—

[O2 B~

10
11

12

13
14

15
16
17

18

19

20

21

22

23
24
25

A Weakly Solvating Electrolyte to Enable Lithium- and Manganese-Rich Cathode Based

Li-Ion Batteries

Qijia Zhu'*, Jiayi Xu', Cong Liu!, Wei Jiang?, Jingtian Yang', Zhenzhen Yang', Xingi Chen,
Seoung-Bum Son', Krishna Prasad Koirala®, Chongmin Wang’, Owen Wostoupal’*, Qian Liu'",

Tao Xu*", and Zhengcheng Zhang'>*

!Chemical Sciences and Engineering Division, Argonne National Laboratory, Lemont, IL 60439
2Computational Science Division, Argonne National Laboratory, Lemont, IL 60439

3Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory,

Richland, WA 99354
*Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb, IL 60115

>Pritzker School of Molecular Engineering, The University of Chicago, 5640 S. Ellis Avenue,
Chicago, IL 60637

SNorthwestern University Atomic and Nanoscale Characterization Experimental (NUANCE)
Center and Department of Materials Science and Engineering, Northwestern University,

Evanston, IL 60208, USA
Corresponding Authors: gian.liu@anl.gov,
Corresponding Authors: txu@niu.edu,

*Corresponding Authors: zzhang@anl.gov

Abstract

Traditional ethylene carbonate (EC)-based electrolytes exhibit strong solvation power at the
surface of the layered transition metal oxide cathodes, which accelerate transition metal

dissolution. The subsequent migration and deposition of dissolved transition metal species on the
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anode surface, leading to significant capacity fading. To overcome this challenge, we report a
weakly solvating, all-fluorinated electrolyte designed to mitigate transition metal dissolution. For
the first time, the role of electrolyte solvation in suppressing transition metal dissolution is
systematically investigated. The tailored electrolyte significantly reduces transition metal
dissolution and enhances the electrochemical performance of Li- and Mn-rich (LMR)
cathode/graphite cells. This solvation-modulating strategy offers a broadly applicable framework
for stabilizing interphases in other earth-abundant cathode chemistries, which similarly demand

kinetic protection against interfacial degradation.
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Lithium-ion battery (LIB) has become the most popular electrochemical device, which has
undergone rapid technical advances driven by the increasing demand of energy storage.
However, high cost remains one of the barriers that impedes the wide adoption of LIB. -2
Lithium- and manganese-rich (LMR) cathode material (xLi2MnOs3-(1-x) LiMO2 (M = Mn, Ni,
etc.)) has emerged as an earth abundant cathode candidate to address cost issue with other
notable attributes including high specific capacity (>250 mAhg! after activation) and
environmental compatibility. 37 Yet, the practical application of LMR cathode faces several
hindrances. To achieve high energy density with increased voltages, LMR cathode triggers
irreversible electrolyte decomposition, oxygen release, transition metal ion dissolution and
migration, surface corrosion, and other interfacial reactions, deteriorating the electrochemical
performance. 8 Manganese-based issues are particularly problematic for this material. Mn>*
ions in the cathode are prone to undergo disproportionation reaction producing Mn>*, which can
be easily dissolved in the conventional carbonate electrolyte. *'? These soluble Mn** ions have
been found to be dissolved into the electrolyte and can further migrate to the graphite anode,

deposit on the surface and catalyze electrolyte reduction, resulting in the degradation of the
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solid-electrolyte-interphase (SEI) and impedance rise. '*-'° Furthermore, the presence of catalytic
Mn could also cause lithium trapping, resulting in further lithium inventory loss and capacity
fading. - 161 Thus, numerous research has been conducted to address transition metal
dissolution issues via doping and/or surface modification on the material level and interphase
modification through electrolyte. 2->* Surface coating or doping with metal, metal oxides, or
polymers was an effective way to mitigate the transition metal dissolution. 23?7 In terms of
electrolyte, concentrated electrolytes have been reported by Wu et. al and Liu et. al to promote
the anion dominated formation of a LiF rich cathode-electrolyte interface (CEI).2*2° Additives
such as tris(trimethylsilyl)phosphite, bis(trimethylsilyl)carbodiimide, and LiPO2F2 have been

also reported to form a stable CEI to mitigate the transition metal dissolution. 332

The interfacial chemistry proposed by Peled in 1979 has been widely used to correlate the
battery performance and electrolyte composition/property, where SEI and CEI could well explain
the experimental results. 3> However, recent research indicates SEI/CEI theory alone may not be
enough to interpret specific experimental results, and coordination structure can also tune the
electrode electrochemical behaviors. 347 It is widely accepted that traditional carbonate-based
electrolytes have strong solvating power with transition metal ions, which undermines the kinetic
interfacial stability of LMR cathodes. Altering the solvation energy of electrolyte can impact the
driving force of transition metal dissolution into the electrolyte. Therefore, it is crucial to
understand the interplay between electrolyte solvation and transition metal dissolution, and its
effect to the electrochemical performance of LMR-based battery. Su et al. have demonstrated that
with distinct solvation capability, fluorinated carbonates can modulate Li" solvation to form a
stable interphase for Li metal in a high-voltage NMC811/Li cell.*® Yet, the correlation between
weakly solvating carbonates and the cathode interface, particularly how solvent solvation
strength influences transition metal dissolution, has been overlooked. In this work, we
investigate the impact of electrolyte solvation capability on transition metals dissolution within a
high-energy and high-voltage LMR (0.3Li2MnO3-0.7LiMno.sNio.5s02)/graphite battery by
designing a weakly solvating electrolyte based on fluorinated carbonates. This weakly solvating
electrolyte is formulated to offer weakened solvation capability towards transition metal
compared to the baseline electrolyte. We also design a preformation experiment in full cells to
distinguish between the CEI-induced interphase effect and the electrolyte solvation effect on

transition metal dissolution from the LMR cathode. Through this preformation approach, we
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isolate and confirm the role of weakened solvation in suppressing transition metal dissolution. As
a result, the weakly-solvating electrolyte delivers significantly improved capacity retention,
energy retention, and negligible voltage fade in an LMR/graphite full cell. The significance of
this weakly solvating electrolyte concept undoubtedly extends to other earth-abundant cathodes

and systems beyond lithium-ion, all of which universally require kinetic stability at interface.

In a traditional Li-ion electrolyte, such as Gen2 (1.2 M LiPFs in ethylene carbonate (EC)/ethyl
methyl carbonate (EMC)), solvent molecules solvates the Li* with EC dominating the process. >
Similar to Li*, transition metal ions like Mn** and Ni*" get readily solvated in this type of
electrolyte as well. As the schematic shown in Figure 1a, due to the solvents’ strong solvation
capability, a rapid transition metal dissolution manifest in Gen2 electrolyte. The dissolution of
Mn?* ions further shifts the disproportionation equilibrium and promotes more Mn** to produce
additional Mn**, leading to cathode structural damage. The dissolved transition metal ions then
migrate to anode surface, resulting in unstable SEI, impedance rise, and Li inventory loss.
Hypothetically, this phenomenon could change with a weakly solvating electrolyte that processes
weak solvation capability towards transition metal cations. Based on this hypothesis, an all-
fluorinated electrolyte denoted as F2 (1.2 M LiPFs in fluoroethylene carbonate (FEC)/ methyl
2,2 2-trifluoroethyl carbonate (FEMC)) is proposed. In F2, the solvents’ coordination capability
is weakened by the electron-withdrawing —F and —CFs groups that reduce the atomic charge on
the carbonyl oxygens. A preliminary solubility test (Figure S1) showed that F2 has a lower
solubility of both Mn?* and Ni*" than Gen2 as it formed cloudy suspension with undissolved salts
when same concentration of Mn(PFs)2 and Ni(PFs)2 added in Gen2 formed clear solution.
Furthermore, the calculated binding energy of EC and EMC, along with their fluorinated
counterparts FEC and FEMC in the presence of Li*, Mn?" or Ni?*, provides additional support
for this hypothesis (Figure 1b-1d). EC shows the strongest binding towards Li" at all
coordination numbers (n =1- 4), renowned for its ability to solvate Li" and thus readily
dissociates lithium salt. *>#! In contrast, its fluorinated analogue FEC shows a weaker binding
compared to EC. Fluorination also causes the lower binding energy of the linear carbonate
FEMC. Similar trends in binding capability with transition metal cations Mn** and Ni*" are
observed. Interestingly, the linear carbonates could not form a stabilized structure at coordination

number 4. This suggests that steric effect also plays a role in solvation capability.
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113  Figure 1. (a) Schematics for the mechanism of weakly solvating electrolyte to prevent transition
114  metal dissolution in an LMR/graphite full cell and (b-d) binding energy calculation of EC, EMC,
115  FEC and FEMC solvent molecules with (b) Li*, (c) Mn?*, and (d) Ni** with different

116  coordination numbers.
117

118  The solvation structures of Mn*>" and Ni** ion in Gen2 and F2 were investigated by molecular
119  dynamics (MD) simulation and the results are shown in Figure 2 and Figure S2. 0.2 M Mn(PFs):2
120  or 0.2 M Ni(PFs)2 were introduced in both Gen2 and F2 electrolyte to mimic the condition in the
121  Dbattery. At this dilute state (<1.5M) , transition metal solvation is not significantly interfered by
122  Li* solvation. For Gen2 electrolyte, in the 1% solvation sheath of Mn?*, EC shows the strongest
123  probability density with Mn?* followed by PFs" and EMC (Figure 2a), suggesting EC is dominant
124  in the solvation structure of Mn?*. However, for F2 electrolyte, PFs™ anion also becomes the

125  dominant species, indicating the weaker solvation capability of fluorinated solvents (Figure 2b).
126  The coordination number of each electrolyte component around Mn?* is summarized in Figure
127  2c. F2 showed a higher PFe¢™ coordination number, and a lower linear carbonate (FEMC vs.

128  EMC) coordination number compared to Gen2, while their cyclic carbonates (FEC vs. EC) have
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similar coordination numbers. The solvation structure of Ni** and the coordination number of
different electrolyte components show the same trend as evidenced by Figures S2. Overall, based
on the MD simulation, the weakened solvent solvation capability of F2 resulted in lower
probability of solvent residing in the solvation shell of transition metal cations, which suggests

that F2 hinders the dissolution of transition metal cations from LMR cathode into the electrolyte.
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Figure 2. Probability density profiles of electrolyte components surrounding Mn*" in (a) Gen2

electrolyte and (b) F2 electrolyte, and (c) the coordination number of the electrolyte components.

Beyond their distinct solvation characteristics, fluorinated electrolytes have been shown to
facilitate the formation of unique fluorine-rich CEI that enhances cathode interface stability *-4,
In addition, CEI has also been reported to contribute to the inhibition of transition metal
dissolution.'* ® It then is speculated that in addition to the F2 solvation impact, F2-formed CEI
could be another factor affecting transition metal dissolution from LMR cathode. The CEI
formed by Gen2 and F2 is examined by X-ray photoelectron spectroscopy (Figure S3) to
compare their compositions. The F 1s XPS reveals Li-F (684.5¢V) and LixPOyF: (685.7eV and
686.7 eV) formed by FEC or PFs decomposition and PVDF binder signal at 688.2 eV for LMR
cathode formed by both electrolytes. A weak CF3 signal at 689.7 eV on the F2-formed cathode
shows minimal FEMC decomposition, while a more abundant Li-F on the F2-formed cathode
indicates a more inorganic rich and protective CEI film. C 1s XPS shows similar signal from
both electrode materials, such as C-C (283.6 eV) and C-CF2 (PVDF, 290.4 eV), and organic
species formed by carbonate decomposition in both electrolytes, such as C-C, C-H, C-O, C=0,

0-C=0, and O2-C=0, indicating organic solvent decomposition in both electrolytes. Atomic
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concentration further reveals significantly higher percentage of F and significantly lower
percentage of C from CEI film formed by F2 (Figure S4), which suggests enhanced protection of
cathode interface.*> *® The structure and thickness of CEI is further examined by scanning
transmission electron microscopy (STEM) analysis (Figure S5). STEM images of LMR particles
cycled with Gen2 and F2 indicate that the interphase formed by F2 (~ 2.8 nm) appears to be
thinner than the interphase formed by Gen2 (~ 7.1 nm). The structure of CEI interphase
demonstrated by STEM images suggests a more crystalline interphase formed by F2, which has

been reported to be beneficial for cathode protection.*”*

Since F2 is found to generate a different and more protective CEI on LMR cathode, to evaluate
our hypothesis regarding the solvation effect, it is critical to understand the impact of each factor.
To achieve this, a preformation experiment was conducted to distinguish the interphase effect
and the solvation effect of the electrolyte with LMR/graphite full cell.*’ Figure 3a describes the
general procedure of this experiment. LMR and graphite electrodes are precycled by either Gen2
or F2 electrolyte and harvested to acquire formed electrodes. Coin cells are then assembled with
the preformed electrodes and fresh electrolytes based on three different electrode-electrolyte
combinations presented in Figure 3a: (1). Gen2-formed electrodes and Gen2 electrolyte, denoted
as GG, (2). F2-formed electrodes and Gen2 electrolyte, denoted as FG, and (3). F2-formed
electrodes and F2 electrolyte, denoted as FF. The combination of Gen2-formed electrodes and F2
electrolyte are ruled out, as the fluorinated F2 may further passivate Gen2-formed electrodes.
These coin cells are cycled with an in situ hybrid pulse power characterization (HPPC) testing
protocol to check the area specific impedance (ASI) every 25 cycles®®, and the transition metal
dissolution was quantified after 100 cycles. The LMR cathodes formed by F2 contain a more
robust inorganic-rich interphase, as shown by the XPS and STEM analysis, which helps
minimize the further impact of Gen2 on interphase during the following electrochemical tests of
FG cell. As shown in Figure 3b, the graphite anode harvested from FG cell showed a 344 ppm
of Mn deposition, which corresponds to 73% decreased compared to the 1327 ppm of GG cell,
while the graphite harvested from FF cell showed a strikingly low Mn deposition of 32 ppm,
which is over 90% less Mn deposition than the FG cell. Besides, the FF cell also shows a
significantly reduced amount of Ni in the harvested electrolyte (Figure S6), further demonstrates
the effectiveness by combining the F2-interphase and solvation effect. We observed that the

majority of Mn dissolved from the LMR cathode has been deposited on the graphite anode, while
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substantial amount of Ni has been left in electrolyte (Figure 3c). This observation aligns with
previous studies, which reported that Mn is the main culprit of electrolyte decomposition, lithium
inventory loss and impedance rise by inducing further electrolyte reduction.’!> > While Ni is not
reported to be the main contributor of graphite-side lithium inventory loss for the manganese-
rich cathode systems, this reduced amount of Ni still correlates to reduced active material loss at
the cathode side, reinforcing the improved cathode protection of FF cell. Reduced Mn deposition
can be directly related to the electrolyte decomposition and lithium inventory consumption,
where FF cell shows the best capacity retention of 93.5%, followed by 88% of FG and 85.5% of
GG as shown in Figure 3d. FF cell also delivers the highest average coulombic efficiency (CE)
0f 99.87% among all cells, supporting its cycle life (expanded long-term CE in Figure S7).
Figure 3e-g summarizes the ASI results over cycling from HPPC test. Both GG (Figure 3e) and
FG (Figure 3f) exhibited significant ASI rise of more than 140%, resulting in a high final ASI of
more than 80 Q cm?, while FF (Figure 3g) had negligible ASI increase during cycling.

The transition metal quantification and the ASI results indicate that the combination of an
inorganic-rich interphase and a weak solvation is the most effective in mitigating the transition
metal dissolution. Although the interphase formed by F2 in the FG cell shows decreased
transition metal dissolution than the interphase formed by Gen2 in the GG cell, compared to the
weakly solvating F2 electrolyte, the strongly solvating Gen2 could still solvate more transition
metal through the cathode interphase, leading to impedance rise and capacity loss. In conclusion,
electrolyte solvation capability also plays an important role on top of the protection of an robust
interphase in mitigating transition metal dissolution, as only the FF cell, in which F2 was used

for both precycling and reassembly, has almost no Mn dissolution.
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Figure 3. Schematic of the preformation experiment (a), transition metal deposition on graphite

anode harvested from reassembled cells in the preformation experiment (b), transition metal

dissolved in electrolyte compared with transition metal deposited on graphite anode (c), specific

discharge capacity (d) of reassembled cells cycled from 2.5 V —4.4 V. ASI increase for all

reassembled cells calculated from the data of HPPC test protocol. ASI of reassembled cells
plotted vs. cell voltage, including GG (e), FG (f), FF (g)
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LMR/Gr full cell is cycled under HPPC protocol to verify the combined solvation and interphase
effect of F2 electrolyte without preformation. As shown in Figure 4a, both Gen2 and F2
electrolytes can deliver over 195 mAh/g capacity at 4.4V after activation. F2 offers a capacity
retention of 90% over 100 cycles, outperforming the 75% retention of Gen2. The average CE of
F2 (99.93%) has also improved (99.8%) compared to Gen2 (expanded long-term CE in Figure
S8). As LMR cathode is well-known for its rapid energy decay due to voltage fade, energy
retention and average discharge voltage are plotted in Figure 4b and 4c. F2 retains 89 % specific
discharge energy and only shows a 30-mV decay in average discharge voltage after 100 cycles,
where Gen2 shows a 200-mV decay and further leads to even lower energy retention of 70%.
The ASI evolution of full cells containing Gen2 and F2 without preformation is demonstrated in
Figure 4d and 4e. Gen2 suffered from a substantial 393% rise in ASI, while F2 only has 5% ASI
rise. To further verify the solvation effect alone, a non-fluorinated weakly solvating electrolyte,
EMC (1.2 M LiPFs in EMC) was also evaluated, which also shows improved cycling
performance over Gen2 (Figure S9). Among the three formulations, F2 remains the most
effective electrolyte for suppressing ASI growth and transition metal deposition, as fluorination
not only promotes an F-rich interphase, but also further reduces the solvation strength of FEC

and FEMC (Figure 1b-d).

In the long-term cycling test, F2 again shows a 77% energy retention over 300 cycles,
significantly improved from 55% of Gen2 (Figure 4f). Figure 4g and 4h compare the discharge
voltage profiles of Gen2 and F2 electrolytes over cycling. Overpotential and voltage fade are
clearly observed for Gen2, while no changes are observed for F2 electrolytes. The voltage
profiles agree with the average discharge voltage (Figure S10b), suggesting F2 effectively
prevents cell impedance rise and voltage fade after 300 cycles. Finally, after 300 cycles of long-
term cycling, the 77% capacity retention and 99.91% average CE of F2, compared to the 59%
capacity retention and 99.46% average CE of Gen2 (Figure S10a, Figure S10c), validates the
superior cycling performance of this electrolyte. Electrochemical impedance spectroscopy (EIS)
compares the growth of interfacial resistance (Rint) in Gen2 and F2 cell during long-term cycling.
A substantial increase of Gen2’s Rint over 200 cycles is also observed, which can be attributed to
continuous electrolyte decomposition buildup at interphase induced by deposited Mn, aligning
with the capacity loss and the lower CE during long-term cycling. In contrast, Rint of F2 shows a

significantly smaller growth over 200 cycles, which can be attributed to inhibited transition metal
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dissolution. Gen2 also suffers from a huge rise in charge transfer resistance (Rct) measured at
50% state-of-charge (SOC) compared to F2 (Figure S11), which suggest cathode might suffer
from structural degradation when cycled with Gen2, contributing to ASI growth measured by the
HPPC test (Figure 4d-e).> Compared to recently reported electrolytes in Table S1, F2 enables
improved or comparable cycling performance in LMR/graphite full cell while supporting higher
loading electrodes with minimal voltage fade. This enhancement in cycling performance,
suppression of transition metal and voltage retention, particularly in graphite full-cell
configurations, where transition metal dissolution contributes to more SEI degradation and Li
inventory loss, represents an important progress in the development of LMR cathode with the

design of weakly solvating electrolyte.
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Figure 4. Specific discharge capacity (a), specific discharge energy calculated based on cathode
active material (b), discharge average voltage (c) of LMR/graphite full cell cycled with Gen2 and
F2 electrolyte for HPPC tests. ASI of Gen2 (d) and F2 (e). Specific discharge energy calculated
based on cathode active material (f) of LMR/graphite full cell cycled for 300 cycles from 2.5 V —
4.4 V. Discharge voltage profile evolution based on normalized capacity (normalized using the

indicated cycle’s total capacity) of LMR/graphite full cell cycled with Gen2 (g) and F2 (h).

The transition metal deposited on anode and dissolved in electrolyte over 300 cycles were
quantified and summarized in Figure 5a and Figure S12. 1240 ppm Mn and 532 ppm Ni is
measured on the graphite cycled with Gen2, while 477 ppm Mn and 358 ppm Ni is measured on
the graphite cycled with F2. This indicates that F2 can effectively reduce both Mn and Ni
deposition on the graphite anode by over 60%, and 30%, respectively, compared to Gen2. This
reduced transition metal deposited on the anode, especially Mn again correlates to the improved
cell performance LMR/Gr full cell. In addition, only 91 ppm Ni is measured in electrolyte
harvested from cycled F2 cells, an over 60% decrease compared to the 239 ppm Ni measured in
the electrolyte harvested from the cycled Gen2 cell (Figure S12). In contrast to Ni, a very
negligible amount of 3 ppm dissolved Mn is detected for Gen2, while no dissolved Mn is

detected in F2.

Morphological and compositional analysis of the cycled graphite and anode is conducted to assess
the impact of reduced transition metal dissolution on graphite stability (Figure S12-S13). Graphite
anode cycled with F2 also shows a cleaner morphology than Gen2 under scanning electron
microscopy (SEM) analysis (Figure S13), indicating the less side reactions induced by the
deposited transition metal on graphite surface.’* Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) analysis of graphite anode cycled by Gen2 (Figure S14a) further reveals the buildup
of a thick SEI layer, attributed to the excessive formation of LiF by electrolyte decomposition. In
sharp contrast, the graphite cycled with F2 displays a much thinner SEI layer (Figure S14b),
suggesting reduced electrolyte decomposition. XPS results (Figure S15b) are consistent with TOF-
SIMS results, showing an excess formation of LiF on Gen2-cycled graphite, which contributes to
the increased interfacial resistance observed in Gen2 cell (Figure S11).%° The drastically decreased

amount of transition metal not only on the graphite anode but also in the electrolyte agrees with

12
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the hypothesis that F2 electrolyte prevents dissolution of transition metal from the LMR cathode
surface and leading to reduced electrolyte decomposition and SEI component accumulation on the

graphite anode.

In addition to the interface and solvation effect, HF is widely reported as a contributing factor to
transition metal dissolution.>® To investigate its role in the F2 electrolyte, an aging test was
conducted to assess HF concentration over time. The results, summarized in Table S2, reveal that
the HF content in the F2 electrolyte is higher than that in the Gen2 electrolyte after 14 days of
aging, likely due to the increased acidity from the proton in FEC. Therefore, while HF can
contribute to transition metal dissolution, the interfacial and solvation characteristics of the F2

electrolyte appear to dominate, ultimately leading to reduced transition metal dissolution.

Cathode structure change such as rock-salt phase formation and transition metal migration has
been reported to be accompanied by transition metal dissolution.?® >’ To further assess the
mitigation of transition metal dissolution from the LMR cathode by the weakly solvating
electrolyte F2, the surface crystal structure of cycled LMR cathode was analyzed by x-ray
diffraction (XRD) technique. XRD analysis of cycled LMR shows a more pronounced left-shift
of the (003) peak in the LMR cathodes cycled with Gen2 compared to LMR cathode cycled with
F2 (Figure S16). The XRD results shows effective LMR cathode protection by F2, as such a left-
shift can be attributed to the irreversible lattice distortion and lattice strain due to cycling.>®
High-resolution analysis of surface structural change is observed via high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and electron energy loss
spectroscopy (EELS). Figure 5b-c presents the STEM image of cycled LMR cathodes. For Gen2
electrolyte, LMR shows rock-salt layer structure near the surface with 10.2-nm thickness that
was formed during the cycling. While the LMR cathode cycled with F2 electrolyte only shows a
2.5-nm thick layer of rock-salt like structure, indicating less structure-related degradation
incurred during cycling. This structure-related degradation is directly correlated to impedance
rise, voltage fade and the transition metal dissolution (Figure 4 and Figure 5a). The electron
energy loss spectroscopy (EELS) shown in Figure 5d-e detects the composition change from the
surface to the bulk of the particle. The LMR cathode cycled with F2 demonstrated reduced
oxygen loss from the surface, whereas the LMR cathode cycled with Gen2 exhibited significant

oxygen loss extending from the surface to the bulk of the particles. Moreover, the Mn L-edge and
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Ni L-edge peaks associated with the LMR cathode cycled with F2 is more pronounced near
surface, which directly correlates to the mitigated transition metal dissolution by F2. The cathode
structure change revealed by STEM and EELS conclude that the mitigated transition metal
dissolution with weakly solvating F2 electrolyte slows down the cathode structural damage and

phase change, thus further improving cycle life of LMR cathode.
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Figure 5. Transition metal deposition (a) on graphite anode harvested from LMR/Gr full cell
with fresh electrodes after 300 cycles, HAADF-STEM images of cycled LMR cathode harvested
from LMR/Gr full cell using Gen2 (b) and F2 (¢). EELS scan from the primary particle surface
to the bulk of cycled LMR cathode harvested from LMR/Gr full cell using Gen2 (d) and F2 (e).

Conclusion

In summary, we studied the solvent impact on transition metal dissolution from LMR cathode for
the first time and demonstrated with a weakly solvating electrolyte F2, which is composed of
FEC and FEMC. In F2, the fluorinated carbonates significantly lower electrolyte solvation
capability towards the transition metals (Mn and Ni), therefore lowering the total amount of

transition metals dissolving into the electrolyte and reduced on the graphite anode. A
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preformation experiment utilizing preformed electrodes and a different cycling electrolyte
demonstrated that besides the F-rich preformed interphase, solvation contribution is critical
towards the mitigation of transition metal dissolution. F2 elongated cycle life of LMR/graphite
full cells when cycled at 4.4V and reduced the amount of transition metal detected on graphite
anode by more than 60% after 300 cycles. Reduced transition metal dissolution correlates to the
preserved LMR structure, which contributes to enhanced cycle life. This work introduces a new
factor for consideration when designing electrolyte for LMR cathode or any high-voltage

cathode with severe transition metal dissolution.
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