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In this study, a simple method for quantifying the porous nature based on the permeability of the thin ceramic coating on microporous polyolefin flims used as separators in lithium-ion batteries is demonstrated. The air permeability of the ceramic coating was determined via the ideal laminate theory (ILT), which is widely accepted for multilayered films or well-defined laminates. This study mainly aims at introducing an ILT-based resistors-in-series model with the Gurley method and its potential applications in battery separators. We investigated a few previously reported examples of ceramic-coated separators to compare the air permeability of various ceramic coatings along with their base polyolefin films.
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INTRODUCTION
A lithium-ion battery separator is a major component crucial in ensuring the overall safety of the battery (Kim and Lee, 2016; Costa et al., 2019). This component serves as a physical barrier between the electrodes and a porous medium that allows the transmission of generated or consumed lithium ions during charging and discharging processes.(Arora and Zhang, 2004; Lee et al., 2014). Microporous polyolefin films [uniaxially stretched polypropylene (PP) and biaxially stretched polyethylene (PE)] have become popular in the separator industry owing to the uniformity of their micropores, chemical stability against electrolytes, high-oxidative decomposition potential versus Li/Li+, excellent mechanical integrity during the assembly process in battery production when operated at normal operating temperatures, and a low cost (Mun and Won, 2021). However, these polyolefin films suffer from low thermal stability. A stretched polyolefin film shrinks at an elevated temperature as a result of the relaxation of polymer chains that were oriented under stress during the stretching process (Bourg et al., 2019). Above the melting temperatures, polyolefin films will lose their mechanical integrity such that the electrodes contact each other, leading to a short circuit (meltdown). PE films are more vulnerable to meltdown, because of their lower melting temperature ( ∼ 135°C) than PP films ( ∼ 165°C). In addition, the hydrophobic polyolefin films lack affinity for polar liquid electrolytes (Jeong et al., 2022). The wettability of a separator by electrolytes is critical in the internal resistance and ionic conductivity of lithium-ion batteries. The fast adsorption of electrolytes facilitates the electrolyte filling and wetting processes during the battery assembly, which are time-consuming steps in the manufacturing line (Davoodabadi et al., 2020). Several approaches have been suggested to overcome the poor wetting of polyolefin films. For example, the surface of PE films was modified by hydrophilic polydopamine (PDA) without compromising their morphological structure (Lee et al., 2018). The hydrophilic surface was also beneficial to the formation of a uniform ceramic layer on the separator surface. Besides the surface modification, the wettability of PE films toward electrolytes can be improved by an electrolyte additive such as a triblock polyether (Zheng et al., 2018).
Introducing a layer of hydrophilic ceramic particles at the surface can improve both low thermal stability and poor wettability of polyolefin films. It was demonstrated that ceramic particles improve the mechanical properties and dimensional stability of separators under thermal abuse (Shin and Kim, 2013; Lee et al., 2017). These ceramic particles also prevent the growth of lithium dendrites from the electrodes (Kim and Lee, 2016; Costa et al., 2019) and improve abuse tolerance of bare polyolefin films toward nail penetration, impact, and inadvertent metal debris remaining from the manufacturing processes compared to bare polyolefin films (Alamgir et al., 2011). The aforementioned critical factors cause internal short-circuit failure or localized hotspots, thereby degrading the battery performance (Zhang et al., 2016). Improved wettability of polyolefin films by ceramic particles has also been reported in the literature. The PE films coated with Al2O3 and an acrylic binder exhibited higher electrolyte uptake and better wettability toward liquid electrolytes than bare PE films (Kim et al., 2016). When compared with uncoated unilayer PE, unilayer PP, and trilayer PP/PE/PP films, Al2O3-coated PE films exhibited the fastest in-plane wetting behavior (Davoodabadi et al., 2020).
The ceramic-coated microporous polyolefin films have been commercialized for their applications in lithium-ion batteries. For example, LG Chem’s safety-reinforced separator (SRS®) is a ceramic particle-coated polyolefin base film optimized for the lamination and stacking processes (Alamgir et al., 2011). Also, several manufacturers have developed ceramic-coated separators (CCSs) from a water-based slurry of ceramics. The ceramic coating layers comprise nano- or micro-sized ceramic particles and a polymeric binder, and occasionally involve a dispersant for ceramics in solvents. In typical commercial separators, a microporous ceramic layer provides a pathway for lithium ions. A porous structure filled with electrolytes between the positive and negative electrodes directly influences the cell performance associated with the mass transfer of lithium ions and the formation of lithium dendrite in lithium-ion batteries (Won et al., 2021). Understanding the microstructure of separators enables numerical simulations of the transport of lithium ions and the corresponding performance of lithium-ion batteries. Lagadec et al. introduced the concept of pore space connectivity, a parameter determined by topological or network-based analysis of separators, to predict cell performance and degradation with steady-state Fickian diffusion simulations (Lagadec et al., 2018). Figure 1A shows the difference in the concentration profiles and concentration density by the microstructures of PE and PP separators. In another research, simulations by finite element method predicted the roll of ion redistributors to eliminate dendrites by redistributing Li ions with Al-doped Li6.75La3Zr1.75Ta0.25O12 (LLZTO) coated PP separators (Figures 1B,C) (Zhao et al., 2018). However, the numerical simulation with CCCs was rarely reported in the literature. Estimating the conduction of lithium ions through ceramic layers as well as the polyolefin base films is critical for achieving the target cell performance. To realize a suitable design for a ceramic-coated microporous polyolefin film as a separator, the porous structure of the ceramic layer should be understood.
[image: Figure 1]FIGURE 1 | (A) Concentration profiles and concentration density maps from simulations across the through-plane direction of microporous PE and PP films [Reproduced from open access article (Lagadec et al., 2018)]. Modelled distribution of lithium ions through (B) microporous PP film and (C) LLZTO/PP composite separator [Reproduced from open access article (Zhao et al., 2018)]. (D) Schematic of the ILT-based resistors-in-series model for the air permeation of multilayered films. (E) Surface morphology, (F) cross-sectional morphology, and (G) schematic of a double-sided ceramic-coated polyolefin film as a battery separator [Reproduced with permission from (Lee et al., 2017)]. (H) Contact angle images of bare PE and PDA-treated PE films, and thermal shrinkage of bare PE films and Al2O3-coated PDA-treated PE separators [Reproduced with permission from (Lee et al., 2018)]. (I) Cross-sectional and surface morphology of CCSs. (1) Cross-section, (2) surface of CCS with 3 wt% of liquid wax, (3) with 5 wt% of liquid wax, and (4) with 5 wt% of 2-mp. [Reproduced with permission from (Kim et al., 2016)]. (J) Surface morphology of CCSs. (1) Al2O3- and (2) Mg(OH)2-coated separator. [Reproduced with permission from (Jung et al., 2019)].
CONCEPT FOR ESTIMATING THE PERMEABILITY WITH THE GURLEY METHOD
Measuring the air permeation of separators with or without a coating facilitates the indirect estimation of lithium-ion conduction via separators. Provided that the swelling of the polymeric binder caused by liquid electrolytes is negligible, the air permeation can be translated into lithium-ion conduction. The Gurley number is defined as the number of seconds required for 100 cm3 of air to pass through 6.45 cm2 of a given material at a pressure difference of 1.22 kPa, according to the T460 standards of the Technical Association of the Pulp and Paper Industry (TAPPI). It is a simple parameter used for estimating the mass transfer of air through a highly porous medium. The Gurley number is often referred to as “air permeability,” which is an inaccurate interpretation. The Gurley number is inversely proportional to the air permeance or air flux at a certain pressure difference. It should be noted that the Gurley number is dependent of the thickness, whereas the air permeability is a thickness-independent parameter (Arora and Zhang, 2004; Landesfeind et al., 2016).
In most cases, the porous properties of ceramic coatings could not be directly characterized using Gurley number, because the ceramic coating layer is too fragile to peel off from the microporous polyolefin film to obtain its freestanding form. Instead, the Gurley number of the entire separator (i.e., the laminate of ceramic layers and polyolefin base film) has been used as the characterizing parameter mainly. This possibly affords misleading results when comparing the porous nature of ceramic coatings in different thicknesses. To reveal valid trends, the Gurley number with a known thickness of coating should be converted to the air permeability for comparing various ceramic coatings. This requires separation of the ceramic coating layer from the polyolefin base film for quantification. However, this type of quantification has rarely been reported. Therefore, in this study, we demonstrate a simple method based on the ideal laminate theory (ILT), which has been widely applied to multilayered gas barrier films, and present a few examples of its applications.
ILT FOR AIR PERMEATION IN MULTILAYERED FILMS
Consider a multilayered gas barrier film with a total thickness (dn) between two arbitrary regions with a pressure difference (Δp), as depicted in Figure 1D. The corresponding permeability constant or permeability P is expressed as follows:
[image: image]
where Π is the permeance and J is the volumetric flux of the diffusing species. When materials with different permeabilities are stacked together to form a multilayered film. The permeance of the multilayered composite laminate can be calculated by adding the permeance of each layer i (analogous to “resistors in series”) given as follows (Felts, 1991):
[image: image]
This relationship is valid when the steady-state flux is the same in all layers and the permanent partial pressure is continuous at the boundary between the adjacent layers (Rossi and Nulman, 1993). The permeability (P) of the multilayered composite laminate is given as follows:
[image: image]
where Pi is the permeability, di is the thickness, and ϕi is the volume fraction of a layer i. The Gurley number is inversely proportional to Π; therefore, the relationship between the Gurley number of the entire separator (t) and each layer i (ti) can be expressed as follows:
[image: image]
The permeability and permeance of each layer can be determined from Gurley numbers (in seconds per 100 ml) and the layer thickness as given by the following equations according to the T460 standards of TAPPI:
[image: image]
where Πi is expressed in micrometers per pascal second and Pi is expressed in square micrometers per pascal second. The Equations 5 are valid for the multilayered composite laminate as well as an individual layer.
AIR PERMEABILITY OF CERAMIC COATING LAYERS ON SEPARATOR
The ILT has been widely used to estimate the permeability of constituting layers and has been validated for several systems, including silicon oxide-coated polymer films (Felts, 1991; Tropsha and Harvey, 1997; Roberts et al., 2002), metallized polymer films (Jang et al., 2008), polymer films coated with layered double hydroxide nanosheets (Yu et al., 2020), and layer-by-layer assembled polymer composites with graphene oxide (Yang et al., 2013), graphene nanoplatelets (Mun et al., 2017), and nanoclay (Priolo et al., 2010). In this study, air permeation parameters of several ceramic coatings of different constituents with various thicknesses on polyolefin base films were estimated using the ILT model. To apply the ILT model for battery separators, the thicknesses and Gurley numbers of the entire separator and the base film should be given. In addition, a well-defined thickness will allow accurate estimation of air permeability for ceramic coating layers. Ceramic coating on a polyolefilm base film can be double sided or single sided. In most cases, the ceramic coating is unilayer. If the porous structure is the same in both layers of the double-sided coating, we can assume that the permeability of the layers is the same. We investigated a few examples for comparing the permeability of various ceramic coating layers reported (Table 1). The parameters of air permeation for polyolefin base films were also listed for comparison.
TABLE 1 | Parameters of air permeation for microporous polyolefin base films, ceramic-coated polyolefin films and ceramic coating layers.
[image: Table 1]In a previous study, jet-milled α-Al2O3 particles were dip coated on a 20-μm-thick PE film from an acetone-based slurry comprising α-Al2O3 particles and poly (vinylidene fluoride-co-hexafluoropropylene) (50/50 by weight) (Lee et al., 2017). Figures 1E–G depict a typical morphology of a double-sided ceramic-coated polyolefin base film. The ceramic layer with a thickness of 12–15 μm reduced the thermal shrinkage and improved the melt integrity of a pristine PE film without adversely affecting the rate capability and cycling performance. Furthermore, they investigated the effect of Al2O3 particle size on the properties of coated separators. The Gurley number of the separator with various jet-milled Al2O3 particles (D50 = 0.37–0.66 μm) was lower than that of the separator with unmilled large Al2O3 particles (D50 = 3.75 μm). However, these Gurley numbers were associated with different coating thicknesses. Table 1 summarizes the parameters associated with air permeation for the ceramic-coated polyolefin film and ceramic coating layers only. The estimated permeability of ceramic coating layers can be used to characterize their intrinsic porous natures. Considering the experimental errors, the change in permeability induced by the difference in sizes of the jet-milled Al2O3 particles was marginal.
Although poly (vinylidene fluoride) (PVdF) and its copolymers are commonly used in battery applications as binders, the application of these materials in an aqueous process is limited by their insolubility in water. Water-soluble binders attracted considerable interest as a replacement to organic solvents with cost-effective and eco-friendly aqueous slurries. For example, Al2O3 particles were coated on PDA-treated PE films developed using a water-based slurry with carboxyl methyl cellulose (CMC) as a binder (Lee et al., 2018). The PDA treatment improved the wettability of aqueous ceramic coating slurry toward PE films, which assisted the formation of uniform ceramic coating on the PE films (Figure 1H). The ceramic coating layer with a thickness of 7 μm did not deteriorate the lithium ion conductance and electrochemical properties, but significantly improved the thermal stability at 140°C for 1 h (Figure 1H). High loading levels of binder improved the interfacial adhesion between the ceramic coating layer and a 20-μm-thick PE base film. However, as the polymeric binder content increased, the permeability gradually decreased, indicating the high tortuosity or the low porosity of the separators. Table 1 shows that the air permeability considerably changed with slight changes in the binder content. A binder content of 0.6 wt.% was effective in improving thermal stability, whereas content of 0.9 and 1.2 wt.% yielded better cell resistance and discharge capacity. Owing to the similar electrolyte uptakes ( ∼ 120%) regardless of binder content, a more permeable ceramic coating yielded a higher ionic conductivity than a less permeable coating. The authors fabricated a ceramic coating with a permeability of up to 63.2 μm2/s-Pa.
In another study, an aqueous acrylic emulsion binder and Al2O3 particles were used to form a 4-μm-thick ceramic coating on one side of a bare PE film (Kim et al., 2016). The ceramic coating improved the thermal stability, electrolyte uptake, puncture strength, ionic conductivity, and rate capability of the PE film. A small amount of liquid wax or 2-methyl pentane (2-mp) was added to the slurry to reduce moisture adsorption, which negatively affects battery performance. The CCSs have unique surface morphology with craters on their surfaces due to the oil additives (Figure 1I). Despite the beneficial aspects of the wax, the Gurley number increased with the liquid wax content. However, the incorporation of volatile 2-mp into the aqueous slurry did not increase the Gurley number as much as the liquid wax because 2-mp evaporated during the drying procedure. The estimated permeability of each coating is listed in Table 1.
The choice of ceramics for separator coating is not limited to Al2O3 particles. Two types of non-aqueous CCSs, based on Al2O3 and Mg(OH)2, were manufactured at a pilot (Jung et al., 2019). The surface micrographs confirmed that both ceramic particles are similar in lateral size and closely packed in the coated layer (Figure 1J). Although both coated separators exhibited almost no thermal shrinkage at 200°C, and good wettability towards electrolytes, Mg(OH)2-coated separators were more flexible and tough than Al2O3-coated separators. This difference in mechanical properties was reflected in nail penetration tests more than electrochemical performance. However, it should be noted that the permeability of Al2O3 coating was more than twice as high as Mg(OH)2 coating (Table 1). This might be one of the reasons that the ionic conductivity of Mg(OH)2-coated separator was lower than Al2O3-coated separator with a similar coating thickness.
Holtmann et al. prepared a freestanding ceramic separator based on surface-functionalized boehmite nanoparticles with PVdF as a binder (Holtmann et al., 2016). Unlike previous cases, the Gurley number was directly measured from the freestanding form with a thickness of 22 μm. The permeability (10.3 μm2/s-Pa) was comparable to that of the polyolefin base films but lower than that of the typical ceramic coating layers (Table 1). In addition, the tensile strength (6.3–6.5 MPa) and elongation at break (16–21%) of the film were considerably lower than those of the stretched polyolefin films (Mun and Won, 2021). This indicates the technical difficulty of fabricating freestanding ceramic separators with excellent mechanical properties.
CONCLUSION
In this study, we investigated the application of the ILT model to CCSs used in lithium-ion batteries. By separating the permeability of the ceramic coating layers from that of the polyolefin base films, the intrinsic porous property of ceramic layers determined in each study can be compared. Based on the results of this study, a simple tool may be obtained for the elaborate design of functional coatings or additional layers on substrates for a multilayered microporous medium.
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Parameters of Air Permeation for Microporous Polyolefin Base Films

Type of Thickness (um) Gurley (s/100 ml) Permeance (um/s-Pa) Permeability (um?/s-Pa)
polyolefin

PE 20 250 0542 108
PE/PP/PE tr- 23 425 0319 73
layer

PE 20 285 0475 95
PE 14.1 184 0736 104
PE 12 172 079 95

Parameters of Air Permeation for Ceramic-Coated Polyolefin Films and Ceramic Coating Layers

Polyolefin with ceramic coating Ceramic coating layer only
Type of Thickness ~ Gurley ~ Permeance  Permeability ~ Thickness  Gurley  Permeance  Permeability
ceramics (um) 5] (um/s-Pa) (um?/s-Pa) (um) s/ (um/s-Pa) (um?/s-Pa)
100 mi) 100 mi)
Unmilled Al,Oy 35 358 0378 13.2 15 108 1.26 18.8
(Dso = 3.75 um)
Jet-milled AL,Os 33 333 0.407 134 13 83 163 212
(Dso = 0.66 pm)
Jet-milled ALO; 32 326 0416 133 12 76 1.78 214
(Dso = 0.55 m)
Jet-milled AL,O; 32 323 042 134 12 73 1.86 223
(Dso = 0.37 pm)
Az0s, 0.6 Wt 27 300 0.452 12.2 7 15 903 632
% OMC
A03, 0.9 wt 27 318 0.426 15 7 33 411 287
% OMC
A0s, 1.2wt 27 333 0.407 1.0 7 48 282 19.8
% OMC
A0, with no 16 215 0631 10.4 4 43 344 126
additive
AO5, 1 Wi% 16 213 0635 102 4 42 324 130
liquid wax
A0s, 3wt% 16 225 0.604 97 4 53 256 10.2
liquid wax
AO5, 5 W% 16 256 0529 85 4 85 1.60 6.4
liquid wax
AOs, 5 W% 16 208 0653 104 4 36 376 15.4
2-mp
A0 188 207 0655 12.3 47 23 589 277
Mg(OH) 185 234 0579 107 44 50 271 1.9
Boghmite, - - - - 22 290 047 103
freestanding fim
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