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ABSTRACT: Half-Heusler compounds with a valence electron count of 18, including ZrNiSn, ZrCoSb, and NbFeSb, are good 
thermoelectric materials owing to favourable electronic structures. Previous computational studies had predicted a high elec-
trical power factor in another half-Heusler compound NbCoSn, but it has not been extensively investigated experimentally. 
Herein, the synthesis, structural characterization, and thermoelectric properties of the heavy-element Pt-doped NbCoSn com-
pounds are reported. Pt is found to be an effective dopant enabling the optimization of electrical power factor, simultaneously 
leading to a strong point defect scattering of phonons, and thereby suppressing the lattice thermal conductivity. Annealing 
significantly improves the carrier mobility, which is ascribed to the decreased grain boundary scattering. As a result, a maxi-
mum power factor of ~3.4 mWm-1K-2 is obtained at 600 K. In conjunction with the reduced lattice thermal conductivity, a 
maximum figure of merit zT of ~0.6 is achieved at 773 K for the post-annealed NbCo0.95Pt0.05Sn, an increase of 100% compared 
to the undoped NbCoSn. This work highlights the important roles of the doping element and microstructure on the thermoe-
lectric properties of half-Heusler compounds. 

Introduction 

Thermoelectric materials allow the direct conversion of 
heat into electrical energy. Thermoelectric devices are suit-
able for various applications owing to a lack of mobile parts, 
quiet operation, good reliability, endurance, and flexible im-
plementation1,2. Therefore, they have been used for temper-
ature control, power generation, and referigeration3–5. The 
conversion efficiency of a thermoelectric material is deter-
mined by its figure of merit, zT, which is calculated from the 
transport properties, i.e., zT = α2σT/(κe+ κL), where α is the 
Seebeck coefficient, σ is the electrical conductivity, T is the 
absolute temperature, and κe and κL are the electronic and 
lattice components of thermal conductivity, respectively. 

Among the strategies employed to improve the thermoe-
lectric performance of a material, the optimization of carrier 
concentration (n), usually through chemical doping or de-
fect manipulation, could be the first and foremost one2. With 
this strategy, a large enhancement of zT can be achieved if 
the initial n of a material deviates significantly from its op-
timal one. Moreover, band engineering6 and hierarchical 
phonon scattering7 are important approaches that can be 
implemented to further improve the thermoelectric perfor-
mance8,9. For thermoelectric power generation devices, 
thermally stable, low-cost, and non-toxic materials are 

highly desirable8,10. Fulfilling these requirements, half-Heu-
sler alloys with a valence electron count (VEC) of 18 exhibit 
good thermoelectric properties at high temperatures11,12 
and have thus attracted considerable attention for power 
generation applications13,14. In the half-Heusler alloys, many 
different strategies have been employed to improve the 
thermoelectric performance besides carrier concentration 
optimization, e.g., point defect scattering15, nanostructur-
ing16, phase separation17, band engineering18, and plastic 
deformation19. Consequently, several half-Heusler systems, 
including (Ti,Zr,Hf)NiSn17,20,21, (Ti,Zr,Hf)CoSb22–24, and 
(V,Nb,Ta)FeSb19,25,26, have been found to exhibit good zT val-
ues of above unity. Half-Heusler alloys with a nominal VEC 
of 19 have also attracted significant attention, where the in-
trinsic vacancies play a key role in determining the thermo-
electric properties27. 

NbCoSn is another half-Heusler alloy with a VEC of 18. 
The prediction of a large power factor, α2σ, in both n-type 
and p-type doped NbCoSn indicates promising thermoelec-
tric properties28,29. Particularly, for the p-type NbCoSn, the 
calculated α2σ is the largest among all studied half-Heusler 
alloys28, which might originate from the high degeneracy in 
the valence band edge30. However, the preparation of a 
heavily hole-doped NbCoSn is experimentally challenging, 



 

and good thermoelectric performance has not been re-
ported till date. Ti, Mo, and Hf were initially described as 
weak p-type acceptors for NbCoSn by Kawaharada et al.31,32 
Later, Ferluccio et al.33 reported Zr- and Ti-doped NbCoSn 
with a positive Seebeck coefficient. Sc was also used as an 
acceptor for NbCoSn by Yan et al.34 However, the low elec-
trical conductivities in these p-type NbCoSn samples sug-
gested that the electrical power factors were not yet opti-
mal, preventing the attainment of the predicted high perfor-
mance. A possible hindrance in the realization of the heavily 
hole-doped NbCoSn could be the presence of interstitial Co, 
predicted to be the most stable intrinsic defect in NbCoSn 
by Bhattacharya and Madsen29, which could act as a ‘killer-
defect’. Excess Co was found in the synthesized NbCoSn 
samples, despite being designed to have the nominal com-
position34,35. A similar phenomenon was also observed in 
the ZrNiSn system, in which excess Ni significantly changes 
the electronic structure and transport properties36,37. 
Therefore, further experimental understanding of the in-
trinsic defect in NbCoSn is necessary to optimize its p-type 
thermoelectric properties. 

Meanwhile, n-type doping has been successfully achieved 
using Sb as a dopant31,33,38. The alloys of NbCo1+xSn were 
prepared by optical floating zone method39. Among these, 
NbCo1.05Sn showed the highest phase-purity and thermoe-
lectric performance. He et al.40 reported 80% enhancement 
in the power factor by improving the samples’ phase purity, 
resulting in a maximum zT of 0.6 at 973 K in Sb-doped 
NbCoSn. Additionally, a material comprising the half-Heu-
sler NbCoSn mixed with the full-Heusler NbCo2Sn was stud-
ied, and the antisite disorder was found to be suppressed by 
annealing41. Generally, half-Heusler alloys require a high 
content of chemical doping to realize the optimal electrical 
power factor and consequently, the dopants could also gen-
erate significant suppression on phonon transport13. A do-
pant element with large mass and radius differences com-
pared to the host elements additionally increases phonon 
scattering, thereby suppressing the lattice thermal conduc-
tivity. 

In this study, we have prepared heavy-element Pt-doped 
NbCo1-xPtxSn (x = 0.00–0.15) samples using arc-melting and 
high-energy mechanical alloying, followed by a spark 
plasma sintering (SPS) process. After obtaining the sintered 
pellets, several samples are further annealed. Laboratory 
and synchrotron X-ray diffraction (XRD) measurements 
show that the obtained samples possess pure half-Heusler 
phases with negligible secondary phases. Heavy-element Pt 
doping leads to the simultaneously improved power factor 
and suppressed lattice thermal conductivity. Post-anneal-
ing is effective in decreasing the grain boundary scattering 
of carriers and thus, contributes to a high mobility. As a re-
sult, a maximum zT of ~0.6 is obtained at 773 K for the post-
annealed NbCo0.95Pt0.05Sn, which is the highest value for this 
system at this temperature. 

Experimental 

In the first set of the experiments, stoichiometric amounts 
of Nb slug (99.95%, Alfa Aesar,), Co slug (99.95%, Alfa Ae-
sar), Sn shot (99.999%, Alfa Aesar), and Pt shot (99.9%) 
with compositions of NbCo1-xPtxSn (x = 0.00, 0.03, 0.06, 0.09, 
0.12, and 0.15) were weighed and loaded in a water-cooled 

Cu crucible of the arc-melter to prepare 4.5 g of each sam-
ple. Each pellet was melted three times under an inert Ar 
atmosphere to guarantee homogenization. To remove the 
residual impurities, the samples were annealed at 1073 K 
for seven days inside vacuum-sealed quartz ampoules using 
Ta foil to minimise the oxidation. Subsequently, the samples 
were ground using a ball-milling machine (Pulverisette 7, 
Fritsch), after which the resulting powders were compacted 
under inert conditions using SPS. The powders were placed 
in a 10-mm cylindrical graphite die and a uniaxial pressure 
of 80 MPa was applied while heating rapidly to 1223 K and 
then kept for 5 min. Then, the sintered pellets were used for 
the characterization of structural and transport properties. 
In the second set of experiments, two additional NbCo1-

xPtxSn samples were prepared with x = 0.05 and 0.1. To im-
prove the phase purity, these two samples were addition-
ally annealed for seven days at 1073 K after the SPS process.  

XRD was performed at room temperature using an image-
plate Huber G670 Guinier camera equipped with a Ge(111) 
monochromator and employing Co Kα1 radiation. Synchro-
tron XRD (SXRD) patterns were collected with an incident 
beam of 28 keV energy (λ = 0.4427 Å), in the high angular 
resolution mode (MAD set-up) on the MSPD-diffractometer 
at the ALBA synchrotron in Barcelona, Spain. The ground 
samples were analysed using quartz capillaries with 0.25-
mm radius. Rietveld refinements of XRD and SXRD patterns 
were performed using FullProf program42,43. A pseudo-
Voigt function was employed for analysing the shapes of the 
diffraction peaks. There were no excluded regions in the re-
finements. The final refinement of the synchrotron data was 
performed using parameters such as scale factor, set of 
background points, zero-point shift, pseudo-Voigt shape, 
and isotropic thermal displacement parameters of Nb, 
Co/Pt, and Sn. 

Microstructural analysis of the samples was performed 
using scanning electron microscopy (SEM, Zeiss Merlin 
scanning electron microscope, Carl Zeiss AG, Oberkochen, 
Germany) in the backscattered mode, at an accelerating 
voltage of 30 kV and a beam current of 2 nA.  

High-temperature measurements of the Seebeck coeffi-
cient and electrical resistivity were performed using an 
ULVAC-RICO ZEM-3 equipment. The thermal conductivity 
was calculated using the equation, κ = CpDρ, where Cp is the 
specific heat, D is the thermal diffusivity, and ρ is the sample 
density, employing thermal diffusivity values measured by 
a LASER Flash (LFA 457, Netzsch). Cp is calculated using the 
formula, Cp = Cph,H + CD, where Cph,H and CD are the contribu-
tions of the harmonic phonons and lattice dilation, respec-
tively, which can be calculated by employing the sound ve-
locity, thermal expansion coefficient, and density (Table S1, 
supporting information)24. 

The Hall effect measurements were performed in sample 
rods in a four-probe configuration using the resistivity op-
tion of the physical property measurement system (PPMS, 
Quantum Design). The measurements were symmetrised to 
eliminate the magnetoresistance contribution, and the car-
rier concentration was calculated using the formula, RH = -
1/enH, where RH is the Hall coefficient, e is the free electron 
charge, and nH is the Hall carrier concentration. 

Results and Discussion 



 

The laboratory XRD patterns of the two sets of NbCo1-

xPtxSn (x = 0.00–0.15) samples are shown in Figure 1a. The 
main phase is consistent with the cubic MgAgAs-type half-
Heusler structure, and tiny impurity peaks are hardly ob-
served in the range of binary phases (Nb3Sn, Co7Nb6) typi-
cally reported for this compound41. Although the impurity 
peaks are more noticeable for the samples with high Pt con-
tents, the peak intensities are very low to enable precise 
identification of these secondary phases using the labora-
tory XRD analysis. Moreover, despite further annealing of 
the samples with x = 0.05 and x = 0.10 in the second set of 
experiments for seven days at 1073 K, no marked difference 
in the phase purity is observed compared to those of the 
other samples from the first set of experiments. To perform 
a more detailed analysis of the structure and phase purity, 
high-resolution SXRD experiments were carried out for 
samples with x = 0.00 and x = 0.05 from the first and second 
sets of experiments, respectively. The crystalline structure 
corresponds to the F4̅3m space group, with Nb atoms lo-
cated at 4a (0,0,0), Co/Pt at 4c (1/4,1/4,1/4), and Sn at 4b 
(1/2,1/2,1/2) Wyckoff positions. The refinements yield 
good agreement factors (Table S2, supporting information), 
while the isotropic displacement parameters are slightly 
higher than those described by neutron diffraction due to 
the effects of radiation absorption33,41. The accurate calcula-
tion of the occupation factors to analyze the defects as off-
stoichiometry or antisite defects is not possible owing to the 
highly symmetric positions of the atoms and the absorption 
effects. The full Heusler phase is not detected, and very 
weak intensity peaks are observed in the 9–11° range cor-
responding to an extremely low volume fraction of the sec-
ondary impurity phases (Figures 1b and 1c). Overall, the 
high-resolution SXRD measurements also suggest no 
marked differences in the phase purities for the samples 
with x = 0.00 and x = 0.05, despite the higher Pt content and 
post-annealing of the latter. 

Lattice parameters (Figure 1d) were determined using 
Rietveld refinements of the XRD patterns in the F4̅3m space 
group, displaying an excellent match with the literature 
data33. The lattice parameter value increases almost linearly 
with an increase in the Pt content, which indicates the effi-
ciency of Pt as a donor for NbCoSn. Carrier concentration 
measurements allow the assessment of the effectiveness of 
Pt doping in terms of the electron transfer to the half-Heu-
sler structure. Figure 1d shows a linear behaviour with an 
increase in the dopant concentration, and similar values 
have been reported for slightly higher Sb dopant concentra-
tions40. Using a simple assumption of one added electron 
per Pt atom, the estimations of the carrier concentrations 
(red dashed line in Figure 1d) are consistent with the exper-
imental values. However, carrier concentration is an inte-
gral measurement for a bulk sample, and the contribution 
of the possible micro- or nanoscale features within the ma-
terial is compounded in the measured value. The calculated 
carrier concentration is 9.42×1020 cm-3 for x = 0.05, which is 
close to the experimental value. The results indicate that Pt 
is a highly effective dopant for this system.  

   

 

Figure 1. a) Indexed laboratory XRD patterns of of NbCo1-xPtxSn 
(x = 0.00-0.15).  Rietveld refinement of synchrotron XRD pat-
terns using λ = 0.4427 Å at room temperature with experi-
mental (red crosses), calculated (black line), difference (blue 
line), and Bragg reflections (green segments) of NbCoSn (b) 
and the post-annealed NbCo0.95Pt0.05Sn (c), displaying an al-
most complete absence of impurities in the inset (magnified 
image) in the typical 2θ range. d) Lattice parameters for NbCo1-

xPtxSn (x = 0.00, 0.03, 0.06, 0.09, 0.12, and 0.15) represented by 
empty blue circles, and post-annealed NbCo1-xPtxSn (x = 0.05, 
0.10) represented by filled blue circles. Blue dashed line is a 
guide for the eye. Carrier concentration is represented by red 
empty and filled circles. The red dashed line denotes the carrier 
concentration calculated using one added electron per Pt atom. 

The temperature-dependence of the electronic conduc-
tivity σ for NbCo1-xPtxSn (x = 0.00–0.15) samples is shown in 
Figure 2a. An increasing trend is observed for the pristine 
NbCoSn sample, indicating a semiconducting behaviour. Af-
ter doping with Pt, the σ value shows a noticeable increase 
in the complete temperature range, with a decreasing trend 
at temperatures above 500 K, suggesting a degenerate sem-
iconductor behaviour. Interestingly, the sample with x = 
0.05, which is post-annealed, shows a higher σ compared to 
that of the sample with x = 0.06, despite the higher carrier 
concentration of the latter. A similar phenomenon is also 
observed for the other post-annealed sample with x = 0.10, 
whose σ value at room temperature is higher than that of 
the sample with x = 0.12. Thereafter, the carrier mobilities 
of the samples were calculated (Figure 2b). Overall, the two 
post-annealed samples with x = 0.05 and x = 0.10 have 
higher carrier mobilities than those of the others, suggest-
ing an annealing-induced change in the microstructure. 
Therefore, the backscattered SEM measurements were per-
formed for samples with x = 0.05 and x = 0.06, as shown in 
Figures 2c and 2d, respectively. This analysis shows that the 
sample with x = 0.05, with post-annealing after SPS, has a 
grain size of a few micrometres, which is almost ten times 
larger than that of the sample with x = 0.06. Grain boundary 
scattering has recently been found to hinder the mobilities 
and conductivities (particularly near room temperature) of 
Mg3Sb244, half-Heusler Nb1-xTixFeSb45 and (Zr,Hf)CoSb46, and 
elemental Te47,48. Herein, an increase in the grain size in 
post-annealed samples can support their high electrical 
conductivities and carrier mobilities. The confirmation of 
the influence of grain boundary processes will be the focus 
of a separate study. 
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Figure 2. a) Temperature dependence of the electrical conduc-
tivity of NbCo1-xPtxSn (x = 0.00-0.15). b) Carrier mobility as a 
function of the Pt content, where the dashed blue line is a guide 
for the eye. Backscattered SEM images of c) NbCo0.94Pt0.06Sn 
and d) the post-annealed NbCo0.95Pt0.05Sn. 

 

The temperature dependence of the Seebeck coefficient 
(Figure 3a) of Pt-doped samples shows the typical behav-
iour of a degenerated semiconductor. The absolute Seebeck 
coefficient increases in the complete temperature range 
with no observable contribution from bipolar conduction. 
In contrast, the pristine NbCoSn shows an increase in the 
Seebeck coefficient up to 600 K, when a small bump is ob-
served. Similar data have been previously reported for the 
undoped compound33,39. As expected according to the 
Pisarenko relationship9, the absolute Seebeck coefficient 
decreases with an increase in the dopant content due to the 
increased electron concentration. 

A Pisarenko plot using the single parabolic band model24 
(Figure 3b) was used to better assess the electrical proper-
ties of n-type NbCoSn. A density of state effective mass m* of 
6.5 me is derived for the Pt-doped NbCoSn samples. Notably, 
this m* value is close to that of the n-type (Zr,Hf)CoSb24,46,49, 
but more than two times higher than that of n-type 
(Zr,Hf)NiSn20,50. As both n-type (Zr,Hf)CoSb and (Zr,Hf)NiSn 
have a band degeneracy of 3, and the calculated electronic 
structure of NbCoSn shows a higher band degeneracy of 628–

30, the band effective mass of NbCoSn is lower than that of 
(Zr,Hf)CoSb, but still higher than that of (Zr,Hf)NiSn. 

The variation in calculated power factor is shown in Fig-
ure 3c. It follows an increasing trend with an increase in 
temperature because of an increase in the absolute Seebeck 
coefficient up to 600–700 K and then saturates at high tem-
peratures due to the decreased electrical conductivity. Pt 
doped NbCoSn samples exhibit noticeably higher power fac-
tors than that of the undoped NbCoSn, suggesting the opti-
mization of electrical properties. Moreover, the second set 
of samples with x = 0.05 and x = 0.10, which have larger 
grain sizes, show overall higher power factors than those of 
the first set of samples. This is attributed to the decreased 
grain scattering and thus improved carrier mobility. A max-
imum power factor of ~3.4 mWm-1K-2 is obtained at 600 K 
for the post-annealed sample with x = 0.05, which is compa-
rable to that of NbCoSn0.9Sb0.1 at 900 K40. 

 

  

Figure 3. a) Temperature dependence of Seebeck coefficient for 
NbCo1-xPtxSn (x = 0.00-0.15). b) Pisarenko plot at room temper-
ature for several n-type half-Heusler compounds including 
NbCoSn40, (Zr,Hf)CoSb24,46,49, and (Zr,Hf)NiSn20,50.. c) Tempera-
ture dependence of power factor for NbCo1-xPtxSn (x = 0.00-
0.15).  

 

The change in total thermal conductivity κ of NbCo1-xPtxSn 
with temperature is shown in Figure 4a. A decrease in the κ 
value of Pt-doped samples is observed near room tempera-
ture. To further understand this behaviour, κe and κL were 
calculated using the equations, κe = LσT and κL = κ-κe, where 
L is the Lorenz number and calculated using the single par-
abolic band model24. As shown in Figure 4b, a notable de-
crease in κL is observed upon Pt-doping and a maximum re-
duction of 45% is obtained for x = 0.15, indicating that heavy 
element doping is effective in enhancing the phonon scat-
tering by introducing strong mass and strain field fluctua-
tions13. This reduction is almost linearly related to the Pt 
content as observed in Figure 4c, regardless of the grain 
sizes of the samples, suggesting that point defects dominate 
the phonon scattering while the grain boundaries might not 
significantly affect the phonon transport. At a high Pt con-
tent, κL shows lower values than those previously reported 
for this system, typically in the range of 5–10 W m-1 K-1 at 
room temperature33,40,41. In addition, an increase in κe is ob-
served with an increase in the Pt content because of an in-
crease in the electrical conductivity. Compared to Sb dop-
ing40, Pt doping is more effective at suppressing the κL of 
NbCoSn, thereby contributing to the decrease in κ. These 
values are comparable and even lower than those obtained 
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for the NbCoSn–NbCoSb solid-solutions, in which the disor-
der and Nb vacancies have a strong impact on the phonon 
conduction33. 

Owing to the simultaneously decreased κL and improved 
power factor, Pt doping is effective in improving the figure 
of merit zT of NbCoSn (Figure 4d). A 100% increase in the 
peak zT is observed for NbCo0.95Pt0.05Sn, compared to that 
for NbCoSn, leading to a maximum value of ~0.6 at 773 K. 
This value is similar to that for Sb-doped NbCoSn system but 
occurs at a lower temperature. Furthermore, the almost lin-
ear temperature dependence of zT in all the studied NbCo1-

xPtxSn samples suggests that a higher peak zT can be 
achieved at higher temperatures.  

   

 

Figure 4. Temperature evolution of a) total thermal conductiv-
ity and b) lattice thermal conductivity. c) Variation of κ, κe, and 
κL with an increase in Pt content at room temperature. d) Fig-
ure of merit zT for NbCo1-xPtxSn (x = 0.00-0.15) as a function of 
temperature. zT for the optimised NbCoSn0.9Sb0.1 is also 
shown40. 

 

Conclusions 

In summary, heavy-element Pt-doped NbCoSn alloys are 
successfully prepared via arc-melting and high-energy me-
chanical alloying followed by SPS. The structure and ther-
moelectric properties are systematically characterized. Pt is 
found to be an effective dopant for NbCoSn, leading to the 
simultaneously improved electrical and thermal transport 
properties, thereby resulting in enhanced thermoelectric 
performance. Post-annealing is effective in decreasing the 
grain boundary scattering of carriers and thus contributes 
to a high carrier mobility. A maximum power factor of ~3.4 
mWm-1K-2 is obtained at 600 K. Furthermore, the lattice 
thermal conductivity is significantly decreased due to the 
enhanced point defect scattering of phonons, and a direct 
relationship between the doping content and this reduction 
is observed. A peak zT of 0.6 at 773 K is obtained for the 
post-annealed NbCo0.95Pt0.05Sn, which is comparable to the 
highest reported value and can be further improved at high 
temperatures. This work highlights the importance of the 
selection of doping elements and microstructure in improv-
ing the thermoelectric properties of half-Heusler com-
pounds. 
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2Max-Planck-Institut für Eisenforschung GmbH, Max-Planck Straße 1, 40237, Düsseldorf, Germany 
3State Key Laboratory of Silicon Materials, School of Materials Science and Engineering, Zhejiang University, 310027 
Hangzhou, China 
4Department of Materials Science, Technical University of Darmstadt, 64287 Darmstadt, Germany 
5Instituto de Ciencias de Materiales de Madrid (ICMM). Consejo Superior de Investigaciones Científicas (CSIC). Sor 
Juana Inés de la Cruz 3, 28049, Madrid, Spain 

  



 

 

10 

Table S1. Calculated and Dulong-Petit specific heat, longitudinal and transversal sound velocities, coef-

ficient of linear thermal expansion (CLTE) and density for x = 0.05 and x = 0.10 Pt-doped NbCoSn. 

 

Composition Calc. Cp @300 K 

(Jg-1K-1) 

 

DP Cp 

(Jg-1K-1) 

vl 

(ms-1) 

vt 

(ms-1) 

CLTE 

(10-6 K-1) 

ρ  

(gcm-3) 

NbCo0.95Pt0.05Sn 0.252 0.269 5563 3028 9.14 8.64 

(99.2%) 

NbCo0.9Pt0.1Sn 0.246 0.263 5471 2906 10.7 8.75 

(98.3%) 

 

Figure S1. Calculated heat capacity from CLTE compared to Dulong-Petit value of Pt-doped NbCoSn. 
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Figure S2. Electronic contribution to thermal conductivity of Pt-doped NbCoSn. 

  

 

Table S2. Structural parameters of NbCoSn and NbCo0.95Pt0.05Sn obtained by Rietveld refinement of Syn-

chrotron XRD patterns. 

Composition NbCoSn NbCo0.95Pt0.05Sn 

Latt.parameter a/Å 5.95386(4) 5.96556(3) 

V/Å3 211.055(2) 212.3020(17) 

Uiso, Nb/Å2 0.0018(16) 0.0041(13) 

Uiso, Co/Pt/Å2 0.0054(7) 0.0065(6) 

Uiso, Sn /Å2 0.0098(18) 0.0106(14) 

RI 3.15 2.06 

Rp 6.18 9.42 

Rwp 7.72 12.3 

Rexp 4.97 7.27 

χ2 2.41 2.87 
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