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An ethylene carbonate-free electrolyte composed of 1 M lithium
bis(fluorosulfonyl) imide (LiFSI) in sulfolane (SL) is studied here
for LiNi0.5Mn1.5O4-graphite full-cells. An important focus on the
evaluation of the anodic stability of the SL electrolyte and the
passivation layers formed on LiNi0.5Mn1.5O4 (LNMO) and graphite
is being analysed along with intermittent current interruption
(ICI) technique to observe the resistance while cycling. The
results show that the sulfolane electrolyte shows more degrada-
tion at higher potentials unlike previous reports which

suggested higher oxidative stability. However, the passivation
layers formed due to this electrolyte degradation prevents
further degradation. The resistance measurements show that
major resistance arises from the cathode. The pressure
evolution during the formation cycles suggests that there is
lower gas evolution with sulfolane electrolyte than in the
conventional electrolyte. The study opens a new outlook on the
sulfolane based electrolyte especially on its oxidative/anodic
stability.

Introduction

The demand for high-power and high-energy density battery
applications such as electric vehicles has enhanced the growing
interest in exploring different cathode materials for lithium-ion
batteries. In particular, high-voltage cathode materials like
lithium nickel oxide (LiNiO2), lithium cobalt phosphate (LiCo-
PO4) and lithium nickel manganese oxide (LiNi0.5Mn1.5O4; LNMO)
have been explored as potential cathodes for high-energy
density applications.[1,2] LNMO has attracted a special interest in
last few years due to its high-voltage (4.7 V vs. Li/Li+),
promising theoretical capacity of 147 mAh/g, and its stable

spinel structure that allows excellent rate capabilities.[3–7] The
absence of cobalt, which is an expensive and less abundant
metal facing increasing demands,[1] makes LNMO prominent
among the inorganic high-voltage cathode materials. However,
the lower anodic stability of the conventional electrolyte
solutions based on ethylene carbonate (EC) (>4.3 V vs. Li/
Li+)[8,9] restricts the full potential of LNMO. The polycarbonate
layer formed during the formation cycles becomes unstable at
higher potentials, paving the way for gas evolution and other
undesired side-reactions, thereby leading to capacity fade.[9,10]

Hence, the use of EC-free electrolytes has appeared as a
strategy to formulate electrolytes for high-voltage cathodes.[11]

In this context, studies have been reported on potential
electrolytes that are more stable at higher voltages. Electrolytes
with sulfones,[12] nitriles,[13] ionic liquids,[14] fluorinated
carbonates[15] have been explored with/without co-solvents to
decrease their viscosities. Sulfolane has been used both as an
additive[16] in conventional electrolytes to raise the oxidation
potential of the electrolyte, but also as a sole aprotic solvent in
the electrolyte[17,18] or used with a co-solvent.[19–24] Sulfolane
exhibits a high boiling point of 287 °C, a flash point of 165 °C
and a dielectric constant of >40, primarily due to the oxygen
in the sulfone group which is the coordinating motif to the
lithium ion, and which triggers dissolution of lithium salts.[8,11,18]

With respect to the conducting salt, lithium
bis(fluorosulfonyl)imide (LiFSI) has a thermal stability of 200 °C
and high solubility in organic solvents.[25] Since fluorine in LiFSI
has a lower tendency to form hydrogen fluoride compared to
that in the conventional electrolytes containing lithium hexa-
fluorophosphate (LiPF6), the transition metal dissolution occur-
ring in LNMO at higher potentials can be decreased.[8] It has
been shown that in the presence of LiFSI salt, an effective solid-
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electrolyte interface (SEI) layer is formed on graphite which
prevents this exfoliation, rendering the combination of SL and
LiFSI particularly appealing.[19,26] Concentrated electrolytes con-
taining LiFSI salt also showed passivation layers being formed
on the aluminium (Al) current collector that prevented its
corrosion.[17,27] As high salt concentration accompanies with
higher cost, we here investigate the use of sulfolane based
electrolyte containing LiFSI salt with the commonly used
“standard” concentration of 1 M for electrochemical cycling of
LNMO-graphite cells.

Studies on the anodic stability of sulfolane based electro-
lytes have commonly used techniques like cyclic voltammetry
(CV) and linear sweep voltammetry (LSV).[11,17] These techniques
are governed by their sweep/scan rates that do not match the
actual cycling of a cell (half or full cell) spending lower time at
the redox plateaus. Hence a clear understanding on the
anodic/oxidative stability is not achieved while using these
electrochemical techniques. This study incorporates the use of
an electrochemical method called synthetic charge-discharge
profile voltammetry (SCPV)[28] to understand the anodic stability
of the sulfolane based electrolyte in comparison to the conven-
tional electrolyte. This in combination with passivation layer
study using X-ray photoelectron spectroscopy (XPS) reveal
important perspectives with regards to this electrolyte in a full
cell chemistry of LNMO-graphite. The resistance increment with
cycle number is measured using the intermittent current
interruption (ICI) technique, which shows the dynamic resist-
ance change while galvanostatic cycling.[29] The formation
cycles involving the gas evolution is a crucial step that occurs
in the first few cycles. The pressure evolution of the full cells
with sulfolane electrolyte and conventional electrolyte during
the formation cycles is also assessed.

Results and Discussion

Sulfolane is a solid at room temperature and hence it was
melted at 40 °C and mixed with the LiFSI salt. The viscosity of
such a solution is high which can affect the ionic conductivity.

Figure 1(a) shows the ionic conductivity of 1 M LiFSI in SL
electrolyte in the temperatures range of 25 °C to 55 °C. The
ionic conductivity at 25 °C is around 3 mS cm� 1, which is lower
than that of conventional carbonate based liquid electrolytes,
i. e., 10 mS cm� 1.[11] The lower ionic conductivity of sulfolane is
correlated to its high viscosity when it is not combined with
any co-solvent.

The electrochemical stability window of the sulfolane
electrolyte was investigated using different methods, and the
shortfall conventional CV is here discussed. Figure 1(b) shows
CV of a half-cell with C-coated Al foil as the working electrode
where the potential was linearly swept up to 5.5 V (see
Figure 1b). The increase in current starts around 4.5 V in the
first oxidation cycle, which is likely originating from a
combination of electrolyte decomposition, oxidation of func-
tional groups on the carbon coating and oxidation of possible
impurities. While the oxidation is expected to decrease in the
following cycles, Figure 1(b) instead displays that the oxidation
current actually increases from the 1st to 5th cycle. This increase
suggests that the decomposition products do not form any
efficient passivation layer to suppress parasitic oxidation
reactions. Similarly, a half-cell of LNMO vs. Li-metal also showed
an increase in the current during from the 1st to 5th cycle (see
Figure S1a). At the same time, the CV of LNMO-graphite full
cells did not show any such increase in oxidation current by
the number of cycle (see Figure S1b). This suggests that the
counter electrode plays a role in the oxidation current
measured on the working electrode, which indicates that there
exists a ‘cross talk’ between the electrodes, i. e., the decom-
position products formed on Li-metal counter electrode in the
half-cells diffuse to the surface of working electrode where
their oxidation leads to an increased current. Hence a half-cell
with lithium counter electrode does not accurately determine
the stability of the electrolyte.

In CV or linear sweep voltammetry (LSV) experiments, the
time spent by the cell at a particular potential is governed by
the sweep rate and is not in accordance with a ‘real’ cell when
cycled in a galvanostatic cycling test, where the time spent by
the electrolyte at the plateau or at a higher potential is more

Figure 1. a) The ionic conductivity of 1 M LiFSI in sulfolane electrolyte in the range of 25 °C to 55 °C; b) CV of C-coated Al foil vs. Li recorded at a scan rate of
0.05 mV/s between 3.0 V and 5.5 V.
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than in a CV or LSV. Hence to obtain a better understanding of
the anodic stability of 1 M LiFSI in sulfolane electrolyte, SCPV
experiments were performed with C-coated Al as the working
electrode in a 3-electrode cell with delithiated LFP as counter
and reference electrodes as mentioned in the experimental
section. The SCPV technique controls the voltage in such a way
that it follows the voltage profile of an active material of
interest (LNMO in this case), and thereby provides realistic
operational conditions in terms of the voltage changes with
time which mimics that of a real LNMO battery. As shown in
Figure 2(a), during the initial SCPV anodic scan, the cell with
sulfolane electrolyte passed a total of ~ 7 μAh cm� 2 charge,
whereas the cell with LP40 electrolyte delivered ~ 5 μAh cm� 2.
The quantity of charge passed is an indication of the amount of
electrolyte degradation in the cell. Note that in the lower
plateau region, i. e., lower than 0.9 V, corresponding to the
4.0–4.1 V plateau which is equivalent to the Mn3+/Mn4+ redox
couple in an LNMO half-cell (0.6–0.7 V in this case where the
potential is versus LFP), a smaller quantity of charge is passed
in the sulfolane electrolyte than in LP40. In a previous
publication,[28] a higher quantity of charge was detected in the
lower plateau region in a 1 M LiPF6 +SL electrolyte than in
LP40, which was then attributed to sulfolane decomposition.
The increased quantity of charge there could have originated
from either LiPF6 salt or an unknown impurity, since the
corresponding system with LiFSI salt does not display any
similar behavior.

The differential plot (dQ/dE vs. E) in Figure 2(b) aids a better
visual representation of the Q vs. E plot. The two peaks in the
1.2–1.4 V range demonstrate that the electrolytes degrade
more rapidly in the upper plateau region, i. e. above 0.9 V,
which corresponds to more time spent at higher voltages
associated to Ni2+/Ni3+ and Ni3+/Ni4+ redox couples. A higher
degradation is then observed for the sulfolane based electro-
lyte than when using LP40.

For both cells, SCPV scans were run for multiple cycles as
shown in Figure 3(a). The amount of charge passed in the lower
(<0.9 V) and upper (>0.9 V) plateau regions for sulfolane and
LP40 electrolytes, respectively, for up to 12 cycles are presented

in Figure 3(b and c). The amount of charge passed in the lower
plateau region is shown in Figure S2 for both the electrolytes.
Apart from the initial cycles, the amount of charge in
subsequent cycles does not rise significantly, indicating that a
stable passivation layer is formed. For each cycle, the sulfolane-
based cell display a higher quantity of charge compared to the
LP40-based cell, which could explain the lower coulombic
efficiency (CE) observed in the sulfolane-based cell, which is
further discussed in the context of Figure 4.

LNMO-graphite full-cells were cycled with the sulfolane and
the LP40 electrolytes using a formation cycle for 3 cycles at C/
10 rate and then successive cycles up to 100 cycles at C/3 for
constant current-constant voltage (CC� CV) conditions. Before
the cell cycling, for both the cells with the respective electro-
lytes, a constant voltage step at 1.2 V was applied. This step is
usually performed in Li-ion cells primarily to ensure complete
wetting and avoid Cu dissolution during the rest period before
cycling.[30–33] The effect of such a step is shown in Figure 4(a
and b), wherein the LNMO-graphite full-cells containing
sulfolane electrolyte are compared with and without the
constant voltage step at 1.2 V. The cell held at 1.2 V before
cycling shows higher discharge capacities (Figure 4a) than the
one held at open circuit voltage (OCV). Both cells show a similar
trend in the capacity fade. The initial capacities of both the cells
increases with cycles, probably due to poor initial wetting of
the electrodes due to the viscosity of the electrolyte. The CE of
the cell employing the constant voltage step are slightly higher,
reaching up to 99.5 % at the end of 100 cycles. Figure 4(c)
shows a comparison of discharge capacities of LNMO-graphite
cells containing sulfolane and LP40 electrolytes. Here, the cells
containing sulfolane and held at 1.2 V is compared with the cell
with LP40, also held at 1.2 V constant voltage before cycling.
The discharge capacities are obviously higher for the cell with
sulfolane than that with the LP40. Also, the trend in the
capacity fade is higher for LP40 electrolyte.

The results show the positive effect of the constant voltage
step at 1.2 V for the cell with sulfolane electrolyte, but the CE is
slightly lower to the cell with LP40. The degradation of the
sulfolane electrolyte at higher potentials as observed in the

Figure 2. a) The amount of charge passed for sulfolane and LP40 based cells in the first anodic sweep of the SCPV method (Q vs. E) and b) the corresponding
differential plot (dQ/dE vs. E).
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Figure 3. a) Voltage profile of an LNMO half-cell with different voltage regions marked. Multiple SCPV cycles for b) sulfolane:LiFSI and c) LP40.

Figure 4. a) Discharge capacities and b) CE of LNMO-Graphite cells in sulfolane electrolyte with and without constant voltage at 1.2 V; c) Discharge capacities
and d) CE of LNMO-Graphite cells in sulfolane electrolyte and LP40 with constant voltage at 1.2 V.
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SCPV measurements could be the reason for a slightly lower
CE. That said, the discharge capacities are higher for the cell
with sulfolane electrolyte than the one with LP40. Hence the
passivation layer formed due to the degradation of the
sulfolane electrolyte could have aided in lower degradation of
the electrolyte and the efficient Li-ion conduction. More so, the
constant voltage step at 1.2 V before cycling could have
enabled another thin layer that would have aided in lower
degradation of the sulfolane electrolyte and hence improved
CE.

Figure 5(a and b) shows the charge-discharge cycles for
LNMO-graphite full cells with sulfolane and LP40 electrolytes,
respectively. The first three formation cycles at C/10 and 4th,
53rd and 103rd cycles for both cells are shown. The overpotential
is higher for the cycles both at C/10 and C/3 for the cell with
sulfolane electrolyte as compared to that with LP40. The ionic
conductivity is likely a major factor contributing to the higher
overpotential for the cell with sulfolane electrolyte. However,
the discharge capacities were higher and more stable up to
100 cycles for the same cell. This could possibly indicate lower
loss of cyclable lithium for the case of sulfolane electrolyte in
contrast to the cell with LP40 electrolyte. This is even more
evident when both cells are cycled up to 500 cycles (Figure 5c);
i. e., the capacity retention for the cell with sulfolane is

significantly better than that for LP40. While the cell with
sulfolane does show some capacity fade, the major capacity
fade starts after 200 cycles, whereas the capacity fade of the
LP40 cell starts from the very beginning.

Galvanostatic cycling tests were accompanied with the
resistance measurements. This was done in a three-electrode
cell, as explained in the experimental section, to determine
which component of the cell contributed to the resistance (see
Figure 6). The first cycle shows a higher resistance for both
electrolytes, which is primarily originating from the LNMO
electrode (Figure 6a and e). This could indicate CEI layer
formation or oxidation reactions relating to the binder. This is
corroborated in the SCPV measurements with the electrolyte
degradation in the first cycle for both sulfolane and LP40, more
so for sulfolane electrolyte (Figure 2a). The resistance then
decreases in subsequent cycles for both cells, still with the
resistance contributions from the graphite electrode being
comparatively small. On the graphite anode, where reduction
takes place in the first cycle, the first discharge displays a
higher resistance during this process, which can be seen in
Figure 6(b and f) for cells in sulfolane and LP40, respectively.
This indicates SEI layer formation in both types of cells caused
by electrolyte reduction.

Figure 5. Charge-discharge curves at C/10 (formation) and C/3 rates for LNMO-Graphite full cells in a) sulfolane electrolyte, b) LP40 electrolyte, c) long-term
cycling tests up to 500 cycles.
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After these formation cycles, the cells were cycled at C/3
rate up to 100 cycles. The resistance increases in both cells,

with the major resistances originating from the LNMO electrode
(Figure 6c and g). The graphite electrode contributes with very

Figure 6. ICI analysis in 3-electrode cells of LNMO-graphite with delithiated LFP as reference. a) Resistance from LNMO and b) resistance from graphite during
the formation cycles at C/10 rate; c) resistance from LNMO and d) resistance from graphite during the during the subsequent cycling at C/3 rate up to
100 cycles in sulfolane electrolyte; e) resistance from LNMO and resistance from graphite during formation cycles at C/10 rate in LP40 electrolyte; g) resistance
from LNMO and h) resistance from graphite during subsequent cycling at C/3 rate up to 100 cycles in LP40 electrolyte.
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low resistances for both electrolytes, as seen in Figure 6(d and
h). After several cycles, the cell with sulfolane electrolyte,
however, shows overall higher resistance than the cell with
LP40, most likely due to the lower ionic conductivity of
sulfolane than for LP40.

As indicated in the ICI measurements, the passivation layers
(CEI and SEI) are formed on both the cathode and the anode.
To determine the nature of these passivation layers, XPS
analysis was performed on LNMO and graphite electrodes after
100 cycles and they were compared to their respective pristine
electrodes. The survey spectra shown in Figure S4 display that
the Na 1s peak, which originates from the binder and is clearly
detectable in the pristine samples, is diminished in the cycled
electrodes. This indicates that a surface layer thicker than

10 nm is formed on both electrodes, as the excitation energy
used was 1486.6 eV Al Kα radiation which has probing depth of
~ 11 nm.[34] The C 1s, O 1s, F 1s, and S 2p spectra presented in
Figure 7 reveal formation of variety of decomposition products
on the surface of the electrodes (also tabulated in Table S1).
C 1s of both LNMO and graphite electrodes from the cell with
LP40 electrolyte depict similar species.[35] In summary, the C 1s
spectra of LNMO electrodes indicate that the surface layer is
more hydrocarbon-rich when sulfolane is used, and more
ether-species when LP40 is used. As shown in Figure 7(a and e),
the C 1s spectra for LNMO and graphite display a more
pronounced peak at 284.8 eV in sulfolane for hydrocarbon rich
species and 287 eV in LP40 cycled electrodes witnessing SEI/CEI
is ether rich species, respectively.[36]

Figure 7. XPS spectra of pristine and cycled LNMO and graphite electrodes cycled in sulfolane and LP40 electrolytes.
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O 1 s spectra in the cycled LNMO electrodes showed
suppression of TM� O bond signals as compared to the pristine
LNMO electrode advocating the presence of a surface layer in
the cycled electrodes, which is of thicker nature in LP40 than
sulfolane supporting the presence of thick CEI in LP40 causing
very diminished peak at 529.6 eV for TM� O bond (Figure 7b).[17]

Similar decomposition products were seen in sulfolane electro-
lyte on both LNMO and graphite cycled electrodes. The ratio
between C� O and C=O in LNMO and graphite exhibits similar
feature (Figure 7b, f topmost images) witnessing hydrocarbon
rich CEI/SEI derived from FSI� and tetramethylene sulfone and
being carbonate impoverished. On the graphite surface the
O 1 s spectra in Figure 7(f) in the pristine electrode, the inherent
C� O and C=O peaks at 533.4 eV and 531.9 eV, respectively, are
found to be shifted to 534 eV for C� O and 532.6 eV for C=O in
LP40 (more polymeric in nature), while for sulfolane the C� O
and C=O was seen at 533.6 eV and 531.6 eV along with the
S=O peak at 532.8 eV. Sulfolane cycled LNMO and graphite S 2p
comprised of majorly pristine imide salt as well as few FSI� /
sulfolane decomposition products shown in Figure 7(c and g),
respectively. On the LNMO surface the S species are predom-
inantly pristine imide salt (S 2p3/2 168.9 eV) along with some
TM� S� O (S 2p3/2 164.25 eV), however the graphite surface
showed the presence of pristine imide salt (S 2p3/2 169.1 eV) as
well as some decomposed Li-imide salt (S 2p3/2 166.3 eV) along
with the S� S species (S 2p3/2 163.9).[37,38] On the other hand the
salt decomposition can also be easily seen in F 1 s spectra in
Figure 7(d and h) which showed huge dissimilarity for sulfolane
and LP40-based cycled electrodes, respectively. LNMO and
graphite surface cycled in LP40 are almost identical with
predominant feature of LixPFy and LixPFyOz and very little
LiF.[37–39] However, the sulfolane cycled LNMO and graphite
electrodes showed huge difference, where CEI is mainly
composed of FSI� based species and SEI is LiF rich, thus more
stable SEI causing more Li-ion transport in sulfolane.[40] Thus,
F 1 s spectra discloses that a relatively higher amount of LiF is
present on the surface of the graphite electrode cycled in
sulfolane. Based on previous research and the current findings,
it is clear that the interface in LP40 is polymeric (ether rich) and
deprived of LiF, whereas the SEI in LiFSI+ sulfolane-based
electrolytes is more inorganic (hydrocarbon rich with LiF
enrichment), which is not dynamic like carbonate-based

electrolytes. Hence higher cycle stability in seen in a LNMO-
graphite cell with sulfolane based electrolyte.[41,42]

SEM analysis was performed on pristine and cycled LNMO
and graphite electrodes to observe any morphology changes
after cycling. Figure S5 shows the SEM images of pristine and
cycled LNMO and graphite electrodes after 100 cycles both in
sulfolane and LP40 electrolytes. The pristine LNMO electrode
(Figure S5a) shows the LNMO particles of approximately 5 μm
size surrounded by the network of carbon additives and binder.
It is interesting that there are no morphology changes
observed for the LNMO electrodes after cycling either in
sulfolane or LP40 electrolytes. The pristine graphite electrode,
in turn, shows a particle size between 10–12 μm. Like LMNO,
the cycled graphite electrodes show no morphology change at
this length scale upon cycling.

A pressure evolution study was also performed for the
LNMO-graphite cells cycled in both sulfolane and LP40 electro-
lytes, whereby the pressure evolution was monitored during
the first three formation cycles. Especially during the formation
cycles (here at C/10), the electrolyte is being reduced on the
anode and oxidized on the cathode (as shown in SCPV
measurements as increase in amount of charge and in the ICI
measurements as increase in resistance). Although these
electrolyte/electrode reactions are to some extent beneficial,
they can also lead to the formation of undesired gaseous, solid,
and liquid products which can cause cell failure.[43]

In Figure 8(a and b), the time-dependent full-cell potential
and corresponding pressure curve is shown for the formation
cycles. The pressure evolution over time, here expressed as ~P
(mbar), is obtained by subtracting the stabilized absolute
pressure (after being kept 10 hours at OCV conditions) with the
absolute pressure increase. The cell using the LP40 electrolyte
has a significant pressure increase in the first cycle, approx-
imately 16 mbar. The gas evolution continues during the
subsequent cycles, although the evolution rate decreases to
about 1–2 mbar per subsequent cycle. For the cell using the
sulfolane based electrolyte, the gas evolution is comparatively
small. The pressure increase is approximately 6 mbar and
mainly takes place during the first charge, after which the
pressure stabilizes. It could be deduced that the reactions
during the formation cycles with sulfolane evolve lower volume
of gases, though the SCPV results suggest higher degradation

Figure 8. Formation cycles and pressure evolution for a LNMO-graphite cell with a) 1.0 M LiFSI in sulfolane and b) LP40 electrolyte.
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of sulfolane. This therefore suggests that the degradation
reactions contribute in formation of solid or liquid rather than
gaseous species, and such species may contribute in building
robust CEI/SEI layers. The pressure evolution analysis was also
accompanied by ICI resistance measurements in the pressure
cell (PAT) (Figure S3). The resistance values from this measure-
ment shown in Figure S3 disclose a similar trend as in Figure 6;
i. e., the cell sulfolane electrolyte showed higher resistance
values compared to the cell with LP40 electrolyte. So, the
pressure evolution does not appear to have had any significant
impact on the resistance measurements. Overall, it can be
concluded that the pressure evolution in LNMO-graphite cells
with sulfolane based electrolytes can be significantly reduced
compared to using conventional LP40 electrolyte.

Conclusion

The electrolyte solution of 1 M LiFSI in sulfolane provides ionic
conductivity of 3 mS cm� 1 at 25 °C which is lower than that of
LP40 electrolyte. The sulfolane electrolyte, compared to LP40,
also suffers from higher degree of degradation at higher
potentials. However, a constant voltage step of 1.2 V applied
before cycling shows an improvement in the discharge
capacities and CE for the cell with sulfolane. This is attributed
to the formation of a thin layer suppressing further degradation
of sulfolane at higher potentials. Therefore, the charge-
discharge cycles for the cell with sulfolane show higher stability
than that of LP40. XPS analysis on LNMO and graphite cycled
for 100 times revealed that the CEI layer is hydrocarbon-rich in
sulfolane based cell while it is more ether-rich for in the cell
with LP40 electrolyte. The composition of SEI on graphite was
inorganic (LiF) rich in the cell with sulfolane electrolyte while it
was more ether rich in the cell with LP40. The ICI resistance
measurements indicated that the resistance arises from the
LNMO electrode in both the electrolytes, however the cell with
sulfolane electrolyte showed higher resistance, originating from
the lower ionic conductivity and higher viscosity of the
electrolyte. Pressure evolution studies in PAT-cells of the full-
cells revealed that the gas pressure increases more for LP40
during the formation cycles than for that of sulfolane electro-
lyte. The work suggests that even though being a viscous
electrolyte, SL+LiFSI electrolyte can provide higher cycle
stability in a LNMO-graphite cell, which is likely due to better
passivation layers obtained on the electrodes.

Experimental
LNMO powder was obtained from Haldor Topsøe A/S, Denmark.
The LNMO composite electrodes were fabricated by mixing a slurry
containing the active material powder with Super P conductive
carbon and CMC binder at a weight ratio of 90 : 5 :5 using a MM
mixer mill (Retsch) at 25 Hz for 30 min with de-ionized water as the
solvent for blending the electrode mixture. The obtained slurries
were then casted onto carbon-coated Al foil (20 μm thick) using a
doctor blade. The coatings were then dried at 75 °C overnight.
Electrodes of diameter 20 mm were punched from the coatings

and were calendared at a pressure of 1.59 ton cm� 2. The calendared
LNMO composite electrodes were then dried in a Büchi oven at
120 °C for at least 12 h. The active mass loading was around
~ 10.5 mg.cm� 2 (or 1.5 mAh cm� 2). Graphite powder was obtained
from Imerys (GDHR 15-4 graphite). The graphite electrodes were
obtained by coating the aqueous slurry of graphite powder, C65
carbon black and CMC binder in the ratio of 92 : 3 : 5 respectively,
on a C-coated Cu foil. The coatings were then dried at 75 °C
overnight. Graphite electrodes of 20 mm were punched out and
then dried in a Büchi oven in an Ar-filled glovebox at 120 °C for at
least 12 h. The coated graphite electrode had a mass loading of
5.3 mg cm� 2 (or 1.8 mAh cm� 2).

To prepare the electrolyte, tetramethylene sulfone or sulfolane
obtained from Sigma Aldrich was melted to 40 °C in argon filled
glovebox, and then dried while molecular beads were added into
the bottle and kept for one week to absorb any water content
from the solvent. After this, a calculated amount of the solvent was
taken and 1 M LiFSI (Provisco) was added into the sulfolane solvent
and stirred in the glovebox for 24 hours. To check the ionic
conductivity of the obtained electrolyte, measurements were
performed using a Mettler Toledo SevenGo Duo pro pH/ORP/Ion/
Conductivity meter SG78 with an InLab 738ISM probe under argon
in a glovebox from room temperature to 55 °C.

For SCPV measurements[28] a three-electrode cell was assembled
with C-coated Al foil as the working electrode and delithiated (until
3.4 V) lithium iron phosphate (LFP) as both the counter and
reference electrode in a pouch cell using glass fiber and Celgard
separators respectively for sulfolane and LP40 based cells. 150 μL
of electrolyte were used in each cell.

Delithiated LFP was obtained from a half-cell cycled with LP40 as
the electrolyte. The half-cell was cycled between 3.0 V and 4.2 V in
the first cycle and then charged up to 3.4 V. After that, the cell was
disassembled in the glovebox and washed with dimethyl carbonate
(DMC) and dried to obtain the delithiated LFP. LFP was chosen as a
reference electrode due to its stable nature against the electrolyte.
The LNMO voltage profile was obtained by cycling an LNMO jLP40 j
Li cell at room temperature in the voltage range of 3.5 to 5.0 V on
an Arbin BT cycler, USA at C/10 rate. The resultant voltage profile
was then modified by subtracting 3.4 V (LFP voltage plateau) to
correspond to a full-cell in the 0.1–1.6 V range. The SCPV measure-
ments were performed according to a procedure described in a
previous publication.[28] The CV measurements were performed on
a VMP2 Biologic potentiostat, in the potential range of 3.0–5.5 V at
a scan rate of 0.05 mV/s. The ICI measurements for internal
resistance measurements were tested in a three-electrode system
in a pouch cell wherein the working electrode was LNMO, the
counter electrode was graphite, and the reference electrode was
delithiated (until 3.4 V) LFP with sulfolane and LP40. The employed
ICI method was consisting of 1 s rest at 2 min intervals is described
in further detail in.[29]

The electrochemical performance of the LNMO-graphite full cells
was tested in pouch cells with sulfolane electrolyte and LP40
electrolyte respectively in a voltage range of 3.5–4.8 V on a BT-
2000 Arbin tester, USA. The pouch cells for CV, ICI, SCPV and for
testing the electrochemical performance, were assembled in an
argon filled glovebox (MBraun) with H2O and O2 <1 ppm. These
tests were done at room temperature.

Electrode morphologies were imaged via a Zeiss 1550 scanning
electron microscope (SEM). For post-mortem analysis, pouch cells
cycled in sulfolane and LP40 electrolytes were opened in an Ar-
filled glovebox. LNMO and graphite electrodes were then rinsed
with DMC five times using 4–5 droplets each time to remove salt
residues. Electrodes were placed on carbon tapes after drying off
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the DMC. Samples were transferred to the SEM in airtight glass
vials and exposed to air for 15–20 s before being transferred to the
SEM chamber. The accelerating voltage was 10 kV.

Surface characterization was performed through X-ray photo-
electron spectroscopy (XPS). The procedure for sample preparation
was the same as for SEM and an airtight transfer system was used
for the samples to avoid any exposure to air. Pristine and cycled
LNMO and graphite electrodes were analyzed using a Phi-5500
instrument with monochromatized Al Kα radiation (1486.6 eV).
Data calibration was made by linear shifting of the hydrocarbon
peak to 284.8 eV. CasaXPS was used for the analysis of the XPS
data.

Pressure monitoring of the cells was performed in a helium-leak
tested pressure cell (PAT-Cell-Press) of El-Cell® GmbH. The PAT-Cell-
Press consists of a lower plunger, upper plunger and insulation
sleeve which were all used as delivered by El-Cell. The plungers are
respectively made of aluminium and copper, acting as current
collectors. The insulation sleeve contains the pre-dried 260 μm
borosilicate-glass fiber separator which has a diameter of 18 mm
(GF/A of Whatman®, UK). LNMO and graphite electrodes were
punched to a diameter of 18 mm and dried under vacuum at
120 °C. The cell setup was helium leak tested and guaranteed a
minimum leakage rate of 0.3 mbar/hour. The separate cells
containing sulfolane and LP40 electrolyte were assembled with
100 μL electrolyte in an argon-filled glovebox (MBraun). After
assembly, the cells were placed in a climate chamber (KB53,
Binder® GmbH) and cycled at 30 °C using a Biologic potentiostat.
The cells were cycled up to 3 cycles (formation cycle at C/10)
employing the ICI technique with 1 s rest in 2 min interval. The
lower and upper cut-off potentials were respectively 3.5 V and
4.8 V.
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