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Understanding the ion diffusion mechanism is one of the key preconditions for designing superionic
conductors in solid state lithium batteries and many other energy devices. Besides the single-cation
vacancy/interstitial-assisted and multi-cation concerted migration, the dynamic coupling between cations
and anions has been detected in systems containing SO42‘, PS,5>~, BH,~, etc., and is also believed to relate
to the cation migration. Here, a theory of the cation—anion interactions is presented, which classifies the
coupling into vibrational-type and rotational-type according to the motion behavior of anion groups and
their contributions to the ionic conductivity are analyzed. By screening the dynamic characteristics of
common anion groups, a new system containing anion-assisted Li migration is identified in LiBF4 and Li>BFs.
Based on a thorough analysis of ab initio molecular dynamics simulations, the Li* migration induced by BF;~
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Introduction

Cation migration plays an important role in many devices, like
solid-state lithium batteries,"* fuel cells,® sensors,* and even in
geophysics and geochemical® and planetary physics® etc. The key
precondition to design a superionic material is to understand the
diffusion mechanism of cations. The already confirmed factors
that are closely related to cation migration in solids include
atomic configurations,” free volume,""* and the concerted
migration mechanism,"™” which focus on the potential energy
surface (PES) around the migrating ions geometrically or the
internal interactions among a series of cations. Similarly, the
dynamic coupling between anion and cation motions'** has
been observed by quasi-elastic neutron  scattering
(QENS) 4283034 pyclear magnetic resonance (NMR) tech-
niques*»*>***** or simulated by molecular dynamics>*>"%**>% in
some lithium or sodium superionic conductors containing anion
groups such as SO,>,®2 PO,*~ 22 p§,*~ 227 B H 7~ 235 XCl ¥
373 OH™ ¥ and NO, .*° From previous experimental observa-
tions, mainly two phenomenological explanations, “paddle wheel
mechanism” and “percolation mechanism”, are extracted to
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identified as the two characteristic processes to realize the long-range diffusion of Li* ions.

describe how the cation migration is assisted by the motion of
anion groups. Although the experimental observations provide us
solid evidence on the dynamic coupling of cations and anions, it
is difficult to distinguish which mechanism is the main factor or
both* because the complex interactions between cations and
anion groups are entangled and the effect of each interaction on
the cation ion migration is hard to separate from the others.
Through ab initio calculations, J. Smith et al. verified the coupling
between the diffusing lithium ions and the rotation of anion
groups from the perspective of time, space, frequency and energy
for the former mechanism? while for the later one J. Varley et al.
expanded the lattice parameters of Li,B;,H;, to verify that lattice
expansion is the key to the ion diffusion.* However, it still puzzles
us that why both of them belonging to thermophoresis will be
coupling rather than competing. If both of them are in the
nonequilibrium state, it sounds contradictory as it has been
detected at the same time by experiments. It must be the situation
which they suppress each other. Therefore there exist the
following questions remaining to be solved. e.g., How many
modes exist in the dynamic coupling between cations and anion
groups?, how each mode affects the cation migration?, in which
situation the coupling promotes the diffusion behavior?, how to
look for or design superionic materials assisted by cation-anion
interactions? and what is the image for each mode?

The first step to clarify above questions is to understand the
motions of anion groups. In theoretical simulations, such as
semi-empirical energy barrier evaluation**** or ab initio
molecular dynamics*® (AIMD), the kinetic motion of anion
groups and its effect on changing the PES can be considered
mode by mode, providing an efficient tool to decompose the
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average and comprehensive effects observed in QENS and NMR
experiments. Here, by adopting atomic simulation methods, we
introduce a simple and efficient model to characterize the
cation migration induced by dynamic coupling with anion
groups, in which the motion behavior of the anion groups is
classified into vibrational-type and rotational-type and its
contributions to the ionic conductivity are analyzed. Further-
more, we suggest a lithium ionic conductor system evolved
cation-anion dynamic coupling through the BF,” group, and
two detailed rotational-type processes related to the intra-ring
mode and inter-bridge mode are identified through AIMD
simulations. The close frequencies or velocities between the
coupled anion and cation are the necessary conditions for
improving the diffusion of cations. These understandings
unlock efficient ways to design superionic conductors with
improved kinetic properties enhanced by dynamic coupling
between cations and anion groups, and provide additional
physical insight into the superionic behavior.

Results and discussion
Motion of anion groups

To get prima facie common features of the systems evolved in
the anion-assisted cation migration, we sort out the motion
ability of anion groups which show positive effects on the
diffusion of cations.’®?® All the ions contained in these
compounds can be classified into three types according to their
functions in the ion transport process. The immobile cations
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act as the framework to stabilize the structure. The anions bind
with the immobile cations to form various polyhedra and the
immobile cations act as the center for anions to vibrate or
rotate. The mobile cations, e.g., Li" or Na*, diffuse along the
channels within the framework constructed by the immobile
cations and anions. In the anion-assisted migration mecha-
nism, the dynamic coupling refers to the interaction between
anions and mobile cations and it is believed that the movement
of anions in a small range will promote the surrounding Li" or
Na' ions to migrate among lattice sites. To measure the motion
ability of anions, the bond-valence simulations*"**** are carried
out to calculate the energy barriers, Eyo and Ep,s, for the anions
to rotate within one group and migrate between neighboring
groups respectively. When the driving forces are less than E;q,
the main movement mode of the anion groups is vibration, as
illustrated in Fig. 1(d) and shown as the red part in Fig. 1(a). If
the driving forces are larger than E,, but less than E;, (the
cyanine part in Fig. 1(a)), the rotation of the anion groups,
indicated in Fig. 1(c), will be stimulated. The migration of
anions from the lattice site within one group to another as
shown in Fig. 1(b) only happens when the driving forces are
larger than Ey;; and the migration of anions between the lattice
sites of different groups is an indicator of anion conductor
behavior, which is beyond discussion of our current work.

As shown in Fig. 1(a), very similar values of E,, can be found
for the same type of anion groups, which obeys the intuition
since the rotation behavior is mainly related to the rotational
inertia and determined by the local structure of the anion group
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Fig. 1 (a) The rotation and migration energy barriers, Eo: and Enig, €stimated by bond-valence simulations for the anions in materials from ref.
18-39; (b)—-(d): diagrammatic figures for the migration-, rotation- and vibration-movement modes of anions. In BV simulation, we infer rotation
as atom forming the connecting path in the same group which may be a little different in AIMD. More details in the Methods section and Table S1

in the ESI.
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itself, while the values of Ep; are distributed in a relatively large
range even for the same anion group because various arrange-
ments of anion groups exist in different compounds such as the
two Liz;PO, isomers shown in Fig. S1.f For most structures
illustrated in Fig. 1(a), the much higher cyanine bar compared
to the red one means migration is more difficult than rotation,
indicating that the anion induces the cation motion mainly by
its rotation, as shown in Fig. 1(c) for the BH,  group in ref. 31,
S0, group in ref. 21 and Li;PO, shown in Fig. S1.t However,
for WO,*~ and XS, (X = P, Sb), similar Ep;, and E, are found
implying that the rotation of the group is difficult to be trig-
gered. Thus the vibration mode as shown in Fig. 1(d) is the
major way for the interplay between anions and mobile cations.
This is consistent with the evidence provided in ref. 18, in which
WO,*~ replaced SO, and enhanced the diffusion of Li*
without rotation and the same as in XS, (X = P, Sb) in ref. 24
and 27. It also clarifies the contradiction shown in ref. 26 and
33, Bj,Hy,” ™ can rotate easily especially expanding the lattice
while PS,>~ seems to vibrate at low temperatures. According to
above analysis, the comparison between Ep,;; and E;, can be
used as the first rule to judge in which mode the anions and
mobile cations couple dynamically. If the part of rotation is
much larger than the part of vibration, it has more chances to
rotate. Some clues for distinguishing the main coupling mode
are hidden in the structural information. For example, in anti-
perovskite Naz;ONO, (icsd_001352 and icsd_050768),* the
partial occupation of O*~ anions at sites within the NO, ™ group
implies that lots of local minimum exist on the PES around N**
and the barrier for the rotation of the NO,™ group is very small
as shown in Fig. 1(a), thus the dynamic coupling between
cations and anion groups is mainly through the rotational-type.
However in Li;PS, (icsd_035018), large values of the isotropic
atomic displacement parameters are found for the S*>~ anions
which implies that these ions vibrate around the equilibrium
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site with a relatively large amplitude, thus the vibration mode is
the major coupling way between Li* and PS,*~ groups.

Mechanism of anion group assisted Li* diffusion

For the two coupling methods based on vibrational- and rota-
tional-type, their effects on cation migration are analyzed as
illustrated in Fig. 2, in which an anion group with four-
coordinated environment is taken as an example. For the
coupling through vibrational-type mode of anions, the simple
harmonic vibration is assumed to simplify the understanding of
its effect on the cation migration and the varied amplitude of
the cation ion is deduced in the ESIT and taken as the indicator
of the change of its migration ability since the larger the
amplitude of cation vibration, the easier for the cation to
diffuse*>** as shown in Fig. 2(a). Besides, the amplitude of
cation vibration also reflects the difficulty of breaking and
making the cation-anion bond during the migration process
through the antisymmetric stretching vibration.

Two cases are considered according to the direction of
cation/anion vibration and the schematic diagrams are shown
in Fig. 2(b) and (c). Eqn (1) and (2) express the new amplitude
(&) of the mobile cation under the dynamic coupling through
the anion vibration perpendicular and parallel to the migration
direction of the cation, in which A, 4,, ¢., @4, w. and w, are the
amplitude, phase position and frequency of the mobile cation
and anion without coupling, respectively. For the perpendicular
situation expressed in eqn (1), 4'.is always larger or not smaller
than A. indicating that the cation migration is invariably
enhanced and the direction of the cation migration is also
changed. For the parallel mode expressed in eqn (2) the situa-
tion is much more complex. One way to ensure A’ > A, is to
under the condition of A, > 24., however, the much larger
amplitude of the anion vibration might indicate that the
material is likely to be an anion conductor or it is easy for the

(©) (d)

Fig.2 The mode-by-mode analysis of the effects of cation—anion dynamic coupling on cation migration. (a) The migrating cation vibrates at the
balance site in the assumption of the simple harmonic way without any coupling between the cation and anion; (b) the perpendicular-situation
and (c) the parallel-situation for the vibrational-type coupling; (d) the situation for the rotational-type coupling. (e) and (f) are the diagrammatic

figures for intra-ring mode and inter-bridge mode respectively.
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Fig. 3 The potential energy isosurfaces of (a) the F~ anions and (b) the Li* cations at 0.05 eV, 0.10 eV, 0.20 eV, 0.40 eV, 0.60 eV and 0.80 eV in
Li>BFs. (c) the potential energy isosurfaces of F~ in LiBF4 at 0.01 eV, 0.05 eV, 0.10 eV, 0.20 eV, 0.60 eV and 1.20 eV and (d) the potential energy
isosurfaces of Li* in LiBF4 at 0.01 eV, 0.05 eV, 0.10 eV, 0.20 eV, 0.30 eV and 0.40 eV. Green, blue and light gray spheres represent the Li, B and F

atoms respectively.

anion to leave its equilibrium site and transform from the
vibrational coupling mode into the rotational one as discussed
later. Another possibility is that the phase position satisfies eqn
(3) if the frequencies are the same or the time interval, At,
between two diffusion events satisfies eqn (4) if the frequencies

are different. Details are shown in eqn S8-S13f and we can
conclude that the close frequencies between anions and
migrating cations benefit the diffusion of cations.

(A 42 (A7 — 42) + 444, cos’(0c — 0,1 + (9, — 0,)]

A=
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However, if the dynamic coupling is realized by the anion
group rotation mode, the simple harmonic vibration is invalid
since the anions will leave the equilibrium site and move to
another site within the same anion group. In this case, the
rotation of the anion group changes the PES nearby and the
original site cation lying is not the one with the minimum energy
anymore, thus it has the tendency to look for the new stable site
along with the rotation of the anion group as shown in Fig. 2(d).
The migration of cations can be divided into intra-ring mode and
inter-bridge mode according to their destination sites. In the
former one, the mobile cation migrates but still bonds with the
anion in the same group (as shown in Fig. 2(e)), while in the later
one, the diffusing cation breaks the bond with the anion and
moves towards another anion group to form the new chemical
bond between the anion and the cation itself (as shown in
Fig. 2(f)). The later analysis on the detailed migration process
through AIMD will show that the close velocities between the
coupled anions and cations are beneficial for diffusion. It is
obvious that the inter-bridge mode is the key process for mobile
cations to form a long-range migration pathway through the bulk
of the material. According to the above analysis, the anion
mobility expressed by Ep,; and E., determines the coupling
mode between anion groups and diffusing cations, and the close
frequencies or velocities and larger fluctuations of anion groups
are beneficial for the cation migration.

Finding new systems: LiBF, and Li,BF5

Based on the above understanding, the previously undiscovered
systems with anion-cation dynamic coupling can be found. Two
of them are the compounds with the BF,~ group, e.g., LiBF, and
Li,BFs. Different arrangements of Li" and BF,~ exist in them
and the strong interaction between Li" and F~ is expected to
affect the diffusion of Li’. The energy barriers for the BF,~
group to rotate or migrate in Li,BF5 and LiBF, are shown in
Fig. 3, in which a series of isopotential surfaces for Li" and F~
are estimated by the bond-valence method.***** In Li,BF;5 the
motion of F~ changes from vibration around the original site
with a small value to form isopotential surface (smaller than
0.20 eV) to rotation around the central ion (B**) with a medium
value to form isopotential surface (0.20-0.60 eV) and diffusion
as a diffusion net across the lattice cell with a high value to form
isopotential surface (larger than 0.60 eV). Different from F~, no
rotation mode is found for Li" and only the vibration around the
origin site and the migration across the lattice site are identi-
fied. The same results are presented by LiBF, except that they
have different critical energies.

This journal is © The Royal Society of Chemistry 2022
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Although the bond-valence simulations give the tendency of
the movement ability of anions, the real anion motion cannot
be introduced in the model for the diffusion of cations,**
therefore the AIMD simulations*® are performed to further
obtain the detailed picture of Li" migration assisted by the
dynamic coupling with BF,” anion groups. We carry out the
AIMD simulations for LiBF, and Li,BF;5 at 600 K for 50 and 60
ps, respectively, with a time step of 1 fs. We focus on the vari-
ation of the following four quantities during the kinetic process,
including the displacement of the Li" ion, the length of the B-F
bond, the distance between neighboring Li* and F~ ions and the
rotation angle of the B-F bond (see Methods in the ESIt). Firstly
the diffusion events within the two systems and their occur-
rence of the time periods are picked out by analyzing the
displacement of each Li" ion as illustrated in Fig. S2(a) and (b),t
in which four diffusion events are identified in Li,BF5 and one
in LiBF,. These events can be classified into two types according
to the coupling mode. Secondly the above four quantities and
their variations are analyzed for the different types of migration
processes, including the vibration-assisted diffusion for the
25th Li" ion in Li,BF5 during 44-46 ps, the mixed vibration- and
interstitial-assisted processes for the 24th Li' ion in Li,BFs
during 44-47 ps and the rotation-assisted diffusion for the 8th
Li" ion in LiBF, during 30-40 ps. Besides, the 4th Li" ion in
Li,BF;s during 45-55 ps and the 8th Li* ion in LiBF4 during 0-10
ps are also analyzed for comparison. The detailed results are
shown in Fig. S3-S8 and the ESI.{ In all the cases, the length of
the B-F bond almost remains constant around 1.4 A indicating
that no breaking of the B-F bond happens and the BF,” groups
are stable. The length of the Li-F bond will remain ~2 A if the
Li" ion moves nearby. Either the vibration or the rotation mode
of BF,~ groups is observed according to the rotation angle of the
B-F bond. The autocorrelation function (AF), expressed in eqn
(5), is adopted to understand the relationship between the
cation and anion and shown in Fig. S6.}

(0ot + 7))
AR =2 e ©

The migration of the 25th Li" (Li25) in Li,BF5 as shown in
Fig. 4(a) is assisted by the vibration of F~ ions around it. The
anions within the four BF,  groups around Li25 only vibrate
around the original sites as shown in Fig. 4(a). The AF of Li25-
F24-B7 and Li25-F41-B12 as shown in Fig. S6(a)f almost
remaining constant during the diffusion confirms the correla-
tion between them and provides evidence of the close
frequencies between Li* and F~. The diffusion of Li24 is divided
into two sections which mixed vibration- and interstitial-
assisted processes and Li" will diffuse into an interstitial site
first and stay there to rest then through the vibrational mode it
finishes the migration process as shown in Fig. 4(b) and S4.7
The AF shown in Fig. S6(b)t also proves it. These processes are
similar to passing a football between athletes (F~ anions) who
stand at the fixed sites. The rotation mode of the BF,  group is
found in the 8th Li" ion in LiBF, (Fig. 4(c)). It experiences the
inter-bridge mode diffusion as shown in Fig. S5,7 however for

J. Mater. Chem. A, 2022, 10, 3093-3101 | 3097



Journal of Materials Chemistry A
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Fig. 4 The trajectories for (a) 25th Li* and F~ in Li,BFs in 44—46 ps from the view of the a axis and ¢ axis, (b) 24th Li* and F~ in Li,BFs in 4447 ps
from the view of a axis and b axis (c) 8th Li* and F~ in LiBF,4 in 30-40 ps from the view of a, b and ¢ axes. Green, blue and light gray spheres

represent the Li, B and F atoms respectively.

the same Li' the intra-ring mode is also found during 0-10 ps as
illustrated in Fig. S7.1 As shown in Fig. S51 especially (b), (j) and
(n), the motion of the cation catches up with the rotation of the
anion group (the movement of Li" and the rotation angle of
BF, are changing simultaneously but the distance between Li"
and F~ remains constant), and the inter-bridge mode is formed
which can be viewed as the situation that one running athlete
controls the football and passes it to another athlete as shown
in Fig. 2(f). While the constant distance between Li* and F~
implies the close velocities of the coupled ions, it is regarded as

(a) Li4 in Li,BF 45-55ps

Za

(b) Li8 in LiBF, 0-10ps
.

i"% Interstitial site

the condition to increase the cation migration through the
rotational-coupling mode. The situation shown in Fig. S71
especially (a) and (d) is that the running athlete fails in
controlling the football and leaves it where it is as shown in
Fig. 2(e). And there doesn't exist correlation between the cation
and anion as shown in Fig. S6(c).T For the 4th Li" in Li,BFs, it
can also be divided into two diffusion sections during 45-55 ps.
As shown in Fig. 5(a) and S8, it has a rest at an interstitial site
during diffusion (black dotted circle in Fig. 5(a)). For the front
part (46-47 ps), it clearly appears the rotation of BF,™ and the

Li4
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F26
F29
F39
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F56
Fo4
F72
F73
F77
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©000000600000GOGS

Fig.5 The trajectories for (a) the 4th Li* and F~ in Li»BFs in 45-55 ps from the view of the a axis and b axis, (b) the 8th Li* and F~ in LiBF4 in 0-10
ps from the view of a, b and c axes. Green, blue and light gray spheres represent the Li, B and F atoms respectively.
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Fig. 6 Discrepancies in LiBF4 and Li;BFs. In Li,BFs the smaller distance
it is opposed in LiBF4.

angle is 120° (Fig. S8(j)-(1)T). However there exists about 0.5 ps
hysteresis for the rotation which can also be captured in the
autocorrelation function shown in Fig. S6(d).T During 47-53 ps
it seems Li vibrates at this interstitial site (in Fig S8t we can see
the black line referred to the displacements of Li exists a plat-
form between 47-53 ps which is corresponding to the red
cluster circled in the black dotted circle in Fig. 5(a)). The back
part (53-55 ps) is short diffusion and it is similar to Li25 during
44-46 ps. The same as in 8th Li" in LiBF, with no diffusion of Li*
as shown in Fig. S6(c) and S7,t the BF, rotates as 120° (red line
in Fig. S7(a), (b), (d), (), (f) and (h)} shows the rotaion of BF, ")
while there is no diffusion for Li" (black line in Fig. S71 shows
no diffusion for Li). So vibration/rotation of the anion is not the
sufficient condition for diffusion of the cation. As shown before,
local adjustments especially rotation of the anion group will
reduce the electrostatic interaction so the rotation of the anion
is a necessary condition for diffusion of the cation but does not
always promote it. Although the real situation is much more
complex because it is the comprehensive effect of all the above
modes, a relatively clear picture of BF,  anion-assisted Li"
migration still can be extracted for the two systems. For LiBF,,
the vibration of F~ enhances the vibration of Li* while the
rotation of the BF,~ group provides help for the diffusion of Li"

This journal is © The Royal Society of Chemistry 2022
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between Li atoms reveals that it only needs a smaller rotation angle while

among the lattice and interstitial sites due to the large distance
(4.89 A in Fig. 6) between two sites. For Li,BFs, the vibration of
F~ promotes the Li" diffusion along the ab plane while the
interstitial-assisted with the vibration of F~ induces the diffu-
sion of Li" across the ab plane and forms a long-range migration
pathway. In fact, the division between the vibration- and rota-
tion-assisted migrations is based on the average excursion and
to some extent they show a similar origin and here we distin-
guish it according to the changes of the PES. The vibration/
rotation is one of the intrinsic behaviors of anion groups and
not the sufficient but necessary condition for diffusion of the
cation. Whether the “paddle wheel mechanism” or “percolation
mechanism” is the part process of the interaction between
cations and anion groups, if only 0-10 ps in LiBF, or 44-55 ps
for Li4 in Li,BF5 is observed, the conclusion will be that the
volume is the key factor while if 30-40 ps in LiBF, or 44-47 ps
for Li24/25 in Li,BFs is analyzed, the conclusion is that the
rotation is along with diffusion will be reached. We should
focus more on the effects of each single coupling mode on the
cation migration rather than the average results. Last but not
least we must emphasize that in fact the discrepancy between
vibrational-type and rotational-type is does not exist (more
discussions in the ESIf). We cannot divide these continuous
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variations into two separate parts absolutely and we classify
these, which have no effect on the PES of the cation, into the
vibrational-type and others into the rotational-type. Although in
BV we can easily divide it, it becomes more difficult in AIMD. So
here in AIMD we refer rotation as the rotation angle during
diffusion is larger than that during no diffusion. For Li,BFs,
even though Li" diffuses or not, the rotation of BF, exhibits no
obvious change so we considered it as vibrational-type. For
LiBF,, we can observe the rotation of BF, with the diffusion of
Li" so we assume that it is rotational-type. But as shown in Fig. 6,
the smaller distance between Li ions in Li,BF5 indicates that it
has little dependence on the rotation of anion groups (BF,"
rotation at a smaller angle can ensure the diffusion of Li) while
it is different in LiBF, where a larger distance between Li atoms
indicates that it needs a larger rotation angle.

Conclusions

In summary, the anion-assisted cation migration is one of the
diffusion mechanisms in superionic conductors as important
as the vacancy/interstitial- or the concerted-migration mecha-
nism. By evaluating the movement ability of anions in
a substantial number of structures, the dynamic coupling of
anions and migrating cations is classified into vibrational- and
rotational-type according to their effects on the PES, and their
effects on the cation migration are analyzed mode by mode. It is
identified that the close frequencies between the anion group
and migrating cation or the large vibration amplitude of anions
are required to assist the cation migration in the vibration
coupling mode, while the close velocities between anions and
cations are the conditions to realize the inter-bridge migration
in long-range pathways in rotational-type. In the cases where the
cation-anion dynamic coupling plays an important role, we
understand that vibration/rotation of the anion is not the
sufficient but a necessary condition for diffusion of the cation.
Based on the effects of anion groups, a new system with the
BF,  group is identified as a candidate in which the anion-
assisted phenomenon will be obvious. LiBF, and Li,BF5 are
taken as the model structures to evaluate the effect. A detailed
analysis of the AIMD simulation reveals all the vibration-
assisted-migrations and rotation-assisted-migrations,
including both the intra-ring mode and inter-bridge mode, in
the hopping steps of the two compounds. These understand-
ings provide a new horizon to look for and design superionic
conductors, as well as develop the insight about the ionic
transport phenomenon.
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