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Dimethylacetamide (DMAc) and triethyl(2-methoxyethyl)phosphonium bis(trifluoromethylsulfonyl)
imide (TEMEP-TFSI) are investigated as protective additives for high voltage LiNip5Mn;504 cathode
materials. The capacity retention of Li/LiNig5Mn;504 cells is improved by adding these additives to
the base liquid electrolyte. The self-extinguishing time and DSC results demonstrate that the addi-
tion of TEMEP-TESI to the base electrolyte is effective in reducing the flammability of the electrolyte

solution and improving the thermal stability of the LiNig5Mn;504 electrode. TEM and XPS analyses of
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the LiNig5Mn; 504 electrode reveal that DMAc and TEMEP-TFSI participate in the formation of a stable
solid electrolyte interphase (SEI) on the LiNip5sMn; 504 electrode, and the resulting SEI layer effectively
suppresses electrolyte decomposition.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Spinel LiMn; 5Nig 504 cathode materials have been studied as a
substitute for LiCoO5 in lithium-ion batteries because of the eco-
nomic and environmental advantages [ 1-3], and their high working
voltage can produce a higher energy density than other cath-
ode materials. However, the practical application of LiMn; 5Nig504
materials to lithium-ion batteries is still challenging because they
suffer from the oxidative decomposition of electrolyte solutions at
high voltages, leading to the gradual deterioration of cell perfor-
mance upon cycling. Numerous possible solutions to this problem
have been proposed, such as the development of new electrolytes
exhibiting high anodic stability [4,5], addition of various inorganic
and organic additives to the electrolyte [6-11], and a polymer
or inorganic coating on the surface of cathode materials [12-14].
Among various additives, a Lewis base, such as dimethylacetamide
(DMAC), has been recognized as an effective stabilizing additive for
active cathode materials by inhibiting reactions of the electrolyte
with electrode materials [15,16]. Ionic liquids (ILs) have also been
considered safe electrolyte additives due to their unique properties
such as non-flammability and enhanced thermal stability [17-19].
Tsunashima and Sugiya reported that ILs based on triethylalkyl
phosphonium cations with a bis(trifluoromethylsulfonyl) imide
anion exhibited good electrochemical properties and high thermal
stability [20].
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In this work, DMAc and triethyl(2-methoxyethyl)phosphonium
bis(trifluoromethylsulfonyl)imide (TEMEP-TFSI) were used as pro-
tective additives for high voltage LiNig s Mn 504 cathode materials.
The cycling performance and thermal stability of the LiNig 5Mn; 504
electrodes were improved by introducing these additives to the
base electrolyte through the formation of the protective surface
layer. The surface layer formed on the electrodes during cycling
was investigated by X-ray photoelectron spectroscopy (XPS).

2. Experimental
2.1. Cell assembly

DMAc (99.8%) was purchased from Sigma Aldrich and stored
over 4 A molecular sieves before use. TEMEP-TFSI was purchased
from Nippon Chemical Industrial Co. Ltd. and dried under vacuum
at 120°C for 12 h before use. The water content in TEMEP-TFSI
after drying was less than 20 ppm by Karl Fischer titration. The
base electrolyte, 1.15M LiPFg in ethylene carbonate (EC)/diethyl
carbonate (DEC) (3:7 by volume, battery grade), was kindly sup-
plied by Soulbrain Co. Ltd. and used without further treatment.
In an Ar-filled glove box, 1wt.% DMAc and 10 wt.% TEMEP-TFSI
were directly added to the base electrolyte. Table 1 lists three
different electrolyte systems considered in this study. The posi-
tive electrode was prepared by coating an N-methyl pyrrolidone
(NMP)-based slurry containing 85 wt.% LiMn 5Nig504 (Samsung
SDI), 7.5 wt.% poly(vinylidienefluoride) (PVdF) and 7.5 wt.% super-P
carbon (MMM Co.) onto aluminum foil. The active mass load-
ing corresponded to a capacity of 1.0 mAh cm~2. The negative
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Table 1
Electrolyte systems considered in this study.
Electrolyte Composition
EO 1.15M LiPF¢ EC/DEC
E1l M LiPFg EC/DEC+1 wt.% DMAc
E2 1.15M LiPFs EC/DEC+1 wt.% DMAc + 10 wt.% TEMEP-TFSI

electrode consisted of a lithium metal (Honjo Metal Co. Ltd.,
100m) that was pressed onto a copper current collector. In
order to improve the wettability of the polyethylene separator
for the electrolyte solution, a porous poly(vinylidenefluoride-co-
hexafluoropropylene)-coated separator was prepared according to
a procedure reported previously [21]. The CR2032-type coin cell
composed of a lithium negative electrode, a polymer-coated sepa-
rator and a LiMn; 5Nig 504 positive electrode was assembled with
an electrolyte solution. All cells were assembled in a dry box filled
with argon gas. After assembly, the cells were kept at 25°C for 12 h
to imbue the electrodes with the electrolyte solution.

2.2. Measurements

The conductivity measurements of the electrolyte solutions
were performed using a Cond 3210 conductivity meter (WTW
GmbH, Germany). The self-extinguishing time (SET) was mea-
sured to quantify the flammability of the electrolyte solutions,
as previously described [22-24]. The cycling performance of
Li/LiMn; 5Nig504 cells was evaluated over a voltage range of
3.0-4.9V at a 0.5C rate and 25°C with battery testing equip-
ment (WBCS 3000, Wonatech). AC impedance measurements of
the Li/LiMn4 5Nig 504 cells were performed at charged state (4.9V)
using a Zahner Electrik IM6 impedance analyzer over the frequency
range of 1 mHz to 100 kHz with an amplitude of 10 mV. The sur-
face morphology of the LiNigs5Mn; 504 particles after 100 cycles
was observed using transmission electron microscopy (TEM, JEM
2100F, JEOL). Surface characterization of the LiNig5sMn; 504 elec-
trodes before and after cycling in different electrolyte systems was
conducted by XPS. The electrodes were washed several times with
anhydrous DMC to remove residual electrolyte, followed by vac-
uum drying overnight at room temperature prior to collecting the
data. The electrodes were transferred in an air-tight container,
mounted on the XPS sample holder and transferred to the XPS
apparatus with minimal exposure to air. XPS measurements were
conducted on a VG Multilab ESCA 2000 system using an Al Ka
radiation. For the differential scanning calorimetry (DSC) measure-
ments of the delithiated Li;_xNig 5sMn 504 materials, the cells were
fully charged to 4.9V after 100 cycles and were disassembled in a
dry room. The cathode materials scraped from the current collec-
tor were rinsed with DMC to remove the residual electrolyte and
dried under vacuum. The electrodes were sealed together with the
electrolyte solution in a hermetic stainless steel pan, and measure-
ments were performed at a heating rate of 5°Cmin~!. A 30 wt.%
electrolyte solution was used based on the active cathode material,
and the heat flow was calculated based on the weight of the active
cathode material.

3. Results and discussion

Fig. 1 shows the ionic conductivities of the base electrolyte (EO)
and electrolyte solutions containing different additives (E1, E2).
The ionic conductivity of the base electrolyte was 6.8 x 1073 S
cm~!. When 1 wt.% DMAc was added to the base electrolyte, the
ionic conductivity was scarcely changed. On the other hand, the
electrolyte solution containing 1wt.% DMAc and 10 wt.% TEMEP-
TFSI showed a slightly higher ionic conductivity than the base
electrolyte due to the increase in the number of free ions arising
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Fig. 1. lonic conductivities and SET values of different electrolyte systems.

from the dissociation of TEMEP-TFSI surpassing the decrease of the
ionic mobility in the electrolyte solution. In order to investigate
the flammable behavior of the electrolyte solution containing
non-flammable ionic liquid, TEMEP-TFSI, flammability tests were
performed. When TEMEP-TFSI was added to the electrolyte,
both the burning time and flame intensity decreased, result-
ing in reduced flammability. Accordingly, the SET values of the
electrolyte solution containing TEMEP-TFSI (E2) decreased. As pre-
viously reported [23,24], the flammability of an electrolyte solution
is proportional to the SET value. Thus, this result suggests that the
addition of a small amount of TEMEP-TFSI to the base electrolyte
is effective in reducing the flammability of the electrolyte.

Fig. 2 shows the charge and discharge curves of
Li/LiMn; 5Nig504 cells with different electrolyte solutions for
the first and second preconditioning cycles, which are obtained at
a constant current rate of 0.1 C. It is well known that the SEI film
formed in the preconditioning cycles can prevent the electrolyte
from degradation for subsequent cycling, and thus improve cycling
stability. In order to effectively form SEI film on the electrode
surface, the current density was kept to be low (0.1 C rate) in the
preconditioning cycles. As shown in Fig. 2, all the cells exhibited a
voltage plateau near 4.7V that is attributed to the Ni2*/Ni** redox
reaction and also a very small voltage plateau region of 4.0V from
the Mn3*/Mn** redox process. For the base electrolyte, the first dis-
charge capacity was 139.4 mAh g~! based on active LiMn; 5Nig 504
material, a coulombic efficiency of 87.4%. The discharge capacity
slightly decreased to 139.0 mAh g~!, and the efficiency increased
to 94.9% for the second cycle. The cells assembled with the E1 and
E2 electrolytes exhibited reduced coulombic efficiencies of 82.9
and 79.4% at the first cycle for E1 and E2, respectively. This result
may be explained by the irreversible electrochemical oxidation of
DMAc and TEMEP-TFSI at high voltages during the first charging
cycle, which leads to the formation of a solid electrolyte interphase
(SEI) on the surface of the LiMn; 5Niy 504 electrode. At the second
cycle, the coulombic efficiencies remarkably increased to 93.2 and
92.8% for E1 and E2, respectively. Higher efficiencies at the second
cycle indicate that the oxidative decomposition of the electrolyte is
suppressed by the SEI layer formed at the first cycle. The aluminum
foil used as the positive current collector was not corroded by
TFSI anion at high voltages during cycling, because the amount of
TEMEP-TFSI was quite low as compared to LiPFg salt. Recently, Cho
et al. have reported that the addition of a small amount of LiPFg in
ionic liquid electrolyte containing TFSI anion led to inhibition of Al
corrosion [25].

The cycling performance of the Li/LiMn; 5Nig504 cells assem-
bled with different electrolyte solutions was evaluated. After two
preconditioning cycles at the 0.1 C rate, the cells were charged at
0.5 Crate up to a set voltage of 4.9V, followed by a constant voltage
charge until the final current reached 10% of the charging current.
The cells were then discharged down to a cut-off voltage of 3.0V
at the same current (0.5 C). Fig. 3 shows the discharge capacities
as a function of the cycle number in the cells prepared with
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Fig. 2. Initial preconditioning charge-discharge curves of Li/LiMn;sNig504 cells
assembled with different electrolytes (current rate: 0.1 C, cut-off: 3.0-4.9V, 25°C)
(a) EO, (b) E1 and (c) E2.

different electrolytes. The initial discharge capacity was nearly
the same, irrespective of the type of the electrolyte, but the
cycling stability of the cells is dependent on the type of electrolyte
solution. With respect to the capacity retention, the cell with
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Fig. 3. Discharge capacities as a function of the cycle number for Li/LiMn; 5sNig504
cells assembled with the different electrolytes (0.5C CC and CV charge, 0.5C CC
discharge, cut-off voltage range: 3.0-4.9V, 25°C).
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Fig. 4. AC impedance spectra of Li/LiMn; 5Nig504 cells assembled with different
electrolytes (a) before and (b) after 100 cycles.

the E2 electrolyte exhibited the most stable cycling behavior,
maintaining 92.6% of its initial discharge capacity after 100 cycles.
Good capacity retention in the cell with the E2 electrolyte may
be ascribed to the surface layer formed on the LiMnqs5Nigs504
electrode during the preconditioning cycles, which inhibits direct
contact of the electrolyte with the LiMn5Nig504 electrode and
thus reduces the oxidative decomposition of the electrolyte on the
electrode at high voltages.

In order to investigate the effect of the addition of DMAc and
TEMEP-TFSI on the cycling performance, the AC impedance of the
cells before and after repeated cycles (100 cycles) was measured,
and the resultant AC impedance spectra are shown in Fig. 4-(a) and
(b), respectively. Before cycling, the nearly identical AC impedance
spectra indicate that the addition of DMAc and TEMEP-TFSI into the
base electrolyte has no effect on the interfacial behavior of the cell
before cycling. After charge and discharge cycling, two overlapping
semicircles were observed, as shown in Fig. 4-(b). According to
previous AC impedance studies [26-28], the semicircle in the high
frequency range is associated with the surface film resistance on
the electrode (R¢), while the semicircle observed in the medium-
to-low frequency range is ascribed to the charge transfer resistance
between the electrode and electrolyte (Rct). These spectra could be
analyzed by using the equivalent circuit given in the inset of Fig. 4-
(b). In this circuit, Re is the electrolyte resistance and corresponds
to the high frequency intercept at the real axis. Rf and Rt are
the resistance of Li* ions through SEI film and the charge transfer
resistance, respectively. CPE; (constant phase element) denotes
the capacitance of each component to reflect the depressed semi-
circular shape. The cell assembled with the E2 electrolyte showed
the lowest surface film resistance and charge transfer resis-
tance. This result indicates that the addition of TEMEP-TFSI has a
beneficial influence on the formation of a less-resistive SEI layer on
the electrode and a facile charge transfer reaction, which is similar
to the results of the metal oxide coating of the LiMnj 5Nigs504
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Fig. 5. TEM images of LiMn; 5Nig504 cathode active materials before and after 100 cycles in different electrolytes: (a) pristine LiMn; 5Nig504 electrode and LiMn; 5Nig504

electrodes cycled in (b) EO, (c) E1 and (d) E2.

electrode that suppressed the increase in impedance of the cell
during cycling, leading to good capacity retention [12-14].

To clarify the effect of the additives on the formation of the SEI
layer on the LiNig5Mn; 504 cathode material, the surface of the
LiNig5sMn; 504 particle was analyzed by TEM. Fig. 5 shows the high
resolution TEM images of the pristine LiNig sMnq 504 particle and
LiNig5Mny 504 particles cycled in different electrolytes. The pris-
tine LiNig5Mn;504 particle does not have an extra film on the
particle surface. Alternatively, the magnified images around the
edge of the LiNigsMnq504 particles cycled in E1 and E2 reveal
a thin layer ranging from 10 to 31 nm. The thickness is greater
in the LiNig5Mnq 504 electrode cycled in E2 compared to that in
E1. Accordingly, the improved cycling performance in the E2 elec-
trolyte can be ascribed to the formation of a protective surface layer,
which inhibits the harmful interfacial side reactions between the
LiNig 5sMny 504 electrode and electrolyte. The selected area electron
diffraction (SAED) patterns obtained from the particle (black part)
and surface layer (gray part) on the LiNigsMn; 504 particle cycled
in E2 are also shown in the insets of Fig. 5. The SAED pattern from
the LiNig sMny 504 particle is quite different from one in the surface
layer, indicating that the LiNig 5 Mn; 504 particle is covered with the
surface layer composed of different compounds.

In order to identify the chemical species formed on the sur-
face of LiNig5Mnq 504 electrodes cycled in different electrolytes,
the XPS measurements were performed after 100 cycles. As
shown in Fig. 6, the XPS analysis of the electrode surface reveals
significant differences in the surface species. Compared to the pris-
tine LiNig 5sMn; 504 electrode, the concentrations of C, Ni, and Mn
decreased for cycled LiNig 5Mn; 504 electrodes, while the concen-
trations of O, F, and P increased, indicating that the LiNig 5Mnq 504

electrode is covered by the surface layer. The C1s spectrum of the
electrode cycled in the base electrolyte (EO) shows four peaks,
which are hydrocarbons (C-H, C-C at 284.6 eV), C-O-C bonds (286-
287eV),C=0bonds(288.5eV)and C-F, from PVdF (291 eV)[16,29].
A noticeable feature for the electrodes cycled in E1 or E2 is the
appearance of a C-N peak at 286.3 eV [30,31], which arises from
the decomposition product of DMAc or the TFSI anion in the ionic
liquid. The O1s spectrum in the base electrolyte exhibits three
main peaks, C-O bonds (533.7 eV), C=0 bonds (532.1eV), and the
LiNig5Mn; 504 peak (529.8 eV). However, the peak correspond-
ing to LiNig5Mn 504 is not observed in the electrodes cycled in
the E1 or E2 electrolyte, which suggests that cycling causes the
LiNigsMn; 504 electrode to be fully covered with a surface layer, as
showninFigs. 5-(c)and (d). The F1s spectrum in the base electrolyte
is composed of C-F, from PVdF (687.9 eV), LixPOyF, (686.2 eV) and
LiF (685.0eV) [31,32]. In E1 and E2 electrolytes, the LiF intensity is
weaker than that of electrode cycled in EO. Moreover, the LixPOyF,
peakis hardly observed in the E1 and E2 electrolytes. The formation
of resistive layers on the LiNigs5Mnj 504 surface is closely asso-
ciated with the decomposition of LiPFg [33,34]. LiF and LixPOyF,
are decomposition products of LiPFg which tend to easily precip-
itate on the surface of the cathode active materials and thus act
as resistive layers for retarding charge transport. Therefore, the
byproducts deposited on the LiNig5Mn; 504 surface are likely to
be crucial for high interfacial resistances (i.e., Rf and R¢t) in EO. A
new peak at 689.5 eV, characteristic of the C-Fx peak, is observed
in E2 electrolyte [30], indicating the TFSI anion in the ionic liquid
decomposes to form the surface film on the LiNigsMn; 504 elec-
trode. These results suggest that the oxidative decomposition of
TEMEP-TFSI occurs on the LiNigsMn; 504 electrode surface before
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other components in the electrolyte, and the resulting surface layer
effectively mitigates the electrolyte decomposition.

The thermal stability of delithiated Li;_xNigs5M; 504 materials
in the presence of different electrolyte solutions was evaluated.
Fig. 7 compares the DSC profiles of the charged cathode materials
after 100 cycles. The thermal stability of Li;_xNigs5M;504 mate-
rials is affected by the type of electrolyte solution. The overall
exothermic heat generated by the thermal reaction of the charged
cathode is 60.4 and 22.3]g~! for E1 and E2, respectively, which
are much lower than that measured in the base liquid electrolyte
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Fig. 7. DSC profiles of the LiMn; 5Nig504 cathode materials charged to 4.9V after
100 cycles in the cells assembled with different electrolytes.

(217.4] g~ ). Moreover, the onset temperature of the exother-
mic reactions increased with the addition of a small amount of
TEMEP-TFSI. These results suggest that the charged LiNig5M; 504
material is less reactive toward the electrolyte solution containing
an ionic liquid, leading to improved thermal stability. This result
also reflects that the surface layer formed on the cathode materials
in the E2 electrolyte rendered the cathode materials less reactive
toward the electrolyte solution.

4. Conclusions

Non-flammable ionic liquid, TEMEP-TFSI as well as DMAc, were
investigated as protective film-forming additives to improve the
thermal stability and cycling performance of high-voltage spinel
LiNig5M; 504 electrode. The addition of these additives into the
base electrolyte improved the capacity retention and reduced the
flammability of the electrolyte solution. The surface analysis of
the LiNig5M;504 electrode after cycling showed that the addi-
tives could form a stable surface layer on LiNigs5Mj504, which
suppressed the electrolyte decomposition during cycling. The DSC
results revealed that the addition of TEMEP-TFSI significantly
improved the thermal stability of the charged LiNig5M; 504 elec-
trode.
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