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ABSTRACT: Intrinsically high lattice thermal conductivity has remained a major bottleneck for
achieving a high thermoelectric figure of merit (2T) in state-of-the-art ternary half-Heusler (HH)
alloys. In this work, we report a stable n-type biphasic-quaternary (Ti,V)CoSb HH alloy with a
low lattice thermal conductivity ks, &% 2 W m™' K™' within a wide temperature range (300—873
K), which is comparable to the reported nanostructured HH alloys. A solid-state transformation
driven by spinodal decomposition upon annealing is observed in Tiy sV, sCoSb HH alloy, which
remarkably enhances phonon scattering, while electrical properties correlate well with the altering
electronic band structure and valence electron count (VEC). A maximum zT ~ 0.4 (£0.05) at
873 K was attained by substantial lowering of k and synergistic enhancement of the power factor.
We perform first-principles density functional theory calculations to investigate the structure,
stability, electronic structure, and transport properties of the synthesized alloy, which rationalize
the reduction in the lattice thermal conductivity to the increase in anharmonicity due to the
alloying. This study upholds the new possibilities of finding biphasic-quaternary HH
compositions with intrinsically reduced k;, for prospective thermoelectric applications.
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1. INTRODUCTION

through emerging strategies of alloying-induced phonon

. . . 14217 .
Half-Heusler (HH) intermetallic phases are cubic structural .engilsl_ezelr mng nanost.n.lcturmg, ngfid engineer-
frameworks that can accommodate varied elemental combina- ng, and nar.lo'composmng approaches. .

tions to exhibit a diverse range of physical properties and Among the existing HH phases, n-type MNiSn and p-type

phenomena.' ™ In thermoelectrics (TE), several HH alloys
have emerged as a prospective class of cost-effective and high-
performance materials for a wide temperature range of
applications, owing to their nontoxic and earth-abundant
elemental constituents and remarkable power factors.*”® First-
principles studies on prospective candidates within the HH
family indicate an interesting possibility of attaining unique
and diverse physical properties.””” Generically, HH alloys
being ternary intermetallics, are represented as XYZ, where X,
Y, and Z occupy three interpenetrating sublattices to crystallize
in a noncentrosymmetric cubic (MgAgAs) Cl1, configuration
[space group F43m (no. 216)].""" By changing the elemental
composition (ie, X, Y, and Z), the valence electron count
(VEC) can be varied to attain electronic behaviors with a wide
range of band-gap tunability ranging from semiconducting to
superconducting and ferromagnetic to nonmagnetic behav-
iors.”'® However, relatively high thermal conductivity (k),
stemming from their simple crystal structure, limits their zT to
lower albeit competitive values. Hence, over the past two
decades, the key research efforts in HH thermoelectrics have
been aimed at the reduction of the thermal conductivity of
these materials while maintaining their higher power factor

© 2022 American Chemical Society
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MCoSb (M = Ti, Zr, Hf) ternary alloys, with ~18 VEC per
unit cell, have been extensively studied and developed for
mid—high-temperature TE application.”” Lately, first-princi-
ples thermodynamics calculation and experimental realization
of new HH materials with 19 VEC, such as VCoSb,>*™*’
NbCoSb,””™*! and TaCoSb,”® have underpinned the intrinsi-
cally defective nature of HH alloys, which has opened a wider
possibility in the search of new HH compositions having both
higher power factors and inherently lower x;. Moreover, stable
quaternary compounds based on aliovalent substitution,
referred to as double HH alloys, were recently proposed as
an alternative to traditional ternary HHs.”>** Having smaller
group velocity of phonons and enhanced disorder scattering,
most of these multicomponent HH derivatives were predicted

EEIAPPLIE

Received: September 15, 2022
Accepted: November 16, 2022
Published: November 30, 2022

o

https://doi.org/10.1021/acsami.2c16595
ACS Appl. Mater. Interfaces 2022, 14, 54736—54747


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nagendra+S.+Chauhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dipanwita+Bhattacharjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanmoy+Maiti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yury+V.+Kolen%E2%80%99ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzuru+Miyazaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amrita+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amrita+Bhattacharya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c16595&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
https://pubs.acs.org/toc/aamick/14/49?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c16595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

to exhibit intrinsically lower k;, thereby offering a new
possibility for the compositional tuning of their transport
properties. Notably, the experimental realization of these exotic
multinary compositions is, however, challenging owing to
materials synthesis limitations. During synthesis, the fusion of
elements or simpler compounds into more complex ones is
often futile in providing new materials due to the involvement
of high energies with limited kinetic control at high
temperatures. Mostly, reactions proceed to form the most
thermodynamically stable products involving intrinsic phase
segregation.”* " Interestingly, the high lattice stability of these
intrinsically phase-segregated HH alloys provides inherent
ability to achieve low ky in the synthesized multinary
compounds.

In the present study, we report a stable n-type biphasic-
quaternary (Ti,V)CoSb HH alloy for high-temperature
thermoelectric applications. The material was synthesized
using arc melting and consolidated into densified bulk
specimens employing spark plasma sintering. The synthesized
phase-pure HH alloy crystallizes in a cubic crystal structure and
exhibits degenerate n-type semiconducting behavior, which is
corroborated using theoretical modeling. Remarkably, the
lower k, % 2 W m™' K™' within a wide temperature range
(300—873 K) was achieved, which is a significantly reduced
value when compared to prevailing ternary HH alloys. A
maximum zT ~ 0.4 (£0.05) at 873 K is realized, which can be
further improved by appropriate doping and panoscopic
approaches.**™*

2. EXPERIMENTAL DETAILS

The ingots with nominal composition Ti,_,V,CoSb (0 < x < 1) HH
alloys were synthesized employing arc melting (AM) under an argon
atmosphere using stoichiometric proportions of pure elemental Ti
(powder, 99.97%), V (grains, 99.97%), Co (chips, 99.97%), and Sb
(shots, 99.98%), purchased from Sigma-Aldrich. The compositional
homogeneity was ensured by flipping and remelting AM-ingots three
times. After phase composition confirmation, the ingots were ground
to a fine powder using a mortar and pestle and then compacted into
macroscopic bulk pellets using graphite die employing spark plasma
sintering (SPS) by heating up to 1173 K under a uniaxial pressure of
50 MPa in a vacuum of 0.1 mbar. Subsequently, the as-sintered pellets
were annealed at 873 K for 4 days. The relative density of a disk-
shaped pellet with dimensions of 10 mm X 2 mm was estimated to be
~99% of the theoretical crystallographic density, as determined by
Archimedes principle using an 822¢ analytical balance (Mettler
Toledo).

The powder X-ray diffraction (XRD) patterns were collected using
a D8 Advance diffractometer (Bruker AXS) equipped with Cu Ka
radiation. The XRD patterns were matched to the International
Centre for Diffraction Data (ICDD) PDF-4+ database using the
X’Pert HighScore software package (PANalytical).** The Rietveld
refinement was carried out using the Full-Prof software package.**°
The phase mapping, morphological features, and compositional
homogeneity were investigated in backscattered electron (BSE)
mode and secondary electron (SE) mode over the polished sample
surfaces using scanning electron microscopy (SEM) coupled to
energy-dispersive X-ray (EDX) spectroscopy using a JSM-IT 100
(Jeol) scanning electron microscope.

The temperature-dependent transport measurements were per-
formed on the calibrated instrument following essential considerations
to minimize the possibility of erroneous data. The thermal diffusivity
(D) was measured using a circular disc specimen of a diameter of 10
mm and thickness of 2 mm, with an LFA467HT HyperFlash laser
flash analyzer (Netzsch). Alongside, rectangular bar samples were cut
from the circular disk with approximate dimensions of 10 mm X 2
mm X 2 mm for electrical measurements using the ZEM-3 instrument

(Ulvac-Riko). The thermal stability and consistency of measured
electrical transport properties in synthesized samples were established
by overlapping heating and cooling cycles (Figure S1). The carrier
concentration (ny) and mobility (yy;) were obtained using room-
temperature Hall measurements under a magnetic field of 0.5 T. The
accuracies in transport measurement were +6% for thermal diffusivity,
+5% for electrical conductivity, +5% for Seebeck coeflicient, +10%
for specific heat, and +1% for density.

3. COMPUTATIONAL DETAILS

First-principles DFT calculations””** were performed to obtain

the ground-state structure for the synthesized HH compounds.
These calculations were performed with a plane wave-based
electronic structure theory code, namely, Vienna Ab-initio
Simulation Program (VASP).*"% The generalized gradient
approximation (GGA) as implemented by Perdew—Burke—
Ernzerhof (PBE)®' with projector augmented wave (PAW)
potential was used to treat the exchange and correlation,
respectively. About 1.3 times the default value in PAW
pseudopotential was taken as the cutoff for the plane waves
(500 eV). The numerical setting was chosen to yield a
convergence energy difference of <107 eV per atom for
structural optimization. The Brillouin zone of the com}gounds
was sampled using a Monkhorst—Pack scheme® with
converged reciprocal space grids 21 X 21 X 21 per unit cell.
The phonon dispersions were calculated using density
functional perturbation theory (DFPT), as implemented in
the python-based Phonopy code developed by Togo and co-
workers.”® The forces converged to an accuracy of 107% eV
A7'. The transport coefficients were calculated using Boltz-
Trap2,54 which relies on solving the Boltzmann transport
equations under constant relaxation time approximation.

To computationally study the (Ti,V)CoSb HH composition,
we generate the most stable ground-state structure of the
TigsVosCoSb composition using an iterative scanning
procedure. For this purpose, we start with the conventional
cubic lattice of TiCoSb containing four Ti, four Co, and four
Sb atoms. In the first step, we substitute any one of the four Ti
atoms with one V atom and relax the structure (since all of the
four Ti atoms are symmetrically equivalent); thereby, the
ground-state structure of Vj,sTi,,5CoSb is obtained. Using
this structure, we iteratively scan the three remaining Ti sites
for V substitution to obtain the lowest energy configuration of
Tig5VsCoSb. The primitive tetragonal lattice of this lowest
energy configuration containing one Ti, one V, two Co, and
two Sb atoms is considered for further study (see Figure 1).
For V,sTiy7;5CoSb and V. Tiy,;CoSb, the conventional
cubic lattice is used. To examine the stability of the structure,
the formation energy (Eg,,) is computed using

E(Xa) _ BE(Xb) _ CE(XC)

Eform = E(XAYBZC) —A b .

(i)
where E(X,Y3Z.) is the total energy of the compound and
E(X,), E(X,), and E(X.) are the total energies of the bulk
phases of X, Y, and Z having A, B, and C numbers of atoms,
respectively. Then, the effect of temperature on formation
energy [Eg,m(T)] is incorporated by adding the contributions
stemming from the vibrational free energy as

Eform(T) = Eform + wa(T) (ii)
where the free energy contribution is given by F;,(T)
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Figure 1. Formation energy per atom (E,,, atom™") plotted with the
variation in concentration (x) of the X-site element (blue squares) in
Ti;_,V,CoSb. The formation energy upon inclusion of the vibration
free energy at 800 K is shown in red. The simulation cell for the
different compositions is shown in the inset.

F(Xu) B F(Xb) C F(Xc)
b c (iii)
Figure 1 shows the formation energy per atom (Eg,,, atom™)
plotted for different compositions of Ti;_,V,CoSb (for X = 0,
0.25, 0.5, 0.75, 1) from their ionic and electronic total energy
(static; denoted by blue squares), as well as after including the
vibrational free energy contribution at a high temperature of
800 K (red squares). TiysVysCoSb (—0.28 eV atom™) has
negative formation energy, which lies between that of TiCoSb
(—0.71 eV atom™) and VCoSb (—0.16 eV atom™"), suggesting
its formability and stability. This trend of formation energy is
maintained even after including the vibrational contribution.
To compute the relaxation time, a crude strategy as used by
previous researchers’ was adopted. In this approach, the
carrier relaxation time (7) is treated as a constant for a specific
temperature and carrier concentration. In a comparison of the
theoretical transport coefficients (6/7) obtained by solving the
semiclassical Boltzmann transport equations as implemented in
the BoltzTraP2 package®* with the experimental values at 800
K and for carrier concentrations of 10" cm™ (TiCoSb), 10*!
ecm™ (TiysVysCoSb), and 10> cm™ (VCoSb), respectively,
we obtain the 7 values of 32, 0.154, and 2.2765 fs for TiCoSb,
TiysVosCoSb, and VCoSb, respectively. Thus, we observe a
decrease in the order of the 7.y as we compare TiCoSb to

e-p
VCoSb and TiyV,;CoSb to VCoSb.

Ey=F (XAYBZC) - A

4. RESULTS

The XRD pattern for the biphasic-quaternary (Ti,V)CoSb HH
alloy is shown in Figure 2a for different stages of alloy
processing, namely, as-synthesized and annealed arc-melted
ingots, as-sintered, and annealed SPS bulk specimens. All of the
peaks are well indexed to HH phases and have a cubic crystal
system [space group F43m (no. 216)] as shown with hkl
indices. Notably, peak splitting of the most intense (220) peaks
was observed, as shown by the magnified view in Figure 2b,
which indicates the biphasic character of the polycrystals. The
Rietveld refinement of the XRD patterns (Figures S2—SS)
provides quantitative evaluations of lattice parameters and
phase fraction of two phases, which are also tabulated in Table

(a) AM + SPS + Annealing (b)
—— AM+SPS
—— AM + Annealing

| LA

Intensity (a.u.)

20 30 40 50 60 70 80434445
26 (deg.CuKa)
5.904 (c)
5.88
g 5.86
° o84 ‘\.
5821 Phase 2
5.80- (V-rich)
V,sCoSb  VCoSh

Figure 2. (a) XRD patterns of the as-synthesized and annealed arc-
melted ingots along with as-sintered and annealed SPS bulk
specimens of TiysV,sCoSb HH alloy, (b) enlarged view of the
XRD patterns in the range of 26; = 43—45° and (c) refined
experimental lattice constants indicating contracted and expanded
lattice constant of the Ti-rich and V-rich phase in the synthesized
biphasic-quaternary Tij sV, sCoSb HH alloy.

1. The lattice parameter (a) obtained for the Ti-rich phase and
V-rich phase in arc-melted (Ti,V)CoSb HH alloy indicates the
respective solubility of V and Ti within the biphasic-quaternary
HH alloy, while cation size difference (rp; > ry) is found to
decrease and increase the cubic lattice constant a for the Ti-
rich HH phase and V-rich HH phase, owing to the solubility of
V and Ti in their partially substituted (Ti,V) sublattice. During
the sintering of the arc-melted ingots, no discernible change
was recognized for the peak position and shape, and the lattice
parameter varies marginally. The pronounced low-angle
shoulder observed for the as-synthesized arc-melted ingots
and the as-sintered SPS bulk specimens indicates a greater
phase fraction of the V-rich phase, as shown in Table 1.

Upon annealing of the arc-melt ingot, the peaks get
separated into lower-angle sharper peaks and higher-angle
shoulders, implying the increased phase fraction for the Ti-rich
HH phase. The V-rich HH phase that predominates in the arc-
melted ingots and sintered SPS bulk specimens is found to be
reduced upon annealing. Interestingly, the changes in the
lattice parameters upon annealing (Table 1) for the phases
indicate immiscibility driven by spinodal decomposition of the
VCoSb—TiCoSb HH phase system. The annealed SPS bulk
samples were found to be thermally stable and exhibit
equivalent phase fractions for both phases. However, compared
to the annealing of arc-melted ingot, relatively higher solubility
of V and Ti in Ti-rich HH phases and V-rich HH phases was
found for prolonged annealing of SPS bulk specimens. The
altered phase fractions for different heat treatments imply the
metastable nature of the synthesized quaternary (TiV)CoSb
HH alloy, which upon annealing undergoes phase segregation
to reach thermal stability.

The calculated lattice parameters of the annealed (TiV)-
CoSb HH alloy are shown in Figure 2c. The equilibrium lattice
constant for the conventional lattice of TiCoSb is found to be
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Table 1. Rietveld Refined Parameters of Biphasic-Quaternary Tij, sV, CoSb Half-Heusler Alloy”

phase 1 (Ti-rich)

phase 2 (V-rich)

a (A) phase (%)
AM 5.8702(1) 429
AM + annealing 5.8819(1) 553
AM + SPS 5.8710(1) 37.9
AM + SPS + annealing 5.8659(1) 49.4

“AM = arc melting and SPS = spark plasma sintering.

density a (A) phase (%) density
7.50 5.8420(1) 7.9 7.71
7.46 5.8205(1) 447 7.80
7.50 5.8413(1) 62.1 771
7.52 5.8361(1) 50.6 7.74
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Figure 3. BSE—SEM images at low magnification showing the (a) as-sintered microstructure with biphasic regions shown in the inset and (b)
annealed microstructure with a well-distributed and phase-separated biphasic microstructure. (c) High-magnification image indicating phase
separation, and (d) respective SEM—EDX elemental maps indicating bright Ti-rich region 1 and dark V-rich region 2. (e) EDX spectrum and
quantitative composition tabulated in the inset for the synthesized biphasic-quaternary Tij sV, sCoSb HH alloy.

higher (~5.89 A) than that of VCoSb (~/5.82 A), which can be
mainly attributed to the cation radius size difference (ry < rry).
Interestingly, partial substitution at the (TiV) sublattice is
evident by decreasing and increasing lattice constant in
TiCoSb and VCoSb HH phases, respectively. These
observations suggest the biphasic nature of (TiV)CoSb HH
with intermediate VEC composition, wherein a spinodal
decomposition-driven biphasic microstructure exists with
TiCoSb and VCoSb phases having a partially substituted
(Ti,V) sublattice, which is schematically displayed in the inset
of Figure 1. The theoretical formation energy (Eg,, atom™")
calculations (Figure 1) indicate that the nominal Tiy sV, sCoSb
HH phase has intermediate formation energy (—0.28 eV
atom™') as compared to both its pristine constituting
counterparts [TiCoSb (—0.71 eV atom™') and VCoSb
(—0.16 eV atom™)]. The occurrence of spinodal decom-
position promoting phase segregation with equiatomic phase

54739

fractions of Ti-rich and V-rich HH phases within the annealed
sintered bulk specimens is also observed.

The microstructural characterization of the synthesized
(Ti,V)CoSb HH alloy is shown in Figure 3. A densely packed
microstructure is evidenced by a low magnification BSE—SEM
image for the as-sintered and annealed SPS samples (Figure
3a,b). The as-sintered samples exhibit heterogeneously
distributed regions with biphasic structures appearing in
localized areas, as shown in the inset of Figure 3a. During
annealing, the distribution appears more homogeneous as
indicated by Figure 3b. The equiaxed microstructure, shown in
Figure 3c at high magnification, reveals two compositionally
distinct and phase-segregated types of phases, which
correspond to V-rich (dark regions) and Ti-rich (gray regions)
phases, as indicated within the annealed (Ti,V)CoSb HH alloy.
Alongside their energy-dispersive X-ray (EDX) spectroscopy,
elemental mappings (Figure 3d) confirm that the two phases
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ACS Appl. Mater. Interfaces 2022, 14, 5473654747


https://pubs.acs.org/doi/10.1021/acsami.2c16595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16595?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c16595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

50 As-Sintered 250 20
o] @ e e | (b)
< ~@-Tig.V,,CoSh O :'”;V“csc;:b 5200 - g 15~
UE, 304 -@-veosb X Th Vo CoSh g 150 | / "0
S & [ m s 1 ON>
< 20 S 2100- , S~ m [0
| 9900089485 X X / O =
© 10 g5, _“e 05 T
32: 0 i' - =[J= == As Sintered
0:0_ - : . . i . ‘ i . [ ) Annealed 0.0
300 400 500 600 700 800 900 18.00 18.25 18.50 18.75 19.00
-400 T(K) 2.0 VEC
(C) e (d)
3001 Eji'!‘lw!-l-l-li{! X 15
P s
X
z 1.0
2 o
w-100~ -
s 0.5
-50 &
0-+— T T T T T T 0.0- . r T - r ,
300 400 500 600 700 800 900 300 400 500 600 700 800 900
12 T(K) 12 T(K)
8+ 8
6+ 6
n 4]
2+ 21
0 0

300 400 500 600 700 800 900
T(K)

300 400 500 600 700 800 900
T (K)

Figure 4. Thermoelectric transport properties of the synthesized Ti;_,V,CoSb (0 < x < 1) half-Heusler alloys: (a) electrical conductivity (s), (b)
carrier concentration (n;;) and carrier mobility (y) as a function of valence electron count (VEC) per unit cell, (c) Seebeck coefficient (S), (d)
power factor (PF), (e) total thermal conductivity («), and (f) lattice thermal conductivity (k).

Table 2. Hall Measurement of Synthesized Ti,_,V,CoSb (0 < x < 1) Half-Heusler Samples at Room Temperature”

compositions Ry (m® C7') x 1077
AM + SPS TiCoSb —624(1)
Tig75Vo25CoSb —2.05(1)
Tig Vo sCoSb —0.873(1)
Tig sV sCoSb —0.597(2)
VCoSb -0.321(2)
Annealed TiCoSb —80.4(1)
TiysVysCoSb -1.29(2)
VCoSb ~0.355(2)

“AM = arc melting and SPS = spark plasma sintering.

ny (em™3) x 10%° p(em? V1 s m*/m,
1.0 0.25
30.5 1.15 5.22
71.5 1.12 9.14
104.5 1.16 9.15
194.4 0.90 12.4
0.78 0.22
48.5 1.51 9.61
176 0.93 12.9

existing as V-rich and Ti-rich phases with a partially substituted
(Ti, V) sublattice having varying stoichiometry. The variation
in the stoichiometry in these two regions was examined using
EDX, and the recorded spectrum is shown in Figure 3e and
quantitatively tabulated for both Ti-rich HH (Phase 1) and V-
rich HH (Phase 1) phases in the inset. The obtained results
quantitatively confirm the biphasic-quaternary nature driven by
spinodal decomposition of the VCoSb—TiCoSb HH phase
system having a partially substituted (Ti,V) sublattice, thereby
demonstrating the critical role of heat treatment in solid-state
phase transformation.

For comparison, the measured transport properties of as-
sintered (open symbols) and annealed (filled symbols)
samples of Ti;,_,V,CoSb (0 < x < 1) HH alloys are presented.
The temperature-dependent electrical conductivity (o), shown
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in Figure 4a, indicates a degenerate semiconducting behavior
(i, o decreases with increasing temperature) for x > 0.25,
while TiCoSb demonstrates a typical semiconducting behavior
(i.e., o increases with increasing temperature). A lower ¢ was
measured for VCoSb, TiCoSb, and TiysV,sCoSb upon
annealing, which can be attributed to structural ordering in
TiCoSb HH,**® enhanced V-vacancy defect for VCoSb,*° and
occurrence of spinodal decomposition in the synthesized
biphasic-quaternary TiysV,sCoSb HH alloy.

The temperature-dependent ¢ values in the measured
temperature range show a direct correlation to VEC. To
reveal carrier characteristics, the results of Hall measurements
conducted at room temperature are shown in Figure 4b and
Table 2. For as-sintered Ti;_,V,CoSb (0 < x < 1) HH alloys,
higher VEC corresponds to higher carrier concentrations ()
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Figure S. Electronic band structure shown alongside with spin-resolved density of states (a, ¢, ¢) and phonon dispersion curves (b, d, f) for TiCoSb

(a, b), (T,V)CoSb (c, d), and VCoSb (e, f) half-Heusler alloys.

with a significant difference in the order of TiCoSb (10"
em™) > (Ti, V)CoSb (10*' cm™) > VCoSb (10** cm™3). As
reported previously,”>*” the synthesized VCoSb HH alloy also
exhibits a relatively high gy that has been related to the
metallic characteristics arising from the presence of one
electron in the conduction band. TiCoSb HH alloys show
relatively lower ny and gy, explaining their semiconducting
properties and lower o, consistent with previous reports on
TiCoSb HH alloys.”>* Although a linear increase in ny with
increasing VEC was observed for intermediate Ti;_,V,CoSb
HH alloys (0.25 < x < 0.75), a marginal change in py was
observed, which is comparable to VCoSb HH, implying
stronger carrier scattering at higher ny. Upon annealing, a
higher py; but reduced nyy was measured for VCoSb, TiCoSb,
and TiysVysCoSb (Table 2), which correlates with the
lowering ¢ upon annealing.

Figure 4c displays the temperature-dependent Seebeck
coefficient (S) exhibiting negative values that indicate n-type
conduction with electrons as majority charge carriers. As
reported previously,”*”>* TiCoSb HH alloy demonstrates a
remarkably high S &~ 300 4V K™ in the measured temperature
range, while VCoSb HH alloy displays a relatively low S. For
the as-sintered intermediate Ti,_,V,CoSb HH alloys (0.25 < x
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< 0.75), S values are closely related to VCoSb and can be
attributed to their high ny;. S holds an inverse relationship with
o and increases with increasing temperature. To understand
the degenerate electrical transport of the synthesized
Ti,_,V,CoSb HH alloys (0.25 < x < 1), we estimated the
carrier effective mass (m*) based on energy-independent
relaxation time approximation, assuming a single parabolic
band using the Pisarenko relationship between S and n, which
is expressed as S = (87%k}/3eh*)m* T(x/3n)*3, wherein ky and
h are the Boltzmann constant and Planck’s constant,
respectively.””*° The evaluated m* (Table 2) follows TiCoSb
< (Ti, V)CoSb < VCoSb, where m, represents the mass of an
electron, suggesting an increased effective mass with the VEC
increase of the HH composition. A higher S was measured for
annealed Ti;sV,sCoSb HH alloys, which can be ascribed to
reduced ny and increased m™ upon annealing due to the
occurrence of spinodal decomposition. The higher m™* explains
the low py; measured for these synthesized HH alloys. Figure
4d shows the trend of the power factor (PF, $*¢), which
increases with increasing temperature, displaying a high value
for TiysVysCoSb HH in the measured temperature range,
reaching ~#1.6 X 107> W m™" K™* at 700 K. The electrical
transport properties of annealed biphasic-quaternary
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Tiy5VsCoSb HH alloy exhibit high thermal stability and are
retained even under cycling conditions (Figure S1).

The total thermal conductivity k was evaluated using the
equation k = D X p X C, (Figure 4e). Interestingly, k is
significantly lower and varies marginally in the measured
temperature range, which can be ascribed to the defect
chemistry and alloy scattering supplemented by mass and
strain fluctuation, all of which synergistically enhance phonon
scattering. The measured values for pristine VCoSb>>** and
TiCoSb™*~** HH alloys are comparable to previous reports.
Upon annealing, the occurrence of spinodal decompositions
further lowers the « significantly for a wide temperature range,
which is comparable to the x obtained in bulk nanostructured
ternary HH alloys. The electronic thermal conductivity was
experimentally estimated according to Wiedemann—Franz law
K. = L X ¢ X T, where L is the Seebeck-dependent Lorenz
number.®" The L values and k, are shown in Figure S6. The k,
for the synthesized Ti,_,V,CoSb HH alloys (0.25 < x < 1) has
a significant contribution to k because of higher o, which
increases with increasing temperature. The ki, (Figure 4e) is
calculated using the equation k; = k — k, along with k. The x,
of the synthesized Ti,_,V,CoSb HH alloys (0.25 < x < 0.75) is
found to be significantly suppressed in comparison to TiCoSb
HH alloys, especially at a lower temperature. Interestingly,
while k; for VCoSb is increased upon annealing, the annealed
Tiy sV sCoSb HH alloys display a further lowering in k; over a
wide temperature range. This can be ascribed to the
occurrence of spinodal decomposition. The unusual lowering
in kp, for VCoSb, which increases with increasing temperature
below 800 K, can be associated with the presence of inherent
vacancies and V/Co disordering,”” experimentally yielding
unexpectedly low k values as compared to theoretical estimates
reported previously.”> >

5. DISCUSSION

5.1. Critical Role of VEC on Electrical Transport. In HH
alloys, VEC plays a predominant role in determining the
intrinsic transport properties, and its variation provides an
inherent ability to modify both the electronic band structure
and microstructure simultaneously. To understand the
implications of the variation of VEC in Ti;_,V,CoSb HH
alloys (0.25 < x < 1), the electronic density of states (DOS)
and band structure of TiCoSb, Ti, sV, CoSb, and VCoSb HH
alloys are compared (Figure Sa,c,e). The band gap between
valence and conduction bands arises from the strong
hybridization of d-states of the V, Ti, and Co transition
metal atoms. TiCoSb exhibits a larger band gap E, ~ 1.046 eV,
consistent with previous calculations.®”®* The VEC variation
by equiatomic Ti substitution with V in Tiy3V,sCoSb HH
alloys shifts the Ey into the conduction band, thereby leading
to almost metallic DOS near the Ep.

In TiCoSb, VCoSb, and Ti;V,sCoSb HH alloys, V and Ti
contribute mostly to the conduction band, i.e., to states lying
above the gap, while Co contributes majorly to the valence
band, ie, to states lying below the energy gap. The
contribution of p-states of Sb in most HH alloys is largely
limited to core states with minimal contribution to DOS near
Eg. A sharp d-state peak is observed within the conduction
band in pristine ternary TiCoSb and VCoSb HH alloys, which
is flattened in biphasic-quaternary (Ti,V)CoSb HH alloy.
Thus, a partially substituted (Ti,V) sublattice in Ti;_,V,CoSb
HH alloys (0.25 < x < 1) can be regarded as an intermediate
VEC. Nominal Ti;sVysCoSb exhibits an intermediate VEC

that significantly modifies the Fermi surface shape and related
transport properties, such as electron group velocities,
lifetimes, and effective masses of electrons, which resembles
VCoSb HH electronic DOS and explains the observed
electrical transport trends.

Interestingly, TiysV,sCoSb HH alloy exhibits spin polar-
ization as seen from the spin-resolved DOS, which arises from
the magnetic nature of VCoSb. In VCoSb, the E is located
well within the conduction band with more pronounced
changes observed in spin-resolved DOS, suggesting it to be
highly magnetic (Figure S7). One of the spin channels has a
finite band gap of 0.86 eV (contributed by V and Co d-states at
the CBM and VBM), whereas the other has a very small band
gap of ~0.3 eV (V and Co d-states at the CBM and VBM,
respectively). Similar to it, TiysVysCoSb has a finite band gap
of 0.75 €V (Figure SSb) for the majority spin and a smaller
band gap of 20.2 eV for the minority spin.

5.2. k, Reduction Comparable to Nanostructured
Alloys over a Wider Temperature Range. Alloying induces
mass and strain fluctuations within the microstructure for point
defect scattering of phonons with a shorter mean free path
(MFP). Such scattering is prevalent at higher temperatures and
can be augmented by introducing interstitial atoms and/or
vacancies in a crystal. For lower-temperature regimes, nano-
structuring-induced grain boundary scattering is most effective
and targets the phonons with medium MFP. In the synthesized
(Ti,V)CoSb HH alloy, a significant reduction in & was
observed over a wider temperature range, corresponding to
~60 and ~30% reduction compared to its pristine TiCoSb and
VCoSb counterparts, respectively. This can be mainly ascribed
to the biphasic nature of (TiV)CoSb HH alloy, which
comprises mass contrast and local bond strain induced by the
defects, phase segregation stimulated mesoscale grain
boundaries. Such phonon scattering is comparable to bulk
nanostructuring and can be further enhanced by panoscopic
approaches.**™*

The implication of the biphasic-quaternary nature of
(Ti,V)CoSb HH alloy on the thermal transport scenario is
elucidated in Figure Sb,d,f. The acoustic modes of the phonon
dispersion spectrum, which generally contribute to 90% of the
heat transport,“’65 are highlighted in purple, brown, and
orange in Figure 5, representing TA, TA’, and LA modes,
respectively. In both TiCoSb and VCoSb, the highest
frequency of the acoustic modes extends up to ~150 cm™.
However, for Tij sV, sCoSb, the acoustic modes are suppressed
to ~115 cm ™, which is indicative of a lowering in k;, since the
highest acoustic frequency is related to the Debye temperature
of the lattice that directly dictates the x;.°"®> However, the
group velocity of the TA and TA’ modes for TiysV,sCoSb is
found to be comparable to that of VCoSb, whereas that of the
LA mode is similar to TiCoSb (Figure 6a), suggesting the
moderate value of k, (group velocity bein§ directly dependent
on k) as compared to pristine ones.”" Similarly, x; also
depends on the degree of anharmonicity in the lattice, which is
related to the Griineisen parameter (7). y for the pristine
compositions and Tiy;V,sCoSb is plotted as a function of
frequency in Figure 6b. y of VCoSb is found to be the highest,
implying very high anharmonicity, while it is found to be the
lowest for TiCoSb for all frequencies. y for TiysV,sCoSb is
found to be transitional, implying moderate anharmonicity
and, hence, an intermediate value of k; as compared to the
pristine ones.

https://doi.org/10.1021/acsami.2c16595
ACS Appl. Mater. Interfaces 2022, 14, 54736—54747


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16595/suppl_file/am2c16595_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16595/suppl_file/am2c16595_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16595/suppl_file/am2c16595_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c16595/suppl_file/am2c16595_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c16595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

T T T 4
Ti, .V, .CoSb |

05705

VCoSb

1 1
0 100 200 300
o (cm’ l)

Figure 6. Comparison of group velocity (a) and Griineisen parameter
(b) for TiCoSb (orange), VCoSb (green), and TiysV,sCoSb (indigo)
half-Heusler alloys.

The theoretical calculation of the phonon spectrum is based
on the TiysVysCoSb alloy, instead of biphasic-quaternary
(Ti,V)CoSb. Thus, to explain the low ki in biphasic-quaternary
(Ti,V)CoSb, the disorder scattering parameter (I') is also
evaluated and shown in Table 3, while the calculation details

Table 3. Calculated Disorder Parameter (') and the
Scattering Parameters due to Mass (') and Strain Field
Fluctuations (I;) of Synthesized Ti,_,V,CoSb (0 < x < 1)

compositions r Iy T e 4 Up

TiCoSb 1.56 0.262
Tig75Vo25CoSb 0.014 0.00016 0.022 103 1.61 0.352
Tig sV, sCoSb 0019 00002 0050 169 167 0442
Tig25V025CoSb 0.015 0.00015 0.067 289 1.72 0.531
VCoSb 0.19 0.04600 0.144 528 1.78 0.621

are discussed in Section S1. For intermediate Ti,_,V,CoSb HH
alloys (0.25 < x < 0.75), the phenomenological adjustable
parameter (&), and Poisson ratio (vp) were evaluated based on
previous reports on the elastic properties of VCoSb and
TiCoSb.*** As shown in Table 3, the I for nominal VCoSb
owing to vacancy concentration is an order higher than other
intermediate compositions, indicating significant phonon
scattering and explaining the lowest k; observed for as-
synthesized VCoSb HH alloys. However, for annealed VCoSb,
the ki, increases in magnitude and with temperature, which can
be ascribed to increasing V-deficiency in VCoSb HH alloy as
observed previously, wherein with increasing V-deficiency in
VCoSb, higher k; was measured.”® Also, the higher & for
annealed TiCoSb HH corroborates well with the previous
report on the annealing effect in TiCoSb HH alloy, which
suggests that changes of TE transport properties upon
annealing are driven by two competitive phenomena: the
structural disorder is induced due to evaporation of impurity
antimony while the structural ordering is promoted by
annealing.56

Interestingly, the structural ordering of the transitional
Ti,_,V,CoSb HH alloy (025 < x < 0.75) compositions
promotes spinodal decomposition, which enhances phonon
scattering, resulting in lower k; upon annealing. Thus, although
the theoretical calculations show moderate y for Tiy;V,CoSb
as compared to defective VCoSb, upon annealing, the
scattering of phonons in all MFPs ranging from nano- to
microlength scales can be achieved in such biphasic-quaternary
alloys, which synergistically integrates solid solution point
defects, nanostructures, and grain boundary interfaces within
the microstructure. Thus, for annealed samples, the biphasic-

quaternary HH alloys have a greater potential to significantly
reduce ki, to the minimum theoretical limit than the defective
VCoSb HH alloy.

5.3. Enhanced n-Type Thermoelectric Performance in
CoSb-Based HH Alloys. Cobalt antimonide-based ternary
HH alloys, e.g., MCoSb (VEC = 18) and VCoSb (VEC = 19),
exhibit remarkable electrical transport. As prospective TE
material, TiCoSb has attracted considerable interest owing to
its high thermopower (x300 4V K™') in a wider temperature
range, while VCoSb surprisingly demonstrates degenerate
semiconducting behavior despite having VEC = 19. The
implication of such behavior of transport properties is also
corroborated by theoretical studies (Figure 7) evaluated to 800
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Figure 7. Transport properties of TiCoSb (orange), VCoSb (green),
and Tiy5V,sCoSb (indigo) half-Heusler alloys at 800 K: (a) Seebeck
coefficient (S), (b) electrical conductivity (6/7), and (c) power factor
(S%6/7) plotted as a function of electronic chemical potential (u).

K. The Seebeck coefficient for TiCoSb (VEC ~ 18) is
significantly higher than that of VCoSb (VEC ~ 19) as
displayed in Figure 7a, whereas the electrical conductivity
(scaled by relaxation time) shown in Figure 7b is much higher
for VCoSb and Tiy;V,sCoSb as compared to TiCoSb due to
the presence of a higher electron count (leading to inherent
doping characteristics). Thus, the improvement of the power
factor (scaled by relaxation time) for the substituted
compound (TiysV,sCoSb) is restricted, and this can be seen
in Figure 7c. Interestingly, both pristine ternary TiCoSb and
VCoSb exhibit n-type conduction with an indirect band gap
arising from the hybridization between d-states from the
constituting transition metals (as seen from the band structure
plots). However, the best p-type thermoelectric properties for
HH thermoelectrics in the midtemperature range were
achieved in the optimally substituted MCoSb alloys.
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From an application perspective, the TE performance of n-
type MCoSb-based HH alloys has so far remained insignif-
icantly low and needs further improvement to make them
compatible with their high-performance p-type counterpart. In
HH thermoelectrics, CoSb-based alloys are mostly considered
for p-type TE properties. The as-sintered and annealed samples
of Ti;_,V,CoSb (0 < x < 1) HH alloys are shown in Figure 8a,
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Figure 8. (a) Temperature-dependent zT for the as-sintered and
annealed bulk specimens of Ti;_,V,CoSb (0 < x < 1) half-Heusler

alloys. (b) Comparison of the synthesized biphasic-quaternary
TigsVosCoSb HH alloy with VEC ~ 18 half-Heusler alloys.

demonstrating the critical role of heat treatment, wherein the
zT of Tiy sV, sCoSb HH alloy improves upon annealing and zT'
for TiCoSb and VCoSb HH alloys deteriorates upon
annealing. The synthesized biphasic-quaternary Ti, sV, ;CoSb
HH alloy exhibited a zT,, =~ 04 (£0.05) at 873 K,
comparable to as-sintered VCoSb HH alloy, which is driven
by its inherently low k. The annealed Ti,_,V,CoSb (0.25 < x
< 0.75) exhibits lower k; due to the spinodal decomposition,
unlike TiCoSb and VCoSb HH alloys, as shown in Figure 4f.
The measured x; is the lowest when compared with the
previously reported VEC ~ 18 HH alloys ZrCoSb,*® VFeSb,"”
NbFeSb,°® TaFeSb,*” ZrNiSn,*' NbCoSn,”® and TaCoSn.”° A
further enhancement in the power factor of the biphasic-
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quaternary TiysV,sCoSb HH can be achieved via the
electronic doping of the Co or Sb crystallographic site, while
grain size reduction and ganoscopic approaches may provide a
further reduction in k. **™*

6. CONCLUSIONS

In this work, we report biphasic-quaternary Tij sV, sCoSb HH
alloy with nominal VEC & 18.5, exhibiting biphasic micro-
structure upon annealing and innately reduced ki, altogether
resulting in prospective n-type TE material for high-temper-
ature thermoelectric applications. A significant alteration in the
TE transport properties was achieved by the heat treatment of
the HH alloys synthesized employing arc melting and spark
plasma sintering. Remarkably, the occurrence of spinodal
decomposition and alloy scattering supplemented by mass and
strain fluctuation in biphasic-quaternary Tij;sV,sCoSb HH
alloy was reflected in its reduced lattice thermal conductivity of
~2 W m™ K" in a wide temperature range (300—873 K),
thus achieving a maximum zT ~ 0.4 (+0.05) at 873 K. For
annealed and thermally stable HH alloys, the evaluated zT
value for TiysVysCoSb corresponds to significant enhance-
ment over pristine ternary TiCoSb (~4 times) and VCoSb
(~2 times) HH phases. The synthesized biphasic-quaternary
HH alloy was found to be thermally stable up to £1000 K, and
its zT might be further enhanced using the future tuning of the
chemical composition, nanostructuring, and panoscopic
approaches.*”* The experimental outcomes of the thermo-
electric transport property measurements were corroborated
by theoretical calculations, which display favorable modifica-
tion in the electronic DOS and phonon dispersion for biphasic-
quaternary Ti;sV,sCoSb HH alloy. This study provides
fundamental insights into the discovery of novel biphasic-
quaternary HH derivative alloys with intrinsically low x; and
highlights the critical role of heat treatment of HH alloys for
prospective thermoelectric applications.
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