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Abstract Electrochemical properties of LiNiO,|Li and
LiNiO,|graphite cells were analysed in ionic liquid
electrolyte [Li'][MePrPyrr][NTf,] (based on N-methyl-
N-propylpyrrolidinium bis(trifluoromethanesulphonyl)im-
ide, [MePrPyrr ][NTf,]) using impedance spectroscopy
and galvanostatic techniques. The ionic liquid is incapable
of protective solid electrolyte interface (SEI) formation on
metallic lithium or lithiated graphite. However, after
addition of VC, the protective coating is formed, facilitat-
ing a proper work of the Li-ion cell. Scanning electron
microscopy images of pristine electrodes and those taken
after electrochemical cycling showed changes which may
be interpreted as a result of SEI formation. The charging/
discharging capacity of the LiNiO, cathode is between
195 and 170 mAh g ', depending on the rate. The
charging/discharging efficiency of the graphite anode
drops after 50 cycles from an initial value of ca.
360 mAh g ' to stabilise at 340 mAh g '. The replacement
of a classical electrolyte in molecular liquids (cyclic
carbonates) with an electrolyte based on the MePr-
PyrrNTf, ionic liquid highly increases in the cathode/
electrolyte non-flammability.
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Introduction

Lithium-ion batteries are typically composed of a carbon
anode, LiMn,O, or LiCoO, cathode and LiPFg solution in a
mixture of cyclic carbonates serving as an electrolyte. Both
electrodes corrode in electrolytes forming passivation films.
The formed insoluble passivation layer, usually called solid
electrolyte interface (SEI), should (1) conduct Li" ions, (2)
protect eclectrodes from their further corrosion and (3)
facilitate charge transfer reaction at the solid SEl/electrode
interface. At high voltage differences (overcharging) or
during contact with air (battery damage), the reaction of
electrodes, especially the anode with the environment
(solvent, moisture), may result in system ignition. Instead
of volatile cyclic carbonates, non-volatile room temperature
ionic liquids (RTILs) may be applied as lithium salt solvents
[1-5]. In molten salts, including RTILs, strong Coulomb
interactions between ions counterbalance the thermal energy,
and the resulting equilibrium leads to low vapour pressure
making RTILs practically non-flammable [6—12]. Among
RTILs, those based on N-methyl-N-propylpiperidinium,
[MePrPip ‘], and N-alkyl-N-methylpyrrolidinium [RMePyrr ']
cations and bis(trifluoromethanesulphonyl)imide anion,
[NTf,] seem to be promising solvents for lithium salts. It
is observed that the [Li"][MePrPyrr ][NTf,] electrolyte was
compatible with LiCoO,, LiFePO,4 and LiMn,O, cathodes
[13-18], as well as with such anode materials as graphite,
hard carbon, S and tin—carbon composite [19-24]. The
general aim of this paper was to study the LiNiO, cathode in
the [Li"][MePrPyrr ][NTf, ] ionic liquid electrolyte, which is
characterised by a relatively low potential (3.8 V versus Li),
though a high specific capacity (220 mAh g™' [25]). Such a
cathode may be a part of a safe cell working with the
graphite anode and the ionic liquid electrolyte.
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LiNiO, powder (Aldrich), graphite SL-20 (G, Superior
Graphite, USA) and KS-15 (G) (Lonza), carbon black (CB,
Fluka), poly(vinylidene fluoride) (PVdF, Fluka), vinylene
carbonate (VC, Aldrich), lithium foil (0.75 mm thick,
Aldrich) and lithium bis(trifluoromethanesulphonyl)imide
(LiNTf,, Fluka) were used as received. N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulphonyl)imide
([MePrPyrr][NTf,]) was prepared according to the litera-
ture [24], by reacting N-methylpyrrolidinium (Aldrich) with
propylbromide (Aldrich) followed by metathesis with
lithium bis(trifluoromethanesulphonyl)imide. Ionic liquid
[Li"][MePrPyrr ][NTf,] was obtained by dissolution of
solid LiNTf, in liquid [MePrPyrr ][NTf,7] (0.7 M solution
of LiNTf, in [MePrPyrr ][NTf, ]). The cathode was
prepared by casting a slurry of LiNiO,, graphite KS-15
and PVdF (ratio 85:5:10) in N-methyl-2-pyrrolidone (NMP,
Fluka) on a golden current collector (12 mm radius).
Carbon electrodes were prepared on a copper foil (Hohsen,
Japan) by the casting technique, from a slurry of graphite
SL-20 (G), carbon black (CB) and PVdF in N-methyl-2-
pyrrolidone (NMP, Fluka). The ratio of components (G):
(CB):(PVdF) was 85:5:10 (by weight). The layers of
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Fig. 2 An equivalent circuit representing the electrolyte/electrode
system
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Fig. 3 Impedance plots for the unsymmetrical LiNiO,|0.7 M LiNTf,
in MePrPyrtNTf,+10% VCILi cell kept under open circuit conditions
as a function of time

electrodes were formed by evaporation of the solvent
(NMP) at 120 °C in vacuum.

Measurements

Cycling efficiency of the cathode was measured in a
two-compartment cell against a counter electrode con-
sisting of the lithium foil, separated by the glass
microfibre GF/A separator (Whatman) and placed in an
adapted 0.5” Swagelok® connecting tube. The cycling
measurements were taken using the ATLAS 0461 MBI
multichannel electrochemical system (Atlas-Sollich,
Poland). Galvanostatic charging/discharging of the
LiNiO,|Li and LiNiO,|graphite cells were conducted
between 3.2-4.2 and 2.5-4.2 V, respectively. The charging
and discharging rates were C/10, C/5, C/3 and C/2.
Always, the discharge rate was the same as charging rate.
Interface resistance at the electrode/electrolyte interface
was measured using an ac impedance analyzer (Atlas-
Sollich system, Poland). Flash point of [Li"][MePrPyrr']
[NTf, ] was measured using an open-cup home-made
apparatus, based on the Cleveland instrument, with a 1.5-ml
cup. The cup was heated electrically through a sand bath, and
temperature was measured using the M-3850 Metex (Korea)
digital thermometer. The apparatus was scaled with a number
of compounds of known flash points [24]. The surface of
LiNiO, was estimated from the nitrogen adsorption BET
isotherm using the ASAP2010 (Micromeritics, USA).
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Particle size was measured with the Zetasizer Nano ZS  electron microscopy (SEM) as well as energy dispersive
(Malvern Instruments Ltd.). After electrochemical measure-  spectroscopy (EDX) of electrodes was done with a Tescan
ments, cells were disassembled, and electrodes washed with ~ Vega 5153 apparatus. All operations were made in a dry
DMC and dried in vacuum at room temperature. Scanning  argon atmosphere in a glove box.

Fig. 5 SEM images of graphite
anodes. a Pristine. b, ¢ After
seventh charge/discharge cycles.
¢ EDX analysis of the cycled
anode. Electrolyte 0.7 M LiNTf,
in MePrPyrrNTf,+VC wt.10%
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Fig. 6 SEM images of the
LiNiO, cathode. a Pristine elec-
trode. b, ¢ After 15th charge/
discharge cycles. ¢ EDX analy-
sis of the cycled anode. Elec-
trolyte 0.7 M LiNTf, in
MePrPyrrNTH,+VC wt.10%
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Fig. 7 Galvanostatic charging/discharging of the LiNiO,/0.7 M
LiNTf, in MePrPyrrNTf,+10% VC|Li cell. LiNiO, mass in the
cathode 2.7 mg. Current 22 mA/g (C/10)
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Fig. 8 Discharging capacity of the LiNiO,|0.7 M LiNTf, in
MePrPyreNT1,+10% VCILi cell at various discharging rates
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Fig. 9 Coulombic efficiency of the LiNiO,|0.7 M LiNTf, in
MePrPyrrNTf,+10% VC|Li cell at various discharging rates

Results and discussion
SEI formation

Figure 1 shows the evolution of impedance of the LiNiO,|
0.7 M LiNTf, in MePrPyrrNTf,|Li cell kept under the
open circuit condition. It can be seen that cell resistance
increases with time. Deconvolution of the impedance
spectra was performed according to an equivalent circuit
(Fig. 2). This consisted of an electrolyte (R), SEI (Rsgi)
and charge transfer (R.) resistances in series with
electrolyte and SEI Warburg impedance (W) as well as
impedance Zi; due to diffusion of lithium in LiNiO,.
Capacity of SEI and double-layer (between SEI and the
electrode) are represented by constant phase elements
parallel to Rgg, Re and Zy;. However, values of R +Z;;
cannot be separated into single contributions. The SEI
resistance is 1.3 Q immediately after the cell assembling,
to increase to ca. 10 kQ within 25 days (ca. 600 h).
However, an addition of VC into the electrolyte prevents
the cell from corrosion processes, due to SEI formation
(Fig. 3); the initial Rgg; value is 30 Q and increases to ca.
200 Q after 600 h. It was shown in a previous publication
[24] that impedance of a symmetrical Li|0.7 M LiNT{; in
MePrPyrrNTf,|Li cell increased by ca. three orders of
magnitude within 36 days. Corrosion products do not
protect the lithium electrode, but increase resistance.
Impedance of a symmetrical LiNiO,/0.7 M LiNTf, in
MePrPyrrNTH|LiNiO, cell (with or without VC, Fig. 4)
does not increase with time. This suggests that a potential
corrosion of the anode (metallic lithium in laboratory test
cells or graphite in complete cells [24]) is a key factor.
Figures 5 and 6 show scanning electron microscopy

(SEM) images of pristine electrodes (Fig. 5a and 6a) and
after electrochemical cycling (Fig. 5b, ¢ and 6b, c¢).
Pristine graphite particles (Fig. 5a) are flat platelets with
round edges after cycling, which may be interpreted as a
result of SEI formation. No graphite exfoliation can be
seen. The LiNiO, cathode after its electrochemical cycling
(Fig. 6b, c) is also covered with a film and small
aggregates. This ‘micro-roughness’ may indicate the
formation of SEI layer [26-30]. The EDX analysis
suggests that fluorine is present on electrodes surface
(from electrochemical decomposition of NTf, anion).

Charging/discharging

Charging/discharging curves for the LiNiO,|0.7 M LiNTf,
in MePrPyrtNTf,+10% VC|Li cell are shown in Fig. 7. The
charging and discharging (Fig. 8) capacity of the LiNiO,
cathode was between 195 and 170 mAh g~ ' for lower rates
(C/10, C/5). This value may be compared to the capacity
found for cells working with classical electrolytes. A
capacity of 180 mAh g~ was obtained at low rates (C/20)
[31] in the LiAsFg electrolyte and 155 mAh g™' in the
LiPF, solution in EC+DEC (7.5 mAh g '; C/30 rate) [32,
33]. A higher capacity (200 mAh g') was reported for a
system working with a 1-M LiPFg solution in a mixture of
PC with 1,2-dimethoxyethane [34].

Properties of the LiNiO, cathode were reviewed [35,
36]. The cathode was described as having a practical
capacity of only 100-120 mAh g ™' at high cycle numbers.
Here, Coulombic efficiency (discharging capacity/charging
capacity x 100%) of the discharging process was found to be
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Fig. 10 Galvanostatic charging/discharging of the LiNiO,/0.7 M
LiNTf; in MePrPyrrNTf,+10% VClgraphite cell. LiNiO, mass in the
cathode 8.3 mg and graphite mass in the anode 4.1 mg. Current
18.5 mA/g (C/20)
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close to 90-95% (£5%), depending on the discharge rate
(Fig. 9). However, it can be see that in the case of the
lowest C/10 rate, the initial Coulombic capacity increased
considerably from ca. 60% up to 90-95%. This may be due
to slow SEI formation during first three cycles.

Charging/discharging curves of a complete LiNiO,|
0.7 M LiNTf; in MePrPyrrNTf, + 10% VCgraphite Li-ion
cell (at the C/20 rate) are shown in Fig. 10. The
discharging efficiency after 50 cycles drops from an initial
value of ca. 360 mAh g to stabilise at 340 mAh g '
(expressed versus the mass of graphite). The rate of
charging/discharging is limited by lithium diffusion in the
solid LiNiO, cathode (specific surface of 2.6 m”* g ',
particle size between 800 and 1,400 nm). The R +Z;;
value detected from deconvolution of impedance plots for
the symmetrical LiNiO,|0.7 M LiNTf, in MePrPyrrNTH1,|
LiNiO, cell (Fig. 4) is ca. 10° Q for the electrolyte both
with and without VC and for an electrode mass of ca.
3 mg. Therefore, the cathode surface is (2.6 10* cm® g ') x (3
107 g)=78 ecm?. The current density approximated from the
Rot+Zy; value is j=(0.026 V/(10° Q x 78 cm?))=3.3
10 A cm °. The corresponding formal reaction rate, limited
by Li diffusion in the solid cathode, may be approximated as
K¥=49 10" cm ' (j=K'F [Li']). In ac impedance experi-
ments, the voltage amplitude is very low (10 mV), and the
perturbation of Li concentration in the anode is negligible.
Hence, the diffusion coefficient D of Li in LiNiO, may be
approximated as kK’~D/d (where d is the unit length of the
diffusion path, d=1 cm): D=10""" cm? s', which is
consistent with literature data [37].

Electrolyte flash point

Flash point of a classical 1 M LiPFs in EC+DMC (1:1)
electrolyte (1.5 ml)+LiNiO, (5 mg) was measured to be ca.
35 °C. This indicates easy ignition of such a classical
cathode/electrolyte system. However, if the molecular solvent
(EC+DMC) is replaced by an ionic liquid, flash point is
considerably increased, and flammability is reduced. The
flash point of a 0.7 M LiNTf; in MePrPyrrNTf,+10% VC
(1.5 ml)+LiNiO, (5 mg) system was determined to be much
higher: ca. 155 °C. Generally, in laboratory tests, two- and
three-electrode cells may be used. With practical batteries,
only two electrode cells are applied. In three electrode cells,
the volume of the electrolyte is usually relatively high
(millilitres or more), while the surface of the working
electrode is low (usually the surface of ca. 1072 cm? or less).
Hence, the amount of SEI forming compound versus the area
of the protected lithium surface is also high. However, in the
case of two electrode laboratory cells and practical Li-ion
cells, the surface of electrodes is large with respect to the
volume of the electrolyte contained in the separator (thickness
usually of 0.2-0.5 mm). Consequently, the active compound
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capable of forming a protective coating (here VC) is
consumed during SEI formation, and its concentration in
the electrolyte after a number of cycles may be regarded as
negligible. This may cause a further increase of the flash
point, which was estimated to be >250 °C for the system
without volatile VC and the cathode (0.7 M LiNTf+
MePrPyrrNTH,). All these suggest that the replacement of a
classical electrolyte in molecular liquids (cyclic carbonates)
by an electrolyte based on an ionic liquid brings about high
increase in cathode/electrolyte non-flammability. A similar
observation was found in the case of 1-ethyl-3-methylimida-
zolium bis(trifluoromethanesulphonyl)imide (EtMeImNTH)
[38]. The ionic liquid was mixed with the quaternary EC+
DEC+VC+LiPF; electrolyte. Flammability was detected by
observing the flame on the electrolyte surface. It is concluded
that the 40% content of EtMeImNT{, makes the system
non-flammable.

Conclusions

1. The MePrPyrrNTH; ionic liquid is incapable of protec-
tive SEI formation on metallic lithium or lithiated
graphite. However, after an addition of VC the
protective coating is formed, facilitating possible work
of the Li-ion cell.

2. SEM images of pristine electrodes and those taken after
electrochemical cycling showed changes which may be
interpreted as a result of SEI formation.

3. The charging/discharging capacity of the LiNiO,
cathode in the MePrPyrrNTH, ionic liquid is between
195 and 170 mAh g ', depending on the rate. The
charging/discharging efficiency of the graphite anode
drops after 50 cycles from an initial value of ca.
360 mAh g ! to stabilise at 340 mAh g .

4. The replacement of a classical electrolyte in molecular
liquids (cyclic carbonates) by an electrolyte based on
the MePrPyrrNTf, ionic liquid brings about highly
increased the cathode/electrolyte non-flammability.
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