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Abstract

The degradation mechanism of lithium manganese oxide spinel/graphite Li-ion cells usinghzafdd electrolyte was investigated
by a Mn-dissolution approach during high-temperature storage, and by ac impedance measurement using a reference electrode-equipg
cell. Through these studies, we confirmed that Mn ions were dissolved from the spinel cathode in the electrolyte and were subsequentl
reduced on the lithiated graphite electrode surface, due to the chemical activity of the lithiated graphite, and caused a huge increase |
the charge-transfer impedance at the graphite/electrolyte interface, which consequently deteriorated cell performance. To overcome tf
significant degradation of the spinel/graphite Li-ion cells, we investigated a new electrolyte system using lithium bisoxalatoborate (LiBoB,
LiB(C204)2) salt not having fluorine species in its chemical structure. Superior cycling performance at elevated temperature was observec
with the spinel/graphite cells using LiBoB-based electrolyte, which is attributed to the inert chemical structure of LiBoB that does not
generate HF. Mn-ion leaching experiments showed that almost no Mn ions were dissolved from the spinel powderGitrage for
4 weeks. Through optimization of organic solvents for the LiBoB salt, we developed an advanced Li-ion cell chemistry that used lithium
manganese oxide spinel, 0.7 M LiBoB/EC:PC:DMC (1:1:3), and graphite as the cathode, electrolyte, and anode, respectively. This cel
provides excellent power characteristics, good calendar life, and improved thermal safety for hybrid electric vehicle applications.
© 2003 Published by Elsevier B.V.
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1. Introduction fully charged state, and excellent rate capability due to its
three-dimensional framework structure. In spite of these
High-power lithium-ion batteries are promising alterna- advantages, however, LMOS is not currently accepted by
tives to the nickel metal hydride batteries currently being battery manufacturers due to its severe capacity fading dur-
used for energy storage in hybrid electric vehicles (HEVS). ing cycling at elevated temperatures (ETs), which is gen-
In the last few years, Argonne National Laboratory (ANL) erally attributed to Mn dissolution from the spinel cathode
has developed high-power Li-ion cell chemistries with induced by HF acid generated by fluorine from fluorinated
lithium nickel cobalt oxide (with and without Al doping) and anions (PE~) and protons from water impuritig2—4]. As
graphite as the cathode and anode, respectively. This workwill be shown later, the capacity fading of LMOS at ET is
was carried out under the FreedomCAR Partnership. Al- strikingly larger in full Li-ion cells (versus graphite) than in
though the cell chemistries with the lithium nickel cobalt half cells (versus Li metal). Therefore, improvement of the
oxide cathodes meet the power requirements for HEV appli- high-temperature cycling performance of LMOS/graphite
cations[1], the Li-ion systems using LiNigCay 20»-based cells, either by appropriate chemical doping of the LMOS
cathodes still have major concerns related to calendar life, or by developing alternative electrolyte systems that do not
safety, and cost. To address these concerns, ANL is inves-produce an acidic environment, is needed to ensure its use
tigating the possibility of replacing the lithium nickel oxide for commercial Li-ion batteries.
cathode system with lithium manganese oxide spinel. In this work, we investigated the capacity fading mech-
Lithium manganese oxide spinel (LMOS) is very attrac- anism of LMOS/graphite Li-ion cells by high-temperature
tive for HEV batteries in many aspects, such as low cost, storage, galvanostatic cycling, and impedance measure-
thermal safety due to the superior stability of ftnat the ment experiments. The degradation of the Li-ion cells was
found to originate from Mn reduction at the surface of the
graphite anode. In this article, we also report our research
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improve the high-temperature cycling performance. This during current interruption for 30 s at each SOC, &rite
paper describes the performance of the LMOS/graphite current applied during galvanostatic cycling. By repeating
Li-ion cell system using a new lithium bisoxalatoborate the above steps, the changes in cell impedance and capacity
(LiBoB, LiB(C204)2)-based electrolyte. with aging time were monitored and recorded.
Cells with reference electrodes (RE) were used to in-
vestigate the major sources of impedance rise during the

2. Experimental high-temperature cycling. The RE utilized a Li-Sn alloy on
the tip of a 25um thick Cu wire. First, the tip of Cu wire was
Stabilized lithium manganese oxide spinel; §dMn1 g5 electroplated with Jum of tin (Sn) layer. The wire was then

AlgosOs4 (SLMOS), was used as the cathode material placed between two separator films which were sandwiched
throughout this work. This material was prepared by mix- by the positive and the negative electrodes. The Li—Sn ref-
ing stoichiometric amount of Mng&) Al,O3 and LiOH and erence electrode was then formed by charging the tin layer
heating the mix at 780C. After several recalcination pro- at the tip of the wire with small amount of lithium from the
cesses, X-ray diffraction shows that the material has a purepositive electrode. Once the Li-Sn electrode reaches 0.6V
spinel phase. The electrolytes used were either §.iBF versus Li/Lit, the charging is discontinued and the Li-Sn
LiBoB dissolved in various organic solvents, such as ethy- reference electrode is formed. The experimental details of
lene carbonate (EC), diethyl carbonate (DEC), propylene RE cell construction are described elsewhile The RE
carbonate (PC), and dimethyl carbonate (DMC). cell was galvanostatically cycled at 55; after 25 cycles,

For the Mn leaching experiments, we placed 0.5g sam- the impedances of the RE cell were measured between the
ples of spinel powder in 10 ml electrolyte solutions and then cathode and the RE, the anode and the RE, and the cathode
stored them at 55C for 4 weeks. The spinel powders af- and the anode in the frequency range 10 mHz to 100 kHz.
ter 4 weeks were then filtered from the electrolyte, and the  Differential scanning calorimetry (DSC) experiments
manganese contents of the electrolytes were analyzed usingvere conducted on the SLMOS cathode charged to 4.2V
an inductively coupled plasma (ICP) spectrometer. (versus metallic Li). The data were acquired using a

To evaluate the electrochemical properties of the Perkin-Elmer Pyris 1 DSC at a scan rate of @min over
LMOS/graphite Li-ion cells, galvanostatic cycling, hybrid the temperature range of 50-35D. Details of the DSC
pulse-power characterization (HPPC) tests, and accelerate&gxperiments are described elsewhfgtle
aging tests were carried out. The cathode paste was made
of 80:10:10 spinel powder, carbon black, and polyvinyli-
dene difluoride (PVDF), respectively, and was coated onto 3. Results and discussion
aluminum foil. The negative electrode was either metallic
lithium or graphite coated on copper foil. The HPPC tests  Fig. 1 shows the concentration of Mn ions after 4 weeks
were carried out at room temperature using a test fixture of storage of SLMOS powder in LIRFEC:DEC (1:1) elec-
with an electrode surface area of 15.5cfor both the  trolyte at 55°C. The Mn-ion concentration from stoichio-
positive and negative electrodes. The HPPC tests were permetric LMOS (LiMn,O4) powder under the same experi-
formed in accordance with the FreedomCAR battery test mental condition is also shown ifig. 1 for comparison.
manual [5]. This test is intended to determine dynamic
power capability over the battery’s useable charge and
voltage range, using a test profile that incorporates both
discharge and regen pulses. The primary objective of this
test is to establish, as a function of the depth of discharge
(DOD), (1) Vmin cell discharge power capability at the end
of an 18s discharge current pulse and (2) Yheux cell
regen power capability over the first 2s of a trapezoidal re-
gen current pulse. Secondary objectives are to derive from
the voltage-response curves the fixed cell impedance and
cell polarization impedance as a function of time with suf-
ficient resolution to reliably establish cell voltage response
time constants during discharge, rest, and regen operating
regimes. The accelerated aging tests were conducted as
follows: after the initial formation cycles, the cells were 5ppm
charged to 4V and stored at 95. Every couple of days, -
the cells were cooled down to room temperature, and the Li Mn A O
area-specific impedance (ASI) and capacity were measured. 1897700574
The ASI values were determined B V/I, whereA is the Fig. 1. Concentration of Mn dissolved from SLMOS and Lij0y pow-
cross-sectional area of the cathod®/ the voltage variation  ders stored in LIPFEC:DEC (1:1) electrolyte at 5% for 4 weeks.
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Fig. 2. Normalized discharge capacity characteristics vs. cycle number (b) After 25 cycle at 55°C, OCV=3.95V
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The dissolution of Mn ions from spinel into the electrolyte . ! v
is generally attributed to the disproportionation reaction 1@52;2?;&[\uﬂﬂﬂ%;u %ﬁ@’#
(2Mn®*t — Mn*t 4+ Mn?t) on the surface of the spinel . &mﬁ?zﬁ s
electrode that is accelerated by the attack of acid such as HF 0 5 10 15 20
in the LiPFs-based electrolytf8,9]. The Mr?* ions are then Z'/Q

readily dissolved into the organic liquid electrolyte. The , o
superior stabilty of SLMOS powder against M dissoluton £, % ITbedes o SWuoSItie (ot wi U7y oty fieree
is thought to originate from the increased average Mn va- 25 cycles at 55C and at the OCV of 3.95V. “Positive” and “Negative”
lence (>+3.5) through Li- and Al-doping, thus suppressing denote impedances measured between the positive and negative electrodes
or significantly reducing the disproportionation reaction.  and the RE, respectively. The full-cell impedance was measured between
The galvanostatic cycling results of SLMOS/Li and the positive and negative electrodes.
SLMOS/graphite cells cycled at 38 are shown irFig. 2
The SLMOSILi cell exhibited relatively good cycling per- main source of the cell degradation. This result is quite
formance (85% capacity retention after 100 cycles), as opposite to the behavior of the Li(jsCop2)O2/graphite
was expected from the Mn-dissolution experiment shown high-power cell[4]. The impedance of the graphite anode
in Fig. 1 Surprisingly, however, the SLMOS still exhib- in the Li(NipgCap2)O2/graphite cell showed a very limited
ited severe capacity fading (50% capacity retention after increase after aging (at 7C for 2 weeks), whereas a huge
100 cycles) in the full Li-ion cell despite the limited Mn impedance rise was observed in the L{BCay 2)O, cath-
dissolution (less than 5 ppm). ode. We believe that the huge increase of negative electrode
The results inFig. 2 indicate that even small amounts impedance in our case was caused by a surface reaction at
of Mn present in the electrolyte could impact in a nega- the carbon electrode induced by the reduction of Mn ions
tive way the cycling performance of the LMOS/graphite (present in the electrolyte) at the carbon surface.
Li-ion cells. To investigate the contribution of each elec- From the results ifFigs. 1-3 it appears that the degra-
trode to cell degradation, we performed ac impedance dation of the LMOS/graphite cells occurs as follows: step
measurements with the RE cell, the results of which are I—disproportionation and dissolution of the Mn ions from
given inFig. 3. The ac impedance was measured after one the spinel powder into the electrolyte; step Il—migration
formation cycle at RT Kig. 3a)) and after 25 cycles at of the dissolved Mn ions to the graphite anode; step
55°C (Fig. 3(b)). The open-circuit voltages at which the lll—reduction of the Mn ions on the anode surface due
impedance was measured were 3.91 and 3.95V, respecto the chemical activity of the graphite; step IV—increase
tively. At the initial stage of cycling, the impedance of of charge-transfer impedance at the graphite/electrolyte
the negative electrode was much smaller than that of theinterface. Consequently, the capacity fading problem of
positive electrode, as seen kig. 3(@), so that the latter = LMOS/graphite Li-ion cells cannot be avoided as long
mostly contributed to the overall impedance of the full cell as Mn dissolution takes place, even though the dissolved
(denoted as “Full” irFig. 3). After 25 cycles at 55C, how- amount is very small. It is well known that Mn dissolution
ever, the impedance of the negative electrode significantly from spinel powder is induced by HF acid generated by
increased and overwhelmed the impedance of the positivefluorine from fluorinated anions (RF) and protons from
electrode. The results iRig. 3 suggest that the significant  water impuritied2—4]. For successful commercialization of
interfacial impedance increase of the graphite anode is theLMOS/graphite Li-ion cells, therefore, it is highly impor-



K. Amine et al./Journal of Power Sources 129 (2004) 14-19 17

100

N
~

0 100 200 300 400 500 600 700
Temperature / °C

SLMOS vs. graphite
—e— 1M LiBoB, EC:DEC(1:1) at 50°C
—o— 1M LiPF,, EC:DEC(1:1) at 55°C

o
N
T

-20 1.2
01 —
g 20 Qo
S 50
2 o
S 40 2 08 R, -
= 3]
ey
2 60+ 3 %%%
©
06
2 g0l g “’%%%
o)
N
©
€
—
<)
zZ

Fig. 4. Thermogravimetric analysis curves of LiBoB (solid line) and liPF
(dotted line).
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tant to develop an alternative electrolyte system that does

not produce an acidic environment, so that the initial Mn Fig. 6. Normalized discharge capacity against cycle number of
dissolution (step |) does not occur. S_LMOS/graphi_te cells u_sing 1M LiBoB/EC:DEC (1:1) electrol_yte (closed
Recently, lithium bisoxalatoborate (LiBoB, LiB¢O,)2) ercles) and using .1M LlPé?EC:DE.C (1:1) electrolyte (open circles}s
) - /- enotes the first discharge capacity.
was synthesized and proposed as an alternative lithium
salt for Li-ion cells[10,11] Although the solubility and
ambient-temperature ionic conductivity of LiBoB in rel- (1:1) at55C. The Mn dissolution in the LiBoB-based elec-
evant non-aqueous solvents are reported to be inferior totrolyte from both SLMOS and LiMgO4 powders was very
those of LiPR-based electrolyte systerfisl], the absence  nhegligible (below the detection limit of ICP). Therefore,
of fluorine in the chemical structure of LiBoB has led us to there is no need of stabilizing the spinel with LiBoB elec-
consider it as an attractive Li salt for the LMOS/graphite trolyte, since no dissolution is taking place in both stabilized
Li-ion cells. Furthermore, our preliminary studies revealed and stoichiometric spinels.
that LiBoB possesses much better thermal stability than The cycling characteristics of cells using the LiBoB
LiPFs, as is shown irFig. 4 electrolyte system was then investigatdelg. 6 shows
To investigate the possible use of the LiBoB-based elec- the discharge capacity characteristics during the galvano-
trolyte with the LMOS/graphite system, we first performed static cycling of the SLMOS/graphite cell using 1M Li-
a Mn-dissolution experiment by mixing the spinel powder BOB/EC:DEC (1:1) electrolyte and a similar cell using
with the LiBoB-based electrolyte and aging the mixture at LiPFs-based electrolyte at 5@. The results indicate that
55°C for 4 weeksFig. 5shows the concentration of Mnions  the Li-ion cell using the LiBoB-based electrolyte showed
in the electrolyte after a 4-week storage of the SLMOS and superior capacity retention (83% of the initial capacity after
stoichiometric LiMnO4 powders in 1M LiBoB/EC:DEC 100 cycles) compared with the one using the Lgfased
electrolyte. The improved cycling performance of the cell
using the 1 M LiBoB/EC:DEC (1:1) electrolyte is attributed
to the absence of fluorine in the chemical structure of Li-
1.0 BoB, so that no HF is produced and the Mn dissolution is
| LiBoB/EC:DEC(1:1) suppressed, as was observedFig. 6.
85°C, 4 weeks Figs. 7 and &how the cell impedance and capacity char-
08r i acteristics during 55C aging and the DSC curve of fully
charged SLMOS in the presence of a 1M LiBoB/EC:DEC
06k i (1:1) electrolyte, respectively. No significant impedance
rise and capacity fade with aging time were observed
(Fig. 7). Also, a DSC curve of a fully charged spinel in
04t . the LiBoB-based electrolyte exhibited very limited ther-
mal reactivity Fig. 8), thus reflecting the superior thermal
behavior of cells based on the spinel system.

concentration of Mn in electrolyte / ppm

0.2 1 Results presented iRigs. 6-8indicate that the LiBoB-
0.04ppm 0.05ppm based ellgctrolyte is quite promising for LMOS/graphite-
based Li-ion batteries that can provide excellent calendar
0.0 I . , .
Li Mn. Al O LiMnhO life and better abuse tolerance. However, for high-power
1067188 00 A 274 applications, the impedance of the cell needs to be im-
Fig. 5. Concentration of Mn dissolved from SLMOS and Lij@y pow- proved further to obtain better power capabilities when

ders stored in 1 M LiBoB/EC:DEC (1:1) electrolyte at 85 after 4 weeks. using the LiBoB-based electrolyte. One of the drawbacks of
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Fig. 7. Changes in ASI (open circles) and capacity (open squares) during
55°C aging of SLMOS/graphite cell using 1M LiBoB/EC:DEC (1:1) performed the HPPC test at a 30 C pulse current Fage 10

electrolyte. shows that the cell ASI is about 25 and @&n? for the

18s pulse discharge and the 2 s regenerative pulse charge,
the LiBoB-based electrolyte is its limited solubility in most ~respectively. These results exceed by far the power require-
linear carbonates, which usually provide low-viscosity elec- ments set by the FreedomCAR for HEV applications (35 and
trolytes. Our first aim was to investigate the ASI of spinel 25 ¢, respectively). This result indicates that the lithium
cells having an EC- and DEC-based LiBoB electrolyte. The manganese oxide spinel, combined with LiBoB-based elec-
initial ASI of the cell using 1 M LiBoB/EC:DEC (1:1) elec-  trolyte, could provide high-power Li-ion batteries with low
trolyte was higher than 4Q cn? (Fig. 7), whereas that of ~ cOost, good calendar life, and excellent thermal safety for
similar cells using 1 M LiPE/EC:DEC (1:1) was-28€2 cn? HEV applications. More extensive work is under way to es-
[12,13] For the Li-ion cells to power HEVs, the ASI should tablish the long-term calendar life, safety, and power capa-
be below 3x Crnz at room tempera’[ure_ Therefore, there is bilities of the lithium manganese oxide SpineI/LiBOB-based
a need for developing an optimum electrolyte configuration €lectrolyte/graphite Li-ion system. For the low temperature
based on LiBoB salt to get sufficient power capability for Performance, the FreedomCAR has set a power requirement
application in HEVs. To increase the lithium-ion conduc- for cold cranking ¢-30°C) at 7 kW. This requirement is very
tivity of the LiBoB-based electrolyte system, we tested var- challenging even for LiP§based electrolyte when using
ious organic solvents and solvent combinations. Among the the nickel cobalt oxide system. We expect that LiBoB-based
organic solvents that show the best result was the 1:1:3 mix-€lectrolyte may have the same problem. Further study is
ture of EC:PC:DMCFig. 9 shows the lithium-ion conduc- ~ needed to carry out a phase diagram of LiBoB salt with dif-
tivity of EC:PC:DMC (1:1:3) with various concentrations ferent solvent configurations to determine the low tempera-
of LiBoB salt. The composition that exhibits the highest ture performance of LiBoB-based electrolytes and the solu-
lithium-ion Conductivity as well as suitable Viscosity was blllty limit of this salt in the eleCtrOlyteS at low temperature.
0.7 M LiBoB/EC:PC:DMC (1:1:3). Based on the conductiv-

ity data shown irFig. 9, we constructed a fixture cell with 60 : :
SLMOS, graphite, and 0.7 M LiBoB/EC:PC:DMC (1:1:3) 30C pulse rate
as the cathode, anode, and electrolyte, respectively. We then 50
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Fig. 10. The area-specific impedance (ASI) of SLMOS/graphite with

Fig. 8. DSC curve of fully charged SLMOS with 1M LiBoB/EC:DEC 0.7 M LiBoB/EC:PC:DMC (1:1:3) as a function of depth of discharge
(1:1) electrolyte. Heating rate was 10/min. (DOD). The pulse current rate was 30.
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4. Summary and conclusions (1:1:3) system that shows far better power performance

than that required by FreedomCAR. In conclusion, lithium
In spite of the very limited Mn dissolution of stabi- manganese oxide spinel/LiBoB-based electrolyte/graphite

lized lithium manganese oxide spinel (SLMOS) in the high-power Li-ion cells are very promising energy storage

LiPFg-based electrolyte and good cycling performance ver- systems for HEV applications with longer calendar life,

sus the Li-metal anode, the SLMOS was found to still suffer better safety, and lower cost.

from severe capacity fading when cycled in full Li-ion cells

(versus graphite). The ac impedance data measured with the

reference electrode cell revealed that the impedance of theAcknowledgements
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and dissolution of Mn ions from the spinel powder into
the electrolyte due to HF attack generated by fluorine from
PR~ and protons from water impurities, (2) migration of
the dissolved Mn ions to the graphite anode, (3) reduction
of the Mn ions on the anode surface due to the chemical
activity of the graphite, and (4) increase of charge-transfer
impedance at the graphite/electrolyte interface.

Lithium bisoxalatoborate (LiBoB, LiB(€04)2) was
investigated as an alternative Li salt to LgPHor a
non-aqueous electrolyte for use with the lithium man-
ganese oxide spinel/graphite Li-ion cells. The Li-ion cells
employing the LiBoB-based electrolyte exhibited superior
performance relative to the cells with Lipdased elec-
trolyte. This included (a) good high-temperature cycling
performance, (b) lower thermal reactivity of the charged
cathode with electrolyte, and (c) better accelerated aging
characteristics. The improved performance of the cells with
LiBoB-based electrolyte was attributed to the chemical
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