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Abstract: High-entropy structures in layered compounds, especially transitional metal dichalcogenides (TMDCs), have
powered the field with disordered and versatile chemical compositions, showing great potential in various functional
applications, including energy storage and catalysis. However, the reported high-entropy phases are mainly 1T phases, 2H
phases are rare, and approximately 3R phases are still lacking. Here, phase engineering of high-entropy TMDCs is
achieved by tuning the chemical composition of (MogsW 5)1-x(NbgsTags)Sess 0 < x < 1, and -0.1 < 6 < 0.3. A phase
diagram is constructed to guide the synthesis of pure 2H/3R phases over a wide composition/entropy range. The increase
in VB-group element content and Se overdose facilitated the formation of 3R phases, whereas the opposite occurred for 2H
phases. Thermodynamic first-principles calculations evaluate the stability of phases in different polytypes and compositions,
matching well with the composition-dependent crystalline habits. Moreover, the optimized thermoelectric performance, with
a figure of merit (zT = 0.36@723 K) in 2H phase of x = 0.2, is attributed to the low thermal conductivity (k) caused by the
high-entropy effect, which is one of the highest among (Mo/W)Se,-based materials. Our work enriches high-entropy TMDCs
with versatile polytypes, expanding their potential uses for various fields.
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metals can be realized as a new form of high-entropy layered
compounds [12]. However, most of the reported high-entropy
TMDCs are in 1T phase, and only a few high-entropy 2H phases
have been reported [13,16]. Thus, the rule of phase formation has
not been clarified. Different polytypes have significantly different
physical properties [17] because of differences in their crystal and
electronic structures. Unlike 1T and 2H phases, 3R phase lacks
inversion symmetry, which is applicable for information storage
[18], second-order-harmonic generation [19], and piezoelectricity
[20]. Until now, the high-entropy 3R phase has not been realized.
Exploring high-entropy TMDCs in different polytypes will

1 Introduction

Transitional metal dichalcogenides (TMDCs), a series of classical
layered compounds, have been studied extensively in various
fields [1-3]. The chemical composition can be written as TX,,
where T is the transition metal, and X is the chalcogen element
S/Se/Te. The van der Waals connection between the layered slabs,
which contributes to their unique mechanical properties, can be
exfoliated to monolayered or few-layered forms [4]. Moreover,
their tunable bandgap [1,5] and versatile quantum effects [6-8]
make them promising for applications [9,10] in optoelectronics,

thermoelectrics, catalysis, etc.

Recently, the use of high-entropy van der Waals compounds
[11-14], including chalcogenides, phosphide chalcogenides, and
halides, has increased, with great potential in functional materials
and low-dimensional physics. Owing to the rich elemental
combination choices, more than 20 high-entropy phases have
been reported in TMDCs [15]. Moreover, owing to the weak
bonding in van der Waals gaps, the intercalation of high-entropy

Corresponding authors.
E-mail: H. Chen, hungxchen@163.com;
H. Fan, hzhfan@licp.cas.cn;
B. Xiao, bingxiao84@xjtu.edu.cn

https://doi.org/10.26599/JAC.2024.9220991

significantly enrich high-entropy systems and expand their
applications in new fields, including optical-electronic, catalysis,
piezoelectric, and superconductivity. Moreover, entropy/phase
engineering has been proven to improve thermoelectric
performance [21-25], and more attention should be given to high-
entropy TMDCs.

In this work, we synthesized a series of middle-/high-entropy
layered compounds with the formula (MoysWys),_,
(Nby5Ta;5),Se,. By tuning the chalcogen atmosphere during high-
temperature synthesis and the relative ratio between VB- and VIB-
group elements, the controllable synthesis of high-entropy 2H/3R
phases over a wide composition range can be realized. A phase
diagram was built as a function of the nominal Se content and the
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composition of the metal atomic sites. The thermodynamic
parameters are calculated theoretically to reveal the formation
mechanism. Introducing VB-group elements into (Mo/W)Se,-
based compounds results in more carriers and changes the lattice
disorder and configuration entropy. By characterizing the
thermoelectric properties, the effect of doping on the electrical and
thermal conductivities was investigated. With increasing x, the
thermal conductivity (k) increased, whereas the temperature
dependence decreased. The optimized thermoelectric
performance, with a dimensionless figure of merit (zT' = 0.36@
723 K), was found when x = 0.2 for the in-plane case. This value is
one of the highest among TMDCs, and the superior performance
can be attributed to the low thermal conductivity caused by the
enhanced configuration entropy. Our work provides a series of
high-entropy TMDCs with rich polytypes, including 2H and 3R
phases, with improved thermoelectric properties, possibly
promising candidates for flexible thermoelectric devices and other
multifunctional uses.

2 Experiment and methods

2.1 Synthesis methods

(MoysWos)1o(NbgsTags),Se,.5 (x = 0-1, § = —0.1-0.3) samples
were synthesized via the solid-state synthesis method. High-purity
Mo (99.99%, Aladdin, China), W (99.99%, Aladdin, China), Nb
(99.99%, Aladdin, China), Ta (99.99%, Aladdin, China), and Se
(99.99%, Aladdin, China) powder were weighed at nominal
chemical ratios. After being ground carefully, the mixed powder
was sealed in a quartz tube under high vacuum. The silica tubes
were heated to 1373 K for 12 h and then held at that temperature
for 48 h. Targeting phases were obtained in powder form after
cooling to room temperature within 24 h. The as-prepared
powder samples were ground and sieved with 300 mesh for spark
plasma sintering (SPS) for 10 min at 1173 K at a uniaxial pressure
of 45 MPa via the commercial equipment (SPS-5T-5-11I, Shanghai
Chenhua Science and Technology Co., Ltd., China). The relative
density of the samples was measured via the Archimedes method.
SPS-sintered bulk samples were cut into rectangular bars (3 mm x
3 mm x 10 mm) and rectangular/circular plates with thicknesses
of approximately 1.5 mm for electrical and thermal transport
measurements, respectively. The sizes of SPS-sintered samples
were ¢12.5 mm x 15 mm, which allowed two sets of samples to be
cut with the basal plane perpendicular/parallel to the pressing
direction.

2.2 Phase analyses

The phase compositions of the end products were characterized
by an X-ray diffractometer (XRD; D8 Advance, Bruker, Germany)
using Cu Ka radiation (Cu Kal: 1.5406 A, Ka2: 1.5444 A). XRD
data were collected from 5° to 95° in steps of 0.02°. The
morphology and chemical composition were detected through a
field emission scanning electron microscope (FESEM; NovaNano
EM450, FEI, USA) equipped with an energy-dispersive
spectrometer (EDS; Model Link-Isis, Oxford, UK). High-angle
annular dark field (HAADF) images, selected area electron
diffraction (SAED), and EDS mapping analysis were collected via
a transmission electron microscope (TEM; Tecnai G* F20, FEI,
USA) operated at 200 kV with a highly efficient (4 quadrant)
energy dispersive X-ray system.

2.3 Thermoelectric property characterizations
Seebeck coefficient (S) and electrical conductivity (o) at high
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temperatures were measured via CTA-3s (Beijing Cryoall, China).
Thermal diffusion coefficient (D) measurements were conducted
by a laser thermal conductivity meter (LFA 457A, Netzsch,
Germany) in an argon atmosphere in k¥ = D-C,p. in which the
specific heat (C,) was estimated from the Dulong-Petit value. The
sample density (p) was measured via the Archimedes drainage
method. Hall coefficient (Ry;) was measured with a Hall effect test
system (NYMS-II, Shanghai Nengyi, China) via the van der Pauw
method under a reversible magnetic field of 1.5 T. Carrier
concentration (py) and carrier mobility (yy;) were calculated as
pu = U(eRy) and py = of/(pye). The uncertainties in the
measurements of o, S, x, and Ry were estimated to be +3%, +5%,
+7%, and +5%, respectively.

24 Theoretical calculations

All first-principles calculations based on density functional theory
(DFT) were performed via three-dimensional (3D) periodic
boundary conditions and the projected augmented wave (PAW)
method, as available in the VASP software package [26,27].
Regarding the valence shells of all relevant elements, we included
4p*4d’5s' (Mo), 5d'6s* (W), 4p°4d'5s' (ND), 5d%s’ (Ta), and 4s4p*
(Se). For plane wave expansion in reciprocal space, the kinetic
energy cutoff value was set to 400 eV for the structural
optimizations and total energy calculations of (MoysWys),
(NbysTay5),_,Se, high-entropy transition metal dichalcogenides.
The exchange-correlation effects of electrons were calculated via
generalized gradient approximation (GGA) in terms of
Perdew-Burke-Ernzerhof (PBE) density functional [28]. For
counting the van der Waals interactions among the atomic layers
in bulk transition metal dichalcogenides, the standard PBE+D3
method was employed in all the calculations [29]. k-mesh used in
the energy calculations for the supercell models was 4 x 1 x 1, as
generated by I'-point centered scheme in the Brillouin zone. The
total energy and the mean atomic force were 1.0x10 eV/cell and
0.01 eV/A, respectively.

3 Results and discussion

3.1 Phase engineering

TMDCs have various polytypes [1,5,30]. Inside the layered slabs,
the metal atomic layers are sandwiched by two chalcogen element
layers, with each metal atom surrounded by six chalcogen atoms.
Generally, two kinds of coordination conditions exist in TMDCs:
octahedral and trigonal prismatic coordination, as shown in
Figs. 1(a) and 1(b), respectively. Figures 1(c)-1(e) show the three
most common polytypes, including 1T, 2H, and 3R phases with
multiple principal metal elements; the former number indicates
the number of layered slabs in the unit cell, and the latter capital
letter indicates the crystal system of the compound [31]. Figure 1(f)
shows the hexagonal atomic arrangement in each metal layer.
Here, we designed a series of entropy engineering samples with a
metal element combination of MoWNbDTa, in which the mole
ratios of Mo : W and Nb : Ta were fixed at 1 : 1. The ratio between
VIB-group elements (MoW) and VB-group elements (NbTa) was
tuned, modulating the mixing configuration entropy (AS,;,), as
shown in Fig. 1(g), as calculated by AS.x=R->  clnc,
where ¢; is the atomic fraction of the ith metal element, R is the gas
constant, and N is the total number of metal elements [32]. AS,.
reached a maximum of 1.39R when x = 0.5 with equimolar metal
elements.

Here, the solid-state synthesis method was applied to obtain the
target phases, with the elemental powder used as raw materials.
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Chalcogen elements (X) melt at relatively low temperatures and
then react with metal elements (T), forming TX; phases. With
increasing temperature, TX; decomposes, and TX, forms. The
chalcogen elements exist in both the vapor and solid states at high
temperatures. Therefore, the content of the chalcogen affects the
synthesis atmosphere at high temperatures, influencing the
crystallization and the thermodynamic stability of different
polytypes [33]. Therefore, the content of the chalcogen element Se
was adjusted, and the obtained samples were characterized via
XRD.

The effect of the nominal chalcogen content was studied via
phase analysis of selected samples with varying § values from —0.1
to 0.3, as shown in Fig. 2, and the whole XRD patterns are given
in Fig. S1 in the Electronic Supplementary Material (ESM). The
red-heart and black-blade symbols in Figs. 2—4 indicate the (103)
peak of 2H phase and the (104) and (015) peaks of 3R phases,
which are commonly used to identify 2H and 3R polytypes
[34,35]. When the nominal Se content was 1.9 with a 5%
deficiency, the characteristic peak of (103) peak did not shift but
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was significantly broader than that at § = 0. Similar broadening
phenomena were also observed for samples with different x
values. The obvious peak broadening phenomena indicate the
introduction of more stacking or in-plane disorder due to the
deficiency of Se. Moreover, we found that Se deficiency is
beneficial for forming the 2H phase, as demonstrated by Figs. 2(b)
and 2(c), which are in almost pure 2H phases and a 2H/3R mixed
phase, respectively.

When x = 0.2, as revealed by the characteristic (103) peak in
Fig. 2(a), the as-prepared samples are all in 2H phase, suggesting
that the Gibbs free energy of the 2H phase is more negative than
that of the 3R phase (AG,; < AGsg). An increase in Se content
results in sharper diffraction peaks, suggesting an improvement in
the crystallinity. As shown in Fig. 2(b), in samples with x = 0.3, 3R
and 2H phases existed when § > 0. When § = 0, (103) peak of 2H
phase was greater than (104) and (015) peaks, whereas when Se
content increased, the diffraction peaks of 3R phase became more
significant. When § increased to 0.3, the content of 2H phase
decreased substantially. These results suggest that excessive Se is
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Fig.1 Structural design of high-entropy TMDCs: (a) octahedral coordination and (b) trigonal prismatic coordination. Crystal structure of (c) 1T phase, (d) 2H phase,
and (e) 3R phase. (f) Hexagonal arrangement of a single layer of metal atoms. (g) Composition dependence x of mixing configuration entropy of metal atom sites with
(MoysWos),(NbysTays),, 0 < x < 1. The multicolored and yellow balls indicate the metal and chalcogen atoms, respectively.
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Fig.2 Effect of excess/deficient chalcogen elements on phase composition of (MoysWs);_.(NbysTays),Se,,s XRD patterns in the range of 36°-40° for (a) x = 0.2,
(b) x=0.3, and (c) x = 0.6. Characteristic peaks of 2H phase and 3R phase are marked by red heart and black blades, respectively.
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beneficial for improving crystallinity and facilitating the formation
of 3R phase at the synthesis temperature.

The chemical composition of metal elements affects the valence
electron concentration, which plays a pivotal role in the thermal
stability of polytypes [36—39]. Here, a series of compounds with
varying x values and excess Se content § = 0.2 were prepared.
(002)/(003) peak of 2H/3R phases shifted to lower angles, as
shown in Fig. 3(a), with increasing x. The characteristic peaks of
2H and 3R phases shifted to higher angles with increasing NbTa
content, as shown in Fig. 3(b).

As shown in Figs. 3(a) and 3(b), when x < 0.2, the samples are
in pure 2H phases, and the lattice parameters a and ¢ increased
and decreased with increasing x, respectively. When x increased to
0.3, the product was composed of mixed 2H and 3R phases. The
mixed phases are in different polytypes but should have the same
chemical composition, as demonstrated by the high overlap of
(002) peak of 2H phase and (003) peak of 3R phase. Pure 3R
phases were obtained when 0.4 < x < 0.7, in which (104) and (105)
peaks of 3R phase were observed, and (103) peak of 2H phase was
absent. When x > 0.8, splitting peaks at approximately 14° and
various peaks at 35°-40° suggest that the end product was in
complex composite phases in different polytypes and deviated
chemical compositions.

XRD patterns in the measured ranges of the samples in Fig. 3
are given in Fig. S2 in the ESM. After indexing and refining the
lattice parameters of XRD patterns, the evolution of the lattice
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Fig.3 Effects of composition of metal atoms. (a) XRD spectra of
(MoysWi5)1_(NbysTays),Se,,. (b) Magnification of characteristic peaks. (c) Blue
line is cell parameter a, and red line is cell parameter c. Arrows in (a) and
(b) suggest that peak position shifts with increasing x.
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parameters with x content is shown in Fig. 3(c). Here, ¢/2 of 2H
and ¢/3 of 3R phases were given to demonstrate the spacing
change between layered slabs. As shown in Fig. 3(c), when x < 0.3,
the layer spacing (c/2 of the 2H phase) decreased relatively sharply
from 6.4795(5) A when x = 0 to 6.3774(13) A when x = 0.3. For
2H and 3R phases, the layer spacing and a value are very close.
However, the decreasing tendency of the layer spacing (c/2 of 3R
phase) was significantly reduced when x > 0.3. The in-plane lattice
parameter a exhibits the opposite trend, decreasing almost linearly
as x value increases. The unit-cell volume (Fig. S3 in the ESM) also
increases with increasing x, suggesting that the average ionic
radius of Nb+Ta is larger than that of Mo+W.

In addition to XRD, electron microscopy was also effective in
identifying the polymorphs of TMDCs [40-42]. Therefore,
HAADEF images of 2H phase and 3R phase were collected and are
shown in Figs. 4(a) and 4(b). Fast Fourier transform (FFT) results
of the two samples are in the same period. When x = 0.2, only a
trigonal pattern was detected, suggesting the arrangement of the
single metal atomic layer. However, when x = 0.7, the atomic
arrangement is more complicated; more atoms from different
atomic layers can be observed to match well with the structure of
3R phase [41]. Moreover, elemental mapping analyses were
performed on selected regions for both samples, as shown in
Figs. 4(c) and 4(d), to demonstrate homogeneity. Each element is
homogeneously distributed in the as-prepared samples.

A phase diagram was built by summarizing the phase analysis
results of samples with varying x and 8. As shown in Fig. 5, for
samples with x < 0.2, the end products are all in 2H phases.
Moreover, when § = —0.1, the samples with x < 0.6 are in pure 2H
phases. 3R phases can be obtained for compositions in the orange-
colored region of Fig. 5, 0.4 < x < 0.7 and 0 < § < 0.3. For samples
with x > 0.8, it is difficult to obtain a single phase.

3.2 Thermodynamics and electronic structures

Moreover, thermodynamics and electronic structure calculations
were performed to reveal the formation mechanism and evolution
of the electronic structures. As shown in Fig. 6(a), for MoSe, and
WS,, formation enthalpy (AH) of 1T phase is much greater than
that of 2H and 3R phases. However, for NbSe, and TaSe,, the
difference became much weaker, which is consistent with the
existence of all three polytypes. AH values of NbSe, and TaSe, are
more negative than those of MoSe, and TaSe, are, suggesting that
the doping of Nb/Ta in (Mo/W)Se, is thermodynamically favored.
As shown in Fig. 6(b), with increasing NbTa content, the Gibbs
free energy became more negative, and the difference between 1T
and 2H/3R phases decreased, which could account for the
difficulty in synthesizing a single phase with x > 0.8. As shown in
Fig. 6(c), the difference between 2H and 3R phases (AGsp — AGyy)
is positive when x = 0 and 0.1, indicating that 2H phase is
preferred. When x = 0.3 or 0.4, the difference between 2H and 3R
phases is negligible, accounting for the coexistence of both phases
experimentally when x = 0.3. However, for samples with higher x
values, 3R phases are favored.

Regarding the electronic structures, total density of states
(TDOS) results suggest that 2H and 3R phases of MoSe, and
WSe, are semiconductors with a bandgap of 0.3 eV, which is
usually underestimated in the theoretical results. The
thermodynamically unfavored 1T phases are metallic with a
nonzero TDOS at the Fermi level. The doping of Nb or Ta will
cause an increase in TDOS, which is 0.218 and 0.314 meV/fu.
when x = 0.4 and 0.8, respectively, suggesting the carrier doping
effect by Nb/Ta and the resulting metallic electronic structures.
Moreover, as shown in Fig. 6(d), TDOS curves of all the
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compositions almost completely overlap around the Fermi level,
indicating similar electronic properties in 2H and 3R phases.

3.3 Thermoelectric properties

Owing to their quasi two-dimensional structure, TMDCs hold a
promising future for flexible thermoelectric devices [43]. The
thermoelectric properties of samples with x < 0.7 were
characterized systematically via SPS-sintered samples with a
relative density higher than 90%. When VIB-group elements
occupy the metal atomic sites, the di-selenides are in
semiconducting states, with a bandgap of approximately 1.2 eV
[44]. For samples with 0.1 < x < 0.7, the resistivity increased with

https://doi.org/10.26599/JAC.2024.9220991

increasing temperature, indicating metallic electrical transport
behavior, as shown in Figs. 7(a) and 7(c), for currents flowing in
the in-plane and cross-plane directions, respectively. The sample
cutting schemes and the current directions are shown in the insets
of Figs. 7(b) and 7(e). As shown in Fig. S4 in the ESM, a preferred
stacking of layered polycrystals along the pressing direction was
observed.

(MoysWy5)1_(NbysTays),Se, can be regarded as a doping of
(MoysWis)Se, by VB-group elements (NbTa) in the content of x.
As shown in Fig. 1(g), AS,; was modulated by the x value in a
dome-like form and reached a maximum when x = 0.5. VB-group
di-selenides are usually in metallic states accompanied by various
kinds of charge density wave transitions [5]. Therefore, increasing
the number of VB-group elements will dismiss the bandgap and
introduce more carriers, which is consistent with TDOS results in
Fig. 6(d). The composition-dependent in-plane resistivities p; at
310 and 800 K are shown in Fig. 7(b). When x < 0.3 and T=310K,
p, decreased significantly from 21.6 uQm for x = 0.1 to 10.7 uQm
for x = 0.3. When x value further increased, the resistivity
increased and reached a maximum when x = 0.5, which is also the
maximum of AS;,. The increase in p; can be attributed to the
Anderson localization [11] of carriers caused by the strong
disorder introduced by the relatively high AS;. Therefore, even
though the carrier number increased, the resistivity still increased
because of the decreased mobility.

Moreover, when the applied current flows in the cross-plane
direction, the as-determined cross-plane resistivity p, is much
greater than p;, which is 610.6 pQ-m at 310 K and 860.6 uQ-m at
800 K. As shown in Fig. 7(d), all samples exhibited metallic
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behavior. An increase in x significantly reduced p ; when x > 0.3,
the resistivity was lower than 1/10 of that at x = 0.1. In contrast to
the peak-shaped tendency, as observed in Fig. 7(b), the resistivity
fluctuated approximately 50 pQ-m@310 K, as observed in p
when x > 0.3, as shown in Fig. 7(e). The difference between x-
dependence of p, and p; can be attributed to the Anderson
localization effect of p |, which was less significant than that of p;.
Moreover, the electrical resistivity anisotropy was evaluated by
p1/p;> as shown in Fig. 7(c). p,/p, was ~40 when x = 0.1 and
reached a minimum of 4.04 when x = 0.5.

The carrier concentration and mobility of the as-prepared
samples are shown in Fig. 7(f). With increasing x, the carrier
concentration increased from 1.9x10* c’@x = 0.1 to 6.75x10% cm?
@x = 0.7, suggesting that more carriers were introduced with
increasing NbTa content. The carrier mobility was low because of
the relatively high carrier concentration, which ranged from 1.04
to 248 m¥/(V-S). The minimum (1.04 cm¥(V-S)) mobility was
found when x = 0.5, with the highest AS, ;.

Seebeck coefficient was measured during the resistivity
measurements. In contrast to the significant anisotropy of
resistivity, the difference between the in-plane and cross-plane
Seebeck coefficients is relatively small, as shown in Figs. 8(a) and
8(c). For all the samples, S| and S increased almost linearly with
increasing temperature. As shown in Fig. 8(b), the in-plane
Seebeck coefficient S, decreased from 40 puV/K@310 K and
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100 pV/K@800 K to —0.82 pV/K@310 K and 6.67 pV/K@800 K.
For the cross-plane case, the tendency was similar. When x < 0.5,
the Seebeck coefficients were positive, suggesting the presence of
mainly hole-type carriers. When x > 0.5, the Seebeck coefficient
became negative, suggesting that the main carrier type became
electrons. As shown in Fig. 8(d), S| decreased to —14.4 uV/K.
Entropy engineering has been proven effective in modulating
thermal conductivity and thermoelectric performance [45-48].
Here, the thermal conductivity was characterized by heat
transport along the in-plane direction (x;) and cross-plane
direction (x | ), as shown in Figs. 9(a) and 9(b), respectively. In the
electrical transport case, as shown in Fig. 7, we have illustrated the
competition between the increase in carrier amount and the
enhanced disorder effect as the doping content of VB group
elements increased. For the heat transport case, a similar
competitive relationship was found. The total thermal
conductivity usually comprises electrical (xy) and lattice
contributions (ki,), Kw = Kee + K In the in-plane cases, the
lowest thermal conductivity was observed when x = 0.2. The heat
transport along the cross-direction is more difficult, the cross-
plane x; values are lower than x; values are, and the lowest x|
value is observed at x = 0.3, which is 0.51 W/(m-K)@300 K and
0.43 W/(m-K). Owing to the increased electrical contribution with
increasing NbTa content, the lowest values were not detected in
the samples with the highest configuration entropy. The lowest
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thermal conductivity can be reached by balancing the
enhancement of electrical contribution and the reduction of lattice
contribution. With increasing x, the temperature dependence
decreased, as shown in Figs. 9(a) and 9(b). When x = 0.7, the
temperature dependence of x| became very weak, as revealed by
the flat purple curve in Fig. 9(b).

To evaluate the overall effects of doping on the thermal
conductivity, the average thermal conductivity was calculated as
Kuwe = (21 + % )/3. The composition dependence of «,,. at 310,
473, and 673 K is shown in Fig. 9(c). With increasing x, ,, first
decreased but then tended to increase. The temperature
dependence of x,,, was demonstrated by the gap between different
temperatures, as shown by the painted zones in Fig. 9(c). The gap
size decreased with increasing x, suggesting that the temperature
dependence was reduced, in which the gap was almost closed
when x = 0.6.

The electronic component «, can be correlated with the
electrical conductivity via the Wiedemann-Franz law, which can
be calculated by xy. = LoT, where 0 = 1/p is the electrical
conductivity, T is the absolute temperature, and L is the Lorentz
number, whose value can be evaluated via Eq. (1) [49]:

L = 15 4 exp(—|S|/116)x 10° (W-Q/K*) (1)

where S is the Seebeck coefficient.

The as-evaluated electrical thermal conductivities of all the
samples are given in Figs. S6(a) and S6(b) in the ESM. Usually, the
lattice component can be obtained by i, = Ko — LoT, as shown
in Figs. S6(c) and S6(d) in the ESM. However, the as-obtained
lattice component was underestimated, and the electrical
component was overestimated, as revealed by the negative values
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at high temperatures in several samples, as shown in Fig. S6(c) in
the ESM. The negative value may be due to the complex band
structure or the strong correlation effects in these high-entropy
low-dimensional materials.

The power factor, PF = §°, is given in Fig. S7 in the ESM. PFs
of samples with x = 0.1 and 0.2 are close and are the highest
among all samples, PF = 0.1 and 0.3 mW-m/K’@723 K. The
dimensionless figure of merit, zT = PF-T/x,, as a function of
temperature is shown in Figs. 10(a) and 10(b). At high
temperatures, a relatively high in-plane zT' was observed in
Fig. 10(a), which is much stronger than the cross-plane zT'
(Fig. 10(b)), which can be attributed to the significant electrical
conductivity anisotropy.

The thermoelectric properties of (Mo/W)Se, without carrier
doping are usually poor, with the highest reported value being
zT = 0.016 in WSe, [50]. Previous studies have demonstrated that
minor doping by VB-group elements significantly improves their
thermoelectric performance, in which the doping content is
usually less than 0.1. Interestingly, the best performance in our
high-entropy materials was achieved by a relatively high doping
content (x = 0.2), in which zT = 0.36@723 K for in-plane case,
which is higher than zT = 0.24@723 K of x = 0.1. The higher zT
should be attributed to the phonon scattering enhanced by the
higher AS,;, which suppresses the increase in the electronic
component, resulting in a lower #,, at x = 0.2 than at x = 0.1.

We collected zT values at approximately 723 K for (Mo/W)Se,-
based compounds [50-59] with optimized doping contents, as
shown in Fig. 10(c). The vertical and parallel symbols indicate the
in-plane and cross-plane cases, respectively. Compared with the
thermoelectric properties of other (Mo/W)Se,-based compounds,
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zT value of Mo,,Wy,Nby Tay Se, (x = 0.2) is the highest. As
shown in Fig. 10(c), further doping the chalcogen sites improved
zT. Moreover, as demonstrated by the comparison of the
corresponding thermal conductivities in Fig. 10(d), the decrease in
thermal conductivity plays a pivotal role in improving zT. Our
results demonstrated that the high-entropy scheme at the metal
atomic site effectively improved the thermoelectric performance
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to a higher level. Here, a wide-range phase diagram with
corresponding thermal electric performances is given, while the
optimization of thermoelectric performance requires fine-tuning
of the carrier concentration. The as-discovered high-entropy
phases possess great potential, as their performance could be
improved by fine-tuning the x value and further doping the
chalcogen sites.

J Adv Ceram 2024, 13(12): 1985-1995



Phase engineering on high-entropy transition metal dichalcogenides and the entropy-enhanced thermoelectric performance 1993

(a) —E—x=09 & (b)
—0—x=038 / 0.08
0.3f—4&—x=07 ®
x=06
‘e i 0/ /* 0.06}
0.2} / * L
N . N 0.04}
—@P=x=02 / / —®—x=02 /‘
—k—x=0.1 —d—x=0.1 ®
0.1} ® i 7o
v 0.02} . O x-
® X * ¢
/*/ -~ / Q“‘
400 600 800 400 600 800
. T (K) 5 T
(C) - g This WO{k & E EThis work
4 4l
03{z = % S & B =-
1 = R =% & &
> & 2 gl 3 8 5 %
v »w 2 |=ll=lls = 3 £ 4 B &
~p2{% 3 g F8l|% |2 (e
N e & = [Ell == o == E 0 F
E 2 s Bl &l 2 i g 8 =
3 &8 £ T @ = g £ 3
e | | = = % 3
- =1 g g o =4 =
ic SIEIE 5 E

Compound

Compound

Fig. 10 Comparison of thermoelectric performances of (Mo/W)Se,-based compounds. (a) In-plane zT, (b) cross-plane 2T, (c) comparison of optimized zT values of
(Mo/W)Se,-based compounds, and (d) comparison of thermal conductivity of samples with optimized zT. Vertical and parallel paths behind chemical formula indicate

cross-plane and in-plane cases, respectively.

4 Conclusions

In conclusion, we synthesized a series of high-entropy transition
metal dichalcogenides with 2H and 3R polytypes, (Mo,sWs),_,
(NbysTay5),Se,, 0 < x < 1. A phase diagram was built by tuning
the ratio between the contents of VB- and VIB- group elements
and the nominal content of selenium. 2H phase was preferred
with a deficient Se content, and single-phase products can be
obtained when 0 < x < 0.6. Moreover, excess Se caused a Se-rich
atmosphere at high temperatures, improving crystallinity and
facilitating the formation of 3R phases, which can be obtained in
single phases when 0.3 < x < 0.7. With increasing x, the layer
spacing decreased, and a and V increased. Moreover,
thermodynamic calculations suggest that both 2H and 3R phases
are thermodynamically favorable, and the preference for
crystalline polytypes can be explained well by the difference in
formation energy. Moreover, the anisotropic thermoelectric
properties were characterized systematically. For NbTa-doped
samples, the temperature-dependent resistivity showed metallic
behavior consistent with the increase in TDOS. When x = 0.3, the
thermal conductivity reached a minimum. With increasing x, the
temperature dependence was reduced due to increased entropy.
Furthermore, the optimized zT value reached 0.36@723 K when
x = 0.2, one of the highest among (Mo/W)Se,-based compounds.
The pivotal role of thermal conductivity in thermoelectric
performance was revealed, in which the high-entropy effect
significantly contributed to the reduction in thermal conductivity.
Our work realized a series of high-entropy layered compounds
with versatile polytypes, showing improved thermoelectric
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properties, which also have great potential for various fields, such
as catalysis, photoelectronics, and piezoelectrics.
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