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The diffusion property of the intercalated species in the graphite materials is at the heart of the rate performance
of graphite-based metal-ion secondary battery. Here we study the diffusion process of a AlCly molecule within graphite
— a key component of a recently reported aluminum ion battery with excellent performance — via molecular dynamics
(MD) simulations. Both ab-initio MD (AIMD) and semiempirical tight-binding MD simulations show that the diffusion
process of the intercalated AlCly; molecule becomes rather inhomogeneous, when the simulation time exceeds approxi-
mately 100 picoseconds. Specifically, during its migration in between graphene layers, the intercalated AlCl4; molecule
may become stagnant occasionally, and then recovers its normal (fast) diffusion behavior after halting for a while. When
this phenomenon occurs, the linear relationship of the mean squared displacement (MSD) versus the duration time is not
fulfilled. We interpret this peculiar behavior as a manifestation of inadequate sampling of rare event (the stagnation of the
molecule), which does not yet appear in short-time MD simulations. We further check the influence of strains present in
graphite intercalated compounds (GIC) on the diffusion properties of AlCly, and find that their presence in general slows
down the diffusion of the intercalated molecule, and is detrimental to the rate performance of the GIC-based battery.
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1. Introduction

For saving energy and abating pollution, the development
of electric vehicles and smart grids becomes an urgent need
for the sustainable development of human society, which in
turn depends on the availability of low-cost and environmen-
tally friendly energy storage systems.!!] For such applications,
the lithium ion batteries (LIBs) are not an ideal option due to
the limited availability of lithium in the Earth’s crust. In this
regard, the aluminum ion batteries (AIBs) have attached sig-
nificant attention due to the low cost and safety of aluminum
(Al) metal as electrode material. In addition, aluminum ion’s
trivalent redox property leads to a higher theoretical capacity
of AIBs compared to other rechargeable batteries. The draw-
back of AIBs for a long time has been their poor cycle and
low discharge voltages performance.!>>! Under such circum-
stances, the recent breakthrough of Lin et al. 671 on the Al-
graphite cell has drawn much attention. The rate performance
of their aluminum-ion battery reached 4000 mA/g when using
graphite foam as the cathode, which is a significant improve-
ment over other aluminum-ion batteries.

The excellent performance of the AIB cell of Lin et al.[%7!

has attached considerable theoretical interest. Several first-
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principles studies have been performed to elucidate the inter-
calation behavior of the AICly molecule inside the graphite
host, 8181 which is considered to be responsible for the high
rate capability and discharge voltages of this AIB cell. In
a previous work, '3l we performed density-functional theory
(DFT) calculations of the AICl4 graphite intercalation com-
pounds (GICs) to determine the structural and energetic prop-
erties of the AICly GICs, as well as the voltage of the Al-
graphite cell. More importantly, we examined the diffusion
behavior of AICly GICs via ab-initio molecular dynamics
(AIMD) simulations. From AIMD stuides, we found that there
exists a cooperative effect between AICl, and graphene layers
which gives rise to an enhanced mobility of AICl;. However,
our previous AIMD simulation was limited to 20 picoseconds
(ps), corresponding to a mean squared displacement (MSD) of
~ 200 A? for AICl4 and a MSD of ~ 20 A? for the graphite
layers. For a more faithful description of the realistic system,
a longer-time AIMD simulation would be certainly desirable.
On the experimental side, graphite has long been known
as a good host material for many different guests intercalated
in between graphene layers, from small molecules (such as
H, ")) to large organic molecules.*”! Some of intercalation
processes (such as AICl,, BF,, PF,, etc.[10’21’22]) are suit-
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able for half reaction in battery electrodes,>>->>! but the ultra-
fast charging rate (> 1000 mA/g) is only reported on AICly
GICs when using specific types of ionic liquid electrolyte and
graphite cathodes. Considerable efforts have been devoted to
examine the performance of various forms of graphite mate-
rials as cathode and to elucidate the relationship between the
atomic structure and the electrochemical properties. For the
graphite cathodes, the early method to obtain ultra-fast charg-

6.26.271 ater, Wang et

ing efficiency was grapheneization.!
al.'8) observed that sonication renders kish graphite capa-
ble of supporting a high charging rate (10000 mA/g) while
maintaining a high cathode capacity (> 120 mAh/g). In ad-
dition, Mckerracher et al. found that carbon paper consist-
ing of micron-sized graphite particles still has a capacity over
20 mAh/g even being charging at 20000 mA/g, while py-
rolytic graphite foil loses all capacity when being charged over
5000 mA/g.?! They suggested that GICs in smaller particle
size more likely undergo less effect of strain, and thus sup-
port a higher charging rate. But previous experimental studies
did not clearly identify the characteristic of graphite that can
support high charging rates. A computational study of the dif-
fusion behavior of AlCly in graphite may help us gain a deep
insight into this question.

In this work, we set up to run a long-time ab-initio
molecular dynamics (AIMD) simulation in order to examine
more thoroughly the diffusion behavior the AlCly within the
graphite host. From this endeavor we find that the diffusion
of AICly inside graphite and the interaction between the in-
tercalated AICl4 and its host are much more intricate than ex-
pected. We find that the diffusion of AICly is impeded when
the interaction between AlCly and the graphite host gets weak-
ened, which could occur during a long-time dynamic evolution
of the GIC system. It leads to the stagnation of AICl and a
breaking of the Einstein relation between the mean square dis-
placement (MSD) and the duration time. In addition, we in-
vestigate the influence of strain on the diffusion behavior of
AICly GICs, and find that their presence slows the diffusion of
AlCly and hence is detrimental to the rate performance of the
GIC-based AIB.

2. Computational details

As mentioned above, in this work we continue to study
the diffusion behavior of an intercalated molecule inside
graphite by AIMD simulations. To this end, the atomic-orbital
based ab-initio computations at USTC (ABACUS)P0-321
package is used. In ABACUS, the norm-conserving
pseudopotential®3! in its fully separable form!3* is employed
to describe the ionic cores. Furthermore, ABACUS allows to

use both plane waves and numerical atomic orbitals (NAO) as

the basis functions. In this work, the double-{ plus polariza-
tion (DZP) NAO basis set is used, whose adequacy has been
benchmarked in previous publications.!!33133] In this work,
the PBE-D2 functional *® is used in density functional calcu-

lations.

Specifically, we focus on the AICly GIC system in its
state-4 configuration (i.e., one interlayer gallery being inter-
calated after every three empty ones). The optimized struc-
ture of AlCly GIC (with one AICly molecule in a 4 x 4 x 2
graphite cell) is taken as the initial structure in the AIMD sim-
ulation. The canonical ensemble (NVT) with Nosé—Hoover
thermostat'37-38] is used and the simulation temperature is set
to 300 K. In the present work, the AIMD simulation is per-
formed up to 160 ps with a time step of 1 fs. From the MD
trajectory, the diffusion coefficient is calculated by[*"!

1 d

_ - v 2
= 2d aa (A A0)], M

where Ar?(At) is the mean square displacement (MSD) of the
moving species as a function of the duration A¢, and d is the
dimension of the diffusion path of the system (d = 2 in the
present case). The MSD is evaluated from the MD trajectory
after the thermodynamic equilibrium is reached and the dif-
fusion coefficient is obtained from the slope of the MSD-Ar

curve as given in Eq. (1).

To accelerate the MD simulations and thus further
the accessible timescale, we additionally perform semi-
empirical quantum-mechanical molecular dynamics using ex-
tended tight-binding program package xTB (extended Tight-
Binding).[*Y! This package uses an extended tight-binding
method, which allows to treat larger molecular size and/or to
run long-time MD simulations, with special attention to the
computation of geometries, frequencies, and non-covalent in-
teractions (GFN).[*!l The MD parameters (time step, temper-
ature, fictitious mass) used in the xXTB-based MD simulations
are the same as those in the ABACUS-based AIMD simula-
tion. Since we are using the NVT ensemble, the lattice vec-
tors of the GIC are kept fixed during the MD simulations. A
fully relaxed, initially strain-free unit cell of graphite will very
likely experience finite strains upon the intercalation of guest
molecules. In the XTB MD simulations, two sets of lattice vec-
tors are used. In the first case, the same lattice vectors are used
as the ABACUS-based AIMD simulations, and the MD sim-
ulation runs up to 1920 ps. In the second case, we adjust the
lattice vectors to reduce the strain of the GIC unit cells with
respect to the pristine graphite, and run the MD simulations
up to 960 ps. In this way, we are able to learn the influence of
strain effects on the diffusion behavior of AICl4; GICs.
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3. Results and discussion

We first present and analyze the results from the AIMD
simulations. In the present work, based on the MD trajectory
during a time period #, the MSD of a mobile atom or ion is
calculated as follows:

1 Nar s

N L L+ a0 )P, @

j=li=1

A (A1) =

where 1 = (j — 1)tsep (tsiep = 1 fs being the MD time step) is
the initial timing of the time interval (¢;, ¢; 4+ Af). The number
of different time intervals with the same duration At is given by
Nar = (tior — At) /ttep, Which may get too few for Az — #r. In
order to have sufficient displacement sampling, it is suggested
in Ref. [42] that the upper limit of Az should not exceed 0.7%.
Here for safety, we set the maximal Az = #,,;/2. Furthermore,
in Eq. (2), N is the number of atoms belonging to the same
species in the system. Here, we focus on the motion of the
Al atom, which is the center of mass of the AICly; molecule
and hence can well represent the overall diffusion behavior of
AICly. Since there is only one Al atom in the system, here
Ny =1.

In Fig. 1, the MSD data for the Al atom of the AlICly
molecule versus the duration time are plotted. The different
MSD-Ar curves correspond to different choices of # (hence
different At ranges) from a totally 160-ps long AIMD simu-
lations. Specifically, the atomic displacement data 7(¢) of the
first 40 ps, 80 ps, 120 ps, and finally the entire 160 ps of the
MD trajectory are employed, and these, via Eq. (2), lead to
MSD-At curves with upper limits of Az of 20 ps, 40 ps, 60 ps,
and 80 ps, respectively.

1500

—40 ps

1200

900

600

MSD (A?)

300

0 ———
0 20 40 60 80
At (ps)

Fig. 1. The MSD (in A?) versus the duration Ar (in ps) for the Al atom
in AICly GICs for different simulation time lengths. The GIC contains one
AICly molecule in a 4 x 4 x 2 graphite unit cell. The AIMD trajectory is
obtained from ABACUS calculations.

From Fig. 1, it can be seen that for shorter #, the MSD—
At curves show a good linear behavior, characteristic of typical

diffusion processes. However, as #o; goes beyond 100 ps, the
MSD value first drops down, and then rises again; the entire
MSD-At curve deviates significantly from the linear behavior.
The diffusion coefficients extracted from a linear regression of
the MSD-Ar data, together with the R? parameters of the linear
fitting, are presented Table 1. One can see that for o < 80 ps,
the R? value is very close to 1, indicating that the linear fitting
works well. In consistent with the behavior of the MSD-A¢
curves, when the simulation time exceeds 100 ps, the R? value
goes substantially below 1, indicating that the linear fitting to
the Einstein relation (Eq. (1)) does not work any more. More-
over, from Table 1, one may see that the fitted D values have a
significant level of statistical variance, even in the time range
where the linear fitting still works. This kind of statistical vari-
ance stems from the stochastic nature of the diffusion process
and has been analyzed in detail in Ref. [42]. However, the be-
havior of AIMD simulations we have observed, i.e., the MSD-
At curve undergoing from a linear to non-linear behavior, has
not been reported and carefully analyzed up to our knowledge.

Table 1. Diffusion coefficients D’s (in cm?/s) of the Al atom in AICly GICs
for different simulation times (in ps), extracted from the MSD-A¢ data pro-
duced by ABACUS AIMD simulations. The goodness of the linear fit (the
R? values) of the MSD-A¢ curves are also shown in this table for each time
period. The initial 5 ps AIMD steps are excluded from the MSD evaluation
in Eq. (2), following Ref. [42].

Simulation time D R?
20 3.53%x 1074 0.989
30 379x 1074 0.998
40 5.06x 1074 0.998
80 1.02x 1073 0.996
120 3.12x 1074 0.674
160 1.31x1074 0.403

To understand why MSD values substantially decrease for
simulation time longer than 100 ps, we look more closely at
how the intercalated AlCl4; molecule moves within the host
graphite. In Fig. 2(a), we show how the x,y,z coordinates of
the Al atom vary during the whole simulation process up to
160 ps. As excepted, the z coordinate of the Al atom does not
show a noticeable change, indicating the 2-dimensional (2D)
nature of the diffusion process. The x,y coordinates, on the
other hand, change rapidly first, until a time period of roughly
50-70 ps, where a plateau behavior appears. This implies that,
during this period, somehow the AlCly molecule essentially
becomes trapped, such that their coordinates show very little
variation. After 70 ps, the molecule manages to “escape” from
the trap and begin to move rapidly again, until it gets stuck
again between 110 ps and 135 ps. Due to the presence of such
long (~ 20 ps) stagnation time, it happens that the MSD value
does not increase monotonically as a function of the duration
time Ar. Indeed, we observe that, when the upper limit of the
duration At contains at least one relatively long stagnation pe-
riod, the decline of the MSD-A¢ curve will appear.
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Fig. 2. The variation of the x,y,z coordinates (in A) for Al atom (a) and the
center of mass of the upper (b) and lower (c) graphene layers encapsulating
AICly as a function of the simulation time (in ps). Data extracted from the
ABACUS AIMD simulation.

In order to gain a deeper insight into this peculiar phe-
nomenon, it is necessary to investigate what happens for the
entire GIC system when the intercalated molecule gets stag-
nant. In our previous work,[13! we found that there is a co-
operative effect between the intercalated AlCl4 molecule and
the graphite host, which leads to an enhancement of the mo-
bility of AlCly. In this work, we again observe a clear corre-
lation between the molecule and the host system. In Fig. 2,
the x,y,z coordinates of the centers of mass of the upper and
lower graphene layers encapsulating AICly are also presented
as a function of the simulation time. One can clearly see that
the motion of the graphene layers is accelerated when AICly
gets stuck around 60 ps and 120 ps, suggesting that there is a
transfer of the kinetic energy from the intercalated molecule
to its host on these occasions. To have a rough estimate of
the strength of the correlation between AICl; and the host
graphite, we compute the binding energies of AICly GIC on
selected time points along the MD trajectory. Here the bind-
ing energy between the intercalated AlCl4 molecule and the
graphite host is calculated as

Ey = — [E(GICs) — E(G) — E(AICL)] , 3)

where E(GICs), E(G), and E(AICly) are respectively the to-
tal energy of the GIC, the energy of the graphite supercell,
and the energy of the AICl4 molecule in their instantaneous
structures. Thus a larger positive Ey, implies a stronger interac-
tion between the intercalated molecule and the host. As shown
in Fig. 3, the instantaneous binding energy fluctuates strongly

along with the time. However, if one performs a weighted av-
erage over adjacent time steps, the resultant binding energy
curve gets smoothed and one can see (on average) a clear de-
creasing of the binding energy in the time periods around 70 ps
and 120 ps. We expect that the decreasing of the binding en-
ergy leads to a weakening of the correlation between the move-
ment of the AICl4 molecule and that of graphite, which further
weakens the cooperative effect between the two subsystems.
When this happens, the diffusion of the AICl; molecule be-
comes very ineffective, and the entire diffusion process be-
comes rather inhomogeneous.

17 - original data
’ smoothed

1.6

1.5

1.4

1.3

1.2

Binding energy (eV)

1.1

1.0

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (ps)

Fig. 3. Variation of the binding energies (in eV) of AICly GICs during
the ABACUS AIMD simulation. The original data are obtained accord-
ing to Eq. (3) every picosecond, yielding 161 data points in total. The red
(smoothed) curve is obtained by smoothing over the original data using the
weighted adjacent averaging algorithm with the points of window setting to
be 20.

The inhomogeneity of the diffusion behavior of the inter-
calated AICl4; molecule can also be understood via the varia-
tion of the diffusion barrier height. To this end, we perform a
detailed barrier height study at a few time points along the
AIMD trajectory in both regimes (time periods) where the
molecule diffuses fast and regimes where the molecule gets
stuck. In each regime, we select pairs of two close-by time
points (snapshots), and cool down the temperature of the GIC
system to 0.1 K in order to get an initial and a final structure.
Next, we employ the nudged elastic band (NEB) method 430!
to calculate the diffusion barrier heights of AICl4 between the
initial and final structures obtained above. Specifically, we
calculate the barrier heights between five pairs of the (cooled)
structures at {24, 25.5} ps, {47, 48} ps, {66, 69} ps, {73,
75} ps, and {137, 138} ps respectively. We find that the dif-
fusion barrier height at the time where the molecule gets stuck
(66—69 ps) is about 30 meV, whereas its values is about only
7-15 meV at the time where the molecule moves fast. The
diffusion barriers are similar to previous calculated values re-
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ported in the literature (12-29 meV,!'" 2128 meV,!'!l and
8-13 meV[12]),

The phenomenon that the AICly molecule gets stagnant
occasionally and returns to its usual diffusion behavior after
a while can be seen as a “rare event” occurring during the
molecule’s diffusion process across the graphite host. For a
short simulation time, say below 20 ps, such kind of rare event
hardly happens, and the molecule’s movement follows a char-
acteristic diffusion behavior. However, as the simulation time
keeps increasing, rare events (the stagnation of the molecule)
start to appear, the motion behavior of the molecule experi-
ences a sudden change. In theory, if the simulation time is long
enough and samples plenty of periods during which the diffu-
sion of AlICly is impeded and recovers again, i.e., when “rare
events” are adequately accounted for statistically, the MSD-Ar
curve should become a straight line again. By then the diffu-
sion coefficient can be reliably extracted, but it will be differ-
ent from that extracted from a short-time simulation, due to the
presence of the rare event. We conjecture that the peculiar be-
havior we see in Fig. 1 is a manifestation that the simulation is
undergoing a transition between two different regimes. To ver-
ify this conjecture, it would be necessary to run an extremely
long MD simulation. However, this would goes beyond the
realm of current AIMD simulations. To proceed, we resort to
a much cheaper, but still reasonably accurate semi-empirical
quantum-mechanical approach — the xXTB model***!] men-
tioned above. Leveraged by the xXTB model, we are able to run
the MD simulation up to 2 ns.

As an accuracy check, we present in Fig. 4 the L, norm
of the atomic forces, defined as Fpomm = \/Zifl2 [with i run-
ning over all atoms in the GIC system] during both ABACUS
and xTB MD simulations. Although the precision of the xXTB
method may be inferior to the density functional calculations,
the magnitude of the L, norm of atomic forces obtained with
xTB, as well as its fluctuation over time, is similar to that of
ABACUS. This indicates the similarity of the roughness of the
two potential energy surfaces (PES) generated by the two ap-
proaches. We thus trust that the xTB-based MD simulation
runs on a similar PES and thus its long-time behavior also has
implications for AIMD.

The MSD-At curves for different total times of the xXTB-
based MD simulations are presented in Fig. 5. However, a
strong non-linearity of the curves is still present, and the ex-
tracted diffusion coefficients, as presented in Table 2, vary a
lot as the simulation time continues to increase. Generally, the
diffusion speed is reduced by one order of magnitude when
the simulation time increases from ~ 100 ps to ~ 1 ns. Close
inspection reveals that the diffusion behavior of AlCly in GIC
as given by the xTB-based MD simulations is similar to what
happens in the AIMD case. Namely, the migration of AlCly
gets stagnant occasionally during the simulation, for instance,

during the time periods 380—430 ps, 600-650 ps, 750-820 ps,
920-1020 ps, and 1640-1720 ps.
longer xXTB-based MD simulation, the “rare events” indeed oc-

Thus, during the much

cur multiple times, and substantially influence the overall dif-
fusion property of the GIC system. However, it seems that they
are still not adequately accounted for in statistically meaning-
ful way, so that the expected characteristic linear MSD—Af be-
havior is not yet achieved. We anticipate that one likely needs
to go up to ~ 10 ns total simulation time to see the restored
linearity of the MSD-At.

24 (a)
22
20

18

Force norm (eV/A)

16

90 100 110 120 130 140 150 160
Time (ps)

24 | (b)

Force norm (eV/A)

16

L e B e B LB e

90 100 110 120 130 140 150 160
Time (ps)

Fig. 4. The L, norm of forces (in eV/A) for AICl; GICs as a function of the

simulation time (in ps) during the ABACUS (a) and xTB (b) MD simula-
tions.

1500

—— 640 ps
b — 960 ps
—_— 12 <
1200 80 ps
— 1920 ps
900
3
7
= 600
300
0 T T T T T T T
0 200 400 600 800 1000

At (ps)

Fig. 5. The MSD (in A?) versus the duration Ar (in ps) for the Al atom in
the stage-4 AICly GICs for different simulation time using xTB, different
colored lines represent different lengths of simulation time.
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Table 2. The diffusion coefficients (in cm?/s) of Al atom in AlCl; GICs
for different simulation time (in ps) obtained from xXTB MD simulation.

Simulation time 4x4x2

40 4.00 x 1074
80 5.17x 1074
160 2.12x 1074
320 8.92x 107
640 3.38%x 1073
960 6.00 x 1073
1280 4.75%x 1073
1920 2.10 x 1073

In our analysis above, we suggested that the impeded
diffusion of AICly in graphite is connected to their weak-
ened interaction. Experimental study®>”! indicated that the
strain present in the system may affect the rate property of
the graphite cathode of AIB, providing another perspective for
understanding the peculiar behavior discussed above. Inspired
by this observation, we perform a series of computational sim-
ulations to examine the influence of strain on the diffusion be-
havior of AlCly in GIC. To this end, ns-long xTB-based MD
simulations with different initial structures subject to different
levels of strains are performed. Here, the level of strain is mea-
sured by the distortion of the optimized lattice vectors upon the
AICly intercalation with respect to the perfect graphite struc-
ture. In the simulations discussed above, the optimized lateral
lattice vectors of GIC deviate noticeably from the hexagonal
symmetry, in addition to a drastic expansion of the inter-layer
distance in the z direction. To check the effect of strain, we
first set up a “strain removal structure” by artificially restoring
the hexagonal symmetry of the in-plane lattice vectors, and
use this structure as the initial structure for XTB MD simu-
lations. As it turned out, by doing so, the motion of AICly
is less frequently stagnated, and the diffusion process is more
continuous. The resultant MSD-Ar curve is then plotted in
Fig. 6 (red curve), whereby one can see a sizeable enhance-
ment of the MSD, compared to that obtained with the original
structure (black curve). This shows that the molecule indeed
diffuses faster when the strain is removed.

To further investigate the effect of strain along the z di-
rection, we set up another simulations with a slab model, with
AlCly sandwiched in between two graphene layers. This slab
structure is created by adding a large vacuum to the aforemen-
tioned strain removal structure. Compared to the bulk GIC
model, the slab structure allows the system to expand freely
in the z direction, ending up with a larger strain in the z direc-
tion and on average a weakened interaction between AlCl4 and
the host. As expected, the xXTB MD simulation based on this
structure shows that the AlCly gets stuck more often during its
diffusion, compared to its bulk counterpart, and hence yields a
suppressed MSD, as shown in Fig. 6 (blue curve). On the other
hand, if one doubles the magnitude of the strain of the bulk
structure in x—y plane, the XTB MD simulation yields a MSD

(purple curve in Fig. 6) that is much suppressed compared to
that of the original structure. All these numerical experiments
clearly demonstrate the close relationship between the strain
in the system and the diffusion properties of the intercalated
molecule. It appears that the strain present in GIC-based cath-
ode is harmful to achieve high-rate properties in AIB.

— original structure
2000 4 —— strain removal structure
—— slab structure
{——— strain doubled structure
1500 +
& J
N
2 1000
=
500
0 T T T T T T T T
0 100 200 300 400

At (ps)

Fig. 6. The MSD (in A?) versus duration Az (in ps) for the Al atom in AICl4
GICs in 960 ps MD simulations using xXTB with different initial structures
(lattice vectors). The black, red, blue, and purple curves correspond to the
original structure (i.e., fully relaxed with stress below a threshold), a strain
removal structure whereby the in-plane lattice vectors respect the hexagonal
symmetry, a slab model with no strain in the x—y plane, and a strain dou-
bled structure where the lateral strain is doubled compared to the original
structure.

4. Summary

The diffusion behavior of a molecule inside graphite ma-
terials is studied via MD simulations, using the AICly inter-
calated GIC as a prototypical system. Long-time MD simula-
tions reveal that the AlCl; molecule may get stuck during its
diffusion in between the graphene layers from time to time,
and recovers its normal (fast) diffusion behavior after strug-
gling for a while. As a result, from short-time (a few tens
of picoseconds) to long-time (hundreds of picoseconds to a
nanosecond) MD, the MSD-As curve changes significantly,
rendering a reliable extraction of the diffusion coefficients
impractical. Such phenomena are observed in both AIMD
and MD simulations based on semiempirical extended tight-
binding (xXTB) models, and thus reflect the generic feature of
such types of systems. We propose that this peculiar behav-
ior arises because the simulations are undergoing a transition
regime where the rare event (here the stagnation of the inter-
calated molecule) starts to appear but is not yet sufficiently
accounted for. In such a transition regime, the usual Einstein
relation characterizing the typical diffusion process is not ful-
filled. Based on our current simulations, we expect that MD
simulations of time length of 10 ns or longer are required to
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pass this transition regime and reach a quantitative assessment
of the diffusion properties of AlCly intercalated GIC.

Close inspection reveals that the stagnation of the
molecule is related to the decrease of the average interaction
strength between the intercalated molecule and the graphite
host, that can appear occasionally due to an intricate inter-
play between the two subsystems at finite temperature. This
will result in a weakening of the cooperation effect of the GIC
system, as discussed in Ref. [13]. Furthermore, we also in-
vestigated the influence of the strain present in the GIC sys-

tem on the diffusion properties. Several numerical experi-

ments clearly show that when stronger strains are present, the
molecule gets stagnant more often, leading to an overall slower
diffusion. We conclude that the strain is detrimental to the rate
property of the GIC cathode. More studies along this line are
necessary to fully elucidate the problem. Our preliminary re-
sults suggest that finding means to reduce the inhomogeneous
strain in GIC systems during charging, e.g., via material engi-
neering, should be helpful to improve the rate performance of
the graphite electrode.
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