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ABSTRACT: Porous separators are used to physically separate the electrodes in batteries while
providing mechanical stability and improving the performance of lithium batteries. In this study,
the effect of the battery separator microstructure on mass transport and lithium dendrite growth
is investigated using pore-scale computational modeling. The microstructural characteristics of
the separator, such as porosity, tortuosity, and constrictivity, directly alter diffusion paths for
lithium ions during battery cycling. The accuracies of experimental relations, i.e., Bruggeman,
MacMullin, used to determine these characteristics are unreliable. A pore-scale computational
model is used to simulate mass transport and dendrite growth, utilizing an explicit representation
of the separator microstructure. The simulation is compared to the experimental relations and
shows that the experimental relations fail to adequately capture important physical characteristics
in the microstructure of the separator. Tortuosity, a characteristic that is difficult to
experimentally measure, is shown to significantly affect the growth rate of dendrites and can
lead to a shorter lifetime in the battery. Additionally, the degree of heterogeneity in a battery
separator is explored and shown to lead to different dendrite growth rates even when the bulk physical characteristics of separators
are the same. Evidence provided in this paper suggests that neglecting local variation of these properties can lead to nonuniform
diffusion and, in turn, problematic dendritic growth. The findings offer insight into properties not often considered in battery
separator designs.
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1. INTRODUCTION

Advances in alternative energy generation from photovoltaics
and wind turbines to the emergence of electric vehicles have
created increasing demands for advanced high-energy-density
batteries. The Intergovernmental Panel on Climate Change has
identified battery development as crucial to further implement-
ing renewable energy sources and distancing ourselves from
fossil fuels.1 One of the most promising battery technologies is
lithium-metal batteries (LMBs). This technology has the
potential to substantially increase both the energy and power
density compared to current state-of-the-art lithium-ion
batteries.2

However, LMBs have a number of challenges, such as safety
and cyclability, to overcome before they are commercially
viable.3 In particular, the formation of dendrites at the
electrolyte−electrode interface is one major challenge that
directly affects battery performance. Dendrite formation can
cause a range of issues, from decreasing the capacity of the
battery to causing a short circuit and subsequent fire.4,5

Dendrites form after multiple charge/discharge cycles and are
primarily caused by a nonuniform plating of lithium (Li) metal.
Uneven plating can be attributed to a combination of defects on
the anode surface and nonuniform current density or mass
transport.6 Defects on the surface, such as pits, cracks, grain

boundaries, or impurities, can serve as nucleation sites for
dendrites. By simply roll pressing the anode surface, Becking et
al.7 have demonstrated that mechanically flattening much of the
surface roughness can significantly increase the cyclability of
lithium-metal batteries when compared to the use of native
lithium-metal anodes. Additionally, when the ionic current
reaches a critical density in a certain location, dendrite growth in
that location becomes thermodynamically favorable.8 So
nonuniform current density drives increased metal deposition
during charging in some areas and more stripping during
discharge in others, increasing the probability of dendritic
growth.9−11

One of the main components of the battery that drives
nonuniformmass transport through the electrolyte is the porous
separator, which is primarily used to physically isolate electrodes
and prevent short circuits. Recent investigations have begun to
develop separators that have additional functionalities in the
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battery system.12 These functionalities are, in general, of two
types: improved mass transport and disruption of dendritic
growth on the anode surface.
To improve mass transport, some researchers increased the

wettability of separators. Increased separator wettability leads to
increased Li-ion conductivity and transference number. Yang et
al.13 and Nie et al.14 have turned to biology for inspiration; their
separators are coated with a layer of biologically inspired
nanofibers. These layers increase electrolyte wettability and
redistribute Li ions at the molecular level which both increase
the ionic diffusion and enable a more uniform ionic flux.Wang et
al.15 used a two-dimensional hexagonal VS2 flake to assemble
“nanotowers” on the surface of the separator. The nanotowers
have “lithiophilic” properties which encourage uniform ionic
deposition on the anode surface. On the other hand, Rajendran
et al. recently demonstrated the potential of a carbon
nanomembrane to regulate ion transport through a Celgard
membrane.16

Other investigations focus on the disruption of dendritic
growth along the anode surface. Zhang et al.17 suggest that
simply maintaining consistent pressure in the battery cell can
suppress dendrites. They demonstrate that at a critical pressure,
dendritic growth halts, but deposition continues along the anode
and does not impeding battery charging. Liang et al.18 developed
a separator coating that prevents dendrites from penetrating the
separator by deflecting dendrites with a “nanoshield.” These
nanoshields have a larger curvature (than the separator), which
redirects the tip of the dendrite away from the separator. Lee et
al.19 coated the anode side of a commercial separator with an
ultrathin layer (<100 nm) of copper. The thin coating does not
block the pores of the polyethylene separator but acts as a
secondary current collector where Li ions can deposit (in
addition to the anode). These researchers report an increase in
cycling stability and a reduction in “dead” lithium, which are
both attributed to the manipulation of the dendrite morphology.
While these recent advances show promise, in this work,

evidence is presented that one of the main sources of the
nonuniformity is the microstructure of the separator. This claim
is supported by experimental researchers who have created
ultrafine20 and nanoporous21,22 membranes. These novel
membranes are able to enforce a more uniform ionic flux to
the anode surface by creating a homogeneous microstructure.
The microstructures of the separator (geometrical parameters
such as porosity, tortuosity, and constrictivity) are one of the
main determinants of the mass transport through the separator.
However, these parameters can be difficult to experimentally
measure and define; previous research has attempted to establish

relationships and correlations between these parameters.23−29

Other methods for measuring these parameters involve
computationally meshing the porous network and then
calculating distributions of parameters.30 While these methods
may be useful in some fields, such as subsurface transport,31 they
overly simplify the geometric parameters of battery separators.
The small scales at which batteries operate heighten the
importance of the precise measurement of these parameters.
The microstructure of the separator also affects the structural

integrity of the separator. Kalnaus et al.32 tested several popular
battery separator’s mechanical behavior. They concluded that
Celgard separators display strong anisotropy and heterogeneity,
which decreases the mechanical integrity of the separator. This
characteristic behavior provides further evidence that heteroge-
neous geometrical parameters can lead to critical strain failure in
battery separators.
Furthermore, most methods for quantifying these geometrical

parameters, whether via experimental measurement or correla-
tions, are only able to determine bulk values, disregarding any
heterogeneities in the structure.33 These heterogeneities create a
nonuniform current density that directly influences dendritic
growth; therefore, regulating the separator’s heterogeneity can
lead to better control of dendrite growth24,34 and charging
efficiency.6,35

Experimental measurement and characterization of separators
at a pore scale is challenging, but computational modeling is able
to resolve this scale. Our previous studies have explored the
effect that simple structures have on dendrite morphology.36 In
this study, we build on those findings and present a pore-scale
computational model using explicit separator structures to
explore the effects of porosity, tortuosity, and constrictivity on
mass transport and dendrite growth, and how heterogeneities
affect dendrite growth. This paper discusses the details of the
computational model along with parametric studies looking at
how separator geometry affects the mass transport through the
electrolyte and dendrite growth rates. Finally, with advanced
imaging and processing of Celgard separators by Wood et al.,33

there are now detailed structural representations of commer-
cially available separators, in addition to their electrochemical
properties. These digital representations of porous separators
are explicitly reconstructed inside the model and comparisons
are made to experimental measurements. The effects of
nonuniformity on both simplistic and realistic structures of
porous battery separators are shown, which will provide insight
into future considerations for the design of battery separators.

Figure 1. SEM of a Celgard 2325 separator used in lithium-ion batteries: (a) top view and (b) cross section. Reprinted with permission from.37

Copyright 2004 American Chemical Society.
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2. BACKGROUND
Porous separators are commonly produced by first extruding a
polymer (polypropylene or polyethylene) and then by
stretching it to create micro tears that act as pores, Figure 1.
These materials are used because they are relatively inexpensive
and stable. Complex pathways through the separator are often
created by the micro tears; researchers are also developing novel
separators that have pathways created from different manu-
facturing processes.38 The thickness of the separator is typically
25−40 μm for commercial Li-ion batteries.39

The increased diffusion length through the pathways of the
separator reduces the effective diffusivity and ionic conductivity
of the electrolyte. The combined effects of the separator and
electrolyte on diffusivity (or ionic conductivity) are referred to
as the effective diffusivity, Deff (effective ionic conductivity, σeff),
to differentiate it from the inherent molecular diffusivity
(conductivity) of the electrolyte, D0 (σ0).

40 The ratio of the
molecular diffusivity (conductivity) to the effective diffusivity
(conductivity) is known as the MacMullin number41−44

σ
σ

= =N
D
Dm

o

eff

0

eff (1)

The value of the effective diffusivity (conductivity) is the result
of the physical characteristics of the porous separator, such as
porosity, tortuosity, and pore size. Additionally, the separator
thickness, permeability, and constrictivity are known to affect
local mass transport and are critical to battery performance.37

The porosity, ε, is the ratio of nonsolid volume to the total
volume, usually ranging from 0.35 to 0.6 for battery separators.39

There are many experimental techniques for determining
porosity.45

The constrictivity, β, is defined as

β =
A
A

min

max (2)

where Amin is the minimum cross-sectional area along the pore
and Amax is the maximum cross-sectional area along the pore.
The tortuosity, τ, is a more complicated property to define

and determine. The literature defines a few types of
tortuosity.27,42 The most common tortuosity is defined by the
ratio of the shortest length of a path (L) through the nonsolid
volume to the thickness (t) of the separator42,46

τ = L
t (3a)

However, this definition does not consider pore size changes
along the path which are characterized by the constrictivity, β.
Accounting for pore size via the constrictivity leads to the
geometric tortuosity (τgeo)

47

τ
β

= L
tgeo

(3b)

Directly measuring tortuosity using experimental techniques is
challenging, and so correlations have been developed. These
correlations were first used to analyze sediment and porous
materials.44 One method is measuring the time it takes to pump
100 cm3 of air through an area of 6.45 cm2 of a porous medium
under a pressure differential of 1.22 kPa. This time is known as
the Gurley Number and is thought to be related to the
tortuosity.42,48

Another method was developed for diffusion along capillary
paths.44 It relates the ratio of the porosity and tortuosity as

τ
ε

=Nm (4)

With the porosity andMacMullin number known, the tortuosity
is solved for.
The tortuosity is also calculated using a simple empirical

correlation with the porosity. This correlation was initially
explored in the hydrology field,46 but adaptations have been
made to make it applicable to other fields such as electro-
chemistry. The most common adaptation is the Bruggeman
relation49,50

τ γε= α−1 (5)

where α, the Bruggeman exponent, typically has a value of 1.5 or
2, and γ, a geometric fitting parameter, takes a value of 1 when
the porous media is made of spherical particles. These values are
typically used for battery materials. Variations of the Bruggeman
equation and other phenomenological relations have been
reported to relate porosity and tortuosity;51 however, this work
will focus on the Bruggeman relation as it is the most common
relation used for electrochemical systems. By combining eqs 4
and 5, the relationship between Nm and the physical parameters
becomes

ε= α−Nm (6)

where γ is equal to 1. Equation 6 can be used to predict the
effective diffusivity through a porous separator or the tortuosity
when the diffusivity of the electrolyte is known.52

Another important consideration in designing battery
separators is their homogeneity. The microstructural character-
istics of the separator are not uniform. Manufacturers of battery
separators typically provide an average value for the porosity and
thickness of separators and researchers33 report bulk values of
electrochemical properties (i.e., mass transport). These bulk
parameters use a macro-homogeneous approach to character-
izing the separator and ignore the heterogeneous nature of the
structure. In the research reported in this paper, the local
characteristics of simplified porous separators are measured and
structural data of Celgard polypropylene separators are
recreated from SEM images.53

Ultimately, the physical characteristics of the battery separator
contribute to a decrease in mass transport in the electrolyte. The
magnitude and location of this decrease can change the
morphology of the dendrite structure along the anode surface.
At higher local effective diffusivities, the dendrite morphology is
controlled by the reaction rate.4 The Li deposition in this regime
across the anode surface creates uniform plating or small
bushlike dendrites. However, when the effective diffusivity is
lowered by decreasing the porosity or increasing the tortuosity
of the separator, the morphology becomes controlled by the
mass transport. The structure of the dendrite is longer, thinner,
and has more branches. This mass transport limited regime is
where problematic dendrites occur. The thinner dendrites are
more likely to break off the anode, forming “dead” lithium, and
the longer dendrites can penetrate the battery separator and
cause a short circuit and cell failure.54

3. METHODS
3.1. Pore-Scale Smoothed Particle Hydrodynamics Model.

Pore-scale computational modeling is used to study the reactive
transport near the electrode−electrolyte interface in a Li battery to
understand how local mass transport affects dendrite growth. A
Lagrangian, particle-based method known as smoothed particle
hydrodynamics (SPH) is used to model the reactive transport through
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the separator and the dendrite growth at the anode surface, as shown in
the schematic of Figure 2. The model explicitly resolves the separator
structure and does not rely on the porous media parameters, such as
correlational values or experimental fits of porosity, tortuosity, or pore
size, as inputs. This allows the model to directly calculate these values
and investigate their effects on dendrite growth. The gray geometries in
the schematic of Figure 2 represent the battery separator, which are
nonreactive solids that restrict the transport of Li+, and the red structure
represents the anode, which is the initial reactive surface and
subsequent dendritic growth.
The SPHmodel used for this work is based on a previously published

SPH model of dendrite growth in a Li battery, which has been verified
via analytical solutions and qualitatively validated by comparison to
experimental imaging of dendrite growth.36,55,56 To simulate reactive
transport near the interface, the governing equation is the species
conservation equation

∂
∂

= ∇· ∇ ∈ Ω
C x y t

t
D x y t r

( , , )
( C( , , )), F (7)

whereΩF is the fluid domain (electrolyte solution), D is the diffusivity,
andC is the Li+ concentration. It is assumed that the Li-ion transference
number does not change significantly in the range of concentrations
studied and, therefore, only diffusivity drives the concentration change
in the electrolyte.57

A uniform initial concentration is assumed throughout the domain

= =C x y t C( , , 0) 0 (8)

and a constant concentration is applied outside the diffusion layer for
the duration of the simulation

= =C x y L t C( , , ) 1 (9)

Equation 7 governs the diffusion of Li+ through the finite diffusion layer
near the anode surface. Along the bottom of the simulation domain is
the reactive anode surface, and a first-order reaction boundary
condition is applied

∇ = − ∈ Γ >D c r t K c r t C r t( , ) ( ( , ) ), , 0i s s eq s (10)

where rs is a point along the reactive surface Γ and n is the unit vector
normal to the reactive boundary Γ, which points outside of the fluid
domain ΩF. Ceq is the equilibrium concentration for the solidification
reaction and K is the reaction rate coefficient. Dendritic growth occurs
along the anode surface, which is the result of Li+ ions combining with

electrons in a nonuniform manner. As dendrites grow, they form the
new reactive surface (Γ) that creates sites for future dendrite growth.

The simulations presented here focus on the effect the separator
microstructure has on mass transport in the bulk electrolyte and the
reactive mass transport at the anode−electrolyte interface. As such, a
number of simplifications are made to allow isolation of the mass
transfer and separator microstructure effects. These simplifications
include a concentration-independent diffusivity, which is common for
the range of concentrations used in this study;10,58 neglecting the
mechanical dendrite−separator interaction (the simulation is ended
before critical dendrite penetration of the separator); not including
potential or electro-convection effects; and ignoring secondary
reactions. These types of simplifications are commonly used in
modeling to isolate particular phenomena, and some of these effects
are the focus of further research in our group. Further, in line with other
models of interfacial physics, such as phase-field models,59−62 the mass
transport and dendritic growth are considered two dimensions. While
there may be some discrepancy between the results of 2-D simulations
and 3-D experiments, there is still a great deal of value in understanding
the essential interaction between the separator geometry and mass
transport. These simplifications are made to isolate the direct effects the
separator microstructure has on the reactive mass transport and
dendrite growth but are not meant to be a complete model of battery
physics, which is an ongoing area of research in our own laboratory and
the broader computational modeling community.

The governing equation (eq 7) is discretized using the SPH method
as discussed in Tan et al.11,36 and is implemented in the LAMMPS code
base.63 The LAMMPS implementation extends a previous implemen-
tation of the energy equation64 to include multispecies reactive
transport.65 The implementation has been verified in Tan et al.65−67

3.2. Effective Diffusivity Calculations. To calculate effective
diffusivity through the separator, first a 2-D simulation is conducted
with the desired microstructure and electrolyte with a diffusivity, D0.
This microstructure restricts the diffusion of the Li+ through the liquid
electrolyte. The 2-D simulation is collapsed into a 1-D average
concentration profile. The concentration profile is then used as the
solution to the 1-D diffusion equation

∂
∂

= ∂
∂

C
x

D
C
t

2

2 (11)

with constant concentration at the boundaries, C1 at x = 0 and C2 at x =
l, and an initial concentration of C0 across the entire domain, 0 <x <l.
The solution for these conditions is laid out by Crank68

Figure 2. Schematic of the simulation domain. The anode and dendrite growth are represented in red along the bottom and the separator in the
electrolyte is represented by the gray objects.
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∑

∑

π
π π

π
π

π π

= − +
−

− +
+

+ {− + }

=

∞

=

∞

C x t C C C
x
l

C n C
n

n x
l

Dn t l
C

m

m x
l

D m t l

( , ) ( )
2 cos

sin

exp( / )
4 1

2 1

sin
(2 1)

exp (2 1) /

n

m

1 2 1
1

2 1

2 2 2 0

0

2 2 2
(12)

The concentration profile,C(x, t), from the simulation is the solution to
eq 12, and the diffusivity, D, is calculated. This calculated diffusivity
implicitly includes information about the diffusion through the
separator and therefore is now the effective diffusivity, Deff.
This method is verified by calculating the diffusivity predicted by the

SPHmodel for 1-D diffusion in a single phase. As shown in Figure 3, the
model accurately predicts the diffusion when compared to the analytical
solution, and the diffusivity calculated by the predicted concentrations
(9.514 μm2/s) is within 5% of the actual diffusivity (10 μm2/s). This
small discrepancy can be attributed to the disordered particle
distribution, which creates some noise in the model.

3.3. Calculating Tortuosity. In this study, the exact definition of
tortuosity given in eq 3b is considered. With computational methods,
the tortuosity can be calculated using path planning methods from
computer science. In our pore-scale SPHmodel, the porous structure is
explicitly modeled and therefore the exact structural information about
the separator is known. Using the A*69 and Dijkstra’s shortest path
algorithms,70,71 widely used in the computer science field for path
planning, the guaranteed shortest distance between two points is found,
or in this case, between a point and a side. Figure 4 illustrates the
tortuosity paths calculated using these methods. Starting at each
computational point (particle) along the cathode side of the separator,
the path (red lines) to reach the other side near the anode is
determined. The path length divided by the separator thickness gives
the tortuosity at each starting location. These path lengths can then
either be averaged along the surface of the entire separator to give a bulk
tortuosity value or divided into bins along the surface to give a local
tortuosity value.

3.4. Breakthrough Time. The effects of geometric parameters on
dendrite growth are quantified using a breakthrough time. This time is
defined as the time it takes dendrite growth to reach the bottom of the
separator, which we set as our breakthrough line (Figure 5). This metric

Figure 3. Local electrolyte concentration vs. position in the electrolyte for both the analytical solution (eq 12) and the SPH model.

Figure 4. Diagram of the tortuosity paths (red lines) calculated using the shortest path methods.
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was selected because the main objective is the avoidance of this
behavior, i.e., dendrites penetrating and growing through separators.
The breakthrough times are normalized against the time it takes for a
dendrite to grow to the breakthrough line without a separator in the
electrolyte of the simulation.
In the parametric studies discussed in this paper, the molecular

diffusivity of the electrolyte and the reaction rate of precipitation are
held constant. This allows our discussion to focus on the effects of
altering the geometric parameters on dendrite growth. The break-
through time provides a quantitative measurement for these studies.
While this may not be the perfect metric, there are no other metrics to
correlate the heterogeneities of a separator and the subsequent dendrite
growth. The authors have found no experimental data that tries to relate

these phenomena, most likely because doing so is extremely difficult
with current techniques. However, as stated previously, nonuniform
mass transport to and at the anode surface is the main driver in dendrite
growth. The breakthrough time metric is one way to evaluate this
relationship.

4. RESULTS AND DISCUSSION

Four different scenarios were considered to understand the
effects of separator microstructure on mass transport and
dendrite growth. The first two scenarios explore the relationship
between the mass transport and microstructure (excluding

Figure 5. Diagram of breakthrough time measurements made for idealized channel cases.

Figure 6. Simulations of diffusion through a porous separator with constant concentration boundary conditions at the top and bottom of the domain
for circular inclusions that are randomly placed (left) and regularly placed (right) at the same overall porosity.

Figure 7. Comparison of MacMullin number (Nm) to porosity for regularly and randomly placed circular inclusions.
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dendrite growth). The last two scenarios include dendrite
growth.
First, both regularly and randomly created, porous geometries

are studied to determine how the theoretical relations of
Bruggeman and MacMullin compare to the explicitly measured
microstructure. Second, due to the difficulty in decoupling
constrictivity, porosity, and tortuosity in porous separators,
idealized homogeneous channel separators are created to
highlight the effect these parameters have on the MacMullin
number (eq 1). In the third scenario, two idealized
heterogeneous channel separators are compared to understand
both the MacMullin number and dendrite growth using the
breakthrough time. The last scenario explicitly models the
microstructure of Celgard separators to explore the effect its
complicated, heterogeneous microstructure has on the
MacMullin number and dendrite growth.
4.1. Circular Inclusions and Bruggeman and MacMul-

lin Correlations. The first scenario examines the accuracy of
the relations laid out by Bruggeman, which relates the
MacMullin number to the porosity (eq 6). For this scenario,
simulation domains with both regularly spaced and randomly
spaced circular inclusions are used (Figure 6). (The center
position of the inclusions is selected using the random number
generator in the numpy package in Python.72 ) The porosity was
varied by changing the radius of the circular inclusions. As can be
seen in Figure 6, for a given porosity, a uniform radius was used
for all inclusions.

For each test, the SPH simulation was run to calculate an
effective diffusivity for the porous separator, using the approach
described in Section 3.1. This effective diffusivity was then used
to calculate the MacMullin number via eqs 1 and 12.
In Figure 7, a comparison is made between the MacMullin

number calculated with the SPH model (eq 1) and the
MacMullin number predicted using eq 4 with the porosity varied
and the two common α values used in eq 4. For regularly spaced
inclusions, the MacMullin number predicted by eq 4 is lower
than that predicted by the SPH model by approximately four
across all porosities. For randomly spaced inclusions, there is
little predictive ability from eq 4 even if the general trend (that
the MacMullin number decreases with increasing porosity) is
correct. The results of Figure 7 show that the empirical relation
of eq 4 is not able to accurately predict the MacMullin number.

4.2. Idealized, Homogeneous Geometries and Brug-
geman and MacMullin Correlations. Idealized channel
separators are utilized to simplify and understand the effects of
the porosity, tortuosity, and constrictivity on mass transport.
The idealized channel separators allow different separator
characteristics to be decoupled. The constrictivity is isolated
first, then the porosity and tortuosity. This scenario tests the
assumptions made in eqs 3b and 4 and is frequently used when
characterizing separators. Using the approach laid out in Section
3.2, the SPH model is used to calculate the effective diffusivity
and MacMullin number, as discussed in Section 3.1.

Figure 8. Idealized separator channels for altering constrictivity. Top row (case B) has a lower porosity than the bottom row (case C). Left side has no
constrictivity; β is unity.
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To understand how constrictivity (β) impacts the effective
diffusivity and the MacMullin number, three cases (A, B, C) of
channel geometries were considered. The cases start with a
constrictivity of 1 (straight, even channels) at three different

porosities: 0.605 for A, 0.494 for B, and 0.384 for C. Then, the
channels are increasingly constricted, which decreases the β

value and the porosity. All cases have a tortuosity of 1.2. The
constrictivity of each case is calculated via eq 2, where Amin and

Figure 9. Comparison of MacMullin number (Nm) calculated from the pore-scale SPH model to that predicted by eq 13.

Figure 10. Idealized channel separators used to decouple porosity and tortuosity for Nm calculations. Top-row images are simulations with the same
porosity and different tortuosities and bottom row images are simulations with different porosities and the same tortuosities.
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Amax are defined as shown in Figure 8. Decreasing the
constrictivity has an impact on porosity. However, the purpose
of these cases is to isolate the constrictivity and determine if it
impacts the MacMullin number beyond its impact on the
porosity.
The MacMullin number calculated by the effective diffusivity

of the pore-scale SPH model is compared to the empirical
relations rewritten in terms of τgeo, which accounts for
constrictivity, by combining eqs 3b and 4

τ

ε
=Nm

geo

(13)

Note that eq 13 simplifies to eq 4 when β goes to unity.
As seen in Figure 9, the MacMullin number calculated via eq

13 has a large dependence on the constrictivity, while the SPH
model shows the MacMullin number to be nearly independent
of constrictivity (β). Additionally, when constrictivity goes to
unity, eq 13 is equal to eq 4, even in this case, the relationship

Figure 11. Data from two sets of idealized channel separator simulations and their corresponding empirical Nm predictions (solid lines) of eq 4. The
red star is the simulation data for varying porosities with a constant tortuosity of 1.2. The blue circle is the simulation data for varying tortuosities with a
constant porosity of 0.59.

Figure 12. Idealized heterogeneous channel separators with dendrite growth along the anode (bottom, red). The geometry inside each channel is
varied producing heterogeneity of both porosity and tortuosity throughout the domain. The average values of porosity and tortuosity are the same, but
the range is different resulting in different breakthrough times. All images were taken at the same time.
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predicts a differentMacMullin number then that calculated from
the actual effective diffusivity (from the SPH model).
To further explore the effects of geometric parameters on

predictions of the MacMullin number, porosity and tortuosity
were considered using baffled channels, which allow decoupling
between porosity and tortuosity (Figure 10).
Two testing campaigns were conducted: the first has a

constant tortuosity and varying porosity and the second has a
constant porosity and varying tortuosity. The simulation results
in Figure 11 show that the MacMullin number decreases nearly
linearly (red symbol) with increasing porosity (and constant
tortuosity). Alternatively, as tortuosity increases (blue symbol)
MacMullin number increases (with constant porosity).
The values of the MacMullin numbers calculated from the

correlation of eq 4 with the measured porosity and tortuosity of
the channel structures are presented in Figure 11 as solid lines.
The correlation of eq 4 varies significantly from the numerical
results (symbols), which calculate the actual effective diffusivity
of the channel structure. It suggests that tortuosity is an
important property to consider for determining the impact a
battery separator has on mass transport and that direct

measurements of tortuosity should be made. Using an
experimental fit with porosity values is not sufficient to capture
the effects of microstructure.

4.3. Idealized Heterogeneous Microstructures. The
scenarios considered in the previous subsections show that the
geometric properties of the separator have a significant effect on
predicted MacMullin numbers and that many of the empirical
relations (eqs 4,6, and 13) do not capture the full effects of the
porosity, tortuosity, and constrictivity on effective diffusivity and
MacMullin number. In addition to the geometric parameters,
the heterogeneity of the separator also plays a critical role in the
overall and local mass transport through the separator. Often the
bulk measurements of different separators can be similar, but
this does not necessarily mean that the distributions of these
characteristics are similar. The bulk measurements can obscure
imperfections in the separators, which lead to problematic
dendritic growth.
To study the effect of heterogeneity, simulations with the

idealized baffled channel geometry but differing tortuosity and
porosity for each channel were used (Figure 12). In the contour
plots of Figure 12, the Li plating (red) is occurring nonuniformly

Table 1. Microstructural Properties and Calculated MacMullin Numbers for Idealized Heterogeneous Channel Separators

porosity (ε) tortuosity (τgeo) Nm calculated from the SPH model breakthrough time

average min max average min max average min max average min max

Case D 0.45 0.43 0.48 1.63 1.40 1.96 14.70 13.01 17.21 8.03 6.85 8.83
Case E 0.55 0.53 0.58 1.24 1.21 1.35 8.54 6.81 10.72 3.76 2.65 5.35
Case F 0.45 0.43 0.48 1.63 1.53 1.82 14.90 13.76 16.02 7.79 7.11 8.71
Case G 0.55 0.53 0.59 1.22 1.19 1.25 8.92 7.42 9.96 3.59 3.17 4.06

Figure 13. (Top) SEM image of the Celgard separator with the white region as pores and the black region as a separator (“Microstructure of Celgard
PP1615 Lithium-Ion Battery Separator” by M. Lagadec et al. is licensed under CC BY-NC-SA 4.0).53 (Bottom) Image of simulation of diffusion and
dendrite growth using the Celgard separator with the colored region as an electrolyte and the off-white region as a separator.
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across the bottom of the domain. The uneven plating leads to
run away dendrite growth, which can lead to safety issues. As
indicated in Table 1, four cases were considered (D, E, F, G)
which each have a range of porosities and tortuosities
throughout their domains.
For these simulations, the MacMullin number is calculated as

discussed in the previous subsections, and dendritic growth is
also included. Dendrite growth is included via a reactive
boundary condition at the bottom of the simulation domain (eq
10).
The local MacMullin number is calculated for individual

channels within the domain. As shown in Table 1, Cases D and F
have similar average geometrical properties, and Cases E and G
have similar average geometrical properties. For both sets of
cases (D and F, and E and G), there is a large range of local
MacMullin numbers but similar averages. There are two sets of
cases so the degree of heterogeneity can be examined. Cases D
and E have larger ranges of tortuosities, while cases F and G have
smaller ranges of tortuosities. Tortuosity was altered in this
manner because in the previous section it was found to
contribute more significantly to theMacMullin number than the
porosity.
These cases were selected so that their average MacMullin

numbers and the average geometric properties would be similar.
They further show that even if the averages are similar, inside the
separator, the properties can vary dramatically. A breakthrough
occurs 5% sooner in case D despite case D having similar bulk
diffusivity to case F (Figure 12). A breakthrough occurs 15%
sooner in case E despite case E having similar bulk diffusivity to
case G. Therefore, measuring the bulk effective diffusivity will
not provide any information about the heterogeneity of a
separator’s microstructure. This is critical in battery separators
because dendrite growth is known to nucleate near hetero-
geneities and the growth rate will depend on local mass
transport, not an effective bulk transport.

4.4. Heterogeneity and Dendrite Growthwith Celgard
Separators.Although the previous idealized cases offered some
insight into the effects of heterogeneous microstructure on mass
transport and dendrite growth, further insight can be achieved
using explicit representations of Celgard separators. These
separators were imaged with a SEM at 10 nm resolution (Figure
13 top) byWoods et al.73 The microstructure was reconstructed
from these SEM images for use in the SPH modeling of this
work. In the simulation, the resolution is upscaled to 20 nm per
model particle (Figure 13 bottom).
The dimensions of the separator slice are 13 μm× 6.5 μm and

five slices were used in different simulations. To translate the
separator into 2-D, small edits were made to ensure open pores.
To measure the heterogeneity of the separator’s microstructure,
each separator was divided into 26 regions, measuring 0.5 μm ×
6.5 μm. The region shapes were selected to roughly capture the
pathways that Li ions travel during charging. They are also at the
scale of initial dendritic growth. The porosity, tortuosity,
effective diffusivity, and breakthrough time were calculated
from the SPH simulations for each region. The ranges of these
measurements are shown in Figure 14.
The bulk porosity, tortuosity, and MacMullin number for the

Celgard separator reported by Wood et al.74 are, respectively,
0.402, 2.31, and 5.68 and are similar to the bulk values in this
work. The range of porosity and tortuosity values lead to a range
of MacMullin numbers and breakthrough times. However, the
bulk values are only reported by the manufacturer and do not
capture some regions that have lower MacMullin numbers
(faster transport). Regions have lower MacMullin numbers
because the local microstructure, e.g., porosity and tortuosity,
does not restrict transport as severely as regions with higher
MacMullin numbers. In Figure 15, a region of the separator is
highlighted to show the higher porosity (0.49) and lower
tortuosity (1.1), which leads to a lower MacMullin number
(1.6).

Figure 14. Histograms of microstructural properties and effects on diffusivity and dendrite growth. Porosity and tortuosity (top row) measurements
are made along 0.5 μm sections of the separator. The MacMullin number and breakthrough time are calculated for the same sections (bottom row).
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The regions with lower MacMullin numbers are the regions
that have the shortest breakthrough time. This indicates that
these regions have dendrites that grow much faster than others
which can lead to battery failure. The results of the simulations
using the Celgard separators and dendrite growth suggest that
using highly homogenous battery separators could suppress
dendrite growth. A homogeneous battery separator would create
uniform mass transport through the electrolyte and uniform
deposition on the anode surface.

5. CONCLUSIONS
The current empirical methods for calculating the tortuosity,
MacMullin number, and effective diffusivity do not capture the
full effects that the microstructure has on these parameters and
are inadequate for determining the effect a battery’s separator
will have on dendritic growth. Describing the MacMullin
number as a simple function of porosity (eq 6) neglects the
effects of tortuosity on local mass transfer, which we show has a
significant effect on the effective diffusivity and MacMullin
number. Additionally, calculating the tortuosity from empirical
relations that are only a function of porosity ignores that
microstructures can have the same porosity but different
tortuosities as shown in Figure 11 and Section 4.4. It has been
demonstrated that these parameters need to be measured
independently. In addition, the influence of constrictivity on
MacMullin number is significantly less than that predicted by
empirical relations (eq 13). Care should be taken in the use of
empirical relations, with the understanding that their accuracy is
not guaranteed and that they were developed based on a fit to a
specific data set and are not universally applicable.
In addition to the measurement and calculation of micro-

structural parameters, there is also the challenge of accounting
for heterogeneities in the microstructure. Bulk parameters, such
as porosity and tortuosity, can be misleading when determining
the cause of failure in a battery and are not sufficient when
developing complex and potentially dangerous technologies
such as Li batteries. As Sections 4.3 and 4.4 discuss,
microstructures with the same average (bulk) properties predict
significantly different breakthrough times for dendrite growth
due to the strong influence of local properties andmass transport
on dendrite growth. The heterogeneous microstructure of
battery separators should be considered in the design of new
systems and in the study of battery failure. This is clearly seen in
the experimental Celgard separator, which is considered in
Section 4.4. The model is able to accurately predict the

experimental MacMullin number; however, local heterogene-
ities that are not captured by the MacMullin number are critical
to dendrite growth.
More control over and understanding of ranges of values of

local properties are needed, and the ability to manufacture more
homogeneous battery separators are needed to ensure more
uniform mass transport inside the electrolyte and suppression of
dendritic growth. Increased control over the separator micro-
structure through advanced fabrication techniques could
improve battery performance and become an important area
of experimental design for advanced batteries. Finally, better
characterization tools that can resolve the separator micro-
structures and their effects on local ion concentrations and
operando changes in the electrode interface could improve
modeling efforts and lead to more powerful integrated
computational−experimental design paradigms.
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