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ABSTRACT: The formation Of stable interphases on the electro- Grain-Boundary-Rich Interphases for High-Energy Rechargeable Batteries

High stabilit

des is crucial for rechargeable lithium (Li) batteries. However,
next-generation high-energy batteries face challenges in controlling
interphase formation due to the high reactivity and structural
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transport, which accelerate battery degradation. Here, we report an iotorphass T i 3[3 ” *“Capacly (manem?)
approach to address these issues by introducing multicomponent o I o
grain-boundary-rich interphase that boosts the rapid transport of I e

Diverse solvation

ions and enhances passivation toward prolonged lifespan. This is - o]

guided by fundamental principles of solid-state ionics and ‘
geological crystallization differentiation theory, achieved through  Eecroce Multple-salt electrolyte e
improved solvation chemistry. Demonstrations showcase how the

introduction of the interphase substantially impacts the Li-ion transport across the interphase and the electrode—electrolyte
compatibility in cost-effective electrolyte solutions optimized with multiple Li salts. The resulting interphases feature microstructures
rich in inorganic grain boundaries with a diverse array of nanosized grains, presenting enhanced Li-ion transport. Comprehensive
analyses revealed that this realizes remarkable electrochemical stability over extended cycling periods by inhibiting electrode
corrosion, thus holding promise for high-capacity thin-Li-metal, Si-based anodes, and even Li-free anodes when paired with high-
capacity oxide cathodes. This work opens new avenues to customize protective interphases on high-capacity electrodes, promoting
the development of batteries with the highest energy density using cost-effective electrolytes.
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B INTRODUCTION described by Peled et al,” which typically consist of mixed
organics (e.g., Li alkoxides, Li-alkyl carbonates, and polymers)
and inor%anics (e.g, metal oxides, carbonates, and fluo-
rides)."*”'® Despite simulation models have been proposed
to understand interphase properties and their ion-transport
mechanisms, underscoring the significance of grain bounda-
ries,”’ ™" the rational design and translation into practical
applications has not been achieved.”””" In solid-state batteries,
hybrid solid electrolytes, integrating both organic and
inorganic phases, represent an emerging family that holds
potential advantages from both components.””** Incorporating
nanostructured inorganic fillers into organic polymer electro-
lytes has demonstrated the capability to enhance ionic
transport by introducing abundant inorganic—polymer grain
boundaries. This not only boosts the ionic conductivity within
the polymer electrolytes but also promotes compatibility
between the electrode and electrolyte, ensuring mechanical
stability.”*** Therefore, a burgeoning field is emerging to

The pursuit of high-energy-density lithium-ion batteries stand
as a critical imperative in contemporary energy research, driven
by the increasing demand for efficient and sustainable energy
storage solutions."”” This evolution necessitates batteries with
enhanced energy density, calling for electrodes with higher
specific capacities, such as transition-metal oxide cathodes™”
combined with Li-metal/silicon-based anodes.”® However, the
application of high-capacity electrodes, that naturally are based
on highly reactive active materials, has introduced formidable
challenges in controlling the formation of protective and stable
electrode—electrolyte interphases, emphasizing issues of side
reactions, slow interfacial ion transport, increased interfacial
resistance, and electrode structural degradation, all of which
hasten the deterioration of battery life.” Consequently,
achieving effective passivating interphases is paramount,
which requires the ability to prevent continuous electrolyte
decomposition, by avoiding electron transfer while facilitating
Li-ion transport with uniform current distribution.””"* This
has been a long-standing challenge since the exploration on the
Lill TiS, battery,"” hindering the development of high-perform-
ance batteries and fundamental scientific understanding for
several decades.

The surface films formed naturally on the electrodes behave
like solid electrolyte interphases (SEIs), as was initially
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Figure 1. Electrode—electrolyte interphase and compatibility with Li-metal anodes. (a) Schematic diagram of Li-ion transfer between electrode and
electrolyte. The process involves two mechanisms: interphase-dominated, based on solid—solid ion diffusion between electrode—electrolyte
interphases, and electrolyte-dominated, arising from solid—liquid ion solvation reorganization. (b) CEs of LillCu cells. The statistical analysis of
CEs in LillCu cells with box plots showing the median, 25 and 75% quantiles, whiskers indicating the range of +1 X IQR (interquartile range), and
outlying points plotted individually. (c,d) Cryo-TEM micrographs displaying the microstructure of deposited Li metal and SEI Insets provide low
magnification morphology. Corresponding selected-area electron-diffraction (SAED) patterns are collected in the SEI and Li metal bulk regions,
respectively. The enlarged figures are shown in Figures S18 and S19. (e,f) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis of
Li metal deposits after 20 cycles at 0.5 mA cm™ for 2 h in different electrolytes. (gh) Depth profiles of various chemical species over time for the

1S-5Sol and 5S-2Sol electrolytes.

explore the prospect of engineering well-balanced hybrid
interphases between electrodes and electrolytes, which could
show promise for advancements in batteries.

In this work, we present an approach centered on
engineering of electrode—electrolyte interphases to improve
their ionic transport properties and enhance their chemical and
mechanical stabilities for high-energy batteries. Through
maximizing heterogeneous structure on the submicrometric
level, uniform abundance of grain boundaries can be integrated
within the interphases. Taking inspiration from the crystal-
lization differentiation theory in geology,”® these interphases
are successfully transformed onto the highly active electrodes
using electrolytes made up of multiple salts, that lead to
abundant boundaries between polymer and inorganic com-
pounds. Multiscale characterizations reveal how the complex
electrolyte-solution formulations affect the interphase structure
and composition, influencing stability and interphase kinetics
as well as charge transfer (Figure la). Through the
introduction of a proof-of-concept multisalt electrolyte, it
shows the capability to finely adjust solvation structures,
leading to a substantial improvement of the ion/charge transfer

processes within batteries, promoting the stable cycling of the
high-energy batteries. These findings unveil a compelling
pathway to tackle interfacial challenges for developing next-
generation high-energy-density batteries using highly cost-
effective electrolytes.

B RESULTS AND DISCUSSION

Electrolytes and Their Use in Li-Metal Anodes. The
formation of interphases on electrodes is similar to the
crystallization of igneous rock from the parent magma. The
complex composition evolvement of the magma as minerals
crystallize out in sequence determines the varying mineral
compositions and textures in the resultant rocks, including the
particle size and the arrangement of different mineral particles,
which is known as crystallization differentiation.”**” Inspired
by this, a systematic study of multicomponent electrolytes is
conducted to explore the possibility of transforming the
interphases in high-energy batteries. In this context,
commercially available salts of LiPFg, LiFSI, LiTFSI, LINO;
LiDFOB, and alkyl carbonate solvents, including EC, DEC,
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PC, DMC, and EMC, were used to prepare promising
electrolytes, owing to their low cost and high accessibility.
Importantly, this investigation can effectively demonstrate the
influence of the interphase properties independent from the
presence of the fancy electrolyte components. The prototype
study involves a baseline electrolyte 1S-2Sol (1 M LiPF, in
EC/DEC, 1:1 by volume), a multisolvent electrolyte 1S-5Sol
(1 M LiPF; in EC/DEC/PC/DMC/EMC, equal volume
ratios), a multisalt electrolyte 5S-2Sol (0.225 M LiFSI, 0.225
M LiPF, 0.225 M LiDFOB, 0.225 M LiTFS], and 0.1 M
LINO; in EC/DEC, 1:1 by volume), and a multisalt/
multisolvent electrolyte 5S-5Sol using the same five salts
combined with the five solvents. The properties of these
electrolytes were investigated and are described in the
Supporting Information Note 1 and Figures S1—S10, where
the results indicate that adding various salts allows tuning the
reduction potentials of these multicomponent electrolytes, thus
affecting the battery performance.

Coulombic efficiency (CE) and overpotentials are studied in
LillCu cells (Figure 1b). Increasing the number of salt species
appears more favorable than increasing the number of solvent
species as the best performance is obtained for the 5S-2Sol
multisalt electrolyte, which shows a higher plating/stripping
reversibility with an average CE of ~99.1% and a lower
overpotential of ~13 mV compared to ~91.5% and ~27 mV
for the single-salt multisolvent 1S-5Sol electrolyte (Figure
S11). This difference in cycling reversibility and overpotential
was also observed in symmetric Li-metal cells, especially at
higher current densities of 8.0 mA cm™ (Figures S12—S14).
Raising both the number of salt and solvent species in the SS-
5Sol electrolyte also increased the average CE, albeit to a lesser
extent than that in the 5S-2Sol electrolyte, resulting in more
capacity fading after 200 cycles (Figures 1b and S11). This
may be a consequence of more solvent-rich coordination
sheaths around the Li-ions (Figures S2—SS), which are
expected to lower the interphase stability and Li-ion transport
due to the formation of more oligomeric and organic species.
The corresponding Li-metal plating/stripping morphologies
within different electrolytes and Li-metal losses upon cycling,
including the formation of residual dead Li and SEI, are
systematically investigated using scanning electron microscopy
(SEM) measurements and operando solid-state “Li nuclear
magnetic resonance (NMR) measurements (Supporting
Information Note 2, Figures S15—S17). Results reveal that
the Li-metal deposits in 55-2Sol electrolyte are more compact
and well-connected to the Cu substrate, leading to a lower
fraction of dead Li-metal and Li species in the SEI. Since the
Li-metal plating/stripping involves Li ions migration through
the SEI that covers the Li-metal, the above results imply that
SEI formation and its steady-state structure are decisive factors
in determining the deposited Li-metal morphology and species
that are formed by side reactions, which in turn depends on the
electrolyte compositions.

Microstructure and Composition of the Interphases.
Electrochemical measurements show the advantage of using
electrolytes containing multiple salts regarding the improved
reversibility and kinetic behavior of Li anodes, while the impact
of using a variety of solvents appears to be not significant. To
reveal the impact of the electrolyte chemistry on the
microstructure of the interphases, cryogenic transmission
electron microscopy (cryo-TEM) was utilized.”” In the
low-magnification cryo-TEM images (Figures lc,d, and S18
and S19), whisker-like Li-metal deposits with a lateral diameter

of around 0.6 to 1.5 um were observed using the 1S-5Sol
electrolyte. These deposits were covered with an uneven SEI
layer, resulting in a porous structure and a relatively rough
surface. In contrast, the Li deposits in the 5S-2Sol electrolyte
exhibited isotropic morphologies with a larger average
diameter and a smoother surface.

High-resolution images revealed that a thin and compact SEI
layer of approximately 8 nm was formed on metallic Li
deposits in the 55-2Sol electrolyte (Figure 1d). In contrast, a
relatively thicker and nonuniform SEI layer of around 10 to 14
nm was observed for Li deposits in the 1S-5Sol and 1S-2Sol
electrolytes (Figures 1c and S20), consistent with the results
from operando NMR and SEM that indicated the presence of
more Li loss in the SEI. SAED measurements show that the
SEI layer in the 55-2Sol electrolyte was primarily composed of
many small polycrystalline inorganic components. This
indicates that the reduction of various anionic groups from
the multisalts participates in the SEI formation, resulting in a
homogeneous distribution of diverse nanosized inorganic
crystalline grains embedded in an organic matrix (formed by
the solvent-molecule reduction) (Figures 1d and S18 and
S$19), introducing more grain boundaries. In contrast, the SEI
layers formed in the multisolvents 1S-5Sol electrolyte were
dominated by organic components with a relatively small
number of randomly dispersed crystalline inorganic domains.
The amorphous matrices observed likely represent organic
species from solvents decomposition, with much less
crystalline compounds embedded in the SEI matrices formed
on the electrodes in the 1S-5Sol electrolyte.”®

The chemical composition of the interphases was analyzed
using TOF-SIMS and X-ray photoelectron spectroscopy (XPS)
to gain more insight into the elemental spatial distribution and
bonding states. For the SEI formed in the 5S-2Sol electrolyte,
O and F are dominantly distributed (Figures 1fh and S21)
while for the SEI formed in the 1S-5Sol electrolyte, C and O
are the dominant elements, and more C is observed extending
into the bulk of the electrodes (Figures le,g and S21). For the
SEI formed in the 5S-2So0l electrolyte, the S, N, and B elements
were also detected in the near-surface region, indicating the
heterogeneous SEI structure. XPS measurements were
consistent with the TOF-SIMS results (Figures $22—S25).
The deconvoluted C 1s and O 1s profiles revealed larger
fractions of C—0O, C=0 species in the 1S-5Sol electrolyte,
indicating solvent-dominated interphase formation.’””" In the
5S-2S0l electrolyte, C—SO, and Poly(CO;*") species are
observed in addition to organic components, suggesting that
the decomposition of FSI7, TFSI", and DFOB~ anions
participates in the SEI formation process’” (Figure $22).
The diverse composition of the multisalt-derived SEI in the SS-
2Sol electrolyte is further supported by the presence of P—F,
B—O, B—F, N-O, SO, species, and more Li-containing
inorganic components, including Li,O, Li,N, and LiF (Figures
$23—S25). In the F 1s spectra, Li—F and P—F species are
detected in both electrolytes; however, in the 5S-2Sol
electrolyte, the C—F species may also come from other
anionic groups” indicated by an increased amount of Li—F
species based on Li 1s spectra (Figure S23). The observed
element distributions can be related to the intrinsic character-
istics of the different electrolytes, where the multisalt 5S-2Sol
electrolyte results in various anion-derived interphase
components, contributing to the formation of a multi-
component grain-boundary-rich interphase. This interphase
structure is held responsible for inducing fast Li-ion transport
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Figure 2. Interphase Li-ion kinetics. (a) Hlustration of CEST approach. "Li NMR spectra of Li-metal deposits immersed in an electrolyte acquired
without saturation (gray) and acquired with a saturation pulse of 0.2 s and 3500 Hz at the SEI resonance (~0 ppm, red) and the deposited Li
resonance (~265 ppm, blue). The inset demonstrates Li exchange during a CEST pulse sequence, where a saturation pulse is applied to the SEI site
followed by an excitation on the resonance of Li metal. (b) Z-spectra obtained from Li-metal deposits as a function of saturation frequencies and
MTR,,,, quantitative analysis. A® represents the applied frequency away from the Li-metal peak. The inset presents the schematic diagram of the
CEST effect on the “deposited Li metal and SEI” two-pool system. Through applying a soft saturation pulse on the SEI resonance (~0 ppm, pool I)
at a certain cross-relaxation, Li exchange occurs between SEI and deposited Li (~265 ppm, pool IL.), resulting in the decrease of the deposited Li
signal (CEST intensity). (c) Z-spectra obtained from Li-metal deposits with a saturation time of 0.2 s at 25 °C with various saturation powers. (d)
Exchange rates of Li metal deposits via fitting the Z-spectra from the two-pool Bloch—McConnell (BMC) equation. (e) Li exchange rates and
activation energy as a function of temperature. The activation barrier was obtained by fitting the Arrhenius equation.

through the interphase, which is desirable for the operation of
passivated electrodes.

Li-lons Transport across the Interphases. Li-ions
transport through the SEI is anticipated to depend on the
composition/structure of the interphase, which was seldom
studied because it is very challenging to directly probe the local
ionic diffusivity. A powerful method to investigate the ion
transport across the SEI in its native state (see Materials and
Methods above) is NMR chemical exchange saturation transfer
(CEST), commonly used in high-resolution 'H NMR and
magnetic resonance imaging to quantify exchange rates
between different chemical environments.**® The exchange
between SEI and Li-metal deposits can be considered as the
exchange between two pools of Li, where the Li metal presents
a large pool and the SEI a small pool of exchangeable Li ions.*®
A scheme of the CEST experiments is shown in Figure 2a. The
CEST experiments apply a long saturation pulse to the small
pool, during which continuous exchange will lead to the
accumulation of transferred saturation, and then the resonance
of the large pool will be detected.””*® Applying a saturation
pulse to the Li-metal frequency can lead to substantial signal
reduction due to direct saturation. However, when the
exchangeable pool is saturated via selective radio frequency
(RF) irradiation at the SEI frequency, the saturation is
transferred to the Li metal via chemical exchange, thus
decreasing the signal of the metal peak. To quantitatively
analyze the Li exchange between Li metal and the SEI, the
normalized Li-metal signal intensity is monitored against the
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frequency of the off-resonance saturation: the so-called Z-
spectrum’” (Figures 2b and $26). The magnetization transfer
ratio asymmetry (MTR ) signal derived from Z-spectra (see
Materials and Methods) can be used to qualitatively compare
the exchange rate in different SEI-Li-metal systems."’ For
determining the exchange rate between SEI and Li metal in
different electrolytes, Z-spectra with various RF saturation
amplitudes were collected at temperatures from 25 to 55 °C
for the Li-metal-SEI formed in the different electrolytes
(Figures 2c and S27). In all cases, the CEST effect increases
with the saturation amplitude, B, and temperature.

A qualitative comparison suggests that the SEI formed in the
5S-2Sol electrolyte exhibits a larger CEST than the SEI formed
in the 1S-SSol electrolyte under the same conditions,
indicating much better and effective Li-ion exchange between
the SEI and the Li-metal when the surface films on Li were
formed in the 5S-2Sol electrolyte system. To quantify these
differences, we employed the two-pool BMC differential
equation and fitted the Z-spectra acquired with multiple B,
simultaneously (see Materials and Methods and Table
S1).*'~* The resulting interphase exchange rates (Figure 2d
and Table S2) increase almost linearly with temperature in
both cases, with the SEI formed in the $S-2Sol electrolyte
showing a higher exchange rate than the SEI formed in the 1S-
5Sol electrolyte. This suggests that the diverse inorganic and
grain-boundary-rich interphase formed in the 5S-2Sol electro-
lyte facilitates a faster Li-ion transport, contributing to a more
uniform Li deposition (Figure S16) and to a better cycling
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Figure 3. Interphase stability. (a) Illustration of the intermittent cycling protocol. LillCu cells undergo three cycles of continuous cycling at 1.0 mA
em™2 for 1 h to represent the normal cycle. Subsequently, Li metal is plated at 1.0 mA cm™ for 1 h and aged for various periods before being
stripped at 1.0 mA cm ™2 to the cutoff voltage of 1.0 V, representing the aging cycle. Following the aging cycle, Li-metal is plated and stripped at the
same current density, representing the recovery cycle. (b) Intermittent CE of the electrolytes for different aging times. (c) Relative discharge
capacity retention and the corresponding CE of CullLiFePO, cells cycled at C/S with different electrolytes using continuous and intermittent
electrochemical cycling protocols. CullLiFePO, cells undergo two cycles of continuous charge—discharge at C/5, followed by an intermittent cycle
with various aging periods and then three continuous cycles using the same current density. (d) SEM images of deposited Li after aging 120 h. Cells
were cycled at 1.0 mA cm™ for 1 h (1.0 mA h cm™), underwent 20 cycles, and then Li was plated for 1 h. (e) Images of deposited Li metal on Cu
foil from a cross-sectional view. (f,g) XPS data related to O 1s and F 1s spectra measured from electrodes after cycling in the electrolytes (as
marked therein). Fresh samples represent electrodes measured after 20 cycles, while aged samples were taken from cells aged for 120 h.

performance. Furthermore, the activation energy for Li-ion
transport across the surface films on the Li electrodes (i.e., Li-
ion migration through the SEI) was determined using variable
temperature measurements (Figure 2e). The direct determi-
nation of the energy barrier (via analysis of Arrhenius plots)
showed that the SEI formed in the 55-2S0l electrolyte system
has a lower migration barrier for Li-ions exchange (around
22.1 k] mol™') than that of the SEI formed in the 1S-5Sol
electrolyte solution (around 31.7 kJ mol™"), reflecting the
higher Li-ions permeability through the SEI formed in the
former electrolyte solution. The interphase resistance meas-
ured by EIS and analyzed by the distribution of relaxation
times after cycling (Figures S28 and S29) showed that the
overall impedance of cells using the 5S-2Sol electrolyte
solution is lower than the impedance measured with cells
containing the 1S-5Sol solution. For the impedance of the SEI
corresponding to the time scale of 107* to 107> 5,** the cells
with the 55-2Sol electrolyte exhibit a value of approximately 13
€, which is significantly lower than the 27 € observed for cells
with the 1S-5Sol electrolyte. These studies indicated much
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more effective Li-ions transport between the interphase and
the electrode in the 5S-2Sol electrolyte, suggesting that the
grain-boundary-rich interphase with diverse inorganic compo-
nents formed in the multisalt electrolyte facilitates a faster Li-
ion transport, contributing to improvements of the batteries.
Stability of the Interphases. Interphase stability is a
crucial factor influencing electrode performance but is less
directly studied. Here, an intermittent electrochemical test
protocol, including a calendar aging step (Figure 3a), was
introduced to assess the interphase stability. This method can
account for chemical corrosion, thermodynamic driving forces
toward interphase degradation, and the electrolyte/electrode
consumption during storage beyond continuous electro-
chemical cycling.” In addition, the cycling efficiency measured
for the recovery cycles can reflect whether Li is lost as dead Li-
metal or through side reactions that form surface species
precipitating on the surface of the Li electrodes. Intermittent
cycling measurements of LillCu cells with aging times ranging
from 12 to 144 h were performed for different electrolytes
(Figures 3b and S30—S32). During these intermittent cycling
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Figure 4. Electrochemical performance. (a) CV curves of LillAl cells with a scan rate of 0.8 mV s™' from 3.0 to 5.0 V. The insets show the
morphologies of the Al current collector after corrosion test. (b) Capacity retention of LiINCM811 cells that contained different electrolytes cycled
between 2.8 and 4.3 V at 0.1 C rate for three cycles and then at 1.0 C rate for the following cycles. (c,d) Galvanostatic charge/discharge curves of
LillNCMS811 cells cycled between 2.8 and 4.3 V under various current densities in different electrolytes. (e) Cycling performance of anode-free 3.5
A h pouch cells. Cells were tested with double-side coated NCM811 cathodes and bare Cu foil anodes cycled between 2.6 and 4.4 V at a 0.1 C rate
for three cycles and then at a 0.5 C rate for the following cycles. (f) Comparative analysis of electrolyte cost and battery performance related to
anode-free cells. The data are based on the representative electrolytes in Table S4. The color scale indicates various cost levels according to Table
S7. Bubble size reflects the cost effectiveness, determined by the total cost of each electrolyte relative to the highest cost among all the electrolytes
considered. (g) Capacity retention of NCM811lISi/graphite cells cycled between 2.6 and 4.3 V at a 0.1 C rate for the first three cycles and then at a
1.0 C rate for the following cycles. The capacity ratio of the negative over positive electrode was 1.1—1.15. Si/graphite composite anode has a

specific capacity of 450 mA h g™".

experiments, the cells containing the 5S-2Sol and the 5S-5Sol
solutions displayed small CE fluctuations between the aging
and recovery cycles, along with higher average CE values, while
the cells containing 1S-5Sol electrolyte exhibited significant CE
fluctuations and a lower average CE value (Figures 3b, S30 and
S31). Analysis of the CE statistics for different aging times
(Figure S32) suggests two capacity-loss mechanisms: (1) the
dead Li-metal formation and (2) the SEI growth during aging.
First, with all the three electrolytes studied herein, dead Li-
metal form during each aging step, but it can be partially
recovered in the next cycle for cells containing the multisalt
electrolyte, as reflected by CE values larger than 100%. Second,
a larger capacity loss during cycles was observed for cells
containing the 1S-5Sol electrolyte, indicating irreversible loss
of active Li to the SEI formation. By comparison, the Li-metal
electrodes cycled in the multisalt (5S-2Sol and 5S-5Sol)
electrolytes showed a smaller capacity loss, as more “lost”
capacity (per cycle) could be recovered upon the charging
processes in consecutive cycling (Figures 3b, S31 and S32).
The cells using the 5S-2Sol electrolyte exhibited a higher
capacity retention and higher average CE during continuous
electrochemical cycling (Figure 3c). Similarly, intermittent

electrochemical cycling of CullLiFePO, cells (Figures 3c and
S33) revealed smaller CE fluctuations and capacity loss on
aging using 5S-2Sol electrolyte compared with 1S-5Sol
electrolyte.

To investigate the underlying principle responsible for the
observed electrochemical properties, the morphologies and
surface chemistry of the deposited Li were examined after
aging. Figure 3d illustrates that Li-metal deposits formed in the
1S-5Sol electrolyte underwent severe chemical corrosion
during aging, resulting in the formation of extensive side-
reaction products on the surface compared to the fresh samples
(Figure S17). In contrast, the Li-metal deposits formed in the
5S-2Sol electrolyte maintained a cleaner and smoother surface.
SEM energy-dispersive spectroscopy (EDS) mapping (Figures
S34 and S35) indicated that the corrosion products mainly
consist of C and O containing compounds, derived from the
solvents. The SEM images of electrodes’ surfaces and cross
sections (Figure 3d,e, respectively) demonstrate different
corrosion behaviors of the Li deposited on Cu in the 1S-
SSol and 5S-2Sol electrolytes. For the Li deposits formed in
the 1S-5Sol electrolyte, the decomposition products mainly
form on the top of corroded Li-metal, while in the 5S-2Sol
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electrolyte, the corrosion is observed near the current collector.
Thus, the observed corrosion processes in these two
electrolytes can be attributed to different categories: top
corrosion, associated with irreversibly formed Li-containing
products, and root corrosion, linked to dead Li formation.

Further analysis of the chemical species in the interphases
formed during aging was conducted using XPS measurements
(Figures 3f,g, and S36—S41). Compared to the fresh deposits
measured immediately after cycling, the C 1s, O 1s, Li 1s, and
F 1s spectra change significantly during the aging period of the
electrodes in the 1S-5Sol electrolyte, while the interphase
components are well-preserved in the interphase formed in the
5S-2So0l electrolyte, showing only slight changes in the spectra
related to Li surfaces after aging (Figure S37). This suggests
accumulation of organic surface species with C=0O groups as
reflected by the O 1s spectra, on the surface of the Li-metal
deposits, consistent with the EDS mapping results, reflecting
dominance of solvents’ reduction products in the interphase
formed in the 1S-5Sol electrolyte. In contrast, the XPS spectra
of Li deposits in the 5S-2Sol electrolyte reflect a relatively
stable surface chemistry. The spectra measured before and
after aging are similar, with slight increases in peaks reflecting
N-O, SO,, B—O, and S—N bonds, related to salt anions
reduction. This indicates higher stability of the interphase
formed on Li-metal deposits in the multisalt electrolytes. The
above results demonstrate that the multicomponent inorganic-
rich interphase formed on Li-metal anodes in the multisalt (SS-
2S0l) electrolytes exhibits superior electrochemical/chemical
stability, effectively slowing down corrosion.

Performance of High-Energy Full Batteries. The
interphase properties in combination with high-capacity
cathode materials are further evaluated. The oxidation stability
of the 55-2So0l and 1S-5Sol electrolytes is first examined by CV
measurements in LillAl cells. The multisalt 5S-2Sol electrolyte
presented an electrochemical stability window up to ~4.7 V vs
Li/Li*, as shown in Figure 4a. In addition, the potentiostatic
polarization measurements show that the oxidation leakage
current of Al current collector in the 5S-2Sol electrolyte
reached a minimum value of ~0.27 yA cm™? after being held at
4.3V for 8 h, which is lower than ~0.48 A cm™ measured for
the 1S-5Sol electrolyte (Figure S42). The corrosion of the Al
collector in the multicomponent electrolytes was also tested,
and both electrolytes demonstrated smooth morphologies of
Al foils after polarization, indicating potential compatibility
with nickel-rich layered cathodes upon charging (Figure 4a).
Subsequently, the electrolytes were evaluated in cells consisting
of Li-metal anodes and LiNiy4Co,;Mn,;0, cathodes (Lill
NCMS811) in the voltage range 2.8—4.3 V, whereas the areal
capacity of the NCM811 cathode was 2.5 mA h cm™ and the
Li-metal anode was 50 pm thick, close to practical loading.
During the initial cycles at a rate of 0.1 C, the cells containing
either electrolyte present a similar discharge capacity.
However, during long-term cycling, cells with the 5S-2Sol
electrolyte showed significantly better stability, resulting in a
capacity retention of around 95% after 200 cycles upon cycling
at a rate of 1.0 C, and a more than 83% capacity was
maintained after 400 cycles (Figure 4b). This outperformed
the cells containing the 1S-5Sol electrolyte that exhibited
average capacity retention of around 73% after 200 cycles. It is
well-known that these Ni-rich NCM type cathodes are also
covered by SEI type surface films, namely the cathode
electrolyte interphases (CEI) layer that affect pronouncedly
their stability. The results show that the 55-2Sol electrolyte has

a better compatibility with the high-voltage cathodes and
promotes formation of passivating CEI layer on them.
Additionally, the cells with the 5S-2Sol electrolyte show
promising rate performance, delivering capacity retentions of
approximately 94%, 84.5%, 70%, and 60% at rates of 1.0, 2.0,
4.0, and 6.0 C, respectively, which is larger than the capacity
retention of around 90%, 77%, 50%, and 10.5% for the cells
containing the 1S-5Sol electrolyte cycled at the same rates
(Figures 4c,d and S43). The enhanced performance of the cells
containing the 5S-2Sol electrolyte should be attributed to the
formation of electrode—electrolyte interphases with enhanced
properties, including higher ion-transport kinetics and higher
stability.

To further assess the compatibility of the interphase formed
in the 5S-2Sol electrolyte upon prolonged cycling, more
demanding anode-free pouch cells were assembled and cycled
under harsh conditions, with zero excess Li-metal, a high
cathode loading of 3.5 mA h cm™ and a relatively small
amount of electrolyte with an electrolyte-weight/cathode-
capacity ratio (E/C) of ~2 g (A h)™" (Figures 4e and Figure
S44, and Table S3). Even under these challenging conditions,
the prototype anode-free pouch cell maintains good cycling
stability with a capacity retention of around 82.5% after 100
cycles at a rate of 0.5 C, indicating that these designed
electrode—electrolyte interphases hold the key to achieve long-
cycling and high-stability high-energy Li batteries, even when
employing low-cost electrolytes (Figure 4f and Tables S4—S7).
This competitive performance based on commercial carbonate
solvent mixtures, under aggressive cycling conditions, further
confirms the promising properties of the interphases induced
by multisalt electrolytes. To verify its application in high-
energy-density Li-ion cells, the electrochemical performance of
NCM811IISi/graphite full cells was evaluated using the 55-2Sol
electrolyte. Figure 4g shows the cycling performance of full
cells cycled between 2.6 and 4.3 V at a rate of 0.1 C for the first
three cycles and 1.0 C for the following cycles. The full cells
using the 5S-2Sol electrolyte exhibited a capacity retention of
around 94%, 88%, and 85% after 200, 400, and 500 cycles,
respectively, with an average CE of ~99.9%. The rate
performance test of the NCMS811IISi/graphite full cells results
in a capacity retention of around 98%, 86%, 70%, and 52.6% at
rates of 0.3, 1.0, 3.0, and 5.0 C, respectively (Figures S4S5 and
$46).

The interfacial structure of the NCM811 cathodes and their
surface chemistry in the two types of solutions was studied by
microscopic and spectroscopic tools, as described in the
Supporting Information Note 3. The CEI layer formed in the
5S-2Sol electrolyte was found to be compact, avoiding
detrimental dissolutions of transition metal cations from the
cathode side (Figures S47—S50), as described therein. These
results of the full cells studies demonstrate that the use of
multisalt 5S-2Sol electrolyte dramatically improve the perform-
ance (stability, cycling efficiency, and rate capability) of all
relevant electrodes of secondary Li batteries (Li-metal, Si/
graphite anodes, Ni-rich NCM cathodes), through formation
of highly passivating, stable CEI layer on the electrode surface.

B CONCLUSIONS

In summary, we have developed an approach aimed at creating
transformative electrode—electrolyte interphases for advanced
batteries. Comprehensive analysis of interphases across various
length and time scales revealed that these interphases feature
multicomponent, grain-boundary-rich composite microstruc-
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Figure S. Schematics of Li-ion transport in batteries. The transport of Li-ions across the electrode/electrolyte interphase contributes to the overall
battery performance, which is determined by the activation energy in various dominating processes. Li-ion diffusion barrier in the electrolyte,
E, clectrolyter €an be effectively reduced by increasing the diversity in the solvation structure, facilitating liquid-phase Li-ion transport and desolvation
at the electrolyte/interphase interface. Li-ion diffusion barrier in solid interphase, E, jnerphases 18 influenced by the interphase structure/composition.
Unlike conventional interphases (a) formed in typical electrolytes, this new interphase (b) resulting from multianion electrolytes primarily
composed of many small polycrystalline inorganic components, which maximizes the percolating pathway, lowering the energy barrier, facilitating
desolvation, and enhancing ion transport through the grain-boundary-rich hybrid interphase. Meanwhile, this interphase significantly improves

interphase stability against electrochemical/chemical reactions.

tures, which result in the remarkably enhanced stability of
high-energy-density rechargeable Li battery as well as high Li-
ion conductivity throughout the cells (including electrolyte
and interphase). Highly effective, protective, and stable
interphase can be formed on the reactive battery electrodes
through elaboration of an electrolyte system which includes a
combination of multiple commercially available salts in
conventional alkyl carbonate solvents. The diversity of salts
induces finer inorganic grains, homogeneously embedded in
the interphase, forming grain-boundary-rich heterogeneous
microstructures, effectively facilitating solid—solid ions trans-
port between the electrodes and the formed interphases, as
well as solid—liquid ions solvation reorganization between the
interphases and the electrolytes (Figure Sab). Furthermore,
the inorganic-dominated hybrid interphases exhibited higher
stability against electrochemical/chemical side reactions with
components of the electrolytes, ensuring a prolonged cycle life
for anode-free batteries. These findings strongly indicate that
our well-designed grain-boundary-rich electrode—electrolyte
interphases hold the key to achieving long-cycling and high-
stability high-energy Li batteries, even when employing low-
cost electrolytes. Therefore, this advancement marks a
substantial step toward enhancing the performance and
sustainability of high-energy-density secondary batteries,
which presents a promising perspective for future develop-
ments in the field and beyond.
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