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ABSTRACT: Li metal batteries applying Li-rich, Mn-rich (LMR)
layered oxide cathodes present an opportunity to achieve high-
energy density at reduced cell cost. However, the intense oxidizing
and reducing potentials associated with LMR cathodes and Li
anodes present considerable design challenges for prospective
electrolytes. Herein, we demonstrate that, somewhat surprisingly, a
properly designed localized-high-concentration electrolyte (LHCE)
based on ether solvents is capable of providing reversible
performance for Li||LMR cells. Specifically, the oxidative stability
of the LHCE was found to heavily rely on the ratio between salt and
solvating solvent, where local-saturation was necessary to stabilize
performance. Through molecular dynamics (MD) simulations, this
behavior was found to be a result of aggregated solvation structures
of Li+/anion pairs. This LHCE system was found to produce significantly improved LMR cycling (95.8% capacity retention after 100
cycles) relative to a carbonate control as a result of improved cathode-electrolyte interphase (CEI) chemistry from X-ray
photoelectron spectroscopy (XPS), and cryogenic transmission electron microscopy (cryo-TEM). Leveraging this stability, 4 mAh
cm−2 LMR||2× Li full cells were demonstrated, retaining 87% capacity after 80 cycles in LHCE, whereas the control electrolyte
produced rapid failure. This work uncovers the benefits, design requirements, and performance origins of LHCE electrolytes for
high-voltage Li||LMR batteries.
KEYWORDS: Li metal battery, Li-rich cathode, battery electrolyte, solvation, solid-electrolyte interphase, cathode-electrolyte interphase

■ INTRODUCTION
The advent of energy-dense Li-ion batteries (<250 Wh kg−1)
has resulted in the deployment of portable electronic devices at
an unprecedented scale. However, to continue supporting
these ever-improving devices and to ensure the adoption of
electric vehicles, improved energy densities are required. Li
metal batteries, which replace the conventional graphite anode
with Li metal, promise cell-level energy densities approaching
500 Wh kg−1.1 However, achieving such lofty metrics with
conventional cathodes requires advancements in currently
achievable electrode and electrolyte loading, inactive material
content, all the while maintaining excellent Li metal anode
reversibility. Additionally, these projected metrics rely heavily
on high-Ni transition metal oxide cathodes, which are
becoming less tenable due to supply chain and sustainability
concerns.2 The employment of alternative cathodes which
provide improved capacity output with less reliance on Ni and
Co is therefore paramount.

Li-rich, Mn-rich (LMR) layered oxide cathodes that produce
reversible capacity via both cationic and anion redox present an
enormous opportunity to fill this void. These layered cathode
materials commonly boast atomic Mn contents >50% of the

total transition metal count which produces a reduction in cost
compared to mainstream Ni-rich cathodes.3,4 Moreover, LMR
systems exhibit high specific capacities of >250 mAh g−1,
alleviating the energy density losses associated with other low-
cost materials such as LiMnO2 (LMO).5 As there is ever-
increasing interest in pushing cell energy densities beyond their
current limits for mass-market applications, LMR cathodes are
therefore ideal to pair with high-energy anodes such as Li
metal. To demonstrate this, we project the energy density of 5
Ah pouch cells through a model described in the Supporting
Information. As shown in Figure 1, Li metal batteries
employing LMR cathodes promise energy densities far
exceeding cells composed of LiNi0.8Mn0.1Co0.1O2 (NMC
811), LiNi0.333Mn0.333Co0.333O2 (NMC 111), and LiFePO4
(LFP). Further, they provide a viable route to achieving
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>400 Wh kg−1 at the cell-level with the currently achievable
electrolyte loading of 3 g Ah−1 and N/P ratio of 2. LMR
cathodes promise to achieve such energy densities with
minimal reliance on Ni and Co, with a calculated raw materials
cost of <16 $ kg−1 and <20 $ kWh−1, which rivals high-voltage
spinel.

The high capacity of LMR cathodes are generated through
both the redox of transition metals and Li-coordinated oxygen
within the host, promoting surface reorganization and gas
formation.5−10 Accordingly, the specific capacity of LMR
cathodes have been observed to degrade severely with cycling.
However, recent work has suggested that the electrolyte
composition may significantly enhance said stability, which is
largely a result of improved cathode-electrolyte interphase
(CEI) chemistry.11,12 Despite this promise, the library of
available electrolytes compatible with LMR systems is still
relatively narrow given the oxidative stability requirements
must exceed 4.6 V vs Li/Li+. Moreover, application of LMR
cathodes in Li metal batteries places a similarly stringent
stability criteria for the electrolyte and the Li metal anode. The
advent of stable electrolytes, which endow stability on both
LMR cathodes and Li metal anodes, is therefore paramount.

The mainstream carbonate electrolyte, such as those based
on EC/DMC (ethylene carbonate/dimethyl carbonate), has
demonstrated high voltage stability up to 4.8 V.13 However,
despite their apparent oxidative stability, the cathode-electro-
lyte interphase formed in such systems tend to be insufficient
for LMR cycling. Moreover, the Coulombic efficiency (CE) for
Li metal cycling in these electrolytes tend to hover near ∼90%,
an untennable value for Li metal full cell operation.14 While
conventional ether electrolytes, such as those based on 1,2-

dimethoxyethane (DME) and low-concentrations of lithium
bis(fluoro sulfonyl)imide (LiFSI) are known to stabilize the Li
metal anode, they face challenges in oxidative stability on the
cathode.15,16 The advent of localized-high-concentration
electrolytes (LHCE) systems have made significant advances
in oxidative stability, enabling the application of standard
transition metal oxide cathodes.17,18 However, the only LHCE
systems applied to Li||LMR systems have so far been based on
carbonate solvents.12

In this work, we find that, unexpectedly, ether-type LHCE
electrolytes based on LiFSI, DME, and bis(2,2,2-trifluoro
ethyl)ether (BTFE), simultaneously support the operation of
the Li1.143Ni0.136Co0.136Mn0.544O2 LMR cathode and the Li
metal anode. We demonstrate that the ratio between LiFSI,
DME, and BTFE is crucial to achieve the oxidative stabilities
necessary for LMR operation, and relatively unimportant for
stabilization of Li metal cycling. The origin of this behavior was
probed through molecular dynamics (MD), which revealed
that the statistical prevalence of multianion Li+ “aggregates”
described the oxidative behavior. The highly aggregated LHCE
was then applied to LMR half cells and LMR||limited Li full
cells, where it was found to endow exceptionally stabilized
performance relative to the carbonate control. This perform-
ance was found to largely be a result of interphase CEI
composition, as revealed by cryogenic transmission electron
microscopy (cryo-TEM), and X-ray photoelectron spectrosco-
py (XPS). This work demonstrates the viability of LHCE in
Li||LMR full batteries, outlines the relevant electrolyte design
parameters necessary to achieve stability, and provides a
mechanistic analysis of their improved behavior.

Figure 1. Impact of cathode chemistry on the energy density of Li metal batteries. (a) Projected energy density of 5 Ah cells with N/P = 2 and 3 g
Ah−1 electrolyte based on a pouch-cell model. Calculated raw materials cost of cathode materials of interest based on January 2023 commodity
prices in (b) USD kg−1, (c) USD kWh−1. We note that applying reduced inactive cell components, N/P ratio, and electrolyte loadings can yield
energy densities >500 Wh kg−1 as previously calculated.1
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■ RESULTS AND DISCUSSION
To better understand these electrolyte design requirements for
Li||LMR batteries, we compare a conventional carbonate
electrolyte, 1.2 M LiPF6 in EC/ethyl methyl carbonate (EMC)
3:7 (vol), to a conventional ether electrolyte, 1 M LiFSI DME
and a variety of LHCE systems based on LiFSI, DME, and
BTFE. BTFE is known to act as a “diluent” in such systems,
which reduces the overall solution viscosity, but does not
meaningfully contribute to Li+ solvation due to its heavy
fluorination.19 Accordingly, the LHCE system is entirely reliant
on DME to solvate salt, and thus the ratio between DME and
LiFSI primarily dictates the local solvation environment of Li+
irrespective of BTFE content. However, the diluent in LHCE
systems has been proposed to contribute toward the SEI and
CEI, which must be considered.19 Regarding solvation, it is
useful to define the “local concentration” of a given LHCE as
the concentration of LiFSI only with respect to the solvating
solvent (in this case DME), which dictates the equivalent high-
concentration electrolyte one would expect the LHCE
solvation environment to resemble.20−23 Similarly, a “locally
saturated” solution refers to a system in which the LiFSI/
solvating solvent ratio is at its maximum as dictated by the
solubility limit.

To investigate the influence of these effects, we compare
LiFSI-DME-BTFE systems of molar ratios 1−1.6−3.2 and 1−
1.1−5.0 (by mol) referred to as “LDME1” and “LDME2”.
Despite the negligible influence of BTFE on solvation, the
relative concentration of fluorinated diluents have been shown
to have a significant effect on Li+ transport in the system, and

to contribute to the solid-electrolyte interphase.23,24 Hence, we
also compare these two LCHE systems to one with elevated
BTFE composition, LiFSI-DME-BTFE 1−1.6−7.1 (mol),
referred to as “LDME3”. Performance effects arising from
differences in local concentration, e.g., degree of ion-pairing
and salt aggregation would be observed via differences in
performance between LDME1 or 3 and LDME2, whereas the
effect of global salt concentration and/or BTFE content would
produce differences in performance among all 3 systems,
especially LDME1 and LDME3.

To approximate the oxidative stability of these electrolytes,
we apply them to linear-scan voltammetry in Li||Al cells. As
shown in Figure 2a, 1 M LiFSI (LiFSI:DME ∼ 1:11) was
shown to decompose readily beginning at ∼4.4 V, behavior
that is known to have limited the application of conventional
ether electrolytes with transition metal oxide cathodes.15,16

However, when the LiFSI:DME ratio is increased to 1:1.6 (∼6
M local concentration) in LDME1, this decomposition is
significantly suppressed, reaching 0.11 mA cm−2 at 5.0 V vs Li/
Li+ as opposed to 0.29 mA cm−2. Interestingly, this
decomposition is also reduced by maintaining the same
LiFSI:DME ratio, but increasing the BTFE content from
LDME1 to LDME3, which supports previous observations that
diluent plays a role in oxidative stability. However, this
influence was found to be of little consequence when
compared to increased LiFSI:DME ratio, where the LDME2
electrolyte displayed negligible parasitic current until ∼5.9 V,
comparable to the carbonate electrolyte. To provide a more
meaningful measure of this stability, LMR||Li half cells were

Figure 2. Electrolyte stability tests. (a) Oxidation stabilities for different electrolytes as evaluated on Al electrode at a scan rate of 5 mV s−1. (b)
First cycle Coulombic efficiencies of Li||LMR half cells in different electrolytes when cycled at C/20 from 2 to 4.6 V. (c) Coulombic efficiencies of
Li||Cu cells over the course of 100 cycles in different electrolytes, 0.5 mA cm−2 for 1 mAh cm−2. (d) Average Coulombic efficiencies of Li||Cu cells
in different electrolytes, averaged over 100 cycles for LHCE and 50 for car. Car is 1.2 M LiPF6 in EC/EMC (Vol:Vol = 3:7), DME is 1 M LiFSI
DME, LDME1 is LiFSI-DME-BTFE 1−1.6−3.2 (by mol), LDME2 is LiFSI-DME-BTFE 1−1.1−5.0 (by mol), and LDME3 is LiFSI-DME-BTFE
1−1.6−7.1 (by mol).
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assembled with each electrolyte. As shown in Figure 2b, the
first cycle Coulombic efficiencies (CEs) of each electrolyte
match the trends predicted by LSV, with their profiles shown
in Figure S1. However, despite their initial efficiencies, the
largely organic CEI produced by carbonates is known to be
disadvantageous for long-term cathode cycling, which will be
investigated for the LMR system later in this work.25

To ensure compatibility with both the LMR cathode and the
Li metal anode, the electrolytes of interest must demonstrate
improved reductive stability in addition their oxidative
behavior. Hence, the electrolytes were applied in Li||Cu cells
to measure their CE for Li metal cycling at 0.5 mA cm−2, and 1
mAh cm−2 over long time scales. As shown in Figure 2c,
despite its apparent oxidative stability, the carbonate electro-
lyte was found to produce an average CE of 87.4% for Li metal
cycling, which then rapidly degraded after ∼50 cycles. This
behavior has been previously demonstrated to be a result of
electrolyte exhaustion, and is seen widely in carbonate-based
electrolytes.26 The 1 M LiFSI DME system, by contrast, shows
a significantly improved average CE of 95.4%, but is still
insufficient in providing viable reversibility for full cell
applications. The LHCE systems, on the other hand, were all
found to demonstrate remarkable CEs for Li metal cycling,
displaying 98.6, 98.8, and 98.8% averages over the initial 100
cycles in LDME1, LDME2, and LDME3, respectively. We note
that these are diminished by the conditioning process typically
observed at low plating capacity, where similar systems are
known to produce >99% CE values post conditioning.18

Unlike the oxidative stability trends, we find that the
composition of LiFSI, DME, and BTFE were relatively

unimportant for such cycling efficiencies, indicative of the
inherent reductive stability of ether solvents in the presence of
fluorine-donating FSI−.27

The influence of Li+ solvation within the electrolyte has been
widely demonstrated to dictate electrochemical stability and
solid interphase formation.28,29 To provide a molecular
understanding of the structures present in each electrolyte of
interest, we apply MD simulations (Figure 3a−d). Specifically,
to understand the effects of LHCE composition on said
structure, and the resulting electrochemical performance, we
compare 1 M LiFSI DME with the LDME1, LDME2, and
LDME3 solutions (Methods shown in the Supporting
Information). The radial distribution function (RDF) with
respect to Li+ ions in solution is widely used to assess the
statistically distribution of solvation states, which we analyze
over 12.5 ns of production dynamics. The RDFs for DME and
FSI− oxygen atoms, the primary solvating species, are shown in
Figure 3e and g, respectively. As these profiles represent the
statistical probabilities of certain states without consideration
of the total concentration of various electrolyte species, we
instead make conclusions based on their associated integrals,
which directly respond to the coordination number of each
species to Li+ (Figure 3f, h). Through this analysis, we observe
that the solvation structure of 1 M LiFSI DME is dominated by
solvent, generally referred to in the literature as a solvent-
separated ion-pair structure (SSIP). However, this structure
undergoes a distinct shift in the LHCE systems, where the
FSI− anion participates heavily in solvation. The average
solvation structure of 1 M LiFSI DME is predicted to be
Li+(DME)2.6(FSI−)0.32, whereas the average structures of

Figure 3. Molecular dynamics simulations of ether electrolytes of interest. (a−d) Final MD snapshot of the DME, LDME1, LDME2, and LDME3,
respectively. Color: Li, pink; O, red; C, gray; H, white; N, blue; S, yellow; and F, cyan. (e) Radial distribution functions (RDFs) of the DME
oxygen with respect to Li+. (f) Integrated RDFs of the DME oxygen atoms, representing the lithium coordination number. (g) RDFs of the FSI
oxygen with respect to Li+. (h) Integrated RDFs of the FSI− oxygen atoms, representing the lithium coordination number. (i−l) Solvation
distribution analysis of the Li+ atom in DME, LDME1, LDME2, and LDME3, respectively.
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LDME1, LDME2, and LDME3 are predicted to be
Li+(DME)1 . 5(FSI−)1 . 9 , Li+(DME)1 . 0(FSI−)2 . 8 , and
Li+(DME)1.5(FSI−)1.9, respectively.

Beyond the average solvation structure, we take 250
“snapshots” of the local structure (within 3 Å) of each Li+
atom (every 0.1 ns), in order to build a statistical distribution
of states in a similar method to our previous work.20 These
distributions are shown in Figure 3i−l. When analyzed in this
fashion, it is found that the SSIP Li+(DME)3 structure is
prominently displayed in 1 M LiFSI DME, representing 68.5%
of the states, compared to a 27.8% prevalence of
Li+(DME)2(FSI−)1 structures, commonly referred to as
“contact-ion pairs” (CIP). Aside from displaying a higher
degree of ion-pairing in the structures, we also find that the
LHCE systems show high probabilities for ion “aggregate”
(AGG) structures, in which Li+ is coordinated by >1 FSI−.
Specifically, LDME1 was found to demonstrate a CIP structure
47.3% of the time, whereas AGG structures accounted for
∼38.3% and no statistically significant sign of SSIP structures.
LDME3, while showing slight differences in the speciation of
specific AGG species, the overall prevalence of CIP and AGG

structures were found to be relatively comparable at 53.8 and
32.4%, respectively. We note that the majority of the structures
comprising “other” are also AGG in nature, but did not meet
the 3% statistical relevance criteria to be specified discretely.
LDME2, on the other hand, was found to be dominated by
AGG structures, showing 22.1 and ∼65.7% CIP and AGG
prevalence, respectively. As the parasitic decomposition of
ether solvent is known to limit its high-voltage performance,
and is known to be suppressed by the reduction in free solvent
and anion-derived CEI compositions, we conclude that the
increase in AGG species shown in LDME2 is responsible for
its improved oxidative stability.

To determine the impact of LDME2 over the conventional
carbonate electrolyte on the cycling performance of the
aforementioned LMR cathode, we assembled 2.8 mAh cm−2

LMR||Li half cells utilizing each electrolyte (Figure 4a
schematic). When cycled at a C/4 rate from 2 to 4.6 V, we
find that the LMDE2 system produces remarkable LMR
cycling stability relative to the carbonate system. Specifically,
the LMR cathode was found to retain 97% capacity retention
after 100 cycles in LDME2, whereas the LMR cathode in

Figure 4. Electrochemical cycling data of LMR||Li cells applying LDME and car electrolytes. (a) LMR half cell cycling data with 2.8 mAh cm−2

LMR electrodes from 2 to 4.6 V. Voltage profiles of half cells utilizing (b) car and (c) LDME2 electrolytes. (d) Full cell cycling of 4 mAh cm−2

LMR cathodes paired with a preplated 2× Li metal anode cycled from 2 to 4.6 V.
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carbonate retained only 69% after 75 cycles, after which the
capacity dropped precipitously, likely due to electrolyte
exhaustion as a result of poor Li metal compatibility (Figure
4a).26 This anode limitation is supported by the discharge
curves for the carbonate system shown in Figure 4b, where a
sharp decrease in voltage toward the end of discharge indicates
depletion of the Li reservoir. Before this depletion, the cell
degradation was gradual and seen uniformly throughout the
voltage curve, indicative of cathode degradation. The enhanced
cycling stability of LDME2 was also found to be accompanied
by improved output voltage retention, as shown in 4c. Given
the comparable intrinsic oxidative stability between LDME2
and the carbonate system, it is likely that the improved stability
of LMR cycling in LDME2 is a result of improved CEI
composition. While the enhanced capacity retention of LMR in
LDME2 at high discharge rates suggests a reduced interphasial
impedance (Figure S2) the composition and morphology of
this interphase must be understood, and will be further
discussed below.

As high-energy density full cells require limited Li anodes,
the Li metal cycling stability of the electrolyte is also of high
interest. Hence, we examine the cycled Li counter electrodes
after 100 half cell cycles via scanning electron microscopy
(Figure S3). We find in both top-view and cross-sectional
imaging that the Li cycled in the carbonate electrolyte shows
substantially more porosity, where the initial 250 μm counter
electrode only displayed ∼40 μm uncycled Li compared to 178
μm uncycled Li in LDME2 (Figure S3b, d). The extreme
pulverization and dendritic nature (Figure S3a) observed in
carbonate has been previously observed to be a consequence of
poor cycling stability, and supports the CE observations made

previously. This improved Li metal morphology is also
observed in tandem with a increase in Fluorinated species in
the SEI via XPS. As shown in Figures S5 and S6, the LDME2
system produced abundant LiF, SOxFy, and C−F species
derived from FSI− and BTFE decomposition which are
maintained after 100 cycles in addition to an increased
prevalence of Li−F. These species have been widely observed
in sulfonylimide-based electrolytes and are commonly
associated with the highly reversible performance they
demonstrate.19,30 Though the carbonate system was also
found to produce LiF, its otherwise organic and POxFy-
containing SEI was evidently insufficient for long-term
reversible cycling, as evidenced by the existence of
polycarbonate species derived from reductively unstable EC.

To further demonstrate the beneficial effect of the LDME 2
electrolyte on the LMR and Li anode in tandem, we assembled
4 mAh cm−2 LMR || 2x Li (N/P ratio = 2) full cells (Figure 4d
schematic). These cells were also cycled between 2 and 4.6 V
in a manner to capture capacity fade due to losses in kinetics at
elevated rate (C/3) and any materials-level capacity fade by
cycling again at C/10 after 50 cycles. When cycled, it was
found that the full cell applying LDME2 produced negligible
fade between the C/10 cycling capacities before and after 50
C/3 cycles, whereas the 87% output capacity was retained after
80 cycles at C/3 (Figure 4d). Significant capacity fade was
observed after 80 cycles, which is likely due to depletion of the
excess Li metal reservoir, as shown in the Voltage curves and
dQ dV−1 profiles, which feature a sharp reduction in capacity at
the end of discharge. On the other hand, the carbonate
electrolyte was found to produce rapid failure, displaying
negligible capacity after 15 cycles with the aforementioned

Figure 5. Cryo-TEM of the CEI formed on LMR cathodes after 100 cycles in half cells. (a) TEM micrograph of CEI formed in carbonate and (b)
the statistical distribution of CEI thickness. (c) TEM micrograph of CEI formed in LDME2 and (d) the statistical distribution of CEI thickness.
Cryo-STEM-EDS of the CEI formed in each electrolyte. (e) Cryo-STEM micrograph, and associated (f) F, (g) Mn, (h) Ni, and (i) Co maps of the
carbonate CEI. (j) Cryo-STEM micrograph, and associated (k) F, (l) Mn, (m) Ni, and (n) Co maps of the LDME2 CEI.
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characteristic behavior of Li anode depletion (Figure 4d,
Figure S4).

Though the improved Li metal cycling behavior provided by
LHCE systems is well known, their stabilization of high-voltage
LMR cathodes is surprising given the oxidative instability of
ether solvents and sulfonylimide anions.16,31,32 To better
understand this, we first conducted XPS on the cycled LMR
cathodes after 1 and 100 cycles in half cells. As shown in
Figures S7 and S8, the LMR cathode cycled in carbonate
showed significant variance between initial formation and 100
cycles, where significant relative increases in Li−F, and most
notably C−O contributing peaks were observed (Figure S7a,
c). Though Li−F has been previously observed to have a
beneficial impact on electrochemical stability, we interpret its
increased prevalence over the cycling duration in tandem with
the increased prevalence of organic species to indicate
continued parasitic decomposition. On the other hand, we
observe minimal variance in the carbon-containing CEI
constituents formed in LDME2 over 100 cycles. Though a
slight increase in SOx-Fy species was observed, the well-
established passivating benefits of these constituents suggests
improved passivation (Figure S8b, d). Hence, the XPS data
indicate that the CEI produced at the LMR cathode in LHCE
is superior for long-term cycling than that of the carbonate
system.

To study the CEI morphology in different electrolytes
without electron beam damage, the cycled LMR cathodes were
characterized with cryogenic transmission electron microscopy

(cryo-TEM).33,34 After 100 cycles in the carbonate electrolyte,
a nonuniform amorphous CEI with a thickness of 9.46 ± 4.19
nm was observed on the LMR surface as shown in Figure 5a
cryo-TEM micrograph of a primary cathode grain. Figure 5f−i
shows the low-magnification Cryo-STEM-EDX mapping of a
secondary LMR particle. Excess fluorine characteristic X-ray
signal was observed at the particle surface, which suggests the
thick CEI layer formation from excessive electrolyte decom-
position reaction. In contrast, the LMR cycled in LDME2
shows a more uniform and thinner CEI layer with 2.25 ± 0.72
nm thickness compared to the cathode cycled in baseline
electrolyte as shown in Figure 5c and d. The improved CEI
layer morphology was further confirmed with the low-mag
EDX mappings in Figure 5k.

More evidence of improved interfacial stability with LDME2
electrolyte can be obtained from the formation of the surface
rock-salt phase after prolonged cycling.35 Figure 6 shows the
TEM images and the corresponding bulk region and surface
region fast Fourier transform (FFT) patterns of the cycled
LMR electrode in carbonate and LDME2. In the carbonate
electrolyte, the cycled LMR showed severe irreversible surface
reconstruction from R3̅m layered structure to Fm3̅m rock-salt
structure.36,37 In this case, a surface rock-salt phase layer of
9.95 ± 1.81 nm was observed, which indicates severe interfacial
side reactions. In comparison, the LMR cycled in LDME2
demonstrates a decreased surface rock-salt layer thickness of
2.58 ± 1.58 nm. Electrolyte decomposition at the LMR surface
has been previously considered as a potential source of lattice-

Figure 6. TEM of the cation mixing layer formed on the surface of LMR cathode particles after 100 cycles in half cells. (a) TEM micrograph of CEI
formed in carbonate and the FFT patterns of (b) bulk particle compared with (c) the cation mixing layer. (d) statistical distribution of cation
mixing layer thickness. (e) TEM micrograph of CEI formed in LDME2 and the FFT patterns of (f) bulk particle compared with (g) the cation
mixing layer. (h) Statistical distribution of cation mixing layer thickness.
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O loss, which leads to subsequent Mn reduction and
reorganization.9 This mitigated surface reorganization and
altered interphase chemistry may also relate to the recently
demonstrated improvements in gas generation from LHCEs on
Ni-based cathodes at high voltage.38 These data, paired with
the XPS investigation, indicate that the observed cycling
improvement in LDME2 originates from its CEI chemistry.

■ CONCLUSION
In conclusion, we demonstrate that proper design of an LHCE
electrolyte enables the reversible cycling of Li metal anodes
and LMR cathodes simultaneously. While the inherent stability
of LiFSI and DME was found to produce similarly reversible Li
metal anode cycling performance regardless of LiFSI/DME
ratio, we find that a locally saturated LHCE is necessary for
oxidative stabilization >4.5 V, where the LMR cathode is
cycled. Via MD simulations, this local saturation was found to
result in a significant shift in solvation structure away from
Li+(DME)2(FSI−)1 dominance and toward aggregates in which
Li+ pairs with multiple FSI− anions. Despite similar oxidative
stabilities vs blocking electrodes, we find that this locally
saturated LHCE electrolyte provides significantly improved
LMR cycling relative to a conventional carbonate electrolyte.
This stabilization was found to be primarily a result of an
improved CEI composition, which displayed reduced thickness
and little compositional change over the 100 cycles and
resulted in less cation reorganization at the cathode particle
surface. The improved cathode interphase, in addition to the
high Li metal anode reversibility provided by the LHCE
system allowed for the reversible cycling of 4 mAh cm−2,
limited Li full cells capable of 100 cycles. This work
demonstrates a viable route to high-voltage Li||LMR batteries
while providing the design principles to do so and their
chemical origins.
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