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Introduction
Lithium ion batteries (LIBs) have become the most prominent 
choice of power source for all types of portable microelectronic 
devices, as they offer higher energy density than the other 
rechargeable power sources [1,2]. Development of a highly 
efficient, thin film positive electrode which can provide high 
cell voltage, high specific capacity and cycling stability even at 
rapid charge/discharge rates, is the key issue of electrochemical 
research [3,4]. Good Enough et al. was the first to report a layered 
lithium cobalt oxide (LiCoO2) positive electrode material in the 
1980’s. In the practice major limitation is connected with the 
removal of Li from LixCoO2 i.e., de lithiation of LiCoO2 restricted 
to x Ľ 0.5, which corresponds to 4.2 V vs. Li/Li (a capacity value 
of 140 mAhg-1). However, several efforts have been expended to 
extract extra capacity and to cycle the LiCoO2 cathode beyond 4.2 
V so as to increase energy density of the LIB’s [2-17]. This would 
be connected with obtain: desirable properties of LiCoO2 as a 
cathode without post deposition heat treatments at elevated 
temperatures [7,9], replacing a part of base transition metal 
(Co) with another element (Ni, Mn, Ti, Fe etc.) [10,11], surface 
modification of LiCoO2 films with inert metal oxides (MOx, M Ľ Al, 
Mg, Sn, Zn, Zr) and inorganic salts (AlF3, Al(OH)3, AlPO4) [12] and 

development of various nano-structured LiCoO2 materials [13-
16] and tailoring the morphological properties [17,18].

LiNiO2 is known to be difficult to synthesize and its multi-phase 
reactions during electrochemical cycling lead to structural 
degradation [19-30]. During the charge process, LiNiO2 undergoes 
a sequential change in its crystal structure from the hexagonal 
phase to the monoclinic phase, to the hexagonal phase again, 
followed by two hexagonal phases, and finally a single hexagonal 
phase [31]. There are also concerns over the thermal stability of 
LiNiO2 in the charged state. To overcome the difficulties with its 
synthesis and structural instability during cycling and to improve 
thermal safety, the nickel ion has been substituted by various 
metal ions (e.g., Mg, Al, Mn, Ga) [32-35]. It has been reported 
that the substitution process stabilizes the crystal structure of 
the material during the intercalation/deintercalation of lithium 
ions, even in an overcharged state, and there by improves 
LiNiO2 cycle ability. A molten-salt method has been found to be 
a simple means to prepare pure and stoichiometric powders of 
multi-component oxides, in which the molten salts are utilized 
as solvent or reacting species [36,37]. Since the diffusion rates 
of the components in molten salts are much higher than those 
in a solid-state reaction, various powders, such as LiCoO2, can 
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be prepared at significantly lower temperatures [38]. Han et al. 
[38,39] investigated the preparation of LiCoO2 and LiCo0.8M0.2O2 
(M=Al, Ni) by molten-salt synthesis.

The general aim of this study was to investigate a new electrolyte: 
1 M LiPF6 in TMS+10%VC; 1 M LiNTf2 in TMS+10%VC and 1 M 
LiBOB in TMS+10%VC working in both systems Li/LiCoO2 and Li/
LiNiO2.

Experimental
Materials
Graphite, (G, SL-20, BET surface area 6.0 m2g-1, Superior Graphite, 
USA), carbon black, (CB, Fluka), poly(vinylidene fluoride) (PVdF, 
Fluka), sulfolane (TMS, Fluka), lithium foil (Aldrich, 0.75 mm 
thick), vinylene carbonate (VC, Aldrich), N-methyl-2-pyrrolidinone 
(NMP, Fluka), lithium bis(trifluoro methane sulfonyl)imide (LiNTf2, 
Fluka), lithium hexa fluorophosphate (LiPF6, Fluka), lithium 
bis(oxalato)borate (LiBOB Fluka), LiNiO2 powder (Aldrich) were 
used as purchased. Electrolytes were obtained by dissolution of 
the solid LiPF6, LiNTf2 and LiBOB salts in liquid TMS heated to ca. 
35°C (TMS is solid at room temperature). Electrolytes contained 
VC as a SEI forming additive (10%). Tested LiNiO2 and LiCoO2 
cathodes were prepared by casting LiNiO2/LiCoO2+G+ PVdF (ratio 
85:5:10) slurry in N-methyl-2-pyrrolidinone (NMP, Fluka) on the 
current collector (diameter 12 mm) (NMP was evaporated in 
vacuum at 120°C).

Apparatus and measurements
Particle size distributions were determined for LiNiO2. 
Measurements were performed on a Zeta sizer Nano ZS made 
by Malvern Instruments Ltd. UK, using the non-invasive back 
scattering method (NIBS). From the particle size distribution the 
polydispersity index was calculated, which provides information 
on the homogeneity of the product particles. The morphology 

and microstructure of the products were examined using a 
scanning electron microscope (Zeiss EVO40). From these images 
it was also possible to determine the particle structures and their 
tendency towards aggregation or agglomeration.

The performances of the cells were characterized using 
galvanostatic charge-discharge tests. Cycling efficiency of 
LiNiO2│Li, LiNiO2│G systems was measured in two compartment 
cells. Electrodes were separated by the glass microfiber GF/A 
separator (Whatmann), placed in an adopted 0.5 Swagelok® 
connecting tube. Typically, the mass of electrodes was as follows: 
Li: ca. 45 mg (0.785 cm2) and cathode: 2.0-3.0 mg, graphite: 3.0-
4.0 mg. The cells were assembled in a glove box in the dry argon 
atmosphere. The cycling measurements were taken with the use 
of the ATLAS 0461 MBI multichannel electrochemical system 
(Atlas-Sollich, Poland) at different current rates (C/10-C/2). 
Cyclic voltammetry (CV) and ac impedance measurements were 
performed using the μAutolab FRA2 type III electrochemical 
system (Ecochemie, Netherlands).

Thermal gravimetric analysis was conducted with the use of 
the STA 449 F3 Jupiter TG/DTA analyser (NETZSCH-Gerätebau 
GmbH) with the 2°C min-1 rate. Flash point of the electrolyte was 
measured with an open cup home-made apparatus, based on the 
Cleveland open cup instrument, with a 1.5 ml cup. The cup was 
heated electrically through a sand bath, and temperature was 
measured with the M-3850 (Metex, Korea) digital thermometer. 
The apparatus was scaled with a number of compounds of known 
flash points.

Results
PSD and morphology
Figure 1 shows particle size distributions and SEM images of 
LiNiO2 (a, b) and LiCoO2 (c, d) respectively. LiNiO2 is characterised 

 
a) b) 

Figure 1 PSD of: a) LiNio2 and SEM image of: b) LiNio2.
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The structure of LiNiO2 is described in previous text [45-48], while 
the structure of Li2NiO2 is also discussed in previous text [46]. The 
latter paper also discusses lithium insertion in the approximate 
range 1<x<2 in LixNiO2, which takes place at about 1.8 V versus Li. 
This is in contrast to lithium insertion in LiCoO2 where no plateau 
around this voltage is found [46]. The solid state ionic transport 
properties of LiNiO2 are discussed in previous text [49] while other 
physical/chemical properties are given in a number of references 
[50-52]. Performance results, comparable to those of liquid 
electrolyte systems, were obtained with Li/LiNiO2, Li/LiMn2O4, C/
LiNiO2 and C/LiCoO2 cells [53], using a PAN based hybrid polymer 
electrolyte (i.e., polymer-liquid-salt combination, [54]) at room 
temperature. However, a rapid decay of the capacity with cycling 
was observed in the early experiments with the carbon anode 
based systems [55-68]. The half-cells was tested for 50 cycles, but 
Figures 2-4 present charging/discharging for the first 20 cycles.

Figures 2-4 show charge-discharge curves and coulombic 
efficiency of the Li/LiNiO2 half-cell using: 1 M LiPF6 in TMS+10%VC 
(Figure 2) 1 M LiNTf2 in TMS+10%VC (Figure 3) and 1 M LiBOB in 
TMS+10%VC (Figure 4).

by a mono modal particle size distribution with diameters in the 
range 825-1720 nm (Figure 1a). As evidenced by the SEM image 
(Figure 1b) the particles are regular in shape. The cathode is 
highly homogeneous, as is confirmed by the low polydispersity 
index of 0.326. Average particle diameter is lower than for 
LiCoO2, amounting to 1050 nm.

Electrolyte liquidity range, viscosity and 
conductivity
Sulfolan is a five-membered heterocyclic sulfur-organic 
compound containing a sulfonyl functional group. This group 
is composed of a sulfur atom connected by double bonds with 
two oxygen atoms. The sulfur-oxygen double bond is highly 
polar, ensuring the miscibility of sulfolane with water, while 
the carbon backbone affects good solubility in hydrocarbons, 
whereby sulfolane is widely used as a solvent for the purification 
of hydrocarbon mixtures.

Melting point of sulfolane is relatively high (301.6 K (ca. 28°C)) [40] 
and hence, it is solid at room temperature. Consequently, melting 
point of ca. 1 M solutions is lower by ca. 60 K in comparison to 
that of pure sulfolane (240 K (ca.-33°C)) which is sufficient from 
the practical point of view. Due to their high boiling point and 
cryoscopic constant, solutions in sulfolane are characterized by a 
broad liquidity range (ca. 300 K). Conductivity of the electrolyte 
at T=298 K is 2.6 mS cm-1, with the activation energy of the 
conduction process, aEσ =l8.4 kJ mol-1 [41,42]. Viscosity, η, of 
sulfolane is relatively high and strongly depends on temperature. 
Sulfolane viscosity, near its melting point is relatively high (ca. 10 
cP at 30°C) [40].

Charging/discharging
LiNiO2: Literature sources contain much information on the 
obtained capacity for the discussed cathode. LiNiO2 exists in two 
structural modifications, of which only one is electrochemically 
active [43]. The theoretical capacity of LiNiO2, assuming 1 Li 
per NiO2 unit may be extracted, is close to that of the LiCoO2 
compound, i.e., ~ 275 mAhg-1. Again, in a similar fashion to the 
cobalt system, a significantly lower capacity is obtained in actual 
test cells. However, the overall reversible specific capacities 
reported for LiNiO2 are typically 10-30 mAhg-1 higher than those 
of LiCoO2. Fewer cycles have been reported, but good charge 
retention is generally observed after >100 cycles. The very small 
particle size was claimed to be advantageous in one report, but 
unfortunately no electrochemical data were presented. The cycle 
life size is strongly dependent on the depth of discharge [44], i.e., 
high cycle numbers are obtained when the capacity is restricted 
to about 100-120 mAhg-1, while only a few cycles are possible at 
higher capacities. In addition, the LiNiO2 compound appears to be 
more difficult to synthesize than the corresponding cobalt oxide, 
in a modification which is able to reversibly insert lithium to any 
significant extent. In contrast to LiCoO2, which can be prepared 
by sintering a mixture of almost any Li, Co and O2 sources under 
proper temperature conditions, the LiNiO2 compound needs to be 
prepared under strongly oxidizing conditions. Typical examples 
include e.g., hydroxide mixtures annealed in an O2 atmosphere, 
hydroxide and nitrate or by the use of Na202 and a Ni source, 
followed by ion exchange with LiNO3 at an elevated temperature. 
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Figure 2 Charging capacity a) Discharging capacity b) Coulombic 
efficiency c) of the cell: LiNiO2|1 M LiPF6 in TMS+10%VC 
|Li (rates: C/10, C/7, C/5, C/2).
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The highest capacity is observed for the system Li [1 M 
LiPF6 in TMS+10%VC] LiNiO2. The capacity of the charging 
(deintercalation) and discharging (intercalation) processes 
after 20 cycles was 200 mAhg-1 and 195 mAhg-1, resulting in 
a coulombic efficiency of 98% under the current rate C/10. 
Moreover when the current is increased from C/10 to C/2 charge 
and discharge capacity decreases after 20 cycles to 144 mAhg-1 
and 135 mAhg-1, respectively (Figure 2) the reversible capacity 
is not low and accounts for 70% of the theoretical value, which 
is a good result with promising prospects for further research. 
Slightly worse properties of the LiNiO2 cathode are observed for 
other electrolytes. The charging/discharging capacity for Li [1 M 
LiNTf2 in TMS+10%VC] LiNiO2 is found within a range of 180-170 
mAhg-1 and 170-162 mAhg-1 resulting in a coulombic efficiency 
of 95% (current is increased than charge and discharge capacity 
decreased) (Figure 3).

The lowest coulombic efficiency, of about 90%, is observed for 
the system Li [1 M LiBOB in TMS+10%VC] LiNiO2. The electrolyte 
containing LiBOB was the least stable during the charging/
discharging process (Figure 4).

Electrolyte flammability
In lithium-ion cells containing classical electrolytes the solvent 
may start to evaporate and consequently, the vapour may ignite. 
Therefore, for safety reasons, it is of practical significance to 
look for new non-volatile electrolytes. Many ionic liquids, due to 
the strong ion–ion interactions, are characterized by negligible 
vapour pressure at room temperature. On the other hand, the 
SEI forming additives, such as VC, are volatile organic compounds 
and it is necessary to estimate the flash point of such mixtures 
(Figure 5).

Flash points of ethylene carbonate and propylene carbonate 
are 143°C and 123°C, respectively (Sigma-Aldrich and Merck 
catalogues), while in the case of dimethyl carbonate it is only 
16°C (Sigma-Aldrich catalogue). Flash point of neat sulfolane is 
much higher than 177°C [40]. In addition, if the electrolyte in 
cyclic carbonates is in contact with the cathode, the flash point 
may be reduced. The system under study: i.e., LiNiO2 (solid)+1 
M LiPF6+TMS+10%VC have a flash point of ca. 160°C. This is 
much higher in comparison to that characteristic of a classical 
LiNiO2(solid)+1 M LiPF6+EC 50%+DMC 50% system (Tf=42°C). 
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Figure 3 Charging capacity a) Discharging capacity b) Coulombic 
efficiency c) of the cell: LiNiO2|1 M LiNTf2 in TMS+10%VC 
|Li (rates: C/10, C/7, C/5, C/2).
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Figure 4 Charging capacity a) Discharging capacity b) Coulombic 
efficiency c) of the cell: LiNiO2|1 M LiBOB in TMS+10%VC 
|Li (rates: C/10, C/7, C/5, C/2).
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During SEI formation the volatile additive (VC) is converted into 
a solid polymeric component of the interface. Consequently, 
the amount of the volatile compound decreases to a low value, 
increasing the flash point of the electrolyte. The flash point 
determined for the: LiPF6 solution in TMS, without VC, is 168°C, 
LiNTf2 solution in TMS, without VC, is 155°C and LiPF6 solution in 
TMS, without VC, is 153°C.

Figure 6 shows thermal gravimetric analysis (TG/DTA) of the 1 
M LiPF6+TMS+10%VC electrolyte under nitrogen atmosphere. It 
can be seen that the main decomposition peak of the electrolyte 
(both liquid solvents and the lithium salt) is found at ca.275°C. 
The TG/DTA profiles shown in Figure 6 are similar to those found 
to poly vinylidene fluoride-based gel electrolyte [42].

No significant differences were observed in the TG/DTA for other 
electrolytes (1 M LiNTf2+TMS+10%VC or 1 M LiBOB+TMS+10%VC). 
The peak appears at approximately 260°C-280°C (Figures 7 and 8).

Cyclic voltammetry
A cyclic voltammogram of the Pt [1 M LiPF6 in TMS+10%VC] 
system is given in literature [68]. Cyclic voltammograms of the 
graphite electrode in 1 M LiNTf2 dissolved in TMS is shown in 
Figure 9a Examination of the curve of the first cycle (the first 
reduction process) shows two fine peaks around 0.2 and 0.7 V, 
presumably corresponding to the formation of SEI on the surface 
anode. These peaks which disappear completely with further 
cycling are apparently due to VC reductions. The next stage of 
lithium intercalation occurs at potential below 0.3 V and reaches 
a peak at a potential 0.005 V. The difference between the CV 
curve of the first cycle and subsequent cycles indicates that the 
irreversible capacity mainly occurs in the first cycle. A similar 
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picture is observed in the case of the second electrolyte, i.e., 1 M 
LiBOB dissolved in TMS (Figure 9b).

Impedance studies
For a system containing lithium salt: LiNTf2 in TMS was decided 
to perform a comparative study by performing temperature 
impedance spectrum. Figures 10a and 10b have impedance 
spectra of C6Li| LiNTf2 in TMS |Li and LiNiO2|LiNTf2 in TMS|Li 
cells. Spectra were deconvoluted according to the equivalent 
circuit shown in Figure 10c. The conductivity of 1.0 M LiNTf2 in 
TMS at 25°C was 2.6 mS cm-1, with the activation energy of the 
conduction process aEσ =l8.4 kJ mol-1. Therefore, the specific 
conductivity of the electrolyte at 90°C was 9.8 mS cm-1, which is 
comparable to the corresponding value characteristic of classical 
solutions in cyclic carbonates working at room temperature. 
Corresponding resistance of the electrolyte in cells, Rel, was 
somewhat higher than that expected from its conductance, due 
to the porous structure of both electrodes. However, at 90°C it 
decreased considerably to ca. 8 Ω.

The resistance of the SEI layer, RSEI, formed at 25°C on the graphite 
anode and the LiNiO2 cathode was ca. 9 Ω and 51 Ω, respectively. 
The corresponding value for SEI formed at 90°C, was higher, 
achieving 32 Ω (C6Li) and 67 Ω (LiNiO2). A possible explanation 
is that at a higher temperature the thickness of the formed SEI 
layer was higher.

The corresponding charge transfer resistance for the LiNiO2|Li+ 
cathode (ca. 2.80 mg, BET specific area 15.4 m2 g−1, real surface 
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area A=431 cm2) was lower: ca. 5.96 × 10-5 A cm-2 and 7.26 × 10-5 
A cm-2 at 25°C and 90°C, respectively.

The line at the low-frequency region is due to the diffusion of the 
electro-active species. Generally, any software system used for EIS 
curve deconvolution applies the Warburg model, which is based 
on a symmetrical constant phase element. Hence, the diffusion 
process was approximated here also by the Warburg element 
ZW. Slopes of linear parts of impedance spectra were not exactly 
45°C as predicted by the Warburg model. Moreover, in the case 
of the C6Li|Li+ anode, the diffusion impedance increases with an 
increasing temperature which is difficult to explain. However, the 
LiNiO2 cathode diffusion impedance decreases considerably with 
the temperature increase. Numerical evaluation of the diffusion 
coefficient of Li in the graphite anode or the LiNiO2 cathode is 
impossible as the concentrations of diffusing species in the solid 
state have been unknown.

Conclusion
The solvent used to lower flammability - sulfolane, has a high 
melting point of 27.5°C. Sulfolane would greatly limit the range 
of temperatures where it can be used. For these reason we need 
to add lithium salts, which modify mixture facilitating better 
use in li-ion batteries. The study tested the addition of salts 
(LiPF6, LiNTf2 and LiBOB) to sulfolane and efficiency for each cell 
cathodes (LiNiO2 and LiCoO2).
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1.	 These results show that sulfolane with an addition of LiPF6, 
LiNTf2 and LIBOB can be a good electrolyte for application in 
Li-ion batteries using cathode: LiNiO2 Charging/discharging 
capacity was stable and occurs between 200-180 mAhg-1 for 
LiNiO2│Li system. The value depends on the current rate. 
Coulombic efficiency was 90-95%.

2.	 Moreover these electrolytes: 1 M LiPF6 in TMS+10%VC; 1 M 
LiNTf2 in TMS+10%VC and 1 M LiBOB in TMS+10%VC have 
good cathodic stability and flash points above 160°C.
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Figure 10 Impedance spectra of C6Li|Li system is a function of temperature. Lithiated graphite electrode 
(C6Li). Graphite mass: 3.49 mg (a), Impedance spectra of the LiFePO4|Li system as a function of 
temperature. LiNiO2 mass: 2.80 mg (b) electrodes were after three working cycles (intercalation 
de intercalation/intercalation). Equivalent circuit used for impedance spectra deconvolution of 
the LiNiO2|SEI|Li+ and LiC6|SEI|Li+ systems (c).

3.	 It can be seen from the thermal gravimetric analysis (TG/DTA) 
of the electrolytes under nitrogen atmosphere that the main 
decomposition peak of the electrolyte (both liquid solvents 
and the lithium salt) is present at ca. 275°C.
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