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A promising anode material for hybrid electric vehicles (HEVs) is Li4Tis 012 (LTO). LTO intercalates lithium
at a voltage of ~1.5V relative to lithium metal, and thus this material has a lower energy compared to
a graphite anode for a given cathode material. However, LTO has promising safety and cycle life char-
acteristics relative to graphite anodes. Herein, we describe electrochemical and safety characterizations
of LTO and graphite anodes paired with LiMn,04 cathodes in pouch cells. The LTO anode outperformed
graphite with regards to capacity retention on extended cycling, pulsing impedance, and calendar life and

Ilf[e]::);/words: was found to be more stable to thermal abuse from analysis of gases generated at elevated temperatures
PHEV and calorimetric data. The safety, calendar life, and pulsing performance of LTO make it an attractive
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alternative to graphite for high power automotive applications, in particular when paired with LiMn;04
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1. Introduction

After the successful of introduction of nickel-metal hydride bat-
teries into a variety of automotives, increased research is being
performed towards the next generation of batteries for transporta-
tion, which will likely be partially or fully powered by lithium-ion
batteries [1]. Lithium-ion batteries offer the advantages of having
greater capacity and increased continuous and pulsed power rela-
tive to nickel-metal hydride batteries, which results in smaller and
lighter batteries [2]. However, there are still a number of challenges
in using lithium-ion batteries for large-scale applications such as
hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles
(PHEVSs). These barriers include the calendar life (15 years), cost
($20 per kW HEV, $300 per kWh PHEV), and safety. Among the cell
chemistries that have the potential to overcome these challenges,
the Li4Ti5s012/LiMn, 04 (noted in the text as LTO/LMO) system has
been proposed as a cell chemistry that would be very attractive for
lithium-ion batteries used in HEVs [3,4].
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Pairing of LTO (also written as Li [Li;3Tis;3]04) as an anode with
a LMO spinel cathode in a lithium-ion cell was first demonstrated
by Thackeray et al. [5,6] in the mid-nineties. Some of the earli-
est investigations of LTO-type materials were over fifty years ago,
when Durif et al. [7] investigated the synthesis of new types of
materials derivatives of the spinel material Al,;Mg0O,4 and reported
the first crystal structure of lithium and titanium-based oxides.
Their crystallographic study was not able to distinguish between
(5Ti03, 2Li»0) and (7Ti0,, 2Li, 0) as the two possible chemical com-
positions of these new compounds, although they were able to
determine the cubic parameters (8.35 A) of the unit cell and locate
the lithium ions at the tetrahedral sites 8(a) of the spinel struc-
ture. Twenty years later, Deschanvres et al. [8] reported the full
structure of LTO (5TiO,, 2Li;0): they located the lithium ions at the
tetrahedral (8a) sites, the remaining lithium ions and the tetrava-
lent titanium ions at the (16d) sites, and the oxygen ions at the (32e)
sites. In the late seventies, the demand for high energy density bat-
teries stimulated the discovery of the Li/TiS, rechargeable lithium
battery [9], and subsequently LiTi, O4 and LTO materials were found
to reversibly react with lithium at room temperature [10]. In the
late eighties, Dahn et al. [11,12] reported the first electrochemi-
cal study of the Li/LTO cell where a plateau voltage at 1.56V was
attributed to the insertion of one lithium ion into the structure of
LTO. Thereafter, Ohzuku et al. [13,14] reported the first comprehen-
sive electrochemical and structural study of LTO. In these studies,
the authors introduced LTO spinel as a zero-strain lithium inser-
tion material since the lattice parameters do not change during
the insertion/extraction of lithium ions into/out of the material.
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Structurally, the lithium insertion into LTO spinel results in the dis-
placement of the lithium ions originally located at the tetrahedral
site 8(a) into the octahedral 16(c) sites that also accommodates the
newly inserted lithium ions according to the following scheme:

Liy g(a) [Li1/3Tis/3],16(a)0a(spinel) + 1 Li* = Liz 16(0)[Li1/3Tis /311604y
Og4(rock-salt)

This electrochemical reaction suggests the formation of a rock-
salt compound Lip [Lij;3Ti5;3]04 (or LizTisOq12) and generates
175mAh g1 theoretical capacity at full lithiation. This two-phase
reaction takes place at a flat voltage of 1.5V vs. Li in an electrode
during the lithium insertion reaction [15-20].

In contrast to conventional graphite anodes, no volume change
is expected during the insertion of lithium atoms in the spinel struc-
ture of LTO, leading to the formation of a rock-salt type Li;Ti5O1;
material with a zero-strain structural character. When coupled
with a 4-V cathode material, such as the three dimensional LMO
spinel [5,6], the cell provides a 2.5V operating voltage, twice the
voltage of a nickel-metal hydride cell. Replacement of graphite by
LTO in a lithium-ion battery will result in a reduction in the oper-
ating cell voltage, which reduces the overall energy density at the
cell level. The loss in energy density due to the absence of graphite
must be weighed against the improvements in intrinsic cycle-life
and safety that using a LTO anode may provide, and in addition
the LTO/LMO chemistry may be attractive for high power battery
applications which is supported by the results demonstrated in
this manuscript [4]. It has been reported that the lifetime of the
graphite/LiMn,04 (G/LMO) cell chemistry is dramatically short-
ened because manganese ions from the cathode dissolved into the
electrolyte and poisoned the SEI layer, which is indispensable for
shuttling lithium ions in and out of the graphite [21]. In this paper,
we report on the cycle life and safety of LTO/LMO cells as compared
to G/LMO cells, when cycled and evaluated at the level of 10mAh
pouch cells.

2. Experimental

LTO spinel was prepared by reacting stoichiometric amounts of
LiCO3 and TiO; (Rutile, 1-5 m powder) at 850°C for 24 h. LMO
spinel was prepared by a solid-state reaction that consisted of mix-
ing Li,CO3 and MnCO3 precursors and heating the mix for 24h
at 850°C. Spherical MnCOs3 precursor was initially synthesized by
co-precipitation from an aqueous solution containing manganese
sulfate by the addition of a second aqueous solution containing
Na,CO3; and NH4OH according to the procedure detailed previously
[22].

Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Siemens D5000 powder diffractometer, using CuKo
radiation in the angular range of 10-80° (26) with a 0.02° (26) step.

Scanning electron microscopy images were taken at the Electron
Microscopy Center (EMC) at Argonne National Laboratory using a
field-emission scanning electron microscope (Hitachi S-4700-II).

Positive electrodes were made by coating an aluminum foil
collector with a paste comprised of LMO active material, carbon
black (as a conducting additive), and polyvinylidene fluoride (PVdF)
binder (in the proportions 80:10:10 wt%). The negative electrode
was prepared by mixing LTO with 10-wt% carbon and 10-wt% PVdF
binder; and a copper foil was coated with the resulting paste.
Both positive and negative electrodes were ~40-50 um thick,
and assembled cells were slightly cathode limited. The electrolyte
was 1.2-M LiPFg in a 30:70 wt% mixture of ethyl carbonate (EC)
and ethyl methyl carbonate (EMC). The cells, assembled inside a
helium-filled dry-box, were evaluated using pouch-type cells. The
charge/discharge measurements were carried out over a potential
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Fig. 1. X-ray diffraction patterns and scanning electron micrographs (inserts) for
the prepared (a) LigTisO12 (LTO) and (b) LiMn; 04 (LMO).

range between 1.5 and 3.0V. For charge/discharge cycling, a cur-
rent of 100mAg-! was used as 1C and was based on the cathode
(LMO) mass.

Differential scanning calorimetry (DSC) experiments were
conducted using a Perkin-Elmer Pyris 1 instrument, on elec-
trochemically delithiated cathodes (LMO) and lithiated anodes
(graphite or LTO). Typically, 3 mg of material and 3 pL of electrolyte
were hermetically sealed inside stainless-steel high-pressure cap-
sules to prevent leakage of pressurized solvents. The DSC curves
were recorded between room temperature and 375°C at a scan
rate of 10°Cmin~!. An empty stainless-steel capsule was used as
a reference pan. Gas chromatography (GC) and mass spectrome-
try (MS) were done using a Hewlett-Packard integrated GC-MS
system. The GC-MS was calibrated with standard gases that were
used to determine retention times.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LTO (Fig. 1a) and LMO
(Fig. 1b) pristine materials. In both cases, the observed diffraction



10346

13

12

pe
4

1"

Capacity, mAh
N w ~ [9)] [ ~ [e4) © o

-

o

o

50 100 150 200 250 300 350 400 450 500

Cycle Number

Fig. 2. Cell discharge capacity during 500 charge/discharge cycles for LTO/LMO (cir-
cles) and G/LMO (squares) pouch cells cycled at 6C charge and discharge rates at a
temperature of 55°C.

lines can be indexed based on the Fd-3m space group. The cubic
lattice parameters are 8.358 and 8.245 A for LTO and LMO, respec-
tively. These values are consistent with findings in several reports
[8,14,23]. The morphologies and particle sizes of the LTO and LMO
materials are shown in the inserts of Fig. 1. LTO consisted of par-
ticles with diameters primarily in the range of 2-3 um, but larger
particles were observed as a result of agglomeration. The LMO con-
sisted of approximately spherical particles with diameters varying
between 10 and 20 pm.

As mentioned above, the lifetime of a battery with the G/LMO
cell chemistry is severely shortened at elevated temperatures. This
problem is a major challenge in using this cathode in large scale
commercial Li-ion batteries despite its high power capability and
reasonable energy density [21]. Approaches to avoid the capacity
fade of G/LMO batteries include developing new electrolytes [20]
and electrolyte additives [24], and additional engineering of the
battery pack to provide heat exchangers and temperature regula-
tion of the battery. These two approaches can add cost and weight
to the battery pack. Another alternative approach is to replace the
graphite with an anode that can better tolerate elevated tempera-
tures, such as LTO. To demonstrate this approach, two Li-ion cells
were designed with G/LMO and LTO/LMO, both having the same
electrolyte and approximately the same initial capacities. After
assembly, the cells were stored at 55°C and subjected to a con-
tinuous 6C rate of charge and discharge. After 500 cycles, the cell
comprising LTO exhibited a 10% capacity loss, while the cell made
with a graphite anode lost more than 40% of its initial capacity
(Fig. 2). Analysis by inductively coupled plasma of the electrolytes
recovered from both cells confirmed the existence of Mn2* ions
in the solution. However, the impact of Mn2* ions dissolved into
the electrolyte on the capacity of the cells was much more pro-
nounced for the graphite anode because of the poisoning effect of
the solid electrolyte interface (SEI) layer formed at the graphite sur-
face. In a previous report [21], it was found that a few ppm of Mn2*
ions can cause a major modification of the characteristics of the
SEI layer, leading to cell failure after a continuous rise in interfa-
cial impedance at the graphite negative electrode. To stabilize the
G/LMO cell chemistry at elevated temperature, work has been done
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Fig. 3. (a) LTO/LMO cell discharge capacity during 1000 charge/discharge cycles at
10C rate of charge and discharge at 25 °C. The insert shows the voltage as a function
of time during the first charge/discharge cycle. (b) Discharge profiles for selected
cycles of the LTO/LMO cell.

with the aim of preventing or reducing manganese dissolution via
the replacement the LiPFg salt with other salts that do not generate
HF acid [20], coating LMO with metal oxides such as zinc oxide [19],
or stabilizing the SEI layer with additives [24]. With respect to these
approaches, another way to get full usage of the power and safety
characteristics of LMO is by replacing graphite by an alternative
anode, in this case LTO, which does not require a SEI layer.

HEV applications require rather high-power density batteries,
because the available energy (300 Wh) over the depth of discharge
range where the power goals are met is only a fraction of the
total energy that the fully depleted battery can provide. To demon-
strate that the LTO/LMO battery retains capacity at higher rates
which would be more relevant for the high power requirements
of HEV batteries, we further confirmed the retention of capacity of
LTO/LMO cells by cycling pouch cells with ~10 mA h capacities at
a higher rate (10C, at both 25°C and 55 °C). The pouch cells cycled
at 10C retained 89.3% and 92.7% of their initial capacity after 1000
cycles at 25°C (Fig. 3) and 55°C (Fig. 4), with the majority of the
capacity loss occurring during the first 100 cycles. From 100 to 1000
cycles, there also is minimal voltage depression, which means that
both the capacity and deliverable energy of the cells was retained
well during 1000 charge/discharge cycles.

In addition to tolerating high rates to provide power over
many cycles, HEV batteries need significant pulsing capabilities.



I. Belharouak et al. / Journal of Power Sources 196 (2011) 10344-10350

a 14
| o Charge capacity
ﬁ 8 e Discharge capacity
g
'g 6| Li,Ti,0,,/LiMn,O, Cell
g I 55°C - 10C rate
o 4+
2 -
0 L 1 L 1 L 1 L 1 L
0 200 400 600 800 1000
Cycle Number
b 3.00
2.75
2.50
> 225
o
o)
8 2,00
3
1.75
1.50
1.25
100 n 1 1 n 1 n 1 n 1
0 2 4 6 8 10 14

Fig. 4. (a) LTO/LMO cell discharge capacity during 1000 charge/discharge cycles at
10C rate of charge and discharge at 55 °C. (b) Discharge profiles for selected cycles

of the LTO/LMO cell.

4.0

Capacity, mAh

3.5 |

3.0

2.0 -

Voltage, V

15 |

05 F~_

275

10-s charge pulse
270 9e P

; 2.65
2.60

40-s rest
10-s charge pulse

of J
Voitage, v

0.0 . L

Fig. 5. Voltage and current as a function of time during a hybrid pulsed power
characterization (HPPC) test of LTO/LMO cell. Insert shows individual pulse profile.

Time, Min

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

-0.05

Current, A

10347

50
a 50C rate /
40 /
30 !
/D/ O
20 b B=—0m—p=—p—r_— o
10
0 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
0 10 20 30 40 50 60 70 80 90 100
50
b 25C rate /
40
E: /
£ 30 1
£
S Q /D/ -
o 20 ] 1
) == =———0——0
2]
< 10
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
50
c 10C rate
40
30
O
20 -—QWFFF@———G—/—O—
10
0 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
0 10 20 30 40 50 60 70 80 90 100

DOD, %

Fig. 6. Area specific impedance (ASI) at the full range of depths of discharge (DOD)
during HPPC testing on a LTO/LMO cell at discharge (circles)/charge (squares) pulses
of (a) 50C/37.5C, (b) 25C/18.75C, and (c) 10C/7.5C.

120

100

80

60

ASI, ohm.cm?

40

20

—o0— Graphite/LiMn,O,

First month Calendar Life

——Li,Ti,0,/LiMn,0,

100 10 20 30

12 15 18 21 24 27
Time (days)

30

Fig. 7. ASI measured over 28 days for LTO/LMO (squares) and G/LMO (circles).



10348

12 CO2

Ar
1.0 |

0.8
0.6 H

04 |
0.2 CH

Abunadance, x10°

0.0

0.8

0.6

04 cH

Abundance, x1 0°

Time, min

Abundance, x1 0°

I. Belharouak et al. / Journal of Power Sources 196 (2011) 10344-10350

1.4

c

12 |
1.0 F
Ar
08 |

06 |
04 |
N
0.2 l k 2
A
00 | ’,~'

0.8 Ar

Abundance, x1 o®
<
=
<
I

0.6

04

0.2 |

L

0 1 2 3 4

0.0

Time, Min

Fig. 8. Gas chromatography (GC) and mass spectrometry (MS) from gas collected from Li/G and Li/LTO pouch cells discharged to 1.0mV and 1.0V, respectively, and then
held at 100°C for 12 h. (a) GC of G/LMO, (b) MS of G/LMO, (c¢) GC of LTO/LMO, and (d) MS of LTO/LMO.

100

80 -

60 -

co

Relative Amount, mol%

Compound

Fig. 9. Relative quantities of gases collected from G/Li cell as determined by GC,
excluding Ar gas.

We performed hybrid pulsed power characterization (HPPC) on our
materials to determine their performance during pulsing at differ-
ent states of charge. A typical HPPC test profile is shown in Fig. 5.
During the HPPC test, the pouch cell was charged to full capacity
(3.0V). Then, 10% of the capacity was discharged at a 1C rate. After
a 1h rest period, the cell was discharged for a 10 s pulse, allowed
to rest for 40s, charged for a 10s pulse (at 75% of the discharge
rate), and discharged at 1C until an additional 10% of the capacity
had been discharged. The pulsing procedure was repeated at each
10% increment of the state of charge for the cell. The area specific
impedance (ASI) during charge and discharge at discharging rates

of 50C, 25C, and 10C (charging rates of 37.5, 18.75, and 7.5C) at
different depths of discharge calculated from the HPPC tests can be
found in Fig. 6. A typical upper acceptable limit for ASI values during
pulsing is 35  cm? [25], and these LTO/LMO pouch cells are below
this ASI for every depth of discharge at the 10C/7.5C pulses (Fig. 6a),
and exceed 35 2 cm? only during charging at 90% and above 80%
depth of discharge at 25C/18.75C and 50C/37.5C rates, respectively.
The low ASI values for realistic pulsing conditions (up to 50C) across
most of the depths of discharge (at least up to 70%) indicates that
the LTO/LMO material has promise as a full cell material for appli-
cations that require high pulse rates, such as HEVs and PHEVs. To
further investigate the potential of this material, we performed cal-
endar life and safety studies on this battery chemistry, and again
compared the LTO/LMO chemistry to a conventional LMO cathode
paired with graphite (G/LMO).

The results of calendar life testing for LTO/LMO and G/LMO can
be seen in Fig. 7. Calendar life testing was done by charging the cells
to 70% state of charge and holding at that voltage. Once per day for
28 days the cell was pulsed with a 5C discharge for 10 s followed by
a40srestand thena 10 s charge at 3.75C. The cell was then brought
back up to the voltage at 70% state of charge and held there until the
pulse the next day. This testing was performed at 55 °C. The ASI val-
ues shown in Fig. 7 were calculated from the discharge pulses. The
ASI for the LTO/LMO battery gradually increased over the 28 days
from 10.2 to 12.4  cmZ2. In contrast, the G/LMO battery had a huge
increase in ASI over the same time period, from 18.5 to 108.3 2 cm?.
LMO cathode materials are known to undergo Mn dissolution into
the electrolyte, especially during cycling at elevated temperatures
[21]. While the Mn will dissolve from the cathode in both cells,
the cell with a graphite anode discharges to a lower potential and
requires a stable SEI layer to cycle effectively. Previous studies have
demonstrated that the dissolved Mn can migrate across the bat-
tery to the anode and disrupt the SEI layer, resulting in decreased
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capacity and increased impedance [21].LTO operates at higher volt-
ages compared to graphite that are stable when in contact with the
electrolyte and do not require graphitic-SEI formation. The signifi-
cantly lower ASI values after 28 days for the LTO/LMO cell compared
to the G/LMO demonstrates that the LTO has much better calendar
life properties, likely because it does not require SEI formation.

Safety is a major consideration for batteries in automotive appli-
cations. We next performed analysis of gases generated by graphite
and LTO Li half cells, as well as differential scanning calorimetry
(DSC) on full cells paired with LMO, to compare the safety charac-
teristics between the two anode chemistries. First, we assembled
Li half cell pouch cells with graphite and LTO. The graphite cell was
discharged to 1 mV and the LTO cell was discharged to 1.0V. Both
cells were then heated to 100 °Cin an oven and held at this elevated
temperature for 12 h. After removing the cells from the oven they
were taken into an Ar-filled glove box and a syringe was inserted
into the pouch to extract any gases that may have been generated
inside the cells. The gas extracted into the syringe was then ana-
lyzed using gas chromatography (GC) and mass spectrometry (MS).
The GC and MS were both calibrated using the same standard gases.
The GC and MS for the gases collected from both cells can be seen in
Fig. 8. All data sets have a pronounced peak from Ar gas, which we
attribute to the Ar atmosphere from the glove box. The GC and MS
do not indicate any decomposition products for the LTO cell, and
other than the pronounced Ar peak from the glove box atmosphere,
only a small N, peak is even discernable. In contrast, a variety of
gases were detected for the sample taken from the graphite cell.
The GC indicates the presence of H,, CO,, C;Hg, C;Ha, Ny, CHy, and
CO and the MS has large C;Hg and C,H,4 peaks. The various car-
bonaceous gaseous species indicate decomposition of the graphite
SEI during the prolonged exposure to a 100 °C temperature. The
relative abundance of these gases is shown in Fig. 9. The generation
of these flammable gaseous species is a serious safety concern for
graphite anodes. In contrast, the fully lithiated LTO did not gener-
ate any gaseous decomposition products. The stability of the LTO
spinel structure coupled with the lack of a SEI makes this mate-
rial more stable against forming gaseous degradation products at
elevated temperatures compared to graphite [26].

While the LTO did not generate any gaseous degradation prod-
ucts during prolonged exposure to 100°C, we also performed DSC
on both cathode and anode materials up to 375°C to determine
at what temperatures thermal events would occur and how much
energy would be released. Fig. 10 shows the DSC profiles for the
cathode and anode of fully charged LTO/LMO and G/LMO cells (cells
charged to top voltage and disassembled, which corresponds to a
charged cathode and discharged anode). For both cells, the DSC

profile of the LMO cathode material was the same, with a sin-
gle exothermal peak that has an onset temperature of 280°C. The
anodes of the two cells had significant differences in their ther-
mal characteristics. The graphite had an initial exothermal onset at
100°C, while the onset of the first exothermal peak for the LTO was
not until 130°C. Also, the total energy released by the graphite was
much greater than the LTO. The thermal event that began at 100°C
was consistent with the decomposition products observed in the
gases collected from graphite cells aged at 100 °C(Figs. 8 and 9). DSC
and analysis of the gases generated by LTO/LMO and G/LMO cells
indicate that LTO is more stable to thermal abuse than graphite,
which makes this material a very promising anode material for
safety purposes.

4. Conclusions

Electrochemical characterization of pouch cells comprised of
LTO and graphite anodes with LMO cathodes demonstrated that
LTO has improved cycle life, calendar life, and pulsing impedance
relative to graphite. Analysis of gases from lithiated LTO and
graphite electrodes held at an elevated temperature indicated that
graphite generated degradation products while LTO remained sta-
ble, and also the onset of exothermal reactions occurred at higher
temperatures for LTO. These results demonstrate that LTO has
advantages in safety and cycle life when compared to graphite, in
particular when paired with LMO cathodes. So far, the safety, cal-
endar life, and pulsing characteristics of a LTO/LMO cell make it
attractive for HEVs and all battery power applications.
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