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Aimed to satisy the increasing demand or high-energy-
density applications,1,2 lithium metal anodes (LMAs)
are amous or their high capacity (3860 mAh g−1) and

low potential (−3.04 V).3−6 However, both the dendrite
ormation resulted rom uncontrolled Li ion/atom diusion
kinetics and the ailure o the solid electrolyte interphase (SEI)
limit the commercialization o LMAs.7−9 To deal with these
issues, electrode host optimizations,10−12 interace/surace
engineering,13−15 current collector construction and modica-
tions,16,17 electrolyte additives,18−20 etc., have been created to
decrease the local deposition current density to suppress the
dendrites.21 However, the essential elimination o the sel-
amplied growth o Li dendrites remains to be urther explored
when extending the plating capacity or current density.
Alternatively, a commercial polyethylene (PE) separator

with the intrinsic mechanical and electrochemical stability has
been used as an electrolyte reservoir or industrial-wide
applications.22−27 In a typical battery, the anion and cation
diusion contribute to the whole ionic conductivity (Figure
1a), but the anion is generally not involved in the delithiation/
lithiation. However, the anion has a higher mobility compared

to the larger Li(solvents)+ solvated cluster (Figure 1a).28
Meanwhile, the penetration o large solvated Li+ behaviors
across the separator is usually anisotropic, resulting in the
heterogeneous nucleation and potential dendrite growth on the
Li metal surace.29,30 According to the Sand time equation31
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or most studies, reducing the j (electrode current density) by
constructing three-dimensional architectures is usually applied
to increase τ (dendrite occurred time) to alleviate Li dendrite
growth.16,17 As observed above, the dendrite inhibition could
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also be alleviated by increasing the tLi+ (Li transerence
number) to prolong τ.25,32,33 Meanwhile, a higher μLi

+ helps to
enhance the interacial Li+ concentration, which assists in the
initial uniorm nucleation in accordance with eq 1 (τ is
increased along with boosting μLi

+).34 Thus, a unctionalizing
separator is capable o signicantly wetting the surace and
aecting the Li plating/stripping behavior.32,33,35−37

As pointed, the Li plating behaviors have close relationships
with interacial electrolyte/electrode inormation evolution and
corresponding Li(solvents)+−anion solvation shell struc-
tures.38 Previous studies point out that dissociating the Li+
solvents rapidly could provide many bare Li+ ux.39,40

Meanwhile, regulating the anion-related solvation structure
state could indeed improve the dissociation kinetics through
constructing suitable pore engineering or active catalysts or
electrolyte additives. However, or the behaviors o anions,
there lies some embarrassing conusion toward dendrite
inhibition: (1) a higher anion concentration is advantageous
to the ormation o anion-derived SEI,41 and (2) a high μa
promotes the concentrated polarization and Li dendrite sel-
amplication development, causing dissatisactory side reac-
tions and shortened cycling lie.42 From above, one can make
sense that there is a “trade-o” between utilization and liespan
when introducing a high-concentration anion salts strategy. To
urther describe this phenomenon, an extended eq 2 in direct
proportion to the τ is derived rom eq 1 as ollows:
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As revealed, there exists no denite relevance between μa and
τ, which urther conrms the above contradiction. According
to the law o ion migration, the sum o μa + μLi

+ is constant and
equal to 1.42,43 Thereore, an anion-philic unctional separator
with reduced anion mobility (μa) could enlarge the τ value
with retarded dendrites by modulating the corresponding
Li(solvents)+ solvation shell, eectively inhibiting the sel-
amplied dendrite growth.
In this study, the Li(solvent)+−anion solvation shell

structure is modulated by constructing a domed anion-braking
separator (Figure 1b). To veriy our hypothesis, we propose a
concept o anion-braking to decrease the μa to regulate the Li
nucleation and plating in a lithium bis(uorosulonyl)imide
(LiFSI) electrolyte, prepared by blading a commercial
polyethylene (PE) separator with lithiated-montmorillonite
(LiMMT) (Figure 1c). Due to its characteristics, coating
LiMMT on the copper oil exhibits obvious achievements or
LMAs.44−46 Although the LiMMT has been reported on the
metallic Li surace with modication, the corresponding
investigations are mainly ocused on lithium ion conductivity
or its lithiophilic properties. The LiMMT in this work is
selected as the demo to ully strengthen the concept o anion-
braking or regulating Li+ solvation behaviors, providing the

Figure 1. Schematic diagram o Li+ transer and electrodeposition with a (a) PE separator and a (b) LiMMT separator. (c) Schematic
illustration o the preparation process o the LiMMT separator.



solid evidence on the positive eect o LiMMT or the anion
control. Correspondingly, this unctional lithiated-montmor-
illonite (LiMMT) layer selectively adsorbs and prevents the
mobility o FSI− anions (μa), regulating the corresponding
solvation shell structure with a lower barrier to release bare Li+.
Meanwhile, the eect o modulated ionic behavior on Li
nucleation density (N0) is analyzed. The μa reduced system
constructed by the anion-braking eect o LiMMT prolongs
the ion-depleted layer around the electrode, which acilitates
the uniorm distribution o Li+ ux and reduces the
concentration polarization, as revealed by experimental and
theoretical results together with Raman and sum requency
generation spectroscopical measurements, providing a com-
prehensive understanding o modiying anion and cation
behaviors on dendritic growth suppression. As expected, a
long Li plating/stripping liespan o up to 1800 h and
signicantly increased Coulombic efciency are achieved under
a high deposition capacity. The abricated high-loading Li-LFP
or Li-NCM523 ull-cells display cycle durability with enhanced
capacity retention.

RESULTS AND DISCUSSION
The abrication o LiMMT is synthesized by ion-exchange
reactions between commercial MMT and Li salts (Figure S1).
The high-resolution transmission electron microscopy
(HRTEM) reveals the slight lattice ringe change o the
(103) crystal plan o MMT rom 0.341 to 0.324 nm (Figure
S2). The X-ray diraction (XRD, Figure S3a) patterns record
the slight layer change o the (001) crystal plane oMMT rom
1.328 to 1.242 nm, suggesting the successul exchange o Li+
with Ca2+. Meanwhile, the liting intensity o Li and
corresponding reduction o Ca also demonstrated successul
ion exchange or LiMMT (Figures S3b−S3d). Both Fourier
transorm inrared spectroscopy (FTIR) and the O 1s spectra
o X-ray photoelectron spectroscopy (XPS) can display a
relatively high consistency between MMT and LiMMT
(Figure S4), indicating the reserved structure o MMT ater
Li ion exchange. Meanwhile, the peak at 1630 cm−1 assigned to
the −OH group increases slightly, which might be attributed to
the abundant −OH unctional groups at the edge o LiMMT.
Ater coating, the LiMMT modied separator reserves the
mechanical property without obvious alling o when olded
(Figure S5). In the scanning electron microscopy (SEM)

Figure 2. Binding energies o (a) Li-FSI− and (b) LiMMT-FSI− calculated by DFT. (c) Comparisons on the lithium ion transerence number.
(d) Tael plots obtained rom a CV test. (e) Dimensionless graphs o the current transients o Li deposition on Cu or the LiMMT separator.
() Comparisons o nucleation density between the PE separator and LiMMT separator. (g) Coulombic efciencies o Li|Cu cells with the PE
separator or LiMMT separator with a Li deposition capacity o 1 mAh cm−2 and (h) corresponding overpotentials.



images, the morphology o the PE surace is completely
changed rom a porous structure to LiMMT akes decoration,
and the corresponding thickness o the LiMMT layer is about
2 μm (Figure S6). Moreover, the corresponding EDX
mappings urther conrmed that all elements are uniormly
distributed (Figure S7).
As is well-known, the interacial ion behaviors can aect the

ormation and physicochemical properties o the solid
electrolyte interphase (SEI). Initially, the binding energies o
Li+-FSI− and LiMMT-FSI− anions were calculated, and the
binding energy is increased rom 8.35 to 10.39 eV ater
introducing LiMMT (Figures 2a and 2b). The enhanced anion
adsorption ability is ascribed to the Al−OH unctional group
in LiMMT as Lewis acidic sites that restrict the movement o
anions. Further, the peaks at 684.5 eV (F 1s) and at 528.3 and
531.5 eV (O 1s) are well assigned to LiF, Li2O, and Li2CO3
ater plating, respectively (Figure S8).47 The anion mobility
(μa) is a widely used index to witness the carrier transport

accompanied by the anion and cation transerence number
(tLi+ + tanion− = 1). As measured by the Bruce−Vincent method
(Figure S9), the tLi+ in the commercial PE separator system is
0.32 (Figure 2c), which is mainly due to the insufcient ree
ions (Li+, FSI−). In sharp contrast, the tLi+ in the optimized
LiMMT system is increased to 0.63 (Figure 2c), nearly two
times higher than the commercial one. Even compared to
other reported separators (Figure S10), an eective improve-
ment or reducing μa (increasing tLi+) is exhibited, conrming
the advantages o LiMMT in anion-braking and Li+
acceleration.
The electrolyte wettability on the PE or LiMMT-decorated

separators is recorded; as displayed, it is instantly wetted with a
negligible contact angle in the LiMMT separator system
(Figure S11, bottom), while the electrolyte droplet remains on
the PE separator (Figure S11, upper). This superior electrolyte
wettability o the LiMMT layer acilitates the uniormity o Li+
ux, thereby alleviating the inhomogeneity o Li+ transport.48,49

Figure 3. Schematic diagram o desolvation process with the (a) PE separator and (b) LiMMT separator. (c) Raman spectra o electrolytes
with PE or LiMMT separators in 680−780 cm−1 and (d) the corresponding peak radio. (e) Raman spectra o electrolytes with PE or LiMMT
separators in 800−900 cm−1. () FTIR spectra characterization o the same electrolyte with dierent separators rom 1300−1450 cm−1. (g)
Schematic illustration o the in situ SFG cell detecting the electrolyte/separator interace. (h) SFG spectra o dierent solvation structures
with a PE or LiMMT separator under an OCV or a bias o 20 mV.



Roughly estimated (Figure S12), the Li+ transport barriers (Ea)
decrease rom 13.73 to 7.32 kJ mol−1 ater the introduction o
LiMMT, indicating the lower energy barrier to overcome to
accelerate Li+ dissociation.50 Furthermore, in the Tael curve,
the exchange current density is only ∼0.63 mA cm−2 in the PE
separator system, much lower than that in the LiMMT system
(1.3 mA cm−2), suggesting tardy deposition kinetics (Figure
2d). The nucleation barrier is as low as 46 mV when the Li+
transers across the electrode/electrolyte interace, boosting
the uniorm plating kinetics (Figure S13). Meanwhile, the
restricted anion movement acilitates the reduction o the
space charge layer and maintains the electroneutrality, thus
eliminating the growth o Li dendrites. In order to investigate
the eect o the anion-braking phenomenon on the Li
nucleation/growth behavior, dimensionless analyses o Li
deposition behaviors with/without LiMMT (obtained rom
Figure S14) are exhibited in Figure 2e and Figure S15,
respectively. The 3D transient nucleation model ts the
experimental curves better, demonstrating that Li nucleation
growth ollows the 3D instantaneous nucleation model. In this
model, the active nucleation density (N0) can be calculated

directly rom the current transients. Figure 2 shows a
signicant increase in nucleation density with the LiMMT
one, which is benecial or the dense Li deposition.
To evaluate the eectiveness and stability o LiMMT on Li

plating/stripping, the Li|Cu cell with a LiMMT separator
exhibits a steady average Coulombic efciency (CE) o 99%
with stable voltage proles or 300 cycles (Figure 2g). On the
contrary, the cell with the PE separator displays poor cycling
stability with severe voltage uctuations and CE tendencies
(Figure 2h and Figure S16), alling down to around 33% ater
100 cycles. Enhanced to 3 mAh cm−2 (Figure S17), the cell
with LiMMT still maintains an average CE o 98.8% ater 120
cycles, which is much longer than the commercial one. These
results demonstrate that the LiMMT acts as a Li promotor,
urther conrming the utility o limited anion migration.
The desolvation process at the interace plays a major actor

in improving the perormance o LMBs as it is related to the
kinetics o Li ions. Owing to the porous structure o separators,
ree anions and solvents without any dissociation alter and
dominate in the inner Helmholtz plane (IHP) near the Li
metal surace, resulting in sluggish Li+ diusion kinetics and

Figure 4. (a) Galvanostatic cycling proles o symmetric cells based on a PE or LiMMT separator at 1 mA cm−2 under a practical capacity o
3 mAh cm−2. (b) Comparisons on enlarged voltage curves or the PE and LiMMT separators. (c) Cycling perormance and (d) the
corresponding dQ/dV curves o the Li|NCM523 cells with PE and LiMMT separators at 1 C. (e) Cycling perormances o the Li|LFP cells
with PE and LiMMT separators at 1 C. () Comparison o our design with other reported Li metal batteries in terms o mass loading and
retained capacity. Reerences in the gure are provided in Table S1.



heterogeneous distribution o Li ions (Figure 3a). However,
owing to the strong anion adsorption ability o LiMMT toward
FSI−, the solvation shell structure may be altered in the
corresponding IHP. More contacted ion pairs and aggerates
may possibly be ormed with the restriction o anions (FSI−)
(Figure 3b). In order to conrm and gain more insights o the
anion-braking behaviors in modulating solvation shell
structure, the FTIR, Raman, and SFG spectroscopies are
carried out. Three peaks at ∼720 (orange region), 730 (blue
region), and 740 cm−1 (pink region) are attributable to ree
FSI−, CIP (one FSI− and one Li+ interaction), and AGG (one
FSI− coordinated with two Li+) (Figure 3c), respectively. As
acknowledged, the total ratios o CIP and AGG show the

desolvation degree o Li(solvent)+ species. The percentages o
CIP and AGG account or (49% + 32%) in the LiMMT
system, which is higher than that in commercial PE (36% +
30%) (Figure 3d). This implies that the LiMMT separator has
a braking eect on the anions and reduces the ree anions in
the interace, which avorably minimizes the distribution o ree
anions in the IHP and promotes the distribution o Li ions on
the Li metal surace. In addition, the inuence o anion-brake
behaviors can also be observed rom the aspect o solvent
coordination, and the ormation o ion aggregates also reduces
the degree o ree solvent in the solvation shell (Figure 3e).
Furthermore, the peaks in FTIR at around 1385 and 1365
cm−1 are attributed to the Li+-FSI− interaction and ree FSI−,

Figure 5. Top-view SEM image o Cu oil ater Li deposition with 3 mAh cm−2 in the deposited state or the (a) PE separator and (b)
LiMMT separator. ToF-SIMS chemical maps o second ion ragments with ∼50 μm o sputtering in the lithium metal electrodes cycled in
the (b) PE and (c) LiMMT separators and 3D reconstruction map in the (e) PE and () LiMMT separators. (g) Corresponding intensity
sputter proles measured by ToF-SIMS. Simulation results o Li deposition morphology, Li+ concentration distribution, and electric eld
distributions or commercial (h) PE separators and (i) LiMMT separators over time. As the deposition time increases, cells with PE
separators lead to increased concentration polarization, uneven current density distribution, and the Li sel-ampliying dendrite growth. The
cells with LiMMT separators show optimized results. Schematic illustration o the Li+ deposition process with a (j) PE separator and a (k)
LiMMT separator.



respectively (Figure 3). Obviously, there are two dierent
solvation states (Li+ bounded state and ree FSI−). For the PE
separator, there are more ree FSI−. In sharp contrast, the
opposite results can be observed in the LiMMT separator with
less ree FSI−. Also, the peak around 1075 cm−1 corresponds to
its solvation; with the LiMMT separator, the change in
intensity is evident and the sharp decrease o the Li+-FSI−
interaction explains the reduction o ree anions (Figure S18).
To urther investigate the interacial inormation, interace-

selective sum requency generation (SFG) spectroscopy is used
to analyze the desolvation behaviors at the molecular level, as
depicted in Figure 3g. Figure 3h evidences the Li(solvent)+,
i.e., Li(DME)4+, and the related adsorbed DME molecules at
the interace with/without LiMMT under open-circuit voltage
(OCV) or bias voltage. In comparison to the PE one under
OCV, the SF intensity is signicantly reduced and the peak
assigned to the C−H bond shits to a high wavenumber when
introducing LiMMT into the system, indicating that the
LiMMT has a preerential eect on the adsorbed behavior o
the Li(DME)x+-FSI− cluster. With applying the bias voltage o
20 mV, the SF intensity is decreased in the LiMMT-decorated
system, while the pristine one keeps the similar intensity, which
is attributed to the solvent dissociation rom the Li(DME)x+
cluster since both samples did not show obvious surace
morphology changes. Thereore, the above Raman, FTIR, and
SFG results clearly depict the LiMMT decoration strongly
changes the solvation behaviors o Li(DME)x+-FSI− clusters by
adsorbing FSI− anions, propelling the easible ormation o Li+
or uniorm plating.
To urther explore practical applications, Figure S19 displays

that the Li−Li cell with LiMMT exhibits excellent cycling
stability with a stable overpotential o 40 mV and lasts or
∼400 h at 1 mA cm−2. On the contrary, the voltage
polarization o the symmetric cell with PE is unstable, caused
by the back-and-orth ormation o the unstable SEI layer,
which is also explained by the increase o charge transer
resistance derived rom the electrochemical impedance spec-
troscopy (EIS) curves (Figure S20).51 As the test current
density increased to 6 mA cm−2, the Li−Li symmetrical cell
using the LiMMT separator demonstrates stable cycling and a
smooth polarization voltage o 50 mV (Figure S21). Under the
current density o 3 mAh cm−2, the cell with LiMMT still
stabilizes or a long-term liespan or 1800 h with a low
polarization (Figure 4a), signicantly outperorming the
symmetric cells with PE. As enlarged in Figure 4b and Figure
S22, the cell with the PE separator has a uctuant voltage
hysteresis, accompanied by noisy voltage hysteresis and voltage
mutations upon dierent cycles, while the cell with the
LiMMT separator exhibits stable voltage hysteresis within 35
mV.
As anticipated, the ull-cells o the Li|single-crystal

LiNi0.5Co0.2Mn0.3O2 (NCM523) and Li|LiFePO4 (LFP) were
compared. The cell with LiMMT delivers a steady capacity
retention o 99.7% over 200 cycles at 1 C (Figure 4c). In
contrast, the discharge capacity o the Li|NCM523 cell using
the PE separator decays continuously with the cycling
accompanied by a signicant increase in the overall over-
potentials (Figure S23). From the dQ/dV curves in Figure 4d,
in comparison with the PE separator, the redox peaks o Li|
NCM523 with LiMMT overlap well in successive cycles, while
its polarization voltage remains nearly unchanged and
reversible, which is attributed to the stable uniorm interphase
without any dendrite ormation. Further, under high loading

and lean electrolyte conditions, cells with the LiMMT
separator show a super stable cycling tendency compared to
that o the PE separator (Figure S24), and it stabilizes at 138.6
mAh g−1 ater 100 cycles, corresponding to the capacity
retention o 100%. Even under the conditions o low salt
concentration electrolyte and high cathode loading, the cells
using a LiMMT separator still exhibit high reversible capacity
with a steady capacity retention (Figure S25), which is close to
the level with normal cathode mass loading (Figure 4c).
Furthermore, a batch o the handmade level pouch cells has
been assembled or real testing (mass loading o 22 mg cm−2,
thin Li oil o 50 μm, and electrolyte injection ratio o 2 g
Ah1−). The LiMMT separator demonstrates better electro-
chemical stability than that o the PE separator under such
challenging conditions (Figure S26). Similarly, the high-
loading Li|LFP cell with a PE separator displays a severe
decline ater 50 cycles, while the cell with a LiMMT separator
remains airly stable more than 200 cycles at least. The results
above reveal that the LiMMT separator has a long lietime o
more than 500 cycles at a high loading o 10 mg cm−2, which is
a signicant advantage over the previously reported results
(Figure 4e and Table S1).
To make sense o the anion-braking eect o LiMMT on

plating morphology, the cycled Li metal anodes were subjected
to SEM and time-o-ight secondary-ion mass spectrometry
(ToF-SIMS) analysis (Figures 5a−5g). Top-SEM and high-
resolution SEM images clearly show that a signicant quantity
o dendritic Li was deposited on the surace o Cu oil as
circled when increasing the plating capacity rom 1 to 3 mAh
cm−2 (Figures 5a, 5b, and S27). This incompact structure
urther leads to an inhomogeneous local electric eld
distribution and Li ion ux, enhancing the tip eects and
dendrite growth. Thus, the loose thickness o 19 μm is
generated when plating (Figures S28a and S28b). In contrast,
or the LiMMT separator, the surace exhibits a smooth
morphology consisting o bulk lithium without Li dendrites.
Even with a high capacity o 3 mAh cm−2 (Figure 5b), it still
presents the at morphology without any humps. Notably, its
thickness is only around 5 μm, which is much less than that o
the PE separator (18 μm), demonstrating the dense dendrite-
ree Li deposition (Figures S28c and S28d). Further, ToF-
SIMS is used to analyze the chemical compositions and spatial
distribution ater cycling. Along with sputtering, the cycled Li
metal based on PE separators display strong CH2

−, LiF2−, F−,
and Li− signals, resulting rom the decomposition and
reduction o electrolyte components (Figure 5c). However,
the species on the PE-decorated Li are randomly distributed
with signicant aggregations, which should be the crack or
dendrite ormation when plating (Figure 5e and Figure S29).
In the case o the LiMMT separator, the signal rapidly
dwindles within 100 s, which is consistent with a reduction in
the quantity o electrolyte reaction products (Figure 5d). As
displayed in planar mappings, the amount o inorganic matter
(F−) and organic matter (CH2

−) on the surace o cycled Li is
signicantly lower than that o the PE separator. In the 3D
species reconstruction, obvious cracks are observed in the PE-
assisted cell, urther conrming that the LiMMT separator
played an inhibitory role in both lithium dendrites and innite
occurring side reactions (Figures 5e and 5).
The kinetic equilibria o ion concentration and current

density distribution were urther investigated by nite element
simulation o COMSOL sotware. The higher μa breaks the
electroneutral region under the PE separator (Figure 5h),



where the ion concentration is signicantly lower than the bulk
concentration (C0) under the electric eld. Worsley, the Li ion
distribution at the electrode/electrolyte interace is so much
lower that it is likely to increase selective Li deposition,
orming a locally concentrated current density distribution
environment and aggravating the ormation o Li dendrites.
During the plating process, more Li ions preerentially deposit
around the prominent tip, which is notable or sel-
amplication with increasing surace roughness and tip electric
eld strength, resulting in the progressive production o Li
dendrites. In contrast, with the LiMMT modication, the
concentrated polarization o Li ions is optimized due to the
braking eect o anions (Figure 5i). As a result, the Li+
concentration at the electrode/electrolyte interace is in-
creased, leading to a uniorm distribution o Li ions on the
anode surace. Moreover, according to the y-direction o Li ion
concentration along the electrode surace, it is clearly more
stable when using a LiMMT separator compared to a PE
separator. The temporal evolution o Li plating conrms that
LiMMT exhibits smooth surace topography in alleviating the
concentration gradient and ensuring the uniorm electric eld
distribution.
Above all, or a better understanding, the signicant anion-

braking eect is schematically illustrated. Since the commercial
PE separator exhibits nonion selectivity (Figure 5j), the anions
and cations electro-migrate in opposite directions under the
electric eld, and the higher μa leads to a rapid break o
electrical neutrality near the anode surace with a sel-
generated space charge layer. Eventually, this prompts the
sel-amplied growth o Li dendrites. However, the designed
LiMMT-decorated separator has abundant −OH groups as
Lewis acidic sites with electron acceptor capability (Figure 5k),
which can restrict the migration o FSI− anions and eectively
decrease the μa, realizing the eect o the anion-braking
phenomenon. The urther optimized Li(solvent)+-anion
solvent shell structure helps to dissociate to generate ree Li+
with lower barriers. Additionally, Li ions are enriched at the
electrode interace, and the concentration gradient is reduced
near the electrode surace, signicantly enhancing the
reversibility o Li plating/stripping and improving the cycle
durability. Thus, it essentially eliminates the sel-ampliying
growth behavior o Li dendrites and acilitates dense Li
deposition.

CONCLUSIONS
In summary, a modied model with an anion-braking eect or
regulating Li(solvent)+−anion solvation shell structures or
LMBs is pioneeringly designed. Beneting rom its Lewis acid
sites and permanent negative charge o the as-domed LiMMT,
the unctional composite separator has the anion-braking eect
o decreasing the μa. Thus, the weakened μa acilitates a delay
in breaking the electroneutrality near the anode, which can
reduce the concentration gradient at the anode surace.
Further, with the decrease o anions in the solvation shell,
the dissociation kinetics o Li(solvent)+ is signicantly
increased as probed by FTIR, Raman, and SFG, harvesting a
smooth dendrite-ree surace morphology observed by SEM
and ToF-SIMS. Consequently, a consistent long-term Li
plating/stripping lie (1800 h) is achieved under 3 mAh
cm−2, and the high-loading Li-NCM523 and Li-LFP ull-cells
stabilize or hundreds o cycles with high-capacity retention.
The anion-braking composite separator guarantees its easy
integration into batteries and provides the general applicability

o the anion-braking strategy in a wide range o rechargeable
alkali metal batteries such as sodium batteries.

EXPERIMENTAL SECTION
Synthesis of LiMMT and Fabrication of Composite

Separators. LiMMT was prepared by exchanging calcium ions in
MMT with lithium cations.52 The MMT was purchased rom Aladdin
with an average size o 2 μm. The commercial MMT was dispersed in
a 1 M solution o lithium chloride. Ater stirring or 2 days to
sufciently replace calcium cations with lithium cations, the solution
was centriuged and washed three times to separate the LiMMT clay
rom the supernatant containing impurity ions. Then the LiMMT was
dried or 24 h in a vacuum oven at 80 °C. To prepare the LiMMT
composite separator, an 80:20 mass ratio o LiMMT and
polyvinylidene uoride (PVDF) binders were mixed in N-methyl-2-
pyrrolidone (NMP) and then scraped onto one side o a commercial
PE separator and dried overnight at 60 °C under vacuum. The loading
was about 0.57 mg cm−2.

Materials Characterizations. The microstructure o the
composite separator and electrode was examined by scanning electron
microscopy (SEM, JEOL JSM-7500FA). The Fourier transorm
inrared spectra o the samples were recorded by a Thermo Scientic/
Nicolet iS50 spectrometer in the wavenumber range o 100−5000
cm−1. X-ray diraction (XRD) measurements were perormed on a
Rigaku diractometer tted with Cu Kα X-ray (λ = 1.5406 Å)
radiation with a scan range rom 5° to 80°. X-ray photoelectron
spectroscopy (XPS) o the MMT and LiMMT and cycled electrode
was perormed using a ESCALAB 250Xi spectrometer with Al Kα
excitation (1486.6 eV). Time-o-ight secondary-ion mass spectrom-
etry (IONTOF) was utilized to measure cycled lithium suraces with/
without LiMMT. The in situ sum requency generation (SFG)
measurements were perormed on the commercial picosecond laser.
All characterized electrodes were washed with 1,2-dimethoxy-ethan
(DME, Sigma-Aldrich, 99%) to deecate electrolyte salts and residual
solvents.

Cell Assembly and Electrochemical Measurements. Li/Cu
hal-cells were assembled in a CR2032-type coin cell, using Cu oil as
the working electrode, a Li anode as the counter electrode, and a PE
separator and/or LiMMT composite separator as the separator. The
electrolyte used or all electrochemical measurements was 60 μL o
6.0 M LiFSI in DME.53 To prepare the NCM523 and LiFePO4
electrodes, NCM523 or LiFePO4, super-P, and PVDF at a weight
ratio o 8:1:1 was mixed in NMP to orm a homogeneous slurry and
then scraped on an Al oil, respectively. Ater drying at 90 °C under
vacuum or 12 h, the Li|NCM523 and Li|LiFePO4 cells were
assembled with a PE separator or LiMMT composite separators. The
mass loading o the LFP active materials was about 10 mg cm−2. The
mass loading o the NCM523 active materials was about 3 and 15 mg
cm−2 or regular and higher loading tests, respectively. The Li oil was
about 500 μm or the low active materials loading test and 100 μm or
the higher active materials loading test. The Li|LiFePO4 cells were
galvanostatically cycled between 2.5 and 4.0 V at 1 C. Galvanostatic
cycling was perormed on the Li|NCM523 cells between 2.8 and 4.3 V
at 1 C.

All o the electrochemical properties o cells were perormed on the
Bio-Logic EC-LAB SP-300 electrochemical workstation. Electro-
chemical impedance spectroscopy (EIS) was tested at room
temperature with a requency range o 106 Hz to 0.01 Hz with an
amplitude o 10 mV. The lithium ion transerence number (tLi+) was
measured by a combination o AC impedance and DC polarization
using symmetric cells with dierent separators. The initial (I0) and
steady-state (Is) polarization currents o the cell were recorded at a
DC polarization voltage o 10 mV (ΔV). The interace resistance
beore polarization (R0) and ater polarization (Rs) was tested by AC
impedance. Then, using the ollowing eq 3, the lithium ion
transerence number was determined.54
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The instantaneous nucleation with diusion-controlled growth can be
expressed by eq 4:55,56
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The nucleation density can be calculated using eq 5 below, where F is
the Faraday constant, C∞ is the concentration o the electrolyte, ρ is
the density o lithium metal, z is the number o electrons involved in
the reaction, and M is the molar mass o lithium metal:57

= *N zFC
t i C M

0.065
8max max

1/2ikjjjjj y{zzzzzikjjj y{zzz (5)

Simulation of Li Deposition. COMSOL Multiphysics 5.6 was
used to simulate the morphology o lithium metal growth with Li+
concentration distribution and current density distribution at the
interace between the anode and electrolyte. The geometry o the
model was divided into three sections: the upper region is the lithium
metal anode, the middle region is the electrolyte domain, and the
lower region is the copper oil cathode. Current sources were imposed
on the upper and lower boundaries o the model. The current density
was 1.0 mA cm−2, which was in accordance with the experimental
setup. The model uses transient calculation to reveal the in situ the
reduction process o lithium ions in the negative electrode under
discharge conditions. Lithium deposition using commercial separators
has a dendritic shape, whereas lithium deposition using LiMMT
coated separators is smoother. These two models are based on the
ideal model and accurately reect the actual situation.
Density Function Theory (DFT) Calculations. The (001)

crystal plane was obtained by cutting the LiMMT unit cell, and ater
expanding the cell into a 2 × 2 supercell, a vacuum layer o about 15 Å
was established on the surace. Density unctional theory (DFT)
calculations were perormed using CP2K sotware,58 PBE unctionals
with added Crimme D3 dispersion correction59,60 at the DZVP-
MOLOPT-SR-GTH basis set level and Goedecker−Teter−Hutter
(GTH) pseudopotentials are used to optimize the structure o the
system, and the plane-wave energy cuto is 600 Ry. On the basis o
structure optimization, a larger basis set TZVP-MOLOPT-GTH is
used to calculate the single-point energy at 3 × 3 × 1 k-points.
VESTA sotware was used to analyze the images o the calculate
results.61 The binding energies o Li+ and FSI‑ and LiMMT and FSI‑
can be described by the ollowing equations, respectively:

= +E E E Ebind Li FSI Li FSI

=E E E Ebind LiMMT FSI LiMMT FSI
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