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Inorganic–polymer composite solid electrolytes (IPCSEs) obtained by filling the polymer matrix with 
inorganic materials usually have higher ionic conductivity compared with individual phases. This important 
increase in ionic conductivity is explained in terms of the new percolation paths formed by the highly 
conductive interface between inorganic filler and polymer. The conduction in such systems can be 
investigated using the effective medium theory (EMT) and random resistance model (RRM). EMT can 
be used to analyze the effect of filler size on the ionic conductivity of disordered IPCSEs, while RRM can 
describe the composites with inorganic fillers of various shapes (nano-particles, nano-wires, nano-sheets, 
and nano-networks) in ordered or disordered arrangement. Herein, we present software evaluating the 
ionic conductivity in IPCSEs by combining EMT and RRM. The approach is illustrated by considering the 
size, shapes, and arrangements of inorganic fillers. The ionic conductivities of different types of IPCSEs 
are predicted theoretically and found in good agreement with the experimental values. The software can 
be used as an auxiliary tool to design composite electrolytes.

Introduction

Rechargeable lithium-ion batteries (LIBs) are widely used in 
daily life because of their high energy density, long cycle life, 
good reliability, and low cost; as a result, they find application 
in electronic products, electric vehicles, power grid-storage, 
etc. However, due to the thermodynamic instability and flam-
mability of liquid electrolytes, safety is a serious issue for LIBs. 
All-solid-state rechargeable LIBs with solid electrolytes are a 
promising alternative for ensuring safety [1]. The generally used 
solid electrolytes are polymer electrolytes [2–4], inorganic elec-
trolytes [5–9] (mainly oxide-based or sulfide-based electro-
lytes), and composite electrolytes [1,10]. In 2020, we made a 
detailed introduction and review of these solid electrolytes [1]. 
Here, we briefly summarize the advantages and disadvantages 
of these solid electrolytes (Table S1).

A solid polymer electrolyte is composed of a polymer matrix 
and salt, which can be approximately regarded as a solid solu-
tion system formed by directly dissolving salt in polymer. 
Common polymer matrices are poly(ethylene oxide) (PEO) 
[11], polyacrylonitrile (PAN) [12], and poly(vinylidene fluo-
ride) [13]. Polymer electrolytes have excellent characteristics 
such as superior flexibility, low interfacial resistance, and low 
cost. Unfortunately, the low ionic conductivity of polymer 

electrolytes at room temperature (10−7 to 10−5 S cm−1) cannot 
meet the requirement of LIBs.

Oxide-based inorganic electrolytes, such as NASICON-type 
[14] Li1+xAlxTi2−x(PO4)3 (LATP), Li1+xAlxGe2−x(PO4)3 (LAGP), 
perovskite-type [15] Li3xLa2/3−xTiO3 (LLTO), and garnet-type 
Li7La3Zr2O12 (LLZO) [6,7,16,17], have higher ionic conduc-
tivity, excellent mechanical strength, and wide electrochemical 
stability window. However, these conductors are highly brittle 
and have a high interfacial impedance between the electrolyte 
and electrode [18]. The development of composite materials of 
inorganic and polymer electrolytes, namely, inorganic–polymer 
composite solid electrolytes (IPCSEs), is an effective strategy 
to solve the above-mentioned problems and to obtain higher 
ionic conductivity, ionic transference number, thermal sta-
bility, electrochemical stability, and flexibility at the same 
time [1].

As shown in Fig. 1, there are 3 categories of Li ions’ migra-
tion paths in IPCSEs: polymer matrix phase, inorganic filler 
phase, and polymer/inorganic filler interface. The contribution 
of different migration paths and overall conductivity depend 
on the composition of the IPCSEs, especially the fraction of 
the inorganic filler. If Li ions preferentially migrate in the pol-
ymer matrix, the fillers can have an insignificant or even neg-
ative contribution to the overall ionic conductivity, so the ionic 
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Fig. 1. Schematic diagram of the Li ions’ migration path with the increased concentration of inorganic filler (the concentration of inorganic filler increased from (A) to (D)).
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conductivity of the IPCSEs may be low [19,20]. In contrast, if the 
polymer/inorganic–filler interface is the preferential Li ions’ 
migration path, the ionic conductivity of IPCSEs is quite high 
at room temperature and the filler has a positive effect on the 
ionic conductivity [21,22]. It should be emphasized that the 
systems investigated in this work are all the latter kind.

The main reason for the enhanced ionic conductivity of 
such IPCSEs is the formation of new highly conductive per-
colation paths: polymer/inorganic filler interface phase [12,23]. 
This significant increase in ionic conductivity can be ration-
alized as follows: the polymer matrix surrounding the inor-
ganic filler tends to form amorphous regions, allowing easy 
lithium ion migration and facilitating ion conduction [24–26]; 
in addition, there is a strong Lewis acid–base interaction at 
the polymer/inorganic filler interface, which greatly promotes 
the dissociation of lithium salts. When the dissociated anions 
are adsorbed onto the surface of the inorganic filler, that leads 
to an increase in the concentration of free Li ions at the inter-
face [24,27,28]; the acidic groups on the surface of the inor-
ganic filler interact with the polar groups of the polymer, 
weakening the complexation of Li ions with the polar groups 
[27–29].

Given these beneficial interface effects, it follows that if the 
morphology of inorganic fillers is regulated to form interface 
paths with different shapes in IPCSEs, the ionic conductivity 
of IPCSEs can be enhanced. The effect of inorganic filler mor-
phology on the ionic conductivity of IPCSEs has been 
confirmed by experimental studies [12,30,31]. Although 
experimental study is the ultimate approach, testing a large 
number of materials and their combinations remains a chal-
lenge and it is more convenient and efficient to evaluate the 
ionic conductivity of candidate composite conductors through 
theoretical calculations [32].

The commonly used theoretical calculations assume inor-
ganic fillers in the form of isotropic nano-particles (NPs, Fig. 
2A). Other shapes of inorganic nanofillers, such as nano-wires 
(NWs, Fig. 2B), nano-sheets (NSs, Fig. 2C), and nano-networks 
(NNs, Fig. 2D), are less often considered. Calculations can be 
done using the random walk method based on the random 
resistance model (RRM) [33–35] and the effective medium 
theory [32,36] (EMT). The RRM emphasizes the role of an 
enhanced interface conductivity and records the random walk 
process of walkers, which is then translated into ionic conduc-
tivity of IPCSEs via the Nernst–Einstein equation. The EMT 
is based on the mean field theory in which the interaction 
between adjacent particles is considered as a constant far field 
and the specific near field effect is excluded. Therefore, it is 
only suitable for heterogeneous systems with low inorganic 
filler content. Nan et al. [36–38] proposed an improved and 
simplified EMT to extend its applicability by including the 
dipole–dipole interactions between particles.

In this work, we use RRM to establish IPCSEs models of 
inorganic fillers with different shapes (NPs, NWs, NSs, and 
NNs) in the case of both ordered and disordered filling, and 
calculate the ionic conductivity of IPCSEs based on the De 
Gennes ant random walk method and the Nernst–Einstein 
equation. Then, we use the improved EMT [36,38] to study 
the effect of different sizes of inorganic fillers on the ionic 
conductivity of IPCSEs. In addition to calculating the ionic 
conductivity of IPCSEs with active inorganic fillers, we also 
predicted the ionic conductivity of IPCSEs with inert fillers 
(Al2O3 and SiO2). Table S2 shows the reference experimental 

ionic conductivity of the component phases [including poly-
mer matrix, inorganic filled phase, and amorphous polymer 
(polymer/inorganic filler interface)] at room temperature from 
literature.

Methods

Calculation of ionic conductivity based on random 
resistance model
Model building
The RRM can describe the percolation conduction in IPCSEs, 
and the ionic conductivity σ can be determined as a function 
of inorganic phase concentration p by random walk method. 
The RRM principle is illustrated in Fig. 3, which shows a sim-
ple cubic lattice with the size of L × L × L divided into L3 unit 
lattice sites with the size of (1/L)3. The sites in the cubic lattice 
are randomly occupied with probability p to represent the fill-
ing of inorganic fillers (dark green cubes in Fig. 3) in IPCSEs, 
so the polymer sites are randomly occupied with the prob-
ability of 1 − p (light green cubes in Fig. 3). The 12 bonds 
around each lattice site (edges of each cube) are considered as 
resistance. There are 3 types of bonds in the cubic lattice: (a) 
When the 4 sites around the bond are all polymer phases, 
the central bond corresponds to the polymer conductivity, 
σA (A-bonds [blue] in Fig. 3A); (b) when the 4 lattice sites are 
all inorganic fillers, the central bond corresponds to the 
inorganic phase conductivity, σB (B-bonds [red] in Fig. 3B); 
(c) in all the remaining cases, the central bond corresponds 
to the interfacial phase conductivity, σC (C-bonds [black] in 
Fig. 3B and C). According to the fractions of inorganic fillers 
and polymers, the occupation probabilities of 3 types of bonds 
are obtained: A-bonds, p(A)

B
= p4; B-bonds, p(B)

B
=
(

1−p
)4; 

C-bonds, p(C)
B

= 1 − p4 −
(

1−p
)4. Therefore, RRM has 2 per-

colation thresholds p′ and p″. p′ is the first percolation thresh-
old, which represents the lowest concentration of inorganic 

A

DC

B

Polymer matrix Inorganic filler
Fig. 2. Schematic diagram of composite conductors with 4 shapes of inorganic fillers: 
(A) nano-particles; (B) nano-wires; (C) nano-sheets; (D) nano-networks.
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filler phase when the highly conductive interface bonds long-
range conduction network begins to form (Fig. 3B). This value 
is related to the concentration of high-conductivity interface 
bonds, so it is also called interface percolation. p″ is the second 
percolation threshold, corresponding to the concentration of 
the inorganic filler phase when all long-range high-conductiv-
ity interface bonds and long-range polymer phase bonds are 
disconnected (Fig. 3C). The relationship between the total ionic 
conductivity σ of IPCSEs and the inorganic filler concentration 
p can be qualitatively understood according to Fig. 3. When 
p < p′ (Fig. 3A), σ increases with the increase of highly con-
ductive C-bonds. When p = p′(Fig. 3B), the percolation path 
of C-bonds is formed, and σ begins to increase significantly. As 
p continues to increase, σ will increase to a maximum value 
until p = p″, at which level all long-range high-conductivity 
conduction paths are interrupted, and σ stops increasing. When 
p > p″(Fig. 3C), the inorganic filling phase occupies most of 
the lattice sites of the cubic lattice, and σ decreases.

Calculation of ionic conductivity
In this work, L = 500, and therefore, the simple cubic lattice 
size is 500 × 500 × 500. Evaluating the conductivity of this 
large-scale lattice network composed of 2-phase composites is 
a significant challenge. Kirchhoff 's law directly analyzes circuits 
formed by conducting particles via construction and solution 
of a large number of linear systems of equations, which entails 
a significant time cost. A more effective method is to track and 
record the randomly moving walkers in the lattice, and then 
calculate their diffusion properties through the Nernst–Einstein 
equation [39,40].

The random walk method was originally proposed by De 
Gennes [39] to deal with the percolation effect in the composite 
network system. This method assumes that some microscopic 
“ants” are lost in the maze of nodes connected by bonds and 
walk randomly along these bonds [41,42]. In this work, the 
ionic conductivity of IPCSEs is obtained by this random walk 
method, assuming the “ant” to be a random walker, i.e., “blind 
ant” [43]. In the cubic lattice, the walkers migrate between the 

endpoints of the bonds. The migration rates corresponding to 
the 3 types of bonds in the system are �−1

A
, �−1

B
, and �−1

C
, and 

are proportional to the conductivity of the corresponding 
bonds (σA, σB, σC). Walker selects one of the 6 directions of its 
endpoint (front, back, left, right, up, and down) for migration. 
The migration rule is that walker at the endpoint has 6 migra-
tion modes, h = 1,...,Nhops, and the corresponding migration 
rate is �−1

h
. Generate a random number ζ ∈ (0, 1), and deter-

mine migration events H according to Eq. 1:

W =
∑Nhops

h=1
�−1
h  represents the sum of all possible migration 

event rates. The greater the rate of migration, the greater the 
probability of event H occurring in the duration migration 
period. NA,NB, and NC represent the number of migration 
events for the bonds A, B, and C, respectively. The total number 
of migration events is recorded as m, and the total jump time 
of the walker is:

When the walkers migrate enough steps, the mean square dis-
placement ⟨r2(t)⟩ is proportional to Dt, where D is the diffu-
sion constant of the system. According to the Nernst–Einstein 
equation, D is in turn proportional to the total ionic conduc-
tivity σ:

where n is the carrier concentration, q is the charge, kB is 
Boltzmann constant, and T is thermodynamic temperature. 
The carrier density n is determined by the concentration of the 
inorganic filler, p, which can be approximated as n ~ pf, where 
f is the filling fraction of all particles (polymers and inorganic 
fillers) in the composite conductor. In the simulation, 200 initial 
matrix models are randomized, and 10 walkers in each matrix 
model are randomly migrated. Finally, the ionic conductivity 

(1)
∑H−1

h=1
𝜏−1
h

<W𝜁 ≤

∑H

h=1
𝜏−1
h

(2)t=NA�A+NB�B+NC�C

(3)�=
nq2

kBT
D

Inorganic phase Polymer phase A-bonds C-bondsB-bonds

A B C

Fig. 3. Three-dimensional lattice bonds percolation diagram: (A) p < p′; (B) p′ ≤ p < p″; (C) p ≥ p″. A-, B-, and C-bonds correspond to conductivities of polymer phase, inorganic 
filler, and interface, respectively. p represents the concentration of inorganic filler, p′ is the first percolation threshold, indicating that the interface seepage conduction path 
begins to form, and p″ is the second percolation threshold, indicating that the interface seepage conduction path is truncated. L is the size of the lattice model.
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of all matrices is averaged. The calculation process is shown 
in Fig. 4.

Analytical calculation of ion conductivity  
through EMT
By changing the filling position of inorganic fillers in RRM 
(as shown in Fig. S1), the ionic conductivity of IPCSEs with 
different inorganic filler shapes can be evaluated. However, 
RRM cannot directly describe the size of inorganic fillers. Since 
the late 1970s, the EMT has been used to evaluate the conduc-
tivity of composite conductors and to study the effect of filler 
volume fraction and size on the ionic conductivity of IPCSEs 
[36,44–47]. Fig. 5 shows a 2-dimensional section of a compos-
ite conductor with NPs inorganic fillers. Here, IPCSEs are 
equivalent to 3-phase composites of low conductive polymer 

matrix (σA), inorganic fillers (σB) and high conductive inter-
faces (σC).

The original EMT was developed for 2-phase (matrix phase 
and filler phase) composite materials. Table S3 summarizes 
several typical analytical equations for calculating conductivity 
for 2-phase composite conductor. However, the influence of 
the interface on the conductivity of the IPCSEs is crucial. In 
order to consider the interface region, Nan et al. improved the 
original EMT analytical equation [48,49]. They regard the filler 
and the interface as sub-composite fillers, and the conductivity 
is calculated from the original filler and the interface conduc-
tivity [50,51]. Taking the NPs fillers as an example (Fig. 2A), 
the effective ionic conductivity of the sub-composite filler (σ1) 
is calculated according to the Maxwell-Wagner theory:

where σB and σC are the ionic conductivity of inorganic filler 
and interface phase, respectively; gb is the volume fraction 
of inorganic filler in sub-composite fillers, which can be 
expressed as:

where R is the radius of NPs, λ is the interface thickness, and 
γ = λ/R is the dimensionless interface layer thickness param-
eter. The parameter ga in Table S3, McLachlan Generalized 
Effective Medium Theory (GEMT), is replaced by ga

gb
, which 

represents the volume percentage of the sub-composite fillers 
in the system. The revised GEMT is:

where ge1 is the first percolation threshold (equivalent to p′ in 
the Calculation of ionic conductivity based on random resist-
ance model section) and t′ is the first percolation slope. As 
described in the Calculation of ionic conductivity based on 
random resistance model section, due to the existence of 
2 percolation thresholds, the ionic conductivity of the com-
posite conductor will first increase to a maximum and then 
decrease. In the first region, the increase in conductivity is 
mainly attributed to the increase in the proportion of highly 
conductive interface phase, and the above formula is effec-
tive for this region. When ga = gb, the system is basically 

(4)
�1−�B

�1+2�B
=
(

1−gb
) �C−�B

�C+2�B

(5)gb=
R3

(R+�)3
=
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)

�1
1∕t� −�e
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1∕t�
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1∕t� +

(

1∕ge1−1
)

�e
1∕t�

=0

Start

Initializes 200 matrix structural
models with size L L L

According to the parameter p, the
random occupation matrix model

Initializes the initial location
of 10 walkers at random

t = 0 

10 walkers for migration, record new
positions, and update the time t and
jump number m

n ≥ 1,000,000

No

Yes

Calculate

Calculate D σ

End
Yes

No

≥  

p = 0

p = p 0.1

Fig.  4.  The flowchart of ionic conductivity of IPCSEs calculated by random walk 
method based on RRM.

R λ Inorganic phase

Polymer phase

Interface phase

Fig. 5. Schematic diagram of the IPCSE microstructure (R and λ are the radius of 
nano-particles and the interface thickness, respectively).

D
ow

nloaded from
 https://spj.science.org at A

ustralian N
uclear Science T

echnology O
rganization on February 28, 2024

https://doi.org/10.34133/energymatadv.0041


Ding et al. 2023 | https://doi.org/10.34133/energymatadv.0041 6

represented by the interface phase and the inorganic filler 
phase. As the volume fraction of the inorganic filler increases, 
the volume fraction of the interface phase decreases, resulting 
in a decrease in conductivity. In this region, Eq. 6 needs to be 
changed to:

where ge2 is the second percolation threshold (equivalent to p″ 
in the Calculation of ionic conductivity based on random resist-
ance model section); t″ is the second percolation slope. In this 
work, the values of ge1 and ge2 are 0.28 and 0.15, respectively 
[45,51]. Generally, the greater difference between the conduc-
tivity of the polymer and the inorganic filler, the larger the value 
of t′ and t″. Here, we assume t′ = t″ = 1; it can reduce the var-
iables involved in the calculation.

Results and Discussion
In this section, the effect of the morphology of inorganic fillers 
on the ionic conductivity of IPCSEs is evaluated by the method 
in Methods from the 3 perspectives of the shape, arrangement, 
and size of inorganic fillers.

Effect of shapes of inorganic fillers on ionic 
conductivity of IPCSEs
Based on RRM, the composite conductor models of different 
shape fillers are built (NPs, NWs, NSs, and NNs, as shown in 
Fig. S1), and the ionic conductivity is calculated in each case 
by the random walk method. The ionic conductivity of the 3 
phases in IPCSEs obtained from the corresponding references 
are listed in Table S2. The supporting information also elabo-
rates on the setting of the parameters in the simulation.

Figure 6 shows the experimental data and simulation results 
of ionic conductivity of PAN/LiClO4+NPs/NWs-LLTO at 
room temperature. When the volume fraction of NPs-LLTO is 
4 vol %, the ionic conductivity of PAN/LiClO4+NPs-LLTO 
(2.74 × 10−6 S cm−1) is only 6 to 7 times that of the polymer 
matrix (4.1 × 10−7 S cm−1). However, when the filler is NWs-LLTO, 
the maximum ionic conductivity of PAN/LiClO4+NWs-LLTO 
is 2.9 × 10−4 S cm−1, which is 3 orders of magnitude higher 
than that of the polymer matrix, and the corresponding opti-
mal filler volume fraction (4.5 vol %) is higher than that of 
NPs-LLTO (4 vol %). The main reasons for this result is the 
low aspect ratio of NPs fillers, which makes it necessary for 
Li ions to pass through a large number of junctions with low 
conductivity formed by particle intersection. However, NWs 
fillers with high aspect ratio filled in polymer matrix can 
generate long and continuous Li ions’ migration paths, so 
there exist fewer junctions, making the percolation conduc-
tion easier.

In addition, the trend of the ionic conductivity of IPCSEs in 
Fig. 6 shows that with the increase of the volume fraction of 
inorganic fillers, the ionic conductivity increases to a maximum 
value and then decreases, which is consistent with the percola-
tion conduction phenomenon. The reason is that on the initial 
addition of inorganic fillers, high conductive interfaces begin to 
appear. As the filler continues to be added, these interfaces can 
be connected to form long-range conductive percolation paths, 
promoting ion conduction. However, the excessive volume frac-
tion of fillers makes NPs fillers or NWs fillers easy to aggregate 
into clusters (as shown in Fig. 7), causing the migration path of 
high conductive ions in the IPCSEs truncated, so the ionic con-
ductivity reaches a maximum and then begins to decrease.

Compared with NPs fillers, the aspect ratio of NSs fillers 
is also larger, and it is easier to form interfaces percolation paths 
in IPCSEs. Figure 8 shows the experimental data and simulation 
results of ionic conductivity of PEO/LiClO4+NPs/NSs-LLZNO 
at room temperature. PEO/LiClO4+5.1 vol %-NSs-LLZNO 
has superior ionic conductivity, with the maximum value of 
3.71 × 10−4 S cm−1, which is 4 orders of magnitude higher than 
PEO/LiClO4 (~2 × 10−8 S cm−1), and it is about 3 times higher 
than the highest ionic conductivity of PEO/LiClO4+NPs-LLZNO 
(1.25 × 10−4 S cm−1). When the volume fraction of NSs-LLZNO 
is 1.6 vol % to 5.1 vol %, the ionic conductivity increases, 
and then decreases significantly at 8.9 vol %. The superior 
properties of NSs fillers compared to NPs fillers is due to the 

(7)

ga
�B

1∕t�� −�e
1∕t��

�B
1∕t�� +

(

1∕ge2−1
)

�e
1∕t��

+

(

1−ga
) �C

1∕t�� −�e
1∕t��

�C
1∕t�� +

(

1∕ge2−1
)

�e
1∕t��

=0

Fig. 6. The relationship between the ionic conductivity of PAN/LiClO4-LLTO (NPs/
NWs) and the volume fraction of LLTO (at room temperature). The real line is the 
simulated value, and the discrete points are the experimental value.

NPs NWs

Uniform 
distribution

Gather to 
form clusters

Increase of fillers 
concentration

A B

Fig. 7. With the increase of inorganic fillers, (A) NPs and (B) NWs change from uniform 
distribution into clusters.

D
ow

nloaded from
 https://spj.science.org at A

ustralian N
uclear Science T

echnology O
rganization on February 28, 2024

https://doi.org/10.34133/energymatadv.0041


Ding et al. 2023 | https://doi.org/10.34133/energymatadv.0041 7

high aspect ratio of nanosheets, i.e., fewer filler–filler junctions, 
which promotes ion conduction.

We also use the same method to calculate the ionic conduc-
tivity of PEO/LiTFSI filled with NPs-LLTO and NNs-LLTO, 
and the results are shown in Fig. 9. When the volume fraction 
of NPs-LLTO is 4 vol %, the ionic conductivity of IPCSEs 

reaches the maximum value and then begins to decrease, and 
NPs-LLTO begins to form clusters at a lower volume fraction. 
Obviously, NNs fillers can be filled at a large volume fraction 
compared to NPs, NWs, or NSs. For the NNs-LLTO, the opti-
mal filling volume fraction can reach 17 vol %, and the ionic 
conductivity of PEO/LiTFSI+NNs-LLTO is 4 to 5 times 
that of PEO/LiTFSI+NPs-LLTO (PEO/LiTFSI+NPs-LLTO: 
~1.9 × 10−5 S cm−1, PEO/LiTFSI+NNs-LLTO: ~8.9 × 10−5 S cm−1). 
As expected, the results presented above show that among NPs, 
NWs, NSs, and NNs fillers, the latter provide the most beneficial 
effects, due to their inherent percolation structure. The calcu-
lation results are also in good quantitative agreement with the 
experimental values [12,52,53].

According to our calculations, the shape of the inorganic 
filler directly determines the length and dimensionality of the 
high-conductivity interface path, and the inorganic fillers of 
various shapes have different enhancement effects on the ionic 
conductivity of IPCSEs at different filling levels.

Effect of the arrangement of inorganic fillers on the 
ionic conductivity of IPCSEs
From the calculation examples of the Effect of shapes of inor-
ganic fillers on ionic conductivity of IPCSEs section, it can be 
observed that the random filling of NPs, NWs, and even NSs 
fillers in the polymer matrix will easily aggregate into clusters 
at a certain volume fraction. Substantial inorganic filler agglom-
eration significantly reduces the volume percentage of the inter-
face phase in the IPCSEs, disrupting the percolation paths of 
the interface phase and lowering the ionic conductivity. In 
addition, random spatial distribution of the inorganic filler 
causes the interfacial paths to be randomly and disorderly 
arranged in the IPCSEs as well, hindering formation of perco-
lation paths. Controlled arrangement of inorganic fillers can 
be used to maximize percolation. Figure S2 shows the sche-
matic diagram of the ordered arrangement of inorganic fillers 
in solid electrolyte. When the inorganic fillers are distributed 
along the direction perpendicular to the solid electrolyte inter-
face (SEI), the ion migration path can directly connect the 2 
electrodes, allowing Li ions to migrate between the 2 electrodes 
in the shortest distance and in the fastest way.

In this section, we calculate the ionic conductivity of IPCSEs 
when the inorganic fillers considered in the Effect of shapes of 
inorganic fillers on ionic conductivity of IPCSEs section are 
arranged in an ordered way. Table compares the highest ionic 
conductivity of IPCSEs at room temperature and the corre-
sponding optimal volume fraction of inorganic fillers under 
these 2 arrangements (ordered or disordered arrangement). It 
can be observed that IPCSEs with ordered inorganic fillers have 
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Fig. 8. The relationship between the ionic conductivity of PEO/LiClO4-LLZNO (NPs/
NSs) and the volume fraction of LLZNO (at room temperature). The real line is the 
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Table. Comparison of the σmax and vopt of IPCSEs with 2 different arrangements of inorganic fillers (at room temperature). vopt is the optimal 
filling volume fraction of inorganic fillers; σmax is the highest ionic conductivity of IPCSEs.

IPCSEs PAN/LiClO4-LLTO (NWs) PEO/LiClO4-LLZNO (NSs) PEO/LiTFSI-LLTO (NNs)

Arrangement Disordered Ordered Disordered Ordered Disordered Ordered

vopt (vol %) 5 15 5 16 17 20

σmax (S cm−1) 2.9 × 10−4 4.7 × 10−4 3.7 × 10−4 7.8 × 10−4 8.9 × 10−5 4.5 × 10−4
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higher ionic conductivity, which is 2 to 6 times higher than the 
corresponding disordered arrangement. We note that the 
calculation results of this section have not been verified by 
experiments, but they are in line with our expectations.

Effect of size of inorganic particles on ionic 
conductivity of IPCSEs
In addition to topology, arising from different shape of the fill-
ers, discussed in the Effect of shapes of inorganic fillers on ionic 
conductivity of IPCSEs section, it is important to consider the 
effect of their geometry. In this section, we calculate the ionic 
conductivity of IPCSEs with different NPs grain sizes using 
the method in the Analytical calculation of ion conductivity 
through EMT section. Figure 10A shows the ionic conductivity 
of PEO filled with NPs-LLZTO with different grain sizes 
(40 nm, 400 nm, and 10 μm). When the grain size of LLZTO is 
40 nm, 400 nm, and 10 μm, the highest ionic conductivity of 
IPCSEs is 2.6 × 10−4 S cm−1, 1.1 × 10−5 S cm−1, and 2.7 × 10−6 S cm−1, 
respectively. The simulation results are in good agreement with 
the experimental results [23]. In addition, the smaller the size 
of NPs-LLZTO, the more easily can IPCSEs obtain the best 
conductivity at low inorganic filler volume ratio. As shown in 
Fig. 10A, as the size of NPs-LLZTO increases, the correspond-
ing optimal volume fractions are 12 vol %, 15 vol %, and 21 vol 
%, respectively. The main reason for this phenomenon is that 
the smaller the size of the NPs, the larger the specific surface 
area around the active sites, which can effectively reduce the 
crystallization of the polymer matrix and enhance the dissoci-
ation of the lithium salt, thus providing more conduction paths 
for Li ions.

In addition to the active filler, the inert fillers, e.g., SiO2 and 
Al2O3, also have an effect on the ionic conductivity of the 
IPCSEs. We predicted the relationship between the ionic con-
ductivity of PEO/LiClO4-SiO2, PEO/LiCF3SO3-Al2O3, and the 
inert filler grain size (as shown in Fig. 10B).

Ultimately, it can be concluded that for the certain inert 
inorganic filler and polymer matrix, the overall ionic conduc-
tivity of the corresponding IPCSEs increases with decreasing 
particle size of the inert inorganic filler.

Conclusion
To model the effect of size, shape, and arrangement of inorganic 
fillers in a polymer matrix on percolation conduction in 
IPCSEs, software was developed using python. The software 
combines RRM and EMT. The test results show that the ionic 
conductivity of IPCSEs with NWs, NSs, and NNs of inorganic 
fillers is higher than that with NPs at the same loading level. In 
addition, compared with the disordered arrangement of inor-
ganic fillers, ordered arrangement provides the more effective 
and faster percolation paths and promotes ion conduction. The 
results of EMT analytical calculations also demonstrate 
the effect of the grain size of inorganic NPs on the ionic con-
ductivity of IPCSEs; that is, small size particles improve the 
ionic conductivity of IPCSEs. It is worth mentioning that the 
parameters required for calculations are related to ionic con-
ductivity of the polymer phase, inorganic phase, and interface 
phase, which are obtained by experimental measurements. 
Although limited experimental reference data are available at 
the moment, the results of the calculations are in good quan-
titative agreement. In addition to evaluating the ionic conduc-
tivity of IPCSEs, the method is also applicable to other types 
of 2-phase composite conductors, such as inorganic–inorganic 
composites, and the software is expected to become a reliable 
pre-screening tool for composite electrolytes, providing val-
uable guidance for experimental research.
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