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Abstract: While 1 M LiPFg has been widely adopted as the standard electrolyte in current
LIBs, its chemical instability has reduced the battery’s cycling stability by, for instance,
accelerating the dissolution of transition metals from electrode materials, particularly in
high-voltage cathodes. Lithium bis(fluorosulfonyl)imide (LiFSI) has emerged as a promis-
ing alternative salt for next-generation high-voltage energy-dense LIB electrolytes. How-
ever, despite extensive research, the optimal concentration and formulation of LiFSI remain
unresolved, with variations typically tested across different Li(Nijx.yMnxCoy)O, (NMC)
series cathodes. Herein, 6:4.5:8.3 LiFSI/EC/DMC (in molar ratio) is proposed as a universal
electrolyte for high-voltage NMC series cathodes. The 6:4.5:8.3 LiFSI/EC/DMC electrolyte
decomposes to form a uniform cathode—electrolyte interface with abundant inorganic
species, resulting in a lower interface resistance. By adopting the 6:4.5:8.3 LiFSI/EC/DMC
electrolyte, NMC series Li-ion half-cells are all able to stably cycle up to 200 cycles at a
cut-off voltage of 4.4 V. Especially for high Ni content (NMC 811) cathode, the capacity
retention was improved from 43.6% to 87.5% when charged to 4.4 V at 1C rate. This
work provides a feasible universal electrolyte formulation for developing next-generation
high-voltage LIBs.

Keywords: highly concentrated electrolytes (HCEs); cathode-electrolyte interface (CEI)
layer; Li(Nij.x.yMnxCoy)O, (NMC) cathodes; lithium bis(fluorosulfonyl)imide (LiFSI);
lithium-ion battery

1. Introduction

Electrification has been seen as a critical strategy to mitigate carbon emissions to the
environment and a way to decarbonize the energy supply chain [1,2]. Renewable energy is
one source from where electrical energy can be harvested; however, it is intermittent. This
would mean that energy can only be harvested when the conditions are favorable. Thus,
the storage of excess energies during favorable times will be key in ensuring a more reliable
energy supply even during unfavorable energy generation conditions. Lithium-ion batteries
(LIBs) are arguably the most popular and successful energy storage technology in today’s
world due to their high energy density and stability [3]. Other high-energy-density storage
batteries include metal-air batteries [4]. In metal-air batteries, oxygen from ambient air is
used as a cathode source; this reduces the weight of the battery and results in higher energy
density [5]. Additionally, the use of such a cathode source would significantly lower the
cost of the battery [5]. Despite metal-air batteries” potential, the cell’s lifetime is one major
challenge that hinders their wider adoption. Some of the causes that limit the cell lifetime
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of metal-air batteries include the corrosion of the electrode, stability of the electrolyte, and
rechargeability [5]. In the aspect of battery safety, sodium-ion batteries (SIBs) are promising
alternatives to LIBs due their better overall thermal stability, where the use of SIBs has been
seen to form less toxic and explosive gases during thermal runaway [6,7]. The established
thermal hazard assessment model in the study by Huang et al. further validated this when
it was concluded that the thermal risk of SIBs was several times less than that of LIBs [7].
Other benefits of SIBs include their low cost and abundance [7]. Despite these advantages,
SIBs’ lower energy density compared to LIBs makes LIBs more suited for applications with
high energy demands (which is one of the critical factors when deciding on the choice of
batteries) [8]. Thus, LIBs remain to be the most reliable option when it comes to energy
storage capabilities. With electrification gaining momentum [1,9], there is a need to advance
the capabilities of lithium-ion battery technologies to meet these higher energy demands.
Cathode materials have been considered an important component in LIBs because they
predominately affect the battery capacity and are often referred to as the source of energy or
the lithium source of the battery [10]. In recent years, high-voltage Ni-rich cathode materials
have garnered attention in energy-dense LIB research due to their ability to provide higher
capacity and power [10]; the operating voltage of the battery can be increased to obtain
higher specific capacity, and this is due to the ease of full Ni?*-to-Ni** oxidation compared
to Co while not involving oxygen redox activity as it will pose battery safety concerns if
triggered [11]. However, this increase in operating voltage would unfortunately jeopardize
the stability of the current state-of-the-art electrolyte [12,13].

Current state-of-the-art electrolytes include 1 molar (M) quantity of LiPFg as the main
lithium salt dissolved in solvents like ethylene carbonate (EC), dimethyl carbonate (DMC),
ethyl methyl carbonate (EMC), and diethyl carbonate (DEC), to name a few [14,15]. At high
voltages (>4.2 V [13]), water may be produced by the continuous oxidation of the carbonated
solvent with the singlet oxygen released from the cathode, especially NMC cathode [13],
which is not ideal given that LiPF¢ reacts with trace water to form hydrofluoric acid
(HF) [12,16]. HF is highly corrosive and would accelerate the dissolution of transition metal
ions and oxygen evolution from the cathode surface; it also reacts with the solid electrolyte
interphase (SEI) components and corrodes other cell components [17,18], resulting in
battery degradation. Other factors that would contribute to cell degradation would include
the charging conditions of the battery; for instance, overcharging would lead to electrolyte
oxidation and the deposition of lithium metal [19]. The operating and storage temperature
of the battery is another factor that will contribute to cell degradation due to active material
dissolution and phase changes; these temperatures would also affect the thermal stability of
the electrolyte [19]. Thus, developing a suitable electrolyte alternative for next-generation
high-voltage energy-dense LIBs is of great importance given its extensive presence within
the battery.

Lithium bis(fluorosulfonyl)imide (LiFSI) has emerged as a promising alternative
salt due to its superior conductivity compared to other lithium salts such as lithium
bis(oxalato)borate (LiBOB), lithium bis(trifluoromethanesulfonimide) (LiTFSI), and lithium
perchlorate (LiClO4) [20,21]. This enhanced conductivity is attributed to its low ion binding
energy, which facilitates improved Li* dissociation [22]. Recently, highly concentrated
electrolytes (HCEs) have been widely explored and demonstrated to be more stable at
high operating voltages (>4.2 V [13]) due to their higher oxidative stability and more
robust cathode—electrolyte interphase (CEI) layer [16]. Furthermore, in HCEs, the solvation
structure of Li* ions differs from those of the conventional dilute electrolytes, and this, in
turn, makes the CEI layer more influenced by the decomposition of lithium salt rather than,
traditionally, by the solvent [23]. The CEI layer is a critical component as it protects the
cathode by acting as a barrier between the electrolyte and cathode to reduce unwanted
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side reactions. A good CEI layer also represses the dissolution of transition metals from
the cathode [23] due to repeated Li-ion intercalation and deintercalation. This is important
as the dissolution of transition metals will result in irreversible lattice atom loss and gas
release [24,25]; this vicious cycle, when triggered, can degrade the battery performance.

Unlike conventional LiPFg electrolytes, which have 1 M as the common/standard
salt concentration, HCEs can have many concentrations, starting from 3 M [26]. When
limiting the search to only carbonate-based HCEs (e.g., DMC, EC, FEC, EMC, and DEC),
the literature has 4 M LiFSI-DMC (in Gr/NMC 622 and NMC 622 half-cells) [27], 10 M
LiFSI in EC/DMC (in Li/NMC 622 full cells) [28], ~7.9 M LiFSI in DMC (in Li/NMC
622 full cells) [29], and 9.9 M LiFSI in EC (in Si-Gr/NMC 111 full cells) [20] as optimal LiFSI
concentration in different battery configurations citing the benefits of HCEs compared to
conventional electrolytes. This wide range of optimal concentrations hints at the possibility
that there may not be a single optimal HCE concentration unlike in the case of 1 M LiPFg
electrolytes. A possible argument for the concentration difference obtained in the literature
could be due to the difference in battery cell set-ups (e.g., in testing parameters, cell config-
urations, the solubility of LiFSI salts in solvents, etc.). These factors would affect the CEI
layer formation, Li* solvation structure, and, eventually, the battery performance. To date,
no single formulation has been established as universally superior, and a comprehensive
comparison across all high-voltage NMC cathode materials has yet to be conducted.

This study investigated the potential of a single-concentration LiFSI-based electrolyte
as a common electrolyte for next-generation high-energy-density LIBs. Various concentra-
tions of LiFSI electrolytes were examined to identify an optimal formulation for improved
battery performance across NMC systems. The 6:4.5:8.3 LiFSI/EC/DMC configuration (in
molar ratio) was found to be the optimal electrolyte for all LiNil_X_yMnxCoyOQ cathode
half-cell systems, specifically LiNij.33Mng.33C00.330; (NMC 111), LiNiy.sMng.pCog..O»
(NMC 622), and LiNig.gMng.;Cop.1 Oz (NMC 811). The underlying mechanisms were eluci-
dated through comprehensive analyses including Electrochemical Impedance Spectroscopy
(EIS), Transmission Electron Microscopy (TEM), and X-ray Photoelectron Spectroscopy
(XPS). This paper offers a viable universal electrolyte formulation for the development of
high-energy-density LIBs.

2. Materials and Methods
2.1. Cathodes Preparation

NMC 111 active material was obtained from Xiamen TOB New Energy Technology Co.
Ltd, Xiamen, China, NMC 622 active material was obtained from Umicore, and NMC 811
active material was obtained from Hubei Ronbay Lithium Battery Material Co. Ltd, Ezhou,
China. The active material (NMCs) was magnetic-stirred with carbon black (Timcal C65)
and polyvinylidene fluoride (PVDF) using N-Methyl-2-pyrrolidone (NMP) as the mixing
solvent according to the mass ratio of 94:3:3. The resulting slurry was doctor-blade-coated
on battery-grade aluminum foil, purchased from Targray, Krikland, QC, Canada, to obtain
a mass loading of 9-11 mg/cm? active material. The cathode foils were further calendared
to ensure denser particle arrangement. A 12 mm diameter cathode was cut out using an
electrode cutter and dried overnight in a 130 °C vacuum oven before cell assembly.

2.2. Electrolyte Preparation

Ethylene carbonate (EC) and dimethyl carbonate (DMC) solvents were purchased
from Sigma-Aldrich, Singapore. The LiFSI salt was supplied by Arkema Pte Ltd., Colombes,
France. and weighed accordingly to form different electrolytes with different LiFSI salt
contents in a solvent mix of EC and DMC at 3:7 v/v. The lowest LiFSI salt content electrolyte
had a molar ratio of 3:4.5:8.3, LiFSI/EC/DMC. The LiFSI electrolyte containing mid LiFSI
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salt content had a molar ratio of 6:4.5:8.3 and the LiFSI electrolyte containing the highest
LiFSI salt content had a molar ratio of 7:4.5:8.3. The electrolytes were prepared in the
mbraun LABmaster pro glove box and stirred overnight before usage. The 1 M LiPFg in EC:
DMC 1:1 v/v electrolyte was used as received and purchased from Sigma-Aldrich, Singapore.

The concentration of 3 moles was used as the minimum concentration to be considered
a HCE (where LiFSI salt had seen success). Beyond 7 moles of LiFSI salt in EC/DMC
solvent, the authors were not able to obtain reproducible cycling data suitable for result
reporting (possibly due to the high viscosity of the electrolyte). Furthermore, with 6 moles
being the optimal LiFSI concentration, a concentration below 6 moles (3 moles) and above
6 moles (7 moles) would provide a comprehensive analysis of the impact of less optimal
electrolytes on the two ends of the spectrum, e.g., the effect of electrolyte that contained
less than 6 moles of LiFSI and the effect of electrolyte that had more than 6 moles of LiFS]I,
with 6 moles being the optimal concentration.

2.3. Half-Cell Assembly, Electrochemical Testing, and Electrolyte Properties

The coin cell parts used were purchased from Xiamen Tmax Battery Equipment Pte
Ltd., Xiamen, China. This included CR20232 Al-coated coin cell battery caps, Al-coated
springs, and Al spacers. The coin cell parts were dried under vacuum at 60 °C before
cell assembly in the glove box. The counter electrode, 14 mm pre-cut lithium metal, was
purchased from X2 Lab Pte Ltd., Singapore. and its surface was smoothened before cell
assembly. Whatman GF/F glass microfiber filter purchased from Cytiva was used as the
separator for this coin cell set-up. Assembled cells were tested using Neware tester at 1 C
rate. The cells were rested for 24 h before the commencement of the first charge/discharge
cycle of the battery; no formation cycles were conducted. The practical capacity used for
charging and discharge of NMC cathodes was 1 C = 160 mAh/g for all cathodes. Between
each charge and discharge, the cells were rested for a minute. The cells were charged to
4.4V and discharged to 2.8 V for 200 cycles.

Impedance measurements were conducted using BioLogic SP-300 (sourced from Bio-
Logic Science Instruments SG Pte Ltd., Singapore) and an equivalent circuit model was
fitted using EC-lab V11.12 software Z-fitting. The cells were tested from open circuit
voltage (OCV) and the impedance was measured from 0.1 Hz to 1 MHz versus open circuit
potential. The sinus amplitude used was 10.0 mV, the wait period before each frequency
was 0.1, the average measure for each frequency was 2, and the number of points per decade
in logarithmic spacing was 6. Linear sweep voltammetry (LSV) was used to determine the
electrochemical stability of the electrolytes. LSV was also performed using BioLogic SP-300,
where lithium was used as the counter and reference electrode and aluminum was used as
the working electrode. The testing parameters for LSV were as follows: the sweep started
from the OCV of the cell to 4.4 V (which was the voltage the cells were cycled up to) with a
scan rate of 1 mV/s.

The conductivities of the electrolytes were measured using a Mettler Toledo S7
Seven2Go pro conductivity meter (sourced from Mettler Toledo Singapore,). The cali-
bration of the meter was performed using a 12.88 mS conductivity standard from Eutech
Instruments, Singapore in ambient conditions and the actual conductivity measurement
of the electrolytes was conducted in the glovebox to ensure the accuracy of the results.
Next, the viscosities of the electrolytes were measured using the RheoSense microVISC
viscosity meter (sourced from LMS Technologies Pte Ltd., Singapore). The meter was first
calibrated with the N10 calibration oil from Cannon Instrument Company (sourced from
LMS Technologies Pte Ltd., Singapore) in ambient conditions and was brought into the
glove box when measuring the viscosities of the electrolytes. For conductivity and viscosity
measurements, the average values of 3 measurements were taken.
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2.4. Characterization Techniques

Shimadzu Kratos Axis Supra XPS, Shimadzu (Aisa) Pacific Pte Ltd., Singapore) was
used to identify the constituents in the CEI layer. The XPS was operated using an Al
anode source (15 kV) with a 700 pm x 300 um elliptical spot size. Survey scans were
conducted using a pass energy of 224 eV at 1 eV step size. The high-resolution scans
were conducted using pass energy of 26 eV at 0.1 eV step size. Using CasaXPS software
(version 2.3.15), the XPS peak fitting was conducted. The peaks were fitted using GL (30)
line shapes on a Shirley background and all spectra were corrected according to the binding
energy of the carbon 1 s peak (assigned to 284.8 eV), compensating any offset during
the measurement. The databases used for peak fitting included the table of elements for
XPS of atomic elements by ThermoFisher Scientific, Waltham, MA, USA [30] and NIST
X-ray Photoelectron Spectroscopy Database (SRD 20), Version 5.0 [31]. For XPS sample
preparation, the cycled cathodes were first disassembled in a glove box and retrieved.
Then, they were rinsed with anhydrous DMC before transferring into the XPS air-sensitive
transporter for sample loading into the flexi-lock of the XPS machine and vacuumed
overnight before analysis.

JEOL JEM-2200 FS TEM microscope, JEOL Aisa Pte Ltd., Singapore was used to image
the CEI layer due to presence of various electrolytes. The cryoEM technique was employed
due to the sensitivity of the interface on the cathodes to air; the cryoEM technique would
preserve the integrity of these cathode interfaces. In cryoEM, samples are preserved using
liquid nitrogen (LNy), resulting in a ‘freezing’ effect. In contrast, the conventional TEM
involves sample exposure to air before being transferred into the TEM for analysis. This
results in possible contamination of the cathode interfaces from ambient air, which can be
avoided with the use of cryoEM technique. The sample preparation for cryoEM was as
follows: the cathodes were first mixed with DMC solvent and drop-cast on the TEM grid in
the glove box. With minimal exposure to air, the grid was placed in a dewar filled with
LNj. The cooled grid was then transferred to the cryo workstation and placed on the TEM
cryo sample holder. The TEM was equipped with a ZrO/W(100) Schottky field-emission
gun and a 200 kV accelerating voltage was used for imaging. The magnification of the
microscope ranged from 50 k to 100 k depending on the thickness of the interface.

X-ray diffraction (XRD) Bruker D8 Advance, Bruker Singapore Pte Ltd., Singapore
was used to identify the crystal structure of the NMC cathodes before and after cycling to
ensure that the cell’s capacity fade was the result of the electrolytes rather than cathode
degradation. The XRD data were obtained from 15° and 90° (2Theta) with a step size of
0.02°. The time per step used was 0.5 s/step. The XRD patterns were fitted using MATCH!
Software (version 3.16) and its database.

3. Results and Discussion
3.1. Understanding the Effect of LiFSI Concentration

A series of LiFSI-based electrolytes were prepared by adding 3, 6, and 7 moles of LiFSI
salt into a solvent mix of EC and DMC to study the cycling stabilities of NMC cathode
cells due to these electrolytes. A 1 M LiPFq electrolyte was also used as a benchmark.
NMC-series (NMC 111, 622 and 811) Li-ion half-cells were assembled and tested ata 1 C
rate with a high cut-off voltage of 4.4 V. Figure 1 compares the cycling performances of
NMC batteries with different electrolytes. The initial discharge capacities for NMCs were
similar regardless of the electrolytes. As the battery cycled, a faster capacity decay could
be observed in the cells containing 1 M LiPFg electrolyte. The 6:4.5:8.3 LiFSI/EC/DMC
electrolyte provided the best cycle stability for all NMC batteries, extending to 200 cycles.
This highlights the superiority of HCEs compared to the conventional 1 M LiPFg electrolyte
in NMC-cathode battery systems for extended cycling (>100 cycles).
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Figure 1. Cycling performances of (a) NMC 111, (b) NMC 622, and (¢) NMC 811 half-cells at
1 C rate using 1 M LiPFg and different-concentration LiFSI electrolytes. The 1st and 200th cycle
charge/discharge curves with 1 M LiPFg and 6:4.5:8.3 LiFSI/EC/DMC electrolytes in (d) NMC 111,
(e) NMC 622, and (f) NMC 811 half-cells are shown.

In the NMC 111 cathode system, a capacity retention of 82.5% was achieved when
using the 6:4.5:8.3 LiFSI/EC/DMC as the electrolyte while the cell that contained a 1 M
LiPF electrolyte only achieved a retention of 60.3% (Figure 1a and Table 1). In NMC 622
and NMC 811 cathode systems, the highest capacity retentions were also achieved by the
cell containing the 6:4.5:8.3 LiFSI/EC/DMC electrolyte. In NMC 622, 86.0% of the discharge
capacity was retained in the cell cycled with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte while
only 62.0% of the capacity was retained by the cell containing the 1 M LiPFq electrolyte
(Figure 1b and Table 1). In the NMC 811 cathode system, 87.5% capacity retention was
achieved by the cell containing the 6:4.5:8.3 LiFSI/EC/DMC electrolyte, and the capacity
retention was only 43.6% when the cell was cycled with the 1 M LiPFg electrolyte (Figure 1c
and Table 1). An increasing trend of capacity retention improvement could also be observed
with an increasing nickel content in the cathodes (NMC 111 to NMC 622 to NMC 811). This
indicates that the optimal LiFSI electrolyte could be more beneficial for cathodes with more
aggressive composition (e.g., high Ni contents). The XRD patterns of the NMC cathodes
before and after cycling were analyzed to ensure no structural changes in the cathodes as
they would contribute to capacity fade (Figure S1). The XRD data showed very similar XRD
patterns for the pristine and cycled cathodes, indicating that the cathodes did not degrade
drastically and thus the capacity fade could be attributed to the influence of the electrolytes.

Based on the cycling performance of these NMC cells, the optimal 6:4.5:8.3 LiFSI/EC/DMC
electrolyte could be a viable alternative to the conventional 1 M LiPFg electrolyte for bat-
teries using LiNij.x.yMnxCoyO, cathode systems, especially for high Ni contents. The
galvanostatic charge/discharge (GCD) curves for cells containing 1 M LiFP4 and 6:4.5:8.3
LiFSI/EC/DMC were further compared. For these curves, more severe polarization was
observed in the cells containing 1 M LiPF. This was critical as polarization reduces the
efficiency of a battery and is detrimental to the cycling stability of the battery [32]. One form
of polarization will be concentration polarization, which is especially prominent at high
charging rates as the transference number of Li* ions is less than 0.4 in most conventional
LIB electrolytes, causing lithium salt to accumulate at the electrodes at the respective charge
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and discharge cycles [33]. This accumulation then causes a concentration gradient of Li salt
between the electrodes, building up overpotential opposing the net cell voltage [33]. The
6:4.5:8.3 LiFSI/EC/DMC electrolyte, containing more lithium salt, is likely more susceptible
to such polarization but was shown to be otherwise with smaller polarization, as depicted
in Figure 1d-f.

Table 1. Discharge capacities and capacity retentions of NMC half-cells containing 1 M LiPFg and
6:4.5:8.3 LiFSI/EC/DMLC electrolytes.

1M LiPF, EC/DMC 6:4.5:8.3 LIFSI/EC/DMC
Cathode cell NMC NMC NMC NMC NMC NMC
111 622 811 111 622 811
Initial discharge 185.0 190.1 2004 1912 190.8 195.5
capacity (mAh/g)
200th cycles discharge 4, 117.9 87.4 157.8 164.1 171.0
capacity (mAh/g)
Capacity retention (%)  60.3 62.0 43.6 82.5 86.0 87.5

Electrochemical Impedance Spectroscopy (EIS) analysis was first conducted on cycled
NMC half-cells to understand the reason for the superior cycle stability of the 6:4.5:8.3
LiFSI/EC/DMC electrolyte over other concentrations and the 1 M LiPFq electrolyte. It
is well known that resistance within a battery would affect the battery’s ability to carry
current and result in energy loss and performance degradation [34-36]. The plots obtained
were fitted to a circuit modelled to the reactions that occurred during the test. This fitting
would allow the data to be analyzed quantitatively. In a lithium-ion-battery half-cell system,
the EIS spectra mainly come from the working electrode, and thus, the model does not
need to consider the counter electrode [37]. This leaves the cathode, electrolyte, current
collector, and interfacial layer as the components providing resistance for ion movement.
During discharging, the Li-ion moves from the anode to the cathode through the electrolyte
and the electrolyte is the first form of resistance. Next, the Li-ion then passes through
the interfacial layer, which is another form of resistance, and this consists of double-layer
capacitance as well. Next, the Li-ion then experiences the double-layer capacitance once
again before entering the lattice of the cathode, which is also another form of resistance
(charge transfer). Additionally, resistances (charge transfer) and capacitance are also present
when charges interact with the current collector. These resistances and capacitances can
be categorized according to their response at high, medium, and low frequencies. The
slow transport process of chemical lithium diffusion, denoted by Warburg impedance, is
represented in the low frequency range; impedances due to charge transfer are usually
found in the middle frequency range and fast transport processes through the interface
layers can be measured at high frequencies [37]. In this study, the resistances within the cell
(electrolyte, separator, and electrodes) could be combined into one component called bulk
resistance (Rp,). However, given that electrolyte was the only variable when comparing EIS
spectra within the same NMC half-cell, Ry, could replaced with the ohmic resistance of the
electrolyte (R). Next, with the formation of an interfacial layer during battery cycling, the
resistance (Ryf) and capacitance (Qgy) of the interfacial layer were included in the equivalent
circuit model. Charge transfer resistance (R¢t) and double-layer capacitance (Qg;) were also
included in the model. Finally, the impedance due to diffusion processes, known as the
Warburg impedance (Zy), was also included.

Figure 2 shows the fitted curve for the different NMC cells with the respective elec-
trolytes and the corresponding fitted circuit model and the resistance values obtained from
the fit can be found in Tables S1-53, representing data from NMC 111, NMC 622, and
NMC 811 cells, respectively. Low Rq, values were found in the 3:4.5:8.3 LiFSI/EC/DMC
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and 1 M LiPFg electrolytes due to their lower salt contents (Tables S1-S3) [38]. Despite
the low electrolyte resistance, the cells containing these electrolytes did not show a good
cycling performance. Instead, better cycling performances were observed in NMC cells
containing 6:4.5:8.3 LiFSI/EC/DMC and 7:4.5:8.3 LiFSI/EC/DMC electrolytes, which had
much lower Ry and R values. This may lead us to conclude that interface resistance
(Rgf) and charge transfer (R.¢) may have a larger impact on battery cycle stability com-
pared to the bulk resistance of the electrolyte (Rn) [39,40]. The resistance values obtained
corresponded to the GCD results since resistance would affect the efficiency of energy
delivery [41], where low-resistance cells (specifically those with low Rgs, seen in cells using
the 6:4.5:8.3 LiFSI/EC/DMC electrolyte) had better cycling stabilities compared to the rest,
across LiNij x.yMnyCoyO, cathode systems. With the presence of interfaces in LIBs being
identified as one of the most critical issues [42], further interface characterization would aid
in understanding the factors that bring about this low-resistance interface that arises from
using the 6:4.5:8.3 LiFSI/EC/DMC electrolyte across LiNij x.yMnxCoyO, cathode systems.
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Figure 2. Nyquist plots of (a) NMC 111, (b) NMC 622, and (c¢) NMC 811 half-cells after 200 cycles
using 1 M LiPF¢ and different-concentration LiFSI electrolytes.

The cathode—electrolyte interface (CEI) layer is a critical component in the battery
as it influences multiple aspects of the cell and, most importantly, the cycling stability of
the battery [43]. Thus, understanding the formation of the CEI and identifying potential
components that contribute to and affect the interphase properties and thereby the battery
performance would be beneficial [25]. Transmission electron microscope characterization
was first employed to observe the morphology of the CEI layers due to the respective
electrolytes. The CEI layers, which were different due to the different LiFSI electrolytes
on the NMC cathodes, were first compared. The 3:4.5:8.3 LiFSI/EC/DMC electrolyte
gave an interphase that was thicker and provided inconsistent coverage on the cathode
surface, as seen in Figure 3a—c. The 6:4.5:8.3 LiFSI/EC/DMC electrolyte, on the other
hand, formed interphases that were more uniform in thickness, between 5 and 10 nm, and
covered the surface of the cathodes consistently (Figure 3d—f). The interphases with 7:4.5:8.3
LiFSI/EC/DMC (Figure 3g-i) were seen to be less consistent and thicker compared to those
with 6:4.5:8.3 LiFSI/EC/DMC. Thicker interphases potentially increase resistance to charge
transfer, as reflected in the EIS results, and thus are not ideal. Concerning the consistency
of the interface, it is possible that the inner CEI layer played a critical role in this issue.
The CEl layer has a complex multilayer structure and is formed due to the electrochemical
interaction between the electrolyte components and the cathode surface and the migration
of SEI components to the CEI layer [44]. Additionally, the process of CEI layer formation is
a dynamic process, and this involves the layer’s generation/disappearance/regeneration
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during the charge/discharge process [44]. Being a multilayer structure, the inner layer
of the CEI layer will be critical to the stability of the whole CEI layer as this medium
(the inner CEI layer) can possibly double up as an adhesive between the cathode and the
outer CEI layer, ensuring the formed CEI layer remain adhered to the cathode, protecting
it from further interaction with the electrolyte. However, such a hypothesis will have
to be verified using the XPS and TEM data of cathodes with shorter cycle numbers to
determine the layer’s composition and morphology and how it may allow good adhesion.
Thus, the inner CEI layer could have been the critical component differentiating 6:4.5:8.3
LiFSI/EC/DMC and 7:4.5:8.3 LiFSI/EC/DMC electrolyte interface consistency. So, with
the 6:4.5:8.3 LiFSI/EC/DMUC electrolyte, the cathode was more protected by the consistent
interphase, which was thin and less resistive, allowing better cycling stability. A further
comparison was performed on the interfaces of cycled and pristine cathodes, and no visible
interfaces were seen on the pristine cathodes (Figure S2). This further indicates that the
CEl layers observed, shown in Figure 3, were due to the interaction between the electrolyte
and the cathode surface.

Next, the effect of the LiFSI concentration on the CEI layer composition was further
studied using the XPS technique. From the composition obtained from the wide scan of
the CEI layers with the 3:4.5:8.3 LiFSI/EC/DMC, 6:4.5:8.3 LiFSI/EC/DMC, and 7:4.5:8.3
LiFSI/EC/DMC electrolytes on different NMC cathodes, a trend of an increasing fluorine-
to-carbon (F:C) ratio was observed with an increasing LiFSI salt concentration in the
electrolyte (Figure 4). The carbon ratio can represent decomposition products due to
the solvent and F was used to represent decomposition products due to the lithium salt,
LiFSI [28]. The ratios are tabulated in Table 2; the F:C ratio increased when the LiFSI
concentration in the electrolyte changed from 3 moles to 6 moles. A further increase in the
LiFSI concentration to 7 moles did see a further increase in the F:C ratio in NMC 111, but in
NMC 622 and NMC 811, the F:C ratio did not have a significant difference. This indicated
that the extent of the increasing salt concentration in terms of forming a more inorganic
interphase had reached an optimal/plateau point at 6 moles and a further increase in salt
concentration would have had minimal benefit in terms of increasing the inorganic nature
of the CEl layer. The presence of more inorganic content in the interphase was seen to be
more ideal as inorganics would improve the conductivity of the interphase [23,28,44,45],
resulting in more efficient charge transfer and increasing the cycling stability of the battery.

The O 1s scans of the CEI layers with electrolytes of different LiFSI concentrations on
different cathodes showed that with increasing concentrations of LiFSI in the electrolyte, the
CEl layers formed consisted of more inorganic O 1s components regardless of cathodes. This
was more ideal as organics would cause the interphase to be less conductive [23,28,44,45],
resulting in less efficient charge transfer, decreasing the cycling stability of the battery.
However, the increase in inorganic content had also brought about undesirable metal
oxide (Metal-O) components, which were found in the CEI layers on the NMC 622 and
811 cathodes (Figure 5b,c,e,fh,i). The metal oxide atomic% was seen to increase as the
LiFSI concentration increases, as evident in the peak areas of metal oxides in NMC 622
and NMC 811 cathodes (Figure 5b,ce,f,h,i). Metal oxides could contain lithium (potentially
dead lithium), which is critical for battery performance [46—48]; the migration of Li* ions
has also been seen to be affected by these oxides [49-51]. This was reflected in the poorer
cycling performance of batteries containing 7:4.5:8.3 LiFSI/EC/DMC electrolytes where
the CEI layers contained a higher content of metal oxides.
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Figure 3. TEM images of the CEI layers with 3:4.5:8.3 LiFSI/EC/DMC electrolyte on (a) NMC 111,
(b) NMC 622, and (c) NMC 811; with 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC
622, and (f) NMC 811 cathodes; and with 7:4.5:8.3 LiFSI/EC/DMC electrolyte on (g) NMC 111,
(h) NMC 622, and (i) NMC 811 cathodes (Yellow dashed lines were used as the default colour to
outline the interfaces, however, at area where the use of yellow dashed lines did not provide good
contrast, red dashed lines were used as a replacement).

In F 1s spectra, the increase in LiFSI in the electrolyte saw the CEI layer decrease in
metal-F to the FSI™ atomic percentage in all NMC cathodes. The difference was most promi-
nent when the concentration of LiFSI changed from 3 moles to 6 moles (Figure 6a—f). At
7 moles LiFSI, the F 1s spectra were very similar to those of the 6:4.5:8.3 LiFSI/EC/DMC and
7:4.5:8.3 LiFSI/EC/DMC electrolytes, producing CEI layers that contained slightly more
metal-F with respect to FSI™ (Figure 6d—i). Furthermore, the peaks obtained in the 3:4.5:8.3
LiFSI/EC/DMC LiFSI electrolyte, regardless of cathodes, were very different compared to
those in the 6:4.5:8.3 LiFSI/EC/DMC and 7:4.5:8.3 LiFSI/EC/DMC electrolytes, hinting that
the decomposition of the LiFSI salt is concentration-dependent. Having fluorine-containing
species, including LiF (metal-fluoride), CFy, and S-F (FSI™), has also been observed to
form a dense cathode interphase, suppressing unwanted reactions between cathodes and
electrolytes [28], similar to what was observed in this study. The ‘dark green metal-F" peak
could be assigned to LiSO,F, which was often seen in interphases due to the presence of
concentrated electrolytes [52,53], a product of LiFSI salt decomposition. As for the “blue
metal-F”, it was also a product of LiFSI decomposition, as widely reported in LiF [54].
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Figure 4. XPS wide scan composition of the CEI layers (in atomic%) due to presence of 3:4.5:8.3
LiFSI/EC/DMC electrolyte on (a) NMC 111, (b) NMC 622, and (c) NMC 811; due to presence of
6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622, and (f) NMC 811 cathodes; and
due to presence of 7:4.5:8.3 LiFSI/EC/DMC electrolyte on (g) NMC 111, (h) NMC 622, and (i) NMC
811 cathodes.

Table 2. F:C ratios of the CEI layer with different LiFSI electrolytes and NMC cathodes.

Electrolyte NMC 111 NMC 622 NMC 811
3:4.5:8.3 LiFSI/EC/DMC 0.37 0.31 0.45
6:4.5:8.3 LiFSI/EC/DMC 0.59 0.58 0.57
7:4.5:8.3 LiFSI/EC/DMC 0.66 0.55 0.58
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Figure 5. XPS O 1s spectra of CEI layers with 3:4.5:8.3 LiFSI/EC/DMC electrolyte on (a) NMC 111,
(b) NMC 622, and (c) NMC 811; 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622,

and (f) NMC 811 cathodes; and 7:4.5:8.3 LiFSI/EC/DMLC electrolyte on (g) NMC 111, (h) NMC 622,
and (i) NMC 811 cathodes.
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Figure 6. XPS F 1s spectra of CEI layers with 3:4.5:8.3 LiFSI/EC/DMC electrolyte on (a) NMC 111,
(b) NMC 622, and (c) NMC 811; 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622,
and (f) NMC 811 cathodes; and 7:4.5:8.3 LiFSI/EC/DMC electrolyte on (g) NMC 111, (h) NMC 622,
and (i) NMC 811 cathodes.

Finally, SO4%>~ was the major component in most of the S 2p spectra regardless of
the cathode or electrolyte (Figure S3). This ensured better Li* ion transport given that the
partial negative charges on the oxygen atoms of the SOy functional group could improve
the kinetic behavior of Li* ions through the ion hopping mechanism [55,56], lowering the
interfacial resistance of the CEI layers.

The XPS technique was also used on the pristine cathodes to identify the components
that made up the cathode surfaces. Figure S4 shows that the elemental components
included carbon, oxygen, and fluorine, with carbon being the major component (around
75 at.%) for all pristine cathodes. The formation of this carbon interface was likely due to
the interaction of the cathode surface with air during the preparation of the cathodes from
their powdered form to the eventual cathode sheet on an aluminum sheet. These carbon
interfaces were, however, very thin layers given that they were not obvious in the TEM
images of the pristine cathodes (Figure S2).

Opverall, the increase in LiFSI concentration in the electrolyte formed a more inorganic
CEI layer based on the increasing F:C ratio calculated from the wide scan and seen in
the O 1s narrow scan spectra. This increased the conductivity of the interphase, allowing
more efficient ion Li* transfer and thus improving the battery’s cycle stability. However,
the increased salt concentration also brought about a higher content of resistive metal
oxide, most prominent in the 7:4.5:8.3 LiFSI/EC/DMC electrolyte, which would affect Li*
migration and battery stability. Lastly, SO4>~ was the major component in most of the S 2p
spectra, regardless of the cathode or electrolyte; it ensured better Li* ion transport due to
the partial negative charges on the oxygen atoms of the SOy functional group, improving
the kinetic behavior of Li* ions through the ion hopping mechanism [55,56]. This lowered
the interfacial resistance of the CEl layers. Thus, the 6:4.5:8.3 LiFSI/EC/DMC electrolyte
was established as the optimal electrolyte due to its more conductive inorganic interphase
with a minimal detrimental effect of excess metal oxide due to high LiFSI salt contents.

3.2. Properties of LiFSI/EC/DMC and 1 M LiPFg Electrolytes

The LiFSI/EC/DMLC electrolytes were inherently more viscous compared to the 1 M
LiFPg electrolyte due to the difference in salt content in a given volume of electrolyte. The
viscosity of the electrolyte with the lowest LiFSI salt content, the 3:4.5:8.3 LiFSI/EC/DMC
electrolyte, had a viscosity of 13.43 mPa.s, close to four times that of the 1 M LiPFg elec-
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trolyte, which had a viscosity of only 3.50 mPa.s. This difference in viscosity became more
drastic as the LiFSI content in LiFSI/EC/DMC electrolyte continued to increase to 6 moles,
forming an electrolyte with 67.77 mPa.s, and at 7 moles, the viscosity reached 112.43 mPa.s
(Figure S5a). The high viscosity further implied that high salt-containing electrolytes had
lower conductivity, which was not ideal (Figure S5b) [57]. This highlights the drawback of
electrolytes containing high salt contents as low-viscosity electrolytes generally have better
wettability and conductivity /ion mobility, which enhances better performance [58].

The electrochemical stabilities of the formulated electrolytes were also studied with
the 1 M LiPF; electrolyte as a reference. Figure S4c shows the linear sweep voltammetry
plot of the different electrolytes. When compared to the 1 M LiPFg electrolyte, the 3: 4.5: 8.3
LiFSI/EC/DMC electrolyte produced higher oxidative current, indicating instability. With
the increase in the LiFSI salt concentration in the electrolyte, the 6:4.5:8.3 LiFSI/EC/DMC
electrolytes achieved a lower oxidative current than the 1 M LiPFy electrolyte, displaying
the electrochemical stability that an optimally concentrated high-salt electrolyte can bring
about. The oxidative currents of 6:4.5:8.3 LiFSI/EC/DMC and 1 M LiPF4 were 0.67 mA and
1.13 mA at 4.4V, respectively.

Then, the proposed electrolyte in this study was further compared with LiFSI-based
electrolytes available in the literature. In the literature available, conductivity values were
more available and thus used to evaluate the proposed electrolyte. When comparing five
different works on LiFSI-based electrolytes, it was seen that the conductivity of these
electrolytes ranged between 1.5 mS/cm and 3.1 mS/cm at temperatures between 25 °C
and 30 °C despite differences between the electrolytes’ salt contents. The electrolytes
compared included 4 M LiFSI DMC [27], 10 M LiFSI/DMC [28], 1:1.5 LiFSI/DMC [29], and
1:2 LiFSI EC [20]. The proposed electrolyte in this study has a conductivity of 2.2 mS/cm,
coincidentally within the range of the electrolytes found in the literature. This could hint
that, for highly concentrated electrolytes, at least, 1.5 mS/cm to 3.1 mS/cm might be
the more ideal electrolyte conductive range an electrolyte should have for it to be more
optimal. As for cost, the high-cost components are DMC and LiFSI. The cost of the proposed
electrolyte is SGD 22/mL (based on the price in Sigma-Aldrich), which is the median of
the electrolytes compared largely due to the less LiFSI and DMC used to formulate the
electrolyte compared to the amounts in electrolytes like 10 M LiFSI/DMC, which only
contains the costly components. These comparisons can be found in Table S4.

3.3. Optimal LiFSI Electrolyte Versus State-of-the-Art LiPFg Electrolyte

Next, the CEI layers on the NMC cathodes with the optimal LiFSI electrolyte, 6:4.5:8.3
LiFSI/EC/DMC, were further compared with the CEI layers with the 1 M LiPFg electrolyte.
Figure 7d-f show the CEI layer after 200 cycles in the 6:4.5:8.3 LiFSI/EC/DMC electrolyte
imaged using TEM. The interphases formed were continuous, uniform, and thin surface
layers on the NMC particles. These CEI layers ranged from 6 to 10 nm. In comparison,
inconsistent CEI layers were observed on the NMC particles cycled in the 1 M LiPFq
electrolyte, and they were inconsistent in thickness, ranging from 4 to 40 nm (Figure 7a—c).
These results indicate that 6:4.5:8.3 LiFSI/EC/DMC enabled efficient surface protection
on all the tested NMC cathodes. This difference was a possible reason for improved
cycling stability for the cells cycled with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte because
unwanted side reactions and growths in interfacial resistance can be reduced with a stable
CEl layer [25]. A stable CEI layer also preserves the cathode’s native structure since the
phase transition of layered structure to spinel, especially in NMC cathodes, is considered
the dominant factor for cell degradation [49]. The combination of a thinner and low-
impedance CEI layer (in the case of 6:4.5:8.3 LiFSI/EC/DMOC) is therefore beneficial for the
performance of high-voltage batteries [59,60].
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Figure 7. TEM images of the interfaces cycled with 1 M LiPFg on (a) NMC 111, (b) NMC 622, and
(c) NMC 811 and with 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622, and
(f) NMC 811 cathodes (Yellow dashed lines were used as the default colour to outline the interfaces,
however, at area where the use of yellow dashed lines did not provide good contrast, red dashed
lines were used as a replacement).

X-ray Photoelectron Spectroscopy (XPS) analysis on NMC cathodes was further con-
ducted to investigate the composition of the CEI layer. Figure 8 shows the elements and
their relative atomic% (at.%) values detected in the XPS wide scan of the CEI layers with
6:4.5:8.3 LiFSI/EC/DMC and 1 M LiPFq electrolytes in different NMC cathode systems.
The CEI layers with the 1 M LiPFg electrolyte were dominated by C constituents ranging
from 46.8 to 51.7 at.%. and other components included Li, fluorine (F), oxygen (O), and
phosphorous. The CEI layer with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte had a signifi-
cantly lower C constituent, with elements like Li, O and sulfur (S) contributing more to
the overall CEI layer composition (Figure 8) compared to 1 M LiPF4’s CEI layer compo-
sition. This difference in C at.% between the CEI layers was consistent across all NMC
cathode systems and should be further discussed given the critical role interphases like the
CEl layer play in determining a battery’s cycling performance [61,62]. The lower C at.%
would first indicate a less organic CEI layer that improved the ionic conductivity of the
CEI layers (leading to a less resistive CEI layer) [23,28,44,45] seen in the cells containing
the 6:4.5:8.3 LiFSI/EC/DMC electrolyte. Other benefits of a less organic CEI layer include
its effectiveness in protecting the cathode from side reactions [63,64], which preserves the
integrity of the cathode. Inorganic-rich CEI has a weak bond to transition metal oxide
cathodes, which will suffer less strain/stress during the volume change in the cathode,
maintaining its protection of the cathode surface [65]. Thus, the lower C content with the
6:4.5:8.3 LiFSI/EC/DMC electrolyte was essential for cathode preservation and efficient
ion transfer.

The deconvolution of the O 1s spectra revealed that the CEI layers with both the
6:4.5:8.3 LiFSI/EC/DMC and 1 M LiPF; electrolytes, regardless of the NMC cathode, were
composed of organic C-O and metal-CO3/organic C=0 as the main components (Figure 9).
In addition, a metal oxide peak was consistently detected on the cathode surface cycled
in 1 M LiPFg electrolytes. These metal oxide peaks, when matched to the database by the
National Institute of Standards and Technology (NIST) [31], could be assigned to lithium
oxides, nickel oxides, cobalt oxides, and manganese oxides. This could indicate dissolutions
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of transition metals from the cathode when the 1 M LiPF; electrolyte was used, and this may
have affected the migration of Li* ions [49,50], potentially affecting battery performance.
On the other hand, such metal oxide peaks were not detected (or were in lower area%) on
the cathode surface cycled in the 6:4.5:8.3 LiFSI/EC/DMC electrolyte. In addition, a peak at
~527/528 eV was constantly detected for the CEI layers with the 6:4.5:8.3 LiFSI/EC/DMC
electrolyte. This peak could be assigned to Li,O, which had this low binding energy as
its signature in the O 1s spectrum [66,67]. The benefits of having Li;O in the CEI layer
included enhancing the mechanical strength of the interphase and improving the diffusion
kinetics of Li* [68,69].
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Figure 8. XPS wide scan composition of the CEI layers (in atomic%) with 1 M LiPFg electrolyte
on (a) NMC 111, (b) NMC 622, and (c) NMC 811 and with 6:4.5:8.3 LiFSI/EC/DMC electrolyte on
(d) NMC 111, (e) NMC 622, and (f) NMC 811 cathodes.

In noting the deconvoluted F 1s spectra, it was observed that metal fluorides (metal-F),
organic F, and PF¢™ or FSI™ made up the spectra (Figure 10). Similar surface compositions
were observed across different cathodes, regardless of which electrolytes were used. The
metal fluoride peaks were not assigned to LiF as most of the literature did due to the
overlapping binding energies of LiF, MnF;, and NiF, [31]. CoF; could have contributed
to this range of binding energies as well [70]. Lower-binding-energy metal-F peaks were
consistently seen in the spectra with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte (Figure 10);
this indicated increased electron density around the F atom and hinted at a more inorganic
environment in the CEI layer due to the 6:4.5:8.3 LiFSI/EC/DMC electrolyte whereas in
the case of the CEl layer due to 1 M LiPFg electrolyte, organics dominated, supporting the
wide scan analysis.

Finally, S constituents made up about 10 at.% of the CEl layer with 6:4.5:8.3 LiFSI/EC/DMC,
a component that was not present in 1 M LiPFg’s CEI layer due to the different make-up of
the lithium salt. The influence of S on the properties of the CEI layer cannot be undermined
and plays a role in improved battery performance. SOy (e.g., SO4%~, SO3, and SO,) is a
functional group considered to be able to improve the surface stability of cathodes due to
its ability to allow only ion migration while inhibiting electron transfer and suppressing
electrolyte decomposition [55,71]. In particular, the partial negative charges on the oxygen
atoms of the SOx functional group can improve the kinetic behavior of Li* ions through the
ion hopping mechanism [55,56], implying that having a SOy functional group could effec-
tively improve the cycling performance of a Ni-rich NMC cathode. The fitted S 2p spectrum
(Figure S6) showed SOy constituents and could suggest its contributions to a better battery
performance, along with other desirable components of an ideal CEI layer [72].
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Figure 9. XPS O 1s spectra of CEI layers with 1 M LiPFg electrolyte on (a) NMC 111, (b) NMC 622, and
(c) NMC 811, and 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622, and (f) NMC
811 cathodes.
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Figure 10. XPS F 1s spectra of CEI layers with 1 M LiPFg electrolyte on (a) NMC 111, (b) NMC 622,
and (c¢) NMC 811, and with 6:4.5:8.3 LiFSI/EC/DMC electrolyte on (d) NMC 111, (e) NMC 622, and
(f) NMC 811 cathodes.

In summary, the CEI layers formed by the 6:4.5:8.3 LiFSI/EC/DMC electrolyte on
different NMC cathodes revealed Li, C, and O as the main components, with atomic
percentages (at.%) varying across cathodes, generally ranging from 20 to 30 at.%. In
contrast, the CEI layers formed using 1 M LiPFg electrolyte were dominated by C, com-
prising around 50 at.% of the layer, indicating a more organic CEI layer composition. The
lower C content and the reduced content of metal oxide in the CEI layers formed by the
6:4.5:8.3 LiFSI/EC/DMUC electrolyte increased the interface’s conductivity, allowing more
efficient charge transfer. Meanwhile, trace amounts of Li,O were consistently present,
contributing to the increased mechanical strength of the CEI layer and preserving the
cathodes’ integrity. Lastly, ~10 at.% of sulfur was consistently present in the CEI layer
with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte. It enhanced surface stability by allowing ion
migration while inhibiting electron transfer and suppressing electrolyte decomposition.
Notably, these beneficial components were only observed in the CEI layers formed by the
6:4.5:8.3 LiFSI/EC/DMC electrolyte due to the optimal salt concentration and the LiFSI
salt, enhancing the cycling stability of NMC batteries.

In high-salt-concentration electrolytes, the free solvent molecules are decreased by
increasing the anion content (salt content), and this increase in anion content changes the
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interfacial reactions on the electrode surface such as on the CEI layer. Consequently, the
solvation structure of Li* ion in the electrolyte also changes due to the increased lithium
salt concentration, and this alters the CEI layer’s properties [44,73], as evident from the
TEM and XPS results obtained. Specifically, the anions are decomposed in place of solvent
molecules, forming a CEI layer with lower organic content and higher conductivity [44].
Additionally, this decrease in organic content would also decrease the side reactions at the
interphase [63], ensuring good battery cycling stability as seen from the battery performance
with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte in this study. Despite the benefits of high salt
concentrations, excess lithium salt results in poorer battery cycling stability, as seen in the
7:4.5:8.3 LiFSI/EC/DMLC electrolyte, and thus an optimal lithium salt concentration needs
to be identified. The problems associated with electrolytes with higher-than-optimal salt
concentration include lower ionic conductivity and increased viscosity, which results in
cell polarization, decreasing the performance of the battery [74]. Additionally, this study
showed that the 7:4.5:8.3 LiFSI/EC/DMUC electrolyte produced interphases that contained
metal oxide and did not fully protect the cathode from the electrolyte’s interaction and
was thus less ideal than the optimal electrolyte, 6:4.5:8.3 LiFSI/EC/DMC. This established
that there was a critical concentration of lithium salt in the electrolyte; deviation from
this resulted in poorer battery stability. Figure 11 depicts a schematic representation of
the role of 6:4.5:8.3 LiFSI/EC/DMC vs. the 1 M LiPF; electrolyte on the cycle stability
of NMC-series LIBs. The use of 6:4.5:8.3 LiFSI/EC/DMC in the EC DMC electrolyte
has allowed consistent superior cycling stability in LiNij.x.yMnxCoyO, cathode half-cell
systems compared to the cells cycled with 1 M LiPFg electrolytes, achieving a capacity
retention improvement of up to 40%. The combination of less organic materials and
sulfur components on the NMC series cathode surfaces cycled in 6:4.5:8.3 LiFSI/EC/DMC
lowered the resistance of the CEI layer and contributed to better cycling stability in this
study (Figure 11). Furthermore, the CEI layers with the 6:4.5:8.3 LiFSI/EC/DMC electrolyte
were observed to be more consistent, reducing the cathodes’ interaction with the electrolyte
and unwanted side reactions, resulting in a notable improvement in the electrochemical
performance of NMC-series cathode LIBs.

1 M LiPF; electrolyte 6:4.5: 8.3 LIFS/EC/DMC electrolyte
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Figure 11. Schematic representation of 1 M LiPFg and 6:4.5:8.3 LiFSI/EC/DMC electrolytes” impacts
on the different cathodes’ interfaces and the corresponding cycling stabilities of the LIBs.
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4. Conclusions

The 6:4.5:8.3 LiFSI/EC/DMC (in molar ratio) electrolyte has been developed as a
universal electrolyte for NMC-based LIBs, improving the capacity retention of these bat-
teries from 43.6% to up to 87.5% under a high cut-off voltage 4.4 V. This has been due to
the 6:4.5:8.3 LiFSI/EC/DMC electrolyte’s ability to effectively reduce the cell resistances
and passivate the NMC cathode surface through the formation of low organic contents
and sulfur-containing component interfaces. These interfaces are also thin, continuous,
and robust compared to their conventional counterparts. All these findings extend the
conventional knowledge on the interface of NMC materials with LiFSI-based electrolytes
and provide an effective universal electrolyte for NMC-based LIBs.
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