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High-entropy mechanism to boost ionic conductivity

Yan Zeng't, Bin Ouyang“?3*+, Jue Liu®, Young-Woon Byeon', Zijian Cai*?, Lincoln J. Miara®t,

Yan Wang®, Gerbrand Ceder?*

Advances in solid-state batteries have primarily been driven by the discovery of superionic
conducting structural frameworks that function as solid electrolytes. We demonstrate the ability
of high-entropy metal cation mixes to improve ionic conductivity in a compound, which leads to
less reliance on specific chemistries and enhanced synthesizability. The local distortions introduced
into high-entropy materials give rise to an overlapping distribution of site energies for the alkali
ions so that they can percolate with low activation energy. Experiments verify that high entropy
leads to orders-of-magnitude higher ionic conductivities in lithium (Li)-sodium (Na) superionic
conductor (Li-NASICON), sodium NASICON (Na-NASICON), and Li-garnet structures, even at fixed
alkali content. We provide insight into selecting the optimal distortion and designing high-entropy
superionic conductors across the vast compositional space.

critical advancement in the development

of superionic conductors for solid-state

batteries has been the discovery of struc-

tural frameworks that provide connected

low-barrier diffusion channels for facile
ion migration (7-6). Recent progress in the
development of Li-ion conductors has been
largely driven by searching for frameworks
with the right Li coordination environment
(1, 2), Li site connectivity (3), distortion tol-
erance of the anion framework (4, 5), or crys-
talline symmetry (6). Several basic concepts have
emerged to increase the alkali ion conductiv-
ity in compounds: (i) A percolating pathway
of sites needs to exist along which coordina-
tion change is minimized. This is particularly
important for sulfides in which the S*>~ ion
screens much of the electrostatic interaction
between the carrier and the other cations. (ii)
Raising the energy of the carrier ions increases
their mobility. This can be achieved by increas-
ing the amount of alkali ions in the compound
(Li or Na “stuffing”), which forces the alkali
to occupy higher-energy sites and/or raises their
energy by increasing alkali-alkali repulsion.
Alkali stuffing has been applied successfully to
increase conductivity in Liy, ,Al,Tis_,(PO4)3 (7)
and Nag,,Zry(Si04)s, (PO, in the Na super-
ionic conductor (NASICON) framework (8)
and Li;LasZr,0,, (LLZO) in the garnet frame-
work (9). Although these concepts are valuable,
the charge compensation needed to achieve
a high alkali concentration may be associated
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with a limited selection of possible dopants
(10), complicated synthesis (3), and pronounced
Li loss during heat treatment (77). We com-
bined ab initio modeling and experiments
to unveil how high entropy can affect ionic
conductivity using nonstuffed common oxide-
based frameworks.

Figure 1A illustrates our hypothesis of how
local structural distortions can enhance alkali
ion mobility. Consider a well-ordered struc-
ture with two distinct sites: Whereas site 1 has
the lowest energy, site 2 can be an alkali-metal
site within the diffusion network where the
alkali ion has higher energy or it can be a high-
symmetry saddle point along a hopping path.
Introducing chemical disorder and its result-
ing distortions will locally perturb the site en-
ergy, creating a distribution of site energies.
When this distribution is wide enough for the
energy of neighboring sites to overlap, ion
hopping between them will be promoted. If
such a network of sites with similar energy
percolates, macroscopic diffusion is enhanced
by the disorder.

Using density functional theory (DFT), we
quantified how structural distortions modify
the energy of the alkali-metal sites in three com-
mon oxide-based ion conducting frameworks:
Li-NASICON, Na-NASICON, and Li-garnet, start-
ing from the baseline compounds LiTiy(PO,)s
(LTP), NaZrZ(PO4)3 (NZP), and LigngTezolz
(LNTO). Gaussian-distributed local distortions
with a standard deviation (d,) of 0.1 A were
applied to the metal-oxygen bond length in
LTP (Ti-0), NZP (Zr-0), and LNTO (Nd-O and
Te-0) at fixed supercell volume. A Gaussian was
chosen for convenience, but any distribution
that perturbs the site energy is expected to give
qualitatively similar results. The site energy
was probed by inserting a single alkali at the
different sites of the framework and was prop-
erly charge-compensated with background
charge (see materials and methods). Figure
1B shows the resulting energy distributions for
the lowest- and highest-energy sites in each struc-

23 December 2022

ture, with the site energy in the undistorted
structure indicated by the dashed vertical lines.
Taking LNTO as an example, the energy dif-
ference between the Lisuq and Lisg, sites is
1.57 €V, which establishes the minimum en-
ergy barrier for percolating ion hopping. The
black and purple curves in Fig. 1B represent
the site energies of these two sites in the dis-
torted structures, showing a notable overlap
between the energy distributions of both sites.
This overlap is even more substantial in dis-
torted LTP and NZP. Additional percolation
analysis, including the Lisg site in LTP, is shown
in fig. SL

We anticipate that the overlap in site ener-
gies provides a diffusion pathway along which
the site-energy varies minimally (Fig. 1C). The
connectivity of the pathway depends on the
maximum site-energy difference that one allows
between nearest neighbors (AEGT). Figure 1D
shows the fraction of alkali sites that are part
of the percolating trajectory for a given value
of AE. In the undistorted (ordered) LTP, per-
colation cannot occur until AEZS* reaches the
energy difference between the 6b and 18e
site (0.72 eV). For NZP and LNTO, the AE{*
are 0.85 and 157 eV, respectively. By contrast,
when local bond distortion (d; = 0.1 A) is in-
troduced, percolation can occur at a much
smaller AERY". Specifically, in distorted LTP,
percolation with 24.2% of Li sites participat-
ing begins at AEQF* = 0.18 eV, and more sites
can percolate at higher AERE*. In distorted
NZP, 22.3% of Na sites form a percolation net-
work at AEGT = 0.14 eV. In distorted LNTO,
5.2% of Li sites percolate at AEJR = 0.39 V.
Diffusion will occur through these percola-
tion networks with a minimal activation en-
ergy equal to AEQR*. Hence, this basic analysis
shows that disorder can result in a dramatic
lowering of the alkali ion diffusion activation
energy by creating a percolation network of
sites with small energy differences.

We designed three nonstuffed high-entropy
materials—Li(Ti,Zr,Sn,Hf)»(PO,)s (LTZSHPO),
Na(Ti,Zr,Sn,Hf),(PO,4); (NTZSHPO), and Lis
(La,Pr,Nd);(Te,W),0;5, (LLPNTWO)—to rep-
resent the Li-NASICON, Na-NASICON, and
Li-garnet frameworks, respectively. Higher-
entropy materials enable the joint solubility
of ions with a large ionic radius difference,
which will create the bond-length deviations
that are shown by our analysis to enhance
diffusion.

Figure 2A shows the x-ray diffraction (XRD)
patterns of LTZSHPO, NTZSHPO, and LLPNTWO
that were synthesized by a solid-state reac-
tion. By indexing to the reference patterns,
we find that LTZSHPO and NTZSHPO form
the rhombohedral R3¢ NASICON structure,
whereas LLPNTWO forms the cubic Ia3d
garnet structure. There are no visible impurity
peaks in the three patterns, which indicates
single-phase samples. Rietveld refinements
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Fig. 2. Synthesis and structures of three high-entropy oxides. (A) XRD
patterns (open circles, observed; solid lines, calculated; sticks, Bragg
positions) of NASICON and garnet-based high-entropy materials. a.u., arbitrary
units. (B) Schematics of the NASICON and garnet structures with multiple

indicate a good fit when Ti, Zr, Sn, and Hf
are distributed on the octahedral MOg site
(Fig. 2B). For LLPNTWO, La, Pr, and Nd are
confirmed to share the dodecahedral LnOg
site, whereas Te and W share the octahedral
MOg site (Fig. 2B). Energy-dispersive x-ray
(EDX) spectroscopy from a high-angle annu-
lar dark-field scanning transmission electron
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microscope (HAADF-STEM) (Fig. 2, Cto E)
shows that each element is uniformly dis-
tributed, which provides further evidence that
no impurity phases exist.

The ionic conductivities of the three high-
entropy materials were determined by electro-
chemical impedance spectroscopy (Fig. 3A).
The overall room-temperature conductivities
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elements substituting on one site. Li and Na are not shown. (C to E) HAADF-
STEM images and elemental mappings of LTZSHPO (C), NTZSHPO (D),

and LLPNTWO (E), showing that the elements are homogeneously
distributed. Scale bars are 50 nm.

are 2.2 x 10~° S/em for LTZSHPO (15% porosity),
1.2 x 107% S/cm for NTZSHPO (20% porosity),
and 1.7 x 107 S/em for LLPNTWO (27% po-
rosity). Figure 3A also presents the conductiv-
ities of the single-metal analog compounds that
were synthesized and measured using the same
approaches as the high-entropy samples. The
ionic conductivities of all three high-entropy
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Fig. 3. lonic conductivities and Li or Na occupancies for the high-entropy materials. (A) lonic conductivities
of LTZSHPO, NTZSHPO, and LLPNTWO and their single-metal counterparts measured at room
temperature. (B and C) Neutron diffraction patterns and refinements of LTZSHPO (B) and LLPNTWO
(C). obs., observed; calc., calculated; diff., difference; ref., reference. (D) Schematics of Li or Na
partial occupancies determined from neutron diffraction or XRD refinements. Lig, (0.42) designates that
the occupancy factor of Li on 6b sites is 0.42. (E) AIMD-simulated Li-site occupancy evolution in
LTZSHPO (solid lines) and LTP (dashed lines) at 300 K.

materials surpass those of their single-metal
counterparts by several orders of magnitude
(figs. S2 to S5 and table S1).

We attribute the enhancement of ionic
conductivity in the high-entropy materials
to the cation disorder that creates site-energy
overlap and promotes ion percolation (Fig. 1).
To acquire more explicit experimental evi-
dence of Li disorder across sites, we assessed
the Li site occupancies through refinement
of time-of-flight neutron diffraction patterns
(Fig. 3, B and C). In LTZSHPO, the site oc-
cupancy factors (SOF) found are SOF(Lig,) =
0.4182 and SOF(Lizgr) = 0.0970 (illustrated
in Fig. 3D). As a comparison, LTP contains Li
exclusively on 6b sites (fig. S6). Moreover,
other single-metal LiM,(PO,); have not been
observed to exhibit Li partial occupancy at
room temperature (12-14). We also observed
partial occupancies in the garnet LLPNTWO
with SOF(Li24d) = 0.9196 and SOF(Li48g) =
0.0402 (Fig. 3D). In comparison, LNTO con-
tains Li exclusively on 24d sites (fig. S6). Other
low-entropy Lis-garnets also only accommo-
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date Li on 24d sites (15). We obtained the Na
site occupancy factor for NTZSHPO from XRD
to be SOF(Nagp,) = 0.8383 and SOF(Nayg,) =
0.0539 (Fig. 3D). Again, single-metal NaM,(PO,);
only accommodates Na on 6b sites (16, 17). The
detailed Rietveld refinements are presented
in tables S2 to S4. These observations con-
firm that multiple metals on cation sites create
Li- or Na-site disorder, which can only arise
when their otherwise distinct sites become
more similar in energy.

To further validate that high-entropy ma-
terials have a stronger tendency to create Li-
site disorder than their single-metal analogs,
we performed ab initio molecular dynamics
(AIMD) simulations to compare LTZSHPO
and LTP in the canonical ensemble at 300 K
(see methods). The site occupancy evolution
along a 1.1-ns trajectory of AIMD simulations
is demonstrated in Fig. 3E. The occupancy
versus time shown in Fig. 3E was calculated
by averaging the occupancies in a trajectory
during the past 100 ps. Figure 3E shows that
the average Li occupancies in LTZSHPO grad-
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ually converge to 0.40 on 6b sites and 0.09
on 36f sites after around 0.6 ns, close to the
experimental observations (Fig. 3B). By con-
trast, there is barely any site occupancy change
for LTP. This simulation confirms the higher
disordering tendency in LTZSHPO compared
with that in LTP.

Unlike many other physical properties of
materials, diffusivity is not an “averaged” prop-
erty over the structure. The ionic conductivity
in materials does not depend on the average
migration rate between all pairs of sites but
rather depends on the fastest percolating path-
way the ions can take through the system. Be-
cause of the very high connectivity of sites in
a typical crystal structure (many paths can be
created between two distant sites), ion trans-
port is not sensitive to some of these paths being
very high in energy, because an ion variation-
ally picks the path of lowest resistance. This
explains why the site-energy distributions that
are created through the high-entropy metal
cation disorder are so effective for promot-
ing percolation. It creates a sufficient prob-
ability that some neighboring sites are close
in energy, making it easier for ions to jump
between them. At a critical level of such close-
energy neighbors, the system percolates and
has high conductivity. The fact that disorder
may also create nearest-neighbor site pairs
with an increased energy difference does not
matter because their participation in transport
is not required.

A small fraction of conductors may not ben-
efit from high-entropy optimization. Purely
one-dimensional (1D) conductors only have
a single path available between two sites in
the same channel (18), and perturbations to
the site-energy landscape can lower conduc-
tivity by creating some high-energy barriers
that need to be crossed. But for most mate-
rials that have 2D and 3D site connectivity,
high entropy is a valid strategy to increase
conductivity.

‘With these insights, we anticipate three sce-
narios for the site-energy distributions that
arise from different degrees of distortion. When
the distortion is minimal, or the site energies
are too far apart, the dispersion of site energies
created by local distortions is too narrow to
create overlap between the two sites. Conse-
quently, the alkali metals’ percolation can barely
occur. At the other extreme, overly large dis-
tortions lead to a very broad dispersion of site
energies, which increases the probability for
neighboring sites to have a higher energy dif-
ference, thereby limiting ion percolation. Be-
tween these two extremes, there is an optimal
range of distortion that creates a percolating
network of sites that are all within a narrow
energy range.

To put this in the context of real materials,
Fig. 4A shows the calculated site-energy dis-
tributions in distorted LTP, NZP, and LNTO
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Fig. 4. Design guidelines for optimal distortion and effect of metal chemistry. (A) Calculated site-
energy distributions in LTP, NZP, and LNTO with small (0.01 A), medium (0.05 A), and large (0.2 A)
distortions. (B) Calculated site-energy difference with various metal species in Li-NASICON, Na-NASICON,
and Li-garnet. For Li- and Na-NASICONS, site 1 refers to 6b sites and site 2 refers to 18e sites. For Li-garnet,
site 1 refers to 24d sites and site 2 refers to 48g sites. (C) Nyquist plots of Na-stuffed high-entropy compounds.
Z', the real part of the impedance; -Z", the imaginary part of the impedance.

with small (0.01 A), medium (0.05 &), and large
(0.2 A) distortions, in addition to the 0.1 A that
was used to generate Fig. 1B. We find that with
d, = 0.01 A, the energy of the two sites has no
(e.g., NZP) or scarce (e.g., LTP and LNTO)
overlap, whereas larger d values (0.05 A in
Fig. 4B and 0.1 A in Fig. 1B) create more

Zeng et al., Science 378, 1320-1324 (2022)

overlap. However, a further increase of distor-
tion (0.2 A) spreads out the site energies too
much, making percolation difficult (percola-
tion analysis in fig. S7). These results indicate
that there is an optimal distortion for good
ionic conductivity due to the trade-off between
site-energy overlap and the amount of acces-
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ergies (19). To probe this effect, we calculated
how the site-energy difference varies with chem-
istry by substituting nonalkali metal cations
in LTP, NZP, and LNTO. In this calculation,
the atomic positions and lattice constants are
fixed to separate the effect of chemistry from
that of the distortion that was previously dis-
cussed. Figure 4B depicts the calculated site-
energy difference in the presence of different
metal species. Note that there are two differ-
ent metal sites in Li-garnet, and the values in
Fig. 4B are averaged from all compositions
that have the targeted metal cation. Calcu-
lations for each individual composition are
demonstrated in fig. S11. In Li-NASICON and
Na-NASICON, the nonalkali metal cations can
change the site-energy difference. In general,
lower-valent metals (e.g., Mg>") prefer the al-
kali in 18e sites, whereas higher-valent metals
(e.g., Zr*") in the compound stabilize the alkali
in 6b. For garnets, although 24d sites are al-
ways preferred, the site-energy difference still
varies. For example, the site-energy difference in
garnet with Pr** or Nd** is more than 500 meV
less than that with La®*,

The entropy-stabilization mechanism of high-
entropy compounds enables the solubility of
more and different cations than would be
possible under low-entropy conditions (20).
This can be used to create site-energy distribu-
tions that lead to percolating transport net-
works with much higher ionic conductivity
than those achieved with a single-metal cation
component. Although in our work only a few
compositions were tested, the high-dimensional
nature of the high-entropy systems creates a
vast opportunity space for compositional tuning
and makes it more likely to stay within the space
of earth-abundant and inexpensive elements.
As demonstrated in our experiments and com-
putations, high-entropy materials do not neces-
sarily need an excess concentration of Li or Na
to improve ionic conductivity, which may in
turn help overcome the Li loss issues observed
during the sintering of Li-stuffed ionic con-
ductors (11) (also see table S5 for Li-loss in
Li-garnets). To further this field, understand-
ing is needed on which elements can form a
compatible high-entropy ensemble through
high-throughput modeling (J0, 21) and rapid
experimenting (22). For example, we found that
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the NASICONS with five equimolar M** metal
cations (Ge, Ti, Zr, Sn, Hf) could not be
synthesized, probably because of the large
size mismatch of Ge** with the other metal
cations. Similarly, garnets with three equimolar
M®" (Mo, W, Te) were attempted but did not
lead to phase-pure samples.

The high-entropy strategy can potentially be
combined with the alkali metal-stuffing strat-
egy to further optimize the ionic conductivity.
To support this idea, we designed and synthe-
sized five Na-stuffed high-entropy NASICON
compounds (XRD in fig. S12). The measured
impedance spectra are plotted in Fig. 4C, with
detailed information provided in fig. S13 and
table Sl1. All five compounds exhibit bulk room-
temperature ionic conductivities that exceed
1 mS/em. NagsMgo1S¢o15015TiosHlosZrSi,POy,
even with 7% pellet porosity, shows a total
conductivity of 1.1 mS/cm and a bulk conduc-
tivity of 3.3 mS/cm, which is comparable to that
of the fastest Na-ion conductors (10, 23).

We demonstrate that the local disorder in
high-entropy materials can effectively promote
site percolation and enhance ionic conductivity
through the creation of overlapping site-energy
distributions. This work paves the way for de-
veloping high-entropy superionic conductors
and a pathway to achieve high ionic conduc-
tivity in solid electrolytes and other applica-
tions involving ion diffusion.
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High entropy by design

A key property for solid-state battery electrolytes is the ability to rapidly transport lithium ions. This property can

be achieved by developing a percolating pathway or by increasing the mobility of the carrier ions in the electrolyte.
However, standard design methods limit the selection of dopants and complicate the synthesis. Zeng et al. adapted
some of the concepts of high-entropy materials to the development of solid electrolytes (see the Perspective by Botros
and Janek). The addition of a mixture of high-entropy metal cations induces local disorder, thus creating overlapping
site energy distributions for charge-carrying ions. This approach results in a percolating network of connected sites with
a reduced energy difference and correspondingly fast lithium ion transport, as demonstrated for lithium- and sodium-
based batteries. —MSL
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