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Abstract

Ionic liquid (IL)-based electrolytes have garnered significant interest for enhancing lithium-
ion battery (LIB) safety due to their non-flammability, thermal stability, high conductivity,
and broad electrochemical stability. We propose novel pyrrolinium-based ionic liquids to
enhance lithium-ion mobility and address safety concerns in LIBs. This study investigated
LiTFSI in [Pyr13] [FSI] ionic liquid for Li-ion batteries. The cyclic stability and rate perfor-
mance of single-layer full cells with commercial graphite anode and NMC532 cathode were
examined for the electrolyte required per cell and compared to those using a carbonate
electrolyte (LP30). Electrolytes containing LiTFSI/[Pyr13] [FSI] exhibited satisfactory rate
performance and stable cycling for 100 cycles. The reversible capacity was maintained at
over 22 mAh for a cycle period of 100 cycles with an electrolyte loading of 161.8 µL/cm2.
These electrolytes exhibited the highest oxidation stability, surpassing 5.3 V compared to
that of the Li+/Li reference electrode. Long cycle life of up to 1000 cycles was conducted,
showing 80% capacity retention. Post-mortem analysis using scanning electron microscopy
(SEM) and micro-Raman spectroscopy allowed observation of LiTFSI/ [Pyr13] [FSI] ef-
fects on cathode and anode active particle stability, and reduced formation of secondary
reactions between the IL and battery electrodes.

Keywords: Li-ion batteries; ionic liquid; separator; LiTFSI; FSI; Pyrrolinium based ionic
liquid; binary ionic liquid; LiTFSI-PPY13FSI

1. Introduction
Investigations into energy conversion and storage systems for small- and large-scale

devices have concentrated on lithium-ion batteries (LIBs) due to their balanced rate perfor-
mance and long cycling life [1,2]. To increase the total energy density of cells, numerous
types of electrode materials with high working voltages and specific capacities have been
developed [3–9]. This will enable LIBs to have broader applications in the future. Ex-
tensive studies have focused on the anode, cathode, and electrolyte, which are the three
fundamental components of lithium or lithium-ion batteries. Since the inception of lithium-
ion batteries, graphite has been the predominant anode material due to its unparalleled
combination of attributes. These attributes encompass its relatively low cost, abundance,
high energy and power density, and exceptional cycle life. Natural and synthetic forms of
graphite facilitate the reversible insertion of lithium ions at voltages proximate to that of
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lithium, achieving a maximum theoretical lithium storage capacity of 372 mAh/g [10–14].
Cathode materials generally consist of transition metal oxides that are capable of under-
going oxidation to higher valences upon the removal of lithium [15,16]. The oxidation of
the transition metal can preserve the charge neutrality within the compound; however,
significant compositional alterations frequently result in phase transitions. Therefore, it is
essential to utilize crystal structures that exhibit stability over broad compositional ranges.
Conventional cathode materials can be categorized by structure into layered LiMO2 (where
M = Co, Ni, Mn, etc.), spinel LiM2O4 (where M = Mn, etc.), and olivine LiMPO4 (where
M = Fe, Mn, Ni, Co, etc.). Studies have predominantly focused on these materials and
their derivatives. Recently, there has been a growing interest in new structural intercalation
materials, including silicates, borates, and tavorites [15–21].

Electrolyte solutions also should be designed optimally to ensure peak performance
within the electrochemical system. The electrolyte is essential for lithium-ion conduction
between the electrodes, as it must facilitate rapid ionic transport and create stable, conduc-
tive passivation layers on the electrodes. Furthermore, it should be capable of enduring
both oxidative and reductive decomposition [22–24]. As LIB systems progress towards
enhanced power and energy densities, electrolyte solutions encounter the challenge of
supporting faster rate capabilities across wider voltage ranges, especially with increasingly
demanding electrode materials. The choice of electrolyte composition, including lithium
salts, solvents, and additives, plays a crucial role in determining rate capabilities, capacity,
energy, cycle life, and safety. Standard electrolyte solutions typically consist of 1.0 M lithium
hexafluorophosphate (LiPF6) combined with a mixture of ethylene carbonate (EC) and
one or more of the following: ethyl methyl carbonate (EMC), dimethyl carbonate (DMC),
diethyl carbonate (DEC), in addition to various performance-enhancing additives [3,22,25].
Compared to other lithium salts like LiClO4, LiBF4, and LiAsF6 [22], LiPF6 does not have
the best lithium-ion mobility or any other remarkable traits; instead, it offers a mix of
balanced qualities. However, there are significant safety concerns with LiPF6. These in-
clude thermal instability at high temperatures, separation into gaseous PF5 and LiF, and
hydrolysis leading to the creation of HF [26]. The second chemical is extremely poisonous
and damages the solvents used in the electrolyte and the active materials used in the
electrodes. Lastly, it has been claimed that extremely harmful fluoroethanol derivatives can
be produced when ethylene carbonate and LiPF6 react at high temperatures with cathodes
based on transition metals, which may raise concerns for a thermal runaway, either by
an internal short or by external damage [8,23,27,28]. Consequently, the development of
a more robust lithium salt is unquestionably a crucial strategy for enhancing the safety
of lithium-ion battery electrolytes. Studies indicate that LiTFSI offers several benefits,
including excellent thermal and chemical stability, a high thermal decomposition point
(360 ◦C), resistance to moisture, superior ionic conductivity, and a broad electrochemical
window (5.0 V vs. Li+/Li, using glassy carbon as the working electrode). Furthermore,
LiTFSI finds extensive use in innovative battery designs, where it can create a stable SEI
layer on graphite anodes, significantly mitigating the dendrite issue on lithium anodes. As
a result, LiTFSI shows promise as a potential replacement for LiPF6 [29,30].

There are numerous advantages to using ionic liquid (IL) electrolytes in electrochem-
ical processes, including their low flammability, wide electrochemical window, and ex-
cellent thermal stability. After its discovery in 1985 by Armand and Moursli, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) quickly rose to the top of the list of potential
possibilities. For lithium-ion and lithium metal batteries, pyrrolidinium-based ILs with
bis(trifluoromethylsulfonyl)imide [TFSI] and bis(fluorosulfonyl)imide [FSI] anions have
been extensively studied because of their stability at very high electrochemical window
(5–6 V versus Li/Li+) [31,32]. It has been found that these ILs can prevent dendrite de-
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velopment on lithiated graphite and lithium metal by creating a stable solid electrolyte
interphase (SEI). This allows for rechargeable high-energy-density batteries to be cyclable
for a long time [33–38]. The practical challenges with Li+ mobility and the rate performance
of batteries with ILs stem from the poor conductivities and high viscosities of IL electrolytes
containing Li+ [23,39,40]. The ultimate objective is to entirely substitute frequently em-
ployed organic carbonate-based liquid electrolytes with non-flammable and leak-proof
systems that possess high Li+-ion mobility and little reactivity towards other cell compo-
nents. An example of this would be the successful demonstration that the integration of ILs
leads to an enhancement in ionic conductivity. As per the literature, very few researchers
demonstrated pouch cell prototypes with ionic liquids as electrolytes; Yamagata et al. [41]
demonstrated the normal cycling data under extreme vacuum conditions, Raghibi et al. [42]
characterized the evaluation of gases formed by comparing different electrolytes with ILs,
indicating less gas formation using LiTFSI ionic liquids, Moreno et al. [43] demonstrated
that the introduction of ternary electrolyte is capable of functioning through the utilization
of high-voltage NMC cathodes and graphite anodes. Takahashi et al. [44] demonstrated
the performance of NMC/Gr pouch cell with increased lithium salts concentration in ILs
with increased rate capability, and Chancelier et al. [45] produced an LTO/NMC coin and
pouch cells with imidazolium-based electrolytes to mainly highlight the electrochemical
and thermal stability with organic carbonate electrolytes over 50 cycles indicating they are
highly thermally stable and less stable for over-charge conditions.

Pyrrolidinium-based ionic liquids (ILs), including N-butyl-N-methyl pyrrolidinium
bis(trifluoromethylsulfonyl)imide (Py14TFSI) and N-propyl-N-methyl pyrrolidinium
bis(fluorosulfonyl)imide (PYR13FSI), have been identified as effective electrolyte com-
ponents for improving interfacial stability in lithium-based batteries. Their elevated electro-
chemical and thermal stability, non-flammability, and low volatility render them suitable
for inhibiting dendrite growth and enhancing cycle life. When utilized with fluorinated
anions such as FSI− or TFSI−, these ionic liquids decompose during electrochemical cycling,
resulting in the formation of durable, LiF-rich solid electrolyte interphases (SEI) on lithium
metal anodes and cathode electrolyte interphases (CEI) on high-voltage cathodes. Research
indicates that mixed-anion systems (TFSI/FSI) produce thicker and more uniform solid
electrolyte interphases (SEI) of approximately 110 nm, which improve lithium plating and
stripping behavior while mitigating parasitic reactions [46,47]. PYR13FSI-based electrolytes
on the cathode side stabilize CEI layers and reduce oxidative degradation, especially in
high-voltage materials (>4.5 V) such as LiNi0.5Mn1.5O4 [48,49]. Recent advancements
in gel-based quasi-solid-state electrolytes that include Py14TFSI and lithium salts have
demonstrated effective formation of SEI/CEI and stable lithium cycling under challenging
conditions [50]. The findings underscore the multifunctional role of pyrrolidinium ionic
liquids in enhancing the safety and performance of lithium battery systems, as stated in
Table 1 below.

Table 1. Pyrrolidinium ILs roles and mechanisms for the formation of stable SEI and CEI.

Role Mechanism

Electrochemical stability High anodic stability restricts decomposition at the cathode; stability against reduction
safeguards the anode [48].

LiF-rich layer formation The decomposition of FSI−/TFSI− results in the formation of stable, ion-conductive LiF at
the solid electrolyte interphase (SEI) and the cathode electrolyte interphase (CEI) [46].

Uniform deposition of Li Stable solvation contributes to the reduction in dendrite growth [50].

Suppression of side reactions Creates thick interphases that obstruct solvent/electrolyte access to electrode surfaces [48].

Temperature tolerances Elevated thermal stability facilitates a consistent interphase at high temperatures [50].
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The details discussed above effectively highlight the significance of ionic liquids (ILs);
however, a more detailed explanation regarding the selection of 1.3 M LiTFSI in Py13FSI
as the electrolyte is warranted. The selection of this system can be supported by a num-
ber of considerations. Initially, employing a lithium salt that possesses the same anion
(TFSI−) as the ionic liquid minimizes ion–ion mismatch, mitigates unfavorable clustering,
and enhances salt solubility and ion mobility [51,52]. The pyrrolidinium cation (Py13

+) is
well-known for its outstanding electrochemical stability, extensive electrochemical window,
thermal resilience, and non-volatility, which renders it especially appealing for lithium-
based systems. Moreover, elevating the concentration of Li salt typically leads to higher
viscosity and lower conductivity; however, a concentration around 1.3 M offers a suitable
compromise: adequate Li+ carrier density while maintaining optimal ionic conductivity.
The Py13FSI/LiTFSI system has been noted for its advantageous Li+ transference numbers
and enhanced interfacial stability with electrodes, which lead to improved SEI formation
and cycling performance [53,54]. Ultimately, electrolytes based in IL demonstrate enhanced
safety characteristics owing to their non-flammable nature and reduced volatility. Ad-
ditionally, the presence of the bis(fluorosulfonyl)imide anion (FSI−) contributes to the
suppression of crystallization and expands the liquid range [54]. Collectively, these factors
validate the choice of 1.3 M LiTFSI in Py13FSI for this study.

Our study investigates the design parameters, electrolyte loading of binary mix-
tures of ILs, with 1.3 M lithium bis (trifluoromethylsulfonyl)imide (LiTFSI) in 1-Methyl-
1-propylpyrrolidinium bis(fluorosulfonyl)imide (Py13FSI) as an electrolyte for our single-
layer pouch cell comprising NMC532 as cathode, graphite as anode, and GF/D separator
at room temperature (RT) with capacity of 40mAh. Furthermore, a standard organic elec-
trolyte, consisting of 1.0 M lithium hexafluorophosphate (LiPF6) in a mixture of ethylene
carbonate and diethyl carbonate (EC: DMC, 1:1 by volume), was evaluated for compara-
tive analysis. Formation cycles effect, cycling results, electrolyte loading, comparison of
different separators effect on the cell, and electrolyte degradation in open air were evalu-
ated for their electrochemical performances. In addition, we performed the post-mortem
analysis of the electrodes using scanning electron microscopy (SEM) and micro-Raman
spectroscopy to better understand the structural, composition, and surface morphologies
of the cycled electrodes.

2. Experimental Section
2.1. Materials

The commercial graphite and NMC532 electrode sheets obtained from NEI (NEI Corpo-
ration, Somerset, NJ, USA) which have nominal specific capacity values of around 372 mAh/g
and 165 mAh/g, ionic liquid (IL) consisting of 1.3 M lithium bis (Trifluoromethylsulfonyl)imide
(LiTFSI) in 1-Methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide (Py13FSI) from IoLiTEC
(IoLiTec-Ionic Liquids Technologies, GmbH), Germany, and LP30 (1M LiPF6 in EC: DMC,
1:1 by volume) from Sigma-Aldrich, battery grade were used for making a single-layer
pouch cell of 40 mAh capacity. Whatman GF/D was used as a baseline separator due to
improved wettability against ionic liquids. The anode consists of 4.2 × 5.2 cm graphite,
cathode is 4 × 5 cm NMC532, and the separator with 4.5 × 5.5 cm sizes were used for
the pouch cell fabrication. The N/P ratio of the cell was maintained at 1.1. Different
separators, named the ceramic-coated separator, were used in the pouch cell, whereas
Celgard membrane (Celgard2500, Celgard company, Selestat Cedex, France) cellulose and
polyamide from Sartorious, Germany, were used in CR2032.
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2.2. Electrochemical Characterization

Full and half cells in coin cell configurations were assembled within an argon-filled
glove box, where the levels of oxygen and moisture were maintained below 1 ppm. The
assembly utilized stainless steel CR2032 coin cell components sourced from MTI. The coin
cells were tested for high C-rates of 1 C and 2 C. The pouch cells underwent manufacturing
processes within the controlled environment of the dry room. Graphite and NMC-532
electrodes functioned as the anode and cathode, respectively, with a diameter of 15 mm.
Separators are composed of polyamide, cellulose, and Celgard 2500. All cells were saturated
with an electrolyte solution. Following construction, cells containing IL electrolyte were
maintained at room temperature for a duration of 12 h prior to testing.

The electrochemical stability window (ESW) was evaluated at room tempera-
ture (25 ◦C) using linear sweep voltammetry (LSV). Lithium symmetric cells (Li/Li) and
stainless steel (SS)/IL/CR2032 coin-type cells were assembled systematically, utilizing
15 mm diameter lithium metal foil for both the working and counter electrodes, with a
glass microfiber separator (Whatman GF/D) positioned in between and conducted using
VSP-3B-100 (Biologic, Seyssinet-Pariset, France) galvanostat/potentiostat system with an
applied sweep rate of 10 mV s−1. The charge–discharge tests and cyclic voltammetry (CV)
measurements were carried out on BCS-805 (Biologic) with a C-rate of 0.1 C and scan rate
of 0.05 mV·s−1. Table 2 shows the operation conditions for the formation of cycling and
charge–discharge protocol.

Table 2. Operating conditions for the pouch cell.

Operating Voltage Window 2.7–4.2 V

Operating Temperature RT

Formation Cycles 5 cycles CCCV(C/30)

Cycling Tests 100 and 1000 cycles 0.1 C(C/10) charge and discharge

The investigation of rate capability was conducted at various current densities ranging
from 0.05 C to 2 C (0.05 C → 0.1 C → 1 C → 2 C → 0.1 C). The current density was altered
after five cycles at each C-rate, maintaining a consistent cut-off voltage of 2.7–4.2 V. Follow-
ing assembly, cells with conventional and IL electrolytes were stored at room temperature
for 12 h before testing to assess electrolyte degradation in open air. One side of the pouch
cell is cut open and exposed to the external atmosphere while monitoring the daily weight
variation in the cells over the course of a week.

2.3. Post-Mortem Preparation

The pouch cells were first cut on the side, and then each layer was “peeled” with
non-conductive tweezers to cut small samples from all parts. In all cases, the separator was
too wet to be measurable and would not dry even after treatments at 70 ◦C during various
days. Filter paper was used to cover the electrodes and very lightly pressed for a couple of
seconds; this resulted in a significant reduction in IL, noticeable to the naked eye. After this,
samples were dried/stored at 60 ◦C for at least a day. Scanning electron microscopy (SEM)
analysis was performed in a Thermofisher Prisma-E SEM. Micro-Raman spectroscopy was
carried out in a Horiba Jobin–Yvon LabRaman Hr800 confocal microscope, using a 633 nm
focused He–Ne laser as an excitation source.

3. Results and Discussion
In the initial experiments, the electrochemical stability windows (ESWs) were estab-

lished using linear sweep voltammetry (LSV), revealing that ionic liquid (IL) electrolytes
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begin to decompose at voltages of 5 V or higher versus Li+/Li◦ (Figure S1). The anodic
and cathodic thresholds of ionic liquids (ILs) are dictated by the anion’s oxidation and the
cation’s reduction, respectively [55–60]. The high anodic stability at 5.3 V and 4.48 V of
the ionic liquid electrolytes is consistent with the findings of Haojun et al. and Perez et al.,
which indicate anodic stabilities of TFSI and LiTFSI-Pyr13TFSI at or above 5 V relative to
Li+/Li◦ at room temperature [61–64]. The cycling performances of Gr//NMC pouch cells
(approximately 40 mAh) were examined using two different electrolytes: conventional
electrolyte and 1.3 M LiTFSI in Py13(FSI), at a temperature of 25 ◦C. The tests of pouch cells
were conducted through three methods: (i) comparison of the formation cycle between
LP30 and IL, (ii) stabilization of the SEI via formation cycles, and (iii) quantification of
electrolyte (IL) loading (mL/cm2). In the experiments (i & ii), the batteries underwent
charging at a rate of C/30 until they reached 4.2 V and discharging at the same rate down to
2.7 V. In the third set of experiments, the batteries underwent a charge–discharge cycle at a
C/10 rate, ranging from 4.2 V to 2.7 V. Simultaneously, the currents necessary for sustaining
the cell voltage and the cell volumes were quantified. A subsequent series of experiments
were conducted to assess electrolyte degradation by measuring the weight of the cell under
open air conditions. The electrode surfaces were analyzed post-mortem using scanning
electron microscopy (SEM) and Raman techniques.

3.1. Comparison of Formation Cycle Between Electrolytes and Electrolyte Degradation

The formation process involves the growth of surface interfaces, which serve to
stabilize the electrolyte in relation to the lithiated graphite. The electrolyte undergoes
decomposition on the surface of the newly formed graphite anode, leading to the creation
of the solid electrolyte interface (SEI) layer. This layer serves as a passivation barrier,
exhibiting electrical resistance while allowing the conduction of lithium ions [12,53,65,66].
The SEI layer serves as a protective barrier, inhibiting ongoing electrolyte decomposition
and solvent co-intercalation within graphitic layers during subsequent cycles [67]. Most for-
mation processes employ three or more cycles at C/20 or C/30 charge and discharge rates.
In this study, we suggest the comparison and stable formation protocol for IL electrolytes.

The batteries underwent galvanostatic cycling for a total of two cycles during the
formation process. The program included two cycles at a C/30 rate for pouch cells, followed
by cycles at a C/10 rate as detailed in Table 2. The cycling performances of Gr-NMC pouch
cells were examined using the two electrolytes: 1 M LiPF6 [EC: DMC, 1:1 by volume], also
known as LP30, and 1.3 M LiTFSI in Py13(FSI).

Figure 1 shows the Coulombic efficiency (CE) profile of NMC 532/graphite cells for
the two-cycle formation protocol. The discharge capacities were below 24 mAh and 38 mAh
in the first discharge, yielding a first cycle. Coulombic efficiency (CE) was around 51% and
82% for LP30 and IL. The low Coulombic efficiency during the initial formation cycle is
anticipated due to electrolyte reduction occurring at the anode, leading to the formation of
the solid electrolyte interphase (SEI) [12,13,68]. The results indicate that the ionic liquid
demonstrates superior performance in comparison to the commercial electrolyte as LP30
did not have any additives included in it for better performance, concluding that the solvent
decomposes with cycling [8]. Additionally, there is a likelihood of an increased number
of formation cycles, which contributes to the establishment of a stable solid electrolyte
interphase (SEI) layer, thereby minimizing the cumulative irreversible capacity loss (ICL)
throughout all formation steps. A similar trend was followed during the second cycle.
The stable SEI for LP30 takes after some cycles as per the literature, which makes an
SEI thick layer for the time being, due to the continuous Li plating, SEI layer formation,
and some other factors that affect the LP30 electrolyte [69]. As for ILs, formation of
stable SEI, higher transport conductivity, and suppressed dendrite formation leads to
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higher CE than commercial electrolytes; this was not certain till now, and further studies
and characterizations need to be conducted in order to establish completely ILs-based
commercial cells.

Figure 1. Effect of electrolyte formation of LP30 and IL for 2 cycles at 25 ◦C.

3.2. Stabilizing the SEI by Formation Cycles

When electrons may move freely through the electrolyte and the electrolyte is subjected
to a wide voltage swing, two distinct phases—the anode solid electrolyte interphase (SEI)
and the cathode electrolyte interphase (CEI)—can emerge. At lower potentials on the
anode, reduction reactions cause electrolyte breakdown and precipitation, whereas at high
potentials on the cathode, oxidation reactions do the same. After the first charge/discharge
cycle, the capacity loss caused by electrolyte interphase formation is at maximum (ca. 10%
in the case of a graphite anode), then it drops dramatically after the second cycle, and finally
it drops to less than 0.05% after the third cycle and so on. The ratio of negative to positive
capacity, particle surface area, operating circumstances, etc., all have a role in the irreversible
capacity loss [68,70–72]. As the anode and cathode currently lack passivation layers that
provide electrical protection from the electrolyte, the majority of the electrolyte interphase
develops during the initial charge/discharge cycle. The preformed interphase layer from
the initial charging cycle obstructs the diffusion of solvent molecules to the electrode surface
and impedes electron transfer between the electrode and electrolyte. As a result, if the
anode graphite is not substantially exfoliated after the first cycle, subsequent cycling leads
to a marked reduction in electrolyte interphase formation [73,74]. The formation process is
the step during which the surface interfaces are grown to stabilize the electrolyte against
the lithiated graphite [75].

Figure 2 shows the formation cycles and CE profiles for two and five cycles. During
formation cycling, the discharge capacities for stabilizing the solid electrolyte interphase
(SEI) exhibit a slight increase of 1% charge efficiency (CE) per cycle, stabilizing around the
fourth cycle. A similar trend is observed in the fifth cycle, with approximately 98% CE
(Figure 2b). This indicates a reduced loss of active lithium during the critical formation
stages, which may have contributed to an increase in parasitic reactions, electrolyte decom-
position, and SEI growth during the initial cycle. The protocols align with conservative
formation strategies that utilize multiple full cycles at low C-rates, enabling them to last
several days [67,72,75,76]. The processes of Li intercalation and deintercalation induce
volume changes and mechanical stress in the Gr particles [10,77]. This phenomenon leads
to a break-and-repair mechanism that also impacts the SEI surrounding the particles. Con-
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sequently, several cycles may be necessary to achieve a stable layer. The results indicated
that a similar mechanism was observed in the multiple formation cycle strategy, which
facilitated stable and smooth cycling in subsequent stages. strategy for stable SEI formation,
which enables stable and smooth cycling later.

Figure 2. Single-layer Gr-IL-NMC532 pouch cell formation for (a) 2 cycles and (b) 5 cycles for
standardizing the SEI layer and electrochemical performance at 25 ◦C.

3.3. The Effect of IL Loading

The electrolyte loading is defined as a volumetric factor (vf), indicating the ratio of
electrolyte volume to the total pore volume of the anode, cathode, and separator. However,
the optimal vf is not consistently defined, as it may differ based on the cell design and ma-
terial system employed. Research on various Lithium–Nickel–Manganese–Cobalt-Oxides
(NMC) indicates that the optimal vf values range from 1.4 [78] to 1.9 [79], depending on the
proportions of nickel, manganese, and cobalt. Prior research in this domain has concen-
trated on evaluating cell performance and its impact on energy density. The mechanism by
which the electrolyte filling volume affects performance remains inadequately understood.
Research examining the relationship between aging phenomena and variations in vf is
insufficiently represented in the literature [78,79]. The filling process consists of multiple
stages where electrolyte liquid is dosed into the cell, succeeded by the intermediate wetting
of the cell components. The volume of electrolytes affects both the wetting rate of the
electrodes and separators, as well as limits the cell’s capacity and impacts the battery’s
lifespan. Excessive electrolytes constitute dead mass and diminish energy density [78].

Figure 3 illustrates the cell formation protocol throughout the lifetime test, contingent
upon the volumetric factor. The cells with vf 60, 80.8, 121.2, 161.8, and 202.02 µL/cm2

show not much change during the formation cycling, as they are performed at lower
C-rates [78,79]; however, there is already a sharp drop in capacity for vf 60, 80.8, and
121.2 µL/cm2 over the 100 cycles, the loss of their efficacy owing to a lack of electrolyte
inside the cells, which can be seen in Figure 4. Yang et al. [80] distinguished between linear
and non-linear aging behavior. The increase in SEI, mainly at the cost of electrolyte, is the
critical element during the linear phase. Non-linear aging acts as an indicator for lithium
plating, which is initiated by pronounced local electrolyte gradients at the anode and the
interface with the separator [80]. It is assumed that the capacity that could not be recovered
during discharge will be assigned to a subsequent phase of SEI development, as shown by
the efficiency in Figure S2. In addition to the solid electrolyte interphase (SEI) recreation
caused by cracking during operation, an additional SEI is formed as unwetted regions
draw electrolyte from already wetted areas, which is a consequence of a shift in the existing
balance of forces. As electrolyte depletion advances, the ionic conductivity within the pores
of the separator diminishes, ultimately leading to the cessation of the cells’ functionality.
The depletion of the electrolyte and the subsequent lithium plating are identified as the
failure mechanisms of the cells [73].
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Figure 3. Effect of amount of IL at (a) 60 µL/cm, (b) 80.8 µL/cm2, (c) 121.2 µL/cm2, (d) 161.8 µL/cm,
and (e) 202.02 µL/cm2 on formation of Gr-IL-NMC532 single-layer pouch cell performed at C-rate of
0.1 C at 25 ◦C.

Figure 4. Charge–discharge profile performed at a C-rate of 0.1 C for IL addition of (a) 60 µL/cm,
(b) 80.8 µL/cm2, (c) 121.2 µL/cm2, (d) 161.8 µL/cm2, and (e) 202.02 µL/cm2 for Gr-IL-NMC532
single-layer pouch cell at 25 ◦C.

Increasing the electrolyte amount up to vf 161.8 µL/cm2 enhances cell performance as
seen in Figure 4d, thereby reducing capacity loss over their lifespan. In larger quantities
(vf 161.8 and 202.02 µL/cm2), a significant capacity loss is evident in the expanded depiction
of the 100 cycles at 0.1 C, as shown in Figure 4d,e. Cells having a lower vf cycle are worse
than seen in Figure 4a–c. A moderate and linearly constant discharge capacity decline
throughout the cycle illustrates this. Figure S3 indicates the discharge profile of all vf

in a single graph. When vf ~161.88 µL/cm2 is reached, the cell performance is only
stable for ~1000 cycles, as in Figure S4, due to minimal surplus pore volume. A relatively
advanced electrolyte consumption causes “roll-over failure” or “sudden death” capacity
fading [81,82]. Due to electrolyte deterioration and immobilization, the cell becomes dry,
reducing electrode active areas and cell capacity [81]. Increasing the electrolyte capacity to
vf 161.8 µL/cm2 improves cell performance and removes severe degradation at the end
of life; hence, raising the electrolyte volume over vf 161.8 µL/cm2 does not improve cell
performance. Higher electrolyte contents lead to a faster reduction in discharge capacity
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during the first 65 cycles, which is a disadvantage. As vf increases, capacity decreases.
Electrochemical data can be used to establish the optimal electrolyte filling volume for
the cell system evaluated, resulting in the highest cell performance. This supports prior
research by Günther et al. [78], An et al. [79,83], and Lechtenfeld et al. [84]. Their respective
CE profiles are shown in Figure S2. Different types of commercially available separators
(Celgard 2500, polyamide, cellulose, and ceramic-coated separators), along with the GF-
D, have been used to test the compatibility of the IL, as in Figure S5. Compared to the
ceramic-coated separator (Figure S5d), which shows a significant charge–discharge capacity
of around 2 mAh capacity at 100 cycles, remaining separators are unable to obtain any
electrochemical reactions in the cell which we reported as 0 mAh.

Figure S6 illustrates the dQ/dV, for better understanding of the SEI formation.
Figure S5a illustrates the plots for formation cycling and Figure S6b illustrates the plots for
100 cycles of 161.8 µL/cm2 electrolyte loading for the single-layer pouch cell. During the
formation cycling, the redox peaks show that there are four distinctive peaks, mainly 3.46 V,
3.64 V, and 3.78 V, indicating that there is an impedance growth in the cell. It can be seen
that the polarization rose from initial cycle and then subsequently stabilized finally around
fifth cycle. The observed peaks at 3.46 and 3.64 V during charging correspond to alterations
in the crystal structure, specifically the transition from graphite C6 to LiCx, as well as the
H1-M phase change in the NMC. During the initial charge and discharge cycle of the cell,
a phenomenon occurs characterized by a reduction in capacity referred to as ‘irreversible
capacity loss’, primarily associated with the formation of the solid electrolyte interphase
(SEI) layer [79,84–86]. For the 0.1 C cycling, dQ/dV plots indicate two distinctive peaks
around 3.61 V and 3.82 V related to complete stabilization of the SEI layer throughout the
cycling [79,84].

The charge–discharge curves of graphite and NMC532 for the 1st, 2nd, 3rd, 5th, 10th,
50th, and 100th cycles are shown in Figure S7a,b. The discharge curves of graphite show
multiple plateaus below 0.2 V corresponding to the formation of lithium–graphite intercala-
tion [10,12,13,85] and the Li+. The specific capacities of both electrodes are 267 mAh/g and
150 mAh/g, respectively. Figure S7c displays the cyclic voltammograms of the graphite
analyzed at a scan rate of 0.05 mV s−1 at the potential 0–3 V. Two reduction current peaks
were observed in the graphite electrode, occurring at 0.71 V (peak I) and 0.06 V (peak II), re-
spectively. The observed peaks indicate two distinct stages in the reductive decomposition
of TFSI/FSI molecules, leading to the formation of an SEI [46,47,85]. The peak was observed
only in the first cycle, indicating that the formation of the SEI film predominantly took place
during this initial scanning phase, with no further appearances in the subsequent cycles.

Figure S7d displays the cyclic voltammograms of the NMC532 analyzed at a scan
rate of 0.05 mV s−1 at the potential 2.7–5 V. The pristine NMC532 CV displays a singular
pair of cathodic and anodic peaks at 3.59/3.89 V, these redox peaks correspond to the
Ni4+/Ni3+ and Co4+/Co3+ redox couples [86,87]. The height and potential position of the
oxidation peak in the initial voltammogram varies from those observed in the following
voltammograms. The observed difference arises from the development of the cathode
electrolyte interphase (CEI) on the cathode electrode’s surface during the initial cycle of
delithiation [88,89].

To determine the utility of a Gr-NMC532 cell with 1.3 M LiTFSI in Py13(FSI) electrolyte
solution, charge and discharge capacity was observed at rates between 0.05 C and 2 C
(Figure 5a). Changing the discharge rate up to 2 C during many low- and high-rate dis-
charge cycles does not permanently reduce discharge capacity. This confirms the system’s
strong cycling ability. As expected, capacity decreases with discharge rate, especially when
comparing 0.1 C and (1 C, 2 C) data as shown in Figure S8a,b. The Coulombic efficiency is
close to 98% across all discharge rates, so the capacity drop, especially at higher discharge
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rates, is not due to damage but rather to lithium transport limitations between Gr-NMC532
electrodes [90]. The capacity at 0.1 C is around 25 mAh which aligns with electrolyte
loading of 161.8 µL/cm2 (Figures 4d and S2d).

 

Figure 5. (a) Power cycle at 0.05 C, 0.1 C, 1 C, 2 C, 0.05 C, and 0.1 C at 25 ◦C for 161.8 µL/cm2

electrolyte loading and (b) stability of electrolyte degradation in open air conditions between LP30
and 1.3 M LiTFSI in Py13(FSI).

In Figure 5b we can see electrolyte degradation in open air conditions within a week,
where we can see that LP30 (black line) degrades day by day and forms precipitates as
shown in Figure S9a,b. The results shown are normalized weight decay of electrolyte,
indicating that there is a slow decay rate of organic compounds through the time period
for LP30, while for IL it is stable around 0.8, indicating a very small amount of Li salt has
been degraded and evaporated and is constant at room temperature (red line) as supported
by the TGA results [69,91,92]. For LP30 the solvent evaporation takes place continuously,
and the color of the electrolyte changes into pale yellow, as can be seen in Figure S9b,
with white precipitate formation shown in the circled area (green color) (Figure S9a); this
indicates further degradation of the LiPF6 compound [91,93–95]. Figure S10 indicates that
there might be a chance of an IL pouch cell performing an electrochemical reaction after
1 week of exposure to RT with less capacity obtained, around ~13 mAh capacity, for around
16 cycles. This might be due to loss of low boiling point solvents in the IL, for which further
characterization is needed in the future. Depending on the electrochemical performances
and its physical characterization, the IL properties are summarized in Table S1.

3.4. Post-Mortem Analysis

The post-mortem examination of cycled battery cathode and anode samples aims to
uncover the main factors contributing to battery capacity reduction. Investigations are
underway to identify and elucidate the formation of deposits, including layers, structural
changes in cycled materials compared to their pristine electrodes, and the development of
inactive components.

3.4.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is frequently utilized to examine the surface
and internal morphological features of electrode materials. Using a scanning electron
microscope (SEM), we may examine lithium plating, macroscale porosity, SEI thickness and
shape, particle interconnectivity, fracture development, and particle size [14,96,97]. The
analysis of the morphology of the SEI layer is of particular importance. One method to
enhance surface morphological contrast with the electron beam involves imaging at a low
electron acceleration voltage (approximately 1 kV). The thickness of the SEI can range from
several to hundreds of nanometres, typically exhibiting greater thickness on the anode in
comparison to the CEI on the cathode. Consequently, while an SEI layer is identifiable in
SEM images of anode surfaces, distinguishing the CEI layer on cathode surfaces is generally
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not feasible. The disassembled pouch cell is shown in Figure S11, where we can see through
the naked eye that the graphite electrode is exfoliated more and formed some pits on the
electrode surface [98].

Figure 6 shows the SEM images of pristine and cycled anode electrodes. From
Figure 6b,c we can observe the presence of irregular thin layers, with dimensions ranging
from few to tens of microns (marked in yellow arrows), deposited at the surface of the
cycled samples, marked in the corresponding SEM images, which can be associated with
the formation of the SEI layer. For the electrode with 161.8 µL/cm2 of IL (Figure 6d),
flower-like structures (yellow circle) with dimensions of tens of microns are formed as well
on top of the graphite particle. The electrode surface was coated with small particles due to
the use of an IL-based electrolyte. The particle structure exhibited no loose aggregates, and
the graphite electrode was enveloped by a compact and homogeneous polymer composite
layer, which markedly enhanced the battery’s capacity and cycle performance [99]. At the
surface of other anodes with either higher (Figure 6b) or lower (Figure 6c) quantities of IL,
202.02 µL/cm2 and 80.8 µL/cm2 respectively, the presence of deposits and layered features
at the surface of the samples, probably due to the formed SEI layer, appears to be lesser as
a higher roughness is observed. This fact can be related to the morphology of the graphite
used as active material, which could indicate a lower coverage and hence the formation of
a thinner SEI layer at the anode.

 

Figure 6. SEM images of Gr-IL-NMC532 single-layer pouch cells at 100 cycles. (a) Pristine graphite;
(b) 202.02 µL/cm2, (c) 80.8 µL/cm2, and (d) 161.8 µL/cm2 of electrolyte loading.

The surface morphology of the pristine cathode electrode and cycled electrodes in the
ionic liquid electrolytes were also analyzed by SEM. Figure 7a shows the surface of the
fresh electrode. In that case, the NMC active material particles can be observed among the
binder materials with no deposits present, as expected in the non-cycled sample. After
cycling, the surface of the electrodes cycled using IL turned fuzzy and some deposits can be
clearly observed (showed as yellow arrows), as shown in the corresponding SEM images
(Figure 7b,d). As for the analysis of the anodes presented above, deposits and layered
regions, possibly owing to the formation of SEI layer, are observed in all cathodes, being
more homogeneous for the sample with an IL quantity of 161.8 µL/cm2 (Figure 7d), as
indicated by the yellow color arrow insight. In that case, a thin layer covering all the active
material (AM) particles is observed, which can be related to the CEI formation [96,98–100].
Samples with higher quantities of 202.02 µL/cm2 of IL show a thin layer on top of the
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particles in addition to significant cracks, as observed in Figure 7b (shown in the yellow
arrow), resulting in an incomplete coverage of the cathode. On the other hand, lower
quantities of IL, 80.8 µL/cm2, appear to lead to particle dissolution and the formation of
different deposits at the surface of the cycled cathodes (Figure 7c).

Figure 7. SEM images of Gr-IL-NMC532 single-layer pouch cells at 100 cycles of cathodes. (a) Pristine
NMC532; (b) 202.02 µL/cm2, (c) 80.8 µL/cm2, and (d) 161.8 µL/cm2 of electrolyte loading.

3.4.2. Raman Spectroscopy

For the Raman spectroscopy measurements, at least ten measurements were per-
formed at different points of the cleaned electrodes after cycling and averaged to obtain a
statistically valid picture of their composition.

At the anodes, the average Raman spectra obtained presents a main region, at high
frequencies of 1200–1500 cm−1 (Figure 8a), related to the graphite and carbon compounds
used for the electrode fabrication [79]. The 1340 cm−1 peak is usually named D and
associated with disorder on the graphite structure, while the peak at around 1580 cm−1

is referred to as G and is typical of the perfectly ordered structure [101]. Variations in
the ratio of the peaks have been observed and could be associated with different degrees
of disorder. However, this association can be masked by the presence of varying carbon
organic compounds such as the ones related to the binder or the IL itself.

Figure 8. Micro-Raman spectroscopy measurements of Gr-IL-NMC532 single-layer pouch cells at
100 cycles with IL quantities of 202.02 µL/cm2, 80.8 µL/cm2, and 161.8 µL/cm2 of anodes (a) and
cathodes (b).

For the dried cathodes, the average Raman spectra obtained can be divided into two
clear regions (Figure 8b). The low frequency band at 400–700 cm−1 is associated with



Batteries 2025, 11, 428 14 of 19

the NMC vibrational modes [102,103] and the high frequency band composed of two
peaks at 1200–1500 cm−1 is related to the carbon compounds and IL used for the electrode
fabrication that, for the anodes, presents the D and G peaks. Significant variation can be
observed mainly for the cathode with low IL quantities with the significant modification of
the NMC-related bands, probably due to the formation of spinel and other inactive phases
during cycling [104], and the low intensity of this band compared to the one related to
organic compounds. On the other hand, the higher presence of IL quantities appears to
retain the NMC structure of the AM, as the vibrational modes correlate to that of typical
layered NMC [103].

All in all, although the complex composition of the electrodes with the combination
of active material, binders, and IL hinders a complete Raman spectroscopy analysis of
them, the measurements appear to indicate a better retention of the cathode active material
structure during cycling for the higher IL quantities, in correlation with the capacity
retention observed in the electrochemical analysis.

4. Conclusions
NMC532/graphite cells made with binary mixture LiTFSI-PPY13FSI ILE went through

a prolonged charging/discharging protocol at 0.1 C between 2.5 V to 4.2 V at room temper-
ature. This allowed for a thorough screening of the cells to determine which combination
of formation protocol yielded cells with the least amount of capacity fade and stable SEI
and CEI. These cells which are being tested can increase the volumetric and gravimetric
energy densities of the Li-ion battery. Quantitative analysis of the ILE loading during and
after cycling determined the composition changes through SEM and Raman analysis.

SEM surface morphological analysis and Raman spectroscopy indicated the formation
of deposits and layered regions with micrometric dimensions at the surface of the cycled
samples, especially for IL loading around 161.8 µL/cm2, which could be associated with the
formation of SEI and CEI layers. Moreover, the measurements confirm multiple formation
cycling at five cycles is optimal for stable SEI for a long cycle life of around 1000 cycles.
Further investigation into separators is warranted to improve wettability and facilitate
their application in commercial pouch cell systems, thereby obviating the necessity for GF
separators. Such advancements have the potential to enhance various electrochemical and
thermal properties, particularly when a minimal quantity of IL is employed to wet the
separator, thereby augmenting energy densities.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/batteries11110428/s1, The supplementary data indicates some elec-
trochemcial chracterization data and postmortem images of the pouch cell. References [10,12,13,83,87]
are cited in the Supplementary Materials.

Author Contributions: Conceptualization, D.M., K.B.D. and B.M.; Methodology, P.K.D., J.G.-A. and
K.B.D.; Data curation, P.K.D. and J.G.-A.; Writing—original draft, P.K.D. and J.G.-A.; Writing—review
& editing, D.M., K.B.D., B.M. and M.B.; Visualization, P.K.D.; Supervision, D.M., K.B.D., B.M., J.V.M.
and M.B.; Project administration, D.M., K.B.D., B.M., J.V.M. and M.B.; Funding acquisition, D.M.,
B.M., J.V.M. and M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was developed under the framework of the BAT4EVER project that has
received funding from the European Union’s Horizon 2020 research and innovation program under
grant agreement No. 957225.

Data Availability Statement: The data presented in this study are available on request from the cor-
responding author on reasonable request. The data are not publicly available due to privacy policies.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/batteries11110428/s1
https://www.mdpi.com/article/10.3390/batteries11110428/s1


Batteries 2025, 11, 428 15 of 19

References
1. Lu, L.; Han, X.; Li, J.; Hua, J.; Ouyang, M. A review on the key issues for lithium-ion battery management in electric vehicles. J.

Power Sources 2013, 226, 272–288. [CrossRef]
2. Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the development of advanced Li-ion batteries: A review.

Energy Environ. Sci. 2011, 4, 3243. [CrossRef]
3. Scrosati, B.; Garche, J. Lithium batteries: Status, prospects and future. J. Power Sources 2010, 195, 2419–2430. [CrossRef]
4. Croguennec, L.; Palacin, M.R. Recent Achievements on Inorganic Electrode Materials for Lithium-Ion Batteries. J. Am. Chem. Soc.

2015, 137, 3140–3156. [CrossRef]
5. Obrovac, M.N.; Chevrier, V.L. Alloy Negative Electrodes for Li-Ion Batteries. Chem. Rev. 2014, 114, 11444–11502. [CrossRef]

[PubMed]
6. Chen, J. Recent Progress in Advanced Materials for Lithium Ion Batteries. Materials 2013, 6, 156–183. [CrossRef]
7. Julien, C.; Mauger, A.; Zaghib, K.; Groult, H. Comparative Issues of Cathode Materials for Li-Ion Batteries. Inorganics 2014, 2,

132–154. [CrossRef]
8. Das, D.; Manna, S.; Puravankara, S. Electrolytes, Additives and Binders for NMC Cathodes in Li-Ion Batteries—A Review.

Batteries 2023, 9, 193. [CrossRef]
9. Akella, S.H.; Taragin, S.; Mukherjee, A.; Lidor-Shalev, O.; Aviv, H.; Zysler, M.; Sharon, D.; Noked, M. Tailoring Nickel-Rich LiNi0.8

Co0.1 Mn0.1 O2 Layered Oxide Cathode Materials with Metal Sulfides (M2S:M = Li, Na) for Improved Electrochemical Properties.
J. Electrochem. Soc. 2021, 168, 080543. [CrossRef]

10. Mickelson, L.; Castro, H.; Switzer, E.; Friesen, C. Bulk Stress Evolution during Intercalation of Lithium in Graphite. J. Electrochem.
Soc. 2014, 161, A2121–A2127. [CrossRef]

11. Yu, P.; Popov, B.N.; Ritter, J.A.; White, R.E. Determination of the Lithium Ion Diffusion Coefficient in Graphite. J. Electrochem. Soc.
1999, 146, 8–14. [CrossRef]

12. Nie, M.; Chalasani, D.; Abraham, D.P.; Chen, Y.; Bose, A.; Lucht, B.L. Lithium Ion Battery Graphite Solid Electrolyte Interphase
Revealed by Microscopy and Spectroscopy. J. Phys. Chem. C 2013, 117, 1257–1267. [CrossRef]

13. Vissers, D.R.; Chen, Z.; Shao, Y.; Engelhard, M.; Das, U.; Redfern, P.; Curtiss, L.A.; Pan, B.; Liu, J.; Amine, K. Role of Manganese
Deposition on Graphite in the Capacity Fading of Lithium Ion Batteries. ACS Appl. Mater. Interfaces 2016, 8, 14244–14251.
[CrossRef] [PubMed]

14. Lee, S.-H.; You, H.-G.; Han, K.-S.; Kim, J.; Jung, I.-H.; Song, J.-H. A new approach to surface properties of solid electrolyte
interphase on a graphite negative electrode. J. Power Sources 2014, 247, 307–313. [CrossRef]

15. Guyomard, D. Advanced cathode materials for lithium batteries. In Energy Storage Systems for Electronics (New Trends in
Electochemical Technology), 1st ed.; Osaka, T., Datta, M., Eds.; CRC Press: Boca Raton, FL, USA, 2000; pp. 253–350.

16. Whittingham, M.S. Lithium Batteries and Cathode Materials. Chem. Rev. 2004, 104, 4271–4302. [CrossRef]
17. Akella, S.H.; Taragin, S.; Wang, Y.; Aviv, H.; Kozen, A.C.; Zysler, M.; Wang, L.; Sharon, D.; Lee, S.B.; Noked, M. Improvement of

the Electrochemical Performance of LiNi0.8 Co0.1 Mn0.1 O2 via Atomic Layer Deposition of Lithium-Rich Zirconium Phosphate
Coatings. ACS Appl. Mater. Interfaces 2021, 13, 61733–61741. [CrossRef]

18. Akella, S.H.; Mukherjee, A.; Lidor-Shalev, O.; Bashkurov, R.; Wang, Y.; Buchine, I.; Wang, L.; Zysler, M.; Ejgenberg, M.;
Kravchuk, T.; et al. Advanced Molecular Layer Deposition of SixZnyOz Thin Film Coatings for Improved Electrochemical
Performance of NMC811. Batter. Supercaps 2024, 7, e202400241. [CrossRef]

19. Sun, H.; Zhao, K. Electronic Structure and Comparative Properties of LiNixMnyCozO2 Cathode Materials. J. Phys. Chem. C 2017,
121, 6002–6010. [CrossRef]

20. Schipper, F.; Nayak, P.K.; Erickson, E.M.; Amalraj, S.F.; Srur-Lavi, O.; Penki, T.R.; Talianker, M.; Grinblat, J.; Sclar, H.; Breuer, O.;
et al. Study of Cathode Materials for Lithium-Ion Batteries: Recent Progress and New Challenges. Inorganics 2017, 5, 32. [CrossRef]

21. Xiang, J.; Wei, Y.; Zhong, Y.; Yang, Y.; Cheng, H.; Yuan, L.; Xu, H.; Huang, Y. Building Practical High-Voltage Cathode Materials
for Lithium-Ion Batteries. Adv. Mater. 2022, 34, e2200912. [CrossRef]

22. Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chem. Rev 2004, 104, 4303–4418. [CrossRef]
23. Xu, K. Electrolytes and Interphases in Li-Ion Batteries and Beyond. Chem. Rev 2014, 114, 11503–11618. [CrossRef]
24. Li, M.; Wang, C.; Chen, Z.; Xu, K.; Lu, J. New Concepts in Electrolytes. Chem. Rev 2020, 120, 6783–6819. [CrossRef]
25. Myung, S.-T.; Hitoshi, Y.; Sun, Y.-K. Electrochemical behavior and passivation of current collectors in lithium-ion batteries.

J. Mater. Chem 2011, 21, 9891. [CrossRef]
26. Sloop, S.E.; Pugh, J.K.; Wang, S.; Kerr, J.B.; Kinoshita, K. Chemical Reactivity of PF5 and LiPF6 in Ethylene Carbonate/Dimethyl

Carbonate Solutions. Electrochem. Solid-State Lett. 2001, 4, A42. [CrossRef]
27. Martins, V.L. Advances on liquid electrolytes for Li-ion and Li metal batteries. Curr. Opin. Electrochem 2023, 38, 101241. [CrossRef]
28. Marcinek, M.; Syzdek, J.; Marczewski, M.; Piszcz, M.; Niedzicki, L.; Kalita, M.; Plewa-Marczewska, A.; Bitner, A.; Wieczorek, W.;

Trzeciak, T.; et al. Electrolytes for Li-ion transport–Review. Solid. State. Ion. 2015, 276, 107–126. [CrossRef]

https://doi.org/10.1016/j.jpowsour.2012.10.060
https://doi.org/10.1039/c1ee01598b
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1021/ja507828x
https://doi.org/10.1021/cr500207g
https://www.ncbi.nlm.nih.gov/pubmed/25399614
https://doi.org/10.3390/ma6010156
https://doi.org/10.3390/inorganics2010132
https://doi.org/10.3390/batteries9040193
https://doi.org/10.1149/1945-7111/ac2021
https://doi.org/10.1149/2.0591414jes
https://doi.org/10.1149/1.1391556
https://doi.org/10.1021/jp3118055
https://doi.org/10.1021/acsami.6b02061
https://www.ncbi.nlm.nih.gov/pubmed/27152912
https://doi.org/10.1016/j.jpowsour.2013.08.105
https://doi.org/10.1021/cr020731c
https://doi.org/10.1021/acsami.1c16373
https://doi.org/10.1002/batt.202400241
https://doi.org/10.1021/acs.jpcc.7b00810
https://doi.org/10.3390/inorganics5020032
https://doi.org/10.1002/adma.202200912
https://doi.org/10.1021/cr030203g
https://doi.org/10.1021/cr500003w
https://doi.org/10.1021/acs.chemrev.9b00531
https://doi.org/10.1039/c0jm04353b
https://doi.org/10.1149/1.1353158
https://doi.org/10.1016/j.coelec.2023.101241
https://doi.org/10.1016/j.ssi.2015.02.006


Batteries 2025, 11, 428 16 of 19

29. Rajendran, S.; Ganesan, V.S.; Arava, L.M.R. Electrochemical instability of room-temperature ionic liquids with LiTFSI at elevated
temperature and its consequences in Li/Li-ion based half-cells and full-cells. Electrochim. Acta 2024, 498, 144599. [CrossRef]

30. Kimura, K.; Hassoun, J.; Panero, S.; Scrosati, B.; Tominaga, Y. Electrochemical properties of a poly(ethylene carbonate)-LiTFSI
electrolyte containing a pyrrolidinium-based ionic liquid. Ionics 2015, 21, 895–900. [CrossRef]

31. Li, Q.; Chen, J.; Fan, L.; Kong, X.; Lu, Y. Progress in electrolytes for rechargeable Li-based batteries and beyond. Green Energy
Environ. 2016, 1, 18–42. [CrossRef]

32. Appetecchi, G.B.; Montanino, M.; Zane, D.; Carewska, M.; Alessandrini, F.; Passerini, S. Effect of the alkyl group on the
synthesis and the electrochemical properties of N-alkyl-N-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide ionic liquids.
Electrochim. Acta 2009, 54, 1325–1332. [CrossRef]

33. Shkrob, I.A.; Marin, T.W.; Zhu, Y.; Abraham, D.P. Why Bis(fluorosulfonyl)imide Is a “Magic Anion” for Electrochemistry. J. Phys.
Chem. C 2014, 118, 19661–19671. [CrossRef]

34. Lewandowski, A.; Acznik, I. Impedance study of protecting film formation on lithium and lithiated graphite induced by
bis(fluorosulfonyl) imide anion. Electrochim. Acta 2010, 56, 211–214. [CrossRef]

35. Rothermel, S.; Meister, P.; Schmuelling, G.; Fromm, O.; Meyer, H.-W.; Nowak, S.; Winter, M.; Placke, T. Dual-graphite cells based
on the reversible intercalation of bis(trifluoromethanesulfonyl)imide anions from an ionic liquid electrolyte. Energy Environ. Sci.
2014, 7, 3412–3423. [CrossRef]

36. Best, A.S.; Bhatt, A.I.; Hollenkamp, A.F. Ionic Liquids with the Bis(fluorosulfonyl)imide Anion: Electrochemical Properties and
Applications in Battery Technology. J. Electrochem. Soc. 2010, 157, A903. [CrossRef]

37. Basile, A.; Bhatt, A.I.; O’Mullane, A.P. Stabilizing lithium metal using ionic liquids for long-lived batteries. Nat. Commun. 2016,
7, ncomms11794. [CrossRef] [PubMed]

38. Howlett, P.C.; MacFarlane, D.R.; Hollenkamp, A.F. High Lithium Metal Cycling Efficiency in a Room-Temperature Ionic Liquid.
Electrochem. Solid-State Lett. 2004, 7, A97. [CrossRef]

39. Elia, G.A.; Ulissi, U.; Jeong, S.; Passerini, S.; Hassoun, J. Exceptional long-life performance of lithium-ion batteries using ionic
liquid-based electrolytes. Energy Environ. Sci. 2016, 9, 3210–3220. [CrossRef]

40. Guerfi, A.; Duchesne, S.; Kobayashi, Y.; Vijh, A.; Zaghib, K. LiFePO4 and graphite electrodes with ionic liquids based on
bis(fluorosulfonyl)imide (FSI)−for Li-ion batteries. J. Power Sources 2008, 175, 866–873. [CrossRef]

41. Yamagata, M.; Tanaka, K.; Tsuruda, Y.; Sone, Y.; Fukuda, S.; Nakasuka, S.; Kono, M.; Ishikawa, M. The First Lithium-ion Battery
with Ionic Liquid Electrolyte Demonstrated in Extreme Environment of Space. Electrochemistry 2015, 83, 918–924. [CrossRef]

42. Raghibi, M.; Xiong, B.; Phadke, S.; Anouti, M. Role of the electrolyte in gas formation during the cycling of a Gr//NMC battery
as a function of temperature: Solvent, salt, and ionic liquid effect. Electrochim. Acta 2020, 362, 137214. [CrossRef]

43. Moreno, M.; Simonetti, E.; Appetecchi, G.B.; Carewska, M.; Montanino, M.; Kim, G.-T.; Loeffler, N.; Passerini, S. Ionic Liquid
Electrolytes for Safer Lithium Batteries. J. Electrochem. Soc. 2017, 164, A6026–A6031. [CrossRef]

44. Takahashi, T.; Ishikawa, M.; Ugata, Y.; Dokko, K.; Watanabe, M. Effects of Lithium Salt Concentration in Ionic Liquid Electrolytes
on Battery Performance of LiNi0.5Mn0.3Co0.2O2/Graphite Cells. Electrochemistry 2021, 89, 455–460. [CrossRef]

45. Chancelier, L.; Benayad, A.; Gutel, T.; Mailley, S.; Santini, C.C. Characterization of LTO//NMC Batteries Containing Ionic Liquid
or Carbonate Electrolytes after Cycling and Overcharge. J. Electrochem. Soc. 2015, 162, A1008–A1013. [CrossRef]

46. He, J.; Gu, Y.; Wang, W.; Wang, J.; Chen, Z.; He, H.; Wu, Q.; Yan, J.; Mao, B. Structures of Solid-Electrolyte Interphases and Impacts
on Initial-Stage Lithium Deposition in Pyrrolidinium-Based Ionic Liquids. ChemElectroChem 2021, 8, 62–69. [CrossRef]

47. Ma, X.; Yu, J.; Hu, Y.; Texter, J.; Yan, F. Ionic liquid/poly(ionic liquid)-based electrolytes for lithium batteries. Ind. Chem. Mater.
2023, 1, 39–59. [CrossRef]

48. Østli, E.R.; Mathew, A.; Tolchard, J.R.; Brandell, D.; Svensson, A.M.; Selbach, S.M.; Wagner, N.P. Stabilizing the Cathode Interphase
of LNMO using an Ionic-liquid based Electrolyte. Batter. Supercaps 2023, 6, e20230008. [CrossRef]

49. Xue, S.; Liu, Y.; Hou, K.; He, M.; Liu, X. A new ionic liquid-based electrolyte with both high conductivity and electrochemical
stability. J. Power Sources 2024, 615, 235097. [CrossRef]

50. Gu, Y.; Chen, H.; Wang, W.; Yan, H.; Yan, J.; Mao, B. An Ionic Liquid-Based Gel Electrolyte: Formation Mechanism and Feasibility
for Lithium Metal Batteries. ChemElectroChem 2024, 11, e202300684. [CrossRef]

51. Santiago-Alonso, A.; Sánchez-Pico, J.M.; Emeterio, R.S.; Villanueva, M.; Salgado, J.; Parajó, J.J. Pyrrolidinium-Based Ionic Liquids
as Advanced Non-Aqueous Electrolytes for Safer Next Generation Lithium Batteries. Batteries 2024, 10, 319. [CrossRef]

52. Frömling, T.; Kunze, M.; Schönhoff, M.; Sundermeyer, J.; Roling, B. Enhanced Lithium Transference Numbers in Ionic Liquid
Electrolytes. J. Phys. Chem. B 2008, 112, 12985–12990. [CrossRef]

53. De Santis, E.; Aurora, A.; Bergamasco, S.; Rinaldi, A.; Araneo, R.; Appetecchi, G.B. Ionic Liquid Electrolyte Technologies for
High-Temperature Lithium Battery Systems. Int. J. Mol. Sci. 2025, 26, 3430. [CrossRef]

54. Anouti, M.; Caillon-Caravanier, M.; Dridi, Y.; Galiano, H.; Lemordant, D. Synthesis and Characterization of New Pyrrolidinium
Based Protic Ionic Liquids. Good and Superionic Liquids. J. Phys. Chem. B 2008, 112, 13335–13343. [CrossRef]

https://doi.org/10.1016/j.electacta.2024.144599
https://doi.org/10.1007/s11581-015-1370-x
https://doi.org/10.1016/j.gee.2016.04.006
https://doi.org/10.1016/j.electacta.2008.09.011
https://doi.org/10.1021/jp506567p
https://doi.org/10.1016/j.electacta.2010.08.098
https://doi.org/10.1039/C4EE01873G
https://doi.org/10.1149/1.3429886
https://doi.org/10.1038/ncomms11794
https://www.ncbi.nlm.nih.gov/pubmed/27292652
https://doi.org/10.1149/1.1664051
https://doi.org/10.1039/C6EE01295G
https://doi.org/10.1016/j.jpowsour.2007.09.030
https://doi.org/10.5796/electrochemistry.83.918
https://doi.org/10.1016/j.electacta.2020.137214
https://doi.org/10.1149/2.0051701jes
https://doi.org/10.5796/electrochemistry.21-00075
https://doi.org/10.1149/2.0661506jes
https://doi.org/10.1002/celc.202001277
https://doi.org/10.1039/D2IM00051B
https://doi.org/10.1002/batt.202300085
https://doi.org/10.1016/j.jpowsour.2024.235097
https://doi.org/10.1002/celc.202300684
https://doi.org/10.3390/batteries10090319
https://doi.org/10.1021/jp804097j
https://doi.org/10.3390/ijms26073430
https://doi.org/10.1021/jp805992b


Batteries 2025, 11, 428 17 of 19

55. Hayamizu, K.; Tsuzuki, S.; Seki, S.; Fujii, K.; Suenaga, M.; Umebayashi, Y. Studies on the translational and rotational motions
of ionic liquids composed of N-methyl-N-propyl-pyrrolidinium (P13) cation and bis(trifluoromethanesulfonyl)amide and
bis(fluorosulfonyl)amide anions and their binary systems including lithium salts. J. Chem. Phys. 2010, 133, 194505. [CrossRef]

56. Buzzeo, M.C.; Hardacre, C.; Compton, R.G. Extended Electrochemical Windows Made Accessible by Room Temperature Ionic
Liquid/Organic Solvent Electrolyte Systems. ChemPhysChem 2006, 7, 176–180. [CrossRef]

57. Bonhôte, P.; Dias, A.-P.; Papageorgiou, N.; Kalyanasundaram, K.; Grätzel, M. Hydrophobic, Highly Conductive Ambient-
Temperature Molten Salts. Inorg. Chem. 1996, 35, 1168–1178. [CrossRef] [PubMed]

58. Suarez, P.A.Z.; Selbach, V.M.; Dullius, J.E.L.; Einloft, S.; Piatnicki, C.M.S.; Azambuja, D.S.; de Souza, R.F.; Dupont, J. Enlarged
electrochemical window in dialkyl-imidazolium cation based room-temperature air and water-stable molten salts. Electrochim.
Acta 1997, 42, 2533–2535. [CrossRef]

59. Sun, J.; Forsyth, M.; MacFarlane, D.R. Room-Temperature Molten Salts Based on the Quaternary Ammonium Ion. J. Phys. Chem.
B 1998, 102, 8858–8864. [CrossRef]

60. Krause, L.J.; Lamanna, W.; Summerfield, J.; Engle, M.; Korba, G.; Loch, R.; Atanasoski, R. Corrosion of aluminum at high voltages
in non-aqueous electrolytes containing perfluoroalkylsulfonyl imides; New lithium salts for lithium-ion cells. J. Power Sources
1997, 68, 320–325. [CrossRef]

61. Qi, H.; Ren, Y.; Guo, S.; Wang, Y.; Li, S.; Hu, Y.; Yan, F. High-Voltage Resistant Ionic Liquids for Lithium-Ion Batteries. ACS Appl.
Mater. Interfaces 2020, 12, 591–600. [CrossRef]

62. McGrath, L.M.; Rohan, J.F. Pyrrolidinium Containing Ionic Liquid Electrolytes for Li-Based Batteries. Molecules 2020, 25, 6002.
[CrossRef]

63. Cabeza, O.; Dominguez-Perez, M.; Garcia-Garabal, S.; Rilo, E.; Garcia-Luis, A.; Fernandez Carretero, F.J.; Varela, L.M.; Salgado, J.;
Parajo, J.J. Transport and Electrochemical Properties of the Potential Ternary Electrolytes Mppyrr-Tfsi + (Dmso or Γ-Butirolactone,
or Acetronitile) + Li-Tfsi. J. Mol. Liq. 2024, 439, 128817. [CrossRef]

64. Eom, S.; Park, M.; Koo, B.; Yang, C.-E.; Kang, J.; Lee, H.; Lee, W.B.; Lee, H. Suppressing organic cation reactivity in locally
concentrated ionic liquid electrolytes for lithium metal batteries. Energy Storage Mater. 2025, 74, 103966. [CrossRef]

65. Peled, E.; Menkin, S. Review—SEI: Past, Present and Future. J. Electrochem. Soc. 2017, 164, A1703–A1719. [CrossRef]
66. Ramasubramanian, A.; Yurkiv, V.; Foroozan, T.; Ragone, M.; Shahbazian-Yassar, R.; Mashayek, F. Lithium Diffusion Mechanism

through Solid–Electrolyte Interphase in Rechargeable Lithium Batteries. J. Phys. Chem. C 2019, 123, 10237–10245. [CrossRef]
67. Mao, C.; An, S.J.; Meyer, H.M.; Li, J.; Wood, M.; Ruther, R.E.; Wood, D.L. Balancing formation time and electrochemical

performance of high energy lithium-ion batteries. J. Power Sources 2018, 402, 107–115. [CrossRef]
68. Placke, T.; Siozios, V.; Rothermel, S.; Meister, P.; Colle, C.; Winter, M. Assessment of Surface Heterogeneity: A Route to Correlate

and Quantify the 1st Cycle Irreversible Capacity Caused by SEI Formation to the Various Surfaces of Graphite Anodes for Lithium
Ion Cells. Z. Phys. Chem. 2015, 229, 1451–1469. [CrossRef]

69. Pathan, T.S.; Rashid, M.; Walker, M.; Widanage, W.D.; Kendrick, E. Active formation of Li-ion batteries and its effect on cycle life.
J. Phys. Energy 2019, 1, 044003. [CrossRef]

70. Reuter, F.; Baasner, A.; Pampel, J.; Piwko, M.; Dörfler, S.; Althues, H.; Kaskel, S. Importance of Capacity Balancing on The
Electrochemical Performance of Li[Ni0.8Co0.1Mn0.1]O2 (NCM811)/Silicon Full Cells. J. Electrochem. Soc. 2019, 166, A3265–A3271.
[CrossRef]

71. Abe, Y.; Kumagai, S. Effect of negative/positive capacity ratio on the rate and cycling performances of LiFePO4/graphite
lithium-ion batteries. J. Energy Storage 2018, 19, 96–102. [CrossRef]
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