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Functional separators, which have additional functions apart from the ionic conduction and electronic
insulation of conventional separators, are highly in demand to realize the development of advanced
lithium ion secondary batteries with high safety, high power density, and so on. Their fabrication is
simply performed by additional deposition of diverse functional materials on conventional separators.
However, the hydrophobic wetting nature of conventional separators induces the polarity-dependent
wetting feature of slurries. Thus, an eco-friendly coating process of water-based slurry that is highly
polar is hard to realize, which restricts the use of various functional materials dispersible in the polar
solvent. This paper presents a surface modification of conventional separators that uses a solution-
based coating of graphene oxide with a hydrophilic group. The simple method enables the large-

scale tuning of surface wetting properties by altering the morphology and the surface polarity of
conventional separators, without significant degradation of lithium ion transport. On the surface
modified separator, superior wetting properties are realized and a functional separator, applicable to
lithium metal secondary batteries, is demonstrated as an example. We believe that this simple surface
modification using graphene oxide contributes to successful fabrication of various functional separators
that are suitable for advanced secondary batteries.

Until now, lithium ion batteries have been widely used as excellent energy storage devices owing to their high
energy density and reasonable power density'~*. It is predicted that this superior energy storage device will
extend its usefulness to energy storage systems, a power source for the Internet of Things and implantable med-
ical devices>®. To this end, components constituting lithium secondary batteries should be developed to exhibit

. advanced functions. The separator is one of the essential components that allows easy ionic transport and pre-

© vents electronic conduction’"!. The separator used in lithium ion batteries is generally a polymeric membrane
with micrometer-scale porosity, but many recently proposed functional separators have additional features: high
thermal stability, high rate operation, lithium dendrite suppression, flame-retardation and so on''-?!. For this
purpose, the polymer scaffold was modified to form a multiscale or ordered porosity, and the hybrid composite
separators with functional inorganic nanomaterials were demonstrated. Also, the separator consisted of func-
tional polymers with a core-shell structure or a polarity-controlled surface. Among them, the common and facile
method is the additional deposition of functional materials on conventional separators.

In this regard, surface wetting properties of separators are highly important because the uniform deposition
process of new, functional materials is significantly dependent on the interfacial adhesion or wettability of separa-
tors?>?3. However, conventional polymeric separators consist of polyolefin fiber structure that exhibit hydropho-
bic behavior. On this separator, the polar slurries might experience a dewetting problem, which makes a uniform
coating of functional materials difficult. Thus, less polar solvents such as n-methyl-2-pyrrolidone which enables
moderate wetting with hydrophobic conventional separators have usually been used to form a slurry containing
functional materials and polymeric binders, but the toxicity and high cost of organic solvents are fundamental
issues for the development of cost-effective lithium ion batteries through eco-friendly processes®. In addition,
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Figure 1. (a) Schematic illustration of a solid-liquid-vapor interface of the conventional hydrophobic separator
structure for water. (d) Water contact angle measurement and (c) photograph of large-area wetting feature on
the conventional hydrophobic separator. For visualization, Co(NO;),-6H,O dissolved water was used.

the use of functional nanomaterials dispersible in a polar solvent is strictly limited. To overcome these problems,
significant research has been performed that includes mussel-inspired dopamine coating of separators?»4-26,

This paper presents a facile method to tune surface properties of conventional separators by solution-based,
rapid coating of graphene oxide (GO). Through dip-coating of conventional separators in a GO solution with a
polarity designed for uniform wetting, the separator surface can be completely covered by GO flakes. Thus, the
hydrophilic wetting nature of the modified separator can be realized because of many hydrophilic functional
groups existing on the GO surface and the morphological change of the GO covered separator. The resulting
properties provide superior wettability of eco-friendly water-based slurry and corresponding uniform deposition
of functional materials. As an example, we fabricated a GO-SiO, composite layer coated separator to demonstrate
its usefulness in lithium metal secondary batteries. The superior cycling performance of the cell with the GO-SiO,
coated separator was achieved compared to the cell with pristine separator.

Experimental procedures. The GO was synthesized from nature graphite (SP1 Bay Carbon) by the modi-
fied Hummers method?”*. For uniform coating of GO flakes on the separator surface, ~0.02 wt% GO dispersion
in a solvent mixture of isopropyl alcohol (IPA)/water (20/1 by volume ratio) was prepared. Prior to GO coating,
sonication for 30 min was performed for stable dispersion. A conventional separator (Asahi Kasei) was dipped in
the GO solution for 15-30s, and after that, the wet separator was dried for several min in ambient conditions. For
deposition of the GO-SiO, composite layer on the separators, ~1 wt% GO aqueous solution with SiO, nanopar-
ticles (Sigma-Aldrich) and sodium carboxymethyl cellulose (CMC) binder (~1 wt% GO:SiO,:CMC = 100:3:0.08
by weight) was used after strong stirring. The thickness-controlled doctor blade method was performed to form
the composite film on the separators. The GO-SiO, coated separator was annealed at 60 °C in a vacuum over 6 h to
remove any traces of water. For cell fabrication, we used a commercially available LiCoO, (Umicore, D5y =10 pm)
cathode, a liquid electrolyte (EnChem Co. Ltd.) of 1 M LiPF in ethylene carbonate (EC)/diethyl carbonate (DEC)
with 2 wt% vinylene carbonate (VC) additive and lithium metal (Honjo Corporation) with ~300 pm thickness.

Nanoscale morphologies were characterized by scanning electron microscopy (SEM, Hitachi S-4800). The
water contact angle on the pristine or modified separators was measured with Surface Electro Optics (PNX 150).
Ionic conductivity was determined from complex impedance spectra measured using a frequency response ana-
lyzer (Solartron HF 1225 Gain-Phase Analyzer) in a frequency range of 10~!-10° Hz. Electrochemical perfor-
mance of lithium metal secondary batteries was investigated using a cycle tester (Toyo System).

Results and Discussion
In general, the polyolefin separators exhibit hydrophobic wetting nature due to i) the surface polarity and ii) the
porous structural factor®°. Specifically, the low chemical polarity between carbon and hydrogen in polyolefin
leads to hydrophobicity, which is intensified by the re-entrant curvature of the separator with a tangled fiber
shape?®. Figure la schematically describes a solid-liquid-vapor interface of a hydrophobic separator structure for
water, where the net traction of the liquid-vapor interface is upward owing to a high water contact angle on the
polyolefin surface. Such a net force prevents water from penetrating into the separator, which forms a heterogene-
ous surface consisting of air and a hydrophobic separator. This phenomenon can be interpreted as a Cassie-Baxter
model®. As a result, this porous olefin separator shows a hydrophobic dewetting nature with a water contact angle
of ~118° (Fig. 1b,c), and it is anticipated to be hard for an aqueous slurry solution to be uniformly coated?.
Therefore, a surface treatment to change the hydrophobic surface nature of the separators to hydrophilic
should be performed for the uniform and scalable coating of aqueous slurry solution. To this end, a facile
dip-coating of the separators in GO solution was designed (Fig. S1). GO, used widely for diverse chemical and
optoelectric applications, is an intriguing two-dimensional nanomaterial in virtue of its mass producibility,
solution-processability and controllable defects on a basal plane*”**2. In this proposed process, we anticipated
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Figure 2. (a) Photographs of graphene oxide (GO) dip-coating depending on the polarity of GO solution. (b)
Schematic illustration of wettability of the solvent with low surface energy on the conventional hydrophobic
separator. (c) SEM image of the GO dip-coated separator. (d) Water contact angle measurement and (e)
photograph of large-area wetting feature on the GO dip-coated separator. For visualization, Co(NO,),-6H,0
dissolved water was used.

that several layers of flexible GO flakes with a hydrophilic surface via oxygen functional groups would physically
and conformally adhere to the separator surface through the dip-coating process, utilizing the size difference
between the GO (several micrometer scale) and separator pores (hundreds nanometer scale)?. However, the
above-mentioned dewetting feature of conventional separators for aqueous solutions disturbed the surface mod-
ification of the separator (Figs 2a and S2). Nevertheless, a simple solvent change from water, with a high surface
energy (72.80 mJ m~2), to one with a low surface energy can solve the wetting issue. As shown in Fig. 2b, the sol-
vent with a low surface energy shows a relatively low contact angle on the olefin surface, and thus the net traction
of the liquid-vapor interface in this situation can be directed downward. This phenomenon leads to failing of the
heterogeneous layer containing air pockets and favorable wetting of the solvent with the separator. To decrease
the surface energy of the GO aqueous solution, the isopropyl alcohol (IPA) with a relatively weak intermolecular
interaction (23.0 mJ m~2) was added, and the stable dispersion of GO in a water/IPA mixture could be obtained
owing to the high dispersibility of GO in diverse solvents (Fig. S3)**. Eventually, when the GO dispersion in the
water/IPA mixture was used for surface coating of the separators, the evaporation-induced deposition of GO on
the separators was successfully realized within several minutes, in contrast to the use of aqueous GO solutions
(Figs 2a, S2 and S4). The SEM image confirmed the conformal deposition of GO thin enough that the separator
structure could be observed on opposite side (Fig. 2¢)*%. Notably, this GO-induced surface modification enables
a distinct transition of wetting properties, modifying the surface chemistry and the re-entrant structure of the
pristine separators**?°. As shown in Fig. 2d,e, the water contact angle on this modified separator significantly
decreases, showing a hydrophilic nature (water contact angle: ~15°) on the large area.

One of the remarkable results is lithium ion transport within this surface modified separator. In spite of the
physical blocking of GO as shown in the SEM image of Fig. 2¢, the GO dip-coated separator exhibits ionic con-
ductivity (0.596 mS cm™!) similar to the pristine separator (0.581 mS cm™!) (Fig. 3). We inferred that this was
owing to i) the smooth ion transport through numerous defect sites on the basal plane of the GO and ii) the
ultrathin deposition of GO (a few nanometers) compared with the total separator thickness (tens of micrometer
scale)*>3¢. Specifically, the GO seems to macroscopically block the ion transport, but in microscopic scale, many
defects or functional groups on the GO can help ionic conduction due to having an appropriate size for lithium
ions to pass®*®. Moreover, the deposited GO is significantly thin compared to the total thickness of the separator,
and thus even if there is any retardation in lithium transport, the negative effect on the ionic conduction due to
the GO layer can be minimized. These results strongly suggest that this surface modification through thin GO
coating can improve the surface wettability without significant degradation of lithium ion transport, which is
highly important to the operation of lithium ion batteries.

On this surface modified separator, the facile coating of water-based slurry with diverse functional materials
can be realized. As a model system of water-based slurries, the GO aqueous solution with a concentration of
~1wt% was prepared. As shown in Fig. 4a,b, the high polarity of the GO aqueous solution prevents the uniform
coating of GO flakes on the pristine separator, but owing to the enhanced wettability on the surface modified sep-
arator, the water-based slurry containing GO flakes can be uniformly coated, which is confirmed via large-scale
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Figure 3. The Nyquist plot of 1 M LiPF, in EC/DMC using the GO dip-coated separator and the conventional

separator, respectively.

PE separator,

Ag nanoparticles

Figure 4. Photograph of (a) GO coating depending on the separators, (b) dewetted GO solution on the
conventional separator and (c) completely wetted GO solution on the surface modified separator during the
doctor blade casting. SEM images of (d) red marked region and (e) blue marked region in (a). SEM and EDX

images of (f) oxidized carbon nanotube, (g) Ag nanoparticles coated separator.
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Figure 5. (a) Photograph and (b) SEM image of the GO-SiO, coated separator. Water contact angle
measurement of (e) GO coated separator and (d) GO-SiO, coated separator. (e) Cycling performance and (f)
Coulombic efficiency of lithium metal secondary batteries using the GO-SiO, coated separator.

demonstration (Fig. 4a,c). In addition, the SEM measurement was performed to investigate the uniform GO coat-
ing at the microscopic level and the densely GO covered morphology was observed (Fig. 4e). It shows a distinct
contrast to one of pristine separator, where it is hard to observe the GO flakes (Fig. 4d). In addition, oxidized car-
bon nanotube and Ag nanoparticles coated separators were demonstrated using similar aqueous slurries, which
exhibit the uniform coating feature (Fig. 4f-g). From these results, it is noted that this surface modified separator
can be utilized for the uniform deposition of diverse functional materials, regardless of the polarity of slurries.

To check the electrochemical performance of secondary batteries that have a functional separator, the
GO-SiO, composite layer coated separator was fabricated for lithium metal secondary batteries. The well-mixed,
water-based slurry containing GO and SiO, nanoparticles was prepared and the uniform deposition with <5um
thickness was successfully realized on the surface modified separator (Figs 5a and S5). Lithium metal secondary
batteries utilizing a lithium metal anode instead of the conventional graphite anode, aim to achieve an ultrahigh
energy density storage device that uses the lowest electrochemical potential and high specific capacity of lithium,
but it suffers from the uncontrolled, undesired lithium dendrite growth?’*. This structural phenomenon can be
alleviated to some extent by a mechanically strong blocking layer. Thus, a functional separator coated with GO
capable of in-plane mechanical robustness was presented**~*%, In addition, in order to obtain additional life of
lithium metal, SiO, nanoparticles were incorporated within the GO layer. It is anticipated that lithium dendrites
will meet SiO, nanoparticles during repeated cycling, which induces a solid-state conversion reaction'®. Thus, this
electrochemical reaction might prevent further growth of lithium dendrites because the sharp lithium dendrites
become a smooth and round shaped lithium alloy, which is an electrically less active structure by lightning rod
theory'>¥. Also, SiO, nanoparticles can prevent strong GO stacking which deteriorate the ionic conductivity
owing to tortuous ionic pathway of multilayered structure. As shown in Fig. S6, the XRD results display that
the degree of GO stacking decreases as the SiO, nanoparticles are added and corresponding impedance results
show that the ionic conductivity of the GO-SiO, coated separator is enhanced compared to one of the GO coated
separator.

The SEM image of Fig. 5b shows the composite layer consisting of GO and SiO, nanoparticles on the surface
modified separator. In contrast to the separator coated by GO layers (Fig. 4e), the rough GO surface was observed
at a microscopic level, owing to the incorporation of SiO, nanoparticles. This roughness induces the enhanced
solvent wettability according to Wenzel model (Fig. 5¢,d)*, which makes a liquid electrolyte uniformly distrib-
uted on the lithium metal. This phenomenon generally contributes to the uniform lithium deposition with fewer
dendrites®®*!. For evaluation of lithium metal secondary batteries using this functional separator, the 2 X 2 cm?
pouch type full-cell was assembled with a LiCoO, cathode, ~300 pum thick lithium metal, and liquid electrolyte
(1M LiPF4 in EC/DEC+ 2 wt% VC additive). As shown in Fig. 5¢,d, the enhancement of cycling performance at
the rate of 1 C was confirmed by using the GO-SiO, coated separator. The cell with the GO-SiO, coated separator
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exhibited stable operation for ~200 cycles and some fluctuation after that, but the Coulombic efficiency was quite
stable up to 350 cycles. Meanwhile, the reference cell using the conventional separator showed severe fluctuation
of discharging capacity and Coulombic efficiency after 100 cycles, and cell failure was observed after ~220 cycles.
It is clear that the composite layer of GO and SiO, nanoparticles can efficiently prevent the lithium dendrite
growth through the physical robustness of GO, the electrochemical conversion reaction of SiO, nanoparticles and
the uniform distribution of lithium ions.

Conclusions

In summary, a surface modification of separators was presented via a simple solution-based coating of GO with
many hydrophilic groups for fabrication of functional separators. This strategy was easily performed within sev-
eral minutes and dramatically changed the wetting nature from hydrophobic to hydrophilic, which was mainly
achieved by modifying the surface polarity and the porous structure of the separators. Our findings indicate that
slurries with many functional materials can be coated on this separator surface, regardless of the polarity of the
slurries. In addition, this surface modification approach preserved the ionic conduction through defect-induced
ion transport and thin deposition thickness. As a model system, deposition of a GO-SiO, composite layer was
demonstrated on the proposed surface modified separator, and the enhanced cycling performance of the GO-SiO,
coated separator was confirmed in lithium metal secondary batteries. We believe that this facile surface modifica-
tion of the separator via GO coating will contribute to fabricating various functional separators that incorporate
intriguing nanomaterials, such as emerging 1- or 2-dimensional materials (carbon nanotube, graphene, MoS,,
WS,, Mxenes) and novel ceramic materials, which will achieve enhanced performance in the membrane field as
well as for advanced lithium secondary batteries.
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