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Polyanionic Lattice Modifications Leading to High-Entropy
Sodium lon Conductors: Mathematical Solution of

Accessible Compositions

Frank Tietz*® and Carsten Fronia™

Sodium zirconium double phosphate NaZr,(PO,); can be used
as a starting point for investigations of high-entropy materials.
Apart from the frequently used approach of partial substitution
with four or more different transition metal cations, this class of
materials also allows multiple substitutions of the phosphate
groups. Herein modifications of the polyanionic lattice are
considered and high-entropy compositions are numerically
determined with up to eight elements on the central tetrahe-
dral lattice site of the so-called NaSICON structure. For this
study, the chemical formula was fixed as Na;Zr,(EO,); with E=B,

1. Introduction

In recent years, the study of high-entropy materials has
attracted increasing interest with the aim of finding materials
with improved properties. In the case of high-entropy alloys, a
wide variety of alloys with improved mechanical, magnetic and
sometimes electrical properties have been observed, see e.g.'?
and references therein. In the case of high-entropy oxides, the
number of examples is much less although the basic concept
dates back to the 1960s."”’ To our knowledge, only the cationic
sites in oxides with different crystal structures have been used
as yet to induce high disorder. The use of equimolar amounts
of various transition metal ions in compounds with rock salt
structure is the most generic example™*® and has shown unique
electrochemical properties when applied as the cathode™® or
anode” in lithium-ion batteries. Obviously, Li* ions can be
easily incorporated into and extracted from the strongly
disordered rock salt structure, which is supported by the very
high ionic  conductivity of wup to 1mS/cm for
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Al, Si, P, As, Sb, S, Se and Te. The number of compositions
increases exponentially with the increasing number of elements
involved and with decreasing equal step size for each element.
The maximum number of 237258 compositions is found for
NasZr,([B,Al,Si,P,As,Sb,S,Sel0,); with a step size of 0.1 mol/
formula unit. Of this compositional landscape, 143744 composi-
tions fulfil the definitions of high-entropy materials. The highest
entropy factor of AS.,/R=-2.0405 is attributed to the
compositions  Na;Zr,(BysAlgeSiosPo3AS0350035055€03)0:,  and
Na3Zr,(By6Alo5Si04P0o3AS0350035035€03) 01

(Mg,Co,Ni,Cu,Zn)oe,Lin3:0.8 Apart from further studies on
materials with rock salt structure,”” high-entropy oxides with
spinel," fluorite,"" bixbyite,"” perovskite™ and magneto-
plumbite structure™ have been created and investigated.
Further examples of high-entropy oxides can be found
elsewhere.™ For quinary rock salt compositions, Anand et al."
calculated the compositional configurations on the basis of a
supercell with 2000 atoms considering interatomic potentials
and molecular dynamics simulations resulting in the thermody-
namic quantities for the evaluation of stable configurations.

The increasing number of publications on high-entropy
oxides also led to the idea of creating high-entropy NaSICON
(Na™ superionic conductor) materials"” because this class of
materials is known for the flexible incorporation of many
elements. To our knowledge, the high-entropy oxides inves-
tigated so far have been based on multiple elements on
cationic sites with equal fractions of the cations involved in
order to maximize the entropy.”' On the one hand, this
approach can also be applied to NaSICON materials, because a
large variety of cations can be incorporated.”® On the other
hand, however, this class of materials also offers the oppor-
tunity to induce high disorder in the polyanionic lattice in terms
of variable site occupancy with many different central tetrahe-
dral ions, which is not possible for the oxides mentioned above.
This attempt can offer a new path to fast Na* ion conductors
due to the permanently changing next-nearest neighbors of the
Na® ions inducing modulated bond strengths along the
conduction paths. A systematic variation of the central tetrahe-
dral ions in the polyanionic sub-lattice can also elucidate
fundamental details of ion transport in this class of materials.
Finally, as in the case of perovskites in which the multiple
substitution of two different cation sites was already
investigated,"” the cationic lattice offers the opportunity to
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further increase the entropy. In this report, however, we restrict
our calculations to the polyanionic sub-lattice.

2. General Considerations Regarding
Polyanionic Substitutions

Here we present a first approach for high-entropy oxides by
multiple substitutions in the polyanionic lattice of NaSICON,
which is isostructural with kosnarite (KZr,(PO,);)."” Starting
from the generic formula NaZr,(PO,);, the solid solution Na;,
«ZL15(Si0,),(PO,)5., ends with Na,Zr,(SiO,); and compositions with
2<x<2.5 have shown the highest ionic conductivity of all
NaSICON materials."’?” The variation of the phosphate groups
can theoretically be extended by many polyanions starting
from (LiO,)"” to (WO,)* with central tetrahedral elements such
as Li, Mg, Ti, V, W, Fe, Cr, Mn, Zn, B, Al, Ga, Si, Ge, Sn, P, As, Sb, S,
Se, similar to the wide chemical variability of garnets®” or
glaserites.” For the sake of simplicity, we restrict the selection
of polyanions to those which a) do not belong to transition
elements excluding compositions that might act as electrode
materials instead of solid electrolytes, b) are fairly cheap and
abundant leading to the exclusion of polyanions such as
(Ga0,)* and (GeO,)*” and c) have unrealistically large ionic radii
or unusual valencies, which presumably do not fit into the
NaSICON structure. As a result, the only polyanions considered
here are listed in Table 1. Even this limited number of elements
contains some uncertainties with respect to applicability as will
be discussed further below.

Although a vast amount of publications is available for
cation substitutions of NaSICON materials, the number of
modifications on the anionic lattice is rather low. Apart from
the well-investigated substitution of P°* by Si*, the isovalent
substitution with As>" is also reported for AZr,P;,As,0,, with
A=Li, Na, K, Rb, Cs. However, to our knowledge no
composition has yet been reported in which P°" has been
replaced by Sb®*. As can be seen in Figure 1, this seems to be
reasonable because Sb®* should have a similar ionic radius to
Ga’" in tetrahedral coordination. These cations are known as
substitution elements for Zr*™ on the octahedrally coordinated
12¢ site.” Similarly, AP and Ge*" have nearly the same ionic
radius (see Figure 1) and are also known as substituents of

Table 1. Polyanions considered for high-entropy NaSICON materials.
Element Cation Polyanion lonic radius (rg) in

(E) valency tetrahedral coordination® [A]
B +3 (BO,) 0.11

Al +3 (AlO,)*~ 0.39

Si +4 (Si0,)* 0.26

P +5 (PO,)* 0.17

As +5 (AsO,)? 0.335

Sb +5 (Sb0,)* (0.49)"

S +6 (SO,)* 0.12

Se +6 (Se0,)*" 0.28

Te +6 (TeO,) 0.43

[a] No value given in Ref. [23]; extrapolated value from Figure 1.
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Figure 1. lonic radii of main group cations in tetrahedral coordination.”” The
value of Sb*>" was extrapolated according to the slope of the neighboring
tetravalent and hexavalent cations. The cations between the two dashed
lines can occupy both lattice sites (Al, Ge) or may require experimental
confirmation (Sb, Te).

Zr* %29 However, in the case of Ge*" also the substitution of
P>+ on the 18e site is reported, but with limited solubility.””!
According to these facts, two tentative dashed lines are inserted
in Figure 1 to distinguish between cations occupying 72c¢ and
18e sites. The elements between the two dashed lines can
occupy both sites or are assumed to do so. The slope of these
lines is rather arbitrary, because it remains to be experimentally
clarified whether A", Sb°" and Te®" can partially occupy 18e
sites.

In the case of hexavalent cations (S, Se), only compositions
with modified cationic lattices are known, but not with Zr** or
any other tetravalent cation as the single transition metal cation
on the 12c site. However, Savinykh et al.?® investigated various
phosphate-sulfates with simultaneous substitutions of Zr*™ with
di- and trivalent cations. In the case of sulfates, the most
frequently investigated NaSICON material is Fe,(SO,); as the
cathode material in sodium-ion batteries.”” In addition, Slater
and Greaves® investigated a large number of materials with
the general composition A,M",M", (SO,)s,(Se0,),, justifying the
inclusion of Se in the following considerations. Te®" has a
similar ionic radius to Ge*™ in tetrahedral coordination and can
be considered as a substituent for 72c and 18e sites as discussed
above.

For the trivalent central ions (B, Al), there is no information
on targeted substitutions in the polyanionic lattice. However,
Maldonado-Manso et al. showed by NMR measurements that
AP can simultaneously occupy 12c¢ and 18e sites in Li; , Al Ge,.
(PO,):.E" In the case of B>, the use of high amounts of borates
as a sintering aid® may imply limited interaction with the
crystalline material and potentially minor substitutions in the
nominal ceramics. However, usually small amounts of borates
are added to stoichiometric compounds to influence grain
boundary chemistry and sintering properties, but are not
intended to replace other polyanions. Two other reports used

© 2020 The Authors. Published by Wiley-VCH GmbH
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B,O; as an additive in the synthesis of Li, . ,AlTi, (PO,); from
the melt®® In both cases, the attempt was made to substitute
AP* with B*", which is a misconception of the experiments
according to Figure 1. Although it was stated that B*' is
incorporated into the NaSICON structure, it is not unambigu-
ously clear on which position in the crystal lattice and in what
amount. Therefore, again, further experimental or computa-
tional work has to define the solubility limits of (BO,)°~ and
(AlO,)*" in the NaSICON structure before the expected decom-
position or glass formation will occur.

For the following mathematical approach, however, these
two polyanions as well as (Sb0O,)*~ and (Te0Q,)*" are included in
the calculations to elucidate the determination of the number
of compositions that can be expected by implementing up to
eight different polyanions instead of the exclusive presence of
phosphate groups. In forthcoming contributions, we will refine
the calculation according to the solubility limit of the uncertain
cations. If some elements have to be excluded for chemical
reasons, calculations are also provided with decreased numbers
of cations involved, down to five elements on the phosphorus
site.

3. Chemical and Mathematical Boundary
Conditions

In order to determine the compositional space considering the
selected elements that can occupy the central tetrahedral site
in the NaSICON structure, the possible permutations were
numerically counted with specific boundary conditions:

1. The compositions were fixed in the cationic lattice as the
composition NaZr,(EOQ,);.

2. All elements in Table 1 are allowed with molar contents
between 0 and 3 moles per formula unit.

3. The number of elements (N) was varied between 5<N<8
and for N=8 two different calculations were carried out
using either Sb>* or Te®".

4. According to boundary condition 1, the molar sum (X) of all
E is always 3 (£ m;=3), i.e. no vacant 18e sites are allowed.

5. According to boundary condition 1, for charge neutrality the
sum of positive charges (q*) is always 13 (see Table 1), i.e.
no charge compensation by additional sodium ions or
oxygen vacancies is allowed.

Parameters for the numerical counting are the lower and
upper limit of the molar amounts of each element and the step
size in which the stoichiometry of each element is changed.
Therefore

6. In each numerical solution the step size, S, was kept
constant for all elements. Here step sizes of $'=0.1, 0.2, 0.25
and 0.5 mol per formula unit were chosen.

The sequence of numerical counting is illustrated in Fig-
ure S1 in the supporting information. The programme was
written with the SAS software package (SAS Institute Inc, Cary,
NC, USA; version 9.4 (TS1 M6)).
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4. Results and Discussion
4.1. Total Number of Possible Compositions

Neglecting the boundary conditions above, the total number of
permutations can be calculated with the formula N***'. For
N=8, X=3 and S'=0.1 this permutation results in about 10%*
solutions. Applying the boundary conditions, only a small
fraction of results remain as chemically reasonable solutions.
The extraction of the meaningful results have been filtered with
the computed programme as shown in Figure S1.

Table 2 gives a statistical overview of the achievable
number of compositions for S’=0.1 mol depending on the
number and type of E irrespective of any entropy consider-
ations. The first result worth noting is the total sum of
compositions for N=8: whereas the presence of three pentava-
lent cations (P, As, Sb) gives 237258 compositions, the presence
of three hexavalent cations (S, Se, Te) reduces the number of
compositions by more than 50000 due to the different
constellations for fulfilling charge neutrality. The decrease of N
also significantly (exponentially) decreases the total number of
compositions. It is also interesting to note that for N=6 or 5
the number of compositions can vary strongly depending on
the selected cations. Only two examples of both N are listed in
Table 2 to demonstrate the impact of this selection.

Another factor strongly decreasing the number of possible
compositions is the step size for varying the compositional
changes (Figure 2). Considering the case with N=6, the number
of solutions varies from 2 (S'=0.5 mol) to 20235 (S'=0.1 mol)
when a total of 7 elements are allowed (open symbols in
Figure 2). The figure also shows that the maximum variability in
compositions is observed for N-1, N-2, N-3 and N-2 for step
sizes 0.1, 0.2, 0.25 and 0.5 mol, respectively.

The molar amount of the elements varies from nearly
equimolar distributions to maximum achievable amounts as
listed in Table 2. The distribution of m; varies among the

N=7 8(Te) 8(Sb)

—0— —n— —m— §'=01
1000004 —o0— —o— —@— S§'=02 -;'\
—A— —A— —A— S§'=025 \.
—— —— —4—S'=05 -/D\
10000 / o g
./

1000

100 - ; R :
e N\
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o
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Figure 2. Dependence of resulting compositions on step size and number of
involved elements for three specific cases in which 7 or 8 elements are
allowed (see first three cases in Table 2).
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statistical thermodynamics. A threshold of configurational
entropy of 1.609 R is defined as a minimum value for the
randomly distributed cations or elements in a solid solution.
This value results from Equation (1):
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Table 2. Statistical overview of the total number of compositions and the involvement of each element for the counts with S"=0.1 mol. In the first line of
each case the absolute numbers of compositions are given in which the corresponding element appears, the second line corresponds to the percentage of
appearances and the third line shows the maximum molar amount (m;,,,,) that can be obtained for each element.
E Total B Al Si P As Sb S Se Te
B, Al, Si, P, As, Sb, S, Se 237258 213108 213108 202020 191163 191163 191163 179347 179347 -
[%] 89.82 89.82 85.15 80.57 80.57 80.57 75.59 75.59 -
M 16 16 2.5 2.0 2.0 2.0 13 13 -
B, Al, Si, P, As, S, Se, Te 184422 167412 167412 158214 148260 148260 - 138327 138327 138327
[%) 90.78 90.78 85.79 80.39 80.39 - 75.01 75.01 75.01
Mimax 16 16 2.5 2.0 2.0 - 13 13 13
B, Al, Si, P, As, S, Se 46095 41412 41412 40131 38696 38696 - 37099 37099 -
[%] 89.84 89.84 87.06 83.95 83.95 - 80.48 80.48 -
M max 16 1.6 2.5 2.0 2.0 - 13 13 -
B, Al, Si, P, As, S 8996 7938 7938 7904 7942 7942 - 7830 - -
[%) 88.24 88.24 87.86 88.28 88.28 - 87.04 - -
M max 16 16 2.5 2.0 2.0 - 13 - -
B, Si, P, As, S, Se 4683 4592 - 4263 3941 3941 - 3625 3625 -
[%] 98.06 - 91.03 84.16 84.16 - 77.41 77.41 -
M max 16 - 2.5 2.0 2.0 - 13 13 -
B, Si, P, As, S 1058 1022 - 974 934 934 - 882 - -
[%) 96.60 - 92.06 88.28 88.28 - 83.36 - -
Mmax 16 - 2.5 2.0 2.0 - 13 - -
Si, P, As, S, Se 91 - - 91 70 70 - 55 55 -
[%] - - 100 76.92 76.92 - 60.44 60.44 -
M max - - 2.5 1.0 1.0 - 0.5 0.5 -
105 5
elements of different charge and an example (N=8 with Sb and
S’=0.1 mol) is shown in Figure 3 (top). o 10*4
Finally, it is worth mentioning that a mathematical curiosity 5
was observed when only one tri-, tetra- and pentavalent cation o
. . . . . (o] 3 |
was used for the numerical determination of possible composi- a 10
tions. With this set of three elements, 11, 101 and 1001 §
. . 5] ;
solutions were found for step sizes of 0.1, 0.01 and 0.001 mol, 5 1024 S °
respectively. o a °
=z v
10" 4 4
[ ]
4.2. Number of Compositions with N>5
100 T i K T T T T
. L X . 0.0 0.5 1.0 15 20 25
The first definition that has to be fulfilled by a high-entropy
material is the presence of at least five elements either as major m
metal elements in alloys or as substituents on one single site in 10°% 5 =B Al
an inorganic material. Using this definition, maximum entropy —o—S§j
can be achieved in a system when the multiple elements » 10* —a— g /S\s, Sb
. . . . . 3 —v—8S, Se
appear in an equimolar ratio. This definition can be used here 5
as a first filter for the high numbers of possible compositions =
excluding all solutions with N<5. However, comparing the 8 10°4
values in Table 2 and Table S1 in the supporting information, g
. . . o
the numbers are still large and show that solutions with only 2, 5 102+
3, or 4 elements are rather rare compared to the values with 5 &
or more elements. z
101 2
4.3. Number of High-Entropy Compositions 100 . ; ; ; ;
0.0 0.5 1.0 15 2.0 25

m

Figure 3. Distribution of molar amounts for the various cations in the case of
N =28 with Sb and S'=0.1 mol (see first line in Table 2). Top: total set of
compositions, bottom: high-entropy compositions.
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ASconﬁg = —RZX,IH Xi (1)

where R is the gas constant and x; are the molar fractions.
Table S2 gives the results for 1 <n<9. When n=5 the above-
mentioned threshold for high-entropy materials is obtained.

For an inorganic salt, Equation 1 can be separated into a
cationic and an anionic part, but since the solid solution is
usually only related to one of the sublattices, only this part also
defines AS,,.q. Hence, for the NaSICON materials considered
here, Equation (1) can be rewritten as Equation (2):

- m; —m;
_Asconﬁg /R = Z? In T (2)

to normalize the molar amounts and use them as molar
fractions. The resulting sum, the entropy factor, was calculated

for all compositions and in order to fulfil the second definition,
the values have to be given with a precision of 5 digits.

With this second definition, the number of compositions is
greatly reduced (Table 3). In particular the compositions with
high molar amounts of one element are eliminated, as can also
be seen in Figure3 (bottom). Remarkably, none of the
variations with N=5 result in compositions with AS,.q/R<
—1.6094 and the highest value was found to be as low as
—1.6039. Also for N=6 and E=B, Si, P, As, S, Se there are only a
limited number of 264 compositions that surpass the threshold.
This number is reduced to 18 and 7 compositions for S'=0.2
and 0.25 mol, respectively. No composition can be identified
with S"=0.5 mol.

Figure 4 displays the distribution of entropy factors for the
first three cases in Table 3. Here also the values for N=5 are
included even though none of these compositions can be
regarded as high-entropy NaSICONs. Table S3 summarizes the
statistical data of entropy factors for all compositions as well as
for the high-entropy NaSICONSs, both valid for S'=0.1 mol.

Table 3. Statistical overview of the number of compositions with N>5 and AS,,,;,/R <-1.6094 and the involvement of each element for counts with S'=
0.1 mol. In the first line of each case the absolute numbers of compositions are given in which the corresponding element appears, the second line
corresponds to the percentage of appearances and the third line shows the maximum molar amount (m; ,,,,) that can be obtained for each element.

E Total B Al Si P As Sb S Se Te

B, Al, Si, P, As, Sb, S, Se 143744 138017 138017 130706 124821 124821 124821 118642 118642 -

[%] 96.02 96.02 90.93 86.84 86.84 86.84 82.54 82.54 -

M e 13 13 15 13 13 13 1.0 1.0 -

B, Al, Si, P, As, S, Se, Te 104584 102047 102047 96036 91114 91127 - 85661 85659 85676
[%] 97.57 97.57 91.83 87.12 87.13 - 81.91 81.90 81.92
M max 14 14 16 14 14 - 1.0 1.0 1.0

B, Al, Si, P, As, S, Se 18908 18644 18644 17986 17545 17543 - 17147 17145 -

[%] 98.60 98.60 95.12 92.79 92.78 - 90.69 90.68 -
M 13 13 14 12 13 - 1.0 1.0 -

B, Al Si, P, As, S 1763 1763 1763 1763 1763 1763 - 1763 - -

[%] 100 100 100 100 100 - 100 - -

M max 1.0 1.0 1.2 1.1 13 - 1.0 - -

B, Si, P, As, S, Se 264 3768 - 3581 3391 3391 - 3184 3184 -

[%] 100 - 100 100 100 - 100 100 -

M e 12 - 1.1 0.8 0.9 - 0.5 0.6 -

Table 4. Examples of NaSICON compositions according to NasZr,(EO,); with the highest entropy per elemental configuration and the number of equivalent

solutions.

N B Al Si P As Sb S Se Te AS onig/R Solutions
E=B, Al, Si, P, As, Sb, S, Se

5 0.6 0.7 0 0 0.5 0.6 0.6 0 - —1.6039 32
6 0.5 0.5 0.5 0 0.5 0.5 0.5 0 - —1.7918 6
7 0.5 0.5 0.4 0.4 0.4 0.4 0 0.4 - —1.9405 2
8 0.5 0.6 0.4 0.3 0.3 0.3 0.3 0.3 - —2.0405 2
E=B, Al, Si, P, As, S, Se, Te

5 0.6 0.6 0.7 0 0 - 0.5 0 0.6 —1.6039 18
6 0.5 0.5 0.5 0.5 0.5 - 0 0 0.5 —1.7918 3
7 0.5 0.6 0.4 0.5 0.4 - 0 0.2 0.4 —1.9170 39
8 0.6 0.6 0.4 0.3 0.3 - 0.2 0.2 0.4 —2.0140 3
E=B, Al, Si, P, As, S, Se

5 0.6 0.6 0.7 0 0 - 0.5 0.6 - —1.6039 10
6 0.5 0.5 0.5 0.5 0.5 - 0 0.5 - —1.7918 2
7 0.5 0.6 0.5 0.3 0.4 - 0.3 0.4 - —1.9170 13
E=B, Al, Si, P, As, S

5 0.7 0.6 0 0.5 0.6 - 0.6 - - —1.6039 4
6 0.5 0.5 0.5 0.5 0.5 - 0.5 - - —1.7918 1
E=B, Si, P, As, S, Se

5 0.9 - 0.6 0.5 0.6 - 0 0.4 - —1.5722 4
6 1 - 0.6 0.4 0.4 - 0.3 0.3 - —1.6859 1
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Figure 4. Distribution of entropy factors AS,,s,/R for the three cases N=8 with Sb (a), N=8 with Te (b) and N=7 (c) as listed in Table 3. In each of the three
cases, the solutions are separated into contributions with 5 <N < 8 elements. Additional colors appear due to the partial transparency in order to better

visualize the individual contributions.

In addition to the more general evaluation of the numerical
results, Table 4 shows individual compositions with the highest
entropy per elemental configuration. As can be seen here very
clearly, the most homogeneous distribution of molar amounts
results in the highest entropy factor of AS;/R=-2.0405.
Comparing the results with N=8, the participation of three
pentavalent cations is slightly more beneficial for the entropy
than the presence of three hexavalent cations due to the
unequal molar amounts among these three cations. From this
table it is also evident that AS,,,/R increases with decreasing N
and that solutions with N=5 do not belong to the category of
high-entropy materials. Additionally, the number of solutions
decreases due to the increasing limitations for permutations.
Therefore, the solutions for N=6 with equimolar amounts of all
cations - and therefore with constant AS,,,./R — decrease from
six to only one single solution when 8 and only 6 cations are
involved, respectively.

On the one hand the presented method of numerical
counting delivers all possible and chemically reasonable
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compositions and on the other hand it offers the filtering of
compounds in terms of composition, entropy or any other
property when the output list (see Figure S1) is used as an input
file and combined with first-principles calculations or other
atomistic calculation methods.®¥ In this way also the thermody-
namic stability of the compositions can be evaluated. This
approach has similarities with computational screening of new
materials based on high-throughput and machine-learning
techniques followed by density functional theory (DFT)
calculations.®*** In these cases, however, the compositional
space is narrowed by heuristic or probabilistic models as
machine-learning step whereas here the chemical intuition was
used. Another difference of both approaches is the fact that, to
the best of our knowledge, the computational search for new
materials is restricted yet to quaternary systems, but here up to
eight different elements are considered not including the
cationic sub-lattice. Whatever method is used to filter new
compounds, the listed candidates have to be verified for
thermodynamic stability using DFT calculations."®**®" Further-
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more, the impact of substitutions on the ionic transport
properties is usually also calculated with DFT methods.
However, in comparison to single®® or double® ion substitu-
tions, the multiple substitutions discussed here may cause
significant computational effort for the atomistic calculations
due to the definition of very large supercells and a huge
number of variable site occupancies of randomly distributed
ions in the tetrahedral sites. For this challenging computation a
machine-learning technique would also be highly valuable.

5. Conclusion

For the general formula Na,Zr,(EQ,); with E=B, Al, Si, P, As, Sb, S,
Se, Te, the number of possible compositions as well as the
high-entropy compositions were determined numerically with
up to eight elements on the central tetrahedral lattice site of
the NaSICON structure. The number of compositions increases
exponentially with increasing number of elements involved and
with decreasing step size. The maximum number of 237258
compositions was found for Na;Zr,([B,Al,Si,P,As,Sb,S,Se]0,); with
S'=0.1 mol, whereas 143744 of these solutions, i.e. 60.6%, are
high-entropy compositions. The compositions with the highest
entropy factor of = AS.,/R=-2.0405 are Na;Zr,(Bys
Alg6Si04Po3AS0350035035€03)012 and Na3Zr,(BosAlosSiosPos
Asy355bg3S0355€05)04,. Experimental and/or computational work -
by analogy with!"** - is necessary to verify the solubility range
of several elements and the existence of solid solutions with so
many elements in the polyanionic lattice.
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