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Abstract

The compatibility between dimethyl methylphosphonate (DMMP)-based electrolyte of 1 M LiPF¢/EC + DMC + DMMP (1:1:2 wt.) and spinel
materials Li; Tis Oy, and LiNip sMn, 504 was reviewed, respectively. The cell performance and impedance of 3-V LiNipsMn; s0,4/LisTis O, lithium-
ion cell with the DMMP-based nonflammable electrolyte was compared with the baseline electrolyte of 1 M LiPF¢/EC + DMC (1:1 wt.). The
nonflammable DMMP-based electrolyte exhibited good compatibility with spinel LisTisO,, anode and high-voltage LiNiysMn; 50, cathode, and
acceptable cycling performance in the LiNiysMn; 504/LisTisO,, full-cell, except for the higher impedance than that in the baseline electrolyte.
All of the results disclosed that the 3 V LiNigsMn; 504/LisTisOy; lithium-ion battery was a promising choice for the nonflammable DMMP-based

electrolyte.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium-ion batteries are now widely used as energy storage
devices for portable electronic devices such as laptop com-
puters, cellular phones and digital cameras due to their high
energy density. However, safety concern has become the main
obstacle for the development of lithium-ion batteries for electric
vehicles (EV) and hybrid electric vehicle (HEV) applications,
which is greatly related to the high flammability of nonaqueous
electrolyte [1,2]. So, recent efforts have been focused on find-
ing the nonflammable electrolytes [3—9]. In our previous work
[10,11], dimethyl methylphosphonate (DMMP) was considered
as a promising flame-retardant additive or cosolvent, and also the
DMMP-based electrolyte with a high concentration (exceeding
50 wt.%) has been validated to have the high safety characteris-
tic. Unfortunately, the nonflammable DMMP-based electrolyte
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had a poor compatibility with the carbonaceous anodes, just
as the trimethyl phosphate (TMP)-based nonflammable elec-
trolyte, because both additives in the nonflammable electrolytes
had similar stereo hindrances to propylene carbonate (PC) and
would exert similar strains into the graphite structure and cause
exfoliation [3,8,9]. Although the compatibility between the
nonflammable electrolytes and the carbonaceous anodes could
be improved by introducing film-formation additives, still the
increased impedance from the thick solid electrolyte interface
(SEI) would reduce the capacity and deteriorate the cycling
performance [9,11].

The spinel LisTisO1> has been demonstrated as an alter-
native anode material because it has a very flat plateau at
around 1.5V versus Li*/Li and displays excellent reversibility
and structural stability as a zero-strain insertion material in the
charge—discharge process [12]. The stable spinel structure will
seldom change in the PC-containing electrolyte [13], which is
different from the graphite anode with the brittle layer structure
that can be easily exfoliated for co-interaction of the solvent with
lithium ion. Moreover, the 1.5V voltage plateau also can avoid
the carbonate solvent, especially PC, decomposing reductively
to the gaseous products. Since the reduction of the flame retar-
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dant additive—DMMP occurs just at the potential below 1.2V
versus Li*/Li [11], it is logical that the DMMP-based electrolyte
would be compatible with the LizTi5sO1, anode.

To obtain an operating voltage of more than 3 V, the so-called
5V spinel LiNigsMn; 504 cathode will be used to couple
with the spinel LisTisO1, anode and fabricate the lithium-ion
battery. LiNigpsMn; 504 is one of the most promising and
attractive cathodes because of its acceptable stability, good
cycling performance and high-dominant potential plateau at
around 4.7 V [14,15]. Compared with LiCoO», LiNig sMnj 504
also has the obvious advantage of low cost. By the partial
substitution of Mn with Ni, the better cycling performance and
higher energy density have been found for LiNig sMn1 504 than
plain LiMn;QOy4, even though the spinel LiNigsMnj 504 has
a limitation of requiring an electrolyte for the high-operating
potential. Based on our previous work [10,11], DMMP has
excellent anodic stability, so it is expected that DMMP-based
electrolyte would have such a wide electrochemical window
that it could allow a stable electrochemical performance on the
high-voltage LiNig 5sMnj 504 electrode.

The objectives of this work are to examine whether or not
the DMMP-based electrolyte with a high content of DMMP
(50 wt. %), which could be considered as a nonflammable elec-
trolyte with high safety characteristic, can be compatible with
the spinel materials LisTisO12 and LiNigsMn 504. Further-
more, the corresponding 3V full-cell with the nonflammable
electrolyte will also be investigated in detail, in order to find the
new way to the high safety lithium-ion batteries.

2. Experimental

LisTisO1, was prepared by solid-state reaction method [13].
The starting materials, TiO;-anatase and Li»COs in a Li:Ti
molar ratio of 4.05:5.0 were mixed in cyclohexane and ball-
milled for 48 h. Then the dried mixture was heated at 150 °C
for 12 h and 800 °C for 24 h in air atmosphere to obtain white
LisTisO1> powder. LiNigsMn; sO4 was prepared by radiated
polymer gel (RPG) method [16]. LiNO3, Ni(NO3),*6H;0, and
Mn(CH3COO),*4H,0 were dissolved in de-ionized water in the
molar ratio of Li:Ni:Mn=1.05:0.5:1.5 to obtain a 0.5mol L™!
solution, then acrylic acid (AA) (CH,=CHCOOH) was added
to form an AA-H,O (1:2, v/v) solution, the pH value of which
was about 2. An excessive amount of lithium was added for the
compensation of lithium evaporation during calcination. The
monomer AA was polymerized under the condition of Co®’-ray
irradiation (intensity of 35Gymin~!) for 24 h. Thus, a green
polymer gel was obtained. The gel was heated at 140 °C for 8 h
to get rid of the impregnated water and AA residue. The pre-
cursor obtained was then decomposed at 450 °C for 5 h in air to
obtain the Li—-Ni—-Mn oxide powders. A subsequent heat treat-
ment was carried out at 950 °C in air for 10 h followed by a slow
cooling step (approximately 12°Ch~! cooling rate) to obtain
LiNigsMn; 504 powder.

Composite electrodes consisting of LiyTisOjp or
LiNig5Mn; 504 (75 wt.%), acetylene black (15wt.%) and
poly(vinylidene fluoride) (PVDF) (10 wt.%) were made on
aluminum and copper foils, respectively. As-purchased DMMP

(Qingdao Lianmei Chemical Co., Ltd.) was purified with
a distillation step under vacuum and dried before use over
molecular sieves (4A). Carbonate solvents (Guotai Huarong
New Chemical Materials Co.), and LiPFg (Tianjin Jinniu Power
Sources Material Co.) were used as received. The electrolytes
were prepared under a highly pure argon atmosphere in an
argon-filled glove box (MBraun Labmaster 130). All solvent
ratios indicated in this paper were in weight ratios. CR2032 coin
cells were assembled in the glove box and then galvanostatically
cycled on a multi-channel battery cycler (Neware BTS2300,
Shenzhen). In the LigTisO;2/LiNigsMn; sO4 full-cells, the
mass ratio of LigqTisOj, and LiNigsMnj 504 was controlled
at about 2:3, so that the cell capacity was determined by the
negative electrode.

All of the cells were galvanostatically cycled at room tem-
perature at a current of 0.2mA cm™2. For the positive and
negative half-cells, the cutoff voltages were set as 3.0-5.0V
and 2.5-1.0V, respectively. The full-cells were cycled between
2.0V and 3.5V at a current of 0.2mA cm~2, about C/4 rate.
The electrochemical stability of the electrolytes on the elec-
trodes was measured by cyclic voltammetry (CV) using the
above coin cells at a scan rate of 0.1 mV s~! on a CHI 604A
Electrochemical Workstation. The ac impedance was also mea-
sured with the CHI 604A Electrochemical Workstation, with
the frequency range and voltage amplitude set as 100 kHz to
0.01 Hz and 5mV, respectively. The internal resistance of the
cells was also measured by a current interruption technique.
This was done by cutting off the current intermittently for 1 min
through the process of charge and recording the voltage change
after interruption. Thus, the dc impedance of a cell (R4.) can be
calculated as Rq. = AU/AI[16].

3. Results and discussion

The LisTisOj12 and LiNigs5Mn;sO4 powders synthesized
have been validated with a cubic spinel structure and no obvious
impurity phase detected [13,16]. In order to evaluate objectively
the electrochemical performance of the two spinel materials, a
baseline electrolyte, i.e. 1 M LiPF¢/EC + DMC (1:1), is com-
pared with the nonflammable DMMP-based electrolyte of 1 M
LiPF¢/EC + DMC + DMMP (2:1:1). Cyclic voltammetry results
of the two electrolytes on the LisTisO;> anode are shown in
Fig. 1. In the baseline electrolyte, the reduction peak appears
at about 1.38 V, which is correlated to lithium insertion and
the spinel/rock-salt phase transition, and the asymmetric oxi-
dation peak appears near 1.70V during the reverse process
(curve a). As for the DMMP-based electrolyte, the reduction
peak for the first cycle occurs at the lower potential of 1.3V
and is broader than that of the baseline electrolyte. Further-
more, the more asymmetric and broader oxidation peak looks
like a strong oxidation peak at 1.9V coupled with a shoulder
peak around 1.8V at the first cycle (curve b). Nevertheless, a
symmetric narrow oxidation peak can be found around 1.7V
at the second cycle (curve c). The reason of the appearance
of the misshapen oxidation peak at the first cycle after the
introduction of DMMP is not clear, but we still can conclude
that the DMMP-based electrolyte has a good cathodic stabil-
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Fig. 1. Cyclic voltammograms of LisTisO2/Li  half-cells  with
two kinds of electrolytes—a: 1M LiPFs/EC+DMC (1:1), b: 1M
LiPF¢/EC+DMC + DMMP (1:1:2) at the first cycle and c: 1M LiPFs/EC
+DMC + DMMP (1:1:2) at the second cycle.

ity on the LisTi5O1, electrode other than on the carbonaceous
anodes.

Fig. 2 shows the first charge—discharge voltage profiles of
LisTisO1»/Li half-cells with the nonflammable electrolyte com-
pared with the baseline electrolyte. It can be seen that there is
no significant difference between the two kinds of electrolytes
for the first charge—discharge voltage profiles, which indicates
further that the nonflammable DMMP-based electrolyte is com-
patible with the LisTisOq, anode. It is worth mentioning that
there is no obvious double plateaus corresponding to the two
oxidation peaks (Fig. 1), perhaps because the galvanostatical
charge at the constant current can overcome some kinetic effect
from the greater viscosity of the DMMP-based electrolyte more
easily than the non-constant current during the cyclic voltam-
metry test. The cycling performance of LigTisO12/Li half-cells
with different electrolytes and ac impedance are shown in Fig. 3,
from which we can find out that they both have good cycling
performance although the impedance in the case of the non-
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Fig. 2. The first charge—discharge voltage profiles of LisTisOj2/Li half-
cells with the baseline electrolyte (a: 1 M LiPF¢/EC +DMC (1:1)) and the
nonflammable DMMP-based electrolyte (b: 1 M LiPFs/EC + DMC + DMMP
(1:1:2)).
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Fig. 3. The cycling performance and ac impedance of LisTisOj2/Li half-
cells with the baseline electrolyte (a: 1 M LiPF¢/EC + DMC (1:1)) and the
nonflammable electrolyte (b: 1 M LiPF¢/EC + DMC + DMMP (1:1:2)). The ac
impedance was measured after the cells had been discharged to 1.0V and the
cells been placed statically for about 30 min.

flammable electrolyte is slightly higher than that of the baseline
electrolyte. From the results above, it can be concluded that
the DMMP-based nonflammable electrolyte, which is able to
destroy the graphite layer structure, has the good compatibility
with the spinel LigTi5O12 anode.

Cyclic voltammograms of the two electrolytes on the
LiNigsMn; 504 cathode, shown in Fig. 4, indicate that it
is difficult to detect the redox peaks around 4V, related to
the Mn>*/Mn** couple, for the two kinds of electrolytes.
But redox transition in the 5V domain demonstrates quite
reversible electrochemical behavior. Thus, the LiNigsMn; 504
powder synthesized exhibits the good electrochemical perfor-
mance, and above all, DMMP has promising electrochemical
stability in the wide electrochemical window up to 5V. Fur-
thermore, LiNigsMnj 504/Li half-cells were used to evaluate
the compatibility of the nonflammable electrolyte with the 5V
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Fig. 4. Cyclic voltammograms of LiNigsMn;504/Li half-cells with two

kinds of electrolytes—(a: 1M LiPFs/EC+DMC (1:1) and b: 1M
LiPF¢/EC + DMC + DMMP (1:1:2)).
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Fig. 5. The first charge—discharge voltage profiles of LiNigsMn; sO4/Li half-
cells with the baseline electrolyte (a: 1M LiPF¢/EC+DMC (1:1)) and the
DMMP-based electrolyte (b: 1 M LiPF¢/EC + DMC + DMMP (1:1:2)).

LiNipsMn; 504 cathode, as shown in Fig. 5. There seems
hardly to be any difference between the nonflammable elec-
trolyte and the baseline electrolyte in the LiNigsMnj sO4/Li
half-cells about the discharge specific capacity. However, with
the introduction of a great deal DMMP, the viscosity of the
nonflammable electrolyte could be increased greatly and the
polarization becomes inevitable. Hence the lower discharge volt-
age plateau and higher charge voltage plateau appear in the case
of the nonflammable electrolyte. As the irreversible capacity is
concerned, the positive half-cells with the nonflammable elec-
trolyte results in less capacity loss than the baseline electrolyte.
The cycling performance of LiNigsMn; 504/Li half-cells with
different electrolytes was compared and dc impedance was also
explored, as shown in Fig. 6A. The DMMP-based electrolyte still
shows acceptable cycling performance in the LiNig sMnj 504/Li
half-cells compared with the baseline electrolyte. As the dis-
charge capacity and capacity retention are concerned, the cell
using DMMP-based electrolyte is not as excellent as the cell
using the baseline electrolyte, which is apparently related to
the more pronounced impedance rise in the nonflammable elec-
trolyte. The dc impedance of the 3rd and the 30th cycles against
the cell voltage is also inserted in Fig. 6A. At the third cycle,
the “w”-shaped curve can be found easily for the nonflammable
electrolyte as well as for the baseline electrolyte, just like our
previous work [16]. Here, we also find that it is in fact a distorted
“w”-shape which has a lower left minimum corresponding to the
Ni2*/Ni3* transition and a higher right minimum corresponding
to Ni3*/Ni** transition. According to Ceder and coworkers [17],
for the layered LiM|_,M', 0, positive electrodes, lithium dif-
fusion is faster when the oxidation state of M is lower because
lithium ions experience lower energy barrier which is mainly
determined by the repulsion between Li™ and M'"*. Similarly,
since the average oxidation state of the Ni>*/Ni>* transition is
lower than that of the Ni**/Ni** transition, Li* transport will
encounter much less repulsion and overcome a lower energy bar-
rier on the Ni2*/Ni** transition balance than on the Ni**/Ni*
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Fig. 6. The cycling performance (A) combined with dc impedance and cycling
efficiency (B) of LiNipsMnjsO4/Li half-cells with the baseline electrolyte
(a: 1M LiPF¢/EC+DMC (1:1)) and the DMMP-based electrolyte (b: 1 M
LiPF6/EC + DMC + DMMP (1:1:2)).

transition balance. As a result, the lower dc impedance of
the Ni**/Ni** transition and the higher dc impedance of the
Ni**/Ni** transition constitute the distorted “w”-shaped curve.
In the 30th cycle, the dc impedance of the LiNip5Mnj 504/Li
half-cells with the nonflammable electrolyte becomes much
higher and the “w”-shaped curve part appears at higher cell
voltages, compared with the baseline electrolyte. Moreover, the
curve shape becomes more like “v”, especially for the non-
flammable electrolyte. In short, the impedance increases more
rapidly, resulting in more capacity loss of the LiNig sMn 504/Li
half-cells with the nonflammable electrolyte than with the base-
line electrolyte. Nevertheless, as shown in Fig. 6B, the cycling
efficiency of the nonflammable electrolyte is higher than that of
the baseline electrolyte, which might be due to the formation of
a DMMP-derived phosphate protective layer on the highly acti-
vated cathode surface at the high potential around 5V versus
Li*/Li, just like the other similar phosphorous compound [18].

After the negative and positive half-cells have
been explored, the electrochemical performance of the
LiNigsMnj 504/Li4TisO1, full-cells with the nonflammable
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Fig.7. The first charge—discharge voltage profiles of LiNig sMn; 504/LisTisO12
full-cells with the baseline electrolyte (a: 1 M LiPFs/EC + DMC (1:1)) and the
DMMP-based electrolyte (b: 1 M LiPF¢/EC + DMC + DMMP (1:1:2)).

electrolyte is compared with the baseline electrolyte. Fig. 7
shows the charge—discharge voltage profiles of the full-cells
with the different electrolytes. There is no obvious difference
between two kinds of electrolytes, except that the irreversible
capacity shows similar relationship as the positive half-cells.
The distinct polarization from the introduction of DMMP
makes the charge voltage plateau shift to higher values. It could
be surmised that the discrepancy about the irreversible capacity
between the different electrolytes would become smaller with
increasing the upper cutoff voltage. On the other hand, perhaps
a passivation layer is formed mostly owing to the contribution
of DMMP and less Li* is consumed for a lower content of EC
and DMC in the DMMP-based electrolyte. Hence the columbic
efficiency is higher in the case of DMMP-based electrolyte.
The cycling performance of LiNip sMn 504/LisTisO1, full-
cells with different electrolytes and dc impedance are shown in
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Fig. 8. The cycling performance and dc  impedance  of

LiNipsMn; 504/LisTisO12 full-cells with the baseline electrolyte (a:
1M LiPF¢/EC + DMC (1:1)) and the DMMP-based electrolyte (b: 1 M LiPFg
/EC + DMC + DMMP (1:1:2)).

Fig. 8. It can be seen that the 3V LiNip5Mn; 504/LigTi5O12
lithium-ion battery with the baseline electrolyte exhibits perfect
cycling performance in the first 30 cycles with the capacity loss
of 0.28% every cycle. As the nonflammable electrolyte is used
to improve the safety characteristic, the cycling performance has
been compromised slightly with the capacity loss of 0.61% every
cycle. The dc impedance of the 3rd and the 30th cycles is also
inserted in Fig. 8, which shows the similar curve as the positive
half-cells. The “w”-shaped curve part appears at around 3.2V,
which is the difference between the 4.7 V plateau of the positive
electrode and the 1.5V plateau of the negative electrode. After
the 30th cycle, the impedance of the cell containing the baseline
electrolyte has only a small increase compared with the third
cycle. However, that of the cell with the DMMP-based elec-
trolyte increases by twofold and “w”-shaped curve part moves
from ~3.25V to ~3.30 V. Obviously, the stabilization of the
cell impedance needs to be addressed in our follow-up study in
order to further improve the designed lithium-ion batteries with
the DMMP-based nonflammable electrolyte.

4. Conclusions

The DMMP-based electrolyte that has been validated as a
nonflammable electrolyte in our previous work performs good
compatibility with the spinel materials LisTi5sO12 anode and
LiNio_sMn1.504 cathode. The 3V LiNio_sMn1_504/Li4Ti5012
lithium-ion cells with the DMMP-based electrolyte have an
acceptable capacity loss after 30 cycles. The higher impedance
of the cells with the nonflammable electrolyte is one of the
important reasons for its capacity loss. Therefore, the non-
flammable DMMP-based electrolyte can be used in the 3V
LiNig 5Mn; 504/LigTi5O1, lithium-ion batteries, pointing to a
promising way to obtain highly safe lithium-ion batteries.
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