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Abstract

Boasting high voltage operation with capacities exceeding 250 mAh g, lithium-manganese-rich
(LMR) cathodes were once considered the key to enabling a market-viable electric vehicle.
Worldwide research has struggled to enable the LMR material due to its signature drawbacks:
oxygen evolution and the gradual lowering of cell operating voltage over cycling life. The
present study approaches LMR with an explicit focus on the cathode-electrolyte interface (CEI).
We developed a modified ionic liquid electrolyte capable of forming a favorable CEI,
demonstrating the highest degree of voltage fade mitigation to-date. We investigated the CEI
formed on the LMR surface and demonstrated its unprecedented ability to stabilize the LMR
crystal structure using a comprehensive suite of characterization methodology. Our study
culminates in the first-ever demonstration of stabilized Si/LMR full-cells, capable of retaining
>90% energy over early cycling and >90% capacity over more than 750 cycles at the 1C
rate (100% depth-of-discharge).

At the turn of the 21" century, scientists were working hard to develop a lithium-ion (Li-
ion) cathode technology that would change the way people viewed energy storage. A newly
developed cathode material had the potential to revolutionize the transportation industry,
especially if the material could be paired with a high capacity anode material such as silicon (Si).
The silicon/high-energy cathode full-cell was proposed to truly enable the electric vehicle (EV),
driving down battery costs to less than $200/kWh while supplying double the drive range of
state-of-the-art Li-ion technology. The material, formulated as xLi,MnOs¢(/-x)LiMO, or
Li[LixM;x]O, (M = Ni, Mn, Co), is known as the lithium-manganese-rich (LMR) oxide.

While the true theoretical capacities of layered intercalation cathode materials are about
280 mAh g™, surface reactivity and instabilities at high states of charge limit the practical
capacities of traditional layered cathode materials such as LiCoO, (~140 mAh g™") and
LiNi;sMn;;3Co;30; (about 160 mAh g'l).1 The beauty of the LMR material lies in the activation
process undergone at >4.4 V vs. Li/Li" during initial charging, resulting in an unprecedentedly
high operating voltage and capacities of ~260 mAh g".>” The LMR cathode material gained the
world’s attention with the potential to double the energy density of the world’s best Li-ion
systems.

Despite these advantages and the potential for massive technological impact, worldwide
research has struggled to enable the LMR material. Early work impressively laid the foundation
for widespread efforts targeting this material and its signature drawback: the gradual lowering of
cell operating voltage over cycling life as the originally layered crystal structure transforms to a
spinel phase, accompanied by oxygen evolution during activation of the Li,MnO3; component
and transition metal dissolution. The practical issue arising from this voltage fade is the
continuous alteration of cell energy associated with a given state of charge over the cycle life of
the LMR material, leading to a failure to satisfy the performance requirements of any application
requiring constant power and energy throughout operation.

The pristine LMR oxide structure has been described as either a composite of O3 oxygen
stacked layered trigonal LiMO, (R-3m space group) and monoclinic Li,MnOs (C2/m space
group) phases or as a solid solution.”®'" During initial cycling of the LMR material, the material
undergoes transformation (“activation”) by which lithium and oxygen are concomitantly
extracted from the lattice, accompanied by the generation of oxygen vacancies and the migration
of Mn ions into the newly formed vacancies. Throughout cycling, the LMR material further
exhibits a transformation from a layered structure to a defect spinel, initially forming a surface
reconstruction layer (SRL) which progressively grows inwards from particle edge to bulk during
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cycling.”"" The drastic structural changes of the LMR material can generally be understood as 1)

an initial activation with concurrent oxygen loss from the originally layered lattice followed by
the parallel effects of 2) TM cations filling Li sites upon discharge with simultaneous dissolution
of TM ions (most significantly Mn”") and 3) reduction of TM cations to lower valence states.' ™
The result of these structural changes is the loss of Li intercalation sites and the formation of a
spinel phase (Fd-3m space group) with a significantly lower operating voltage compared to that
of the initial layered material, with the changes becoming more severe with cycling. In an
attempt to alleviate oxygen evolution and mitigate phase transformation in the LMR material,
myriad efforts have focused on surface modification,'>"* ion substitution or doping,'*"” and
morphological control of particles and grains,'®2° all with limited success in enhancing long term
cell energy retention.

With the pressure mounting for the development of the next-generation Li-ion cathode
system, the LMR material remains the subject of intensified research efforts. As the Li-ion
industry is already commercializing Si materials in various anode composite structures while
making major strides to enable pure Si nano-structures, the heat is on to perfect a high-energy
cathode capable of matching these new high capacity anode systems. In this work, we focus our
efforts on the electrode-electrolyte interactions known to accelerate phase change in the LMR
system. Leveraging the understandings of LMR interfacial behavior built by decades of research,
we employ a unique electrolyte composition to form a cathode-electrolyte interface (CEI) that
allows for the improved long-term voltage stability of the LMR cathode. Our novel CEI is
formed in situ through the oxidative decomposition of a room temperature ionic liquid (RTIL)
electrolyte doped with a sacrificial fluorinated salt additive. For the first time, we demonstrate an
LMR system capable of 1000 high capacity cycles with minimal voltage decay, shedding light
on the importance of the LMR CEI and elucidating the complex interplay between the electrolyte
and the atomic scale transformations of an unstable crystal lattice.

Preliminary Electrochemical Perfor mance Observations

We start by identifying and addressing the detrimental side reactions known to occur at
high voltages between conventional, carbonate-based electrolytes and the LMR surface. While
commonly neglected in order to focus attention on bulk material phenomena, these side reactions
play a pivotal role in both the short- and long-term performance of the LMR material. Most
notoriously, the formation of H' via the oxidative decomposition of alkyl carbonate electrolytes
leads to exacerbation of phase change by promoting the disproportionation of TM valence states
within the LMR crystal lattice through the charge compensation mechanism required for the
reaction of 2Mn>" to Mn*" and Mn*" (a.k.a. Hunter’s redox mechanism).?'** In other words,
oxidation of Mn in the LMR material occurs in parallel to partial TM dissolution and phase
change due to interactions with the carbonate electrolyte. It was hypothesized that utilizing an
electrolyte that forms more favorable decomposition products, ideally avoiding parasitic acid
attack, would provide for a higher degree of reversibility in the electrochemical cycling of the
layered LMR structure. Simply removing the conventional organic electrolyte system and
replacing it with an imide-based RTIL induces impressive cycling performance, as shown in
Figure 1. The electrochemical performance of LMR half-cells containing the material,
(0.25)Li1,Mn0O3+(0.75)LiNig 3C0¢.15sMng 5507, was compared using a conventional, carbonate-
based electrolyte, a 50/50 vol. mixture of ethylene carbonate/ diethyl carbonate (EC/DEC) with
1M LiPFg salt, and a high performance RTIL electrolyte, N-methyl-N-
propylpyrrolidinium/bis(fluorosulfonyl)imide (PYR 3 /FSI") with 1.2M LiFSI salt. As expected,
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the LMR cycled in carbonate-based electrolyte degrades steadily. This degradation manifests
itself in capacity loss (Fig. 1c, grey profile) and evolution of the discharge voltage trace, with the
high voltage plateaus displaying marked fade within just 100 cycles (Fig. 1a). Contrastingly, the
LMR half-cell cycled in PYR,3/FSI" (1.2M LiFSI) electrolyte maintains high capacities
throughout 1000 cycles (75% capacity retention over 980 cycles at 1C-rate, red profile in Fig.
1c), with significant capacity delivered above 3.0 V vs. Li/Li" (55% capacity delivered above 3.0
V on 500" discharge, Fig. 1b). The relatively high operating voltage of this half-cell suggests
more retention of the layered crystal phase, as the manganese-oxide spinel’s redox chemistry
occurs below 3.0 V vs. Li/Li" (Mn* reduction at ~2.8 V).!” While simply employing an FSI-
based RTIL electrolyte does not alleviate voltage fade to commercially attractive levels, these
results suggest the ability of an electrolyte to significantly hinder energy decay and imply a
higher degree of phase stability in the LMR material. Also of note are the low charge-transfer
resistances found throughout cycling in an FSI-based RTIL, suggesting a thin, robust, and
favorable CEI (Figure S1). The poor interfacial behavior in conventional electrolyte is further
exemplified by the destruction of LMR particles after 1000 cycles, shown in Figure S1, as
compared to those cycled in FSI-based RTIL which maintain their spherical morphology; this is
believed to be a consequence of H" attack by EC/DEC breakdown products, lattice breakdown,
and vacancy condensation upon delithiation.

Suppressed Long-Term LMR Phase Transformation in an Un-optimized RTIL Electrolyte

In order to confirm and further study the magnitude of phase change occurring when
employing a PYR,3"/FSI” (1.2M LiFSI) electrolyte, we turn to X-ray diffraction (XRD) and
Raman spectroscopy. Figure 2a and 2b provide XRD spectra for
(0.25)Li;MnO3+(0.75)LiNig 3Co0.15sMny 550, half-cells cycled in conventional, carbonate-based
electrolyte and PYR,3'/FSI” (1.2M LiFSI), respectively. Interestingly, both samples show similar
short-term phase evolution: after just 5 cycles the (020) plane reflection at ~21 (26) disappears
(insets in Fig. 2a and 2b), indicating a loss of layered order and TM rearrangement in the
Li,MnOj superlattice, while splitting of the (104) peak at ~45° (26) indicates formation of a
defect cubic-spinel (Fd-3m)."**1¢ Despite these similarities in XRD peak evolution during early
cycling (cycles 1-50), after 1000 cycles the LMR sample cycled in carbonate-clectrolyte exhibits
much more severe peak shifting and broadening, indicating a loss of long-range order and
significant destruction of the original layered crystal.

To more clearly study the electrolyte-crystal phase relationship during early cycling,
Figure 2¢ and 2d present Raman spectra evolution compared between carbonate and RTIL
electrolytes. The spectrum of the pristine LMR material exhibits a weak band at ~431 cm™,
indicating the metal-oxygen vibration of monoclinic Li,MnOj3; (C2/m), and two broad peaks at
~481 cm™ and ~593 cm™', characteristic of the vibration of oxygen atoms on the ab-axis (E, and
A1, modes, respectively) in the layered LiMO, lattice (R-3m).'®* The broadening and splitting
of the A, peak into two broad A;, bands (~593 cm™ and ~625 cm™) is attributed to an increase
in concentration of the defect spinel phase and loss of TM layered-order.” This affect is much
more pronounced in the LMR sample cycled in carbonate electrolyte, confirming significantly
lower surface concentrations of defect spinel during early cycling in RTIL electrolyte. The
shown XRD and Raman characterization suggests that a FSI-based RTIL electrolyte is capable
of significantly retarding LMR phase change during early cycling while providing marked
stabilization of the LMR lattice over long-term cycling.



161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

High Performance LMR Enabled by a Modified-RTIL

Despite inducing the best long-term performance demonstrated, to-date, in an LMR half-
cell, the PYR3"/FSI" (1.2M LiFSI) electrolyte alone does not enable truly viable levels of
energy retention. Previous reports suggest that F-ion doping of the LMR particle surface®'*"”
and utilization of fluorinated electrolyte co-solvents such as fluoroethylene carbonate (FEC)
boost energy retention and rate performance.”>* For example, F-ion doping has been shown to
reduce the deintercalation barrier of Li” from the LMR lattice by weakening the Li-O bond,
allowing for better high rate performance and more efficient activation.'® Most significantly, the
presence of F~ alters the material’s electronic environment and prohibits the mobility of oxygen
ions, leading to a decrease in activation of Li,MnQO3, which in turn can suppress phase transition
as large amounts of interstitial vacancies serve as a driving force for TM migration.**!"#%3?
Stronger M-F bonds also mitigate TM migration.'” Motivated by Kang and Thackeray’s early
work in forming fluorinated passivation layers on the LMR surface prior to electrode
fabrication,*~* we began searching for electrolyte additives capable of forming similar CEIs in
situ via oxidative decomposition at high voltages. While fluorinated linear carbonates such as
FEC were not successful in hindering voltage fade in our LMR-RTIL system, as shown in
Figure S2 (see Supporting Information for a detailed discussion of FEC addition), we found
surprising and impressive success in mitigating phase change by adding the well-known LiPFg
salt — modification of the RTIL electrolyte using LiPF¢ provides world-record LMR
performance. As shown in Figure 3, adding small concentrations (0.1 and higher) of LiPF¢ to
the PYRy3'/FSI” (1.2M LiFSI) electrolyte (Figure 3b) drastically improves
(0.25)Li;MnO3+(0.75)LiNig 3Co¢.15sMng 550, half-cell energy retention (Figure 3¢, >70% energy
retention in 950 cycles at C/2 rate vs. <50% energy retention in un-modified RTIL). To our
knowledge, this is the first time that the voltage profile shape of the LMR material has been
maintained for 1000 cycles with >60% discharge capacity provided at voltages above 3.0 V vs.
Li/Li" upon 1000™ discharge (Figure 3a). Figure S3 provides a direct comparison between 200™
cycle voltage profiles of LMR electrodes cycled in EC/DEC, RTIL, and modified RTIL (m-
RTIL) electrolytes, along with a performance comparison of the
(0.25)Li1,Mn0O3+(0.75)LiNig 3C00.15sMng 550, material in the m-RTIL and organic electrolytes
under ANL’s “Voltage Fade Testing Protocol” (v1),” and Figure S4 provides a direct
comparison to state-of-the-art efforts using an upper cut-off voltage of 4.5 V. These results
highlight the energy retention in the m-RTIL. Figure S3 also demonstrates the more efficient
“activation” in m-RTIL, with a first cycle coulombic efficiency (CE;) of 91.92%, compared to
that in conventional electrolyte (CE;=76.04%), corroborating previous research which argues
that fluorinated LMR surfaces can enable more energy efficient material activation.'®***” This
unprecedented cycling performance clearly demonstrates the ability of specific RTIL-salt
combinations to hinder phase change in the LMR material to commercially viable levels,
stabilizing the LMR lattice and providing groundbreaking energy and capacity retention. Further
evidence of LMR phase stability in the m-RTIL electrolyte is provided by the rate study in
Figure S5; after an initial rate test and 50 cycles at the rate of 1C, the LMR sample cycled in the
m-RTIL electrolyte maintains its high-rate capacities while the sample cycled in conventional
electrolyte shows significant capacity fade at each rate tested. The degradation in rate
performance in conventional electrolyte is attributed to the formation of a poor, resistive CEI and
the loss of Li" vacancies and blocking of Li" diffusion channels via the formation of spinel
regions within the LMR composite.*
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Interfacial Chemistry and Mechanistic Details

The primary finding discussed in this paper is the ability of a novel electrolyte
composition to form a LMR phase-stabilizing CEI upon oxidative decomposition during
electrochemical cycling. After demonstrating the ability of our electrolyte composition to enable
long-term energy retention in LMR half-cells, it is of utmost importance to develop an accurate
physical depiction of this interface. Figure 4 presents the X-ray photoelectron spectroscopy
(XPS) study of the CEI’s chemical make-up after cycling in each electrolyte. The XPS depth
profiling of fluorine content present through the LMR-electrolyte interface demonstrates the
ability of the PYR3FSI (1.2M LiFSI, 0.1M LiPF) electrolyte to create a heavily fluorinated CEI
in situ (during electrochemical cycling), showing increasing fluorine content with proximity to
the LMR surface (Figure 4d). This indicates the sacrificial nature and preferential decomposition
of the LiPF additive at high voltages (see Supporting Information for full compositional XPS
depth profiling of the interfaces formed in each electrolyte, Figure S6). Of high importance is
the evidence of TMs (Ni, Mn) throughout the CEI formed in conventional electrolyte (Figure 4a
and Figure S5). Contrastingly, TM traces do not appear in the CEI formed in m-RTIL until 40
nm depth (Figure S5). This is indicative of a much higher degree of TM leaching in conventional
electrolyte as compared to m-RTIL and also suggests a relatively thin, 40-80 nm thick CEI
formed in the optimized RTIL electrolyte (the CEI formed in conventional electrolyte was found
to be >150 nm thick). The XPS spectra deconvolutions provided in Figure 4a-c display the
molecular constituents found on the CEIs formed in each electrolyte tested, with LiF found in
electrolytes containing the LiPF¢ salt. While the CEIs formed in both m-RTIL and conventional
electrolytes contain significant contents of favorable fluorinated compounds (LiF), the parasitic
byproducts of EC and DEC breakdown likely attack the LMR surface and exacerbate phase
transformation and TM dissolution.”'** The mechanisms of degradation in carbonate electrolytes
override the beneficial effects of the LiPFg salt. H™ formation in the organic electrolyte is inferred
by the formation of C-F bonds found in the CEI of the sample cycled in EC/DEC (1M LiPFy)
electrolyte. Based on this interfacial characterization, we conclude that we induce favorable
LMR/m-RTIL interfacial behavior through the in situ formation of a heavily fluorinated
interface, leveraging the electrochemical properties of a high voltage RTIL-based electrolyte and
the chemical interplay between the LMR lattice and the decomposition products of a sacrificial
salt additive.”*

It is proposed that the formation of a fluorine-rich layer on the LMR surface when cycled
in m-RTIL contributes to the stabilization of TM ions with in the LMR particle. In order to
further confirm the impact of m-RTIL on the stability of the CEI, X -ray absorption spectroscopy
(XAS) on L-edge Mn was collected to probe the surface chemistry of the cycled LMR
electrodes. The transitions from Mn 2p orbitals to unoccupied metal 3d orbitals in the LMR
lattice can be measured to indicate the local hybridization states for Mn-O octahedral units.”” As
displayed in Figure S7, the electronic structure of manganese has been stabilized by using the m-
RTIL electrolyte; there are no major changes in Mn L-edge XAS for the electrodes cycled in m-
RTIL. This is, to the knowledge of the authors, the first demonstration of TM oxidation state
stabilization at the LMR surface during cycling. In contrast, the low-energy component of the
Mn L-edge spectrum appears after only one cycle when using the conventional carbonate
electrolyte. Minimum XAS signals were observed in the conventional carbonate electrolyte after
200 cycles, which can be attributed to the blockage by CEI (150 nm thick) left after the washing
procedure and Mn dissolution or migration towards the particle core. With different
configurations, L-edge XAS allows different sample depths to be measured from 1-2nm (AEY),
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2-5nm (TEY) up to 50nm (FY). XAS/FY was performed on the fully discharged states of the
LMR electrodes in order to understand the impact of the electrolytes on the bulk chemistry, as
shown in the Supporting Information (Figure S8). Significant changes have been observed in the
electrodes cycled in the carbonated electrolyte. Analysis of the FY mode Mn L-edge XAS
reveals the same trend demonstrating Mn stabilization in the core of the LMR particles cycled in
m-RTIL. The increasing intensity from the low-energy shoulders indicates that the oxidation
state of Mn is reduced upon cycling. During transformation to the spinel-phase, the average Mn
oxidation state shifts towards 3", inducing strain and lattice distortions due to the Jahn-Teller
effect (Mn’"is Jahn-Teller active), and this further contributes to lattice instability and layered-
to-spinel phase change.”'**” As the presence of highly electronegative fluorine has been shown
to enable more efficient activation,'® inhibit the mobility and loss of oxygen ions,*”'"*=* and
suppress TM migration through strong M-F interactions,'” it is likely that the highly fluorinated
CEI formed in m-RTIL mitigates phase change and disproportionation/lowering of the Mn
oxidation state.

Crystallographic Analysis of Phase Transfor mation

The most effective means of confirming the proposed interfacial mechanism behind the
observed LMR energy retention is the direct observation of phase stability via high resolution
microscopy. To investigate the physical implications of the CEI formed in sifu between the LMR
and m-RTIL, high resolution transmission electron microscopy (HR-TEM) was performed on
electrode samples after undergoing 100 cycles in both conventional and m-RTIL electrolytes, as
shown in Figure 5. HR-TEM of a pristine (un-cycled) LMR particle is shown in Figure S9. In
both cases, a clearly defined defect layer is evident at the surfaces of the LMR particles. This
layer is distinguished by obvious cation re-ordering, characteristic of the surface reconstruction
layer (SRL) formed on LMR particles during early cycling in conventional
electrolytes,' 728323839 The SRLs exhibit reticulate patterns which are suggestive of the
topotactic characteristics of the (111) planes of a defect-spinel phase.**** This phenomenon
(SRL formation) occurs as TM ions with reduced oxygen coordination become destabilized due
to a reduced migration energy barrier and migrate into the Li interlayers,”*** suggesting similar
activation mechanisms in both conventional and m-RTIL electrolytes. Differences in SRL
thickness formed in these electrolytes are ascribed to reduced activation (extraction of oxygen) in
the m-RTIL electrolyte as well as continuous surface corrosion by acidic species formed in the
carbonate electrolyte.”****** Figure 5¢ and 5d present HR-TEM images of particle cores after
100 cycles in each electrolyte. Of high importance is the relative disorder found in the LMR
particles cycled in conventional electrolyte; a highly irregular bulk structure is visible, likely
caused by continuous attack by electrolyte decomposition byproducts and particle breakage,
along with evidence of seemingly amorphous domains. As formation of spinel intergrowths
dominates the bulk structure, severe strains and lattice distortion (due to the Jahn-Teller effect
induced by the presence of Mn®* in the spinel crystal) leads to the formation of amorphous-like
regions with indistinct fast Fourier transform (FFT).'?****After 100 cycles in conventional
electrolyte, the spinel/amorphous regions dominate both the bulk and particle edge'’~**%*
whereas the LMR particles cycled in m-RTIL retain their layered structure except at the particle
edge.

This TEM analysis allows for the direct observation of increased LMR phase stability in
the m-RTIL electrolyte. TEM imaging substantiates our previous characterization, finding
activation and formation of a SRL during early cycling while showing evidence of long-term
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phase stability in the bulk of the LMR particles.

Of course, the practical goal of much Li-ion cathode material research is the
incorporation of long-lasting, high energy materials in a lithium-ion full-cell. Up to this point in
our study, we have provided in-depth characterization of the LMR system in a m-RTIL
electrolyte and proposed a mechanism for the observed phase stability through the in situ
formation of a heavily fluorinated CEI. Combining this work and our recent study of the
compatibility between PYR3FSI electrolytes and the polyacrylonitrile (PAN) coated silicon
anode architecture,**** we demonstrate the dual-functionality of the m-RTIL electrolyte in
enabling both high performance Si and LMR electrodes by building Si-cPAN/m-RTIL/LMR
lithium-ion batteries (LIBs) capable of reversible, high energy cycling for an exceptionally long
cycling life (see Methods for details on full-cell fabrication).

Figure 6 presents the first-ever academic demonstrations of the long-term, high energy
cycling of Li-ion full-cells containing a high performance Si anode and a LMR cathode. Figure
6a presents a Si-cPAN/LMR full-cell, coin-type configuration, containing >20 mg of LMR active
material, representing the performance of the Si/m-RTIL/LMR system with commercially viable
mass loadings. This cell retains >90% of its first discharge energy density at its 50" discharge,
proving that the early-cycling half-cell energy retention behavior depicted in Figure 3 propagates
into exceptional full-cell performance. Inclusion of such a cell in this study is important to draw
attention to the ability of RTIL-based electrolytes to fully wet thick, calendared electrode
composites and to begin dispelling the stigmas associated with RTIL viscosity. This cell is run at
the C/10 rate, and future work should certainly address limitations on RTIL conductivity. To
supplement the demonstration of a non-flammable 5 mAh coin-type Si/LMR full-cell, we
combine our LMR/m-RTIL system with the previously developed, ultra-stable nano-wire Si
anode system (SINW-cPAN).* This full-cell, shown in Figure 6¢c, maintains 90.84% capacity
over more than 750 cycles at the 1C rate, leveraging both the high rate performance and stability
of the SINW-cPAN anode system and the stability of the LMR/m-RTIL cathode system, and
retains greater than 84% capacity over 1000 cycles at various rates. This cycling performance is
well within the Department of Energy Vehicle Technology Office’s (DOE VTO) LIB
performance requirements (>80% retention @ 1000 cycles with 80% DoD).*

While this study, along with previous work on the Si-RTIL system, lays the foundation
for a low-volatility Si/LMR battery by demonstrating impressive full-cell performance and
proposes a working mechanism for the observed cell stability, a number of technical hurdles
remain. The first such hurdle lies in making conclusive statements regarding RTIL-induced
phase stability. In this study, the authors prove that the in sifu formation of a fluorinated CEI, in
combination with the use of a high voltage electrolyte solvent, stabilizes the LMR lattice
(reducing TM migration) and enables higher degrees of energy retention; but going deeper, the
question remains: how exactly does this interface operate to reduce LMR phase change? One
theory lies in the ability of the RTIL to postpone Li migration during activation; the electrolyte
system may be able to provide Li ions to the LMR surface, saturating the surface and resulting in
little or no migration of Li to tetrahedral interstitial sites in the LMR lattice. The authors identify
this mechanism as an area of interesting future academic work. Along with the previously
mentioned limitations on RTIL conductivity, future research should work to further
accommodate oxygen evolution upon LMR activation while also exploring material
modifications that can work in tandem with the RTIL phase stabilization mechanism to facilitate
even lower levels of voltage loss. Figure 6b presents the monumental technical and societal
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impact that could result from the commercialization of the Si/LMR battery; this cell could enable
a high-range, affordable EV, and the utilization of an RTIL-based electrolyte would provide the
major safety benefit of non-flammability. Validated by unprecedented cycling data and a
thorough combination of materials- and system-level characterization, our approach to
developing a stable high energy LMR-electrolyte system represents important progress towards a
safer, higher-performance secondary LIB.
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M ethods

Electrode and Electrolyte Preparation. (0.25)Li;MnO3+(0.75)LiNig3C00.15Mng 550, active
material powder was synthesized and supplied by Dr. Sung-Jin Cho at North Carolina A&T State
University. (0.25)Li,MnO3+(0.75)LiNig3Coo.1sMng 550,and Si-cPAN electrodes were fabricated
according to our procedures described in Ref. [49] and Ref. [46], respectively. lonic liquid
electrolytes were purchased from Boulder Ionics Corporation (U.S.A.) and scanned for halide
impurities. Impurities (F~, CI', Br’, SO4") were quantified using a Dionex ICS-1100
chromatograph, calibrated for sensitivities as low as 1 ppm. Ion chromatography was performed
on all ionic liquids and lithium salts used in this work, and the total impurity content of every
solution was calculated based off the mass percentage of electrolyte component in the total mass
of electrolyte. The solutions contained less than 20 ppm (w/w) of moisture and less than 10 ppm
(w/w) of halide and metal-ion impurities. 1M LiPF¢ in ethylene carbonate:diethyl carbonate
(50:50, Soulbrain) was used as a conventional organic electrolyte.

Electrochemical Characterization. Electrochemical measurements were carried out using an
Arbin™ BT2000 battery test station. All half-cells were assembled using our prepared
(0.25)Li;MnO3+(0.75)LiNig 3Co0.15sMny 550, electrodes as the working electrode and lithium
metal foil as the counter electrode. The separator was a glass micro-fiber disk (Whatman™
GF/F) and the shell was a stainless steel CR2032 coin cell (Pred Materials). The electrolyte
systems utilized were EC/DEC (1M LiPFe) and PYR3FSI (1.2M LiFSI), with additives LiPFg
(Sigma Aldrich), fluoroethylene carbonate (Sigma Aldrich) and others. We used a constant
current (CC) testing scheme to cycle our half-cells. No voltage holds were utilized during
cycling (lithiation or delithiation), preventing the currents applied to relax and supply/remove
extra Li". The half-cells were discharged (lithiated) and charged (delithiated) with various
cycling currents (where a C/10 rate is equivalent to ~150 LA cm™?) between 2.5 and 4.6V (vs.
Li/Li"), with an activation cycle (first full cycle) carried out between 2.5 and 4.7V (vs. Li/Li") at
a C/20 rate. Electrochemical measurements of half-cells were all normalized based on the mass
of (0.25)Li,Mn0O3+(0.75)LiNig 3Co0 15sMny 550, active material in each electrode (typically 6 mg).
X-ray Diffraction. XRD patterns of powdered samples were collected with CuKa. radiation (A =
1.5418 A) in the 20 range of 10°—65°, using a Bruker AXS D2 Phaser benchtop XRD system
operated at 30 kV and 30 mA. A Lynxeye XE 1D detector with a step size of 0.02° and
collection time of 1 s per step were employed. Sample displacement was corrected by using a
pure corundum internal standard. Prior to XRD characterization, all samples were rinsed for 5
min. in DMC solvent.

Raman Spectroscopy. Raman spectra were collected on a Jasco NRS-3100 equipped with a 532
nm laser for excitation at a power level of 22 mW. Raman scattering was dispersed by a 2400
lines/mm grating. The sample was analyzed under 100 magnification. Prior to Raman
spectroscopy characterization, all samples were rinsed for 5 min. in DMC solvent.

X-ray Photoelectron Microscopy. The film composition was determined by X-ray
photoelectron spectroscopy (XPS) on a PHI 5600 instrument (RBD Instruments) with a
monochromatic Al Ka source (1486.6 eV). Prior to XPS characterization, all samples were
cycled ten times in order to allow for CEI formation; samples were then bathed in the solvent of
the respective electrolyte utilized during cycling to remove residue without destroying the CEL.
Survey scans were obtained with a pass energy of 93.9 eV and a step size of 0.400 eV. Ar ion
sputtering was used for depth profiling analysis with a pass energy of 29.35 eV and a step size of
0.250 eV. An electron beam neutralizer was kept on during the measurements. Data was
collected with the Auger Scan software package (RBD Instruments) and analyzed by the
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CasaXPS software package (Casa Software).

Mor phological/ Crystallographic Characterization. FIB (FEI, NOVA200 dual beam system)
equipped with a mobile air-lock chamber was used for TEM sample preparation. TEM analysis
was performed with a FEI Tecnai F20 operated at 200 keV. TEM samples were prepared by
section electrodes, both cycled and uncycled, using a FIB’s 30 keV Ga " ion beam.

Full-cell fabrication. Full-cells were fabricated from pre-conditioned electrodes (as in Ref. [47]
and in Ref. [48]) selected based on deliverable capacity. Calculated from the active material
mass, Si-cPAN anodes were fabricated and matched with LMR cathodes such that the total
anode capacity was approximately 130% of that of the cathode capacity. Both electrodes were
then pre-conditioned: the anodes were allowed to run for 10 charge-discharge cycles in a half-
cell configuration and were stopped after full lithiation, while the cathodes were allowed to run
for 3 charge-discharge cycles in a half-cell configuration and were stopped after full delithiation.
The half-cells were then disassembled and the electrodes were used to fabricate 2032 coin-cell
(Al-clad cathode cup) type full-cells. This method of pre-conditioning allows for full control of
the amount of lithium in the system. We used a constant current constant voltage (CCCV) testing
scheme to cycle our full-cells. The full-cells were discharged and charged with various cycling
currents between 1.5 and 4.55V (vs. Li/Li"), with an activation cycle (first full cycle) carried out
between 2.5 and 4.65V (vs. Li/Li") at a C/20 rate. Electrochemical measurements of full-cells
were all normalized with respect to total mass of electro-active material in both cathode and
anode electrodes.
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Figure 1 | Galvanostatic performance and voltage fade of the LMR electrodein
conventional and RTIL electrolytes. (a) Voltage profile evolution of LMR half-cells cycled in
EC/DEC (1M LiPFy). (b) Voltage profile evolution of LMR half-cells cycled in PYR;FSI (1.2M
LiFSI). (c) Specific capacities of LMR half-cells in both PYR3FSI (1.2M LiFSI) and EC/DEC
(1M LiPFy) electrolytes over 1000 cycles. Cycling was carried out at room temperature in 2032
coin-type half-cells operated between 2.5 — 4.6 V (vs. Li/Li") with an initial charge to 4.7 V (vs.

Li/Li").
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Figure 2 | LMR phase stability and crystallographic changes during cycling in conventional
and RTIL electrolytes. Ex-situ X-ray diffraction of LMR electrodes over long-term cycling
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of the outer edge of an LMR particle cycled 100 times in m-RTIL electrolyte along with fast
Fourier transform (FFT) of distinct particle edge areas. (b) Micrograph of outer edge of an LMR
particle cycled 100 times in conventional organic electrolyte along with FFT of distinct particle
edge areas. (C) and (d) present HR-TEM images of particle cores after 100 cycles in m-RTIL and
conventional electrolyte, respectively, showing the relative disorder found in the LMR particles
cycled in conventional electrolyte.
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Figure 6 | Full-cell electrochemical performance of S-cPAN/LMR system with an
optimized RTIL electrolyte. (a) Specific capacities and energy density (normalized to total
electrode volume) of nSi-cPAN/LMR full-cell with high mass loading (>20 mg total active
material) assembled with PYR3FSI (1.2M LiFSI, 0.1M LiPFy) electrolyte. (b) Animation
depicting the range and cost benefits of moving to the Si/LMR electrode chemistry. (C) Long-
term specific capacities and coulombic efficiencies of SINW-cPAN/LMR full-cell assembled
with PYR3FSI (1.2M LiFSI, 0.1M LiPFy) electrolyte. All cycling (a,C) was carried out at room
temperature in 2032 coin-type cells operated between 1.5 - 4.55 V (vs. Li/Li") with initial
charges to 4.65 V (vs. Li/Li").
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Figure S2 | Voltage fade in a LMR half-cell containing RTIL+FEC electrolyte. Voltage
profiles of an LMR half-cell cycled in PYR3FSI/FEC (9/1 vol.) (1M LiFSI) still showing severe
voltage fade throughout cycling. This is attributed to the similarities between the FEC and EC
molecules and the likely similar oxidative decomposition products of each.
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Figure S3 | Voltage fade comparison of LMR in various electrolytes. (a) 200" cycle
discharge trace comparison of LMR half-cells cycled in RTIL, m-RTIL and EC/DEC electrolyte
along with the performance comparison of the LMR material cycled in (b) m-RTIL and (c)
EC/DEC electrolytes under ANL’s “Voltage Fade Testing Protocol”.
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Figure $4 | Direct comparison of the LMR-mRTIL system to state-of-the-art LMR.
Electrochemical performance of zero cobalt content LMR material from ANL cycled in the m-
RTIL electrolyte demonstrating high capacities and energies with >98% retention (200 cycles)
using a 4.5 V upper voltage limits (no “activation” of LMR material). The lower cut-off voltage
mimics the cycling protocol used by Envia Systems. Minimal energy fade is then observed when
increasing the upper voltage limit to 4.8 V, with >95% energy retention over 550 cycles

following the initial 200 2.5 — 4.5 V cycles.

24



733
734

735
736
737
738
739

740
741

300

_—0.05C —@— PYR3FSI (1.2M LiFSI, 0.1M LiPFg)
—@— Conventional Electrolyte

1C rzsses "
200 .—Lﬁ, )
02C |

. et
‘ ‘\ 1C oo
|

1C

ooy

1C oe0e

\ ‘ oz
Setogten,, o~ |
2¢ ||

=
|
|

100 o

Specific discharge
capacity (mAh g_l)

|
.
|
feses
ac 4C~“

8C 8C
0 T T T T

T T T T
20 40 60 80 100 120 140 160
Cycle number

Figure S5 | LMR rate-study in m-RTIL vs. conventional electrolyte. Electrochemical rate
study of LMR material cycled in m-RTIL (purple profile) and conventional organic (grey profile)
electrolyte demonstrating phase stability in the m-RTIL electrolyte; after an initial rate test and
50 cycles at the rate of 1C, the LMR sample cycled in the m-RTIL electrolyte maintains its high-
rate capacities while the sample cycled in conventional electrolyte shows significant capacity
fade at each rate tested.
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743 Figure S6 | CElI composition on the LMR surface after cycling in various electrolytes. XPS
744 depth profiling highlighting elemental content in the CEI formed in (a) conventional organic, (b)
745  RTIL, and (c) m-RTIL electrolytes.
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Figure S7 | Mn valence state evolution in the LMR crystal lattice. L-edge XAS (TEY mode)
performed on LMR cathodes cycled up to 200 cycles shows that the average surface Mn valence
state is stabilized throughout cycling in m-RTIL electrolytes, while the Mn ion valence state in
the LMR sample cycled in conventional electrolyte is shown to shift towards lower energy (3
state during cycling.
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Figure S8 | Mn valence state evolution in the LMR crystal lattice. L-edge XAS (FY mode)
performed on LMR cathodes cycled up to 200 cycles shows that the average surface Mn valence
state is stabilized throughout cycling in (a) m-RTIL electrolytes, while the Mn ion valence state
in the LMR sample cycled in (b) conventional electrolyte is shown to shift towards lower energy
(3" state during cycling.
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Figure S9 | Microstructure and crystallography of pristine LMR. HR-TEM micrograph of an

un-cycled LMR particle showing the layered crystallography of the pristine lattice, along with
Fourier transform (FFT) of the particle core.
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Supplementary Methods

Electrochemical I mpedance Spectroscopy. EIS was performed on LMR half-cells (Solartron
1280C) between a frequency range of 20 kHz — 10 mHz with an a.c. amplitude of 10 mV.

X-ray Absor ption Spectroscopy. Prior to XAS characterization, all samples were rinsed for 5
minutes in DMC solvent to remove CEI and residue. Soft X-ray absorption spectroscopy (XAS)
measurements were conducted on the bending magnet beamline 8-2 at Stanford Synchrotron
Radiation Lightsource (SSRL) using a ring current of 500 mA and a 1100 1 mm ™" spherical
grating monochromator with 20 pm entrance and exit slits, providing ~0.5x10'" ph s at 0.2 eV
resolution in a 1 mm? beam spot. Data were acquired under ultrahigh vacuum (10~° Torr) in a
single load at room temperature using total electron yield (TEY), where the sample drain current
was collected. All spectra were normalized by the current from a gold-evaporated fine grid
positioned upstream of the main chamber. XAS samples were mounted on an aluminum sample
holder with double-sided carbon tape in an argon-filled glove box, and they were then transferred
to the load-lock chamber in a double-contained container, using a glove bag purged with argon
for the transfer.
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