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Progress in extending the cycle life of lithium metal batteries has primarily

been achieved through strategies focused on slow charging and fast dischar-
ging conditions, with limited practical impact. However, accelerated perfor-
mance degradation under the opposite operation protocols—fast charging and
slow discharging—remains a challenge. Here, we introduce (difluoromethyl)
trimethylsilane with a large electrostatic potential difference as a diluent for
localized high-concentration electrolytes. The presence of this diluent limits
the size of ion clusters and promotes the transfer of Li ions through the swollen
solid-electrolyte-interphase layer for robust fast charging. The diluent also
increases electrode polarization, which leads to spatially uniform Li stripping
sites and allows reliable discharging even at low current densities. As a result,
the electrolyte achieves an average Coulombic efficiency of 98.12% even at
12mA cm2in Li | |Cu asymmetric cells. In full cells, a state-of-charge of 77.3% is
achieved within 6 minutes while retaining 81.3% capacity after 200 cycles at a
10 C charging rate, demonstrating their stability under fast-charging and slow-

discharging protocols.

Lithium metal batteries (LMBs) represent a paradigm shift in energy
storage technology and are ushering in a new era of high-performance
power sources. The utilization of metallic lithium as a negative elec-
trode in LMBs has unprecedented advantages, most notably its
unparalleled capacity of 3860 mAh g™ and the lowest redox potential
of —3.04 V versus the standard hydrogen electrode. LMBs are therefore
poised to transcend the energy density limitations inherent to current
intercalation-based lithium-ion batteries (LIBs). This quantum leap in
performance promises not just to extend the driving range but also to
redefine the auxiliary boundaries of rechargeable batteries in power-
ing emerging vehicle functions, such as autonomous driving and
infotainment systems'™>.

The viability of LMBs relies on the reversibility of Li (de)plating.
Dendritic growth and uneven stripping are both responsible for the
formation of isolated Li plates (dead Li) and the parallel acceleration of

electrolyte decomposition to impair the reversibility of individual
cycles*®. This situation worsens at accelerated plating (fast-charging)
and prolonged stripping (slow-discharging) rates’®. The battery
community has developed numerous strategies such as surface
modification', installation of hosts", and electrolyte engineering™'*
to address these issues. Yet, the majority of these approaches are
effective under slow-charging and fast-discharging conditions. In
particular, electrolyte engineering has elucidated the emerging
opportunities related to tuning the solvation structure near the Li ion,
and localized high concentration electrolytes (LHCEs) involving dilu-
ents are the most representative in this regard”™". These LHCEs have
ion-pair configurations in which the anions are involved in the solva-
tion structure to form either contact ion pairs (CIPs) or aggregates
(AGGs), including smaller AGG1 and larger AGG2, to build an inorganic-
rich solid-electrolyte interphase (SEI) layer. This inorganic-rich SEI
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supports reversible Li plating and stripping owing to its strengthened
physical properties'®. Nevertheless, these remedies lose their effec-
tiveness when the cell operates under more practically useful condi-
tions: rapid energy storage paired with prolonged utilization before
requiring recharging, in other words, fast-charging and slow-dischar-
ging, respectively.

Unfortunately, warranting the reversibility of LMBs under these
preferred operational conditions is nontrivial. Even if the anion-
derived SEl layer induces densely packed Li plates, the electrode would
still be vulnerable to local dendritic growth once the region near the
electrode surface becomes depleted of Li ions at higher charging
rates'*'**°, The community has often explained this dependence on the
plating current using concepts such as Sand’s time, deionization
shock, and the tip effect, without fully considering the interphase on
the surface' . In the Li metal system, however, consideration of the
SEI layer is essential for understanding the key performance factors.
Since the discovery of the existence of the SEI layer, advanced analy-
tical techniques have revealed new characteristics of this layer, such as
its self-standing nature during reversible Li (de)plating®*¢, swollenness
due to penetration of electrolyte components rather than complete
blockage®?¥, and the significantly restricted Li ion transport therein
compared to the bulk electrolyte***™, Considering these aspects, it
can be deduced that facilitating de-solvation and transfer of Li ions
through narrow pathways within the SEI layer is crucial to alleviate Li
ion depletion near the electrode surface and thus achieve fast charging
capability (Fig. 1, left).

On the other hand, stripping at a decelerated rate was found to be
detrimental to reversibility due to the limited availability of stripping
sites®**, The electrode surface inevitably contains structurally defec-
tive sites, such as point defects and grain boundaries, with low acti-
vation barriers for electrochemical reactions that cause undesired
localized charge transfer®>>¢, Even within a single Li deposit, imbal-
anced stripping can lead to the formation of isolated deposited Li,
referred to as dead Li****. In conventional electrochemistry, a highly
polarized electrode, indicative of increased overpotential at a given
current density, has been proven to mitigate the reaction
heterogeneity>>***°. In this line, the beneficial effect of an increased
overpotential lies in its ability to overcome reaction barriers and
extensively activate reaction sites to ultimately realize uniform Li (de)
plating (Fig. 1, right). Additionally, according to classical nucleation
theory, increasing the overpotential of an electrode increases the
number of deposition sites while reducing their size due to a lowered

Reaction uniformity

Considering these aspects, herein, we identify the determinants
for the reversibility of Li (de)plating under fast-charging and
prolonged-discharging conditions and propose an LHCE design strat-
egy based on electrostatic potential control. A rigid SEI, which can be
dictated by electrolyte chemistries, is preferred to reach a certain level
of reversibility, but may not be sufficient to avoid the dendritic growth
associated with fast Li plating unless the constrained Li* transport
through the SEI layer is resolved. In LHCEs, Li ion transport kinetics is
affected by the size of ion clusters, which are highly dependent on the
molecular structure of the diluent, as well as the SEI properties. In this
regard, we aimed to reduce the size of the ion clusters to facilitate the
Li ion transport through the SEI layer while maintaining the high-
concentration effect, which induces an inorganic-rich SEIL. This elec-
trolyte design perspective led us to pursue an electrolyte with a rela-
tively high content of small ion clusters. The preference of small
clusters guided us to consider the electrostatic potential difference
(AESP) of a diluent molecule as a key metric because the polarized
diluent can shield cation-anion electrostatic interaction more effec-
tively and thus allay the tendency to aggregate ions, even without
direct coordination. Along this line, a LHCE containing a diluent,
(difluoromethyl)trimethylsilane (DFTMS), with a large AESP exhibited
74.8% and 22.1% higher proportions of ion pairs of suitable sizes
under CIP and AGGI, respectively, compared to its trifluoromethyl-
substituted counterpart, namely, (trifluoromethyl)trimethylsilane
(TFTMS). The increased content of small clusters promotes the
kinetics of Li ion transport through the SEI layer for stable Li plating at
fast-charging modes. On the other hand, the addition of DFTMS
improves the uniformity of Li stripping at slow discharging rates by
effectively raising the electrode polarization and therefore increasing
the availability of electrochemical reaction sites. As a result, the elec-
trolyte 2M lithium bis(fluorosulfonyl)imide (LiFSI) 1,2-dimethox-
yethane (DME)-DFTMS (1/2=v/v) exhibited stable cycling with an
average Coulombic efficiency (CE) of 98.12% at a high current density
of 12mA cm™ in a Li | |Cu asymmetric cell configuration. When exam-
ined in a full-cell with a limited N/P ratio (the capacity ratio between the
negative and positive electrodes) of 2.5, 78.5% of the original capacity
was retained after 300 cycles, even with fast charging that reached a
state-of-charge (SOC) of 87.0% within 15min during each cycle.
Moreover, 81.3% of the capacity was retained after 200 cycles, even
with fast charging that reached an SOC of 77.3% in 6 min, which cor-
responds to a 10 C rate (16 mA cm™). The current study presents the
AESP and electrode polarization as key parameters for designing
LHCEs for LMBs capable of operating under the desired fast charging
and prolonged discharging conditions. Furthermore, we propose a
transport scheme of Li-ion clusters in the SEI layer, characterized by
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Fig. 2 | Characterization of ion clusters in the electrolytes. a Relationship
between AESP of the diluent and the cluster size of an ion-pair. b Electrostatic
potential map of various diluents of interest. Atom types: carbon (dark gray),
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of ion-pair states in the electrolytes. d "Li nuclear magnetic resonance (NMR)
spectra of the electrolytes. e Small-angle X-ray scattering (SAXS) spectra of the
electrolytes. f lonic conductivities of the electrolytes.
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kinetically hindered ion-cluster transport in the upper swollen SEI,
followed by gradual de-solvation as the clusters approach the elec-
trode surface.

Results

Factors affecting reversibility in fast charging and slow
discharging

As a variety of interrelated interfacial factors can complicate the
electrochemical behavior, establishing ideal interfacial conditions is
not trivial. To identify the determinants for fast charging coupled
with prolonged discharging, we conducted preliminary tests using an
electrolyte that is widely used in LMBs: LiFSI in DME. Higher con-
centrations of the LiFSI salt alter the bulk ionic conductivity, yet also
change the interfacial properties, which would complicate the
interpretation of the overall phenomena*~**. To exclude the effect of
the interface, apart from preparing cells with a single polyethylene
(PE) separator and 2M and 4 M LiFSI DME as the electrolyte, we
additionally prepared a cell with the identical 2 M LiFSI DME elec-
trolyte but installed three separators. This cell, with the three
separators and 2 M LiFSI DME, exhibited even higher ohmic resis-
tance than that with one separator and 4 M LiFSI DME, but its inter-
facial resistance was similar to that with one separator and 2 M LiFSI
DME, as indicated by electrochemical impedance spectroscopy (EIS)
analysis (Supplementary Fig. S1). The average Coulombic efficiencies
(CEs) of these cells were assessed by Adams’ method (Supplementary
Fig. S2). Notably, despite the similar interfacial resistances, the
addition of separators increased the average CE from 96.83% to
98.02% for the same 2M LiFSI DME electrolyte. In a separate
experiment, 4 M LiFSI DME with one separator yielded the highest CE
of 99.2%, confirming that the high-concentration strategy remains
effective for improving the reversibility of Li (de)plating at a slow rate
of 1mAcm™ through the formation of an inorganic-rich SEI*"*%
Nonetheless, this high-concentration strategy alone did not warrant
reliable cycling at higher rates above 12 mA cm™2, as sudden potential
drops indicative of soft short-circuits were observed (Supplementary
Fig. S3). The much lower Li* diffusivity through the SEI layer
(approximately 10°-10"2cm?s™) than that in the bulk electrolyte
(-107¢ cm? s71)?829314445 guooests that dendritic growth induced by
depletion during fast Li plating is mainly related to limited mass
transfer of Li ions in the SEI layer™*®*. This perspective aligns well
with recent reports** indicating that the reversibility of Li deposi-
tion during fast charging highly depends on Li ion transport through
SEl, rather than bulk ionic conductivity.

To clarify the improved reversibility in the cell with three PE
separators despite using the same electrolyte, we examined the
potential profiles (Supplementary Fig. S4). The three-separator cell
exhibited a higher overpotential of 20.9 mV compared to that of the
single-separator cell of 10.9 mV due to the increased ohmic resis-
tance. The depth of the dips at the beginning of the potential pro-
files during Li plating indicated that |n,,.| decreased from 40.0 mV
(one separator) to 23.4 mV (three separators). Hence, based on
classical nucleation theory, the lower |n,,.| of the three-separator
cell rationalizes its more extensive coverage in terms of Li deposits
observed through scanning electron microscopy (SEM) analysis
(Supplementary Fig. S5). Notably, the distribution and size of the
stripping sites need to be interpreted within a different framework,
as classical nucleation theory primarily pertains to deposition. For
the one-separator cell, larger pits were observed at localized sites,
indicating the uneven spatial and dimensional distributions of Li
stripping reactions. Conversely, in the three-separator cell, the pits
were shallower and more uniformly distributed across the area of
the electrode. This uniform distribution of reaction sites for Li
stripping suggests that an appropriate increase in the polarization
can help maintain the reaction uniformity, which is beneficial for
prolonged discharge processes.

Molecular structure design of diluent for small ion clusters
LHCEs have proven to be an effective electrolyte design for reversible
Li (de)plating under slow plating conditions through the formation of a
rigid SEI layer. Apart from this, facilitating the transport of Li ions
through the SEI layer is also crucial for suppressing depletion-induced
dendritic growth during fast charging. Increasing the CIP/AGG ratio by
augmenting the portion of CIPs or reducing the size of ion clusters
reportedly promotes rapid mass transfer kinetics'®*>*>,

The proportions of solvent-separated ion pairs (SSIPs), CIPs, and
AGGs vary depending on the electrolyte composition. The electro-
static potential (ESP) of a molecule, determined by the electronic
structures of its constituent atoms and their intramolecular interac-
tions, dictates the solvation environment and the resulting ion-pair
states in the electrolyte®**. In response to the electric field created by
the ions in an electrolyte, the ESP of a molecule can adjust its orien-
tation to electrostatically counteract the field: the site with the mini-
mum ESP (ESP.,;,) aligns toward neighboring cations, while the site
with the maximum ESP (ESP,.,) orients toward neighboring anions
(Fig. 2a). Based on a similar logic, a molecule with the most negative
ESP i would have a strong tendency to coordinate with Li ions. As the
absolute value of ESP,;, decreases, the molecule becomes a weakly
solvating solvent or even a diluent that barely participates in the pri-
mary solvation shell. On the other hand, the difference between ESP i,
and ESP,,.x (AESP) of a diluent can still influence the ion-pair states
outside the solvation shell through its charge-compensation ability***.
That is, a wide AESP in a diluent can buffer the attractive force between
cations and anions, thereby effectively disaggregating large ion clus-
ters (e.g., AGG2) into smaller ones (e.g., AGG1 and CIP).

With this effect of AESP in mind, we screened diluents to identify
those with a molecular structure that would support the creation of
highly dispersed ion pairs with smaller sizes. This approach was
intended to increase AESP without significantly raising the absolute
value of ESP i, as a large negative ESP,,i, could lead to an unfavorable
SSIP state. Also, we note that it is crucial to compare diluents with
reasonably similar molecular frameworks, as large structural differ-
ences or coordinating functionalities could obscure and confound the
contribution of AESP. From the perspective of the atomic arrange-
ment, replacing the central atom with a larger one can increase AESP
because the positive and negative charges within the molecule become
less shielded. As a shred of direct evidence, the replacement of the
central carbon atom in neopentane by silicon (Si) to form tetra-
methylsilane (TMS) increases AESP from 29.86 to 50.97 k] mol™ as the
distance between the central atom and the methyl groups increases
from 1.54 to 1.89 A (Fig. 2b and Supplementary Data 1). Beyond the
atomic size, asymmetry in the molecular structure can further increase
AESP. Along this direction, the incorporation of fluorine (F) is parti-
cularly notable because its high electronegativity polarizes the elec-
tron distribution within the molecule. However, the degree of
fluorination needs to be adjusted to minimize ESP.,;, and thus opti-
mize AESP (Supplementary Fig. S6). In this regard, the trifluoromethyl
group (—CF3) may be less effective than its mono- and di-fluoromethyl
counterparts because the three fluorine atoms can offset the electron
withdrawing effect of one another to yield a lower net [ESP, | ***°. Our
comparison of two TMS-derived diluents, DFTMS and TFTMS, revealed
that ESP.in (-94.89 k] mol™) of DFTMS is clearly lower than that of
TFTMS (-73.29kJmol™) (Fig. 2b). However, because their ESPpax
values do not differ much (81.82 and 88.88 k] mol™, respectively), their
AESP values differ considerably: DFTMS (176.71k) mol™) and TFTMS
(162.17 k) mol™). We note that this study does not intend to determine
an absolute AESP threshold for effective ion-pair disaggregation.
Rather, we consider AESP to be a key parameter for understanding the
differences in ion-cluster size and fast-charging capability
among LHCEs.

In line with the ESP;, results, density functional theory (DFT)
calculations indicate that DFTMS has a stronger affinity for binding Li
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ions than TFTMS (Supplementary Fig. S7). However, both affinities are
still significantly lower than that of DME, supporting the classification
of DFTMS and TFTMS as diluents. Although the highest occupied
molecular orbital (HOMO) levels of both diluents are relatively low
(Supplementary Fig. S8) and they are thus expected to have decent
oxidative stabilities, the concentration of LiFSI salt is required to be at
least 2M in LHCEs to avoid free DME molecules and FSI anions, as
indicated by the stepped chronoamperometry results of 1.5M and 2 M
samples up to 5.0 V vs. Li*/Li (Supplementary Fig. S9). Therefore, a salt
concentration of 2M was employed. Our assessment of the diluent
contents for LHCEs at LiFSI of 2 M showed that TFTMS could not be
added at a volume ratio greater than 2 relative to DME (1:2 v) due to its
limited polarity, closely linked to small AESP or higher ESP,,.x of
TFTMS. For example, 2M LiFSI DME-TFTMS at the 1:2.5v ratio had
poor homogeneity (Supplementary Fig. S10). Therefore, we set the
volume ratio to 1:2v to ensure oxidative stability (Supplementary
Fig. S11) without any dispersion issue: 2 M LiFSI DME-DFTMS 1:2 v and
2 M LiFSI DME-TFTMS 1:2 v.

Raman spectroscopy was used to determine the ion-pair com-
positions of the electrolytes (Fig. 2c and Supplementary Fig. S12). In
the 2 M LiFSIDME, only 47.74% of the total ion-pairs were CIP and AGGs
(the sum of CIP, AGGL, and AGG2), whereas 2 M LiFSI DME-DFTMS and
2 M LiFSI DME-TFTMS both contained over 96% under these compo-
sitions. Notably, the DFTMS-based LHCE had distinctly higher portions
of small ion clusters (CIP and AGGI: 16.54% and 48.78%, respectively)
yet much less larger ones of AGG2 (31.36%) compared to those in the
TFTMS-based LHCE (CIP, AGG1, and AGG2: 9.46%, 39.94%, and 47.13%,
respectively). Both molecular dynamic (MD) simulation (Supplemen-
tary Fig. S13 and Supplementary Data 2) and Li NMR chemical shift
(Fig. 2d) results indicate that the coordination of the two diluents with
Li* is insignificant, informing that the solvating components in the
primary solvation shell had a negligible effect on the distinct ion-pair
distributions. Therefore, the prominently higher proportions of CIP
and AGGI in the DFTMS-based LHCE, increased by 74.8% and 22.1%,
respectively, compared to its TFTMS-based counterpart, are antici-
pated to result from the electrostatic shielding effect of DFTMS out-
side the primary solvation shell.

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scat-
tering (WAXS) spectroscopy supported the enhanced formation of
small ion clusters in 2M LiFSI DME-DFTMS 1:2 v (Fig. 2e and Supple-
mentary Fig. S14)". SAXS analysis (Fig. 2e) revealed an enhanced
intensity, and hence greater prevalence, of ion-pairs in the two LHCEs
compared to 2 M LiFSI DME over the vector (g) range of 0.02-0.5A.
Between the two LHCEs, the intensity of the DFTMS-based one was
lower in the lower g regime (g<0.1A), but the trend reversed there-
after, inferring the decreased average dimensions of ion clustersin 2 M
LiFSI DME-DFTMS compared to 2 M LiFSI DME-TFTMS. These results
are well aligned with the greater abundance of CIP and AGGl in 2M
LiFSI DME-DFTMS, indicated by the Raman spectra (Fig. 2c). The bulk
ionic conductivity can also be associated with the size of charged
clusters'. Particularly, 2 M LiFSI DME with the highest portion of SSIPs
had the highest ionic conductivity of 17.78 mSm™ among the elec-
trolytes (Fig. 2f). Between the two LHCEs, the ionic conductivity of 2 M
LiFSIDME-DFTMS 1:2 v (5.88 mS cm™) was higher than that of 2 M LiFSI
DME-TFTMS 1:2 v (4.57 mS cm™) due to the increased portion of small
ion clusters in the 2 M LiFSI DME-DFTMS 1:2 v. Overall, the larger AESP
originating from the optimal level of fluorination of DFTMS (compared
with TFTMS) induces the formation of more disintegrated ion clusters
in its LHCE solution, which is beneficial for facile de-solvation and ionic
transport through the SEI layer and thus fast charging LMBs. In pre-
vious studies'*®°, TFTMS was introduced as an additive for interface
modification in LMBs and lithium-sulfur batteries. However, the ion-
pair state and relevant cluster sizes in relation to its ESP distribution
were not considered, nor was its partially fluorinated version
investigated.

Evaluation of reversibility at slow-charging rates

Evaluation of the reversibility of Li (de)plating at a relatively slow
rate of 1mA cm™ indicated that the average size of ion clusters
appeared to have an insignificant effect. At a current density of
1mA cm™ with a deposition capacity of 1 mAh cm™, a Li | |Cu asym-
metric cell with 2 M LiFSI DME exhibited the disappointing average
Coulombic efficiency (CE) of 91.57% (from the 15th to the 300th
cycle), with abrupt degradation after 120 cycles (Fig. 3a). Alter-
natively, the LHCE cells of 2 M LiFSI DME-DFTMS 1:2 v and 2 M LiFSI
DME-TFTMS 1:2v demonstrated stable reversibility, delivering
higher average CEs of 99.07% and 98.94% for 300 cycles, respec-
tively. Analogously, Adams’ measurements at a low current density
of 0.5 mA cm™ also revealed high CEs of 99.38 and 99.30% for both
LHCEs, respectively, whereas the cell with 2M LiFSI DME had a
distinctly lower CE of 97.66% (Fig. 3b). These CE results are con-
sistent with the extent of dendritic deposition on the Li electrodes
in the SEM analysis (Fig. 3c); dendrites were observed in the 2M
LiFSI DME after 20 cycles at a current density of 1mA cm™ with a
deposition capacity of 1 mAh cm™, whereas the deposits in both
LHCEs were comparatively planar after the same 20 cycles.

The reversibility of Li (de)plating at moderate plating rates
reportedly depends on the physicochemical properties of the SEl layer.
X-ray photoelectron spectroscopy (XPS) revealed that the SEI layer
formed in 2 M LiFSI DME was rich in organic components derived from
the decomposition of the primarily solvating DME (Fig. 3d). In contrast,
the SEl layers of both LHCEs were characterized by abundant inorganic
components, with a minor chemical difference that manifested in their
similar XPS peaks. This similarity is reflected in their comparable linear
sweep voltammetry (LSV) profiles related to electrolyte reduction
(Supplementary Fig. S15). Interestingly, despite the presence of Si in
the molecular structures of DFTMS and TFTMS, the minor presence of
Si components in the SEI layers was consistent with previous studies in
which silane was used as a solvent or diluent in the electrolyte® ‘. The
insignificant Si signature implies that the inorganic components in the
SEl layers mainly originate from the decomposition of the anion rather
than the diluents.

The cyclability of the full-cell in conventional constant current
(CC) mode at 1C for both charge and discharge was evaluated by
preparing Li (20 pum)|INCM811 (8 mg cm™) full-cells with a low N/P ratio
of 2.5 (Fig. 3e, f). For the 2M LiFSI DME full-cell, the capacity pro-
gressively declined from the beginning of cycling with severe degra-
dation after 150 cycles, reflecting the aforementioned oxidative
instability and irreversible Li (de)plating for this electrolyte. In con-
trast, the 2 M LiFSI DME-DFTMS 1:2 v full-cell cycled stably with capa-
city retention of 90.0% and 81.9% after 238 and 350 cycles,
respectively. Consistent with the similar reversibility observed in the
Li | |Cu asymmetric cell tests, the 2 M LiFSI DME-TFTMS 1:2 v full-cell
retained 90.1% and 71.3% of its capacity after 195 and 350 cycles,
respectively. These results are comparable to those of its DFTMS-
based LHCE counterpart, suggesting that the size of ion clusters was
not the main factor governing the cyclability at slow plating rates.

Evaluation of reversibility at fast-charging conditions

The disparity in the reversibility between the two LHCEs became more
pronounced at higher current densities. At the intermediate current
density of 4mAcm™, Li||Cu asymmetric cells with both LHCEs
demonstrated similar average CEs of 98.74% and 98.64% from the 15th
to the 250th cycles, respectively (Fig. 4a). However, at the significantly
higher current density of 12mAcm™ with a fixed capacity of
1mAh cm?, the average CE for the 2M LiFSI DME-TFTMS 1:2 v cell of
85.00% was considerably lower such that it was comparable to that of
the 2 M LiFSI DME cell of 83.59% (Fig. 4b). In stark contrast, the 2M
LiFSI DME-DFTMS 1:2 v cell maintained its reversibility with an average
CE of 98.12%, clearly succeeding in avoiding the degradation in
reversibility caused by depletion-induced dendrite formation.
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Fig. 3 | Evaluations of the Li (de)plating reversibility at slow charging rates.

a Comparison of Coulombic efficiencies for Li | |[Cu asymmetric cells when evala-
uted at a current density of 1 mA cm™ with a deposition capacity of 1 mAh cm™. b Li
plating/stripping reversibility assessed via the Adams’ measurements in Li | |Cu
asymmetric cells. ¢ Li deposition morphology after Li deposition in the 21st cycle,

Specific capacity (mAh g™")

characterized SEM at a current density of 1 mA cm™ with a deposition capacity of
1mAh cm™ d X-ray photoelectron spectroscopy (XPS) profiles of the deposited Li
after 5 cycles at 1 mA cm™ with a deposition capacity of 1mAhcm™ e Cycling
performance of Li | INCMSL1 full-cells and f their potential profiles at the 5th and
200th cycles at 1C rate (1C=200mAg™).

In a further investigation of the determinants of the rate cap-
ability, we re-evaluated the CEs at 12mA cm™ by re-assembling the
electrodes with pre-formed SEI layers in the individual electrolytes.
The SEI layer on the Cu electrode was pre-formed by operating the
cells for five cycles with each LHCE at 1 mA cm ™ with 1 mAh cm™. These

Cu electrodes were then carefully washed with DME to remove residual
LHCEs without damaging the pre-formed layer. Subsequently, the
electrodes were re-assembled into new cells with fresh Li counter
electrodes and each LHCE to assess the impact of the pre-formed SEI
layers on the CEs at 12mA cm™ with 1mAhcm™ (Fig. 4c). Notably,
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Fig. 4 | Evaluations of the Li (de)plating reversibility at fast-charging rates.
Coulombic efficiencies of Li | |Cu asymmetric cells at a4 mA cm™ and b 12 mA cm™
for both Li plating and stripping with a deposition capacity of 1 mAh cm™.

¢ Coulombic efficiencies of re-assembled Li | [Cu asymmetric cells with different
LHCEs at 12 mA cm™ with a deposition capacity of 1 mAh cm™. d SEM analysis of the

1st Li deposition at 1 mA cm™ and 12 mA cm™ with a fixed capacity 3 mAh cm™. The
scale bars in the inset images are 20 pm. e Current and potential profiles of three-
electrode cells obtained through galvanostatic intermittent titration technique
(GITT). f Potential relaxation of the working electrodes during the rest periods after
plating at 1, 3, and 6 mA cm™ in the GITT analysis.
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regardless of the pre-formed SEI layer, the CE stability was determined
mainly by the electrolyte; the re-assembled cells with 2 M LiFSI DME-
DFTMS 1:2 v exhibited stable CEs (red and orange, in Fig. 4c) whereas
the CEs of those with 2 M LiFSI DME-TFTMS 1:2 v were highly fluctu-
ating (green and blue, in Fig. 4c). Furthermore, we identified insignif-
icant differences in SEI thickness (Supplementary Fig. S16) and
chemical compositions (Supplementary Fig. S17) between the two
LHCEs, in agreement with the XPS results. Even when the ohmic
resistance of the 2M LiFSI DME-DFTMS 1:2v cell was increased by
incorporating three PE separators, its reversibility at 12 mAcm™
remained high (Supplementary Fig. S18). All of these results indicate
that neither the SEI structure nor the bulk ionic conductivity is the key
determinant of the reversibility at high rates.

The morphology of the Li deposits was inspected using SEM to
assess the dependence thereof on the current density and electrolyte
(Fig. 4d and Supplementary Fig. S19). At a low current density of
1mA cm™, morphologies in the reference 2M LiFSI DME electrolyte
revealed localization of deposits with particulate and dendritic struc-
tures, whereas the deposits in both LHCEs were homogeneous with full
coverage. Notably, at the high current density of 12mAcm™, the
morphologies of the deposits in the 2 M LiFSI DME and 2 M LiFSI DME-
TFTMS 1:2v evolved into thin needle-like features, which are often
observed with poor SEl-forming electrolytes such as carbonates or
under mass transfer-limiting conditions. In contrast, the deposits in
the 2M LiFSI DME-DFTMS 1:2 v maintained their planarity. Interest-
ingly, when the ion-cluster aggregation was mitigated by reducing the
salt concentration to 1M (Supplementary Fig. S20), a more blunted
deposition appeared in the 1M LiFSI DME-TFTMS 1:2 v, instead of the
needle-like morphology (Supplementary Fig. S21). This morphological
improvement was accompanied by enhanced Coulombic efficiency
during the initial 10 cycles (Supplementary Fig. S22). Nevertheless, the
compromised robustness of the SEI layer stemming from less anion-
decomposition could not ensure the long-term cyclability. Taken
together, such a significant morphological difference between the two
2 M based-LHCEs at high current densities is closely linked to their
distinct capabilities in overcoming the mass transfer limitations along
the SEI layers.

The reversibility was also evaluated for the Li | INCMS811 full-cells at
high rates by imposing a charging current of 3 C (Supplementary
Fig. S23). Unlike the cyclability at the 1 C rate shown in Fig. 3e, the CEs
of the 2 M LiFSI DME full-cell decreased to below 90% at the beginning
of cycling, despite its decent stability during the formation cycles at
0.2 C (Supplementary Fig. S24). The excessive charge capacities, along
with the normal discharge profiles, suggest that the inferior CEs were
caused by oxidative instability. In contrast, due to their enhanced
oxidative stability, the CEs of both LHCE full-cells remained stable even
at the 3 C rate. However, the cyclability of the cell with 2 M LiFSI DME-
TFTMS 1:2v decayed faster compared to that of its 2M LiFSI DME-
DFTMS 1:2v counterpart, which retained 78.7% capacity after 200
cycles even at this high C-rate.

Interfacial phenomena during plating predominantly involve two
critical processes: the transport of Li* clusters through the SEI layer
and the charge transfer of the clusters accompanied with the de-
solvation. To elucidate the primary factor underlying the stability of
fast plating performance of 2 M LiFSI DME-DFTMS 1:2 v, we conducted
comprehensive electrochemical analyses. Tafel plots constructed
through cyclic voltammetry (CV) revealed marginal differences
between the two LHCEs (Supplementary Fig. S25). Furthermore,
charge transfer resistances (R.y) were evaluated across a temperature
range of =10 °C-25 °C using electrochemical impedance spectroscopy
(EIS) to construct Arrhenius plots (Supplementary Fig. S26 and
Table S1). Like the Tafel plots, the activation energies of the two LHCEs
related to R showed minimal difference. These findings point to the
fact that neither the exchange current density nor the charge transfer
resistance, representing de-solvation and electron transfer kinetics,

are the primary determinants in the observed disparity in fast charging
capabilities.

To investigate the transport kinetics of Li ion clusters through the
SEI layer, we conducted a modified galvanostatic intermittent titration
technique (GITT) analysis (Fig. 4e). To this end, we employed home-
made three-electrode cells to exclusively monitor the potential changes
of the working electrode (Supplementary Fig. S27, top). When Li*
transport within the SEI layer is limited, relatively rapid Li* consumption
through plating process leads to depletion of the Li* concentration at
the Li metal surface (C};+ ) (Supplementary Fig. S27, bottom). The more
restricted transport in the TFTMS-based LHCE with larger ion clusters
amplifies the concentration gradient across the SEI layer, making it
more susceptible to short-circuiting compared to its DFTMS-based
counterpart (Supplementary Fig. S28). When the cell rests right after
plating, the Li* concentration gradient is relieved as Li ions diffuse into
the SEI layer. Accordingly, the working electrode potentials gradually
relax toward OV vs. Li*/Li. In this context, the relaxation of potentials is
prolonged as the plating rate increases or the clusters’ transport
through the SEI layer becomes more restricted. Noticeably, the TFTMS-
based LHCE exhibited more pronounced retardation in the relaxation,
whereas facile diffusion of Li* clusters in the DFTMS-based LHCE afford
faster relaxation (Fig. 4f). These observations suggest that the enhanced
capability of fast charging in the 2 M LiFSI DME-DFTMS 1:2 v is greatly
associated with more efficient Li* transport through the SEI layer.

Electrochemical performance in fast charging and slow
discharging

Numerous studies****¢ have highlighted the challenge of maintaining
the cyclability under prolonged discharge conditions, and have
emphasized the difficulty in achieving uniformly distributed stripping
sites. To evaluate the uniformity of the stripped sites after the 1st
discharge, we used SEM to inspect the stripped Li electrodes (Fig. 5a
and Supplementary Fig. S29). At the highest stripping rate of
12mA cm?, the stripping morphologies were uniformly distributed
across the entire surfaces of the electrodes for all the electrolytes. At
lower stripping rates, however, the gradual localization of these
stripping sites into specific regions provided clear evidence of non-
uniform stripping at prolonged discharge rates, as was also previously
noted”***%, Notably, contrary to the 2 M LiFSI DME, which developed
large and deep pits at 1mA cm™, the two LHCEs displayed spatially
extensive and shallow pits at this stripping rate, indicative of better
reversibility during prolonged discharge.

The electrochemical responses were analyzed to further probe
the dependence of the stripping behavior on the current density and
choice of electrolyte. The average overpotentials increased with
increasing current densities for all the electrolytes (Fig. 5b). Intrigu-
ingly, the overpotentials in the two LHCEs were considerably higher
than those in the 2 M LiFSI DME even at low current densities such as
1mA cm™. From the perspective of plating, the higher overpotentials
in the LHCEs lowered the nucleation barriers, as indicated by the
decrease in I, on the potential profiles (Fig. 5c). These elevated
overpotentials in the LHCEs also play a central role in promoting
spatially uniform and extended stripping reactions by helping to
overcome the activation barrier, as demonstrated by the experimental
results with varying the number of separators (Fig. 1). In addition, as is
evident from the EIS measurements, these high overpotentials for the
LHCEs are associated with relatively greater R (Fig. 5d and Supple-
mentary Table S2). This increase in Rq; translates into large over-
potentials for the LHCEs even at low rates, and results in the uniform
distribution of Li plating and stripping sites. The beneficial effect of
high Rc; on the reaction uniformity aligns with previous studies®* %, in
which the interfacial resistance was proposed as a key metric and the
results were rationalized using the Damkohler (Da) and Wagner (Wa)
numbers. Considering the detection of negligible Si components in the
SEl layer (Fig. 3d) and the insignificant increases in the overpotentials
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Fig. 5 | Evaluations of the cyclability at fast charging coupled with prolonged
discharging. a SEM images of the Li electrodes after the Ist stripping at 1 mA cm™
and 12 mA cm with a capacity of 3 mAh cm™. b Average overpotentials of the Li | |Li
symmetric cells at incrementally increasing current densities. The plating and
stripping current densities were identical. ¢ Potential profiles of the 3rd cycleinLi ||
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e Constant current/constant voltage (CC/CV) profiles of Li | INCM8L11 full-cells and
f their cycling performance when charged at 4 C (1C =200 mA g™) in CC/CV mode
and discharged at nC in CC mode in each cycle. g Cyclability evaluations of Li| |
NCMS8I1 full-cells at an fast-charging rate of 10 C with a 6-min time cutoff and 4 C
discharge and h their potential profiles at the 10th, 100th, and 200th cycles.
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of electrolytes containing only 10 vol% DFTMS or TFTMS (Supple-
mentary Fig. S30), the observed high R¢ is likely attributable to the
solvation environments induced by the DFTMS and TFTMS diluents
rather than the SEI characteristics. Considering the high R-; con-
sistently observed in silane-based electrolytes,**>** the silicon atom in
the two diluents may effectuate the rise in Rcr.

Benchmarking the extreme fast-charge standard for commercial
LIBs (achieving 80% SOC within 15min)®’, we evaluated the fast-
charging performance of full-cells using a constant current and con-
stant voltage (CC/CV) charging protocol at 4 C, with a time cutoff of
15 min for the combined CC and CV phases (Fig. 5e). To evaluate the
reversibility at prolonged discharge coupled with fast charge, the
discharge rate (nC) was varied for each full-cell to include a prolonged
rate (0.3 C), an intermediate rate (1 C), and a fast rate (4 C). Consistent
with the SEM images of the Li||Li symmetric cell tests (Fig. 5a), the
cyclability of the 2 M LiFSI DME full-cells deteriorated significantly at
lower discharge rates due to the formation of unevenly localized
stripping sites (Fig. 5f). For example, abrupt capacity decay was
observed around the 37th cycle at the 0.3 C discharge rate. In stark
contrast, full-cells with 2M LiFSI DME-DFTMS 1:2v (Fig. 5f) and 2M
LiFSI DME-TFTMS 1:2 v (Supplementary Fig. S31) retained 93.5% and
88.2% of their original capacities for 100 cycles at the same 0.3 C dis-
charge rate. The 2M LiFSI DME-DFTMS 1:2v full-cell reached a high
SOC of 87.0% at 4 C charge within the 15-min cutoff (compared to the
formation capacity at 0.2 C) and stable capacity retention of 78.5% for
300 cycles at a 4 C discharge rate. Notably, even at a fast charging rate
of 10 C (16 mA cm™) with a 6-min time cutoff, this cell demonstrated
improved rate capability: an SOC of 77.3% and capacity retention of
81.3% for 200 cycles (Fig. 5g, h). By contrast, the 2 M LiFSI DME-TFTMS
1:2 v full-cell performed less effectively due to its larger ion clusters.

Under the same 10 C charge and 6 min cutoff conditions, it reached an
SOC of 74.0% and maintained only 32.2% after 200 cycles.

The effect of electrolyte design on Li ion-cluster transport
through the SEI layer is graphically illustrated in Fig. 6. Although
enriching inorganic components in the SEI layer via ion-pair clustering
is an effective approach under the slow charging condition, reducing
the size of Li-ion clusters is preferred for their facile transport through
the SEl layer and thus avoiding the depletion-induced dendritic growth
during fast-charging.

Indeed, prior studies have well established that ion-cluster dis-
aggregation can be controlled by factors within the primary solvation
shell, such as coordination affinity and steric hindrance®®*’. In contrast,
this study highlights the role of AESP of non-coordinating diluents.
Even without direct solvation, a diluent with a larger AESP effectively
disassembles the ion clusters by electrostatically weakening the
interactions between charged clusters. Although the dielectric con-
stant is a well-established macroscopic descriptor for accessing Cou-
lombic shielding in individual media, at the molecular level, we
propose AESP to target diluents in LHCEs with reasonably similar
molecular structures, particularly for estimating their ion cluster sizes
and fast-charging performance. Our rationale was further supported
by comparisons with other LHCE systems, where diluents with higher
AESP values exhibit more pronounced ion-cluster disaggregation and
improved fast-charging performance (Supplementary Figs. $32-S41).
Nonetheless, we note that diluents with substantial structural differ-
ences may show varying degrees of correlation between AESP and ion-
cluster disaggregation.

Furthermore, this transport phenomena in the SEI layer must be
mutually affected by the properties of the SEI matrix. Based on the
recently proposed swollen SEI model”, we establish a scenario for
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Li-ion transport in the SEl layer: Li ion clusters enter the relatively loose
upper portion of the swollen SEI layer (with limited kinetics) and gra-
dually become de-solvated as they approach the electrode surface.
Notably, as indicated by the similar R.; between the two LHCEs
(Fig. 5d), the de-solvation process near the electrode surface was found
to have minimal impact on the charging kinetics.

Discussion

Fast charging combined with prolonged discharging has long been
challenging to maintain over a significant number of cycles in LMBs due
to the Li (de)plating characteristics that impede reversibility. During
charging, ion depletion near the electrode surface, which becomes more
pronounced with increasing current density, is the main obstacle that
hinders fast charging ability, whereas the localized, nonuniform forma-
tion of stripping sites makes prolonged discharging challenging. To
overcome these fundamental issues, this study identified two key
parameters associated with Li-ion transport and reactions on the Li
metal: the size of Li-ion clusters for facile Li ion transport through the SEI
layer and electrode polarization (or overpotential). DFTMS was identi-
fied as a suitable diluent to address these problems. The enlarged
molecular size arising from the incorporation of Si and the partial
fluorination jointly heighten its AESP, allowing ion pairs in the electro-
lyte to be electrostatically shielded, thus reducing the sizes of Li-ion
clusters. The reduced cluster sizes facilitate Li ion transport through the
SEl layer, enabling robust fast charging without severe dendritic growth.
Moreover, the minimal difference in the de-solvation energy between
the two LHCEs, together with the aforementioned cluster size-
dependent kinetics, led us to propose a picture on the SEI conforma-
tion and Li-ion transport therein: Li-ion clusters diffuse through the
upper portion of the loosened SEI layer with limited kinetics and are
gradually de-solvated as they approach the electrode surface. We
anticipate that the elucidation of the SEI layer in terms of its internal ion
transport mechanisms will play a crucial role in developing more
advanced electrolytes. On the other hand, the suitably increased over-
potential resulting from the addition of DFTMS promotes spatially uni-
form stripping sites for stable discharge even at moderate stripping
rates. This study highlights the potential for realizing the desired com-
bination of fast charging and prolonged discharging in LMBs through
optimizing the molecular design of diluents and a deeper understanding
of the SEI properties on Li metal electrodes.

Methods

Materials

1,2-dimethoxyethane (DME, anhydrous, 99.5% inhibitor free), (tri-
fluoromethyl)trimethylsilane (TFTMS, 99%), 1,1,2,2-tetrafluoroethyl
2,2,3,3-tetrafluoropropylether (TTE, >99%), and methyl tri-
fluoroacetate (MTFACO, 99%) were purchased from Sigma-Aldrich
(USA). Lithium bis(fluorosulfonyl)imide (LiFSI, >98%), (difluoromethyl)
trimethylsilane (DFTMS, >97%), bis(2,2,2-trifluoroethyl) ether (BTFE,
>99%), and methyl difluoroacetate (MDFACO, >97%) were purchased
from TCI Chemicals (Japan). Li (20 pm thick on Cu foil), Cu foil, Al foil,
LiNip gC0o1Mng; (NCMS811), poly(vinylidene difluoride) (PVDF,
HSV900) binder, and the polyethylene (PE) separator were obtained
from Wellcos Corporation (South Korea). Super P was purchased from
MTI Corporation (South Korea). N-methyl-2-pyrrolidone (NMP) was
purchased from Junsei (Japan).

Electrochemical measurements

All coin cells and electrolytes were prepared and handled in an argon-
filled glovebox. All electrochemical measurements were conducted by
fabricating CR2032-type coin cells, into which 60 pL electrolyte was
injected. The Li foil electrodes were 12 mm in diameter and 300 pm in
thickness for the Li||Cu asymmetric cells and Li||Li symmetric cells,
whereas the dimensions of the thin lithium foil were 10 mm and 20 pm
(0.0079 g including Cu foil), respectively, for testing full-cells with a

low N/P ratio of 2.5. A polyethylene separator (18 mm diameter;
0.02751g) and a 1T stainless steel spacer (1.6019 g) were used. The
internal components included a case (0.9090g), cap (0.7946g),
spring (0.1664 g), and gasket (0.0986 g). Prior to conducting mea-
surements, all cells were allowed to rest for 6 hours to ensure sufficient
infiltration of the electrolytes through the electrodes. For the GITT
analysis, homemade three-electrode cells were used. In these cells,
working electrode (WE) and counter electrode (CE) were Li foil, while
reference electrode (RE) was Li-deposited Cu mesh. Throughout the
GITT measurement, data points were acquired at a frequency of 1Hz
(one point per second) during rest periods. To evaluate the electro-
chemical characteristics, galvanostatic cycling, LSV, and chron-
oamperometry were conducted using a WonATech WBCS3000
battery testing system (South Korea). The interfacial properties were
investigated via potentiostatic electrochemical impedance spectro-
scopy (PEIS) on a Bio-Logic VSP workstation. The PEIS spectra were
recorded within a frequency spectrum of 1MHz to 50mHz with a
sinusoidal potential amplitude of 10 mV. The sampling density was 20
points per decade. Before each measurement, the cells were allowed to
rest at open-circuit voltage (OCV) for 1h to reach a quasi-stationary
state. To ensure reproducibility, all electrochemical tests were per-
formed in duplicate (n=2). The EIS spectra were fitted using an
equivalent circuit model of R+ (Rsp/CPEsgy) + (Rct/CPEct) + (Rind
CPE;n), where R, Rsgi, Ret, and Ry, represent the series resistance, SEI
layer resistance, charge-transfer resistance, and additional interfacial
resistance, respectively. Constant phase elements (CPE) were used
instead of pure capacitors to account for the non-ideal capacitive
behavior of the electrodes.

To prepare the positive electrodes for full-cell evaluation, a
homogenized paste was formulated by dispersing NCM8I1, Super P,
and PVDF binder (weight ratio = 94:3:3) within N-methyl-2-pyrrolidone
(NMP). This mixture was subsequently applied to an aluminum foil
current collector through a doctor-blade coating process. The result-
ing electrodes were subjected to a two-step drying protocol: an initial
treatment at 80 °C under ambient pressure for 6 h, followed by over-
night storage in a vacuum oven at 60 °C. Afterwards, the single-side
coated NCMS8I1 electrodes were pressed using a roll press to reach a
density of 3gcm™. The loading of the NCMS8I11 active material was
8 mg cm2, which corresponds to 1.6 mAh cm™. The positive electrodes
were then cut into circular discs with a diameter of 10 mm (0.010915 g
of active material on 0.004294 g of Al current collector). All the full-
cells were activated by operating them for three formation cycles at
0.2C (1C=200mAg™) in CC mode for both charge and discharge in
the potential range of 2.7 — 4.4 V. All electrochemical experiments were
carried out in a climatic chamber at 25 +1°C. The capacity retention
was calculated relative to the maximum discharge capacity achieved
immediately after the formation process (three cycles at 0.2 C).

Characterization of materials

Field emission scanning electron microscopy (FE-SEM) images were
captured using a JSM-7800F Prime instrument (JEOL, Japan) at an
accelerating voltage of 15 kV. X-ray photoelectron spectroscopy (XPS)
was conducted on an AXIS-His (KRATOS, U.K.), with the XPS peak
positions calibrated against the C 1s peak at 284.8 eV. Raman vibra-
tional signatures were captured via a 785 nm laser excitation using a
Thermo Fisher DXR2xi spectrometer (USA). To investigate the che-
mical properties of the electrolytes, “Li nuclear magnetic resonance
(NMR) spectra were collected on a 500 MHz Bruker Avance III system
(USA). 1M LiCl in D,O was used as a reference within a coaxial NMR
tube setup. Furthermore, an InLab 710 probe (METTLER TOLEDO,
USA) was employed to evaluate the ionic conductivity at 25 °C. These
analyses, along with FE-SEM characterizations, were carried out at the
National Centre for Inter-university Research Facilities (NCIRF) at
Seoul National University. For ex situ characterizations (SEM, XPS, and
Cryo-TEM), the cycled cells were disassembled in an argon-filled
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glovebox (H,O < 0.1ppm, O,<0.1ppm). The harvested lithium elec-
trodes were gently rinsed with anhydrous DME to remove residual
electrolyte and salts, followed by drying. DFT calculations were carried
out using the Gaussian 09 software package (Frisch, MJ. et al. Gaussian
09, Revision A.02; Gaussian, Inc., Wallingford, CT, 2016), supported by
the Korea Institute of Science and Technology Information (KISTI).
Geometry optimizations and molecular orbital calculations were per-
formed without imposing symmetry restrictions, using the B3LYP
hybrid density functional and the 6-311G++ (d, p) basis sets. MD
simulations were performed using GROMACS version 2020.6. The
parameter values for each molecule were derived from the optimized
potentials for liquid simulation all-atom (OPLS-AA) force field. For Li*/
FSI', previously reported values’ with a charge scaled by 0.8 were
employed. The parameters of solvents and diluents, including topol-
ogy files, bonded parameters, and Lennard-Jones parameters, were
obtained from the LigParGen server. For each system (77 LiFSI, 124
DME, 175 TFTMS (189 DFTMS) for 2M LHCE electrolytes), energy
minimization was first performed using the steepest descent method.
The system was then equilibrated at 1bar and 300 K for 1 ns using the
V-rescale thermostat and Berendsen barostat. A subsequent equili-
brium run was carried out for 50 ns using the Nose-Hoover thermostat
and Parrinello-Rahman barostat, with a time step of 1fs. The final
production simulation was conducted in the NVT ensemble at 300K
for 10 ns with the Nose-Hoover thermostat at the same time step. The
cutoff distance for Lennard-Jones and electrostatic interactions was set
to 1.0 nm. Long-range electrostatics were calculated using the particle
mesh Ewald (PME) method. Holonomic constraints on hydrogen atoms
were applied using the LINCS algorithm to maintain stability. Small-
and wide-angle X-ray scattering (SAXS/WAXS) data were obtained at
the 9 A U-SAXS beamline and 4 C SAXS Il beamline at Pohang Accel-
erator Laboratory (Pohang, Republic of Korea). Cryogenic transmis-
sion electron microscope (Cryo-TEM) analysis was conducted at
120 kV with a Talos L120C (FEI company, Czech Rep.) at Seoul National
University National Instrumentation Center for Environmental Man-
agement (SNU NICEM). Time-of-flight secondary ion mass spectro-
metry (TOF-SIMS) analysis was conducted using an M6 instrument
(ION-TOF, Miinster, Germany) at the Advanced Analysis Center of the
Korea Institute of Science and Technology (KIST). Bis" ions (30 keV,
0.2 pA) were used as the primary ion beam for analysis. All measure-
ments were performed in negative ion mode.

Data availability

The data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.
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