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Origin of fast ion diffusion in super-ionic
conductors

Xingfeng He', Yizhou Zhu' & Yifei Mo"?

Super-ionic conductor materials have great potential to enable novel technologies in energy
storage and conversion. However, it is not yet understood why only a few materials can
deliver exceptionally higher ionic conductivity than typical solids or how one can design fast
ion conductors following simple principles. Using ab initio modelling, here we show that fast
diffusion in super-ionic conductors does not occur through isolated ion hopping as is typical
in solids, but instead proceeds through concerted migrations of multiple ions with low energy
barriers. Furthermore, we elucidate that the low energy barriers of the concerted ionic
diffusion are a result of unique mobile ion configurations and strong mobile ion interactions in
super-ionic conductors. Our results provide a general framework and universal strategy to
design solid materials with fast ionic diffusion.
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olid materials with fast ionic transport are indispensable

components in electrochemical energy storage and

conversion devices such as batteries, fuel cells and
electrochemical membranes'~®, which are critical in the societal
shift to renewable energy. These electrochemical devices can
further improve through the use of super-ionic conductor (SIC)
materials, which have several orders of magnitude higher ionic
conductivity than typical solids. For example, lithium SICs,
including Li;oGeP,S;, (LGPS), Li;P5S,, (ref. 8), lithium garnet
(for example, Li;La;Zr,0,, (refs 9,10)), and Li™ -conducting
NASICON (for example, Li; 3Aly5Ti; ,(PO4); (ref. 11)), achieve
high Li ionic conductivity, ~1-10 mS cm ~ ! at room temperature
(RT), and low activation energy, ~0.2-0.3eV. These SIC
materials are promising solid electrolytes for the development
of next-generation all-solid-state Li-ion batteries, which provide
improved safety, higher energy density, and better thermal
stability than current organic electrolyte-based Li-ion
batteries®”"1213, Despite significant research efforts, only a few
materials out of tens of thousands of known inorganic materials
have been identified as SICs. It is of great scientific interests to
understand why these SICs can achieve several orders of
magnitude faster ionic diffusion than other solid materials, and
to enable a rationally guided materials design strategy for fast ion
conductors.

Current understanding of ionic diffusion in solids is based on
the classical diffusion model, which describes ionic transport as
the hopping of individual ions from one lattice site to another
through inter-connected diffusion channels in the crystal
structural framework!* (Fig. 1). The crystal structural
framework determines the energy landscape of the ion
migration. During ion diffusion, a mobile ion migrates through
the energy landscape, and the highest energy of the energy
landscape along the diffusion path determines the energy barrier
E, of ionic diffusion. A low activation energy E, and a high
concentration #n. of mobile ion carriers (such as vacancies or
interstitials) are required to achieve high ionic conductivity o,
which is proportional to n. - exp( — E,/kgT) at temperature T. On
the basis of this classical diffusion model, current research efforts
in the design and discovery of fast ion conductors target materials
with crystal structural frameworks that yield an energy landscape
of low barriers. For example, the structural framework with
body-centred cubic (bcc) anion packing yields the flattest energy
landscape with the lowest LiT migration barrier, for example,
~02eV in lithium-containing sulfides, whereas non-bcc
structural frameworks such as in face-centred cubic or
hexagonal close-packed exhibit significantly higher energy
barriers!®. Unfortunately, bcc anion packing is a rare structural
feature in Li-containing oxides and sulfides, and among known Li
SICs is only found in LGPS and Li;P5S;;. Other well-known SICs,
such as lithium garnet and NASICON, do not exhibit bcc anion
packing, but still achieve high LiT ionic conductivity of
~I1mScm ™! at RT.

Super-ionic conduction is known to be activated at high
mobile-ion concentration 7. and in specific mobile ion sublattice
configuration achieved through materials doping. For example, Li
garnet achieves the highest RT Li conductivity, ogr = ~0.1 to
ImScm~ ! (E,= ~0.3¢eV), at 6.4-7.0 Li per formula unit in the
doped, cubic-phase Li;La;Zr,0;, compositionslo’ls’lé, whereas
LisLa;Ta,0;, composition of the same crystal structural frame-
work only exhibits orr= ~10" 3mSem ™! (E,= ~0.5eV)17.
Li*—conducting NASICON Li; 4 ,ALTi, _,(POy); achieves high
ionic conductivity orr=~1mScm™ I (E,=~03eV) at
x=0.2-0.3 (ref. 11), whereas LiTi,(PO,); composition has only
orr=~10"3mSem ! (E,= ~0.45eV)!L18  Therefore, the
super-ionic conduction in these materials is only activated at
certain doped compositions with particular Li™ sublattice
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Figure 1| Schematic illustration of single-ion migration versus multi-ion
concerted migration. For single-ion migration (upper insets), the migration
energy barrier is the same as the barrier of the energy landscape. In
contrast, the concerted migration of multiple ions (lower insets) has a lower
energy barrier as a result of strong ion-ion interactions and unique mobile
ion configuration in super-ionic conductors.

ordering. However, the classical diffusion model, which predicts
similar migration barriers for the same crystal framework, fails to
capture such super-ionic conduction in these materials. For
example, the classical model cannot explain why Li ™ migrations
suddenly exhibit significantly lower activation energy barriers in
the same crystal structural framework with similar energy
landscape as seen in doped Li garnet and NASICON.
The answer to this question may help guide the design of SIC
materials, especially those with distinctive crystal structural
frameworks that deviate from the optimal bcc anion packing.

In this study, we reveal the origin of fast ionic diffusion in SIC
materials with distinctive structural frameworks. We demonstrate
a general understanding of fast ionic diffusion across a range of
materials using a diffusion model with explicit consideration of
the wunique mobile-ion sublattice at super-ionic states.
Furthermore, we establish a simple conceptual framework for
activating fast jon conduction with low migration barriers
through materials design, which is generally applicable to any
ion-conducting materials.

Results

Concerted ion migration in super-ionic conductors. We
performed ab initio molecular dynamics (AIMD) simulations
to study diffusion mechanism in the model SIC materials,
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Figure 2 | Li ion diffusion in super-ionic conductors. (a-c) Crystal structures of (a) LGPS, (b) LLZO and (c) LATP marked with Li sites (partially filled
green spheres), Li T diffusion channels (green bars), and polyanion groups (purple and blue polyhedra). (d-f) The probability density of Li T spatial
occupancy during AIMD simulations. The zoom-in subsets show the elongation feature of probability density along the migration channel (Li: green; O/S:
yellow). The isosurfaces are 6po, 6p0, 2po for LGPS, LLZO, LATP, respectively, where po is the mean probability density in each structure and the inner
isosurfaces have twice the density of the outer isosurfaces. (g-i) Van Hove correlation functions of Li ™ dynamics on distinctive Li ions during AIMD

simulations.

LGPS, Cubic—phase Li7La3Zr2012 (LLZO) and Li1.3Alov3Ti1.7(PO4)3
(LATP) (Fig. 2 and Supplementary Fig. 1), which have different
anion packing (that is, bcc in LGPS versus non-bcc in LLZO and
LATP). The high Li ionic conductivities and low activation
energies calculated from AIMD simulations are in good
agreement with experimental values”*!! (Supplementary Table 1
and Supplementary Fig. 1). By analysing Li* dynamics from
AIMD simulations, we found that most Li ions migrate in a
highly concerted fashion, that 1is, multiple ions hop
simultaneously into their nearest sites within a few picoseconds
(Supplementary Note 1 and Supplementary Fig. 2). The strong
time correlation in Li ™ hopping during the concerted migration
is confirmed by the van Hove correlation function (Fig. 2g-i) of
Li™ dynamics. In addition, to characterize the extent of concerted
migrations, we calculated the correlation factor related to the
Haven ratio. Whereas a correlation factor of 1.0 corresponds to
isolated single-ion diffusion, the correlation factor is calculated as
3.0, 3.0 and 2.1 for LGPS, LLZO and LATP, respectively, in the
AIMD simulations at 900 K, corresponding to correlated hopping
of approximately two to three ions on average in these SICs.
Therefore, the concerted migration is the dominant mechanism
for fast diffusion in SICs, as it is in liquids'®2°.

The concerted migration extracted from AIMD simulations
(illustrated as insets Fig. 3a—c) is simultaneous hopping of
multiple adjacent ions into their nearest sites. In LGPS, a typical

concerted migration involves four Li ions occupying Lil and Li3
sites hopping simultaneously along the ¢ channel into their
nearest-neighbour Li3 and Lil sites, respectively (Fig. 3a), as
observed in a previous study?!. In LLZO, Li ions partially
co-occupy tetrahedral (T) sites and octahedral (O) sites. During
concerted migration in LLZO, T-site Li ions hop to the
nearest-neighbour O sites and the Li ions occupying these O
sites hop into their nearest neighbour T sites, resulting in
concerted hopping of multiple Li ions along the garnet diffusion
channel (Fig. 3b) similar to previous modelling studies?>23.
In LATP, the typical concerted migration mode is that two Li ions
at adjacent M1 and M2 sites migrate in pair. The Li T on the M1
site hops into the unoccupied M2 site, and at the same time the
LiT on the M2 site hops into the next MI site (Fig. 3c).
The migration barriers of these concerted migrations were
calculated using nudged-elastic-band (NEB) methods based on
ab initio computation (Fig. 3a—c), and were found to be 0.20, 0.26
and 0.27eV in LGPS, LLZO and LATP, respectively. Given the
highly disordered nature of the Li sublattice, various modes of
concerted migration mechanisms involving different number of
Li and different Li configurations were observed during AIMD
simulations and are illustrated in Supplementary Note 2 and
Supplementary Fig. 3. The other modes of concerted migration
also show migration barriers similar to the typical modes in Fig. 3.
The calculated energy barriers of concerted migration are in good
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Figure 3 | Concerted migration and energy landscape in super-ionic conductors. (a-c) Migration energy barrier in (@) LGPS, (b) LLZO, (c) LATP for
concerted migration of multiple Li ions hopping into the next sites along the diffusion channel. Insets show the Lit path (green spheres) and O/S ions
(yellow spheres). (d-f) The energy landscape of single Li ™ along the migration channel (shown in insets) across multiple Li sites (partially filled green

sphere) and Li* pathway (red spheres).

agreement with the activation energies obtained from the AIMD
simulations and from experiments”>!! (Supplementary Table 1).
Therefore, these typical concerted migrations observed in AIMD
simulations represent the key diffusion mechanisms in SICs.

Origin of concerted migration with low barriers. Given such
low energy barriers for multi-ion concerted migration, a relatively
flat energy landscape along Li™ diffusion channels is expected.
Surprisingly, the energy landscapes have barriers of 0.47, 0.58 and
0.49eV for LGPS, LLZO and LATP, respectively (Fig. 3d-f),
which are significantly higher than the energy barrier of
concerted migration. On the basis of the classical diffusion model,
these high barriers of the energy landscape would lead to even
higher activation energy E,, as each migrating ion feels the high
barriers of the energy landscape along the diffusion channel.
Thus, the low-barrier concerted migration of multiple ions cannot
be explained by the classical diffusion model. As super-ionic
conduction is only activated at specific composition with high Li
concentration, the mobile-ion configuration and the interactions
among these ions, which are neglected in the classical diffusion
model, must be considered in order to properly describe the
concerted migration in SICs.

To reveal the mechanism of multi-ion concerted migration,
here we performed a simple diffusion model on the basis of the
classical diffusion model by taking into account the configuration
of mobile ions and Coulomb interactions among them. In this
model, we chose an energy landscape (Fig. 4a) with a 0.6eV
barrier, similar to that in LLZO (Fig. 3e), and included Coulomb
interaction among mobile ions with a strength K of ~2-4eV A
fitted to ab initio calculations (Supplementary Note 3).
In addition, the unique Li™ configuration in SIC materials
(Fig. 3d-f) was also considered in this model. In SICs, the mobile
ions occupy the high-energy sites (Fig. 4ab), such as the
octahedral O sites in LLZO (Fig. 3e) and the M2 sites in LATP
(Fig. 3f), which are near the highest energy point along the

4

diffusion path. At high Li concentration of these SIC materials,
the high-energy sites in SICs are occupied because the low-energy
sites (for example, tetrahedral T sites in LLZO and M1 sites in
LATP) are preferably occupied and cannot accommodate all Li
ions inserted. The extra Li ions occupying high-energy sites are
stabilized by Coulomb interactions from nearby mobile ions
(within ~2-3A) during the minimization of the overall lattice
energy.

Our model shows that such a unique mobile-ion configuration
under strong mobile ion-ion interactions is the key for achieving
low-barrier concerted migration in these SICs. At typical K values
of 2-4eV A in these SICs, the concerted migration of multiple
ions shows a significantly lower migration barrier of ~0.2-0.4eV
(Fig. 4d and Supplementary Fig. 4), which is in good agreement
with those from NEB calculations (Fig. 3a-c) and AIMD
simulations (Supplementary Table 1). Therefore, this simple
diffusion model captures the key physics of concerted migration
in the SICs. This model demonstrates that low energy barrier of
multi-ion concerted migration is a result of the unique mobile-
ion configuration with high-energy site occupancy. During the
concerted migration of multiple ions, the ions located at the high-
energy sites migrate downhill, which cancels out a part of the
energy barrier felt by other uphill-climbing ions. As a result,
concerted migration of multiple ions has a significantly lower
energy barrier than the energy landscape of the crystal structural
framework.

In addition, high-energy sites should have locally low barriers
and flat energy landscapes, in order to activate low-barrier
concerted migration. As observed in the AIMD simulations
(Fig. 2d,e), the high-energy sites are associated with elongated
spatial occupancy density of mobile Li ions. For example, the Li
probability density is elongated at the octahedral (O) sites in
LLZO (Fig. 2e). That elongated density indicates a locally flat
energy landscape for Lit to hop out. The easy migration of ions
occupying high—energy sites may facilitate the onset of multi-ion
concerted migration’®, Otherwise, for the energy landscape in
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Figure 4 | Diffusion model for concerted migration. (a,b) The potential energy of the structural framework with low (a) or high (b) barriers at the
high-energy sites. The mobile ion (grey sphere) configurations and the migration paths (arrows) are illustrated. (¢) The energy profile for the concerted
migration in the energy landscape (a) and (b) at K=3eVA. (d) The energy barrier of concerted migration at different Coulomb interaction strength K.

Fig. 4b as in non-SIC materials (Supplementary Note 4 and
Supplementary Fig. 5), multiple ions would simultaneously climb
uphill, leading to higher energy barrier for concerted migration
(Fig. 4c).

Discussion

In summary, our theory demonstrates a simple conceptual
framework for understanding fast ion diffusion in SICs.
Specifically, mobile ions occupying high-energy sites can activate
concerted migration with a reduced migration energy barrier. In
addition to lithium garnet and NASICON SICs, this mechanism
is observed in other SIC materials, such as Li;P3S;;, B-LisPS,,
LISICON, LiLay;_,3TiO3 (LLTO) perovskite?®, and Na™*-
conducting NASICON, where high-energy sites are occupied
along the diffusion path and the concerted migration with
low energy barrier is confirmed in ab initio modelling
(Supplementary Note 5 and Supplementary Figs 6-11).
The concerted migration of multiple ions is also reported for
low-barrier diffusion in other Li ionic conductors, for example,
Li;OX (X =Cl, Br)?6 and doped Li;POy, (refs 27,28). In addition
to LiT and Na™ conductors, our proposed model is generally
applicable to conductors of other ions. For example, Ag
super-ionic conductor AgI?® is known for highly concerted
migration, and oxygen ionic conductors of fluorite structure (for
example,  Bi,03) (Supplementary  Fig. 12) and
La; _,Ba; ; ,GaOy_,, (ref. 30) also show concerted migration
behaviour. Therefore, our proposed theory and identified
mechanism are universally applicable to fast diffusion in a
broad range of ion-conducting materials.

Moreover, our theory provides a simple strategy for designing
super-ionic conductor materials, that is, inserting mobile ions
into high-energy sites to activate concerted ion migration with
lower barriers. This explains how super-ionic conduction in
lithium garnet and NASICON SICs is activated at certain
compositions with increased Li concentration. Here, we demon-
strate this strategy by designing a number of novel fast ion
conducting materials to activate concerted migration with
reduced diffusion barrier. We select LiTaSiOs; and LiAlSiO,
(details of structures in Supplementary Note 6 and
Supplementary Figs 13 and 14), which have structures with a
decent bottleneck size of diffusion channels and well-connected
Lit percolation network, but have not been studied for Li™
transport. The original structures show low Li™ conductivities
and high activation energies similar to their high-barrier energy
landscapes (Supplementary Figs 13 and 14). Extra Li ions are
inserted into the high-energy sites of LiTaSiOs and LiAlSiO, by
aliovalent substitution of non-Li cations with lower valences.
For the doped materials, AIMD simulations show Li ™ concerted
migrations with significantly reduced migration barriers of
0.23-0.28eV and LiT conductivities of 1-4mScm ~! at RT

(Supplementary Figs 13 and 14), which are comparable to many
known Li SICs. These results demonstrate that the design strategy
based on our simple conceptual framework can be successfully
utilized to design novel fast ion conducting materials. In addition,
this strategy for facilitating diffusion is generally applicable to any
ion-conducting materials.

Methods

Density functional theory computation. All density functional theory (DFT)
calculations in this study were performed using Vienna Ab initio Simulation
package (VASP)! within the projector augmented-wave approach.
Perdew-Burke-Ernzerhof (PBE)> generalized-gradient approximation (GGA)
functionals were adopted in all calculations. The parameters in static DFT
calculations were consistent with the Materials Project®>-3°. The nudged elastic
band (NEB) calculations were performed in supercell models using a I'-centred
2 X 2% 2 k-point grid.

Ab initio molecular dynamics simulation. Ab initio molecular dynamics (AIMD)
simulations were performed in supercell models using non-spin-polarized DFT
calculations with a I'-centred k-point. The time step was set to 2 fs. The initial
structures were statically relaxed and were set to an initial temperature of 100 K.
The structures were then heated to targeted temperatures (300-1500 K) at a
constant rate by velocity scaling over a time period of 2 ps. The NVT ensemble
using a Nosé-Hoover thermostat>® was adopted. The total time of ATIMD
simulations were in the range of 100 to 600 ps until the total mean square
displacement of Li ions was >250 A2 in each AIMD simulation and until the
diffusivity was converged.

As in previous studies®’~3°, the diffusivity D was calculated as the mean square
displacement over time interval At:

DzzNjiAt;(‘”i(”At)*ri(t)lzhv (1)

where d =3 is the dimension of the diffusion system, N is the total number of

diffusion ions, r,(t) is the displacement of the i-th ion at time ¢, and the bracket
represents averaging over t. The ionic conductivity was calculated based on the

Nernst-Einstein relationship using

2
nq
=——D, 2
N )
where # is the number of mobile ions per unit volume and g is the ionic charge.
The probability density of mobile ions was calculated as the fraction of time that
each spatial location was occupied.

Time correlation of Li ™ dynamics. The van Hove correlation function* was
calculated from the AIMD simulations. The distinctive part Gq describes the radial
distribution of different ions after time interval At with respect to the initial ion,

Gd(r,Af)=m<Z Z d(r— ‘ri(t+At)_rf(t)})> ’ 3)

=1 j=1j#i

where ¢ is the Dirac delta function. The correlation function is averaged over the
time t.

The Haven ratio is often used to measure the correlation effect in ionic
diffusion*!. In this study, we defined a similar correlation factor f to quantify the
correlation of ion migration:

f:D' (4>
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While D is the self-diffusion diffusivity of individual ions, D, is the diffusivity of
the centre of all diffusion ions and is calculated as:
2
e
t

1 /g 1
D, = SdAL <‘N;ri(t+At) - N;r;(t)
Energy landscape of single-ion migration. The energy landscape of a single Li ™
along the migration channel (Fig. 3d-f) was calculated using the NEB methods.
In LGPS, three Li " ions in the ¢ channel were removed and the energy landscape
was obtained by migrating a Lit across the ¢ channel. The energy landscape of
cubic-phase LLZO corresponds to single Li T migration between two neighbouring
tetrahedral sites after removing a Li ion. The energy landscape of LATP
corresponds to single Li T migration between two neighbouring M1 sites after
removing a Li ion. In the NEB calculations, the charge states of all ions were
maintained by inserting extra electrons into the system as in the previous study!3.
To avoid excessive relaxation of the Li ™ sublattice, only non-Li cations and anions
were relaxed during the NEB calculations.

Diffusion model for concerted migration. In the diffusion model illustrated in
Fig. 4, four mobile ions were arranged in a 1D lattice consisting of two unit
cells. The 1D unit cell has a period of L =6 A, which is similar between two
nearest-neighbour M1 sites in LATP (Figs 2f and 3f). The total energy E of the
entire mobile lattice is given by the sum of the potential energy ¢ from the crystal
framework (that is, the energy landscape) and the Coulomb interaction among
mobile ions:

E=Z¢<Xi)+ ZWKX)‘ (6)

i

where x; is the position of the ion i and K is the Coulomb interaction strength
between two mobile ions. The lattice energy landscape ¢ considered in the main
text (Fig. 4a,b) is defined as follows. The energy landscape in Fig. 4a is given by

cos ) —0.25cos 20 — C;

$a(x) =E, C,

: @)
where 0 =2mx/L —  and the normalization factors C, and C, are — 1.25 and 2.00,
respectively. The highest point of the energy landscape is E, = 0.6 eV, which is set
similar to the single Li-ion energy landscape of LLZO (Fig. 3e). The energy
landscape in Fig. 4b is given by

cos —1.5cos260 — C;

$y(x) = E, G,

(®)
where C; = —2.50 and C, =4.08. This energy landscape has the same highest
energy point of 0.6 eV, but has a higher local barrier of 0.3 eV at the high-energy
sites (Fig. 4b).

Materials. The crystal structures investigated were obtained from the Inorganic
Crystal Structure Database*? and Materials Project®. The structures with
disordered site occupancies were ordered using the same method used in previous
studies>®3%. The structure of LATP was derived from the LiTi,(PO,); structure by
partially substituting Ti with Al and by inserting extra Li atoms into M2 sites
(Fig. 2f). The occupancy of Al/Ti and Li were ordered to obtain the structure.

Data availability. The computation data to support the findings of this study is
available from the corresponding author on reasonable request.

References

1. Tarascon, J.-M. & Armand, M. Issues and challenges facing rechargeable
lithium batteries. Nature 414, 359-367 (2001).

2. Dunn, B, Kamath, H. & Tarascon, J.-M. Electrical energy storage for the grid: a
battery of choices. Science 334, 928-935 (2011).

3. Wachsman, E. D. & Lee, K. T. Lowering the temperature of solid oxide fuel
cells. Science 334, 935-939 (2011).

4. Sunarso, J. et al. Mixed ionic-electronic conducting (MIEC) ceramic-based
membranes for oxygen separation. J. Membr. Sci. 320, 13-41 (2008).

5. Xu, T. Ion exchange membranes: state of their development and perspective.
J. Membr. Sci. 263, 1-29 (2005).

6. Janek, J. & Zeier, W. G. A solid future for battery development. Nat. Energy 1,
16141 (2016).

7. Kamaya, N. et al. A lithium superionic conductor. Nat. Mater. 10, 682-686
(2011).

8. Seino, Y., Ota, T., Takada, K., Hayashi, A. & Tatsumisago, M. A sulphide
lithium super ion conductor is superior to liquid ion conductors for use in
rechargeable batteries. Energy Environ. Sci. 7, 627-631 (2014).

9. Murugan, R., Thangadurai, V. & Weppner, W. Fast lithium ion conduction in
garnet-type Li;La;Zr,O1,. Angew. Chem. Int. Ed. 46, 7778-7781 (2007).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

Thangadurai, V., Narayanan, S. & Pinzaru, D. Garnet-type solid-state fast Li ion
conductors for Li batteries: critical review. Chem. Soc. Rev. 43, 4714-4727
(2014).

Aono, H., Sugimoto, E., Sadaoka, Y., Imanaka, N. & Adachi, G.-Y. Ionic
conductivity and sinterability of lithium titanium phosphate system. Solid State
ITonics 40/41, 38-42 (1990).

Kato, Y. et al. High-power all-solid-state batteries using sulfide superionic
conductors. Nat. Energy 1, 16030 (2016).

Wang, Y. et al. Design principles for solid-state lithium superionic conductors.
Nat. Mater. 14, 1026-1031 (2015).

Hull, S. Superionics: crystal structures and conduction processes. Rep. Prog.
Phys. 67, 1233-1314 (2004).

Allen, J. L., Wolfenstine, J., Rangasamy, E. & Sakamoto, J. Effect of substitution
(Ta, Al, Ga) on the conductivity of Li;La3Zr,O;,. J. Power Sources 206, 315-319
(2012).

Li, Y., Han, J.-T., Wang, C.-A., Xie, H. & Goodenough, J. B. Optimizing Li ™
conductivity in a garnet framework. J. Mater. Chem. 22, 15357-15361 (2012).
Thangadurai, V., Kaack, H. & Weppner, W. J. F. Novel fast lithium ion
conduction in garnet-type LisLasM,0;, (M =Nb, Ta). J. Am. Ceram. Soc. 86,
437-440 (2003).

Arbi, K., Rojo, J. M. & Sanz, J. Lithium mobility in titanium based Nasicon
Liy 4 ,Tip — xAL(POy); and LiTi, _ ,Zr,(PO,); materials followed by NMR and
impedance spectroscopy. J. Eur. Ceram. Soc. 27, 4215-4218 (2007).

Donati, C. et al. Stringlike cooperative motion in a supercooled liquid. Phys.
Rev. Lett. 80, 2338-2341 (1998).

Keys, A. S., Hedges, L. O., Garrahan, J. P., Glotzer, S. C. & Chandler, D.
Excitations are localized and relaxation is hierarchical in glass-forming liquids.
Phys. Rev. X 1, 021013 (2011).

Xu, M., Ding, J. & Ma, E. One-dimensional stringlike cooperative migration of
lithium ions in an ultrafast ionic conductor. Appl. Phys. Lett. 101, 031901
(2012).

Jalem, R. et al. Concerted migration mechanism in the Li ion dynamics of
garnet-type Li;La;Zr,Oq,. Chem. Mater. 25, 425-430 (2013).

Meier, K., Laino, T. & Curioni, A. Solid-state electrolytes: revealing the
mechanisms of Li-ion conduction in tetragonal and cubic LLZO by
first-principles calculations. J. Phys. Chem. C 118, 6668-6679 (2014).
Burbano, M., Carlier, D., Boucher, F., Morgan, B. J. & Salanne, M. Sparse cyclic
excitations explain the low ionic conductivity of stoichiometric Li;La;Zr,Oy,.
Phys. Rev. Lett. 116, 135901 (2016).

Catti, M. Short-range order and Li ™ ion diffusion mechanisms in
LisLag[(1,(TiO3)16 (LLTO). Solid State Ionics 183, 1-6 (2011).

Emly, A, Kioupakis, E. & Van der Ven, A. Phase stability and transport
mechanisms in antiperovskite Li;OCI and Li;OBr superionic conductors.
Chem. Mater. 25, 46634670 (2013).

Deng, Y. et al. Structural and mechanistic insights into fast lithium-ion
conduction in Li,SiO4-LizPOy solid electrolytes. J. Am. Chem. Soc. 137,
9136-9145 (2015).

Du, Y. A. & Holzwarth, N. Li ion diffusion mechanisms in the crystalline
electrolyte y-Li;POy,. J. Electrochem. Soc. 154, A999-A1004 (2007).

Morgan, B. J. & Madden, P. A. Relationships between atomic diffusion
mechanisms and ensemble transport coefficients in crystalline polymorphs.
Phys. Rev. Lett. 112, 145901 (2014).

Kendrick, E., Kendrick, J., Knight, K. S., Islam, M. S. & Slater, P. R. Cooperative
mechanisms of fast-ion conduction in gallium-based oxides with tetrahedral
moieties. Nat. Mater. 6, 871-875 (2007).

Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).
Perdew, J. P., Ernzerhof, M. & Burke, K. Rationale for mixing exact exchange
with density functional approximations. J. Chem. Phys. 105, 9982-9985 (1996).
Jain, A. et al. A high-throughput infrastructure for density functional theory
calculations. Comput. Mater. Sci. 50, 2295-2310 (2011).

. Jain, A. et al. Formation enthalpies by mixing GGA and GGA + U calculations.

Phys. Rev. B 84, 045115 (2011).

Jain, A. et al. Commentary: the materials project: a materials genome approach
to accelerating materials innovation. APL Mater. 1, 011002 (2013).

Nose, S. Constant temperature molecular dynamics methods. Prog. Theor. Phys.
Suppl. 103, 1-46 (1991).

Mo, Y., Ong, S. P. & Ceder, G. Insights into diffusion mechanisms in P2 layered
oxide materials by first-principles calculations. Chem. Mater. 26, 5208-5214
(2014).

Mo, Y., Ong, S. P. & Ceder, G. First principles study of the Li;(GeP,S;, lithium
super ionic conductor material. Chem. Mater. 24, 15-17 (2012).

He, X. & Mo, Y. Accelerated materials design of Nag sBiy sTiO3 oxygen ionic
conductors based on first principles calculations. Phys. Chem. Chem. Phys. 17,
18035-18044 (2015).

Van Hove, L. Correlations in space and time and born approximation
scattering in systems of interacting particles. Phys. Rev. 95, 249 (1954).

| 8:15893 | DOI: 10.1038/ncomms15893 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

41. Compaan, K. & Haven, Y. Correlation factors for diffusion in solids. Trans.
Faraday Soc. 52, 786-801 (1956).

42. Belsky, A., Hellenbrandt, M., Karen, V. L. & Luksch, P. New developments in
the Inorganic Crystal Structure Database (ICSD): accessibility in support of
materials research and design. Acta Crystallogr. Sect. B: Struct. Sci. 58, 364-369
(2002).

Acknowledgements

We acknowledge the support by A. James Clark School of Engineering, University of
Maryland. This research used computational facilities from the University of Maryland
supercomputing resources, the Maryland Advanced Research Computing Center
(MARCC), and the Extreme Science and Engineering Discovery Environment (XSEDE)
supported by National Science Foundation Award No. DMR150038. We thank
Alexander Epstein for reviewing the manuscript.

Author contributions

Y.M. conceived and oversaw the project. Y.M. and X.H. designed the computation and
analyses, and X.H. performed them. Y.M. and X.H. wrote the manuscript. All authors
contributed to discussions and revisions of the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: He, X. et al. Origin of fast ion diffusion in super-ionic con-
ductors. Nat. Commun. 8, 15893 doi: 10.1038/ncomms15893 (2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/

© The Author(s) 2017

| 8:15893 | DOI: 10.1038/ncomms15893 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Concerted ion migration in super-ionic conductors

	Figure™1Schematic illustration of single-ion migration versus multi-ion concerted migration.For single-ion migration (upper insets), the migration energy barrier is the same as the barrier of the energy landscape. In contrast, the concerted migration of m
	Figure™2Li ion diffusion in super-ionic conductors.(a-c) Crystal structures of (a) LGPS, (b) LLZO and (c) LATP marked with Li sites (partially filled green spheres), Li+ diffusion channels (green bars), and polyanion groups (purple and blue polyhedra). (d
	Origin of concerted migration with low barriers

	Figure™3Concerted migration and energy landscape in super-ionic conductors.(a-c) Migration energy barrier in (a) LGPS, (b) LLZO, (c) LATP for concerted migration of multiple Li ions hopping into the next sites along the diffusion channel. Insets show the 
	Discussion
	Methods
	Density functional theory computation
	Ab initio molecular dynamics simulation
	Time correlation of Li+ dynamics

	Figure™4Diffusion model for concerted migration.(a,b) The potential energy of the structural framework with low (a) or high (b) barriers at the high-—energy sites. The mobile ion (grey sphere) configurations and the migration paths (arrows) are illustrate
	Energy landscape of single-ion migration
	Diffusion model for concerted migration
	Materials
	Data availability

	TarasconJ.-M.ArmandM.Issues and challenges facing rechargeable lithium batteriesNature4143593672001DunnB.KamathH.TarasconJ.-M.Electrical energy storage for the grid: a battery of choicesScience3349289352011WachsmanE. D.LeeK. T.Lowering the temperature of 
	We acknowledge the support by A. James Clark School of Engineering, University of Maryland. This research used computational facilities from the University of Maryland supercomputing resources, the Maryland Advanced Research Computing Center (MARCC), and 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




