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Characterization and performance evaluation of
lithium-ion battery separators

Marie FrancineLagadec®, RaphaelZahn® and Vanessa Wood ©*

Lithium-ion batteries (LIBs) with liquid electrolytes and microporous polyolefin separator membranes are ubiquitous. Though
not necessarily an active component in a cell, the separator plays a key role in ion transport and influences rate performance,
cell life and safety. As our understanding of separator properties and the interactions between the separator and the electrolyte
deepens, it becomes evident that there are opportunities for improving separators to help meet the greater demands that new
applications place on LIB technology. Here, we review the impact of the separator structure and chemistry on LIB performance,
assess characterization techniques relevant for understanding structure-performance relationships in separator membranes,
and provide an outlook on next-generation separator technology. Insights from this Review indicate that LIB performance can
be improved by taking into account the interplay of the separator with its surroundings and indicate that, in the future, separa-
tors will be designed to play a more active role in LIB operation. Current and emerging characterization techniques will play an
important role in guiding this evolution in separator technology.

consist of two porous electrodes laminated on metallic cur-

rent collectors and electronically isolated by porous polymeric
membranes. The pore space of the separator and electrode is infilled
with liquid electrolyte (Fig. 1a). The electrolyte-filled pore space of
the separator membranes allows transfer of lithium ions from the
negative porous electrode (anode) to the positive porous electrode
(cathode) during discharge and back again during charge, while pre-
venting short circuits between the positive and negative electrodes.

Most commercially available LIB separators are polyolefin mem-
branes made from either semi-crystalline polyethylene (PE) and/
or polypropylene (PP). They are typically less than 25 pm thick and
have complex three-dimensional structures (Fig. 1b,c) commonly
with a porosity, €, of around 40% (Table 1).

Separators are not active components in batteries, but they influ-
ence cell cost, life, performance and safety'. Early reviews on separa-
tors focused on characterization methods for separator properties
that are of particular importance during cell manufacturing (for
example, tensile strength, Gurley value, electrolyte uptake) and for
cell safety”. More recent reviews”* have summarized current manu-
facturing techniques for polyolefin separators and the resulting sep-
arator microstructures, and examined how separators influence LIB
performance with respect to ionic conductivity, electrolyte uptake,
and thermomechanical and electrochemical stability. Another
review” has addressed in detail recent improvements to LIB separa-
tor performance enabled by various surface modifications.

In this Review, we describe how the structure and the chemistry
of microporous polymer separators as well as their interaction with
liquid electrolytes affect LIB performance, and the experimental
methods and simulation approaches to assess separator structure
and function. To do so, we take the following approach. First, we
explain the importance of high ionic conductivity and homogeneous
ionic transport through a separator. Second, we describe the separa-
tor properties that have the greatest impact on the ionic conductivity
and the homogeneity of transport. Third, we survey how these sepa-
rator properties can be characterized. Finally, we consider what this
know-how implies for next-generation separator technology.

| oday’s commercial rechargeable lithium-ion batteries (LIBs)

This Review adds to the existing literature on separator technol-
ogy in two ways. First, we emphasize that a separator is not a passive
component and detail how the interactions between the separator
and its environment influence battery performance. Second, this
Review assesses the different techniques that have been used to
investigate separator performance and that can be used to facilitate
the rational design of next-generation separators.

lonic transport in separators

In this section, we discuss why a well-designed separator should
facilitate homogeneous ionic transport through its electrolyte-filled
pore network to ensure good LIB performance and minimize deg-
radation®”. We explain the principles of ionic transport and the
challenges associated with making transport homogeneous across
the separator.

Ionic transport and voltage losses. As the conductivity of ions
in an electrolyte, o, is finite (that is, there is a resistance associ-
ated with moving ions), voltage loss occurs during discharging and
additional voltage is needed during charging to drive ionic current.
These voltage differences are referred to as the electrolyte resistance
overpotential®. The lower the ionic conductivity and the larger the
current, the larger the electrolyte resistance overpotential. Large
overpotentials prevent the theoretical voltage and specific capacity
of the cell from being obtained’, and contribute to degradation due
to heat generation'’ and lithium plating''.

Ionic conductivity is related to the concentration of the salt, c,
and its diffusion coefficient in the electrolyte, 6, ¢ X (D* + D),
where D* is the diffusion coefficient of Li* ions and D~ is the dif-
fusion coefficient of the electrolyte’s anions (for example, hexa-
fluorophosphate, PF,"). The electrolyte’s diffusion coefficients
D* and D~ are themselves concentration dependent and decrease
with increasing salt concentration. Accordingly, ¢ depends on ¢
and strongly increases for increasing ion concentrations (up to
~1 M for LiPF-containing electrolytes) before levelling off and
decreasing again (Fig. 1d)'’. Therefore, the magnitude of the
overpotential depends on ion concentration, increasing strongly
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Fig. 1| Separators in LIBs. a, Schematic and X-ray tomographic image showing the tightly wound layers of anode, separator and cathode of a cylindrical
cell and a zoomed-in schematic of the layer structure. b, FIB-SEM tomographic rendering of a Targray PE16A separator (raw data behind the rendering

are available in ref. *°). ¢, Top-view SEM image of the same separator. d, Electrolyte conductivity as a function of electrolyte salt (LiPF,) concentration in

a 1:1 mass-ratio mixture of ethylene carbonate and ethyl methylcarbonate. e f, COMSOL simulations of electrolyte salt concentration (e) and electrolyte
potential (f) as function of distance across the separator in a symmetric Li versus Li cell (to exclude effects of electrode structure). Current densities relate
to charging rates for a 3 mAh cm~2 graphite electrode. Panels adapted from: a, ref. ¢, Springer Nature Ltd; ¢, ref. 2°, ECS.

in the presence of regions of low (<0.5 M) or high (22.5 M)
ion concentrations'’.

The lithium-ion transference number, ¢, (ref. '*), is an impor-
tant parameter related to ion concentration. It describes the frac-
tion of the total ionic current carried by Li* ions (¢, x D*/o,) and
determines the build-up of ion gradients in the electrolyte (that is,
regions of very low and very high ion concentration within one cell).
For a solid electrolyte, where only Li* ions diffuse, ¢, = 1. However,
for liquid electrolytes, t, <1, with typical Li* ion transference num-
bers in the range of 0.3-0.4 (refs. '>'>'¢). This means that, for a given
current rate, a distinct ion gradient will develop and the electrolyte
resistance overpotentials will be nonlinear versus current.

In the following section ‘Impact of a separator on lithium-ion
transport, we explain that the conductivity and transference number
of ions in the electrolyte-filled pore space of a separator membrane
is determined not only by the electrolyte’s properties, but also by the
separator’s structure and the interaction between electrolyte and sepa-
rator surface. Standard LIB separator structures reduce the ionic con-
ductivities of the electrolyte in the pore space to approximately 5-20%
compared to the value of bulk liquid electrolyte'. Furthermore, the
electrolyte and the separator surface can alter diffusion coefficients,
thereby influencing ionic conductivity and transference number.
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COMSOL simulations highlight the impact of ionic conductiv-
ity and transference number on cell performance. Figure le shows
the salt concentration gradients in the electrolyte across a 16-pm-
thick separator membrane with 40% porosity and a tortuosity of
~2.6 (yielding an effective transport coefficient § = 0.16) during
slow (0.5 C) and fast (5 C) cycling assuming transference numbers
of 0.3 and 0.6. At low cycling rates (0.5 C), there are no significant
ion gradients across the separator and the electrolyte overpotentials
are small (around 10 mV). At high cycling rates (5 C), ion gradients
emerge that are considerably more pronounced for low transference
numbers (at £, = 0.3 the concentrations range from 2.9 to 0.2 M;
at t, = 0.6 from 1.9 to 0.5 M). The corresponding electrolyte resis-
tance overpotentials across the separator are shown in Fig. 1f. For
fast cycling (5 C), the overpotentials across the electrolyte in the
separator reach 80 mV (¢, = 0.6) and 180 mV (¢, = 0.3). An overpo-
tential of 180 mV represents a loss of ~6% of the cell voltage (assum-
ing a nominal voltage of 3.2 V). While these overpotentials are just
a fraction of the total electrolyte resistance overpotential (that is,
the electrolyte in the electrode pores also contributes to overpoten-
tials)®, our COMSOL simulations illustrate that increasing electro-
lyte conductivity and transference number in separator membranes
can improve LIB performance, particularly at high current rates.
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Table 1| Properties of selected commercial separators as specified by manufacturers with measured values in brackets

Separator Type Porosity (%) Thickness (pm) Average pore diameter Gurley value
(porosimetry) (um)
JIS () ASTM (s)
Celgard
2400 PP 41 (34 (ref. *%) 25 0.043 (0.09 (ref. %) 620
3401 PP coated 41 (34 (ref. ) 25 0.043 (0.09 (ref. 54)) 620
2500 PP 55 (42 (ref. **)) 25 0.064 (0.17 (ref. **)) 200 (180.1 (ref. *°))
3501 PP coated 55 25 0.064 200
2325 PP/PE/PP 39 25 PP: 0.028 620 (570.0 (ref. °¢))
2320 PP/PE/PP 39 20 PP: 0.027 530 (569+4 (ref. >3))
2340 PP/PE/PP 45 38 PP: 0.035 780
PP1615 PP 40 16 0.05 340
K1640 PE 40 16 240
2730 PE 43 20 20
Targray
PE16A PE 4045 16+2 ~0.03 180+50 (250420
(ref. )
Solupor
7P0O3A PE 85 50 0.3 10
10PO5A PE 83 60 0.5 3
Entek
Gold LP RE 37 ~20 - 394

Ensuring homogeneous transport. In addition to high values for
Li*-ion conductivity and transference number for electrolyte in the
separator pore space, it is important for cell cycle life and safety that
transport is homogeneous. Homogeneous transport of ions to and
from the electrodes through the separator layer lowers the risk of
incomplete lithiation and delithiation (that is, decreased capacity)
and of local overcharge'®.

A typical 18650 power cell features above 600 cm? of separator
area'’. Homogeneous transport means that Li*-ion concentrations
and current densities should be similar across the entire separator
area. Analysis of pristine commercial separators shows that their
structure is homogeneous at length scales above a few microme-
tres?. While this indicates that separator structure can assumed to
be homogeneous, inhomogeneous transport can occur as a result of
cell manufacturing or during cell operation®**.

For example, one aspect influencing the homogeneity of trans-
port in a separator is wetting. Poor wetting of the separator affects
LIB manufacturing, where it can bottleneck production and add
substantial cost®. In addition, incomplete filling of the pore space
can close off transport pathways through the pore network”, effec-
tively reducing the lithium-ion transport capabilities of the separa-
tor in specific regions.

Furthermore, while most separators are electrochemically inac-
tive components, their structure, material properties and surface
chemistry are dynamically impacted by mechanical, thermal and
electrochemical effects occurring in the cell. These effects influence,
often inhomogeneously, how the Li* ions travel across the electro-
lyte-filled pore network. After cell assembly, polyolefin separators
can interact with the electrolyte, leading to mechanical softening
and swelling?>**. While LIBs are assembled under small, uniform
compression to improve separator wettability*”**, cell cycling can
subject separators to compressive stresses resulting from the volume
expansion of active materials and the electrodes during lithiation®.
These compressive stresses can deform the separator by several
micrometres®. While a low melting temperature of a separator can
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be beneficial for shut-down features’', poor heat dissipation through
the separator can limit the discharge rate® or cause thermal damage
to the separator™, resulting in loss of structural integrity of the sepa-
rator and increasing the risk of a short circuit. During cycling, the
solid electrolyte interphase (SEI)*, active material particles or reac-
tion products®, or Li-metal deposition®” can block separator pores
or enter the pore volume. Indeed, separator areas in contact with
lithium-metal-plated graphitic anodes may exhibit crater-like struc-
tures of several micrometres in diameter that are the result of local-
ized heating as well as mechanical and/or chemical interactions™.

For these reasons, it is important to consider the impact of
separators on lithium-ion transport, and how separators can be
designed to wet uniformly and to mitigate the impact of local ther-
mal, mechanical and electrochemical degradation on their overall
transport properties.

Impact of a separator on lithium-ion transport

In this section, we describe the properties that impact Li*-ion trans-
port in separators. As shown in Fig. 2, we must consider properties
related to separator structure, separator chemistry (that is, mate-
rial composition) and electrolyte chemistry. Parameters used to
describe separator structure can be directly linked to ion transport.
However, the most important parameters associated with separator
chemistry depend on the interaction of the separator and the elec-
trolyte. Furthermore, both separator chemistry and structure will
determine how the separator changes on assembly in a cell and dur-
ing cell operation. Therefore, we divide our discussion of param-
eters relevant to ionic transport into the following subsections: (1)
separator structure, (2) separator—electrolyte interface interactions
and (3) separator structure—chemistry interplay.

Separator structure. Separator structure is often described by com-
mon microstructural parameters including porosity, € (that is, the
fraction of pore volume to total, pores-plus-material, volume) and
the tortuosity, 7 (that is, a dimensionless quantity describing the
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Fig. 2 | Links between properties and performance. Selected separator and e
performance under cell operation.

influence of the morphology of the solid phase on the ion flow).
While the choice of a liquid electrolyte defines the ionic conductiv-
ity, o, its effective value is also influenced by separator geometry.
Combining information about the amount of pore space (via the
porosity, €) and the influence of the morphology (via the tortuosity,
7), one can determine the effective diffusion, D, (or effective con-
ductivity o,4), of Li* ions through the separator from D = (¢/7) X
D, (or o4 = (e/7) X 6,), where D, and o, are the diffusion coeffi-
cient and conductivity of Li* ions in the free electrolyte. The scaling
parameter 6 = &/t is known as the effective transport coefficient.
To emphasize that this is a scaling parameter defined by separator
geometry, we refer to it as the geometric effective transport, Sy e
With typical values of porosity of 40% and a tortuosity of 2.5, a sepa-
rator’s effective transport coefficient will be around 0.16, meaning
that the geometric structure of the separator reduces Li*-ion trans-
port to 16% of what it would be in a vat of electrolyte, unimpeded
by a structure®.

The permeability, «, is also used to describe how the geometric
structure of the separator constricts Li*-ion transport. Permeability
is related to the electrical resistivity and thus to the effective con-
ductivity’. Analogous to Ohm’s law describing the flow of electrical
current, Darcy’s law describes the macroscopic flow of a liquid with
viscosity 7 through a porous sample as:

u=—2vp

" (1
where u is the average fluid velocity and VP is the applied pressure
gradient™. With dimension m? the permeability can be thought
of as the effective pore channel area of the dynamically active part
of the connected pore space”. For separators, the Gurley value,
G, which is related to permeability, is generally used instead. The
Japanese Industry Standard (JIS) Gurley value is defined as the
number of seconds required for 100 cm?® (100 ml) of air to pass
through 1 square inch of a given material at a pressure difference of
4.88 inch of water (that is, 1.21 kPa):

G Mair X VXL

(2)
KXAPXA
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lectrolyte properties that can be extracted and linked to overall LIB

where 7, is the air viscosity, V is the predefined air volume, L is the
membrane thickness, AP is the predefined pressure difference and A
is the area. Typical values lie between 1077 and 107¢ m? for the per-
meability® and between 200 and 600 s for the JIS Gurley value (see
Table 1). These JIS Gurley values correspond to American Society
for Testing and Materials (ASTM) Gurley values (where 10 cm’
of air and a pressure difference of 12.2 inches of water are used)
of ~8 and 25 s.

The tortuosity and permeability values can be defined along
specific directions. In a LIB, it is useful to distinguish between
transport in the through-plane direction (that is, lithium transport
between the two electrodes) and in the two in-plane directions (that
is, parallel to the electrodes). While some separators have isotropic
properties (for example, biaxially stretched polyethylene), others
(for example, uniaxially stretched PP and/or PE) have highly aniso-
tropic parameters” >,

Recent work has also highlighted the benefit of applying other
microstructural descriptors originally defined in topological or net-
work analysis* to characterize the performance of separators. Even
if separators have very different looking pore structures, they may
have identical effective transport coefficients. The connectivity of
the pore network, which is related to the Euler-Poincaré charac-
teristic, X, a topological parameter describing a structure’s shape,
can be helpful in differentiating the performance of such separators.
Pore-space connectivity can provide insight into how similar Li*-
ion concentrations will be in neighbouring pores and into the extent
to which a local blockage of separator pores near one electrode will
lead to a distribution of Li*-ion concentrations on the other side of
the separator®.

Separator-electrolyte interface interactions. As highlighted in
Fig. 2, the chemical composition of the electrolyte (solvent and
salt) plays a key role in defining the ionic conductivity and trans-
ference number; however, interactions of the solvent and ions with
the surface of the separator pores can also impact the conductivity
and the transference number. Fundamentally, the ionic conductivity
depends on the electrolyte viscosity, #, through the Stoke-Einstein
equation that connects the diffusion coefficient, D, of an ion
with hydrodynamic radius, r, to the dynamic viscosity, 5, of the
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i =l
electrolyte solution, D=

ot where k; is the Boltzmann constant.
The electrolyte viscosity, 7, is also strongly tied to other physico-
chemical properties of the electrolyte solution, such as its dielectric
permeability, €,,, salt concentration, ¢, or temperature, T (ref. **).
However, in contrast to the simple concept of effective transport
coefficient for describing how separator structure influences trans-
port, no framework exists to explain how the separator’s surface
properties influence Li*-ion transport. There are different types
of interactions (ionic, polar, hydrophobic, van der Waals) between
the molecules in the electrolyte (anions, cations, solvent molecules)
and functional groups on the separator’s surface. These interactions
depend on the degree of dissociation of the electrolyte’s salt and the
ions’ solvation shells. This can lead to local changes in the electro-
lyte viscosity**** and the diffusion coefficients (D* and D), thereby
modifying the electrolyte’s key performance parameters, its conduc-
tivity, o, and its lithium-ion transference number, f,.

Knowledge of certain parameters, however, can be used to assess
the strength of the separator—electrolyte interactions. The surface
tension, y, and the three-phase contact angle determine how well
the electrolyte wets the separator. These two parameters depend on
the surface free energies of the separator, y,,,, and of the electrolyte,
7a- Solvent compatibility can be analysed with the Hildebrand solu-
bility parameter d,;5 (square root of cohesion energy per unit vol-
ume; a smaller difference between the 6;;5 values of the two phases
indicates better solvent-polymer compatibility, that is, better poly-
mer wetting by the solvent)”. Separator-solvent interactions can
also be classified using the Hanson solubility parameters (which
distinguishes between the proportion of hydrogen bonding, &y,
and dispersion plus polar interaction, &, + J,, of a phase); a smaller
difference between the values of 6, and (6, + &;) of the polymer
and the solvent also indicates better solvent-polymer compat-
ibility**. Finally, the thermodynamic Flory-Huggins interaction
parameter, y, describes the extent to which the polymer chains of
the separator and solvent molecules of the electrolyte interact and
cause swelling. Furthermore, the extent and type of surface interac-
tions can be influenced by making the separator more hydrophobic
or hydrophilic*.

Interplay between separator structure and chemistry. Although
we have described the impact of separator structure and separa-
tor—electrolyte interactions as distinct effects, there are complex
interdependences between them. For example, the separator
structure sets the pore size and the internal surface area, which
will determine the extent of the influence of separator-electrolyte
interactions (for example, the extent of softening by electrolyte—
separator swelling and the effect of microviscosity changes at the
surface). Further, as highlighted in Fig. 2, the thermomechanical
behaviour of a separator depends not only on the material prop-
erties of the separator (for example, Young’s modulus, Poisson’s
ratio), but also on the separator structure. For example, an isotro-
pic structure with small pores will be more susceptible to compres-
sive stresses than an anisotropic structure with large pores in the
direction of compression*.

Characterizing separators

In the following subsections, we describe how to characterize the
properties, which are linked to ionic transport as discussed in the
section above. We systematically describe methods to quantify (1)
separator structure, (2) separator surface—electrolyte interactions
and (3) the impact of cell dynamics on separator performance. We
summarize these characterization techniques in Table 2, classifying
them into imaging and non-imaging (for example, electrochemical
and spectroscopic) approaches.

Separator structure. Figure 3 shows surface and cross-sectional
scanning electron microscopy (SEM) images for four commercial sep-
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arators, namely, PE (Fig. 3a), PP (Fig. 3b), ceramic-coated PP (Fig. 3¢)
and trilayer PP/PE/PP (Fig. 3d) separators. Their morphologies
largely result from how they are manufactured (wet stretching of PE,
dry stretching of PP, dry stretching of PP and double-sided ceramic
coating, and dry stretching of PP/PE/PP), as exemplified by the fact
that even separators of the same material can have distinct struc-
tures. For example, the PE separator in Fig. 1c exhibits a fibrous
structure from a wet-casting process, while the flattened compact
structure of Fig. 3a stems from a wet-stretching process. However,
even though the top views of these two separators look different,
their cross-sections exhibit similar isotropic features. This is in con-
trast to the anisotropy of the PE layer visible in the cross-section
of the multilayer separator (Fig. 3d). These SEM images highlight
that two-dimensional (2D) imaging is not sufficient to capture the
complexity of the 3D pore network.

The earliest attempts at visualizing separator microstructure
used transmission electron microscopy (TEM)*. For example, the
anisotropic structure of a PP separator was qualitatively described
by infilling the separator structure, staining the infilling phase and
then carrying out SEM and TEM on the microtomed slices*.

To quantify the structure of a porous membrane, one ideally
needs a 3D representation of the structure that is sufficiently large to
be reflective of the separator as a whole and of sufficient resolution
to contain all key structural features. In polyolefin separators, both
the pore structure and polymer backbone are on the length scale of
tens of nanometres, although the nanofibres that extend across the
larger pores in PP separators can be even smaller'”*. Scale-space
analysis, in which the size of the image domain is systematically
varied and the spread in microstructural parameters is analysed,
indicates that, in the case of an isotropic PE separator, for example,
a volume of 2 pm’ is sufficient to capture the average properties of
the separator®’.

These spatial constraints (resolution and image size) mean that
both electron and X-ray-based imaging can be applied. While X-ray
tomographic imaging has the advantage of being non-destructive, it
offers lower resolution than focused-ion beam (FIB) SEM tomog-
raphy. To date, FIB-SEM tomography*>* has been performed on
PE and PP separators with a voxel size of 10 nm, and X-ray phase
contrast tomography*’ has been carried out on PP and PP/PE/PP
separators with a 63.1 nm voxel size and on a ceramic-coated PE
separator with a 126.2 nm voxel size. For both techniques, sample
preparation presents a challenge.

In the case of FIB-SEM analysis, polyolefins are non-conductive
and therefore subject to sample charging. This has been solved by
sputter coating the sample with, for example, Au/Pd or Pt of several
nanometres thickness. Furthermore, pore-edge contrast and back-
plane information of the pore space prevents accurate binarization
of the imaged dataset into pore and polymer phase. Quantitative
and accurate binarization therefore requires a smooth surface and
sufficient contrast between the pore and polymer phase; this has
been achieved, for example, by infilling the pore phase with butter
and staining the butter with osmium tetroxide*.

With accurate 3D representations, like those provided open
source*”™, a variety of volumetric and directional microstructural
parameters can be calculated. Porosity, €, can be determined from
open (that is, connected pore space) and closed (that is, discon-
nected pore space) volumes. Steady-state Fickian numerical diffu-
sion simulations can be used to extract the directional tortuosity, z,
and effective transport coefficient, §, by calculating D, and com-
paring it with the diffusivity of the bulk electrolyte (D,): 6 = e/ =
D, /D, Such simulations yield the geometrically effective transport
parameter, §,,.» which describes how ionic transport is impacted
by structure and does not include the effect of interfacial interac-
tions between electrolyte and separator surface (Fig. 2). Numerical
flow simulations can be used to extract the directional permeabil-
ity, k. These calculations can be carried out using open-source and
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Table 2 | Selected separator characterization techniques with examples for extracted parameters

Type of analysis

Parameters extracted

Imaging techniques Tomographic analysis

oFIB-SEM tomography

eX-ray phase contrast tomography

Non-imaging techniques Electrochemical analysis

elinear sweep voltammetry and cyclic voltammetry
eElectrochemical impedance spectroscopy

ePotentiostatic polarization combined with
electrochemical impedance spectroscopy

Spectroscopic and diffractive methods
oNMR

eX-ray diffraction

Thermomechanical analysis

eCompressive loading

eThermo-gravimetric analysis and differential

scanning calorimetry

Surface analysis

oBET analysis

oWetting analysis

Morphology
ePorosity
eTortuosity

ePore dimensions

Morphology
ePorosity
eTortuosity

ePore dimensions

Electrochemical stability

MacMullin number via bulk electrolyte conductivity ¢ and
effective electrolyte conductivity o,

Lithium-ion transference number according to
Bruce-Vincent method®’

Transport properties
eDiffusion coefficients
eConductivity
eTransference number

Structural composition
eDegree of crystallinity

Effective membrane moduli
eYoung's modulus
oFlow stress

Brittleness and stability
eDuctile-to-brittle transition temperature
eMelting temperature

Pore characteristics
eSpecific surface area
ePore radii

Electrolyte affinity
eContact angle
oElectrolyte uptake

Wicking behaviour
eWicking speed
eElectrolyte capacity

Measured and calculated values for specific separators for each characterization technique are shown in Supplementary Table 1.

commercial codes, such as PuMA by NASA®!, TauFactor written in
MATLAB by Cooper et al.”> and GeoDict by Math2Market.

Other physical methods for characterizing structure include air
permeability measurements, mercury porosimetry and Brunauer—
Emmett-Teller (BET) measurements. Air permeability measure-
ments, often referred to as Gurley measurements™, have been used
to gain insights into transport properties. Variations in air permea-
bility have been linked to uneven current densities and degradation
effects in separators. However, such measurements can be unreliable
as they do not consider Knudsen-type interactions of the gas mol-
ecules with the pore walls that occur for pore diameters comparable
to the mean free diffusion path of air molecules™. Mercury poro-
simetry™ has been used to measure pore structure dimensions as
well as changes in pore characteristics induced by aging®; although
the structure-relevant results are ultimately based on SEM imaging.
Specific surface area and average pore diameter have also been mea-
sured by BET*, though measurement data for the same separator
can differ by an order of magnitude (see Supplementary Table 1).
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A summary of methods for measuring pore size distributions in
membranes is given in ref. 7.

Separator surface-electrolyte interactions. To describe the inter-
action between electrolyte and separator surface, one can measure
the contact angle and surface tension. Alternatively, in an approach
adopted from the textile industry, recent work has shown that wet-
ting can be characterized by measuring the wicking speed and the
electrolyte capacity for a given separator/electrolyte pairing®.

A separator’s good electrolyte wettability also correlates with good
transport performance. Numerous studies on surface-modified
PE and PP separators (that is, coated with metal oxide or ceramic
nanoparticles”, plasma treated**®’, modified with ultrathin poly-
electrolyte layers®, and coated or gelled with micrometre-thick lay-
ers of ion-conducting polymers®) indicate improvements in both
electrolyte uptake and ionic transport. Even when such coatings
decrease porosity or increase tortuosity, improvements in both o
and ¢, are still to be observed, because the surface modifications
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Single-layer PE

Top view

Cross-section

Cross-section

Deformation due to
electrode particles

Li-metal deposits

Deformation due to

Ceramic-coated PP Trilayer PP/PE/PP

Blocked pores due to deposits (for example,
SEl, side reaction products and Li metal)

Fig. 3 | Separator structure and degradation. a-d, Surface (top) and cross-section (bottom) scanning electron micrographs of PE (a), PP (b), ceramic-
coated PP (¢) and trilayer PP/PE/PP (d) separators. e f, Deformation of PE separator due to electrode particles (e) and Li-metal deposits (f). g,h, Blocked
PE separator pores due to deposits (for example, SEl, side reaction products, Li metal). Panels adapted from: a,b,f h, ref. 2°, ECS; e,g, ref. “¢, ECS.

locally change the solvation of the Li* ions or the interaction with
the electrolyte’s anions or cations.

Therefore, transport measurements can be used to extract
information about surface-electrolyte interactions. The effective
transport coefficient, d. is commonly determined by measur-
ing the ionic conductivity of Li* ions in the electrolyte across the
separator (o) using electrochemical impedance spectroscopy®.
Knowing oy, the ionic conductivity of the bulk electrolyte, one can
calculate §.4 (or the MacMullin number N,;, which is often used
in separator literature®) according to 8.4 = 1/Ny = €/t = o4/0,.
The effective transport coefficient, &4, can also be determined by
measuring the diffusion coefficients of lithium ions in the separa-
tor and in the bulk electrolyte. The effective diffusion coefficients
can be deduced from relaxation experiments in a two-electrode (Li
versus Li) cell using a porous separator®® or directly measured by
nuclear magnetic resonance. The second approach has been used
extensively**, and results show that the ion mobility in separators
is influenced not only by the structure of the pore space but also by
specific molecular interactions.

The measured effective transport parameter, d., often differs
from the geometrically effective transport parameter, y, . cal-
culated using diffusion simulations on 3D reconstructions. These
differences have been linked to electrolyte separator interactions®.
The discrepancy between experimentally derived electrochemi-
cal measurements and the results of diffusion simulations makes
it challenging to reliably quantify surface-electrolyte interactions.
For example, unfavourable surface-electrolyte interactions will
result in poor electrolyte uptake, resulting in empty pores and
blocked-off transport pathways and leading to an artificially low
value of measured conductivity®. Geometrical specifics of the
pore network may also cause electrochemical and diffusion-based
simulations to differ*>®.

22

Impact of cell dynamics on separator performance. In the discus-
sion above, we treated the separator as a static component. In fact,
mechanical, thermal and electrochemical effects occurring in the
lithium-ion cell have an ongoing impact on the separator. The sepa-
rator structure, its chemical composition and the electrolyte com-
position all impact how a separator will respond to the dynamic
processes occurring in a cell. As summarized in Table 2, many prop-
erties that influence the dynamic behaviour of separators have been
experimentally measured (see Supplementary Table 1).

Important mechanical properties” include Young’s modulus and
the flow stress, which can be deduced from the strain rate-depen-
dent stress—strain curves. While tensile properties are relevant in
manufacturing, they are poor at predicting the amount of compres-
sive stress a separator may experience during cell cycling”. Models
to analyse stresses in the separator due to (de)lithiation and differ-
ent winding geometries have been developed’’, and the impact of
local pore closure on lithium plating has been examined”, which
can occur in response to pressure from active materials®. In investi-
gating the mechanical properties of separators, computational stud-
ies have proved particularly useful. For the typical stresses found in
lithium-ion cells, mostly elastic behaviour is expected; locally, how-
ever, plastic deformation can occur’* due to electrode particles
(Fig. 3e) and Li-metal deposits (Fig. 3f). Compressive stress leads
to porosity reduction as described with a three-stage pore-collapse
relation”. The impact of unidirectional compressive stress on sepa-
rator microstructure and separator electrochemical performance
has been calculated, and it was further found that both the structure
of the separator and the viscoelastic properties of the separator play
a role in determining the extent of strain that a separator experi-
ences in response to a given stress*.

Many of these studies on the mechanical properties of a separa-
tor highlight that a separator immersed in an electrolyte will have
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different mechanical properties from a dry separator, and that the
extent of the difference is dependent on the electrolyte solvent™**".
This is described by the Flory-Huggins interaction parameter, y,
which can be calculated using molecular dynamics simulations”™
and estimated with the Universal Quasichemical Functional-group
Activity Coefficients Free Volume model (UNIFAC-FV)*. While
the effect of mechanical softening can be determined with tensile
and compressive experiments®, the extent of separator swelling
has not yet been quantified, and qualitative imaging of the sur-
face and of cross-sections does not indicate significant changes in
volume or features. Swelling behaviour is also complex. In semi-
crystalline polyolefin separators such as PP, only the amorphous
regions swell and soften, but not the crystalline regions™.

As the typical operating temperature for a cell is in the range of
0-45 °C, and cells operating at room temperature can heat inter-
nally by many degrees Celsius during fast charge and discharge due
to resistive losses in the cell”’, the thermal properties of separators
(for example, heat shrinkage, thermal softening, melting) are also
important in understanding how lithium-ion transport will be
affected within the cell. PP and PE have fairly comparable prop-
erties’”®, except for their ductile-to-brittle transition temperatures
(T, = 10 °C for PP and T, = —120 °C for PE), and that separa-
tors made of the same material vary due to differences in polymer
molecular weight, degree of crystallinity and processing conditions.
The polymer can yield to mechanical load only above T,. Since 10 °C
is well within the operating range, PE might be a more suitable
choice as a separator material than PP. In contrast to mechanical
properties that differ between dry and wet separators, the ther-
mal properties (for example, shrinkage) are not reported to devi-
ate significantly. In both cases, the relative shrinkage is under 5%
below 100 °C (ref. 7). Significant differences in thermal properties
can be achieved in separators that include ceramic coatings. They
are generally more heat resistant*® and exhibit low shrinking (<1%
shrinkage below 150 °C)*'. SEM observations reveal that polyolefin
separators are impaired by a reduction in pore length and partial
clogging caused by thermal aging; this may lead to reduced effective
conductivity and transport parameters™.

Finally, electrochemical degradation processes in separators are
still an open topic of research that will undoubtedly benefit from
advances in characterization and simulation. One study has used
phase field simulations on dendrite-separator interactions® and
found that dendrite penetration into the separator can be sup-
pressed by the right selection of pore size, pore spacing and angle
of inclination of pore channels, again highlighting the important
role of structure in addition to chemistry in the performance and
safety of lithium-ion batteries. Recent experimental and simulation
work® demonstrates that the size and shape of separator inhomo-
geneities influences the prevalence and severity of localized Li plat-
ing at graphite anodes. Both FIB-SEM* and X-ray phase contrast
tomography** have been used to visualize the morphology of Li
deposits in symmetric Li versus Li or half-cells across separators,
and the evolution of Li microstructures and deposits in LIB sepa-
rators that can (partially) block (Fig. 3g,h), deform (Fig. 3f) and
rupture separators.

In summary, due to the complex phenomena and dynamic
processes occurring in LIB operation and the challenges associ-
ated with visualizing them dynamically (particularly in the case of
highly localized, small-length-scale effects), accurate 3D represen-
tations and simulations of separator structure will become increas-
ingly important.

Conclusions and outlook

Separators may not be electrochemically active materials, but they
are far from being passive components. Both the separator structure
and the interaction between pore-space surface and liquid electro-
lyte impact Li*-ion transport and contribute to cell overpotentials.
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Despite the expected shift away from liquid electrolytes and sep-
arator membranes and towards solid electrolytes, polyolefin sepa-
rators and liquid electrolytes will likely be around for many years
to come due to the challenges still facing solid electrolytes and lith-
ium-metal anodes®* and the many pathways for optimizing sepa-
rator and liquid electrolytes technology. The difficulties associated
with achieving low impedance interfaces in all solid-state technol-
ogy as well as the importance of separator-electrolyte interactions
in existing technology also highlights, for example, the promise of
intermediate solutions such as gel electrolytes®>*, which are separa-
tors that trap large amounts of liquid electrolyte in their polymer
matrix and thus combine characteristics of both liquid electrolytes
and solid electrolytes.

Innovation in separator technology — guided by experimental
characterization, simulation and analysis — is needed to ensure
that separators evolve with lithium-ion technology that is placing
new demands on separators and electrolytes'***. These advances
include, for example, higher charge and discharge rates enabled by
new electrode design and additives®, higher capacity cells achieved
with thick electrodes or new active materials (such as alloying or
conversion anodes or high voltage cathodes) and longer cycle-life
expectations for cells””.

We predict that this innovation in separator technology will take
the form of a transition from separators as passive battery elements
to separators as active components, engineered for their structural
and chemical properties. Separator selection will turn into separator
design, with separators becoming incorporated into cells as highly
customized components designed to work with specific cell chemis-
tries and for specific applications (for example, power versus energy).
This has indeed already been partly realized by using task-specific
surface functionalization and coatings of polyolefin separators to
prevent shuttling of polysulfides and poisoning of the electrode in
Li-S batteries”>”, and to improve SEI growth for Li-metal anodes™.
Material composition of the separator will branch out to new poly-
meric materials such as polyetherimide as well as to a broad variety
of Li*-ion conducting membranes (for example, polymer—ceramic
composites and non-oxide- and oxide-based inorganic materials)®.
With time, we expect separators to be viewed as a continuation of
the electrodes themselves (perhaps even directly coated on them)
with both structural and chemical functionality in mind.

The transition of separators to custom-designed components
that will vary for different cell chemistries and designs and that will
add new function into cells will require characterization techniques
that are generalizable to a wide-range of separator chemistries and
task-specific surface functionalizations.

For the moment, to begin this move towards customization of
separators, accurate representations of current separator struc-
ture in combination with experimental studies and simulations
of the mechanical, thermal and electrochemical dynamics in
cells are needed to extend our current understanding of separa-
tor operation and the ability of separators to influence and ben-
efit cell performance. We must develop models that move beyond
the homogenized picture of separator operation, and that include
local effects such as structural inhomogeneities, deformation or
heterogeneous ageing. Finding suitable models that describe the
implications of these parameters on separator performance or that
characterize the ability of a separator to mitigate these effects will
be fundamental in guiding separator development. This calls for
an interdisciplinary approach, with inspiration to be drawn from
the analysis and design of porous media and network structures in
numerous other fields, including soil physics, natural and artifi-
cial biological structures (for example, bone), and information and
communication science.
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