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A B S T R A C T   

High-temperature Li-ion batteries capable of operating up to 100 ℃ can replace lithium thionyl chloride primary 
batteries in specialized industrial applications. Room-temperature ionic liquids (RTIL) offer high thermal sta
bility and can be a promising choice of electrolyte for high-temperature batteries. This work elucidates that high 
thermal stability alone does not guarantee effective battery operation due to the electrochemical instability 
observed in RTIL-LiTFSI mixtures at elevated temperatures. Here, we investigate the impact of varying elec
trochemical stability in RTILs on half-cell, full-cell, and calendar aging. Electrochemical instability of the elec
trolyte at the cathode interface injects additional electrons and Li-ions into the electrochemical cell, triggering a 
cascade of detrimental chain reactions that hinder efficient battery performance. We demonstrate that electro
chemical information gathered from a full-cell configuration can frequently obscure the presence of electro
chemical instability at the cathode surface. To accurately evaluate this instability, it is essential to perform in- 
depth half-cell studies and other characterizations. Our results indicate that cathode electrolyte interphase 
(CEI) can reach a thickness of up to 100 nm, with a depth-dependent composition showing higher concentration 
of inorganic species like LiF and LiNSO near the cathode surface. Further, accelerated calendar aging mea
surements of such cells at high temperature revealed complete irreversible self-discharge within as little as 14 
days. These findings shed light on the critical factors influencing the stability and performance of cells under 
challenging operating conditions.   

1. Introduction 

Li-ion batteries are commonly designed for conventional application 
within the temperature range of 0 to 45 ℃. Beyond 45 ℃, a thermal 
cooling system is required to prevent any thermal runway and keep the 
battery functioning [1,2]. Apart from the conventional applications, 
there are several applications that demand high energy density Li-ion 
rechargeable batteries to operate under harsh temperature environ
ments [3]. A major example is the oil and gas industry sector that re
quires batteries to monitor and power-up sensors during downhole 
operations at high temperatures. In other industrial applications, safety 
gadgets such as surveillance cameras, alarms, etc., have to be operated 
in harsh environments involving high temperature. In another case, in 
the field of medical industry, the wireless-powered medical devices need 
to be sterilized periodically at high temperature. Also, military and 
space applications such as security drones, unmanned aerial vehicles 

and other high-temperature devices need to be powered by 
high-temperature batteries. In most cases, a conventional Li-ion battery 
cannot be used due to the usage of organic carbonate electrolytes that 
possess low flash points. To meet the diverse demands of 
high-temperature rechargeable batteries, a significant breakthrough is 
necessary in current battery materials. Such a breakthrough would 
enable rechargeable battery chemistry to overcome the predominance of 
primary Li-ion battery technologies [3]. The current needs for 
high-temperature batteries are met through lithium thionyl chloride 
primary batteries that can operate up to 150 ℃ [4]. Replacing primary 
batteries with rechargeable secondary batteries would reduce the 
operation cost, maintenance cost, and also promote a clean environment 
by eliminating the generated battery waste. 

Developing Li-ion batteries for high-temperature operation involves 
many challenges such as developing/identifying thermally stable cath
ode, anode, separator, electrolyte, and other cell components. Among 
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the various challenges, electrolyte development for high-temperature 
operation remains elusive due to the thermal instability of the tradi
tionally used carbonate electrolyte solvents. Various strategies have 
been employed to overcome this limitation by using solid electrolytes, 
molten-salt electrolytes, and room-temperature ionic liquids (RTILs). 
Among various options, solid-state electrolyte technology is still un
derdeveloped and has its own issues and challenges. The molten salt 
electrolyte is used for very high temperatures, mostly above 200 ℃. At a 
temperature range of 20 ℃ to 120 ℃, RTILs are a highly viable option 
due to their high thermal stability. Considerable research efforts in the 
past have focused on the utilization of various ionic liquids for devel
oping batteries that operate in the temperature range of 40 to 100 ℃ 
[5–8]. The choice of Li salt in the electrolyte also plays a major role in 
determining the stability of the electrolyte, particularly with regard to 
the anion, which determines the nature of interphase formed on the 
electrodes. LiPF6, a commonly used Li salt, provides unique advantages 
such as high ionic conductivity and passivation of the aluminum current 
collector. However, it lacks thermal stability due to the dissociation of 
LiPF6 into LiF and PF5 [9]. Salts such as Lithium bis(tri
fluoromethanesulfonyl)imide (LiTFSI) possess high thermal stability (up 
to 360 ℃), high chemical stability and low volatility, making them best 
suitable for high-temperature environments [10–12]. One of the draw
backs of LiTFSI is its ability to corrode the aluminum current collector at 
about 3.7 V vs. Li/Li+ that may affect the long-term cycling of the bat
tery [13]. However, LiTFSI will be perfectly suitable for low-voltage 
cathodes such as LiFePO4 (LFP). LiTFSI in combination with various 
ionic liquids has been used by other research groups including ours to 
enable high-temperature operation of Li-ion batteries [14,15]. In several 
instances, the coulombic efficiency of the battery in the initial cycles has 
exhibited relatively low. For instance, Kerner et al. developed a poly
merized ionic liquid with LiTFSI salt, where the coulombic efficiency at 
room temperature was measured to be over 94 % in the first cycle with 
LFP cathode. However, when the temperature was increased to 80 ℃, 
the coulombic efficiency dropped down to 89 % and then gradually 
increased to 100 % upon cycling [14]. Nagarajan et al. reported a 
coulombic efficiency of about 60 % for NMC cathode with 
phosphonium-based RTIL along with LiTFSI at 100 ℃ without inclusion 
of any additives [15]. Very little attention has been given to the elec
trochemical stability of the electrolyte at higher temperature owing to 
the superior thermal stability of the RTILs and the LiTFSI salt and their 
wide electrochemical potential window at room temperature. Further, 
most attention on systems using RTIL electrolytes has been on the 
anode-electrolyte interphase (SEI) due to the electrochemical reduction 
of RTILs at the anode surface at lower potentials [16,17]. 

This study focuses on the electrochemical stability of various RTIL- 
LiTFSI mixtures at elevated temperature and elucidates their impact 
on electrochemical cycling. The chemical composition, morphology, 
and the thickness of the cathode-electrolyte interphase (CEI) formation 
with the least stable and the most stable RTIL-LiTFSI mixture at elevated 
temperature has been elucidated using X-Ray photoelectron spectros
copy (XPS) and high resolution-transmission electron microscope (HR- 
TEM). Additionally, the impact of these CEI characteristics on calendar 
aging (shelf life) is assessed. The effect of cathodic instability on elec
trochemical cycling of full cell with a low-voltage cathode (LFP) and 
high-voltage anode (Lithium titanate, LTO) with different N/P (negative 
to positive) ratios has been studied in detail. 

2. Experimental methods 

Electrolyte Stability: Electrochemical stability of the electrolyte at 
different temperatures was evaluated using linear sweep voltammetry 
technique. The voltage was swept from the open circuit voltage to 6.5 V 
vs. Li/Li+ at a rate of 1 mV/s. Coin cells were fabricated using Li metal 
(Alfa Aesar) anode and a gold sputtered stainless steel blocking electrode 
with Celgard PP2075 as the separator. The total electrolyte quantity was 
40 µl, 20 µl in each side of the electrode. Various electrolytes were tested 

by altering the cation of the RTILs. The Li salt and its concentration used 
was 1 M LiTFSI in the respective RTIL as a solvent. The electrolyte was 
stirred overnight by a thorough mixing of lithium salt with the RTIL 
solvent. A hot air oven (MTI Corporation) was used for the measure
ments at elevated temperature that had a temperature fluctuation of less 
than 0.1 ℃. In-house customized aluminum cell holders were used for 
this study. High temperature withstanding wires were used to obtain 
connection at elevated temperatures. 

Cell Fabrication and Testing: Cell fabrication was carried out in an 
argon-filled glovebox with moisture and oxygen levels less than 0.6 
ppm. Half cells in the format of coin cells with lithium metal anode and 
LiFePO4 (LFP) cathode were fabricated using Celgard PP2075 separator. 
Coin cells components were purchased from Hohsen and the thermal 
stability of the components (especially the gasket) was verified to be 
stable until 110 ℃ before cell testing. The stack pressure inside the coin 
cell is unknown. 40 µl of electrolytes were added to the cell, 20 µl each 
side, unless specified. Full cells were made by coupling the LFP cathode 
and Li4Ti5O12 (LTO) anode in 14,500 cylindrical cell architecture. 
14,500 cylindrical cells (components purchased from MTI corporation) 
were assembled under standard procedure using LFP and LTO electrode 
and Celgard PP2075 separator. 750 µl of electrolyte was added to the 
14,500 cells in small quantities at fixed time intervals and was held at 
vacuum (2 min) for the electrolyte to penetrate inside the rolled elec
trode assembly and the cells were sealed inside the Argon-filled glove
box. The cells were tested at different temperatures mentioned in the 
results section. LFP electrode composition contained 80 % carbon- 
coated LFP (MTI corporation), 5 % PVDF binder (Sigma Aldrich), and 
15 % C-65 conducting carbon (MTI corporation). LTO electrode 
composition contained 85 % LTO (MTI corporation), 5 % PVDF, and 10 
% C-65 conducting carbon. The theoretical capacity of LFP was 
considered as 170 mAh/g and LTO as 175 mAh/g for all ‘C’ rate cal
culations and cell balancing purposes. The PVDF was dissolved in NMP 
to make a 10 wt.% solution and then added along with other electrode 
components and mixed using a vacuum mixer for 90 min along with an 
appropriate quantity of NMP. The well-mixed slurries were coated onto 
their respective current collector using the doctor blade technique. The 
electrode laminates were dried at 80 ℃ and then at 120 ℃ in vacuum for 
8 h each to completely dry the NMP. The electrodes were calendared 
suitably to maintain the electrode porosity around 60 %. The mass 
loading of the LFP electrodes was about 10 mg/cm2 (~1.1 mAh/cm2). 
The loading of LTO varied according to the N/P ratio mentioned in the 
results section. All the cells were cycled at C/5 rate unless specified. 
Linear sweep voltammetry, chronoamperometry, and electrochemical 
impedance spectroscopy were performed using a Biologic SP300 bipo
tentiostat. Cycling of half-cells and full-cells in coin cell format was 
performed using an Arbin cycler. The testing of cylindrical cells was 
carried out using a Landt cycler. 

Characterization Techniques: High-resolution transmission electron 
microscope (HRTEM) images of the cycled electrodes were obtained 
using Talos F200X G2 instrument. The cycled electrodes were obtained 
by decrimping the cycled cell in a glovebox. The obtained electrode was 
rinsed using dimethyl carbonate (DMC) solvent to remove any residual 
electrolyte salt and dried in vacuum for 2 h. A small quantity of electrode 
material was scraped from the current collector and added to a glass vial 
with DMC solvent. The electrode material agglomerated was dispersed 
in the DMC by ultra-sonicating it for 30 min. The dispersed material was 
pipetted onto a lacey carbon-coated copper TEM grid (Ted Pella) inside 
the glovebox. The TEM grid was transported from the glovebox to the 
instrumentation center in an air-tight Mason jar and transferred to the 
instrument with minimal ambient exposure. The X-ray photoelectron 
spectroscopy (XPS) was performed on the rinsed electrode directly using 
a Nexsa G2 surface analysis system. The sample was transferred to the 
instrument using a vacuum transfer module. The XPS samples had zero 
exposure to the ambient atmosphere. All the H1, C13, F19, and Li7 NMR 
experiments were carried out in a Varian 600 MHz NMR spectrometer. 
There were two types of NMR samples for analysis: fresh and cycled 
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electrolytes. The separators from the cycled cells containing 1 M of 
LiTFSI in Py RTIL were removed from the decrimped coin cells and 
washed in the deuterated solvent, dimethylsulfoxide-d6 (d-DMSO; 
Sigma Aldrich), in a vial. The fresh electrolytes were diluted in d-DMSO 
in the ratio 1:10 respectively. 0.7 ml of each solution (fresh and cycled 
samples) was pipetted into an NMR tube and sealed inside the glove box 
using a polyethylene cap. 

3. Results and discussion 

3.1. Electrochemical Stability of RTILs with LiTFSI at higher voltages 

RTILs are made up of a bulky organic cation and an inorganic anion 
that exists in the liquid state at room temperature. Properties of the 
RTILs such as electrochemical stability, chemical stability, viscosity, 
density, and conductivity are greatly dependent on the nature of the 
cation and anion. Among various choices of anions, the anion used in 
this study was fixed as TFSI− due to its ease of synthesis and relatively 
high electrochemical, chemical, and thermal stability [18]. Different 
cations were explored, such as pyrrolidinium (Py), piperidinium (Pip), 
ammonium (Am), imidazolium (Im), and phosphonium (Ph). The elec
trochemical stability of the electrolytes with 1 M LiTFSI salt was eval
uated using linear sweep voltammetry (LSV). The potential was swept 
from the open circuit voltage to 6.5 V with a gold-coated stainless steel 
blocking electrode as cathode and Li anode. The LSV tests were per
formed at three different temperatures, 22 ± 1 ℃ (room temperature), 
60 ℃, and 100 ℃, for each ionic liquid, as shown in Fig. 1. Any elec
trochemical instability in the electrolyte will be indicated by an increase 
in current during voltage sweeping towards higher potentials. In the 
zoomed-out regions of Fig. 1, all five electrolytes appeared to exhibit 
very high electrochemical stability until 5 V at all three temperatures. 
However, the zoomed-in inset shows a different story. All electrolytes 
exhibited superior stability until at least 4.2 V at room temperature. 
Above 4.2 V, the increase in current is very insignificant until about 
5–5.2 V after which the current drastically increases indicating rapid 

oxidation of electrolyte at the electrode. Most commercial cathodes 
operate under 5 V. and hence, the electrochemical instability of the 
electrolytes above 5 V should not be of any problem and the obtained 
values are much higher than the stability of conventional organic, 
carbonate-based electrolyte systems. When the temperature is increased 
to 60 ℃, there is an existence of an additional shoulder peak above 3.4 V 
for electrolytes with Py, Pip, Im, and Am (Fig. 1a–d), which indicates the 
oxidation of anions present in the electrolyte (TFSI−) over the cathode 
surface. The presence of shoulder peak only at 60 ℃ and not at room 
temperature indicates that the electrochemical instability is triggered by 
the increase in temperature. Ph RTIL did not exhibit any significant 
shoulder peak at 60℃ (Fig. 1e); however, the major oxidation shifts to 
the lower potentials similar to other RTILs. At 100 ℃, the intensity of the 
shoulder peak increased drastically indicating accelerated oxidation for 
Py and Am RTILs (Figs. 1a, d, S1) and the peak position further shifted to 
the lower potentials for most of the RTILs. A comparison plot of the 
various RTILs at 100 ℃ is shown in Fig. S1. Ph RTIL exhibited an in
crease in current above 3 V indicating parasitic reactions at the cathode 
surface; however, the increase in current is relatively low when 
compared to the instabilities of other RTILs at 100 ℃. 

At elevated temperatures, the Py and Am RTILs exhibited poor sta
bility, while the Ph RTIL exhibited relatively higher stability. This trend 
in electrochemical stability with a variation of cations is in alignment 
with the results observed by Rogers et al. using mercury electrodes at 
room temperature [18]. The change in electrochemical stability with 
different RTILs is related to the change in solvation and ion-pairing ef
fects of TFSI− anion with various cations [19]. Association of electro
chemical stability of the electrolyte to the HOMO-LUMO or the 
oxidation/reduction potential is a debated topic and for this current 
study, we will stick with the latter [20]. The oxidation potential of the 
electrolyte (EOX) tends to reduce with the increase in temperature, as 
represented in Fig. 1f. Overall, the thermally stable RTIL-based elec
trolytes exhibit electrochemical instabilities at higher temperatures 
above 3 V vs. Li/Li+. The instabilities depend on the type of cation and 
anion of the RTIL being used. 

Fig. 1. Electrochemical stability measurement at different temperatures using linear sweep voltammetry for RTILs with a) Pyrrolidinium, b) Piperidinium, c) 
Imidazolium, d) Ammonium, and e) Phosphonium cations. e) Schematic representation of the variation in oxidation potential of electrolyte with temperature and its 
difference with the energy levels of the cathode. 
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3.2. Effect of electrochemical instability of RTILs on half-cells 

The effect of poor electrochemical stability of the RTIL-based elec
trolytes at elevated temperature on electrochemical cell performance 
was demonstrated by testing the electrolyte in half-cells using a low 
voltage cathode, LiFePO4 (LFP), and Li metal anode at 100 ℃, as shown 
in Fig. 2. Three different electrolytes with various cations were chosen 
from the pool of electrolytes. The choice of cation was determined based 
on testing an electrolyte with relatively very low electrochemical sta
bility (Py), intermediate stability (Pip), and high stability (Ph). The 
specific discharge capacity varied drastically during electrochemical 
cycling for all three electrolytes (Fig. 2a). The cells with Py and Ph RTIL 
exhibited similar discharge capacity (~140 mAh/g) during the initial 
cycles and the capacity was lower (~122 mAh/g) for the cell with Pip 
RTIL. The specific capacity of Py RTIL dropped drastically during 
cycling, resulting in a 57 % capacity retention after 50 cycles. The ca
pacity fade in cells with Ph RTIL was very minimal (~95 % capacity 
retention in 45 cycles) and exhibited perfect cycling when compared to 
the other electrolytes. The cell with Pip RTIL demonstrated increasing 
capacity in the initial 10 cycles after which the capacity stabilized 
during the subsequent cycles. The specific capacity of the cell with Pip 
RTIL was higher than the Ph RTIL cell during the prolonged cycling, 
which could be from the difference in viscosity between the electrolytes. 
The viscosity of Pip RTIL is much lower than Ph RTIL that may enable 
better wetting of the cathode surface. 

The trend in coulombic efficiency (Fig. 2b) was similar to the specific 
capacity; the cell with Ph RTIL recorded the highest value followed by 
Pip and Py RTILs. The average coulombic efficiency was 99.01, 97.16, 
and 94.47% for the cells with Ph, Pip, and Py RTILs, respectively. The 1st 
cycle efficiency was only 65%, and 75% for the Py and Pip RTIL, 
respectively, which is very low to achieve any full-cell performance. The 
corresponding voltage profiles of the cells are shown in Fig. 2c–e. The 
cell with Py RTIL exhibits very unusual behavior during the charging of 
the cell (Fig. 2c). The charging capacity of the 1st cycle is about 210 
mAh/g, which is higher than the theoretical capacity of LFP (170 mAh/ 
g). The discharge capacity curve exhibits a typical LFP behavior as 

observed with the conventional electrolyte at room temperature [21]. 
The unusually high capacity during the first cycle eventually reduces 
during the subsequent cycles along with a drastic fade in cell capacity. A 
cell with Py RTIL was just charged once at 100 ℃ and later decrimped to 
check for any changes in the electrode and electrolyte, as shown in 
Fig. S2. The electrolyte turned from a colorless liquid to a reddish-brown 
colored liquid indicating severe decomposition of the electrolyte in just 
one charging reaction. To validate any iron dissolution from LFP, the 
energy-dispersive X-ray (EDX) spectra (Fig. S3) were recorded for the 
cycled separator, and it did not indicate any iron (Fe) peak over the 
separator surface. The same electrolyte was also used with NMC 111 
cathode with the same cut-off used for the LFP cell and the decrimped 
cell after cycling looked identical along with poor coulombic efficiency 
values, as shown in Fig. S4. This confirms that the decomposition is 
because of the electrolyte and not any metal dissolution. The Pip RTIL 
cell exhibited a charge capacity of 165 mAh/g and a discharge capacity 
of 123 mAh/g in the first cycle. Although the charge capacity is not as 
high as in the case of Py RTIL, the difference between the charge and 
discharge capacity indicates that significant irreversible reactions occur 
in the cell. The subsequent cycles resulted in a decrease in charge ca
pacity and an increase in the discharge capacity. The cell with Ph RTIL 
exhibited a charge and discharge capacity of 152 and 136 mAh/g, and 
the variation in capacities after the first cycle is relatively less compared 
to the other cells. A comparison plot of the 1st voltage profile of the three 
different RTILs at 100 ℃ is shown in Fig. S5, which depicts the trend in 
the first charge capacity of the three different RTILs used. 

A clear relationship between the cell performance, especially the 
charge capacity, and the electrochemical stability of the electrolyte ex
ists at elevated temperatures. The unusually high capacity observed with 
electrochemical instability of the electrolyte arises from the parasitic 
current produced from the decomposition of the electrolyte. The anion 
species in the electrolyte, TFSI−, oxidizes over the cathode, resulting in 
the injection of electrons to the cathode, which along with the electrons 
from the active material moves to the anode. The electrons in the anode 
combine with Li+ present in the electrolyte resulting in the plating of Li 
over the surface of the Li metal. Hence, there are two sources of 

Fig. 2. a) Specific capacity and b) Coulombic efficiency chart obtained from the electrochemical cycling of a half-cell with LFP cathode at 100 ℃ and their cor
responding voltage profile with c) Pyrrolidinium, d) Piperidinium, and e) Phosphonium cation containing RTILs. 
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electrons, one from the redox of the cathode active material and the 
other from the oxidation of anion species of electrolyte. Electrons from 
both sources end up getting consumed during the Li plating step. If the 
stated hypothesis is correct, there should be two phenomena that must 
take place.  

I. The unusual capacity must vary with the electrolyte quantity.  
II. The concentration of LiTFSI must decrease in the electrolyte due to 

the oxidation of TFSI− on the cathode and the subsequent reduction 
of Li+ on the anode. 

Now to the validation of the hypothesis following experiments have 
been performed. 

3.3. Relationship between charging capacity and electrolyte quantity 

The variation of electrochemical performance of half-cells with the 
quantity of electrolyte was investigated by testing half-cells with three 
different electrolyte quantities, 6, 12, and 20 µL with the least stable 
electrolyte, Py RTIL, at 100 ℃, as shown in Fig. 3. 6, 12, and 20 µL 
electrolyte quantities refer to the electrolyte added in the cathode side 
and the same quantity of electrolyte is also added in the anode side. As 
evident from the specific capacity chart in Fig. 3a, the half-cell perfor
mance is correlated with the quantity of electrolyte present. The cell 
with 6 µL exhibited a low initial capacity, 123 mAh/g, and it increased 
further to exhibit a relatively stable performance. The cell with 12 µL 
electrolyte exhibited a higher capacity of 135 mAh/g, but the perfor
mance gradually faded in the subsequent cycles. Although the cell with 
20 µL exhibited the highest first-cycle capacity, the capacity drastically 
faded upon cycling. The variation in the first cycle capacity is probably 
due to the improved wetting of the cathode with the electrolyte. How
ever, the capacity fade is determined by the quantity of electrolyte in the 
cell that may promote the delamination of the electrode during the 
electrolyte oxidation on the cathode. The variation of coulombic effi
ciency with electrolyte quantity (Fig. 3b) depicts a clear trend in the 

efficiencies obtained with various quantities of electrolytes. The effi
ciency was found to be inversely proportional to the quantity of elec
trolyte in the cell. The cell with a higher quantity of electrolyte exhibited 
a lower efficiency, which clearly indicates a higher amount of electrolyte 
oxidation with higher quantities of electrolyte. The corresponding 
voltage profiles of the first three cycles of the half-cells are shown in 
Fig. 3c–e. There is a clear variation of the first cycle charge capacity with 
the increase in electrolyte quantity. The cell with 6 µL electrolyte 
exhibited comparatively higher polarization because of the improper 
wetting of the cathode due to the insufficient electrolyte. On the other 
hand, the efficiency seemed to be much better than the other cells. The 
results obtained seemed to support the hypothesis of TFSI− oxidation 
over the cathode surface. 

3.4. LiTFSI Concentration variation with electrochemical cycling 

To probe the changes in LiTFSI concentration during electrochemical 
cycling, ex-situ NMR spectroscopic analysis on the fresh and cycled 
electrolyte was carried out. It is known that in Py RTIL containing 
LiTFSI, there is a formation of a solvated complex, [Li(TFSI)n](n-1)−. 
Depending on the concentration of TFSI−anions, the number of TFSI−

ions coordinated to Li+ varies, and usually more than one TFSI− anions 
are coordinated to Li+ in the first solvation shell, and there is a 
continuous exchange between the anions of the first solvation shell with 
the later. For 1 M of LiTFSI in Py RTIL, the solvated complex or the 
adduct, [Li(TFSI)2]− is usually formed [22]. The extent of interaction of 
the cation with the anion depends on the size of the cation, and Py 
cation, being large, interacts only to a little extent with TFSI− anion 
[23]. The H1 NMR plots of fresh electrolyte, once-charged electrolyte, 
and cycled (10 cycles) electrolyte are shown in Fig. 4a. The different 
protons in the Py cation are marked in the chemical structure (Fig. S6) 
given and indicated in the NMR plot (Fig. 4a). The H1 NMRs of fresh 
electrolyte and cycled electrolyte were compared, and no major changes 
in the peaks were noticed between the two, which means no new bond 
formation occurred. This shows that there are no decomposition 

Fig. 3. a) Specific capacity and b) Coulombic efficiency chart obtained from the electrochemical cycling of a half-cell with LFP cathode at 100 ℃ by varying the 
quantity of Py RTIL electrolyte and their corresponding voltage profile with c) 6 µL, d) 12 µL, and e) 20 µL. 
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products in the electrolyte after cycling. In literature, no variations have 
been noted previously between the H1 NMRs of pure Py RTIL and LiTFSI 
doped Py RTIL but there exists a coulombic interaction between the 
TFSI− ions and the hydrogens in the ring and -CH3 of both methyl and 
butyl groups (marked as 1, 2, 3, 4, 5 and 9 in the structure) in both the 
samples [24]. This indicates that irrespective of the concentration of 
LiTFSI in the RTIL, there is always a dipolar interaction between the 
TFSI− ions and Py cations. Hence, it is right to assume that the same 
interaction exists in the electrolyte samples we have considered. 

Fig. 4b shows the C13 NMR of the fresh and cycled electrolyte. The 
coulombic interaction mentioned above not only influences the hydro
gens, but also the carbons marked 1, 2, 3, 4, 5, and 9. However, no major 
peak shifts occur owing to the interaction being only electrostatic. The 
-CF3 (from TFSI−) quartet peaks (around 120 ppm) for the cycled elec
trolyte have narrowed in comparison with the fresh electrolyte. This 
shows that the -CF3 groups in the cycled electrolyte have a more sym
metrical electron density around them than those of the fresh electro
lyte. This could chiefly be due to the changes in the solvation structure 
and the Li+-TFSI− aggregates that exist in the electrolyte. This change 
can be brought about by the concentration variations of a particular 
solvation species that occur with cycling. 

In Fig. 4c, changes can be observed in the Li7 NMR where the peak 
shifts from −1.06 ppm to −1.08 ppm for the cycled electrolyte. There 
also exists a coulombic interaction between Li+cation and Py cation 

through the TFSI- anion interacting electrostatically with both the 
cationic species. A minor shift of 0.01 ppm (chemical shift to −1.072) 
was observed even for the electrolyte with just one charge. The minor 
shift in the Li7 NMR has been similarly observed for variation in LiTFSI 
concentration before [25]. With a decrease in the LiTFSI concentration, 
the number of solvated species forming aggregates must have lowered 
with a lesser number of TFSI− anions interacting with Li+ after cycling. 
The decreased number of TFSI− anions coordinated to Li+ results in Li+

being more shielded than it was before cycling. We can also corroborate 
that since Py+ interacts with Li+ through TFSI−, the interaction between 
both the cations decreases as the TFSI− anions gradually decrease from 
the electrolyte with cycling. 

The F19 NMR peak of the fresh electrolyte shifts from −78.79 ppm to 
−78.72 ppm for the cycled electrolyte as shown in Fig. 4d, which in
dicates that the F in TFSI− moves from a more shielded environment to a 
slightly less shielded environment on cycling. The fluorine in TFSI− is 
involved in the dipolar interaction that is present between TFSI− and 
Py+ that was mentioned in the H1 NMR section [26]. The F19 chemical 
shift can be associated with the changes observed in the C13 NMR for the 
-CF3 group in TFSI−. The downfield shift indicates decreased coulombic 
interaction of the F in the TFSI− species with the other electrolyte spe
cies. Nicotera et al. show in their experiments that the F19 NMR peak 
shifts downfield when the concentration of LiTFSI is lowered in the 
RTIL-based electrolyte and state that, increasing the LiTFSI 

Fig. 4. a) 1H, b) 13C, c) 7Li, and d) 19F NMR spectra of the fresh and cycled electrolyte using half-cell with Py RTIL at 100 ℃.  
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concentration results in the interaction between TFSI− and Li+ [25]. 
Similar to Li7 NMR spectra, a shift from −78.79 ppm to −78.73 was 
observed with the sample which was charged once, indicating the rapid 
decrease in concentration of TFSI- ions in a single charge. Therefore, 
compared to the fresh electrolyte, the Li+-TFSI− interaction in the cycled 
electrolyte has decreased, which indicates that the concentration of 
TFSI− in the electrolyte has reduced with cycling. 

Based on solid evidence of the electrolyte instability mechanism in 
half-cells, further investigations are undertaken to understand the 
impact of the electrolyte instability on full-cell performance. 

3.5. Effect of electrochemical instability of RTILs on full-cells 

Full-cells in the format of 14,500 cylindrical cells with LFP cathode 
and LTO anode were fabricated and tested using standard procedure. Py 
RTIL was used as the electrolyte and the testing temperature was 100 ℃. 
Conventional anode, Graphite, was not used here because of the pref
erential RTIL cation intercalation into graphite resulting in the exfolia
tion of graphitic sheets from the electrode [27]. A standard N/P (areal 
capacity of negative to positive electrode) ratio used in conventional 
Li-ion batteries, 1.05, was used to fabricate these cells [28]. The elec
trochemical performance, as shown in Fig. 5a, appeared to show a 
typical Li-ion battery performance. The first cycle (formation) charge 
and discharge capacity of the cell were 254 and 210 mAh, respectively 
that account for an efficiency of about 85 %. The subsequent cycles 
exhibited uniform performance with a discharge and charge capacity of 
about 207 mAh with an efficiency of over 99.5 %. The presence of any 
electrochemical instability did not seem to exist according to the 

electrochemical performance of the full-cell. 
One possible hypothesis is that despite the cell exhibiting perfect 

electrochemical performance, there is a likelihood for the masking of 
electrochemical instability taking place in the cathode of a full cell at 
elevated temperature. The electrolyte being oxidized in the cathode 
injects additional electrons that move to the anode via the external 
circuit. Once the electron reaches the anode, it ends up reducing the Li+

in the electrolyte over the Li metal anode surface in a half-cell. In full- 
cells with LTO anode, the Li+ present in the electrolyte will result in 
intercalating with the anode. But the key point here is that LTO can only 
accept Li+ until its theoretical capacity is reached. Here, the theoretical 
areal capacity of LTO is just 5 % higher than the theoretical areal ca
pacity of the LFP used. Hence, the LTO accepting the electron and Li+ is 
limited in the case of full-cell, and Li metal has unlimited ability to 
accommodate Li+ and electrons as it is the plating reaction that occurs 
over the Li anode in the case of half-cells. Although the electrolyte may 
be oxidizing over the cathode in full-cells, the LTO does not have the 
capacity to accept both the electrons originating from the cathode active 
material and the parasitic (oxidization) reaction over the cathode sur
face. If the electrolyte oxidation occurs over the cathode surface, there is 
a high probability that LFP is not completely delithiated. At the end of a 
charging step, the cell will polarize depending on the anode potential 
and not the cathode potential resulting in an underutilized LFP in the 
cell. Validating the above-mentioned hypothesis, the best method is to 
test a cell with a high N/P ratio that would enable LTO to accept a higher 
number of electrons and Li+ than the one coming from the LFP cathode. 

Fig. 5b shows the voltage profile during electrochemical testing of a 
full-cell at 100 ℃ in a coin cell format with a high N/P ratio with the 
same Py RTIL electrolyte. As evident from the figure, the electro
chemical performance of the cell varies drastically depending on the N/ 
P ratio. The first charge capacity was about 180 mAh/g, which is higher 
than the theoretical capacity of LFP cathode used. The first discharge 
efficiency was about 128 mAh/g, with an efficiency of just 71 %. The 
capacity decays faster during the subsequent cycles, that is completely 
contrary to what was observed in a cell with a low N/P ratio. This in
dicates that electrolyte oxidation occurs over the surface of the cathode 
irrespective of the cell’s anode material. However, the important point 
to keep in mind is that the parasitic reactions occurring at the cathode in 
a full cell will be masked if the N/P ratio is close to or less than 1. 
Moreover, the prolonged cycling of the cell will consume the electrolyte 
and result in poor cycle life of the battery, along with additional issues 
like high amount of gassing which plays a critical role in the safety of the 
battery at elevated temperatures. Despite the gassing issue, the cells will 
not impose a fire hazard because of the use of RTIL electrolyte. In the 
subsequent sections, the reaction products of the RTIL-LiTFSI oxidation 
over the cathode surface will be elucidated using advanced 
characterizations. 

3.6. Stability of the cathode electrolyte interphase (CEI) with RTIL at 
elevated temperature 

The NMR results shown in Fig. 4 are clear evidence that there are no 
additional reaction products present in the electrolyte of the cycled 
battery. There are two possibilities about what reaction products form 
during the electrolyte oxidation and where: (i) over the cathode surface 
to form a cathode electrolyte interphase (CEI), (ii) electrolyte oxidation 
leading to gas formation, or both. To investigate the above-mentioned 
issues two characterization techniques, high-resolution transmission 
electron microscopy (HR-TEM) and X-ray photoelectron spectroscopy 
(XPS), have been used to probe the morphology and chemical constit
uents of the cathode surface, as shown in Fig. 6. Two different electro
lytes were investigated, the least stable Py RTIL and the relatively stable 
Ph RTIL, with LFP cathode at 100 ℃. The selected particles were 
confirmed to be cycled LFP using EDX spectra, as shown in Fig. S7. 

The HR-TEM images of a cycled LFP particle using Py RTIL are shown 
in Fig. 6a, b. A thick layer of CEI can be found over the LFP particle. The 

Fig. 5. Voltage profile of the full-cell during electrochemical cycling with LFP 
cathode, LTO anode and Py RTIL at 100 ℃ with the N/P ratio of a) 1.05, and 
b) 1.8. 

S. Rajendran et al.                                                                                                                                                                                                                              



Electrochimica Acta 498 (2024) 144599

8

thickness of the CEI was not uniform and was found to vary from 25 nm 
to over 100 nm. The thickness of the CEI was very high when compared 
to a few nanometers in conventional Li-ion batteries at room tempera
ture [29,30]. The composition of the CEI has been elucidated using XPS 
(Fig. 6c–e). As the inelastic mean free path of the X-ray used is less than 5 
nm for such materials, depth profiling was carried out using Ar+ to probe 
any changes in composition with the depth of the CEI [31]. The F 1 s 
spectra (Fig. 6c) on the top surface (0 s) exhibit one single peak at 688.4 
eV that corresponds to the fluorine present in the TFSI− anion [32]. 
Upon etching the surface, there is an additional shoulder peak at 684.8 
eV that corresponds to LiF [33]. LiF is an important CEI constituent that 
is known for its role in stabilizing the CEI in a conventional Li-ion bat
tery [34]. The LiF peak increases upon etching the surface, indicating 
that the concentration of LiF increases upon the depth of the CEI. Despite 
the presence of LiF toward the LFP particle, it failed to stabilize the CEI 
at elevated temperatures. Upon prolonged etching beyond 120 s, there is 
an additional shoulder peak at 686.8 eV corresponding to the CF2 peak 
from the PVDF binder [35]. The S 2p spectra (Fig. 6d) at the top surface 
show two sets of doublet peaks corresponding to SOx at 167. 2 and 168.8 
eV (Fig. S8a) [32]. Upon etching, there is an increase in another major 
set of doublet peaks at 163.8 eV (Fig. 6d). The literature identifies this 
peak to be LiNSO, a decomposition product of similar ionic liquid in the 
CEI [33,36] Deconvolution of this peak (Fig. S8b) shows an additional 
doublet at 161. 8 eV corresponding to Li-S bond containing species, most 
likely Li2S [21]. The SOx peak drastically decreases in intensity followed 
by an increase in intensity of the LiNSO peak during etching. To ensure 
this is not from the beam damage of the X-rays, Ar+ etching of LiTFSI salt 
was carried and the LiNSO peak was not found in the S 2p spectra, as 
shown in Fig. S9. The P 2p spectra (Fig. 6e) did not show any signal on 
the top surface, which could be due to the thick CEI that is being formed 
on the surface. However, the P 2p peak of LFP slowly arises upon 
etching. This confirms that the CEI is highly thick over the LFP electrode 
cycled at elevated temperature using Py RTIL and the composition of the 
CEI is dependent on its depth. The top surface is mostly the residual 
LiTFSI salt and upon depth, the decomposition products of the TFSI−

oxidation could be probed. 
The HRTEM image of the LFP particle cycled using Ph RTIL at 100 ℃ 

is shown in Fig. 6f, g. The image shows an ultra-thin conformal CEI layer 
above the LFP particle, with a thickness of about 4 nm. The F 1 s spectra 
(Fig. 6h) show two distinct peaks of TFSI− and LiF on the surface. Upon 
etching for 60 s, the TFSI− peak decreases and LiF peak increases, similar 
to Py RTIL. This indicates that the CEI is indeed depth-dependent in the 
case of Ph RTIL; however, the thickness of the CEI is much smaller than 
the Py RTIL. The S 2p spectra (Fig. 6i) show one set of doublets with very 

low intensity corresponding to the SOx and a very small shoulder cor
responding to the LiNSO that does not increase drastically upon etching, 
unlike Py RTIL. The Fe 2p spectra (Fig. 6j) indicate that the CEI thickness 
is not more than the inelastic mean free path of the CEI, about 4–5 nm. 
Here, P 2p was not used as a reference because of the presence of 
phosphorus in the ionic liquid, which is not the case with Py RTIL. The 
major difference between the CEI of the cell cycled using Py RTIL and Ph 
RTIL is the thickness and the presence of a larger quantity of LiNSO, 
which is a decomposition product of the LiTFSI salt. The CEI formed 
using Ph RTIL was able to passivate the cathode surface from subsequent 
decomposition of electrolyte, whereas the Py RTIL CEI was not able to 
protect the LFP cathode. 

The quantification of the atomic composition from the EDX spectra 
of the cycled cathode with Py RTIL and Ph RTIL electrolytes was tabu
lated in Table S1. For the cathode cycled with Py RTIL, it was noted that 
the ratio of Fe:P:O was 1.12:1:2.54, which does not match the formula of 
LFP (LiFePO4). However, for the cathode cycled with Ph RTIL, it was 
found that the ratio of Fe:P:O was 0.92:1:4.68 from the quantification 
table. This closely matched the formula of LFP suggesting that compared 
to Py RTIL, the LFP particles in the cathode cycled with Ph RTIL were 
more stable after cycling. The ratios of C:N:F:S in the cathodes cycled 
with Ph RTIL and Py RTIL were calculated to be 22.25:0.19:1:0.02 and 
10:0.34:1:0.023, respectively. The higher ratio of C in the Ph RTIL could 
suggest that the decomposition products on the CEI could be majorly 
from the contribution of the organic cation of the RTIL. However, in the 
cathode cycled with Py RTIL, a slightly higher ratio of N and S was 
noted, which could be the result of TFSI decomposition. 

3.7. Calendar Aging of high-temperature batteries 

In the previous sections, the effect of the electrochemical instability 
of the RTIL-LiTFSI mixture on half-cells and full-cells has been eluci
dated. The full-cells with an N/P ratio close to ‘one’ did not exhibit any 
capacity fade or abnormal behavior during the electrochemical cycling 
because of the higher electron and Li+ inventory cycling within the cell. 
In this section, an additional phenomenon that affects such cells during 
their storage at a partially/fully charged state is discussed in detail. The 
calendar life/ shelf life of a cell refers to the amount of time that it can be 
stored without any irreversible changes occurring resulting in perma
nent capacity loss. The reactions and their outcome in a cell during 
calendaring aging are shown in Fig. 7a. When the cell is fully charged or 
partially charged, the cathode will experience a higher potential than 
the ground state. The higher potential that the electrode experiences 
may induce an oxidation reaction to occur over the cathode surface 

Fig. 6. Characterization of the cathode electrolyte interphase formed over the cycled LFP particles using a–e) Py RTIL and f–j) Ph RTIL at 100 ℃. a, b, f, g) HR-TEM 
of the LFP cathode particle, and c–e, h–j) X-Ray photoelectron spectra investigation of the CEI composition using depth profiling of the cathode surface. 
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when the cell is stored after the charging process. The anion of the 
electrolyte oxidizes over the cathode surface, and the resulting electrons 
will travel to the anode only if the external circuit is complete, as in the 
case of charge/discharge. When the cell is being stored, the external 
circuit is ‘open’ that prevents the electrons from moving to the anode. 
This results in the cathode accepting the electrons and Li+ from the 
electrolyte decomposition and thus the cathode gets lithiated irre
spective of any reaction on the anode side. The state of charge of the cell 
decreases as the cathode is lithiated and the electrolyte is consumed in 
the cell during this process. Further, the anode will be in the lithiated 
state when fully charged, and the cathode gets lithiated during self- 
discharge occurring during storage resulting in drastic permanent ca
pacity loss in cells. 

Calendar life predictions can be extremely time-consuming as the 
calendar life of conventional batteries at room temperature can be 
anywhere in between five to twenty years [37]. This period can be 
relatively less for high-temperature batteries using RTIL electrolyte due 
to the higher rate of parasitic reactions. However, estimating the cal
endar life is still a time-consuming process. A 
chronoamperometry-based technique has been used to evaluate the 
calendar life of cells at elevated temperature, as shown in Fig. 7b. A 
half-cell with LFP cathode and two different electrolytes, Py and Ph 
RTIL, is held at a potential slightly above the fully charged state and the 
steady-state current is used to evaluate the calendar life by correlating it 
to the ‘C’ rate of the cell. Ideally, the current should be infinitesimally 
small because the cell electrode will polarize when applied with a higher 
potential above the fully charged state of the electrode and the resulting 
current will be from the parasitic reaction, if any. The steady-state 
current from the cell with Py RTIL was about 3.6 µA and Ph RTIL was 
about 0.313 µA, which correspond to a calendar life of 302 h (~13 days) 
and 3476 h (~145 days), respectively. This indicated that the cathode 
will be completely lithiated in 13 days in the cell with Py RTIL and 145 
days in the cell with Ph RTIL at 100 ℃. However, this method assumes 
that the cell is in the fully charged state for the entire process. In 

practical conditions, the electrolyte reactivity decreases as the state of 
charge of the cathode lowers and also the voltage is held at a slightly 
higher potential than the actual cathode potential when fully charged. 
Hence, the actual calendar life will be slightly higher than the one 
predicted using this method. However, the rough estimates of 13 days 
and 145 days are very much lower to achieve any practical cell at 
elevated temperature using the mentioned ionic liquids. Further, this 
method is more accurate for cells with flat voltage profiles as the extent 
of cathode reactivity at different states of charge is almost the same. 

4. Conclusion 

Despite room-temperature ionic liquids (RTILs) possessing high 
thermal stability up to 300 ℃, the electrochemical stability needs in- 
depth investigation before employing them in high-temperature batte
ries. The electrochemical stability of various RTILs with LiTFSI salt at 
elevated temperature has been investigated and is found to strongly 
depend on the type of cation used in the RTIL. Pyrrolidinium and 
Ammonium based RTILs exhibit the least stability and Phosphonium 
based RTILs demonstrate the highest stability. The electrochemical 
instability of RTILs directly affects the half-cell performance resulting in 
an unusual excessive charge capacity and drastic capacity fade. The 
anion present in the electrolyte oxidizes over the cathode surface 
resulting in additional electrons traveling to the anode, where additional 
Li-ions from the electrolyte reduce over the anode surface. The excessive 
charge capacity was found to be dependent on the electrolyte quantity 
and the anion oxidation on the cathode surface results in the decrease of 
LiTFSI concentration in the electrolyte. 

In full-cells, the visualization of the electrolyte degradation through 
electrochemical performance depends on the N/P ratio. The electro
chemical degradation of the electrolyte is masked in the cells with the N/ 
P ratio close to ‘one’ as the extent of the anode accepting the electrons 
from the electrolyte oxidation is limited by its capacity. Hence, full cells 
are not the right choice to evaluate cells at elevated temperatures with 
parasitic reactions on the cathode surface. Oxidation of electrolyte over 
the cathode surface results in a depth-dependent cathode electrolyte 
interphase (CEI), with the decomposition products such as LiF and 
LiNSO increasing with depth. LiNSO was found in higher quantities in 
the RTIL with low stability and was very minimal with a stable elec
trolyte. Further, electrolyte oxidation directly affects the calendar aging 
of the cells, and it was found to vary with the extent of electrolyte sta
bility. Overall, there are several design parameters to keep in mind 
before designing a cell for high-temperature operation. Full cells do not 
essentially portray the actual degradation taking place in the CEI. 
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