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ARTICLE INFO ABSTRACT

Keywords: Unexpected Li deposition during plating, which causes low Coulombic efficiency and safety issues, limits the use
Lithium metal anodes of Li metal as an anode in commercial secondary batteries. With the recently developed micro-patterned Li metal
Cesium hexafluorophosphate anodes, dendrite formation during high current Li plating (2.4 mA cm~2) has successfully been reduced, as Li

Lithium secondary batteries
Lithium dendrite
CsPF¢ additive

ions are guided into the patterned holes. However, the uncontrolled formation of granular Li is still observed in
this material. To overcome these shortcomings, we have introduced cesium hexafluorophosphate into micro-
patterned Li metal anodes. This additive employs the self-healing electrostatic shield mechanism to effectively
reduce the formation of granular Li and Li dendrites, thereby significantly improving the electrochemical per-
formance of the anodes even when only small amounts (0.05M) of electrolyte are used. Our experiments re-
vealed that batteries employing surface-patterned Li metal anodes with cesium hexafluorophosphate maintained
88.7% (96.6 mAh g~ 1) of their initial discharge capacity after the 900" cycle (Charging current density: C/2,
0.6 mA cm ™2, Discharging current density: 1C, 1.2 mA cm™2), which is three times higher than the capacity
observed with surface-patterned Li metal anodes without the additive (discharge capacity starts to decrease from
300 cycles).
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1. Introduction

Li-ion batteries (LIBs) have been widely recognized as suitable
power sources for mobile electronic devices, such as laptops and mobile
phones, since their first release in 1991 [1]. However, in recent years,
there has been a growing demand for new secondary battery systems
with higher energy densities and stable cycle performance, to meet the
requirements of large-scale applications such as electric vehicles and
energy storage systems. The energy density of commercial LIBs is ap-
proaching the theoretical limit dictated by the capacity of the anode
and cathode materials used in these batteries, implying that new active
electrode materials based on new chemistries are required to increase
the energy density of secondary batteries [2].

Compared to graphite (372 mAh g’l), which has been used as an
active anode material for commercial LIBs, Li has a higher theoretical
specific capacity (3860 mAh g~ 1), a very low negative redox potential
(—3.04V versus the standard hydrogen electrode) and low density
(0.59 gem %) [1-5]. Because of these advantages, Li metal has been
considered to be a promising anode material for secondary batteries for
more than four decades.

However, the formation of uncontrolled structures during Li plating
means that it has not been applied to commercial secondary batteries
[1,6]. The generation of structures such as Li dendrites, mossy Li, and
granular Li during Li plating results in a large morphological change
rupturing the native and solid electrolyte interphase (SEI) layers of the
anode, which adversely affects its electrochemical performance by
consuming electrolytes [7-10]. Large amounts of liquid electrolytes are
consumed in forming SEI layers on the newly exposed Li metal surface.

We previously reported that surface-patterned Li metal significantly
inhibits dendrite formation at high current densities, i.e., 2.4 mA cm ™2
[3,11]. As a result, anodes employing this material exhibit improved
electrochemical performance compared with anodes with pristine Li
metal. However, mossy Li and granular Li can still be observed in
surface-patterned Li, as large structural changes are still experienced in
the plating of the porous material. Avoiding porous Li plating is key to
improving the electrochemical performance of surface-patterned Li
metal anodes.

Of the many approaches studied to suppress uncontrolled Li plating,
such as the use of protective coatings [12-14], Li host materials
[15,16], and functional separators [4], functional electrolytes con-
taining additives appear to be the most economical and efficient solu-
tion, as only a small amount of the additive (0.1-5wt%) [17-23], is
required to improve the electrochemical performance of Li secondary
batteries. A functional electrolyte containing cesium ions (Cs*) was
recently proposed as a method for controlling Li plating, based on a self-
healing electrostatic shield mechanism (SHES) [22,24]. According to
these studies, low concentrations of Cs* ions exhibit a lower reduction
potential than Li™ ions, thereby forming a positively charged electro-
static shield around the initial growth tips of the protrusions. This
shielding eliminates Li dendrite formation by forcing the deposition of
Li* ions into regions adjacent to the protrusions.

To investigate the possible synergistic effect between surface-pat-
terned Li and low concentrations of Cs* ions on the suppression of
uncontrolled Li plating, we introduced an electrolyte solution con-
taining a small amount of CsPFg (0.05 M) to surface-patterned Li metal
anode, and evaluated the electrochemical performance of the unit cell
(LiMn,O,4/Li metal). Our experiments demonstrate that the Cs* ions
inhibits the formation of mossy and granular Li on the surface-pat-
terned Li metal during plating at high current densities (2.4 mA cm™2)
and enhances the cycle performance and rate capability of the unit
cells.
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2. Experimental
2.1. Materials

Lithium hexafluorophosphate (LiPF¢), propylene carbonate (PC),
ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl
carbonate (DMC) were purchased from Enchem (Battery grade, Enchem
Co., Ltd., Korea), and used as received. Cesium hexafluorophosphate
(CsPFg, > 99.0%, anhydrous) was ordered from SynQuest Laboratories,
and dried at 60 °C for four days under vacuum, inside the antechamber
of an argon-filled glove box. We prepared 1 M electrolyte solutions of
LiPFg in a mixture of EC, PC, and EMC, at a weight ratio of 5:2:3, in the
argon-filled glove box, with and without 0.05M of CsPFs. We used a
microporous polyethylene (PE) membrane (ND420, Asahi Kasei E-
Materials, Japan, porosity = 40%, thickness = 20 um) as a battery se-
parator.

We used LiMn,04 (LMO, Iljin materials, Korea), conductive carbon
(Super P Li%, Imerys, Belgium), polyvinylidene fluoride (PVDF, KF-
1300, Kureha, M,, = 350,000), N-methyl-2-pyrrolidone (NMP, Sigma-
Aldrich) and Al current collector foil (15 um, Sam-A Aluminum) for the
cathodes of the battery. The LiMn,0,4 cathode was prepared by coating
a slurry consisting of 90 wt% LiMn,Q., 5wt% Super P Li’, and 5 wt%
PVDF in NMP solvent onto a piece of Al foil using a doctor blade, and
drying in an oven at 130 °C for 1 h (mass loading = 12 mg cm ™2, den-
sity = 1.8 mgem ™ 3). The surface-patterned Li metal anode (200 um,
Honjo, Japan) was prepared as described in our previous work [11].
The 2032-coin type unit cells (LMO/Li metal) were assembled in the
argon-filled glove box (dew point below —70°C) by sandwiching the
PE separator between the LMO and Li metal. We used 80 pL of elec-
trolyte during battery assembly.

2.2. Characterization

The morphological features of the Li metal were analyzed using a
field-emission scanning electron microscope (FE-SEM, S-4800, Hitachi,
Japan) and a 3D digital microscope (VHX-900F, Keyence, Japan). To
prepare the material for characterization, the unit cells (LMO/Li metal)
were carefully disassembled in an argon-filled glove box, to detach the
Li metal from the LMO. The Li metal was subsequently rinsed in DMC
solvent, and dried under vacuum at 25 °C for 12h, to remove the re-
sidual electrolyte on its surface. All the Li metal samples were packed
into a hermetically-sealed Al polymer pack before SEM and digital
microscope analysis, for safe transfer without contamination.

2.3. Electrochemical measurements

To initiate electrochemical characterization, we first define a series
of processes consisting of formation and stabilization steps as pre-
cycling. The unit cells (LMO/Li metal) were cycled (formation step),
i.e., charged and discharged, between 3.0 and 4.3 V relative to Li/Li*,
at C/10 (0.12mA cm™2), followed by three additional cycles (stabili-
zation cycle) at C/5 (0.24 mA cm ™ 2). This precycling was conducted at
25°C, in constant current (CC) mode, using a battery cycler (PNE
Solution Co., LTD., Korea).

After precycling, the rate capability of the unit cells (LMO/Li metal)
was evaluated by cycling between 3.0 and 4.3 V, relative to Li/Li*, five
times at different current densities. In these experiments, discharging
was performed in CC mode, with the discharging current densities
varied from C/2 to 20C (i.e., C/2, 1C, 2C, 3C, 5C, 7C, 10C, 15C, and
20C). Charging was performed in CC/constant voltage (CV) mode, with
the current density maintained at C/2 (0.6 mAcm™2). The cycling
performance of the precycled unit cells was tested between 3.0 and
4.3V relative to Li/Li* (charging: C/2 in CC/CV mode, discharging: 1C
in CC mode) for 900 cycles at 25 °C.

To investigate the effect of CsPF¢ on the surface-patterned Li metal
in the polarization process, 2032-type coin Li/Li symmetrical cells were
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Fig. 1. (a: top view, b: cross-sectional view) SEM images of surface-patterned Li metal anodes. (c: top view, d: rotated view) Topographic images of the surface-

patterned Li metal anodes obtained using 3D optical microscopy.

prepared, and Li plating and stripping experiments were performed at a
current density of 2.4mAcm™2 Each cycle consisted of 5min of
plating, 10 min of rest, 5min of stripping, and 10 min of rest. The rest
time between the plating and stripping processes was selected to alle-
viate the effect produced by concentration gradients. Potential changes
were monitored with respect to the reference Li electrode.

AC impedance measurements of the unit cells (LMO/Li metal) were
conducted using a VSP impedance analyzer (Bio-Logic SAS, USA) in the
frequency range from 1 MHz to 0.01 Hz.

3. Results and discussion

The morphology of the surface-patterned Li metal was observed
using a combination of SEM (Fig. 1a and b) and 3D optical microscopy
(OM) (Fig. 1c and d), to verify the reproducibility of the surface pattern
over the entire area of the Li metal. Unlike SEM, with 3D OM a 3D
image of a sample, which can be rotated and observed at any angle, is
produced by combining OM images obtained from different focal
planes. This technique allows more in-depth interrogation of the to-
pology of the sample. In Fig. 1c and d, blue corresponds to the depth of
the substrate, while red corresponds to its height. Based on 3D OM the
inverted square pyramid has a height of 37.5 um, a width of 40 pm, and
a ridge length of 40 um, which are in good agreement with the pattern
dimensions estimated from the SEM images. The results of these char-
acterizations suggest that periodic patterns were uniformly fabricated
across the entire area of the surface of the Li metal.

We evaluated the cycle performance and rate capability of the unit
cells (2032 coin-type cells, LMO/Li metal), to investigate the effects of
CsPF¢ on their electrochemical properties. For simplicity, hereafter, we
denote the unit cells containing and not containing CsPF¢ as Li metal
with CsPF and Li metal without CsPF, respectively.

The Li metal without CsPF¢ and the Li metal with CsPFg displayed
similar potential profiles during precycling (Fig. 2, Li metal without
CsPFg: charge capacity = 108.7 mAh g~ 1, discharge capacity = 107.9
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Fig. 2. Initial potential profiles of the unit cells (LMO/Li metal) containing the
surface-patterned Li metal with and without CsPFg.

mAh g~ !. Li metal with CsPFq: charge capacity = 107.9 mAh g~ *,
discharge capacity = 107.6 mAh g~ 1). At 99.7%, the Li metal with
CsPF¢ exhibited a slightly higher Coulombic efficiency (CE) than the Li
metal without CsPFg (99.2%). Although the difference in the CE of the
two systems (0.5%) seems small, it is enough to cause a big difference in
the cycle performance and rate capability of the two types of unit cells.
It thus appears that the effect of CE is compounded during cycling. The
larger CE observed with the Li metal with CsPF¢ implies that CsPFg
helps to form a more stable SEI layer on the surface-patterned Li metal
during precycling. The surface chemical composition of the Li metal
surface after precycling are summarized in Fig. S1 (Supplementary
Materials).

The Li metal with CsPF¢ exhibited improved electrochemical per-
formance compared to the Li metal without CsPFg (Fig. 3), as measured
by the cycle life and rate capability tests. We observed a sharp decrease
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Fig. 3. Electrochemical performance of LMO/Li metal unit cells containing
surface-patterned Li metal with and without CsPFe. (a) Capacity of unit cells
when cycling between 3.0 and 4.3V relative to Li/Li* (charging rate = C/2
(0.6 mA cm ™~ 2), discharging rate = 1C (1.2 mA cm~?)). (b) Rate capability de-
termined by varying the discharging current from C/2 (0.6 mA cm™?) to 20C
(24.0mA cm ™~ 2), with the charging current fixed at G/2 (0.6 mAcm™?). (c)
Discharge capacity measured after the 100" cycle as a percentage of the initial
discharge capacity measured during precycling (Fig. 2). In this experiment, the
charging current for Li plating was varied from C/2 (0.6 mAcm™?) to 2C
(2.4 mA cm~2), while the discharging current for Li stripping was fixed at 1C
(1.2mAcm™?).

in the discharge capacity of the Li metal without CsPFg after 300 cycles,
which eventually fell to 16.4 mAh g’1 (14.6% of its initial value) after
900 cycles. In contrast, the Li metal with CsPFg maintained a much
higher discharge capacity of 96.6 mAh g~ ! after 900 cycles (Fig. 3a).
For analysis of the rate capability of the two types of cells, we studied
two scenarios by comparing the capacity retention of both types of
cells. In the first (Case 1, results shown in Fig. 3b), the charging (Li
plating) rate was fixed and the discharging (Li stripping) rate was
varied, while in the second (Case 2), the discharging rate was fixed and
the charging rate was varied (Fig. 3c). We observed higher rate
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capabilities in the latter case than we did in the former. For instance,
from Fig. 3b, which considers Case 1, we note that the Li metal with
CsPF¢ displayed a capacity of 104.3 mAh g~ ! after 30 cycles of dis-
charging at 7 C (8.4 mA cm™~?), a value that is only 4% better than that
obtained with the Li metal without CsPFe (99.7 mAh g~ ! after 30 cycles
of discharging at 7C). In contrast, for Case 2 (Fig. 3c), the Li metal with
CsPF, exhibited a capacity of 94.4 mAh g~ ! after charging at 1C
(1.2 mA cm ~?), a value that is 28% better than that obtained with the Li
metal without CsPFg (73.5 mAh gfl). Based on these results, we can
deduce that CsPF¢ plays a more important role in Li plating than it does
in Li stripping. These results are in line with previous studies that the
plating current density plays an important role in determining the cycle
performance of Li metal anodes [4,9,11].

To elucidate the underlying mechanism dictating the improved
cycle performance and rate capability of Li metal with CsPF¢, we in-
vestigated the interfacial resistance and morphological properties of
surface-patterned Li metal treated with CsPF¢, using symmetric Li/Li
cells and SEM.

In order to investigate the relationship between the electrochemical
impedance and electrochemical performance of the unit cells in detail,
we measured the potential profiles of symmetric cells, fabricated with
surface-patterned Li, during galvanostatic Li plating/stripping (Fig. 4).
This allows us to observe the role of Li metal more closely, while ex-
cluding the role of the LMO in the unit cell (LMO/Li metal) used in the
electrochemical tests detailed in Fig. 3. The galvanostatic polarization
experiments were conducted by applying a constant current for 1000
cycles in the following sequence: +2.4 mA cm ™2 for 5min — 10 min
rest —> —2.4mA cm 2 for 5min — 10 min rest. As the number of cycles
increased, the symmetric cells composed of surface-patterned Li metal
with CsPFg exhibited a smaller overpotential than the cells containing
surface-patterned Li metal without CsPFe. To illustrate the changes in
overpotential observed with the two systems, a post-mortem analysis of
the surface-patterned Li metal was performed using SEM, to observe the
changes in morphology incurred during electrochemical testing.

To determine the effect of the CsPF¢ electrolyte additive on the
patterned Li metal, we fabricated symmetric cells consisting of pristine
and patterned Li. The same number of Li ions were plated on patterned
Li metal with and without CsPFg (Li was plated for 5minat
2.4mA cm ™2, corresponding to 0.2 mAh). As detailed in our previous
report [11], we observed uncontrolled granular Li structures in the
micro-patterned holes of the Li metal without CsPF¢ (Fig. 5a—c). In
contrast, with CsPFg, the surface of the micro-patterned Li metal was
stabilized (Fig. 5d-f), as the micro-patterned holes were filled with
dense Li metal without the formation of uncontrolled Li structures such
as dendrites, or mossy and granular Li. The suppression of granular Li
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Fig. 4. Potential profiles of symmetric cells fabricated using surface-patterned
Li with and without CsPF¢. Each polarization step was conducted by applying
current in the following sequence: +2.4 mA cm ™2 (5min) — Rest (10 min) —
—2.4mAcm™? (5min) — Rest (10 min).
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Fig. 5. The surface and cross-sectional SEM images of patterned Li metal (a—c) without CsPFg, and (d-f) with CsPFg, following moderate Li plating at 2.4 mA for 5 min

(corresponding to 0.2 mAh).

by CsPF¢ is notable, as the generation of granular Li, which causes
changes to the morphology of the Li metal surface resulting in the extra
consumption of electrolytes in the formation SEI layer, was a limit to
the efficacy of surface-patterned Li metal.

We further investigated the morphological changes to the surface-
patterned Li metal in different Li plating conditions, corresponding to a
capacity of 1.8 mAh. After precycling, as performed with the cells
characterized in Fig. 2, the 2032 coin-type LMO/Li unit cells with and
without CsPF¢ were disassembled, following additional charging and
discharging, and the surface of the patterned Li metal was observed.

For both types of unit cells, the excess Li relative to the number of
patterned holes meant that plated Li was deposited in these holes, as

Without CsPF,

After
charge

After
discharge

well as the ridge regions of the pattern (Fig. 6a—d). More importantly,
the plated Li of the unit cell with CsPF¢ did not show a smooth surface
morphology (Fig. 6¢ and d), an observation that contradicts the beha-
vior reported in previous studies [22,24,25], where the SHES me-
chanism, activated by the use of CsPF, resulted in a smooth Li metal
surface after plating. After discharging, the surface morphologies of the
patterned Li metal with and without CsPF¢ were significantly different.
For the Li metal without CsPFg, Li ions were removed from the ridge
region to create pits over the entire surface (Fig. 6e and f). In contrast,
for the Li metal containing CsPFg, Li ions were stripped from the bulky
Li metal region, resulting in a smooth morphology (Fig. 6 g and h).
We conducted additional experiments to investigate the deviation in

With CsPF,

e 200 UM

Fig. 6. SEM images of the surface-patterned Li metal after precycling (Li plating condition = 1.8 mAh). Effects of charging on samples (a and b) without CsPF, and (c
and d) with CsPFe. Effects of discharging on samples (e and f) without CsPFe, and (g and h) with CsPFs.
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Without CsPF,
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With CsPF,

e 200 UM

Fig. 7. SEM images of the surface-patterned Li metal (a and b) without CsPFe, and (c and d) with CsPFg, after 100 cycles corresponding to the characterizations in

Fig. 3a.

the expected effect of CsPF¢ during charging. From the results of these
experiments we can deduce that the amount of CsPF¢ electrolyte solu-
tion containing in the unit cells, and the number of Li ions during
plating, play a significant role in determining the morphological
structure of Li metal. As shown in Fig. S1 in the Supplementary Mate-
rials, a larger amount of liquid electrolyte (600 puL) resulted in a
smoother Li metal surface compared with the morphology observed
with a smaller amount of liquid electrolyte (80 puL). Moreover, by
comparing the magnitude of Li plating (0.2 mAh and 1.8 mAh), we
noticed that the surface-patterned Li metal exhibited a smooth Li sur-
face following moderate Li plating (0.2 mAh, Fig. S2 in Supplementary
Materials). The mechanism dictating these observations made during
post-mortem analysis is under investigation and will be reported else-
where.

The surface of the patterned Li metal was observed after 100 cycles,
with conditions corresponding to those characterized in Fig. 3a. Similar
to the results displayed in Fig. 6a, b, e, and f, the patterned Li metal
without CsPF¢ had rough morphological features, as if the surface was
torn off around the pattern (Fig. 7a and b). In contrast, the patterned Li
metal with CsPF¢ exhibited a smoother surface (Fig. 7c and d). Based on
the appearance of uncontrolled structures, which consume a large
amount of electrolyte, we believe that the smoother surface of the
patterned Li metal with CsPF¢ are an important reason for the sig-
nificantly improved cycle performance of the unit cells characterized in
Fig. 3a. This conclusion is supported by the results of impedance ana-
lysis, shown in Fig. S3 (Supplementary Materials). There was a large
increase in the bulk resistance (Rp,) of the Li metal without CsPF¢ (from
4.33 to 13.9 Q) compared to that observed with the Li metal with CsPFg
(from 2.43 to 3.55 Q2), implying that with the Li metal without CsPFs, a
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larger amount of liquid electrolyte was consumed after cycling. The
total resistance of the unit cells (Ryota1) is significantly influenced by the
morphological characteristics of Li metal; for instance, the large surface
area generated as a result of the formation of uncontrolled Li structures,
reduce its magnitude, which confuses the exact interpretation of Ry
[26-28]. Hence, we have avoided comparing Ry to determine the
influence of electrolyte consumption on thick SEI formation.

4, Conclusion

Expecting a synergistic effect between the surface-patterned Li
metal and CsPFg, we introduced a 0.05 M CsPFg electrolyte solution to
the surface-patterned Li metal. Although we did not observe the re-
ported effects of the SHES mechanism (a smooth Li metal surface), as
the relationship between the surface-patterned Li metal and CsPFg was
more complex than envisaged, the additive still significantly stabilized
the morphology of the surface-patterned Li metal in repeated Li
plating/stripping, greatly improving cycle performance.
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