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Highly concentrated electrolytes (HCEs) have attracted great interest
as electrolyte candidates for Li metal batteries because of their
functionalities in improving the reversibility and cycling performance
of the Li metal negative electrode. However, the poor wettability of
conventional polyolefin separators toward HCEs with high viscosity
remains a critical issue to be addressed. Although porous glass fiber
filters are often used as separators for HCEs, Li dendrites easily
penetrate the separator during repeated Li deposition/stripping under
practical conditions, leading to an internal short circuit. Here, we
report that the use of a meta-aramid-coated polyolefin separator
improves the wettability with HCEs owing to its polar surface func-
tional groups and enables stable and dendrite-free Li deposition/
stripping with high coulombic efficiency of ~98% at practical areal
capacity (2 mA h cm™2) for 100 cycles. A combined strategy utilizing
HCEs and functional separators provides a promising possibility for
the development of practical Li metal batteries.

Li metal is considered to be one of the most attractive negative
electrode materials for high energy density rechargeable bat-
teries because of its high theoretical capacity (3860 mA h g™ ')
and low standard electrode potential (—3.04 V vs. SHE)."®
However, its practical application has been hampered by the
growth of Li dendrites during repeated Li deposition/stripping
and the low coulombic efficiency due to the side reactions
between Li metal and the electrolyte. The solid electrolyte
interphase (SEI) formed by the reductive decomposition of
the electrolyte on the Li metal surface, which is a Li*-ion-

“ Department of Chemistry and Life Science, Yokohama National University,
79-5 Tokiwadai, Hodogaya-ku, Yokohama, 240-8501, Japan.
E-mail: yabuuchi-naoaki-pw@ynu.ac.jp

b Advanced Chemical Energy Research Center (ACERC), Institute of Advanced
Sciences, Yokohama National University, 79-5 Tokiwadai, Hodogaya-ku,
Yokohama, 240-8501, Japan

¢ Battery Materials Business Department, Teijin Limited, 2-1 Hinode-cho, Iwakuni,
Yamaguchi, 740-8511, Japan

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ya00359g

© 2023 The Author(s). Published by the Royal Society of Chemistry

@ Chihaya Motoki, Satoshi Nishikawa“ and Naoaki Yabuuchi

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Improved reversibility of lithium deposition and
stripping with high areal capacity under practical
conditions through enhanced wettability of the
polyolefin separator to highly concentrated

*ab

conductive but electronically insulating passivation layer, is one
of the most critical factors that strongly affects the morphology
and reversibility of the Li metal electrode. In conventional
carbonate-based electrolytes used in Li-ion batteries, the struc-
tural uniformity and mechanical stability of the SEI are not
sufficient to prevent the Li dendrite formation and the parasitic
reaction of Li metal with the electrolyte during the Li deposition
process. Therefore, the development of novel electrolytes that
form a uniform and stable SEI is crucially important for improv-
ing the Li metal electrode performance.

In recent years, long-term and highly reversible Li deposi-
tion/stripping cycling has been achieved using highly concen-
trated electrolytes (HCEs) composed of LiN(SO,F), (LiFSA) and
aprotic solvents.® Qian et al. firstly reported that a Li/Cu cell
using 4 mol dm ™ LiFSA in 1,2-dimethoxyethane electrolyte can
be stably cycled for more than 1000 cycles with a high average
coulombic efficiency of 98.4% and non-dendritic Li metal
deposition.® Subsequently, several research groups found simi-
lar stable Li deposition/stripping cycling in the LiFSA-based
HCEs containing other aprotic solvents such as carbonate,”*"'°
sulfone,” "' and phosphate."*"* The excellent performance of
the Li metal electrode in these electrolytes can be attributed to
the superior SEI-forming ability of the FSA™ anions. In the
LiFSA-based HCEs, FSA™ anions are preferentially reduced
instead of the solvent on the Li metal surface, and its reductive
decomposition products form an inorganic-rich robust SEI
layer, which leads to uniform Li deposition and suppresses
the reductive decomposition of the electrolytes.”'>*®

However, poor wettability of conventional polyolefin separators
to HCEs remains a critical issue that should be addressed.
Compared with conventional and non-concentrated carbonate-
based electrolytes, the viscosity and surface tension of HCEs is
much higher due to the strong intermolecular interaction
between the Li' ion and ligands (solvent and anion); therefore,
the non-polar polyolefin separator with low porosity is hardly
wetted by HCEs. Instead, a porous glass fiber filter has been
widely used as a separator for HCEs in laboratory-scale
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research,"”” " but its large pores cause non-uniform current flow
and thus dendritic Li growth during Li deposition/stripping
cycling, resulting in an internal short circuit when the areal
capacities are increased to >1.0 mA h cm 2. Therefore, the areal
capacity of metallic Li deposition/stripping with HCEs is generally
limited to 1.0 mA h em™2%”*> which is small for practical battery
applications.”® Dilution of HCEs with non-coordinating solvents is
an another solution to the wettability issue, but compromises the
intrinsic advantages of HCEs, such as their high Li" ion transfer-
ence number and low volatility.®*>*2° Therefore, to overcome
these challenges, an alternative separator with low porosity and
strong affinity to HCEs is needed. In this context, we herein focus
on an aramid-coated polyolefin separator. Surface coating with
aramid resin is an effective strategy for improving the electrolyte
wettability of the polyolefin separator.>”*® In addition, the aramid-
coated polyolefin separator provides uniform current flow inside
the separator, leading to uniform Li deposition without the Li
dendrite growth in non-concentrated electrolyte.>*° To the best
of our knowledge, the use of an aramid-coated polyolefin separa-
tor with HCEs has not been reported elsewhere. Here, we report
that the aramid-coated polyolefin separator exhibits an excellent
wetting ability to HCEs and enables stable Li deposition/stripping
cycling even at high areal capacity (up to 4 mA h em™?).

The wettability of the HCE to pristine and aramid-coated
polyolefin separators was tested as shown in Fig. 1a. Herein, a
composition of LiFSA: DMC = 1:1.1 (mol : mol) was used as the
HCE, which possesses a wide electrochemical window to enable
the stable operation of 5 V-class Li-ion batteries.>" A droplet of
LiFSA: DMC = 1:1.1 electrolyte remained intact on the pristine
polyolefin separator with low porosity due to high viscosity
(238.9 mPa s at 30 °C),*" whereas the HCE easily spreads and
soaks through the aramid-coated polyolefin separator. The
preparation of the aramid-coated polyolefin separator is
described in the ESL7 The difference in the wettability with these
two separators originates from the difference in the surface func-
tional groups of the separator. Fig. 1b shows the attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectra for
different separators. Peaks at 2952, 2920, 2871, 2841, 1456, and
1375 em ™" in the spectrum of the pristine polyolefin separator
correspond to the vibrational modes of CH, and CH; groups (see
the detailed peak assignment shown in ESI,T Table S1),** indicating
the non-polarity on the pristine polyolefin separator surface. In the
spectrum of the aramid-coated separator, peaks at 1656 and
1538 cm™ ' appear, which are assigned to the vibrational modes
of C—=0 and C-N groups (ESLj Table S2) contained in meta-
aramid used for the surface coating layer (Fig. 1c).**** Note that a
uniform distribution of N and O is evidenced from scanning
electron microscopy (SEM) coupled with elemental mapping by
energy dispersive X-ray spectroscopy (EDX), as shown in ESLt
Fig. S1. Although nanosized pores are found in the aramid-
coated polyolefin separator (Fig. 1d), the polar functional groups
of the aramid coating layer would enhance the affinity of the
polyolefin separator toward HCE, resulting in the superior electro-
lyte wettability.

To examine the effect of the aramid-coated polyolefin
separator on the electrochemical performance of Li metal
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Fig. 1 (a) Photographs of wettability of a polyolefin separator (left) and
aramid-coated polyolefin separator (right) to the highly concentrated
electrolyte (LIFSA:DMC =1:1.1in a molar ratio), and (b) ATR-FTIR spectra
of the separators. (c) Chemical structural formula of meta-aramid used for
coating. (d) A SEM image of the aramid-coated polyolefin separator.

electrodes in LiFSA:DMC = 1:1.1 electrolyte, chronopotentio-
metry was conducted using Li/Cu cells. For comparison, the
electrochemical performance of a cell with a glass fiber filter
was also studied. A schematic illustration of the used Li/Cu cell
is shown in Fig. 2a. Fig. 2b shows the chronopotentiometric
curves of the Li/Cu cells with a glass fiber filter and aramid-
coated polyolefin separator measured at various Li deposition
capacities ranging from 0.7 to 4.2 mA h cm ™ with fixed current
density at a rate of 0.35 mA cm 2. At the first cycle, the Li
deposition capacity is 0.7 mA h ecm ™2, whereas the Li stripping
capacity in the cell with the glass fiber filter was approximately
0.56 mA h cm 2. This irreversible capacity is possibly due to the
initial SEI formation on the Cu electrode surface. After the first
cycle, the obtained Li stripping capacity is increased and the
coulombic efficiency of the Li deposition/stripping is improved
to >90% owing to the stabilization of the SEI layer (Fig. 2c). As
shown in Fig. 2b, the cell with the glass fiber filter showed a
stable cycling with low polarization of ~50 mV at the deposi-
tion capacity of 0.7 mA h cm™>. However, with increasing the
deposition capacity to 1.4 mA h em ™2, the cell voltage suddenly
dropped to almost zero during Li deposition at the 7% cycle.
This behavior is due to the internal short circuit caused by the
dendritic growth of Li metal. Indeed, the voltage of the cell does

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) A schematic illustration of a Li/Cu cell used in this study.
LiIFSA:DMC = 1:1.1 was used as the electrolyte. (b) Chronopotentiometric
curves of Li deposition/stripping in Li/Cu cells with a glass fiber filter (top)
and aramid-coated separator (bottom) measured at various Li deposition
capacities. The current density was fixed at 0.35 mA cm™2. A SEM image of
the glass fiber filter is also shown in the inset. (c) Coulombic efficiency of Li
deposition/stripping in each cell.

not reach 0.5 V on the stripping process from the 7th cycle,
leading to coulombic efficiencies of >100% in the following
cycles (Fig. 2¢). This fact indicates the direct contact between
Cu and Li electrodes associated with dendritic Li deposition.
The glass fiber filter possesses large pores, 5-10 um (inset in
Fig. 2b), and thus dendritic Li metal formation results in the
internal short circuit at high areal capacity (>1 mA h cm™?) for
Li deposition. In contrast, for the cell with the aramid-coated
polyolefin separator, a highly reversible Li deposition and
stripping without short circuiting and superior coulombic
efficiency of ~98% are observed even when the Li deposition
areal capacity was increased to 4.2 mA h cm™? (Fig. 2b). Such
large amount of Li deposition/stripping is sufficient to realize
practical high energy density in Li metal batteries.>*>> Further-
more, the cell with the aramid-coated polyolefin separator can be
stably cycled with increasing the current density, ~1.0 mA cm™>
(ESLt Fig. S2). When the deposition capacity is increased to
49 mA h ecm™? the reversibility of Li deposition/stripping is
gradually lost upon cycling (ESLt Fig. S3). The aramid-coated
polyolefin separator has nanosized pores (Fig. 2d), which effec-
tively suppresses the penetration of dendritic Li metal through the
separator and enables reversible cycling of Li metal even at high
areal capacity.

The cycling stabilities of Li deposition/stripping in conven-
tional electrolyte (1 M LiPF,s in EC/DMC) with and without
2 vol% fluoroethylene carbonate (FEC) and highly concentrated
LiFSA/DMC electrolyte were compared using Li/Cu cells (Fig. 3).
The separators used for the low and high concentration elec-
trolytes are conventional polyolefin and aramid-coated polyo-
lefin membranes, respectively. For the cycling test, the current
density was set to 0.35 mA cm > and the Li deposition areal
capacity to 2.1 mA h cm 2. As shown in Fig. 3a, polarization for
Li deposition/stripping processes in the cell with the conven-
tional 1 M LiPFs in EC/DMC electrolyte gradually increased

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chronopotentiometric curves of Li deposition/stripping in Li/Cu
cells with (a) 1 M LiPFg in EC/DMC, (b) 1 M LiPFg in EC/DMC + 2 vol% FEC
and (c) LiIFSA:DMC = 1:1.1 electrolyte solutions at a current density of
0.35 mA cm~2. SEM images of Li metal deposited on the Cu electrode at a
current density of 0.35 mA cm™2 for 6 h are also shown in the inset of
(a—c). (d) Coulombic efficiency of Li deposition/stripping in each cell.

during 100 continuous cycles. The coulombic -efficiency
remains 95-96% for the initial 40 cycles and then gradually
dropped to ~91% (Fig. 3d). These results suggest that the
irreversible reductive decomposition of the electrolyte continu-
ously occurs in the conventional electrolyte during the Li
deposition in each cycle. In contrast, the increase in the
polarization with cycling was greatly suppressed and the aver-
age coulombic efficiency was significantly improved in the cell
with 1 M LiPF, in EC/DMC + 2 vol% FEC (Fig. 3b and d). This
observation is probably because the addition of a small amount
of FEC in the conventional electrolyte forms a stable LiF-rich
SEI on the Cu electrode surface, which suppresses the reductive
decomposition of the electrolyte.>**” More importantly, the cell
with the LiFSA:DMC = 1:1.1 exhibits lower irreversible capa-
city (Fig. 3c) and higher coulombic efficiencies (>98%) for
100 cycles (Fig. 3d) compared to the cells containing LiPFs-
based electrolytes, despite the polarization being larger on 100
continuous cycles, probably associated with lower ionic
conductivity.** In the highly concentrated LiFSA-based electro-
lyte, the FSA-derived SEI is considered to be formed on the
deposited Li metal surface and minimizes the irreversible
reaction between the Li metal and the electrolyte.”*'® It is
noted that the use of aramid-coated polyolefin separator is also
responsible for the superior cycling performance for the cell
with LiFSA:DMC = 1:1.1. High electrolyte wettability of the
aramid-coated separator (Fig. 1) induces the uniform Li deposi-
tion (vide infra), thereby enabling dendrite-free Li deposition/
stripping reactions for 100 cycles. The insets of Fig. 3a-c show
the SEM images of Li metal deposited on the Cu substrate. In
the 1 M LiPFs in EC/DMC electrolyte, needle-like Li deposits
with a large surface are formed (Fig. 3a), which accelerates the
parasitic reactions between the Li metal and electrolyte, result-
ing in the poor cycling stability (Fig. 3a and d). In contrast,
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granular Li deposits were formed uniformly in the 1 M LiPFg in
EC/DMC + 2 vol% FFC and LiFSA:DMC = 1:1.1 electrolytes
(Fig. 3b and c), which may contribute to the high coulombic
efficiency. The grain sizes of the Li deposits in LiFSA:
DMC = 1:1.1 are clearly larger compared with those in the
LiPFs in EC/DMC + 2 vol% FEC, leading to the reduced surface
areas of the Li deposits.®® As such, the parasitic reactions
could be minimized more effectively in the highly concentrated
LiFSA/DMC electrolyte, which improves the reversibility of Li
deposition/stripping with practical areal capacity.

In summary, the use of an aramid-coated polyolefin separa-
tor solves the wetting issue of conventional polyolefin separa-
tors to HCEs. This is because the polar surface functional group
on the aramid-coating layer provides strong affinity of the
polyolefin separator to the electrolyte. Furthermore, the
aramid-coated separator enables stable Li deposition/stripping
reactions in LiFSA/DMC = 1:1.1 at practical areal capacity
(2 mA h cm™2) for 100 cycles. Unlike in the conventional
LiPF4/EC + DMC-based electrolyte, a high coulombic efficiency
over 98% for Li deposition/stripping can be achieved in the
highly concentrated LiFSA/DMC electrolyte even without the
addition of functional additives such as FEC. Thus, the com-
bined use of highly concentrated electrolytes and functional
separators offers the promising possibility for practical applica-
tions of Li metal batteries.
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