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Using a solid polymer electrolyte (SPE) is a promising approach for improving lithium battery durability by
suppressing the growth of lithium dendrites. However, the low conductivity at room temperature
significantly limits its commercial application. In this work, Al,Oz nanoparticles are used as a filler in a SPE
with polyethylene oxide (PEO) and lithium bis(trifluoromethanesulfonyllimide (LiTFSI) salt to improve its
conductivity, and the resulting structure and transport properties are analyzed in detail using molecular
dynamics simulations. The results show that the addition of Al,Os nanoparticles decreases the crystallinity
and increases the degree of order of the PEO chains and makes it easier for Li* to combine with the PEO
chains, thereby significantly enhancing Li* transport along the PEO chains. Moreover, the addition of Al,O3z
provides an additional Li* transport path, which is the interface between the Al,Oz and PEO chains.
Therefore, after adding Al,Oz nanoparticles, the conductivity is increased by 192.25% and 248.94% at 333
and 300 K, respectively, for the SPE with shorter PEO chains and by 225.2% and 285% at 333 and 300 K,
respectively, for the SPE with longer PEO chains. Moreover, the enhancement effects of AlLOs
nanoparticles on conductivity are more significant for SPEs with longer PEO chains at lower temperatures.
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1. Introduction

Environmental pollution and global energy consumption have
led to electric vehicles emerging as the main mode of future
transportation.? Lithium batteries are the main candidates for
electric vehicles and hybrid vehicles, and the usage of lithium
metal as the anode provides the highest theoretical energy
density for secondary lithium batteries.®* However, lithium
metal anodes and liquid electrolytes can easily generate lithium
dendrites during charge and discharge processes, which cause
internal short circuits in the lithium battery. Meanwhile,
liquid electrolytes have many disadvantages, such as easy
leakage of the liquid and flammable reaction products.>® In
contrast, solid-state batteries using solid polymer electrolytes
(SPEs) have the advantages of high ionic conductivity, high
specific energy, solvent-free conditions, a wide electrochemical
stability window, light weight, and easy processing.” As an SPE,
polyethylene oxide (PEO) membranes doped with lithium
salts have attracted great attention in recent years.*'° The
PEO-based film is a flexible solid electrolyte with a low
glass transition temperature (7T,), high dielectric constant,
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and certain mechanical strength, which can be used for special
electronic devices.'""”

The conductivity in the PEO-based SPE greatly depends on
the dynamic properties of the PEO chains. The properties of
PEO-based structures depend strongly on the chain length.
Shorter chains tend to be more flexible and enable larger ionic
diffusion coefficients, while longer chains have higher mechanical
stability."* The PEO chain contains ether coordination sites and
can dissociate lithium salts."* Traditional lithium salts have been
found to accumulate in SPEs. With increasing salt concentration
and temperature, the degree of anion aggregation increases,
which is related to the size of the anions.” Lithjum
bis(trifluoromethanesulfonyl)imide (LiTFSI) is a lithium salt
with high chemical stability that is commonly used in SPE.
Many studies have found that LiTFSI is largely dissociated in PEO
matrices.'® PEO has a flexible macromolecular chain, which
benefits Li* transport."” Several Li* transport pathways have been
observed in simulation studies, such as Li* moving along the PEO
chains, Li" complexing and decomplexing with anions, and Li"
occasionally hopping between the adjacent PEO chains.'®2°
Borodin et al.'® showed that Li cations moving along the PEO
chains generally show stronger mobility than those that
jump between the PEO chains, suggesting that enhancing the
movement along the PEO chains can significantly promote Li"
diffusion.

However, the low conductivity of PEO/LIiTFSI electrolytes at
room temperature limits their application.?" Generally, adding
nanoparticle fillers is the best way to improve the conductivity
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by decreasing the crystallinity of the PEO chains and increasing
the conductive area of Li". Moreover, the addition of nano-
particles can improve the interface stability and the mechanical
strength of the SPEs.*? According to previous studies, nanopar-
ticle fillers for SPEs include passive fillers such as Si0,,>*?*
Al,05,>*¢ Zn0,?” and BaTiO5*® and active fillers such as LLZO
(Li;LazZr,04,).%° 1t is difficult for active fillers to tune surface
interaction against the polymer matrix and the synthesis pro-
cess is complex. However, the passive fillers are tunable, easily
prepared, and inexpensive.’® B. Scrosati and his collaborators*
used TiO, functionalized with silane organic groups to improve
the PEO electrolyte properties, which improved the conductiv-
ity. The nanoparticles interact with the PEO chains, resulting in
a decrease in the crystallinity of the PEO chains. And Al,0; as a
high-stability and easily prepared passive filler can improve the
conductivity and the mechanical strength of the SPEs.*?

Molecular dynamics (MD) simulation is a powerful tool that
can obtain insights into transport phenomena at the molecular
level.*® V. Ponce et al.®* theoretically analyzed the charging
process of a nanobattery with LiCoO, as the cathode, Li,P,SgI as
the solid electrolyte, and lithium metal as the anode by MD
simulations. J. Brooks and coworkers'® investigated the structure
and diffusion properties of PEO/LIiTFSI electrolytes, indicating
that Li cations mostly diffuse along the polymer chains instead
of jumping between different polymer chains. Li et al’®
elucidated the effects of the size and shape of nanoparticles
on the ionic conductivity of PEO/LiClO, electrolyte through
MD simulations, but the concentrations of nanoparticles were
ignored. However, to the best of our knowledge, studies on the
effect mechanism of nanoparticle fillers on the conductivity of
SPEs are absent. In this work, MD simulations are carried out to
investigate the conductivity of PEO/LiTFSI electrolytes filled with
Al,O; nanoparticles. The structures of the solid-state battery and
SPE filled with Al,O; are shown in Fig. 1. Meanwhile, the effects
of PEO chain length and temperature are also studied.

2. Models and methods

2.1. Molecular models

A periodic boundary condition is applied in all three dimensions.
The bulk electrolyte is based on PEO chains and LiTFSI salt.
In this work, the interatomic interactions are described by the

Solid Polymer Electrolyte

—

Anode Cathode

PEO Li*

Fig. 1 Structures of the solid-state battery and SPE filled with Al,Os.
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OPLS all-atom (OPLSAA) force field, which was developed for
polymers and organic materials.*® The potential energy for PEO
molecules, Li*, TFSI, and Al,O; nanoparticles is expressed as:

Ubonds = Z k/(l - 10)2 (1)
bonds
uangles = Z k(')(o - 00)2 (2)

angles

1
Udihedrals = > Z Vii(1+cos(w + 1))

torsions

+ Vi2(1 — cos(2m + 7))

+ Vi3(1 4 cos(3w + 93)) (3)
Caay\ , (7

oy = ) ( - ]> + 4ey (,,1]2 - 4
i< i i i

where eqn (1), (2), and (3) are used to compute the interactions of
bond stretching, bond angle bending, and dihedral torsion,
respectively, and eqn (4) is used to compute the nonbonding
interactions, ie., the van der Waals interactions and the electro-
static interactions by the Lennard-Jones (L-J) potential model and
the long-range Coulomb potential model, respectively. Moreover,
the Lorentz-Berthelot mixing rule is used to obtain the L-J
interaction parameters between different types of atoms:

&j = /et )
1
0; = 5(0i + o) (6)

The cutoff distance of the L-J potential is set as 1 nm.
Furthermore, the particle-particle particle-mesh (pppm) solver
with an accuracy of 0.0001 is used to calculate the long-range
electrostatic interactions. The Nose-Hoover thermostat is used to
control the system temperature with a relaxation time of 0.1 ps.
The LAMMPS package is used for all MD simulations.®”

To study the effects of Al,O; nanoparticles on the properties of
SPEs with different chain lengths, two types of PEO chains with
different lengths are constructed in this work, a short-chain PEO
molecular (SC) system and a long-chain PEO molecular (LC)
system, as listed in Table 1. The SC system is composed of 40 Li
cations, 40 TFSI anions, and 40 PEO chains including methyl end
groups as well as 20 EO units, while the LC system is composed of
100 Li cations, 100 TFSI anions, and 20 PEO chains including
methyl end groups as well as 100 EO units, which are commonly
used to study the performance of SPEs.****?*® The PEO chains

Table 1 Parameters of different systems ([EQ]/chain is the number of EO
units in each PEO chain, Ncnain is the number of PEO chains in the system,
NLiitest is the number of LiTFSI in the system, and EO:Li is the number ratio
of EO chains and Li cations)

System [EOJ/chain  Nepain Mw (g mol™")  Nygesr EO:Li
SC, 300 K 20 40 926 40 20:1
SC, 333 K 20 40 926 40 20:1
LG, 300 K 100 20 4446 100 20:1
LG, 333 K 100 20 4446 100 20:1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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including methyl end groups have better ionic conductivity."*
Plasticizers are absent in this work, considering that the main
function of plasticizers is to reduce the crystallinity of PEO chains
and their exclusion will not affect the conclusions of this work.

2.2. Alumina structure

The crystal structure of Al,O; nanoparticles is a trigonal crystal
system. In the simulation system, the Al,O; nanoparticle
contains 30 atoms, including 12 Al atoms and 18 O atoms (a =
5178 A, b=5178 A™*, ¢ =5.178 A™*, u = 55.290°, f§ = 55.290°, y =
55.290°).% Since this study mainly explores the effect of the concen-
tration of nanoparticles on the SPE, the size and shape of the
nanoparticles are fixed, and the interaction within the nanoparticles
is ignored in the simulation process. The size of the Al,O; nano-
particles is approximately 1.3 nm, which was selected because smaller
nanoparticles are known to have a better enhancement effect.

The L-J potential parameters for O and Al atoms in the Al,O3
nanoparticles are o, = 0.28 nm, &, = 0.155 kcal mol * and o, =
0.22 nm, &4 = 0.155 kcal mol *, respectively, while the atomic
charges of O and Al atoms are —0.9450 e and +1.4175 e,*
respectively. For the same temperature and PEO chain length,
the concentrations of Al,O; are determined by the number of
Al,O; nanoparticles, meaning that the concentrations of Al,O;
are a little different in different systems. Previous experiments
showed that the addition of nanoparticles also has an important
effect on the electrode-electrolyte interface, wherein the nano-
particles stabilize the electrode-electrolyte interface and reduce
the interface impedance.*"*> However, the electrode-electrolyte
interface is not studied in this paper. More MD simulations will
be carried out to study the effect of Al,O; nanoparticles on the
properties of the electrode-electrolyte interface in the future.

2.3. Simulation procedures

The initial temperature of all simulations is 300 K, while the
initial pressure of all simulations is 100 atm using a timestep of
1 fs. The temperature was raised to 500 K, and the pressure was
dropped to 1 atm during a 1 ns NPT (constant number of atoms,
constant pressure, and constant temperature) simulation. Then,
the systems were run at 500 K for 2 ns under an NVT (constant
number of atoms, constant volume, and constant temperature)
ensemble. The system temperature is varied between 300 K and
500 K four times to eliminate the initial bias and relax the original
configuration. After that, the system temperature is adjusted to
the required temperature (300 K and 333 K) by a 2 ns NPT
simulation, and another 2 ns NPT simulation at the corres-
ponding temperature is carried out to balance the configuration.
When the total energy does not change over time, the systems are
considered to have reached the equilibrium state. The data are
collected during the last 10 ns with an interval of 2 ps.

2.4. Diffusion coefficient

The self-diffusion coefficient (D;) of the SPE is calculated
through mean squared diffusion (MSD):

D, = 1im Rit) — Ri(0)?
1—00 6t

)
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where R,(t) is the vector position. The self-diffusion coefficient
is proportional to the MSD.

In MD simulations, the conductivity (o) can be calculated by
the Nernst-Einstein relation:

2
niq: D;
o= E qinip; = E }CB# (8)

where n; is the ion concentration, g; is the charge of the ionic
species, y; is the ion mobility, D; is the equivalent ion diffusivity,
T is the temperature, and kg is the Boltzmann constant.

2.5. Radial distribution function (RDF)

The radial distribution function is the probability of finding
particle B at radius r from particle A. The RDF is an important
function to describe the structure of molecular systems, which
can be expressed as:

e = (a2 [ (52) (©)

where np is the number of B particles in the dr-thick spherical
shell at radius r from A particles, 4nr’dr is the volume of the
shell, N is the total number of B particles in the simulation
system, and V is the volume of the simulation system.

2.6. Glass transition temperatures

The glass transition temperature (7) refers to the temperature
corresponding to the transition from the glass state to the high
elastic state. In terms of molecular structure, T, is a relaxation
phenomenon in which the amorphous part of the polymer
changes from the frozen state to the thawed state. To compare
the T,, we used a quasi-equilibrium release method to cool the
SPE from a high temperature, which is 50 K higher than the T,
predicted by Flory-Fox.*> Specifically, the temperature is
reduced with a step of 10 K.** Then, a 1 ns NPT simulation
is carried out to balance the system and another 1 ns NPT
simulation is carried out to obtain the system density, which is
equivalent to a 0.5 x 10'® K s~ cooling rate. The temperature
where the slope of dp/dK has the largest deviation is defined as Ty.

3. Results and discussion

3.1. Model validation

The conductivities simulated by MD simulations at different
temperatures are compared with previous experimental results
to validate the molecular models used in this work. As shown in
Fig. 2(a), the simulated conductivity increases as the temperature
increases, which is consistent with the experimental results.*®
As the temperature increases, the polymer electrolyte easily
expands to create a larger free space, resulting in an increase
in conductivity. Moreover, the linear relationship between log o
and T~ shown in Fig. 2(a) suggests that the conductivity follows
the Arrhenius theory and Vogel-Tamman-Fulcher (VTF) equa-
tion. The Li" and TFSI™ diffusion coefficients of PEO-LiTFSI
electrolytes with different PEO molecular weights at 363 K are
also computed, as shown in Fig. 2(b), which agrees well with the
previous works.*® The samples in MD simulations cannot be as
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Fig. 2 (a) Simulated conductivity and (b) diffusion coefficients of PEO-LITFSI electrolytes and comparison with the previous experimental and simulated

results.*>4¢

large as the ones in experiments, which leads to the differences
between the simulated and experimental results.

3.2. Transport properties

Due to the different numbers of Al,0; nanoparticles, the
concentrations of Al,O; in the SC system are 1.3, 4.8, 9.2,
13.2, 15.9, and 18.5 wt%, while those in the LC system are
1.3, 4.5, 8.1, 11.9, 15.0, and 18.3 wt%.>* The MSD as shown in
Fig. S1 and S2 (ESIt) is obtained to compute the diffusivity
following eqn (7). The diffusivities of Li" and TFSI~ in the SC
system and LC system are computed and shown in Fig. 3 and
Fig. S3 (ESIY), respectively.

Fig. 3 shows that the addition of Al,O; nanoparticles has a
significant impact on the diffusivities of Li" and TFSI". Both
the diffusivities of Li* and TFSI~ increase first and then
decrease with increasing Al,O; mass fraction. The diffusivities
of Li" and TFSI™ in the SPE filled with 9.2 wt% and 8.1 wt%
Al,O; are highest for the SC and LC systems, respectively,
which means that the Al,O; nanoparticles enhance Li" and
TFSI™ transport. In addition, high temperatures make ions move
faster, so both the diffusivities of Li" and TFSI~ at 333 K are
higher than those at 300 K. Generally, TFSI~ shows a higher
diffusivity, which is consistent with the simulation results.’?

Fig. 4 shows the conductivity of PEO-LITFSI with different
mass fractions of Al,O; nanoparticles. As shown in Fig. 4, the
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Fig. 4 Conductivities of SPE with different mass fractions of ALOs.

conductivity first increases and then decreases with increasing
Al,O; mass fraction, showing the highest values at Al,O; mass
fractions of 9.2 wt% and 8.2 wt% for the SC and LC systems,
respectively. Moreover, the conductivity at the Al,O; mass
fraction of 9.2 wt% is increased by 192.25% and 248.94% at
333 K and 300 K for the SC system, respectively, compared to
that without Al,O;. The conductivity at the Al,0; mass fraction
of 8.2 wt% is increased by 225.2% and 285% at 333 K and 300 K
for the LC system, respectively, compared to that without Al,O;.
B. Scrosati et al.* found that the addition of TiO, can improve
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Fig. 3 Diffusivities of (a) Li* and (b) TFSI™ at different temperatures in the SC system.
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the conductivity of PEO-LiCF;SO; electrolyte to ~107> S cm ™"
at 333 K, while Y. Matsuo et al.>* found that the SiO, fillers can
improve the conductivity to 4.4 x 107> S cm ™" at 303 K, both of
which are similar to our results. At a lower Al,O; mass fraction,
the increasing Al,O; nanoparticles lead to the interconnection
of highly conductive areas near the Al,O;, thereby improving
the conductivity. However, at a higher Al,O; mass fraction, the
Al,O5 nanoparticles that are too close to each other increase the
polymerization degree of PEO chains, thereby decreasing
the conductivity.

Additionally, the conductivity at 333 K is higher than that at
300 K, as shown in Fig. 4, which is consistent with the
experimental data.”® The enhancement effect of Al,O; on the
conductivity is stronger at lower temperatures. Furthermore,
the conductivity is lower for the SPE with longer PEO chains
due to their higher polymerization degree. The addition of
Al,O; nanoparticles more highly reduces the polymerization
degree of longer PEO chains. Consequently, the increase in the
conductivity of the SPE with longer PEO chains is more obvious
when adding Al,O3, as shown in Fig. 4.

3.3. Structural properties

The RDFs are calculated to explore the structural characteristics
of SPEs with Al,O; nanoparticles. Fig. 5 shows the RDFs
between Li" and O atoms in PEO (Li'-O (PEO)) and between
Li" and O atoms in TFSI” (Li'-O (TFSI)) in the SC system.
As shown in Fig. 5(a and c), the RDFs of Li'-O (PEO) show a
sharp peak at the same position of 1.95 A, which is consistent
with previous studies.'*** When the mass fraction of Al,O; is
9.2 wt%, the peak height of the RDF of Li"-O (PEO) is highest,

(@)
14 PEO-LIiTFSI + x wt.% Al,O,
12+ x=0 x=13
—~ x=4.8 x=9.2
Q1o f x=132 x=15.9
) I x=18.5
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while that of the RDF of Li'-O (TFSI) is lowest. This means that
the lithium ions are closer to the PEO chains and farther away
from TFSI~ when adding Al,O;, and thus, the transport of Li"
along the PEO chains is enhanced, thereby resulting in an
increase in conductivity, as shown in Fig. 4. The coordination
numbers (CNs) of Li*-O (PEO) and Li*-O (TFSI) are calculated
and shown in Fig. S4 (ESIt). The CN of Li'-O (PEO) increases
up to approximately 3, and the CN of Li*-O (TFSI) drops to 2.5
when the mass fraction of Al,O; is 9.2 wt%, which also
illustrates that the combination of Li and PEO chains is
strengthened by the addition of Al,0;. The CN of Li'-O (PEO)
slightly increases, meaning that the addition of Al,O; slightly
enhances the Li" transport along the PEO chains, which is
agreeable with the previous works.*> However, the CN of Li™-O
(TFSI) was found to greatly decrease when the Al,O; amount
increases, which means that more Li* can freely migrate at the
interface, thereby significantly increasing the conductivity.
However, excess Al,O; nanoparticles will aggregate together
and suppress the combination of Li" and PEO chains, reducing
the conductivity, as shown in Fig. 4. In addition, the peak height
of the RDF of Li'-O (PEO) is higher at higher temperatures,
meaning that more Li" combines with the PEO chains at higher
temperatures; thus, the conductivity is higher, as shown in
Fig. 4. Furthermore, the larger increase in the peak height of
the RDF of Li"-O (PEO) also explains the larger increase in the
conductivity of SPE at 300 K than that at 333 K.

The RDFs and the CNs of the LC system are shown in Fig. 6
and Fig. S5 (ESIt), respectively. The peak height of the RDF of
Li'-O (PEO) is highest, while that of the RDF of Li'-O (TFSI) is
lowest at the Al,O; mass fraction of 8.2 wt%; thus, the

®) 160 .
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Fig. 5 RDFs of (a) Li*—O(PEO) at 333 K, (b) Li*—O(TFSI) at 333 K, (c) Li*—~O(PEQO) at 300 K, and (d) Li*—O(TFSI) at 300 K in the SC systems. PEO-LITFSI + x
wt% Al,Os represents PEO-LITFSI with x wt% AlL,Os. x is the mass fraction of Al,Os. The insets show an enlargement of the first coordination shell.
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Fig. 6 RDFs for (a) Li*—O(PEQ) at 333 K, (b) Li*—O(TFSI) at 333 K, (c) Li*—~O(PEQ) at 300 K, and (d) Li*—~O(TFSI) at 300 K in the LC systems. The insets show

the enlargement of the first coordination shell.

conductivity is highest, as shown in Fig. 4. Different from the
SC system, the peak value of the RDF of Li'-O(PEO) at a higher
Al,O; mass fraction is even lower than that without Al,Os;.
When the concentration of Al,O; is too large, the suppression
effect of Al,O; on the combination of Li* and PEO chains is
more obvious in the LC system than in the SC system.

3.4. Glass transition temperatures (7;)

The densities of the SPE with 0 and 9.2 wt% Al,O; for the SC
system and the SPE with 0 and 8.3 wt% Al,O; for the LC system
at different temperatures are calculated. As shown in Fig. 7, the
T, drops from 211.18 K to 207.65 K in the SC system, while it
drops from 211.56 K to 199.14 K in the LC system. The results
show that the addition of Al,0; reduces the T, of SPE due to the
increase in the amorphous region of PEO. Furthermore, the
increasing amorphous region will make the PEO chains more

@ 133 o PEO-LiTFSI
O PEO-LiTFSI-9.2 wt.% ALO,
g 137 T,=207.65 K
£ g
2136
2"
w
5
R13s
T=21118K
4k
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T (K)

Fig. 7 Densities of the SPE at different temperatures for (a) the SC system
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flexible, thereby resulting in Li" more easily migrating in the
amorphous region. Furthermore, the T, for the LC system is
lower than that of the SC system after adding Al,Os, which is
the main reason that the addition of Al,O; has a stronger
enhancement effect on the conductivity of the LC system.

3.5. Transport mechanism

Fig. 8 shows the structural changes of PEO chains and the Li"
transport paths after adding Al,O; nanoparticles. Generally, the
PEO chains have higher crystallinity, and thus, lithium ions
have difficulty combining with and moving along the PEO
chains, as shown in the left image in Fig. 8. Therefore, the
conductivity of SPE is low, significantly limiting its commercial
applications. The addition of Al,O; nanoparticles alters the
structure of the PEO chains. Specifically, the crystallinity of the
PEO chains decreases, and their degree of order increases, as

1.44-MN
1.42F Tg:199<14K

0 PEO-LiTFSI
O PEO-LiTFSI-8.3 wt.% AL, O,

(b)
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IS
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and (b) the LC system.
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Fig. 8 Structural changes of the PEO chains and Li* transport paths after adding Al,Os nanoparticles.

shown in the right image in Fig. 8. Meanwhile, more lithium
ions can combine with the PEO chains and move freely along
the PEO chains (Path 1). It is noteworthy that the main
transport path of Li* is along the PEO chains."® Moreover, the
simulation results show that a number of lithium ions trans-
port at the interface between Al,O; and the PEO chains,
indicating that the addition of Al,O; provides an additional
path for Li" transport (Path 2). Therefore, the conductivity of
SPE is significantly increased by the Al,O; nanoparticles.
However, at high mass fractions, excess Al,0; nanoparticles
will aggregate together and block the transport of Li".

4. Conclusions

The structure and transport properties of SPEs filled with Al,O;
nanoparticles are explored by all-atom MD simulations. The
MD model is verified by comparing the conductivity with the
experimental results. The effects of Al,O; nanoparticles on
the conductivity of SPEs with different PEO chain lengths at
different temperatures are studied. The simulation results show
that the conductivity is increased by 192.25% and 248.94% at
333 and 300 K, respectively, for the shorter PEO chains and
increased by 225.2% and 285% at 333 and 300 K, respectively, for
the longer PEO chains. This suggests that the effects of Al,O;
nanoparticles on the conductivity are more significant for longer
PEO chains at lower temperatures. The increase in conductivity
is attributed to the structural changes that occur in the SPE upon
addition of Al,O; nanoparticles. The addition of Al,O; makes Li"
more easily combine with PEO chains and reduces combination
with TFSI™, which is beneficial to Li" transport along the PEO
chains. Moreover, the crystallinity is studied by computing the T,
of SPE. The results show that the crystallinity of the PEO chains
decreases and the degree of order increases when adding Al,O;
nanoparticles, which also benefits Li* transport along the PEO
chains. On the other hand, the addition of Al,O; provides
an additional Li* transport path, which is the interface between
the Al,O; and PEO chains. Therefore, the conductivity of the
PEO chains is increased significantly by Al,O; nanoparticles.
These findings are highly valuable for insights into the structure
and transport characteristics of SPEs and the fundamental
understanding of Al,O;’s effects in SPEs.
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