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A B S T R A C T

Severe capacity degradation at high operating voltages and poor interphase stability at elevated temperature
have thus far precluded the practical application of LiNi0.5Mn1.5O4 (LNMO) as a cathode material for lithium-ion
batteries. Addressing these challenges through a combination of experimental and theoretical methods in this
work, we demonstrate how a fluorinated carbonate electrolyte enables both high-voltage and high temperature
operation by mitigating the traditional interfacial reactions observed in electrolytes with conventional carbonate
solvents. Computational studies confirm the exceptional oxidation stability of fluorinated carbonate electrolyte
which reduces deprotonation at high voltage. The mitigated deprotonation will then minimize the formation of
HF acid which corrodes the LNMO surface and leads to phase transformation and poor interphases. With
fluorinated carbonate electrolyte at elevated temperature, it was found on LNMO’s subsurface a reduced amount
of Mn3O4 phase which can block Li+ transfer and result in drastic cell failure. Leveraging this approach, LNMO/
graphite full cells with a high loading of 3.0 mAh/cm2 achieve excellent cycling stability, retaining ∼84% of
their initial capacity at room temperature (25 °C) after 200 cycles and ∼68% after 100 cycles at 55 °C. This
advanced electrolyte also shows promise for improving calendar life, retaining > 30% more capacity than the
carbonate baseline after high temperature storage. These results indicate that electrolytes based on fluorinated
carbonates are a promising strategy for overcoming the remaining challenges toward practical commercial
application of LNMO.

1. Introduction

Driven by demands for more sustainable and energy dense lithium-ion
batteries (LIBs), researchers and technologists continue to pursue new
battery chemistries with reduced dependence on critical minerals and
which may offer exciting new capabilities [1]. LiNi0.5Mn1.5O4 (LNMO)
spinel is a high voltage cathode of particular interest, as it is an energy-
dense, cobalt-free chemistry with reduced nickel content compared to
commercialized layered cathodes. LNMO’s ∼20% higher operating vol-
tage (∼4.7V vs. 3.8 V for LiNixCoyMn1-x-yO2 (NCM)) also provides a pro-
mising opportunity for high power density applications and flexibility in
battery pack design. Unfortunately, LNMO’s practical usage is still severely

limited by parasitic reactions associated with its extremely oxidative op-
erating conditions [2,3], including electrolyte decomposition and transition
metal (TM) dissolution, which are further exacerbated under storage or
operation at elevated temperature [4]. The limited progress that has been
made toward addressing electrolyte decomposition issues and improving
the performance of LNMO at elevated temperatures has in many cases been
studied with LNMO half cells, which provides excess lithium, introduces
compounding design challenges for stabilizing both Li metal and a high
voltage cathode, and convolutes the mechanistic understanding of where
parasitic reactions may be occurring in the cell [5–7].
For LNMO/graphite full cells which are likely more practical in the

near future, electrolyte modifications such as novel additives and solvents
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are still the most popular strategy. In one example, the use of Tris(tri-
methylsilyl) Phosphite (TMSPi), lithium difluoro(oxalato)borate (LiDFOB)
and lithium difluorophosphate (LiDFP) in conventional ethylene carbonate
(EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC) effectively
mitigated side reactions at the LNMO surface and formed a more robust
cathode electrolyte interphase (CEI) [8,9]. However, the question remains
whether conventional carbonate solvents with low oxidative stability can
survive under both high voltage and high temperatures. Replacement of
conventional carbonate-based solvents was also explored for high-voltage
systems including the utilization of sulfone-based solvents [10] and ionic
liquid [11]. Those solvents are carbonate-free and generally have very
high oxidative stability. However, the practical implementation of these
electrolytes is challenging due to their high viscosity and poor wettability,
introducing challenges particularly for applications with thick electrodes.
In our previous work, we also explained that LNMO needs to achieve at
least 3 mAh/cm2 (>90 µm) and > 90% active materials composition to
reach commercial viability [12]. Other than electrolyte modifications,
surface modifications such as atomic layer deposition (ALD) coating of
MgF2 and TiO2 [13,14] were also studied for protecting the LNMO surface
under high voltage and to reduce TM dissolution. Nevertheless, the cost
and equipment required for scaling up ALD processes is much less at-
tractive than electrolyte engineering with respect to high-throughput
manufacturing [15,16].
Recently, improved cycling stability using fluoroethylene carbonate

(FEC) and methyl (2,2,2-trifluoroethyl) carbonate (FEMC) was de-
monstrated with other high-voltage cathode materials such as LiCoPO4
(up to 5 V) [17], NCM523 (up to 4.6 V) [18,19], NCM622 (up to 4.5 V)
[20] and NCM811 (up to 4.4 V) [21]. As the first to explore these two
fluorinated solvents in LNMO/graphite system, Hu et. al used a com-
bination of FEC, FEMC, and a fluorinated ether (F-EPE) in 2013 [22].
Their study concluded that reduced solid decomposition products de-
posited on both the anode and the cathode were the key to enable full
cell cycling at both room temperature and 55 °C. However, the cost,
potential environmental hazards, and toxicity to human health asso-
ciated with many of these fluorinated ethers limit the practicality of this
approach [23]. This demonstration along with a few subsequent pub-
lications with similar electrolyte formulations achieved additional
progress, however, they generally lacked a mechanistic understanding
of LNMO/graphite system at elevated temperature (Figure S1). One
approach used Li4Ti5O12 (LTO) as an anode to construct full cells [24];
however, the overall cell energy density was not comparable with
LNMO/graphite due to the lower capacity and higher potential of LTO

(∼175mAh/g). Another study by Zhou et al. used a combination of
metal–organic-framework (MOF) separator and LiTFSI/Pyr13TFSI-
based ironic liquid electrolyte in LNMO/graphite full cells and achieved
an astonishing 83.3% capacity retention after 1000 cycles at 55 °C
[25]. Nevertheless, the complex fabrication process of MOF separator
and poor viscosity of ionic liquid electrolyte limit the applicability of
this separator-electrolyte combination, and the LNMO loading in this
work was only ∼2.1mg/cm2, which is far from practical targets. Up to
this point, the prevailing explanations for poor LNMO full cell perfor-
mance were TM (especially Mn) dissolution and unstable interphases.
While it is true that dissolved Mn ions from Mn-rich cathode such as
LNMO and lithium manganese oxide (LMO) will be reduced on the
graphite anode surface by depleting active Li+ [26], the impact and
root cause of TM dissolution on the cathode is not as well-defined.
As mentioned above, the high sensitivity of LIBs’ performance to

temperature will significantly limit the large-scale applications of
LNMO. To obtain the optimum performance, the operating temperature
of LIBs needs to be kept within a narrow range (15–35 °C) [27]. Op-
eration at improper temperature range will bring about drastic per-
formance degradation (e.g. capacity and power decay) and may even
cause thermal runaway of LIBs. Therefore, a battery thermal manage-
ment system (BTMS) that comprises cooler, heater, heat exchanger,
sensors, pipelines, and pumps/fans is required when the battery pack is
assembled [28,29]. The installation of complicated BTMS will un-
avoidably increase the weight and space of battery pack, thus sig-
nificantly reduce the energy density and increase the overall cost. To
reduce the reliance of BTMS, improving the temperature tolerance of
LIBs is an effective approach to enhancing battery stability, safety, and
utilization efficiency. In this work, combining experimental and com-
putational approaches, we pinpoint the underlying mechanism of
LNMO degradation with conventional carbonate electrolyte at 55 °C.
We propose that the benefit of fluorinated carbonate electrolyte comes
from the reduced deprotonation of fluorinated solvent molecules at
high voltage and high temperature. This will in turn reduce free protons
(H+) that actively attack the LNMO’s surface and form moisture (H2O),
which later hydrolyze LiPF6 salt to form strong hydrofluoric (HF) acid.
Loss of TM triggered by HF acid will lead to subsurface phase trans-
formation from LNMO to Mn3O4 which ultimately blocks the Li+

transfer from the bulk, therefore resulting in drastic impedance rise and
cell failure. In addition, defluorination of FEC will help to form LiF to
protect the LNMO surface from further HF attacks. With the improved
oxidation and thermal stability of fluorinated carbonate electrolyte

Fig. 1. Reactivity of EC and FEC solvents at
the fully charged Ni0.5Mn1.5O4 (NMO) surface
from DFT calculations. E and ETS represent
the reaction energy and reaction barrier, re-
spectively.
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(1 m LiPF6 in FEC:FEMC = 3:7 wt/wt), LNMO/graphite full cells at
practical loadings (3.0 mAh/cm2 level) cycled at C/3 rate can achieve
68% capacity retention after 100 cycles under 55 °C.

2. Results & discussion

2.1. Theoretical calculations and electrochemical evaluation of fluorinated
electrolytes

It is well established that the high voltage LNMO cathode, in com-
bination with carbonate-based electrolytes, undergoes a massive in-
crease in parasitic reactivity upon cycling above 4.5 V vs Li. The in-
creased electrolyte decomposition at a high state-of-charge deteriorates
the long-term cycling performance and promotes self-discharge, ulti-
mately leading to rapid battery failure. This accelerated electrolyte
decomposition at operating voltages above 4.5 V serves as a major
motivation for our adopting a fully de-lithiated cathode model. In using
a fully de-lithiated Ni0.5Mn1.5O4 slab (Fig. 1), we are probing the
electrolyte/cathode interface under the most aggressive oxidative
electrochemical environment for the electrolyte solvent. By performing
nudged elastic band (NEB) calculations for low barrier electrolyte de-
protonation reactions, we seek to gain insight into the initial stages of
electrolyte decomposition at the high-voltage cathode interface. The
calculated NEB reaction barriers and reaction energies are given in
Fig. 1 for the two different electrolyte molecules (EC and FEC) inter-
acting with the fully de-lithiated (111) and (100) facets of the dis-
ordered (Fd-3m phase) spinel. Notably, the energy barriers are slightly
larger for the (111) facet. EC exhibits the lower energy barrier on both
surfaces whereas its fluorinated counterpart, FEC, shows the higher
barrier, which can effectively slow down the electrolyte decomposition
process.
After calculating the reaction barrier for deprotonation of FEC and

EC, the effect was initially investigated in LNMO/graphite full cells at
∼25 °C (room temperature). These full cells were assembled following
the protocol developed in our previous work and the results are shown
in Figs. 2a and b [12]. By replacing EC with FEC, after 200 cycles, the
capacity retention of the full cell improved from 69.9% to 74.7%,
while the average Coulombic efficiency (CE%) increased from 99.52%
to 99.68%. These results strongly support the notion that based on the
higher deprotonation reaction barrier, the more oxidatively stable FEC

is less prone to side reactions on the LNMO surface and improves re-
versibility. Following the same concept of fluorination we obtained
above, replacing EMC with FEMC in the full cell further improved the
capacity retention to 84.4%, with an average CE% of 99.75%. It was
also found in the literature that both FEC and FEMC were less favorable
for deprotonation than EC on the fully charged CoPO4 (010) surface (at
5 V) [17]. Moreover, by introducing −CF3 into the structure, which is a
strong electron-withdrawing group, many calculations show that
fluorination of linear ethyl methyl carbonate (EMC) solvent molecules
can significantly lower the highest occupied molecular orbital
(HOMOs), thus improving the oxidative stability at high voltage
[30–32]. Therefore, we attribute the significant (∼15%) increase in
capacity retention of full cells at 25 °C to the oxidative stability im-
provements through fluorination of conventional carbonate solvent
molecules. Indeed, it should not be ignored that the coin cell case
corrosion at high voltage could be another factor that affects the cou-
lombic efficiency [12]. Elevated temperature testing was also carried
out to investigate and simulate the performance of LNMO/graphite
system under practical conditions in real life (e.g. extremely hot
weather in certain regions). In the high temperature cycling in-
vestigations (Figs. 2c and d), it was found that LNMO/graphite full cells
at a practical 3 mAh/cm2 level can still deliver a ∼68% capacity re-
tention and 99.44% average CE% after 100 cycles (Figure S1). In
contrast, full cells using conventional EC-EMC electrolyte showed se-
vere capacity and CE% fluctuations along cycling and finally failed
after 70 cycles. A detailed diagnosis of both cathode and anode inter-
facial reactions/products is discussed in the next section.
High temperature storage testing was also conducted to evaluate the

calendar life of LNMO/graphite full cell with both electrolytes. The cells
were first cycled at C/10 rate for one cycle followed by two cycles at C/
3 rate at ∼25 °C. The cells were then stored and rested under 55 °C for
24 hours. After storage, the cells underwent one cycle at C/3 rate. As
seen in Figure S2, full cells using FEC-FEMC after each one-day storage
period can still recover most of the capacity with small error range. Full
cells using EC-EMC, however, show similar capacity fluctuation trend
as the cycling. This suggests that high oxidation stability is crucial to
calendar life of high voltage cathode since the cells stay at high voltage
during storage, leading to continuous decomposition of electrolyte.
Particularly, LNMO’s long plateaus of Ni4+ to Ni3+ and Ni3+ to Ni2+ at
∼4.7 V requires the cells to remain at high voltage for longer periods

Fig. 2. Electrochemical performance of LNMO/graphite full cells under different conditions. (a) and (b) Long-term cycling of various electrolyte formulations at ∼25
°C (room temperature), (c) and (d) cycling performance at an elevated temperature of 55 ℃.
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compared to conventional layer oxide materials such as NCM and li-
thium nickel cobalt aluminum oxide (NCA).
Other than electrochemical performance, safety and thermal stabi-

lity are key parameters of interest in electrolyte development [33].
Herein, we perform differential scanning calorimetry (DSC) to examine
the reactivity of LNMO/graphite with two types of electrolytes after
fully charged at C/10 rate (Figure S3). As shown in Figure S4, no
exothermic peak is observed, with all the peaks corresponding to

solvent evaporation and separator melting. This implies that the
LNMO/graphite system is relatively safe compared to LNMO/Li metal
system with both electrolytes at the fully charged state. In addition,
since LNMO does not exhibit oxygen release during charge/discharge
process, the absence of oxygen further reduces the risk of catastrophic
heat generation during operation [34,35]. Besides the electrochemical
benefits contributed by FEC-FEMC formulation under high tempera-
ture, another advantage is the non-flammability, which is highly

Fig. 3. (a) XRD results of cycled LNMO using baseline and fluorinated carbonate electrolyte at 55 ℃. XPS spectra of (b) O 1 s, (c) F 1 s of the cycled LNMO using
different types of electrolytes. HRTEM and corresponding FFT patterns of (d) pristine LNMO and cycled LNMO in (e) EC-EMC and (f) FEC-FEMC electrolyte. The
green semicircles in (e) indicate the lattice planes of (31−1), (60−1) and (222) of Mn3O4 structure from inner to outer, respectively. The yellow semicircle in (e)
indicates the lattice plane of (111) of LNMO structure. The green semicircles in (f) indicate the lattice planes of (31−1), (40−1) and (60−1) of Mn3O4 structure from
inner to outer, respectively. The yellow semicircles in (f) indicate the lattice planes of (111) and (222) of LNMO structure from inner to outer. respectively. The white
circles indicate the lattice planes can belong to both phases. The IFFT images were created using the diffraction peaks from Mn3O4 structure and overlayed with the
HRTEM images in (e) and (f).
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desirable but is rarely a characteristic of non-aqueous electrolytes. As
demonstrated in flame exposure tests (Supplementary Videos 1 and
2), glass fiber soaked in FEC-FEMC electrolyte does not burn following
ignition, in sharp contrast with the highly flammable EC-EMC electro-
lyte. This can be explained by the fluorine substitution in FEMC effec-
tively inhibiting the propagation of oxygen radicals during combustion
[17].
Supplementary material related to this article can be found online at

doi:10.1016/j.nxener.2024.100136.

2.2. Surface and bulk analysis of cycled LNMO and graphite electrode
under 55 °C

To better understand the impact of interphase and bulk properties,
both cathode and anode electrodes were collected after 100 cycles at 55
°C for characterization. Capillary X-ray diffraction (XRD) was first
performed on the cycled LNMO electrodes. As shown in Fig. 3a, no
additional peak was found, but the significant (1 1 1) peak shift of
cycled LNMO indicates the loss of lithium inventory in the bulk struc-
ture. Even though the capacity difference between full cells using EC-
EMC and FEC-FEMC is obvious (∼0% vs 68%), the right shift of the (1
1 1) peak is consistently observed in both cathodes. Noting that the loss
of Li in bulk structure is only part of the lithium inventory loss in the
full cell, the major lithium inventory loss at the cathode side does not
seem to occur in the bulk structure, but rather in the region close to the
surface of LNMO. The interphase chemistry was then characterized
using X-ray photoelectron spectroscopy (XPS). From the O 1 s spectra
(Fig. 3b), the intensity of lattice oxygen peak (∼530.0 eV) in the LNMO
cycled in both electrolytes is similar. The F 1 s spectra in Fig. 3c also
clearly indicates that the LNMO cycled in FEC-FEMC electrolyte has a
LiF-rich CEI layer. The high-resolution transmission electron micro-
scopy (HRTEM) results reveal that the surface of LNMO cycled with
baseline EC-EMC electrolyte has a “broken” CEI shape while LNMO
using FEC-FEMC maintains a thin and conformal 1–2 nm CEI (Figure
S5). The “broken” CEI from LNMO cycled with EC-EMC consists of two

large bumps while certain regions do not have CEI at all. Other CEI
regions show similar thickness to the conformal CEI in LNMO cycled
with FEC-FEMC. Notably different CEI properties in LNMO cycled with
EC-EMC could be attributed to more significant attacks by the HF acid
[36], triggered by the EC-EMC’s drastic decomposition under aggressive
cycling conditions. Both EC and EMC will undergo deprotonation to
regenerate free protons that can continuously attack the cathode’s
surface to generate H2O [37]. The deprotonation will exacerbate with
the temperature rising. The trace amount of H2O from the electrolyte
and from the EC-EMC decomposition will react with PF5, which is the
major LiPF6 salt decomposition product, to form strongly acidic HF
which will further corrode the CEI. On the other hand, FEC and FEMC,
which are more oxidatively stable, are less prone to decomposition
under high voltage and high temperature, therefore leading to a more
conformal CEI layer. However, the CEI layer only has a thickness in
nanometer scale (< 20 nm even in EC-EMC’s poor CEI). It is unlikely
this difference in the CEI layer can independently explain the sharp
contrast of the high temperature cycling performance. Therefore, we
further analyzed the HRTEM results of the LNMO subsurface, finding
that the LNMO cycled with EC-EMC shows a significant subsurface
structure change from LNMO phase to Mn3O4 phase. Since both LNMO
and Mn3O4 have spinel structure, the subsurface phase change is
identified by the change of d-spacing found in HRTEM results (Table S1
and S2). The LNMO to Mn3O4 phase change is also previously reported
in literature, suggesting that transition metal (TM) ions migrate into
tetrahedral Li sites to form a Mn3O4-like structure [38]. In our case, it is
possible that the HF acid attacks the bare LNMO region without CEI
protection and corrodes the subsurface, leading to TM dissolution fol-
lowed by TM migration to both tetrahedral Li sites. The formation of
Mn3O4 likely blocks the Li+ transfer and increases cell impedance,
presenting a reasonable explanation for the capacity fluctuations fol-
lowed by cell failure observed in Fig. 2c. Since this structural corrosion
only occurs down to the subsurface, the inner bulk region is not af-
fected, as shown in the XRD analysis. As discussed above, LNMO cycled
in FEC-FEMC has a LiF-rich CEI layer. FEC is known to undergo de-

Fig. 4. Post-mortem analysis of graphite anode after cycling at 55 ℃. SEM images of graphite electrode (a) at pristine state, cycled using (b) EC-EMC base and (c)
FEC-FEMC base electrolyte. (d) Capillary X-ray diffraction, (e) XPS F 1 s spectra of cycled graphite anode using different types of electrolytes and (f) ICP-MS results
showing transition metal (TM) dissolution and redeposition on the graphite anode.
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fluorination and decomposition to form LiF [39–41], which can also
effectively protect the surface of LNMO. From backscattered electron
scanning electron microscopy (BSE-SEM) images (Figure S6(c), S6(e))
and energy dispersive X-ray spectroscopy (EDX) results of LNMO elec-
trodes (Figure S7, Table S3 and S4), we can observe abundant LiF
nanoparticles covering most of the LNMO surface. Since the LiF peak is
not observable in the XRD results, the LiF layer is expected to be thin,
passivating the LNMO surface and preventing further subsurface
structural change.
To reveal a better understanding of the electrolyte’s impact on the

graphite anode, SEM was performed to observe the morphology of cy-
cled graphite collected from full cells cycled with EC-EMC and FEC-
FEMC (Figs. 4a-c). The SEM images show that that a bulky layer of the
SEI is formed on the surface of graphite cycled in EC-EMC electrolyte.
The results could suggest that severe parasitic reactions had occurred at
the graphite anode which leads to accumulation of side reaction pro-
duct on the surface. Interestingly, the surface of graphite cycled with
FEC-FEMC still exhibits a relatively clean surface similar to pristine
graphite. However, under BSE mode, unlike the nanoparticles which
can be observed clearly on LNMO’s surface, thick layer and large chunk
of particles can be seen on the graphite surface (Figure S8). Combining
the EDS results (Figure S9), the thick layers on both cycled graphite
anodes are F-rich. Capillary XRD and XPS F 1 s spectra of graphite
shown in Figs. 4d and e respectively pointed out that the side reaction
products on graphite surface are LiF, P-O-F and P-F rich. LiF is well-
known as the decomposition product of the LiPF6 salt [42]. Unlike the
cathode, the obvious LiF peaks appeared in XRD results in both graphite
electrode samples also implies that large amount of LiF was formed on
the graphite surface since the XRD is a bulk characterization technique.
This F-rich thick layer could block the Li+ intercalation/de-intercala-
tion to the graphite layer and lead to further capacity loss under high
temperatures. Under both high voltage and temperature, the solvation
structure of PF6-EC-EMC clearly cannot be maintained. To investigate
the extent of transition metal dissolution and crosstalk, the inductively
coupled plasma mass spectrometry (ICP-MS) results of cycled graphite
anodes revealed more severe transition metal dissolution from cathode
on graphite using EC-EMC electrolyte as shown in Fig. 4f. Pristine
graphite is found to have Ni/Mn with < 5 ppb, which suggests a high
purity graphite after purification process is used in this work [43]. In-
terestingly, despite the fact that LNMO is a Mn-rich cathode material,
the dissolution of Ni after cycling is more prevalent than Mn. This

finding is also consistent with EDX results (Figure S10 and Table S7 to
S8), where Ni and F signals are much stronger on the surface of graphite
cycled with EC-EMC. Considering the observed subsurface phase tran-
sition from LNMO to Mn3O4, larger amounts of Ni dissolution provide
strong correlative evidence of the formation of Mn3O4.

2.3. Electrolyte analysis before and after storage under 55 °C

In addition to the interface and bulk investigations, characterizations
of electrolyte before and after high temperature storage were also per-
formed. Electrochemical Impedance Spectroscopy (EIS) of LNMO/LNMO
symmetric cells using pristine and aged electrolytes was carried out to
observe the impedance change caused by high temperature storage
(Figure S11). In the EIS fitting, Rs represents electrolyte and ohmic re-
sistance between working and reference electrodes, Rct represents charge
transfer resistance; Q represents double-layer capacitance of electrode/
electrolyte interface, and W represents semi-infinite Warburg impedance
associated with mass transport resistance. Both electrolytes experienced
impedance increases after high temperature storage, but the overall re-
sistance after aging is similar. Ionic conductivity and Fourier-transform
infrared spectroscopy (FTIR) were performed to further understand the
bulk electrolytes’ differences brought by high temperature storage (Figure
S12 to Figure S14). Consistent with the FTIR data, ionic conductivity of
both electrolytes shows marginal changes after aging at 55 °C, indicating
negligible changes in the bulk electrolyte. However, when LNMO powder
or electrodes were introduced into the electrolyte during storage, sig-
nificant TM dissolution can be observed even though no electrochemical
charge/discharge was involved (Figure S15). It can be seen from the pH
testing results that the pH values of both electrolytes before storage are
close to 6 while after storage, both electrolytes become extremely acidic
(Figure S16). This could be due to the hydrolysis of the LiPF6 salt since
trace amount of water is always present in the pristine electrolytes. The
hydrolysis process of LiPF6 can be described by equations below [44]:

1) LiPF6 ⇌ LiF + PF5
2) PF5 + H2O→HF + POF3
3) POF3 + H2O→HF + HPO2F2 (Further hydrolysis)
4) HPO2F2→H+ + PO2F2-

During storage under high temperature, the hydrolysis of salt will be
accelerated and leads to large amount of HF formation which will

Fig. 5. Schematic of proposed degradation mechanism of EC-EMC base and FEC-FEMC base electrolyte on the LNMO surface.
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actively attack the surface of LNMO. Therefore, significant TM dis-
solution from both LNMO powder and electrodes is observed in both
electrolytes. The higher amount of TM dissolution in powder is possibly
due to the larger contact area in LNMO powder compared to LNMO
electrodes (some LNMO surface could be covered by PVDF and carbon).
The much less TM dissolution found in FEC-FEMC electrolyte shows
that the stability of LiPF6 salt is much higher in the FEC-FEMC system
possibly due to a different solvation structure. Combining the results
above, bulk electrolyte will experience less changes during high tem-
perature storage. However, when active materials are introduced, the
electrolyte/electrode interphase evolution should be the limiting factor
during long-term high temperature/voltage cycling and storage of
LNMO/graphite full cells. The FEC-FEMC electrolyte not only demon-
strates much improved oxidation stability (during charging/discharging
at high voltage), but it also helps with stabilization of the LiPF6 salt
under high temperature, therefore mitigating the structural damage by
reducing the HF formation from both salt hydrolysis and solvent de-
composition.
The pronounced high temperature cycling found in LNMO/graphite

full cells using FEC-FEMC electrolyte is ascribed to the combined factors
of high oxidative stability of fluorinated solvent molecules and limited
corrosion of the cathode surface. As illustrated in Fig. 5, baseline EC
molecules undergo ring opening and generation of free protons during
high voltage charging. These free protons will attack LNMO surface and
generate more H2O, which later hydrolyzes the LiPF6 salt or PF5 to form
strong HF acid. The HF acid will then start to corrode both CEI and
LNMO’s bare surface to cause TM dissolution and Mn3O4 phase change.
The Mn3O4 formed on LNMO subsurface will block the inner bulk Li+

from shuttling to graphite anode, leading to impedance rising and se-
vere capacity decay. The decomposed LiPF6 salt will then be deposited
on graphite surface to form a thick LiF-rich SEI, which prevents the Li+

insertion. In contrast, when both EC and EMC solvent molecules are
fluorinated, decomposition reaction barrier of FEC and FEMC molecules
becomes higher, and the parasitic reactions are now less favorable
under high voltage and are slowed down at high temperature. As a
result, the chance of ring opening reactions found in EC are less likely to
occur in FEC, therefore mitigating the following formation of HF acid.
With less HF attack on LNMO surface, less TM dissolution is observed.
As a result, the Mn3O4 phase transition on LNMO subsurface and TM
deposition on the graphite are reduced and stable cycling is enabled in
the full cell under high temperature.
To further test the ability of electrolytes under more harsh condi-

tions such as potential Li dendritic growth, both electrolytes were tested
in LNMO/Li metal full cells where 50 µm Li metal was used as the
counter electrode (Figure S17). At ∼25 °C, the full cells can last more
than 100 cycles with >90% capacity retention and average CE% of
99.70%. Even at 55 °C, the full cells can still last for 20 cycles. In
contrast, Li metal full cells with EC-EMC electrolyte failed very quickly
in several cycles after testing started. This is consistent with previous
literature finding that neither EC nor EMC is compatible with Li metal
anode [45,46]. Considering our previous findings highlighted the im-
portance of stack pressure of Li metal full cells, the coin cell setup does
not have any stack pressure control [47]. Hence, there is still large room
for improvement in LNMO/Li metal full cells.

3. Conclusion

In this work, we proposed an electrolyte based on two fluorinated
carbonates, 1 m LiPF6 in FEC:FEMC = 3:7 wt/wt, to explore perfor-
mance improvements of LNMO/graphite full cell cycling at ∼25 °C
(room temperature) and 55 °C. Combining both experimental and
computational approaches, we demonstrate full cells with 3.0 mAh/cm2

(∼21mg/cm2 and ∼90 µm) level loading to achieve ∼84% of their
initial capacity at ∼25 °C after 200 cycles and ∼68% after 100 cycles
at 55 °C. The oxidatively stable FEC and FEMC solvents help mitigate
LNMO subsurface structure change, TM dissolution, and Li inventory

loss at the graphite anode. Looking forward, this FEC-FEMC electrolyte
formulation has the potential to be modified with novel additives and
high salt concentrations to further stabilized the LiPF6 containing
system through the elimination of the reactive substances (e.g. HF acid)
generated in electrolyte decomposition processes. Moreover, the sol-
vation structure of FEC-FEMC electrolyte is yet to be explored. A fa-
vorable solvation structure can enable more stable operation at high
voltage and elevated temperature [48–51]. Last but not least, these
findings may also be applied to other types of cathodes operating with
voltages higher than 4.5 V (e.g., Li-rich layer oxide, LiCoMnO4, olivine
LiCoPO4, high voltage LiCO2 and NCM), etc., opening the door for the
commercialization of high-voltage cathode materials.
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