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Composition modification by doping and solid solution is a well-studied strategy in thermoelectric (TE) materials
to optimize their properties. Recently, the concept of entropy stabilization has offered the possibility of forming
random solid solutions that have properties that go beyond the rule of mixture. In this study, we prepared a series
of high-entropy half-Heusler solid solutions (HEHHs) with varying valence electron counts (VEC),
(Tio.33Zr0.33Hf0.33)1-x(V0.33Nbg.33Tag.33)xCoSb (x = 0.5 to 0.75). Compared to their medium- and low-entropy

counterparts, the TE properties of HEHHs are less sensitive to temperature and composition variation (charge
carrier concentration efficiency of ~10 %). An ultra-low lattice thermal conductivity for half-Heusler of 1.19

W-m™1.K™! was achieved.

1. Introduction

Sustainable energy technology is a critical research area because of
the energy crisis and climate change [1]. Thermoelectric (TE) materials
can realize direct conversion between heat and electricity without car-
bon dioxide emission. The performance of a TE material is quantified by
a dimensionless figure-of-merit defined as ZT = a?ox~! T, where « is the
Seebeck coefficient, ¢ is the electrical conductivity, « is the thermal
conductivity, and T is the absolute temperature. The ability to convert
energy is related to the power factor (PF = a?0). « is the sum of the
electronic (xg) and the lattice (x;) contributions to the thermal con-
ductivity, k = kg + kz, [2].

Composition modification by doping and solid solution are
commonly used methods to improve the TE performance of materials by
modifying their charge carrier concentration [3-5]. In some cases, se-
lective dopants can even decouple ¢ and a due to band degeneracy [6].
To reduce «, researchers often introduce selected atoms with large mass
and size differences into the crystal lattice, which leads to significant
lattice distortion and increased phonon scattering [7-9].

Since 2004, high-entropy alloys (HEAs) with equimolar composition
have gained considerable attention for their promising effects such as
entropy stabilization, sluggish diffusion, lattice distortion, and the
cocktail effect [10-12]. In recent years, the high-entropy concept has
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been extended to ceramics including oxides [13], carbides [14,15],
borides [16], nitrides [17], and chalcogenides [18,19], which have been
widely used as structural [15], catalytic [20], electrode [21], capacitor
[22], and TE materials [18,23-25]. In contrast to traditional binary or
ternary TE materials, high-entropy TE materials possess a complex
crystal lattice comprising of multiple cations or anions with long range
structural order but chemical disorder. The complexity of the structure
and composition can enhance lattice distortion and reduce x [26-29].
However, our knowledge of the effect of multi-components on their
electrical performance is incomplete.

Half-Heusler (HH) compounds, a variant of Heusler compounds, with
the elemental formula XYZ located on three face-centered cubic (fcc)
sublattices, have attracted significant attention for TE applications due
to their high PF [30]. X is a transition metal with low electronegativity
(e.g. Ti, Zr, Hf in group IVB and V, Nb, Ta in group VB) occupying
Wyckoff positions 4a (0, 0, 0), Y is a transition metal with higher elec-
tronegativity (e.g. Fe, Co, and Ni) occupying Wyckoff positions 4c (1/4,
1/4, 1/4), and Z is a main group element (e.g. Sn and Sb) occupying
Wyckoff positions 4b (1/2, 1/2, 1/2). The multiple choices of X, Y, and Z
elemental species provides the possibility of realizing stable HH com-
pounds using the entropy stabilization concept. Zintl chemistry suggests
that the TE performance and phase stability of both XNiSn (n-type) and
XCoSb (p-type) are highly related to the 18 valence electron count (VEC)
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rule, and can be further optimized by doping [31]. Due to these unique
features, HH compounds are ideal materials for investigating the ther-
mal and electrical transport behavior of multi-component systems.

In this work, equimolar group IVB elements (Ti, Zr, and Hf) and
equimolar group VB elements (V, Nb, and Ta) were added on the X site to
form a series of high-entropy half-Heusler solid solutions (HEHHs)
(Tip.33Zro.33Hf0.33)1.x(V0.33NDg.33Tag.33)xCoSb  (x = 0.5 to 0.75).
Changing the ratio of the group IVB and VB elements was used to modify
the charge carrier concentration, as is typically done in HHs by substi-
tution of, for example, iron on the Y-site [24] or tin on the Z-site. The
effect of multi-components was studied by comparing the TE related
properties and bonding features of HEHH compounds with medium- or
low-entropy counterparts. The HEHH compounds demonstrated stron-
ger polar bonding, temperature insensitivity of electrical properties, low
doping/solid solution carrier concentration efficiency, and ultra-low x;,
with temperature insensitivity.

2. Methods
2.1. Sample synthesis

Polycrystalline (Tio.33Zro.33Hf0.33)1.x(V0.33Nbg.33Tag 33)xCoSb (x =
0.5 to 0.75) compounds were synthesized by ball milling high-purity Ti
(—325 mesh, 99.99 %, Alfa Aesar), Zr (—325 mesh, 99.5 %, Sigma
Aldrich), Hf (—325 mesh, 99.99 %, Alfa Aesar), V (—325 mesh, 99.5 %,
Alfa Aesar), Nb (—325 mesh, 99.8 %, Alfa Aesar), Ta (—325 mesh, 99.97
%, Alfa Aesar), Co (—100-+325 mesh, 99.8 %, Alfa Aesar), and Sb (—100
mesh, 99.5 %, Alfa Aesar) in appropriate stoichiometric ratios. The high
quality of the powder precursors was validated through EDS point
analysis of the precursor powders conducted before ball milling, as
illustrated in Fig. S1 (Supporting Information). An investigation of Fe
substitution on the Co site for similar high-entropy materials is reported
in our previous work [24]. All of the powders (10 gs in total) were
loaded into 250 mL stainless steel jars, containing 10 mm diameter
stainless steel balls, in an argon-filled glove box (oxygen < 1 ppm). The
weight ratio of the powders to balls was 1:20. Ball milling was per-
formed for 10 h at a milling rate of 300 rpm using a PULVERISETTE 5/4
planetary ball mill machine (Fritsch, Germany). The fine powders after
ball milling were sintered in a spark plasma sintering (SPS) furnace (FCT
HPD 25, FCT System GmbH, Germany) under a uniaxial pressure of 60
MPa at 900 °C for 5 mins to obtain 13 mm diameter bulk samples. The
high density (around 95 % of the theoretical density) of the samples was
confirmed by the Archimedes method in all bulk samples.

2.2. Sample characterization

The phases of the powders after ball milling and SPS processing
(crushed sample) were examined by X-ray diffraction (XRD, PANalytical
X’Pert Pro-Instrument using Cu Ka radiation). The fracture surface and
compositional analysis of sintered pellets were observed using a field-
emission scanning electron microscope (SEM, FEI, Inspect F, 20 kV)
with an energy-dispersive spectrometer (EDS). X-ray photoelectron
spectroscopy (XPS, ThermoFisher Nexsa, ThermoFisher Scientifc Inc)
was performed for chemical composition and chemical state analysis
with an Al Ka X-ray source. The spot size, binding energy step, and argon
ion etch time for XPS testing were 100 pm, 0.1 eV, and 10 mins,
respectively. The XPS binding energy calibration and peak fitting were
performed using the CasaXPS software. The room temperature carrier
concentration (n) and mobility (4) were measured using the Van der
Pauw method (RnX Scanning Unit, Cryogenic) in a magnetic field (3 to 8
Tesla). The electrical conductivity and the Seebeck coefficient of the disk
samples were measured using a commercial thermoelectric measure-
ment system (LSR-3/110, Linseis) with an uncertainty of 5 %. The
thermal diffusivities were measured in an argon-flow atmosphere using
the laser flash diffusivity method using LFA-457 (NETZSCH) equipment
with an uncertainty of 4 %. The specific heat capacity (C,) was
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calculated using the Dulong-Petit law. The thermal conductivity was
calculated using the equation x = C,D4, where D is the density, C, is the
specific heat capacity and 4 is the thermal diffusivity.

2.3. Calculations

The conﬁgurational entropy (ASm,x) of the (Tio_ggZI‘Q_gngo_33)1_
x(V0.33Nbg 33Tag.33)xCoSb HH compounds is given by:

N N N
AS,ix = —R |:<Z c,-]nc,») + (Z cjlnc!) + (Z cklnc,k> :|
i=1 X-—site Jj=1 Y—site k=1 Z-site

@

where ¢;, ¢j, and c; represent the mole fraction of elements present on the
X, Y, and Z sites, respectively, and R is the universal gas constant. Based
on the calculated AS,,y, materials are defined as high entropy (> 1.5R),
medium entropy (1 to 1.5R), and low entropy (< 1R) [32].

VEC is the total number of valence electrons, which is calculated by:

VEC = Z c(VEC)) (2)

i=1

where ¢; and VEC; are atomic percentage fraction and VEC of the it
element [31].

The temperature exponent (p) is calculated based on the assumption
that the electrical conductivity and lattice thermal conductivity have a
power law dependence on temperature:

0 =AT" Kk, = AT’ 3

where o is the electrical conductivity, «; is the lattice thermal conduc-
tivity, A is a constant value, T is the absolute temperature, and p is the
temperature exponent.

The density of states effective mass (m*) and Lorenz number (L) are
calculated according to the following equations [33]:

ks (r + %) Frizu)
a=t—|>0—+<———7 4)
(r + %) Frisw
Faln) = 7 g ®)
n\n) = 1+ ex—n)
0
v n? 3/2
m = —{—" } 6)
2kT |47Fy2(1)

2
ko) 2 (’+%>Fr+§<n> <r+§>Fr+%<n>

= (2) ) 7
(r + %) L) (r + %) L)

Where 7 is the reduced Fermi energy, F,(n) is the norder Fermi in-
tegral, kg is the Boltzmann constant, e is the electron charge, # is the
Planck constant, and r is the scattering factor. The scattering factor (r) is
typically taken as —1/2 for acoustic phonon scattering, which is inde-
pendent of the grain size and is generally assumed to be the main
scattering mechanism for highly doped samples [34].

The electronic thermal conductivity xg was calculated using the
Wiedemann-Franz law:

kg = LTo ®

where L is the Lorenz number, T is the absolute temperature, and ¢ is the
electrical conductivity.
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The lattice thermal conductivity x; was calculated using:

K, =Kk —Kg (C))

where « is the thermal conductivity and «g is the electronic thermal
conductivity.
The radius difference (5g) of the atoms was quantified using:

n 2
5y = Zc,-(l g) (10)

i=1 !

where 7; = I ciri, with ¢; and r; being the atomic percentage fraction
and atomic radius of the elements on the X site, respectively [35].
The mass difference (5y) was calculated using:

n m: 2
5y = c,(17:‘> an
wherem; =X ,c;m;, with ¢; and m; being the atomic percentage fraction
and atomic mass of the elements on the X site, respectively [36].

3. Results and discussion
3.1. High configurational entropy stabilized half-Heusler compounds

Table 1 shows the composition, AS.;, and VEC of the multi-
component HH compounds. The nominal composition of the multi-
component HH compounds have equimolar amounts of the group IVB
(Ti, Zr, and Hf) and VB (V, Nb, and Ta) elements, respectively, with a
chemical formula of (Tiolggzrolgngogg)1_X(V0_33Nb0.33T30.33)xCOSb,
abbreviated as IVB1.xVB4CoSb (x = 0.5 to 0.75). IVBg 5VB(.5CoSb (VEC
= 18.5) was prepared as a reference composition to compare with our
previous work [24]. The VEC and charge carrier concentration can be
changed by changing the ratio of the group IVB to VB element. Even with
these changes in composition, all of the samples can still be classified as
HEHH compounds, exhibiting ASy;, exceeding 1.5R.

Fig. 1 shows the XRD patterns of the HEHH powders after ball milling
and SPS processing (crushed sample), which exhibit a single-phase cubic
structure with a space group of F43m [24]. SEM and EDS analysis were
conducted to further verify the phase purity of the HEHH samples. As
shown in Fig. 2a, the fracture surface of the IVB( 5VB( 5CoSb compound
exhibits a well sintered microstructure with clear grain boundaries,
consistent with the high-density values (~95 %) presented in Fig. S2 in
the Supporting Information. The sample comprises large grains of
approximately 1 um in size, with smaller grains (around 0.1 pm) sur-
rounding them. The EDS point analysis shown in Fig. 2b confirms the
nominal composition. Similarly, for the other HEHH compounds, the
actual compositions, determined as the average values of three EDS
point analysis, are presented in Table S1 (Supporting Information), and
are similar to the nominal compositions within the accuracy of EDS
analysis. A backscattered electron (BSE) image of a well-polished surface
is shown in Fig. 2c. A homogeneous element distribution is also
confirmed by EDS mapping (Fig. 2c). Higher resolution BSE images with
EDS mapping of IVB(s5VBysCoSb are also presented in Fig. S3 (Sup-
porting Information), confirming the homogeneity of the sample.
Additionally, IVB( 25VBg.75CoSb, which has the greatest potential for
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exhibiting phase separation or elemental local clustering due to its
largest composition difference compared to IVB( 5VB 5CoSb and lowest
ASnix of HEHH compounds, was also studied, and there is no evidence of
phase separation or elemental local clustering (Fig. S4, Supporting
Information).

3.2. Chemical states and bonding features of IVB;.,VB,CoSb compounds

The chemical states and bonding characteristics of the IVBj.
xVBxCoSb samples were investigated using XPS. Fig. 3 presents the XPS
spectra showing the intensity as a function of binding energy, with the
C-C peak at 284.8 eV used for energy calibration. The spectra for cobalt
(Co 2p), antimony (Sb 2p), vanadium (V 2p), titanium (Ti 2p), niobium
(Nb 3d), zirconium (Zr 3d), tantalum (Ta 4f), and hafnium (Hf 4f) are
indexed in Fig. 3a, and the corresponding high-resolution spectra and
peak fitting for each element are shown in Fig. 3b-3i. However, Fig. 3¢
also reveals a distinct O 1 s peak near 531 eV, consistent with previous
research by Zhu et al. on Nbg gCoSb [37]. This peak confirms the pres-
ence of surface oxidation and hydroxyl (OH) groups [38], which likely
originate from the water used during the polishing process, indicating
surface contamination rather than inherent chemical bonding within the
IVB; xVB4CoSb samples.

In Fig. 3d-3i, the XPS peak positions of the group IVB (Ti 2p, Zr 3d,
and Hf 4f) and group VB (V 2p, Nb 3d, and Ta 4f) elements do not change
with composition changes. However, in Fig. 3b, the peak of Co 2p shifts
from 777.26 eV for IVB( 5VB( 5CoSb to 777.55 eV for IVBg 25VBg 75CoSb.
A similar peak shift can also be observed for Sb 2p in Fig. 3c. The shift of
the main peaks of Co 2p and Sb 2p to higher energy with an increasing
ratio of group VB elements is associated with stronger polar bonding and
lower p, which is consistent with our u results in Fig. S5 (Supporting
Information), reported by Zheng et al. in Zn-Sb thin films [39]. The
stronger polar bonding observed with increasing ratio of group VB ele-
ments can be attributed to their higher electronegativity compared to
the IVB elements, resulting in lower . Additionally, the peak intensity
was utilized to illustrate the changes in the element content. As shown in
Fig. 3d, 3e, and 3f, the intensity of the Ti 2p, Zr 3d, and Hf 4f peaks
decrease with the reduction of group IVB elements, while the narrow
scans of V 2p, Nb 3d, and Ta 4f presented in Fig. 3g, 3h, and 3i show an
increasing peak intensity with the increase of group VB elements, which
follows the trend based on the nominal compositions.

3.3. Temperature dependence of electrical properties

The o, a, PF, and m* of the HEHHs are shown in Fig. S6 (Supporting
Information). The m* was estimated to range from 2.4 m, to 4.1 m, with
increasing x, which is smaller than the value of 6.3 m, reported for
(Hfp 3Zro.7)1-xNbxCoSb [40]. In Fig. 4, S7, and S8, the ¢(T), a(T), and
PF(T) of the HEHH materials are compared with medium- and
low-entropy counterparts with different VEC from 17.8 to 19 [24,
41-47]. Regardless of changes in entropy and VEC, the magnitude of the
a of all of HHs, including HEHHs, maintain a positive temperature
dependence, typical of highly doped metallic-like transport behavior. In
Fig. 4, the ¢ of n-type HEHHs exhibits a positive (semiconducting)
temperature dependence, which is not consistent with metallic
behavior. This point is discussed further below.

Table 1

Composition, abbreviation, configurational entropy (ASni), and valence electron counts (VEC) of high-entropy half-Heusler compounds.
Composition Abbreviation (IVB;.4VB,CoSb) ASpix VEC
(Tio.33Zr0.33Hf0.33)0.5(V0.33Nb0.33T20.33)0.5COSb IVB.5VBo sCoSb 1.792R 18.5
(Tio.33Zr0,33Hf0.33)0.44(V0.33Nbo.33Ta0,33)0.56 COSD IVBy.44VBo.56CoSb 1.786R 18.56
(Tio.33Z10.33Hf0,33)0.4(V0.33Nb0.33Ta0.33)0.6 COSD IVB(.4VBo sCoSb 1.772R 18.6
(Tio.33Zr0.33Hf0.33)0.35(V0.33NDo.33Ta0.33)0.65COSD IVBy.35VBo.6sC0Sb 1.746R 18.65
(Tio.33Zr0,33Hf0.33)0.3(V0.33Nb0.33T20.33)0.7C0Sb IVB.3VBo 7CoSb 1.709R 18.7

(Tio.33Zr0.33Hf0.33)0.25(V0.33NDo.33Ta0.33)0.75COSD

IVBy.25VBg.75CoSb

1.661R 18.75
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Fig. 1. Powder XRD patterns of high-entropy IVB; 4VB4CoSb (x = 0.5 to 0.75) compounds (a) ball milling (b) SPS (crushed sample).
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Fig. 2. (a) SEM fracture image (b) EDS elemental analysis (c) Back-scattered electron image and EDS mapping of IVB( 5VB( 5CoSb sample.

Fig. 5 shows the ¢ and p for V. 95CoSb [44], Tip 25V 75CoSb [45], and
IVB; xVBCoSb. The calculated temperature exponent p is small and
positive (+0.29 to +0.76) for the high entropy IVB; 4\VB4CoSb compo-
sitions, whereas it is negative for the low entropy Tig 25V 75CoSb
(—0.33) and Vg 95CoSb (—0.79) compositions. Note that V(g5CoSb,
Tig.25V0.75C0Sb, and IVB( 25VB( 75CoSb all have a VEC value of 18.75
but exhibit different ASp;, of 0.05R, 0.56R, and 1.66R, respectively. The
differences in p indicate different scattering mechanisms.

Among the well-studied charge carrier scattering mechanisms, the p
of acoustic phonon scattering (APS) [40] (~ T~!-%), polar optical phonon
scattering (OPS) [48] (~ T~%7%), and alloy scattering (AS) [49] (~ T~0%)
are all negative. Grain boundary scattering (GBS) and ionized impurity
scattering (IIS) exhibit positive p at low temperatures [34,50,51]. To
distinguish GBS and IIS, Hu et al. proposed the ratio, app, between the
effective Bohr radius (aj) and Debye screening length (Lp) :

ag _Amh en a2

a = =2 =
" Ly mie \IN, ksT

where the 7 is the reduced Planck constant, m; is the band effective
mass, e is the electron charge, ¢ is the dielectric constant, n is the carrier
concentration, N, is the valley degeneracy, and T is the absolute tem-
perature. If agp > 1, IIS can be excluded, and GBS is the dominant
scattering mechanism. If agp < 1, both IIS and GBS might occur, but if
app << 1 then it is dominated by IIS [50].

Assuming the N, and ¢ of the HEHH compounds are the same as for
ZrCoSb (N, = 3, e = 19, shown in ref 50), app for IVBg.25VBg 75C0Sb (m;,
=4.1m,,n="7 x 10%° cm™?) and IVB( 5VB 5CoSb (m; = 2.4 m,, n = 2.1
x 10%° ¢cm™3) are 0.73 and 0.69, respectively. Therefore, both IIS and
GBS might occur in HEHH compounds due to their app values being
slightly less than 1. In heavily doped HHs with high n (> 10*°~10%
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Fig. 3. (a) XPS survey, (b) Co 2p, (c) Sb 2p, (d) Ti 2p, (e) Zr 3d, (f) Hf 4f, (g) V 2p, (h) Nb 3d, and (i) Ta 4f scans of IVB; 4VB4CoSb (x = 0.5 to 0.75).
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Fig. 4. Temperature-dependent electrical conductivity of high-entropy (full-filled data points), medium-entropy (half-filled data points), and low-entropy (unfiled
data points) XCoSb half-Heusler compounds.
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cm’3), the ionic impurities are typically screened [34], and GBS is the
most likely scattering mechanism for the materials with
thermally-activated ¢(T), such as for ZrCoSb (app = 0.6, grain size < 5
um, andn =4 x 10%° em™2) [40] and NbFeSb (agp =1.2, grain size = 0.3
~ 45 pym, and n = 8 x 10%° em~3) [52]. However, for the HEHH
IVB; xVB4CoSb samples, the magnitude of the ¢ increased and the p
decreased (0.76 to 0.29) with increasing VEC (Fig. 5). These changes
occur in samples with similar grain size (small grain size = 100 nm, large
grain size = 1 pm), suggesting that GBS may not be the main scattering
mechanism. Also inconsistent with GBS, we do not observe the typical
transition to APS at elevated temperature. Our work therefore usefully
highlights that the transport and scattering mechanisms in these com-
plex high-entropy systems is still an open question, which may stimulate
further research.

It is noteworthy that p-type HEHH compounds with VEC below 18
also have small values of p, as shown in Fig. S9 (Supporting Informa-
tiOIl). ZI'COSbo_gSl‘lQ_g [53], HfCOSb()_gSl’lo_z [53], Ti0_12Zr0_44Hf0444_
CoSbg gSng o [47], and IVB( 5VBg sFeg 7Cog.3Sb [24] have the same VEC
of 17.8 but different AS;;, (0.5R, 0.5R, 1.48R, and 2.4R, respectively).
The p decreases with increasing ASmix, and the HEHH (IVB(s5VBys.
Feo.7C0.3Sb) exhibits the smallest p value of —0.13 below 623 K.
However, the o of IVBy5VBg sFeg7C00.3Sb exhibits a positive trend
above 723 K, which is attributed to the bipolar effect [24].

To investigate the effect of composition variation on the n in multi-
component HEHH compounds, the measured values are compared
with the theoretical values as presented in Fig. 6. The data for n comes
from Fig. S5 (Supporting Information). The relative carrier concentra-
tion efficiency was calculated assuming that each relative composition
changing atom supplies exactly one carrier. HEHH with a composition of
IVB(.25VB(.75CoSb has the smallest relative carrier concentration effi-
ciency (10 %), which is much lower compared to medium- and low-
entropy HH materials (46 % for (Hfp 3Zrg 7)0.82Nbg.18CoSb and 77 %
for ZrCoSbyg g5Sng.15) [40,54]. The low carrier concentration efficiency
indicates that HEHH compounds are less sensitive to composition
changes on the X site. Given that the HEHH samples are pure and possess
the correct compositions according to EDS, the low carrier concentration
efficiency of 10 % suggests a unique behavior in high-entropy materials
that deserves further investigation in both high-entropy half-Heusler
and other high-entropy materials.

3.4. High-entropy effect on thermal properties

The x(T), xg(T), x,.(T), L(T), and ZT of HEHHs are shown in Fig. S10
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Fig. 6. Room temperature carrier concentration versus composition variation
value (y) for ZrCoSbl_ySn§4, (Hf0,32r047)l_beyCoSb40, and IVBg 5.y VBg.5,yCoSb
compounds. The dash lines were calculated assuming that each relative
composition changing atom supplies exactly one carrier. The high-entropy
composition is labeled with full-filled data points, medium-entropy composi-
tion is labeled with half-filled data points, and low-entropy composition is
labeled with unfiled data points.

and Slla (Supporting Information). It is widely known that multi-
component materials with significant mass and strain contrast tend to
exhibit enhanced phonon scattering and reduced «. High-entropy ma-
terials provide a promising avenue for maximizing this effect, owing to
the concept of entropy stabilization, which facilitates a greater number
of multi-component constituents and the possibility to select diverse
elements. Thus, studying the high-entropy effect on thermal properties
is of great interest. In Fig. 7, the x; of HEHH compounds are compared
with medium- and low-entropy HH samples. The low-entropy samples,
which only contain one element (such as Ti, Zr, Hf, V, and Nb) on the X
site, have much higher x;. However, there is a significant reduction in x;,
in the medium- and high-entropy samples due to the large atomic radius
and mass differences in multi-component systems. Table 2 presents the
ASpix, Sr, and Sy on the X site, and the room-temperature «;, of XCoSb-
based HH compounds. Among them, the IVB( 44VB( 56CoSb sample ex-
hibits the largest 6z of 0.054, which is twice that of
(Zro.4Hf(.6)0.88Nbg.12C0Sb (0.025). IVB( 44VB( 56CoSb also exhibits the
largest 8 of 0.506. Notably, due to its significant differences in radius

20

——TiCoSb*®  —&— Tiy 1,Zry 44Hf, 14COSb, sSNy "7
—(O—ZrCoSh*®  —&— (Zr, ;Hfy 6)o ssNDy 1,COSH>
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—O—NbCoSh*' —@—IVB ,,VB, 5CoSb

0 300 600 900
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Fig. 7. The lattice thermal conductivities x; of XCoSb based HH compounds.
The high-entropy compositions are labeled with full-filled data points, medium-
entropy compositions are labeled with half-filled data points, and low-entropy
compositions are labeled with unfiled data points.
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Table 2

Composition, configurational entropy value AS,; (R), radius difference sz and
mass difference Sy on the X site and room-temperature lattice thermal con-
ductivities x, (W-m ~ 1K ~ 1) of XCoSb based HH.

Composition ASmix Sr Sm KL
TiCoSb%® - - - 18.46
ZrCoSb>® - - - 11.02
HfCoSb®” - _ _ 14.43
NbCoSb*! - - - 4.57
(Zro.4Hfo.6)0.88Nbo.12C0Sb>° 0.959 0.025 0.343 3.87
Tig.12Zr0.44Hfo 44C0Sbg gSng’ 1.477 0.024 0.4 2.45
IVBy.44VBg 56CoSb 1.786 0.054 0.506 1.46

and mass, the x;, of IVB( 44VB( 56C0Sb reaches a record-low value of 1.19
W-m 1K1 at 650 °C, surpassing the values observed in other XCoSb HH
materials [24,41,43,47,55-59].

Fig. 8 shows the x;(T) and p of low-, medium-, and high-entropy HH
samples, which provides further insight into the multicomponent high-
entropy effect. Compounds containing large amounts of vanadium,
such as VCoSb and Tig 12Hf 44V (.44C0Sb, were not included due to the
instability of vanadium with its complex oxidation states. The low-
entropy compounds, TiCoSb and HfCoSb, exhibit a x;xT~! relation-
ship, indicative of typical Umklapp scattering [60]. NbCoSb and
(Zrg.4Hf(.6)0.88Nbg 12C0oSb show a p close to —0.5, suggesting strong
alloy scattering [61]. While HEHHs, such as IVBg 5VBg sFep 5C0.5Sb
(~ T792%) and IVBg44VBg56CoSb(~ T7018), exhibit much lower p
compared to their low- and medium-entropy counterparts, suggesting
possible mixed scattering involving Umklapp scattering, strong alloying
scattering with large radius and mass difference, and grain boundary
scattering. It is noteworthy that increased scattering in HEHHs impacts
both phonon and electron transport. Compared with the well-studied
HH compositions (TiZrHf)Co(SbSn) [30,47], the lowest x; of the
HEHHs has decreased by 36 %, from 1.85 W-m 1K ! to 1.19
W-m~LK~! (Fig. 7). However, the peak PF has decreased by 57 %, from
287 mWm K2 to 1.21 mW-m 1K 2 (Fig. S8, Supporting
Information).

Finally, the highest ZT of 0.4 was achieved in IVB 35VBg ¢5C0Sb at
650 °C (shown in Fig. Slla, Supporting Information), which was
improved by 33 % compared with the reference IVB( 5VB( 5CoSb com-
pound. The reproducibility of o, a, PF, and « is demonstrated in Fig. S12
(Supporting Information). These TE properties of IVB( 35VBg 65C0Sb can
be reproduced through a heating and cooling cycle, even at an elevated
temperature of 750 °C, leading to an improved ZT value of 0.45 shown in
Fig. S11b (Supporting Information).

4. Conclusions

Single phase compositions IVB; x\VB4CoSb (IVB = equimolar Ti, Zr,
Hf and VB = equimolar V, Nb, Ta) with x in the range 0.5 to 0.75 were
synthesised and densified to high density (>95 %). Their ¢ shows a low
and positive temperature dependence (p = +0.29 for IVB( 25VB 75C0oSb)
compared to low- and medium-entropy HH materials (p < —0.33),
suggesting different scattering mechanisms. Further analysis shows that
the dominant scattering mechanism of ¢ for these complex high-entropy
systems can not simply be explained by GBS or IIS. Our work therefore
usefully highlights that the transport and scattering mechanisms in these
complex high-entropy systems is still an open question, which may
stimulate further research. Their electrical properties also show an
insensitivity to composition changes with a low carrier concentration
efficiency of 10 %. They show ultralow «; (1.19 W-m LK1 with a low
temperature dependence (p = —0.18) for IVB( 44VB 56CoSb with mixed
phonon scattering because of large radius and mass difference,
compared to low- and medium-entropy materials (p < —0.32). These
results have positive implications for the development of high-entropy
materials from inexpensive less pure precursors and the recyclability
of material.
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Fig. 8. Temperature exponent p of lattice thermal conductivities x;, of XCoSb
based HH compounds. The high-entropy compositions are labeled with full-
filled data points, medium-entropy compositions are labeled with half-filled
data points, and low-entropy compositions are labeled with unfiled data points.
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