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Abstract: Separators play an essential role in lithium (Li)-based secondary batteries by preventing
direct contact between the two electrodes and providing conduction pathways for Li-ions in the
battery cells. However, conventional polyolefin separators exhibit insufficient electrolyte wettabil-
ity and thermal stability, and in particular, they are vulnerable to Li dendritic growth, which is a
significant weakness in Li-metal batteries (LMBs). To improve the safety and electrochemical perfor-
mance of LMBs, Al,O3 nanoparticles and nanocellulose (NC)-coated non-woven poly(vinylidene
fluoride)/polyacrylonitrile separators were fabricated using a simple, water-based blade coating
method. The Al,O3/NC-coated separator possessed a reasonably porous structure and a significant
number of hydroxyl groups (-OH), which enhanced electrolyte uptake (394.8%) and ionic conductivity
(1.493 mS/cm). The coated separator also exhibited reduced thermal shrinkage and alleviated uncon-
trollable Li dendritic growth compared with a bare separator. Consequently, Li-metal battery cells
with a LiNip gCog 1Mng 1O, cathode and an Al,O3/NC-coated separator using either liquid or solid
polymer electrolytes exhibited improved rate capability, cycle stability, and safety compared with a
cell with a bare separator. The present study demonstrates that combining appropriate materials in
coatings on separator surfaces can enhance the safety and electrochemical performance of LMBs.

Keywords: nanocellulose; Al;Oj3; lithium-metal battery; safety; stability

1. Introduction

Lithium (Li)-ion batteries (LIBs) are regarded as excellent power sources for electronic
devices, electric vehicles (EVs), and large-scale energy storage systems (ESSs) owing to
their high energy density, good cycle performance, and small self-discharge capacity [1,2].
Typically, LIBs consist of four main components: the cathode, anode, separator, and elec-
trolyte. Among them, the separator plays a decisive role in isolating the cathode and anode
to prevent physical contact and providing channels for Li-ion travel inside the battery
cell [3-5]. At present, microporous polyolefin separators, including polyethylene (PE) and
polypropylene (PP), are widely used in LIBs owing to their good mechanical properties
and excellent chemical stability. However, polyolefin separators have some fundamental
limitations that must be resolved for general LIB applications [6-8]. Commonly, non-polar
polyolefin separators exhibit relatively poor wetting with polar organic liquid electrolytes,
which eventually leads to an increase in the internal resistance of LIBs [9-11]. Moreover,
the relatively low melting temperature of commercial polyolefin separators (130 °C for PE
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and 165 °C for PP) leads to shrinkage of the separators in a high-temperature environment,
which can cause a fire or even an explosion owing to direct contact between the cathode
and anode in a battery cell [11,12]. Hence, their insufficient electrolyte wettability and poor
thermal stability render them unable to meet the needs of high-performance LIBs.

To overcome these drawbacks, a large number of researchers have contributed to the
development of novel LIB separators. Among various approaches, the use of an inorganic
ceramic particle coating on the separator surface has attracted considerable attention owing
to its simple operating process, relatively easy thickness control of the separator, and low
cost [13-15]. In addition, inorganic ceramic particles such as SiO,, Al;O3, and TiO, can not
only improve the absorption of the liquid electrolyte, but also enhance the thermal stability
of the separators [6,7,16-18]. For example, Shi et al. fabricated Al,O3 powder-coated PE
separators [6], and Zheng et al. reported SiO, nanoparticle-coated PE separators [18].
These coated separators showed improved thermal stability, good wettability, and higher
uptake of liquid electrolyte than bare PE separators. In addition, LIB cells using the coated
separators exhibited improved electrochemical performance compared with cells using
bare PE separators.

An alternative material to enhance the properties of separators is nanocellulose (NC),
which is a cellulosic material with one dimension in the nanometer range, and is considered
a promising material owing to its high mechanical properties and outstanding electrolyte
wettability [19,20]. In addition, cellulose is the most abundant natural polymeric material
on earth, is renewable and biodegradable with thermal dimensional stability. Despite
these benefits, the relatively high production cost of NC is a major drawback. However,
cellulose shows a good affinity with polar liquid electrolytes owing to its many hydrophilic
components, such as hydroxyl groups (-OH) and has good mechanical properties with
abundant hydrogen bonds between the cellulose fibers [9,20,21]. Accordingly, researchers
have attempted to fabricate functional separators using NC to enhance the safety and
electrochemical performance of LIB cells [22-26]. However, most studies have focused on
constructing porous separators using NC as the base material. Recently, Pan et al. reported
that an NC-modified PE separator could stabilize Li-metal anodes by regulating the Li-
ion flux and mitigating Li dendrite growth, eventually improving the cycle performance
of LIB cells [20]. The results demonstrated that NC is an excellent coating material for
high-performance separators; nevertheless, studies on NC-coated separators have rarely
been reported.

We speculated that if an appropriate amount of NC were incorporated into the ceramic
particle coating layer, it could enhance the electrolyte uptake without pore clogging. Accord-
ingly, a simple, water-based and cost-effective blade coating method was applied to fabri-
cate Al,O3/NC composite-coated poly(vinylidene fluoride)/polyacrylonitrile (PVdF/PAN)
non-woven separators. To the best of our knowledge, this is the first report on separators
coated with ceramic particles and NC. Introducing NC in a coating layer can improve the
hydrophilicity of the separator surface and the wettability in electrolytes. In addition, NC
acts as a spacer between the Al,Oj3 particles, which provides the coated separator with a
more suitable pore structure for electrolyte penetration. Consequently, the coated separator
showed higher electrolyte uptake, up to 394%, and enhanced ionic conductivity. The coated
separator also exhibited improved thermal stability and mitigated Li dendrite growth.
As a result, NCMS811/ /liquid electrolyte (LE)/ /Li LIB cells using the Al;O3/NC-coated
separator exhibited enhanced rating capability and cycle stability compared with cells
using a bare PVdF/PAN separator. Furthermore, a solid polymer electrolyte (SPE) was
also applied to the coated separators to fabricate Li polymer battery (LPB) cells. The coated
separator also enhanced the electrochemical performance of the NCM811//SPE/ /Li LPB
cells at room temperature.
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2. Experimental Section
2.1. Materials

A poly(vinylidene fluoride)/polyacrylonitrile non-woven separator (PVdF/PAN,
thickness = 30 um) was purchased from Amogreentech Co. Ltd. and used as a base
separator. Aqueous nanocellulose (NC) solution (1 wt%) was obtained from LG Electron-
ics (Seoul, Republic of Korea). Aluminum oxide (Al,O3, average particle size = 480 nm;
AES-11, Sumitomo Chemical Co., Tokyo, Japan), sodium carboxymethyl cellulose (CMC,
WS-C, Dai-ichi Kogyo Seiyaku Co., Ltd., Tokyo, Japan), disodium laureth sulfosuccinate
(28 wt% ASCO® DLSS, AK Chemtech Co., Ltd., Seoul, Republic of Korea), poly(ethylene
glycol) dimethyl ether (PEGDME, average Mw = 500, Sigma-Aldrich, St. Louis, MO, USA),
and fluoroethylene carbonate (FEC, Sigma-Aldrich, 99%) were purchased and used as
received. Bisphenol A ethoxylate diacrylate (BPh-A, average Mw = 688, Hannog Chemical,
Gunsan, Republic of Korea) and t-butyl peroxipivalate (Seki Arkema Co., Haman-gun,
Republic of Korea) were used as received. Lithium bis(trifluoromethanesulfonyl) imide
(LiTFSI, Sigma-Aldrich, 99.95%) was dried in a vacuum oven at 120 °C before use. In all
experiments, deionized (DI) water with a resistivity of 18.2 M(), which was prepared using
a Milli-Q ultrapure water system (Millipore, Burlington, VT, USA), was used.

2.2. Preparation of Al;O3/NC-Coated Separators

Coating slurries with various Al,O3 and NC weight ratios were prepared by mixing
aqueous stock solutions of Al,O3 (52 wt%) and NC (1 wt%) in various ratios. Aqueous
solutions of 2 wt% CMC (as a binder) and 1 wt% DLSS (as a surfactant) were then added
and mixed homogeneously. The coating slurries were then cast onto a bare PVdF/PAN
separator using a doctor blade, and the coated separators were dried in a convection oven
at 60 °C for 4 h. The Al,O3/NC-coated separator is denoted by Al,O3/NC-X, where X
represents the mass ratio of NC (out of 10) in the Al,O3/NC composite. Table S1 in the
Supporting Information (SI) summarizes the weight of Al,O3, the NC stock solutions for
preparing coating solutions, and the resulting weight ratio between Al;O3 and NC.

2.3. Characterization

The surface morphologies of the samples were observed using a field-emission scan-
ning electron microscope (FE-SEM, JSM-6700F, JEOL, Tokyo, Japan) at an accelerating
voltage of 10 kV. The water contact angle was evaluated using a contact angle tester
(SEO300A, Surface and Electrooptics Co., Suwon, Republic of Korea). The Gurley values
for the samples were obtained using a Gurley densometer (Model 4110 N, Gurley Precision
Instruments, Troy, MI, USA) by measuring the time required for 100 cc of air to pass through
under a pressure of 0.02 MPa. The thermal shrinkage of the separators was calculated by
measuring their dimensions before and after heating at different temperatures for 15 min
according to the following equation:

Thermal shrinkage = (D — Dy)/Dgy x 100%, D

where Dy and D represent the areas of the separator before and after heating, respectively.
The electrolyte uptake of the different separators was measured by immersing the sepa-
rators in an electrolyte (1 M LiPFy in ethylene carbonate (EC)/diethyl carbonate (DEC)
(1:1 v/v)). The electrolyte-soaked separators were weighed after removing redundant
electrolyte using wipes. The electrolyte uptake can be calculated using Equation (2):

Uptake = (W — W)/ Wy x 100%, 2)

where W and W are the weights of the wet separator with the electrolyte and the dry
separator, respectively.
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2.4. Electrochemical Measurements

To evaluate the electrochemical performances of the samples, CR2032 coin-type cells
were assembled in an Ar-filled glove box (H,O < 1 ppm, MBraun, Velbert, Germany).
The ionic conductivity was measured via electrochemical impedance spectroscopy (EIS)
using a potentiostat with a built-in EIS (VMP3, Biologic, Seyssinet-Pariset, France) at room
temperature. Cells for the EIS measurements were fabricated using two stainless steel (SUS)
electrodes (0.125 mm thick, Hohsen Co., Osaka, Japan) with various separator samples.
The scanning frequency ranged from 0.1 Hz to 65 kHz with a small perturbation voltage of
10 mV AC amplitude. The ionic conductivity was calculated using the following equation:

oc=d/(Ry x S), 3)

where 0, d, Ry, and S represent the ionic conductivity, thickness of the separator, bulk
resistance, and electrode area, respectively. The electrochemical stability window was
measured by linear sweep voltammetry (LSV) using a potentiostat (VMP3, Biologic) with
a working electrode of SUS and a counter electrode of Li at a scan rate of 1.0 mV /s from
open circuit voltage (OCV) to 6.0 V (vs. Li/Li*).

Li plating /stripping tests and LIB performance were evaluated using Li/ /Li sym-
metric cells and LiNip gCog 1 Mng 102 (NCM811)/ /Li half-cells, respectively, with a liquid
electrolyte (LE, 1.0 M LiPF in EC/DEC (1:1 v/v) with 5 wt% of FEC) as well as a solid
polymer electrolyte (SPE). The NCM811 (POSCO Chem., Pohang, Repblic of Korea) cathode
was fabricated by casting a slurry containing NCM811 powder, Super P, and PVdF at a
mass ratio of 65.5:1.5:2 in N-methyl-2-pyrrolidone (NMP) on an Al-foil current collector,
which was then dried in an oven at 100 °C for 24 h. The loading of the NCM811 active
material was fixed at ~7.0 mg/ cm?. To fabricate the SPE-loaded cells, an SPE precursor
solution was prepared. The Li salt (LiTFSI) was mixed with a plasticizer, PEGDME, for
24 h. Then, BPh-A (as a crosslinking agent) and FEC (5 wt%, as an electrolyte additive)
were added to the mixed solution. The ratio of PEGDME to BPh-A was fixed at 8:2 by
weight, and the concentration of the Li salt was adjusted to obtain an [EO]/[Li*] molar
ratio of 20. t-BPP at 1 wt% with respect to BPh-A was mixed with the precursor solution as
an initiator before use. Test cells loaded with SPE were assembled with the SPE precursor
solution-soaked separator, and the cells were then placed in an oven at 90 °C for 30 min
for crosslinking [27,28]. The LIB test was performed in the voltage range of 3.0-4.2 V
(vs. Li/Li").

3. Results and Discussion

The Al,O3/NC composite-coated separators with various mass ratios of AlO3 and
NC (Al,O3/NC-X, where X represents the mass ratio of NC out of 10 of the Al,O3/NC
composite) were fabricated by water-based coating slurries on a PVdF/PAN non-woven
base separator using a doctor blade (see the Section 2 for details). Briefly, coating slurries
were prepared by mixing Al,O3 particles, NC, sodium carboxymethyl cellulose (CMC) as
a binder and disodium laureth sulfosuccinate (DLSS) as a surfactant in DI water. DLSS
is an anionic surfactant and it is well-known that it is electrochemically stable up to
4.4V vs. Li/Li* [29]. It not only improves dispersion stability of the coating materials in a
slurry but also enhances the wettability of coating slurry on a separator surface [29,30]. In
our experiments also, DLSS played a key role in enhancing the quality of coating layer. As
shown in Figure S1 in the S, a coating layer without DLSS was not stable enough and easily
detached from a base separator surface even during a brief time in water. On the contrary,
a coating slurry with DLSS could produce a conformal and stable coating layer due to
well-dispersed coating materials and enhanced wettability on the base separator surface.

Figure 1 shows the top-view scanning electron microscope (SEM) images of the bare
PVdF/PAN and Al,O3/NC-X separators. As shown in Figure la, a bare PVdF/PAN
separator consists of numerous nanofibers with diameters of approximately 200-500 nm
and a large number of voids between individual nanofibers. The surfaces of the coated
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separators were completely covered with coating materials (e.g., Al O3 and NC). Figure 1b
shows the SEM image of a separator coated with only Al;O3 (Al;O3/NC-O), where the base
separator was concealed by an Al,O3 coating layer with pores smaller than those of the base
separator. When the mass ratio of NC was relatively low (not greater than three), there were
no obvious changes in the surface morphology compared with Al;O3/NC-0, even though
NC was visible (Figure S2a in the SI and Figure 1c). The red arrows in Figure 1c indicate NC
particles between the Al,Os particles. As the NC mass ratio increased, a larger number of
NC particles were observed on the surface of the coated separators, and the pores between
the Al,O3 particles were blocked (Figure S2b in the SI and Figure 1d). A further increase in
the mass ratio of NC eventually clogged most of the pores (Figure S2c in the SI), thereby
hindering the migration of Li ions through the separator. The thickness of the coating layer
was approximately 5 pm for all the coated separators (Figure S3 in the SI). XRD patterns
obtained from the coated separators exhibited sharp peaks for «-Al,O3, and broad peaks
for PAN and PVdF (Figure 5S4 in the SI). However, since the amount of NC was relatively
small and had a relatively lower degree of crystallinity than the Al,O3 particles, peaks for
NC were not observed. Figure S5 in the SI shows energy dispersive X-ray spectroscopy
mapping images of coated separators.

Figure 1. Top-view scanning electron microscope (SEM) images of (a) bare PVdF/PAN,
(b) Al,O3/NC-0, (c) Al,03/NC-3, and (d) Al,O3/NC-7 separators. Red arrows in (c) indicate
NCs. All images have an identical magnification.

The wetting behavior is an important property of separators. Figure 2a shows the
contact angles of deionized water on the separator samples. The bare PVdF/PAN separator
exhibited a relatively high contact angle of 85° because of the hydrophobic nature of the
bare PVdF/PAN separator surface. When the base separator was coated with Al,O3, the
contact angle decreased substantially owing to the hydrophilic character of the Al,O3
particles, even though it still exhibited a contact angle of 20°. In contrast, the Al,O3/NC-3
and Al,O3/NC-7 separators were completely wet with deionized water and exhibited
an astonishingly low contact angle of 0°. This could be attributed to the addition of NC
with abundant hydrophilic polar -OH groups on its surface. A small contact angle tends
to result in better wettability of the electrolyte, which can affect the electrolyte uptake,
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ionic conductivity of the separator, and eventually, the electrochemical performance of
the battery [25,31]. The electrolyte wetting behavior of the separator samples was also
evaluated using several electrolytes with various polarity indices (Figure S6 in the SI).
All the separator samples, including the base separator, exhibited good wettability to the
electrolyte solvents.

(@) rbare PvaF/PAN ALO,/NC-0 ALO,/NC-3 ALO,NC-7
85°
(C) 70

(b)

400 - —_
—_ < 60
= 38
(0] o 501
X 3004 S
‘S -
e 0 404
(]
(4]
5 200 4 % 301
8 >
E 100 g = H
- S
m =
u O 10 | !
—
0 0
bare AlL,O,4 AlL,O,4 AlL,O,4 bare Al,O, AlL,O4 Al,O4
PVAFIPAN  /NC-0 INC-3 INC-7 PVAF/PAN  /NC-0 INC-3 INC-7
(d) 0.03 (e) 10
—— bare PVdF/PAN / —n— bare PVdF/PAN
—— ALLO,/NC-0 —e— Al,0,/NC-0
& —— ALO,/NC-3 8 —a— ALO,/NC-3
£ —— ALOJNC-7 —v— ALO,/NC-7
é’ 002_ 23 . 23
6_
3 <
5 £,
= 0.014 r\||
=
© 2
0.00 0
30 35 40 45 50 55 6.0 0 4 6 8 10
Voltage (V) Z(Re) (Q)

Figure 2. (a) Water contact angles on the separator samples, (b) electrolyte uptake, and (c) Gurley
value of the separator samples. (d) Linear sweep voltammetry curves of SUS/ /Li cells and (e) Nyquist
plots of SUS/ /SUS cells using the separator samples.

The electrolyte uptake of the separators, which represents the ability of a separator
to retain an electrolyte solution, was also evaluated (Figure 2b). The electrolyte uptake of
the bare PVAF/PAN was 209.5% and that of the Al;O3/NC-0 was 271.6%. The superior
wetting ability of the separators coated with Al;O3 and NC enabled enhanced electrolyte
uptake of 394.8% and 391.2% for Al,O3/NC-3 and Al,O3/NC-7, respectively.

The air permeability of the separator samples was determined by the Gurley method,
which measures the time required for 100 cc of air to pass through the separator samples
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(Figure 2c and Figure S7 in the SI). The bare PVdF/PAN had a large number of submicron
pores and thus showed a relatively low Gurley value of 6.5 s. Al;O3/NC-0 exhibited an
increased Gurley value of 22 s because the bare PVdF/PAN surface was covered with
Al,Oj3 particles. However, when a small amount of NC was added to the coating layer, the
Gurley values of the separators were slightly decreased; the values for Al,O3/NC-1 and
Al,O3/NC-3 were 18 s and 17 s, respectively. This can be explained by the small amount of
NC acting as a spacer, and the close packing of the Al,O3 particles was interrupted by the
NC. The reduced amount of Al,Oj in the coating layer could be one of the reasons for the
decreased Gurley values of the samples. As the NC mass ratio was further increased, the
Gurley values of the separator samples rebounded because a relatively large amount of
NC blocked the pores of the coating layers. Al,O3/NC-5, Al,O3/NC-7, and Al,O3/NC-9
exhibited Gurley values of 19 s, 59 s, and 231 s, respectively.

Figure 2d shows the linear sweep voltammetry (LSV) curves of the SUS/ /Li cells using
the separator samples. Although the curves gradually increased from approximately 4.3 V,
the current was relatively low and resembled that of the bare PVdF/PAN separator. This
result implies that the electrochemical stability of the coated separators is comparable with
that of the bare PVdF/PAN separator and is suitable for battery applications. Figure 2e
shows Nyquist plots of the SUS/SUS cells obtained using the separator samples. The
ionic conductivities of the separator samples were determined using the bulk resistances
indicated by the high-frequency x-axis intercepts. The ionic conductivity of bare PVdF/PAN
was 1.07 mS/cm and that of Al,O3/NC-0 was 1.04 mS/cm. However, the Al,O3/NC-3 and
Al,O3/NC-7 separators exhibited enhanced ionic conductivities of 1.49 and 1.28 mS/cm,
respectively. These values were approximately 40% and 20% higher than those for of the
bare PVAF/PAN separator. Generally, the ionic conductivity of a separator is related to its
electrolyte uptake ability and pore structure, which provides channels for the transportation
of ions [31-33]. Therefore, the superior ionic conductivity of Al;O3/NC-3 was attributed to
a relatively low Gurley value (17 s) and high electrolyte uptake (394.8%). The higher ionic
conductivity of the Al,O3/NC-3 separator not only improved the discharge capacity but
also promoted the transport of lithium ions [34,35]. Table 1 summarizes the properties of
the separator samples.

Table 1. Comparison of properties of a bare PVdF/PAN and Al,O3/NC-X-coated separators.

Sample Thickness Electrolyte Gurley Ionic Conductivity
(um) Uptake (%) Number (s) (mS/cm)
bare PVdF/PAN 30 209.5 6.5 1.07
Al,O3@NC-0 35 271.6 22 1.04
Al,O3@NC-3 35 394.8 17 1.49
Al,O3@NC-7 35 391.2 59 1.28

The excellent thermal stability of separators is essential for battery safety as it can avoid
explosions caused by short circuits at elevated temperatures. To verify the thermal stability
of the separator samples, their morphological changes and shrinkage were examined
after treatment at a series of temperatures for 15 min (Figure 3). The differences in the
dimensional stability of the separator samples after treatment at elevated temperatures
were obvious (Figure 3a). The shrinkage of the separator samples was quantified using the
normalized cross-sectional area (Figure 3b). In the case of the bare PVdF/PAN separator, a
4% thermal shrinkage was observed at a relatively low temperature of 100 °C. It further
shrank as temperature increased and maintained only 46% of its original size after being
treated at 250 °C. Meanwhile, owing to the excellent thermal stability of the Al,Oj3 particles
and NG, all the Al,O3/NC-X samples displayed significantly improved thermal durability
compared with the bare PVdF/PAN separator. The Al;O3/NC-0 separator exhibited the
best thermal stability; it maintained 95% of its original size after being treated at 250 °C.
Because the thermal stability of NC is inferior to that of Al,O3, the thermal shrinkage of
Al,O3/NC-X increased as the mass ratio of NC increased. After being heated at 150 °C,
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Al,O3/NC-3 and Al,O3/NC-7 maintained 100% and 95% of their original sizes, respectively.
Even after being heated at 250 °C, Al,O3/NC-3 and Al,O3/NC-7 still retained 79% and
72% of their original sizes, respectively. These values are far higher than those of the bare
PVdAF/PAN separator (46%). The morphological changes and shrinkages of all the separator
samples after treatment at elevated temperatures are shown in Figures S8 and S9 in the SI,
respectively. The results show that the Al;O3/NC coating layer significantly enhanced the
thermal stability and effectively reduced the thermal shrinkage of the separators, which
could improve the safety of LIBs using coated separators.

(a)  25°C 150 °C 250°C__ (b) _
) =)
BN
. P \0 °\
5 s 081 \0\: )
bare PVdF/PAN g
O 064 i
whd
3
Qo
3 0.4 )
@ —— bare PVAF/PAN
: = o —0— AL,O//NC-0
AlLO,/NC-0 ©021_o Alzoz/NC-3 1
£ —9— ALO,/NC-7
2 00
25 100 150 200 250

Temperature (°C)

AIZOs/NC-3 n 3

H B

ALLO,/NC-7

Figure 3. (a) Photographs showing thermal shrinkage of a bare PVdF/PAN and Al,O3/NC-X-coated
separators at ambient and elevated temperatures. (b) Comparison of normalized cross-sectional area
of separator samples at various temperatures.

To investigate the cyclic stability of the separators, Li plating/stripping tests were
performed using Li/ /LE/ /Li symmetric cells with different separators. Figure 4a shows
the voltage profiles of the cells with a capacity of 1.0 mAh/cm? at a current density of
1.0 mA/cm?. In a cell using a bare PVdF/PAN separator, the profile exhibited a grad-
ual increase in the voltage hysteresis and a sudden drop at approximately 160 h. This
phenomenon could be attributed to an internal short circuit in the cell owing to the non-
homogeneous Li-ion flux and continuous growth of sharp Li dendrites on the surface of
the Li electrode during the test [35,36]. In contrast, the cells using the coated separators
showed more stable voltage responses with lower overpotentials and longer cycle lives
than the cell using a bare PVdF/PAN separator. The cells using Al,O3/NC-0, Al,O3/NC-3,
and Al,O3/NC-7 separators also exhibited a gradual increase in the voltage hysteresis
and short-circuited at approximately 240 h, 280 h, and 240 h, respectively. The improved
cycle stability of the cells using the coated separators could be attributed to the enhanced
electrolyte uptake and the coating layer could alleviating the growth of Li dendrites by
regulating the Li-ion flux. For better comparison, Figure S10 in the SI shows the enlarged
voltage profiles of these cells. Although the overpotentials gradually increased as the test
progressed in all cells, cells using the coated separators displayed much lower overpoten-
tials than that of the cell using a bare PVdF/PAN separator. Notably, the cell using the
AlyO3/NC-3 separator exhibited the lowest overpotential and longest cycle life among the
samples. The superior electrolyte uptake and high ionic conductivity of the Al,O3/NC-3
separator could facilitate the efficient movement of Li-ions in the cell and contribute to
mitigating electrochemical polarization during cycling.
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Figure 4. (a) Voltage profiles of Li plating/stripping in Li/LE/Li symmetric cells using different
separators with a capacity of 1.0 mAh/cm? at a current density of 1.0 mA /cm?. Nyquist plots of the
symmetric cells using different separators (b) before and (c) after 100th plating/stripping cycle.

Figure 4b,c show the Nyquist plots of the cells using different separators before
and after the 100th Li plating/stripping cycle, respectively. Generally, Ry, in the high-
frequency region of the alternating current (AC) impedance spectrum represents the bulk
resistance, and the interfacial resistance of the middle- and low-frequency regions in the
semi-cycle includes the solid electrolyte interface resistance (Rsgr) and charge transfer
resistance (Rct) [33,36,37]. According to the fitted results, the interfacial resistance of the
bare PVdF/PAN, Al,O3/NC-0, Al,O3/NC-3, and Al,O3/NC-7 separators before cycling
was 537.4, 306.8, 301.5 and 369.9 (), respectively. The Al,O3/NC-3 separator showed the
lowest interfacial resistance compared with the other separators, which can be attributed
to the superior properties of the Al;O3/NC-3 separator, such as better affinity with a
liquid electrolyte and high electrolyte uptake [7,14,38,39]. Furthermore, the cell using
the Al,O3/NC-3 separator retained a lower resistance after 100 cycles (Figure 4c); this is
consistent with the lowest overpotentials at the 100th cycle in the voltage profiles of the Li
plating/stripping test (Figure 4a and Figure S10 in the SI). These results suggest that the
Al,O3/NC-3 separator possesses better interfacial compatibility with the electrolyte and
lithium electrode, which, in turn, affects the high C-rate and stable cycle performance of
the battery cell.

In addition, a functional separator with a higher mechanical strength can alleviate
Li dendrite growth [40,41]. The growth of Li dendrite can cause a rapid decline in cell
performance due to the continuous decomposition of an electrolyte and the formation of
a thick SEI layer on the Li anode [42,43]. Additionally, it can lead to cell explosion due
to short-circuiting. Therefore, investigating the morphological changes in Li is crucial in
the development of Li metal-based batteries [44-50]. To verify the ability of the coated
separator to suppress the dendritic growth of Li, the morphology of Li was examined after
Li plating/stripping cycles using SEM. Figure 5a,b show the top-view SEM images of Li
after the 10th Li plating/stripping cycle in Li/LE/Li symmetric cells using bare PVdF/PAN
and Al,O3/NC-3 separators, respectively. In the cell using the bare PVdF/PAN separator,
Li deposits were composed of numerous Li dendrites and masses, rendering a rough and
porous morphology (Figure 5a). By contrast, Li deposits in the cell using the Al,O3/NC-3
separator showed a relatively dense and smooth surface. These SEM results prove that the
AlyO3/NC coating layer uniformly distributed the Li ions through the pores of the coating



Coatings 2023, 13,916

10 of 16

layer and also inhibited the extensive growth of Li dendrites owing to its relatively high
mechanical strength [51-53].

Figure 5. Top-view SEM images of lithium anodes in Li/LE/Li symmetric cells using (a) bare
PVdF/PAN and (b) Al;O3@NC-3 separators after 10 plating/stripping cycles with a capacity of
1.0 mAh/cm? at a current density of 1.0 mA/ cm?. The images have an identical magnification.

Encouraged by these results, NCM811//LE/ /Li cells using different separators were
assembled to investigate the effect of the coating layer on the electrochemical performance
of the LIB cells. As shown in Figure 6a, all the cells displayed similar voltage profiles
and specific capacities during the 1st cycle at a current density of 0.1 C-rate. Discharge
capac-ities of 199.6, 194.1, 198.2, and 195.1 mAh/g were noted for the cells using the bare
PVdF/PAN, AL,O3/NC-0, Al;O3/NC-3, and Al,O3/NC-7 separator, respectively. When
the current density was gradually increased to 2.0 C-rate, the cell using the Al,O3/NC-
3 sepa-rator displayed the best rate capability among all the cells. The cell using the
Al,O3/NC-3 separator delivered a discharge capacity of 146.4 mAh/g at 2.0 C-rate, which
was higher than those for the cells using the bare PVdF/PAN (138.1 mAh/g), Al,O3/NC-0
(140.6 mAh/g), and Al,O3/NC-7 (121.1 mAh/g) (Figure 6b and Figure S11 in the SI). The
higher rate capability of the cell using Al,O3/NC-3 can be attributed to the improved
electrolyte uptake and ionic conductivity of the separator, owing to the Al,O3 and NC
coating layers.

Figure 6¢ shows the cycle performance of the cells using different separators at 0.5 C-
rate. Based on these results, the highest capacity retention was achieved by the cell using
the Al,O3/NC-3 separator (65.9%) after 120 charge/discharge cycles, as compared with the
cells using the bare PVdAF/PAN (57.1%), Al;O3/NC-0 (61.5%), and Al,O3/NC-7 (42.8%).
Furthermore, electrochemical impedance spectroscopy (EIS) was performed on the cells
using the bare PVdF/PAN and Al,O3/NC-3 separators; it was found that the cell using the
Al,O3/NC-3 separator exhibited a lower resistance after the 1st and 100th cycles (Figure
512 in the SI). The lower resistance of the cell was beneficial for reducing the electrochemical
polarization of the cell [54], which could contribute toward the improved cycle stability
of the cell using the Al,O3/NC-3 separator. In addition, its ability to suppress Li dendrite
growth and stabilize the Li deposit of the Al,O3/NC-3 separator, as shown in Figure 5,
could also be a reason for the improved cycle stability of the cell.

To further confirm the thermal safety of the cells, the open-circuit voltages (OCVs) of
the cells were monitored using bare PVdF/PAN and Al,O3/NC-3 separators before and
after heat treatment at 120 °C. As shown in Figure S13 of the SI, the OCV of the cell using
a bare PVAF/PAN separator decreased abruptly after heating at 120 °C; this was likely
caused by a short circuit induced by the thermal shrinkage of the separator. By contrast,
the cell using the Al,O3/NC-3 separator maintained its OCV at approximately 3.4 V (vs.
Li/Li"), even after being heated at 120 °C, without an abrupt decrease in the OCV.
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Figure 6. Electrochemical performance of NCM811/LE/Li half-cells using different separators;
(a) voltage profiles at 0.1 C-rate, (b) C-rate performance, and (c) cycle stability at 0.5 C-rate.

Furthermore, we evaluated the applicability of the coated separators to LPBs by adopt-
ing an SPE. Figure S14 of the SI presents the voltage profiles during the Li plating/stripping
test for the Li/ /SPE//Li symmetric cells using different separators at room temperature.
As the ionic conductivity of the SPE used in this study was lower than that of the LE [27],
the voltage profiles displayed higher overpotentials compared with those for the LE cases,
even at lower current densities. Among these, the cell using Al,O3/NC-3 showed the
best performance, with a stable voltage profile and the lowest overpotential across the
experimental period. This result indicates that the Li ions could be sufficiently transferred
through the SPE system within the separators. This result also implies that the porous
structure of the Al,O3/NC-3 separator could induce a uniform Li distribution across the
lithium electrode [52,55].

Moreover, NCM811//SPE/ /Li LPB cells with different separators were assembled,
and their electrochemical performance was evaluated at room temperature. The cells exhib-
ited inherently inferior electrochemical performances than the cells using LE, owing to the
lower ionic conductivity of the SPE. However, the cells using Al,O3/NC-3 showed electro-
chemical performances equal to or greater than those of the other cells (Figure 7a,b and
Figure S15 in the SI). Especially for the cycling test at 0.2 C-rate, the cell using Al,O3/NC-3
exhibited the highest discharge capacity of 123.5 mAh/g and a capacity retention of 77.8%
at the 100th cycle. These values exceeded those for the cells using the bare PVdF/PAN
(98.0 mAh/g, 65.1%), Al,O3/NC-0 (107.6 mAh/g, 73.4%), and Al,O3/NC-7 (52.0 mAh/g,
34.1%). These results also indicate that coated separators can be applied to LPBs to en-
hance their electrochemical performance. Finally, the electrochemical performance of our
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LMB cells was compared with those of previously reported cells using a NCMS811 cathode
(Table S2 in the SI).
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Figure 7. Electrochemical performance of NCM811/SPE/Li half-cells using different separators:
(a) voltage profiles at 0.1 C-rate, (b) C-rate performance, and (c) cycle stability at 0.2 C-rate.

4. Conclusions

In summary, Al;O3/NC-coated PVdF/PAN separators were prepared for the first
time by a simple aqueous blade coating method. The effects of the weight ratio between
Al,O3 and NC in the coating layer on thermal stability and electrochemical performance
of the separators were systematically investigated. Thanks to the inclusion of hydrophilic
NC in the coating layer, the optimized Al,O3/NC-3-coated separator exhibited a good
porous structure on the surface as well as improved electrolyte wettability, electrolyte
uptake, and ionic conductivity. The separator also showed improved thermal durability
with reduced thermal shrinkage at elevated temperatures in comparison to a bare sepa-
rator. In addition, it was found that when the Al,O3/NC-3-coated separator was used,
uncontrollable Li dendrite growth could be effectively alleviated by delocalized Li-ions
and mechanical suppression. As a consequence, NCM811//LE/ /Li LIB cells using the
AlyO3/NC-3 separator showed enhanced rate capability and superior cyclic performance
than a cell using a bare separator. Furthermore, an SPE was also applied to the coated
separators to evaluate their electrochemical performance in LPB cells. At room temperature,
the NCM811//SPE/ /Li cell using the Al;O3/NC-3 separator also exhibited improved
electrochemical performance compared with the cell with a bare separator. These findings
suggest that combination of appropriate materials in the coating on a separator surface can
enhance the safety and electrochemical performance of LMBs. Overall, Al;O3/NC-coated
separators have the potential to provide large-scale Li-based secondary batteries with
higher safety and electrochemical performance for application in EVs and ESS.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ coatings13050916/s1. Table S1: Weight of Al,O3 and NC stock solutions for
preparing coating solutions and resulting weight ratio between Al,O3; and NC, Figure S1: Photographs of
Al,O3/NC coated separators using coating slurries with or without DLSS, Figure S2: Top-view SEM
images of (a) Al,O3/NC-1, (b) Al;O3/NC-5, and (c) Al,03/NC-9 coated separators, Figure S3: (left)
Cross-sectional SEM image of a AlO3/NC-3 coated separator, and (right) photograph images show-
ing separator samples and their thicknesses, Figure S4: XRD patterns of Al;O3/NC-0 and Al,O3/NC-
3 separators, Figure S5: SEM-EDS mapping images of C, O, and Al for Al,O3/NC-0, Al,O3/NC-3,
and Al,O3/NC-7 separators, Figure S6: Photographs showing wetting behavior of various solvents
on different separators, Figure S7: Gurley value of the separator samples, Figure S8: Photographs
showing thermal shrinkage of bare PVdF/PAN and Al,O3/NC coated separators at ambient and
elevated temperatures, Figure S9: Comparison of normalized cross-sectional area of all separator
samples, Figure S10: Enlarged voltage profiles of Li plating/stripping in Li/LE/Li symmetric cells
using different separators with a capacity of 1.0 mAh/cm? at a current density of 1.0 mA/cm? shown
in Figure 4, Figure S11: Charge-discharge voltage profiles of NCM811/LE/Li cells using different
separators; (a) bare PVAF/PAN, (b) Al,O3@NC-0, (c) Al,O3@NC-3 and (d) Al,O3@NC-7 separators,
Figure S12: Nyquist plots of NCM811/LE/Li half cells using bare PVdF/PAN and Al,O3/NC-3
coated separators (a) after 1 cycle and (b) 100 cycles at 0.5 C-rate, Figure S13: Plot of open circuit
voltages of the NCM811/LE/Li cells using a bare PVdF/PAN and Al,O3/NC-3 separators at room
temperature before and after heating at 120 °C, Figure S14: Voltage profiles of Li plating/stripping in
Li/SPE/Li symmetric cells using different separators with a capacity of 0.4 mAh/cm? at a current
density of 0.4 mA /cm?, Figure S15: Charge-discharge voltage profiles of NCM811/SPE /Li cells using
different separators; (a) bare PVdF/PAN, (b) Al,O3@NC-0, (c) Al,O3@NC-3 and (d) Al,O3@NC-
7 separators, Table S2:Comparison of electrochemical performance of LMB cells using NCM811
cathode [56-69].
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