingots were flipped 
and remelted several times on each side. The arc power gradually 
increased because if we increase the power too fast, it may cause the 
material to fly out of the copper heart’s mold. The distance between the 
electrode and the sample was carefully maintained to prevent direct 
contact. After arc-melting, the samples were cut into measurable di
mensions by a wire electric discharge machine (EC-3025, Makino). The 
cut samples were vacuum-sealed to prevent oxidation and homogenized 
at 1073 K for 168 h. We confirm the heat treatment conditions using 
ternary TiNiSn. In Supporting Information (SI), Fig. S1 shows the XRD 
patterns before and after heat treatment for TiNiSn. Although there were 
many unreacted phases before the heat treatment, the heat treatment 
resulted in the formation of almost a single phase. Fig. S2 shows 
SEM-EDS mapping images of the samples used for measurements of ρ, S, 
and κ. From the elemental distribution analysis, it is confirmed that the 
samples obtained by the arc melting method were homogenized.

2.2. Characterization method

Powder X-ray diffraction measurements (SmartLab, Rigaku, Cu Kα: λ 
= 1.5418 Å) were performed to investigate the crystal structure of the 
samples, and the obtained X-ray diffraction profiles were used to iden
tify the crystal structure by Rietveld refinement in the RIETAN-FP pro
gram [38]. The density of samples was measured by the Archimedes 
method. It was confirmed that high-density samples of 6.9–7.1 gcm− 3 

(>95 % relative density) were obtained for all samples. ICP-OES 
(ICPE-9000, SHIMADZU) was used for compositional analysis. 
Elemental distribution on the sample surface was observed using 
SEM-EDS (SU8010, HITACHI High-Tech). Sample surfaces are polished 
using EcoMet250 + AutoMet250 (BUEHLER). To determine the carrier 
density and mobility, the Hall coefficient was measured at room tem
perature using Hall measurement equipment (ResiTest8300, TOYO Co.). 
Electrical resistivity and Seebeck coefficient were measured at temper
atures ranging from 80 K to 395 K using ResiTest8300 and from 395 K to 
800 K using a home-built apparatus. Thermal conductivity was 
measured in the range of 300 K–800 K using a power efficiency 

Fig. 1. XRD profiles of TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) at room 
temperature, where the indexed peaks represent the half-Heusler phase.
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measurement system (PEM-2, ULVAC, Inc.). The κ of a sample is ob
tained from the following equation. 

κ =
WA
ΔT

⋅
t

ab
(2) 

where W is the heat flow density that penetrates the copper block, A is 
the cross-sectional area of the copper block, ΔT is the temperature dif
ference of the sample, and a, b, and t are the sample lengths, width, and 
thickness, respectively.

3. Results and discussion

3.1. Structure and compositional analysis

Fig. 1 shows the result of powder X-ray diffraction measurements for 
TiNi1–x–yCoySn (0 ≤ x ≤ 0.1, y = 0.05). The results of TiNi1–x–yCoySn (0 
≤ x ≤ 0.1, y = 0.01, 0.03) are also shown in Fig. S3 of the Supporting 
Information (SI). The indexed peaks in the figure are the peaks of the HH 
structure. This indicates that the samples were mainly crystallized in the 
HH phase with a trace of an impurity phase. The trace of impurity phase 
is due to the formation of TiNiSn by the peritectic reaction [39]. How
ever, the peak intensity of the impurity phase is very small compared to 
the main HH phase, suggesting that all samples are mainly grown in the 
HH phase. For x = 0.03, y = 0.05, the X-ray diffraction profile after 
Rietveld analysis is shown in Fig. 2. The crystallographic parameters 
after the analysis are summarized in Table 1. The reliability factor Rwp is 
less than 10 % for all the samples, and a good refinement of the crys
tallographic parameters is obtained. The x dependence of the lattice 
parameter after Rietveld analysis is shown in Fig. 3 (a). The lattice 
parameter is constant for x ≥ 0.02. Fig. 3 (b) shows the x dependence of 
phase fractions. All of the prepared samples are mostly occupied by the 
main phase, but a decrease in the main phase is observed for x > 0.05. 
The increase in the Ti6Sn5 phase coincides with the decrease in the main 
phase, suggesting that an excessive decrease in the Ni composition ratio 
leads to the formation of Ti6Sn5, which deteriorates thermoelectric 
properties. The increase in impurity phase with increasing x shows a 
similar trend for y = 0.01, 0.03 (Table ST1 in the SI). The phase fractions 
of TiNi2Sn and Sn are constant regardless of the decrease in the Ni 

Fig. 2. Rietveld refinement of TiNi0.95–x Co0.05Sn (x = 0.03, y = 0.05) at 
diffraction angles of 20◦ ≤ 2θ ≤ 90◦, where the indexed peaks represent the 
half-Heusler phase.

Table 1 
Crystal structure parameters for TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) at room temperature refined by the Rietveld analysis.

Samples TiNi0.95–xCo0.05Sn

Space group F–43m
Composition, x 0 0.01 0.03 0.05 0.08 0.1
Composition, y 0.05
a = b = c (Å) ​ 5.93219 (4) 5.93105 (4) 5.92764 (4) 5.92704 (4) 5.9269 (4) 5.92723 (4)
V (Å3) ​ 208.759 (3) 208.638 (3) 208.279 (3) 208.216 (2) 208.201 (2) 208.236 (3)
Ti x 0 0 0 0 0 0

y 0 0 0 0 0 0
z 0 0 0 0 0 0
B (Å2) 0.50 0.50 0.50 0.50 0.50 0.50
g 1.0 1.0 1.0 1.0 1.0 1.0

Ni1 x 0.25 0.25 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25 0.25 0.25
z 0.25 0.25 0.25 0.25 0.25 0.25
B (Å2) 0.50 0.50 0.50 0.50 0.50 0.50
g 0.912 (2) 0.897 (2) 0.922 (2) 0.917 (2) 0.922 (2) 0.920 (2)

Co x 0.25 0.25 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25 0.25 0.25
z 0.25 0.25 0.25 0.25 0.25 0.25
B (Å2) 0.50 0.50 0.50 0.50 0.50 0.50
g 0.05 0.05 0.05 0.05 0.05 0.05

Ni2 x 0.75 0.75 0.75 0.75 0.75 0.75
y 0.75 0.75 0.75 0.75 0.75 0.75
z 0.75 0.75 0.75 0.75 0.75 0.75
B (Å2) 0.50 0.50 0.50 0.50 0.50 0.50
g 0.072 (2) 0.060 (2) 0.007 (2) 0.018 (2) 0.047 (2) 0.028 (2)

Sn x 0.50 0.50 0.50 0.50 0.50 0.50
y 0.50 0.50 0.50 0.50 0.50 0.50
z 0.50 0.50 0.50 0.50 0.50 0.50
B (Å2) 0.50 0.50 0.50 0.50 0.50 0.50
g 1.0 1.0 1.0 1.0 1.0 1.0

Rwp (%) ​ 2.504 2.487 2.570 2.485 2.417 2.622
RP (%) ​ 1.751 1.768 1.798 1.734 1.721 1.823
Re (%) ​ 1.365 1.365 1.371 1.322 1.313 1.395
S (= Rwp/Re) ​ 1.834 1.822 1.874 1.880 1.840 1.880
RB (%) ​ 2.945 2.774 3.773 2.615 2.313 3.329
RF (%) ​ 1.559 1.460 1.943 1.199 1.218 1.541
Mass fractions (%) TiNiSn 95.12 94.28 94.75 94.53 93.63 92.19

TiNi2Sn 2.09 1.60 1.16 1.31 1.18 1.21
Ti6Sn5 1.30 2.78 2.42 2.62 3.77 5.19
Sn 1.49 1.34 1.67 1.54 1.42 1.41
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composition ratio. Fig. 3 (c) shows the occupancy of Ni atoms at 4d sites, 
which are considered as interstitial Ni atoms. The decrease in the oc
cupancy for x > 0 suggests that the interstitial Ni atoms are suppressed 
by the decrease in the Ni composition ratio. In particular, for x = 0.03 

and y = 0.05, the occupancy shows a minimum. For x > 0.05, the 4d sites 
occupancy again turns to increase, and this result is similar to the 
experimental results obtained by decreasing the Ni composition ratio in 
the HH alloy HfNiSn, which has the same crystal structure [15]. This is 
thought to be due to the mechanism of phase formation. TiNiSn is 
formed by peritectic reaction [39]. This occurs when the higher melting 
point TiNi2Sn phase and Ti6Sn5 phase precipitate first, and the TiNiSn 
phase is formed around them. When the decrease in Ni composition ratio 
is small, the effect on the formation of the main phase is minimal, and 
since the total number of Ni atoms decreases, the number of excess Ni 
atoms also decreases, resulting in a reduction in interstitial Ni atoms. 
However, a decrease of x = 0.05 or more causes a significant imbalance 
in the composition ratio, leading to an increase in the amount of the 
impurity phase Ti6Sn5. As a result, a large amount of Ti and Sn is 
consumed, leading to an excess of Ni in the surrounding area, which in 
turn causes interstitial Ni atoms to form again. In fact, Table 1, which is 
the Rietveld analysis results, clearly shows a tendency for impurity 
phases to increase as the Ni composition ratio decreases. Therefore, it is 
considered that this is a common trend in MNiSn (M = Ti, Zr, and Hf), 
and that an excessive decrease in the Ni composition ratio increases 
interstitial Ni atoms, while a small amount of decrease is effective in 
suppressing interstitial Ni atoms. In addition, this result indicates that it 
is possible to reduce interstitial Ni atoms even in samples fabricated 
solely by arc melting and heat treatment. Therefore, it is possible to 
optimize interstitial Ni atoms by changing the composition ratio, even 
with different fabrication methods. However, the high-temperature 
melting process alone leaves a large amount of unreacted phase 
remaining. In this case, prolonged heat treatment is necessary. There is 
no systematic change between the interstitial Ni atoms and Ni deficiency 
for y = 0.01 and 0.03 (Table ST1 in the SI). It suggests that the different 
amount of Co substitution affects the formation of interstitial Ni atoms.

Table 2 shows compositional analysis using ICP-OES. All the samples 
show values close to the nominal compositions, with Ni decreasing as x 
increases. The results of y = 0.01, 0.03 are also the same (Table ST2 in 
the SI). The slightly lower values of Sn compared to Ti and Ni are 
probably due to its lower melting point compared to other elements, 
which may have been reduced during the fabrication process. The 
decrease in Sn was also observed in other fabrication methods [22,40,
41] and is considered to be a phenomenon unique to compounds with 
significantly different melting points. In order to solve this problem, we 
used the method of doping excessively with Sn. When TiNiSn with 
excessively added Sn was fabricated by the same method, the impurity 
phase of Sn increased. Since the increase in the impurity phase is ex
pected to deteriorate the thermoelectric properties, the raw materials 
were weighed based on their stoichiometric compositions in this study. 
Fig. 4 shows the SEM image and elemental distribution for x = 0.1, y =
0.05. All elements are uniformly distributed, indicating that the 
composition of the samples is homogeneous. On the other hand, there 
are areas of Sn-richness. This is considered to be Ti6Sn5 and Sn, as 
confirmed by XRD measurements.

Fig. 3. (a) Lattice constants (b) Mass fractions (c) Ni defect of TiNi0.95–x

Co0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) depending on Ni deficiency.

Table 2 
Elemental composition of TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) at room temperature.

Sample composition Nominal composition (at%) Chemical composition (at%) Actual Sample composition

Ti Ni Co Sn Ti Ni Co Sn

TiNiSn 33.3 33.3 – 33.3 33.6 (1) 34.5 (1) – 31.9 (2) Ti1.01Ni1.03Sn0.96

TiNi0.95Co0.05Sn 33.3 31.7 1.67 33.3 33.5 (4) 32.9 (1) 1.59 (1) 32.0 (4) Ti1.00Ni0.99Co0.05Sn0.96

TiNi0.94Co0.05Sn 33.4 31.4 1.67 33.4 34.0 (2) 31.6 (1) 1.63 (1) 32.7 (3) Ti1.02Ni0.94Co0.05Sn0.98

TiNi0.92Co0.05Sn 33.7 31.0 1.68 33.7 34.2 (1) 31.9 (3) 1.57 (1) 32.3 (3) Ti1.02Ni0.95Co0.05Sn0.96

TiNi0.90Co0.05Sn 33.9 30.5 1.69 33.9 34.5 (2) 31.7 (2) 1.63 (1) 32.2 (4) Ti1.02Ni0.93Co0.05Sn0.95

TiNi0.87Co0.05Sn 34.2 29.8 1.71 34.2 34.6(1) 30.7 (1) 1.54 (1) 33.2 (1) Ti1.01Ni0.90Co0.05Sn0.97

TiNi0.85Co0.05Sn 34.5 29.3 1.72 34.5 35.0 (1) 30.6 (1) 1.58 (1) 32.8 (1) Ti1.02Ni0.89Co0.05Sn0.95
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3.2. Electrical transport properties

The values of Hall coefficient RH, Hall carrier density nH, Hall 
mobility μH, and thermoelectric properties at room temperature ob
tained from Hall effect measurements are summarized in Table 3 (for y 
= 0.01, 0.03 are shown Table ST3 in the SI). The carrier density nH in
creases with increasing x. The mobility μH increases for x = 0.03–0.08, y 
= 0.05 from x = 0, y = 0.05. These changes are consistent with the trend 
for interstitial Ni atoms. Interestingly, x = 0–0.05, y = 0.01 shows N- 
type conduction. However, x = 0.10, y = 0.01 shows P-type conduction. 
This means that the decrease in Ni composition ratio resulted in the 
doping of hole carriers. The improvement of μH is attributed to the 
suppression of carrier scattering [30]. For x = 0.1, y = 0.05, μH decreases 
again due to an increase in the impurity phase Ti6Sn5. The increase in nH 
is attributed to the suppression of interstitial Ni atoms, which are donor 
impurities. Therefore, in P-type MNiSn (M = Ti, Zr, Hf), the decrease of 
the Ni composition ratio is effective to improve the conduction 
properties.

3.3. Thermoelectric properties

Fig. 5 (a) shows the temperature dependence of electrical resistivity 
(ρ). Above room temperature, semiconducting behavior is observed, 
where the electrical resistivity decreases with increasing temperature 
for all samples. On the other hand, it should be noted that the ρ decreases 
with x due to the increase in nH and μH, according to the law of ρ = (neμ) 
− 1. Fig. 5 (b) shows the temperature dependence of the Seebeck coeffi
cient. Interestingly, up to x = 0.05, y = 0.05, the |S| only slightly de
creases. Usually, S has a trade-off relationship with ρ, but in our case, S 
does not significantly decrease for x ≤ 0.05. To clarify the reason for 
this, the density of states (DOS) in the presence of interstitial Ni atoms is 
calculated by the ab initio calculation package AkaiKKR [42]. Fig. 5 (c)

shows DOS near the Fermi level of TiNiSn. In the presence of interstitial 
Ni atoms, a rise of the DOS (called “in-gap states”) is observed in the 
energy gap (Eg). In the case of stoichiometric composition, the in-gap 
state disappears. Therefore, the disappearance of “in-gap states” is 
considered to be due to the decrease in interstitial Ni atoms after the Ni 
composition ratio is decreased. In addition, Chen et al. reported that 
MNiSn (M = Ti, Zr, Hf) has a reduced band gap when interstitial Ni 
atoms are present, using Density Functional Theory (DFT) calculations, 
and it is consistent with our result. From the above, it is considered that 
Eg expands as x increases, and the effective mass m* changes due to the 
change in the electronic structure. In fact, the m* estimated from the 
relationship between nH and |S| (Pisarenko plot in Fig. 5 (d)) changes 
with increasing x. The m* increases for x > 0, and the increase in m* 
contributes to the increase in |S|. The relation between m* and S can be 
explained by Mott’s equation [43–45]. 

|S| ≈
kB

2

3|e|
T

m*

ℏ2

( π
3n

)2
3 (3) 

where |S| is the absolute Seebeck coefficient, kB is the Boltzmann con
stant, T is the temperature, m* is the effective mass, ℏ is the Planck 
constant, e is the elementary charge, and nH is the carrier concentration. 
On the other hand, the decrease in |S| for x > 0.05 is due to the increase 
in nH, which is inversely related to the value of m*, and to the increase in 
the impurity phase associated with the increase in x. Therefore, it is 
found that a decrease in the Ni composition ratio increases m* while 
increasing nH, and thus decreases ρ while maintaining the value of |S|. In 
addition, when the relaxation time is approximated as constant, μH ∝ 
m*− 1, m* decreases due to the decrease of interstitial Ni atoms, but both 
μH and m* increase with the increase of x. This means that the number of 
impurities scattering decreases due to the suppression of interstitial Ni 
atoms, and the relaxation time is not constant, but rather increases.

Fig. 4. SEM-EDS mapping of TiNi0.95–xCo0.05Sn (x = 0.1, y = 0.05). Ti, Ni, Co, and Sn are mapped with red, green, cyan, and blue, respectively.

Table 3 
Summary of thermoelectric properties of TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) at room temperature, where L0, nH, μH, S, ρ, and κ are Lorenz number, Hall carrier 
density, Hall mobility, Seebeck coefficient, electrical resistivity, and total thermal conductivity, respectively.

Composite x RH (cm3C− 1) nH (cm− 3) μH (cm2V− 1s− 1) ρ (Ωcm) |S| (μVK− 1) κ (Wm− 1K− 1) L0 ( × 10− 8 V2K− 2)

TiNi0.95–xCo0.05Sn 0 3.2 (1) × 10− 2 1.9 (1) × 1020 1.1 (1) 2.78 × 10− 2 192 4.73 1.658
0.01 1.8 (1) × 10− 2 3.5 (2) × 1020 0.65 (3) 2.71 × 10− 2 175 4.66 1.676
0.03 1.3 (1) × 10− 2 4.9 (1) × 1020 2.1 (1) 6.02 × 10− 3 180 5.59 1.670
0.05 1.2 (1) × 10− 2 5.4 (2) × 1020 1.8 (1) 6.57 × 10− 3 173 5.80 1.679
0.08 7.3 (3) × 10− 3 8.6 (4) × 1020 1.9 (1) 3.91 × 10− 3 141 5.78 1.747
0.1 3.0 (2) × 10− 3 2.1 (1) × 1021 0.92 (6) 3.23 × 10− 3 62.1 5.75 2.136
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Fig. 5 (e) shows the temperature dependence of the power factor 
(PF). The PF increases over the entire temperature range for x = 0.03 
and y = 0.05. Especially at T = 700 K, the PF increases from 1.0 
Wm− 1K− 2 (x = 0, y = 0.05) to 1.7 Wm− 1K− 2 (x = 0.03, y = 0.05). The 
increase in PF is attributed to the decrease in ρ and the stability of |S|. 
There are no samples in y = 0.01, 0.03 exceeded the Power Factor for y 
= 0.05 (Fig. S4 in the SI). Fig. 5 (f) shows the x dependence of ρ and S at 
T = 700 K. For x > 0.01, the ρ decreases significantly, while the value of | 
S| remains almost unchanged up to x = 0.05. Therefore, the reduction of 
interstitial Ni atoms provides the most ideal change in charge transport 
properties for improving thermoelectric performance. The results also 
suggest that similar effects can be expected for similar compounds 
MNiSn (M = Ti, Zr, Hf).

Fig. 6(a) shows the temperature dependence of κtot. And Fig. 6(b) 

shows κlat and κele = L0Tρ− 1 calculated from the Wiedemann-Franz law, 
where L0 is the Lorenz number, and the value of the Lorenz number is 
determined from the experimental values of the Seebeck coefficient at 
room temperature using the following equation [46]. The scattering 
factor r is assumed to be acoustic phonon scattering, and r = − 0.5 is used 
[47]. 

L0 =

(
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e
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⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(4) 

where Fn(η) is a function of the Fermi energy EF with the following 

Fig. 5. (a) Temperature dependence of electrical resistivity (ρ), (b) the Seebeck coefficient (S), (c) DOS calculated by AkaiKKR for TiNi1+xSn (0 ≤ x ≤ 0.1) near the 
Fermi level. (d) Absolute Seebeck coefficient |S| versus carrier density (nH) at room temperature. The solid line is the calculated data from eq. (3) using various 
effective masses, m* = x.me, where x is the variables and me is the static mass of electrons equal to 9.10938 × 10− 31 kg. (e) Power factor (S2ρ− 1), and (f) ρ and S at 
700 K for TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05).
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relation 

Fn(η)=
∫∞

0

χn

1 + eχ− η dχ (5) 

η= EF

kBT
(6) 

Table 3 summarizes the Lorenz number for each sample. Fig. 6(a) 
shows that κtot slightly increases for x > 0. This is due to the decrease in 
interstitial Ni atoms, which are also phonon scattering sources. The in
crease at high temperature includes the effect of bipolar diffusion (κbip), 
which is not fully accounted for by κele. Fig. 6(b) shows that κlat is 
dominant in κtot, and κele increases with the increase of x. The increase of 
κele is attributed to the decrease of ρ. Furthermore, at low temperature, 
despite the increase in κele, κlat has remained almost unchanged, sug
gesting that κlat slightly increased. Therefore, the decrease of interstitial 
Ni atoms increases κlat and κele. Thus, κtot increases over the whole 
temperature range. For y = 0.01 and 0.03, κtot also increases with an 
increase in x (in Fig. S5). Since the increase in κtot affects the deterio
ration of ZT, it is necessary to control κlat independently to further in
crease ZT, and heavy-element doping and fabrication methods are 
effective for this purpose [22,48,49].

Finally, Fig. 7(a) shows the temperature dependence of ZT (for y =
0.01, 0.03 are shown in Fig. S6 in the SI). For x > 0.01, ZT increases. In 
particular, for x = 0.03, y = 0.05, ZT shows a maximum value among all 
samples (0 ≤ x ≤ 0.1, 0.01 ≤ y ≤ 0.05), ZTmax = 0.18 (T = 700 K). This is 
a 50 % improvement over ZTmax = 0.12 (T = 675 K) for x = 0, y = 0.05. 
Fig. 7(b) shows a comparison to the previous study. Although not as 

good as expensive HfNiSn-based HH compounds, it showed a higher ZT 
than ZrNiSn-based compounds. The improvement in ZT is consistent 
with the results for the output factors, and is therefore attributable to the 
improvement in ρ and S. Therefore, it is clear that a reduction of κ is 
effective to further increase ZT. For y = 0.03, ZT increased for x = 0.05 
and 0.1 compared to x = 0, y = 0.03. For y = 0.01, N-type conduction 
was observed for x ≤ 0.05. This is due to the insufficient amount of Co 
doping level, resulting in a majority of carriers remaining as electrons. x 
= 0.1, y = 0.01 exhibited P-type conduction, but due to the low power 
factor and high thermal conductivity, the ZT value was the smallest 
among P-type materials.

Therefore, the values of x and y are closely related, and since both 
affect carrier density, it is necessary to achieve an optimal balance to 
maximize the ZT value.

4. Conclusion

In this study, to reduce the electrical resistivity by increasing the hole 
carrier density with the suppression of interstitial Ni atoms, 
TiNi1–x–yCoySn was prepared by the arc melting method, and its ther
moelectric properties were investigated. The crystal structure analysis 
indicates that the amount of interstitial Ni atoms decreases for x > 0.01 
and y = 0.05. All samples are crystallized in the HH structure, but a trace 
of impurity phase was formed for x > 0.05. The thermoelectric prop
erties of the samples show a decrease in ρ for x > 0.01, which confirms 

Fig. 6. Temperature dependence of (a) total thermal conductivity (κtot), (b) 
lattice thermal conductivity (κlat) and carrier thermal conductivity (κele) for 
TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, y = 0.05) where κele = L0ρ− 1T calculated by 
Wiedemann-Franz law.

Fig. 7. (a) Temperature dependence of ZT for TiNi0.95–xCo0.05Sn (0 ≤ x ≤ 0.1, 
y = 0.05). (b) Electrical resistivity (ρ), the Seebeck coefficient (S), and ZT (T =
700 K) in comparison with reported data [21,50,51].
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that the objective is achieved. The |S| does not significantly decrease up 
to x = 0.05 and y = 0.05. The κ increases for x > 0. The ZT has a 
maximum over the entire temperature range for x = 0.03 and y = 0.05, 
and ZTmax is 1.5 times larger than that of the x = 0 and y = 0.05 sample. 
These results show that the performance can be improved by simply 
decreasing the Ni composition ratio without any special manipulations 
or raw materials, and thus contribute greatly to the provision of practical 
thermoelectric materials. Although the ZT obtained in this study (ZT =
0.18) is still limited compared to a practical value, further improvement 
is possible by reducing the thermal conductivity of the lattice.
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