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Enabling a non-flammable methyl(2,2,2-
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Novel lithium-ion battery electrolytes often exhibit poor electrochemical stability against typical
commercial layered oxide and graphite electrodes. Pre-passivating the electrodes prior to cell assembly
with an electrically insulating, ionically conductive solid—electrolyte interphase (SEl) is one innovative
strategy for stabilising systems with otherwise unusable electrolytes. Here, methyl(2,2,2-trifluoroethyl)
carbonate (FEMC), a promising non-flammable electrolyte solvent that is generally unstable against
graphite, is utilised after pre-passivation of electrodes with a state-of-the-art carbonate-based
electrolyte. A significant improvement in performance is observed compared with the untreated
electrodes. Hard X-ray photoelectron spectroscopy was used to probe the interphase layer composition.
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Introduction

Safety is a critical aspect of lithium-ion batteries (LIBs), not only
for adoption in the transportation sector. In a typical LIB, the
most flammable component is the liquid electrolyte. For this
reason, reducing the flammability of the electrolyte is central to
improving overall LIB safety. A wide variety of novel liquid
electrolytes for LIBs have been proposed, such as organopho-
sphates, highly fluorinated molecules, and locally highly concen-
trated electrolytes."™ A key consideration when substituting
electrolyte components is the stability of the solid electrolyte
interphase (SEI). The SEI is a surface layer on the graphite anode
resulting from the passivation of the electrode surface. It should
ideally be electrically insulating and ionically conductive, which
prevents the electrolyte from continually decomposing while
enabling the passage of Li" ions.’ For traditional electrolytes,
which usually consist of LiPF, dissolved in mixtures of ethylene
carbonate (EC) and a linear carbonate like ethyl methyl carbonate
(EMC), the SEI has been well-characterised and optimized over
the past 30 years of LIB commercialisation. The SEI is generally
formed during the energy-intensive and time-consuming for-
mation and ageing process near the end of production.
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The SEI formed by novel electrolytes often exhibits very
different characteristics and may have undesirable properties
like poor electrical insulation or low ionic conductivity. Several
strategies have been used to improve performance with electro-
lytes that form poor SEIs. These include artificial SEIs,”® core-
shell structures of electrode materials,” and film-forming
electrolyte additives.'® However, many such strategies offer
poor scalability and control, and can be costly to implement.
An innovative approach that has received comparatively little
attention is electrochemically passivating the electrodes prior
to assembly of the cell. This potentially rapid and cost-effective
procedure involves immersing electrodes in an electrolyte
known to produce stable SEIs, applying a voltage or current,
and subsequently assembling a battery with an alternative
‘long-term’ electrolyte. The method can combine the advan-
tages of two different electrolyte systems: the SEI-forming
ability of traditional carbonate esters, and the improved
safety of a non-flammable solvent for long-term operation.
Electrochemical pre-passivation has been used to stabilize anodes
based on lithium-titanium oxide,"" silicon,'* hard carbon,'® and
graphite.'®'> Variations of the technique, mainly with the aim of
anode pre-lithiation, have been integrated into roll-to-roll LIB
assembly processes, demonstrating its potential in commercial
settings."®'” Here, however, we demonstrate the first known
instance of electrode pre-passivation to enable the use of safer
non-flammable electrolyte during long-term battery operation.

In the present study, electrode pre-passivation is used to
enable the use of methyl(2,2,2-trifluoroethyl) carbonate (FEMC),
one of the most promising non-flammable solvents, but with poor
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electrochemical stability against graphite anodes and poor SEI-
forming ability.’® FEMC typically requires combination with co-
solvents and/or additives to be used,'® ' potentially compromis-
ing its non-flammable properties and increasing the complexity of
the electrolyte formulation. Here, the high-voltage LIB electrodes
NMC622 and graphite are pre-passivated by subjecting them to
four charge-discharge cycles in LP57, a state-of-the-art flammable
electrolyte consisting of 1 M LiPFg in 3 : 7 vol% ethylene carbonate
(EC) and ethyl methyl carbonate (EMC). The electrodes are sub-
sequently assembled into cells containing 1 M LiPF¢ in FEMC for
long-term operation. Pre-passivating the electrodes substantially
improves the performance of the FEMC electrolyte, while cell
resistance measurements and surface analysis reveal further
details of the passivation layer.

Results and discussion

Fig. 1 shows the substantial improvement in cycling stability
achieved when LiPF,/FEMC is used with pre-passivated rather
than pristine electrodes. With pristine electrodes, the initial
charge and discharge capacities are ca. 249 and 86 mA h g™,
respectively (Fig. 1a), corresponding to a coulombic efficiency
of 35%. The poor reversibility indicates a substantial loss of
lithium inventory during the first charge step, indicating that
the LiPF¢/FEMC electrolyte does not form an effective (i.e.,
highly electrically insulating) SEI. When using electrodes pre-
passivated with LP57, the improvement in performance is
striking: the first charge capacity is reduced to 1773 mA h g *
and the first discharge capacity is increased to 161 mA h g*
(Fig. 1b). The pre-passivated electrodes also retain considerably
more of their initial capacities during cycling (Fig. 1c). The
interfacial layers formed by LP57 are clearly able to prevent the
extensive decomposition of the LiPFs/FEMC electrolyte, unlike
in the case of the untreated electrodes.

Unsurprisingly, the cell with pre-passivated electrodes displays
the highest coulombic efficiency, demonstrating an effective
passivation of the surface by the pre-passivation technique, and
protection against extensive FEMC decomposition. However, the
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initial coulombic efficiency of 93% does indicate some irreversible
capacity and thereby some electrolyte decomposition even with
the pre-passivated electrodes (for comparison, a standard cell with
LP57 has a coulombic efficiency near 100% in the 5th cycle).
However, this small capacity loss only occurs in the first cycle. In
subsequent cycles, the coulombic efficiency of the pre-passivated
LiPF¢/FEMC system is close to 100%, comparable to that of LP57
itself (Fig. 1d). The initial discharge capacity when LP57 is used as
the electrolyte (with pristine electrodes) is 180 mA h g™, with a
corresponding 1st-cycle coulombic efficiency of 86%. Overall, the
capacity evolution during cycling is nearly identical for FEMC with
pre-passivated electrodes and LP57 with pristine electrodes
(Fig. 1c), with the only difference being that the pre-passivated/
FEMC system is ca. 10% lower in capacity. This may demonstrate
the need for optimisation of the pre-passivation method, which
would be the subject of a follow-up study. The long-term cycling
stability is unaffected, indicating that the electrodes are effectively
passivated with no significant on-going side-reactions.

The improvement in performance is also reflected in the cell
resistance, which was tracked via the intermittent current
interruption (ICI) method developed by Lacey et al?*?
(Fig. 2). The resistance of the FEMC cells containing pristine
electrodes is more than twice that of the cells containing pre-
passivated electrodes. (The jump in resistance after the 2nd
cycle is likely an artefact of increasing the C-rate from C/10 to C/5.)
It is notable that even the pre-passivated electrodes result in a
significantly higher cell resistance than the commercial electrolyte
LP57 used with pristine cells. This indicates, as the 1st-cycle
coulombic efficiency also suggests, a certain degree of electrolyte
decomposition on top of the pre-formed passivation layers, and
can explain the slightly lower capacity observed for the pre-
passivated system. While the superior performance of LP57 is
not surprising, given that this electrolyte is the product of decades
of focused optimization, the improvement in performance of
FEMC after pre-passivation of the electrodes demonstrates that
the investigated methodology is particularly promising enabling
the development of novel electrolytes.

Half-cell data make clear that the root of FEMC’s poor
cycling stability is on the graphite side (Fig. S1, ESIT), although
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Fig. 1 Charge—-discharge curves of LiPF¢/FEMC in (a) pristine and (b) pre-passivated NMC622|graphite cells; (c) galvanostatic cycling performance and
(d) coulombic efficiency of FEMC in NMC622-graphite cells at C/5. Solid lines: electrolytes tested with pristine electrodes. Dashed lines electrolytes
tested using the pre-passivated electrodes. LP57 is used as a benchmark. The data represent the average of three cells for each dataset; the shaded

regions represent the standard error.
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Fig. 2 Internal resistance of cells cycled at C/5 with 1 M LiPFg in FEMC

with both pristine and pre-passivated electrodes and with LP57 as a
reference. The data represent the average of three cells for each dataset;
the shaded regions represent the standard error of 3 cells.

it is worth noting that FEMC is known to have compatibility
issues with lithium metal,>*2° as the sudden decrease in
capacity at around the 20th cycle of the NMC622|Li cells shows.

Considering the implications a pre-passivation method may have
on electrode fabrication and cell assembly, it is of interest to
consider at what voltage LP57 forms interfacial layers capable of
protecting against FEMC decomposition. This is both of practical
and theoretical interest, as it sheds light on the reduction potential
of FEMC on graphite. To that end, cells containing pristine electro-
des and LP57 were charged to three separate voltages: 3.6, 3.8 and
4.0V, followed by a CV step until the current dropped to 10% of the
initial current (see charge curves in Fig. S2, ESIT). The current was
stopped, and the partially passivated electrodes transferred to cells
containing LiPF¢/FEMC. It was found that the passivation layers
formed by LP57 at 3.6 V are already sufficient to significantly
improve the performance of the FEMC electrolyte (Fig. 3).

To understand the function of the pre-passivation
layers, the evolution of the pre-formed SEI on graphite electro-
des upon cycling in LiPF¢/FEMC was studied using hard
X-ray photoelectron spectroscopy (HAXPES). Pre-passivated
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Fig. 3 Cycling performance at C/5 of FEMC in electrodes pre-passivated
at various voltages, compared to pristine electrodes.
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Fig. 4 (a) C1s, (b) F1sand (c) O 1s XPS spectra of graphite electrodes after
pre-passivation with LP57, after changing the electrolyte to LiPFs/LP57 and
charging to 4.3V, and 1, 5 and 30 cycles in NMC622|graphite full cells.

electrodes were subjected to the following electrochemical
aging in full cells: a single charge to 4.3 V, one full charge-
discharge cycle, 5 cycles and 30 cycles. HAXPES spectra of the
graphite electrodes from these cells are shown in Fig. 4. In
these spectra, the peak originating from the C=—C bonding
environment of carbon in graphite appears between 281-
283 eV, and is observed to shift negative with aging. This likely
originates from the relative shift between surface layer compo-
nents and bulk components often observed for anode materi-
als, a phenomenon that has been described elsewhere.?”

The thickness of the SEI can be qualitatively tracked by
comparing the intensity of the C 1s peak associated with
graphite (C—C) with the intensity of the rest of the spectrum
(Fig. 4a). This suggests that cycling the electrodes in LiPFg/
FEMC results in considerable additional SEI growth. Even after
a single cycle, the graphite peak is considerably diminished
compared to the spectrum of the electrode pre-passivated by
LP57; after 30 cycles, it is practically indiscernible. The thick-
ness of the SEI after 5 cycles can be estimated to be greater than
the probing depth of the measurement, calculated as approxi-
mately 50 nm. This thicker SEI is consistent with the higher cell
resistance observed from ICI (Fig. 2).

The SEI pre-formed by LP57 consists of ca. 47% Li, 30% C, 16%
F, 6% O and 1% P (by atomic percentage). Upon replacing the
electrolyte with LiPFs/FEMC and charging the cell to 4.3 V, the SEI
becomes more inorganic, with higher F and O contents at the
expense of C. The lack of new peaks in the 291-293 eV region of the
C 1s spectrum (Fig. 4a) suggests that this increase in fluorine
content does not originate from the incorporation of the —-CF;
moiety of FEMC in the SEL Instead, the increasing relative intensity
of the shoulder in the F 1s spectra (Fig. 4b) at ca. 687 eV indicates
an increased presence of LiPFs and its decomposition products
LiPF,0,.”® LiF remains the dominant species. After the first charge
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step, there are only slight changes in the SEI's chemical makeup
upon further cycling (see ESIT). It is consistently composed of ca.
45-55% Li, 25% F, 12-18% C, 8-10% O and 2-4% P.

The biggest peak in the C 1s spectra is at ca. 284.8 eV, which
is associated with C-C groups. This is most likely originating
from polymerised electrolyte components.>® A peak originating
from carbonate groups is also present, likely from both Li,CO;
and semicarbonates (organic carbonate salts). However, this
environment is seen to decrease in intensity even from the first
charge in both C 1s and O 1s (Fig. 4c). The composition of the
additional SEI layers deposited by LiPFs/FEMC is richer in
alkoxides (C-0), esters (-CO,-) and ketones (-C=0).

The strikingly low coulombic efficiencies of the LiPFs/FEMC
system (Fig. 1b) suggest that the rapid decline in capacity
accompanied by it is caused by significant lithium inventory
loss. However, it is not straightforward from the XPS data to
draw conclusions about what specific decomposition reactions
the LiPFs/FEMC system undergoes. The SEI formed by LiPFe/
FEMC on pristine graphite is currently the subject of a follow-up
study. It is notable that the SEI formed by LP57 does not fully
prevent the decomposition of the LiPFs/FEMC electrolyte. How-
ever, the decomposition that does take place does not seem to
significantly affect the electrochemical properties of the cells,
suggesting that the extra SEI layers deposited are reasonably
ionically conductive, or at least not detrimental to performance.

Conclusions

In conclusion, this study explored the potential of pre-
passivating NMC622 and graphite electrodes when transitioning
to novel electrolytes, which are often electrochemically unstable
or form poor interfacial layers. FEMC performs extremely poorly
when used with pristine electrodes, but very well when the
electrodes are pre-passivated, prior to cell assembly, using
LP57. Substantial improvements in coulombic efficiency and
cycling stability were achieved, and the cell resistance was
reduced by a factor of more than 2. This protective effect was
already achieved by charging LP57-containing NMC622-graphite
cells to 3.6 V. Hard X-ray photoelectron spectroscopy (HAXPES)
analysis indicated that cycling the pre-passivated electrodes in
the LiPF/FEMC electrolyte resulted in the deposition of further
layers on the pre-formed SEI. The new layers were different in
composition to the SEI formed by LP57, containing overall more
PF, -derivatives, fewer carbonates and more alkoxides, ketones
and esters. Although the newly deposited layers add to the SEI
thickness, the effect on performance is minor. This study has
demonstrated a promising strategy for enabling the use of novel
electrolytes, which requires continued further investigation par-
ticularly in the effects of pre-passivation conditions, longer-term
operation, and interfacial layer stability.

Experimental methods

Prefabricated electrode sheets of NMC622 (LiNiy ¢Mng ,C00.,0,)
coated on 20 pm-thick aluminium foil and artificial graphite
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coated onto 14 pm-thick copper foil were purchased from
Custom Cells. Circular electrodes 13 mm in diameter were
punched out and dried in vacuum at 120 °C for 12 hours before
use. Both electrodes contained conducting additives and bin-
ders. The active material contents of the cathode and anode
was 93.5% and 95.0%, respectively. The capacity ratio between
the negative and positive electrodes (N/P ratio) was 1.2. Samples
were prepared in an argon-filled MBraun glove box. Cells were
assembled using polymer-laminated aluminium pouches. 35 pl
of electrolyte (LiPFs in FEMC, or LP57) were placed on each
electrode. Celgard®™ 2400 was used as the separator. LP57 (1 M
LiPFg in 3:7 vol% EC: EMC) was purchased from Solvionic and
used without further purification. The FEMC electrolyte was
prepared in a glove box by dissolving 1 M LiPF¢ (99.99%, Sigma
Aldrich) in commercial FEMC (98.0%, TCI Chemicals). LiPFg
was dried at 70 °C in vacuum before using. FEMC was used
without further purification.

Pre-passivated electrodes were prepared by assembling
NMC622-graphite full cells and cycling them twice at C/10
(0.265 mA, based on a cathode capacity of 180 mA h g~ ') and
twice at C/5 (0.53 mA) in a voltage window of 3.0-4.3 V, as per
manufacturer recommendations. All reported full-cell specific
capacities in this work are based on the amount cathode active
material they contain. The electrolyte used for pre-passivation
was LP57. The electrodes were removed from the cells in an
argon-filled glove box and washed with 50 pl of FEMC each, to
remove excess LP57 electrolyte. The solvent was allowed to
evaporate for ca. 5 minutes and the electrodes were placed in
new cells, which were assembled using 1 M LiPFs in FEMC
electrolyte.

Constant current-constant voltage (CCCV) cycling was used
for cycling experiments: the cell was charged at constant
current (C/5, 0.53 mA) to 4.3 V, then the voltage was held until
the current reached 1/10 of the current used in the previous CC
step; finally, the cell was discharged at CC to 3.0 V. Cycling was
carried out on Neware testers.

Intermittent current interruption was carried out following
the procedure reported by Lacey et al.>>** Briefly, cells were
charged and discharged at low C-rates (C/10 or C/5) and rested
for 1 second every 5 minutes. From the voltage response after
1 second of rest, the cell resistance R..; was calculated via
eqn (1) where AV;; is the voltage drop and I is the current:

AV
1

Rcell - — (1)

The method does not allow for quantifying the resistance
values of the individual cell components. For HAXPES experi-
ments, cells were disassembled in an argon-filled glove box.
Electrodes were washed with the most volatile solvent present
in each respective cell (either FEMC or EMC) and vacuum-dried
at room temperature for 1 hour. Samples were mounted on
copper plates using conductive carbon tape. The sample plates
were vacuum sealed and transported to the Surface and Inter-
face Structural Analysis beamline (I09) at Diamond Light
Source (Oxfordshire, UK). An excitation energy of 7050 eV was
used. The pass energy was set to 200 eV. No charge neutralizer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was used. CasaXPS was used to analyse the data. Binding
energies were calibrated to the LiF peak (685 eV) in the F 1s
spectrum, as a species which forms part of the SEI. The probing
depth (3x IMFP - inelastic mean free path of electrons) for the
HAXPES measurement at the excitation energy used was calcu-
lated using the TPP-M2 equation as detailed in the NIST
database,*® using parameters for polyethylene,>" as a low-
density material representative of the surface layer studied
here. Relative elemental compositions were calculated accord-
ing to eqn (2) where C, is the relative concentration of the
respective element (x), I, is the peak area and S, is the appro-
priate relative sensitivity factor from Yeh and Lindau:*

I,
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