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bstract

A Li4/3Ti5/3O4/Li1+x(Ni1/3Co1/3Mn1/3)1−xO2 cell is shown to exhibit excellent cycling performance at both room and elevated temperature.
his behaviour is attributed to the high stability of the Li4/3Ti5/3O4 anode at the bulk structure level as well as at the interface, because

here is no solid electrolyte interface effect. Moreover, it is found that the impedances of both materials are dominated by electrochem-

cal kinetics (Butler–Volmer kinetics), which makes this a good system for high-power applications. The high voltage polarization of the
i4/3Ti5/3O4 and Li1+x(Ni1/3Co1/3Mn1/3)1−xO2 electrodes at the end of the charge and discharge gives a good indication of cell overcharge and
verdischarge.

2007 Published by Elsevier B.V.
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. Introduction

Li4/3Ti5/3O4 has been proposed as a promising negative-
lectrode (anode) candidate for lithium-ion batteries. This
aterial is a member of the Li1+xTi2−xO4 (0 < x < 1/3) spinel

amily with two limiting compositions, namely, LiTi2O4
nd Li4/3Ti5/3O4. It is generally accepted that the Li8a[Li1/3
i5/3]16dO4 spinel will transform to the [Li2]16c[Li1/3Ti5/3]16dO4
ock–salt phase without a noticeable change in lattice dimension
uring the lithium insertion process [1]. Intensive studies have

emonstrated [2–5] that cells based on this so-called zero-strain
aterial exhibit excellent capacity retention during cycling

2–5]. Moreover, Li4/3Ti5/3O4 has much better thermal stability
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ompared with a carbonaceous anode due to its high operational
edox potential [6,7].

Li1+x(Ni1/3Co1/3Mn1/3)1−xO2 (x = 0.1; denoted as L333) has
een shown to be a promising positive-electrode (cathode) mate-
ial for lithium-ion batteries, due to its long calendar life and
ycle-life, excellent power capability, and good tolerance to
hermal abuse [8–12].

This work reports the power capability and cycling perfor-
ance at different temperatures of a cell based on L333 and
i4/3Ti5/3O4 electrodes.

. Experimental

The composition of the negative electrode is 80 wt.%
i4/3Ti5/3O4 spinel (from Ishihara), 10 wt.% acetylene black,
nd 10 wt.% polyvinylidine difluoride (PVDF). The loading of
he active material is 6.5 mg cm−2, and the obtained capac-
ty is about 1.89 mAh (175 mAh g−1) for a (9/16)-in. electrode
isc between 2.0 and 1.2 V versus Li/Li+. The composition of

he positive electrode is 82 wt.% L333, 10 wt.% TB5500, and
wt.% PVDF. The loading of active material is 7.2 mg cm−2,
nd the obtained capacity is about 2.04 mAh (180 mAh g−1) for
(9/16)-in. electrode disc between 3.2 and 4.3 V versus Li/Li+.

mailto:amine@cmt.anl.gov
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A 2032-type coin cells (Li/Li4/3Ti5/3O4, Li/L333, and
i4/3Ti5/3O4/L333) were fabricated in a glove-box using a
orous separator (Celgard 3501) and a 1.2 M LiPF6 ethylene
arbonate/ethyl methyl carbonate (EC/EMC) (3/7) electrolyte.
he area of the electrode is 1.6 cm2, and the cells were cycled by
eans of a Maccor system at different rates. The area-specific

mpedance (ASI) was measured during cycling with 30-s current
nterruptions. The Li4/3Ti5/3O4/L333 cells were tested at both
oom and elevated (55 ◦C) temperatures. The ac impedance was
easured at 50% state-of-charge (SoC) of the cell after different

umbers of cycles.

. Results and discussion

The voltage profiles of the Li/Li4/3Ti5/3O4 and Li/L333
alf-cells tested in this study are presented in Fig. 1(a). The
rreversible capacity loss for the Li/L333 half-cell during the

−1
rst formation cycle is about 12% (21 mAh g ). By contrast,
he Li/Li4/3Ti5/3O4 half-cell shows 100% columbic efficiency.
here is a good correlation between the calculated and exper-

mental voltage profiles of the Li4/3Ti5/3O4/L333 cell, see

ig. 1. Voltage profiles of (a) Li/L333 and Li/Li4/3Ti5/3O4 cells and (b)
i4/3Ti5/3O4/L333 cells from experiment and calculation.

Fig. 2. (a) Capacity retention of Li4/3Ti5/3O4/L333 cell at room temperature and
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levated temperature at C/10 rate and (b) differential capacity plots of Li/L333
ell with 2.4 mAh capacity.

ig. 1(b). The calculated cell voltage profile in Fig. 1(a) was
btained by subtracting the half-cell voltage curve of the neg-
tive electrode from that of the positive electrode. The sharp
ncrease in the cell potential at the end-of-charge (EoC) and the
harp decrease in the full-cell potential at the end-of-discharge
EoD) (Fig. 1(b)) can be attributed to the voltage drop of
i4/3Ti5/3O4 and L333 at the EoC and EoD, respectively. This

eature makes the cell, consisting of the Li4/3Ti5/3O4 anode and
333 cathode, easier to balance and provides a better indication
f the overcharge and overdischarge of the cell during cycling.

The cycling performance of the Li4/3Ti5/3O4/L333 cell at
oom temperature and elevated temperature (55 ◦C) is shown
n Fig. 2(a). Both cells were cycled at the C/10 rate at room
emperature and exhibited the same capacity for 30 cycles.

hen the temperature of one of the two cells is increased to
5 ◦C, the capacity is increased slightly, and a continuous capac-
ty fading is observed with cycling. This phenomenon can be

xplained by the differential capacity plot of the Li/L333 cell
s a function of cell voltage shown in Fig. 2(b). In this test,
he charging process is controlled by either the cell capacity
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2.4 mAh) or the voltage limit (4.9 V). During the first formation
ycle, an irreversible peak starting at 4.3 V is observed. This irre-
ersible peak shifts towards high potential during cycling and
isappears once a new reversible redox reaction peak occurs
bove 4.6 V, where oxidation of Co3+ in the material takes place
13]. The irreversible peak has been reported previously with
ittle discussion [14]. We believe that this irreversible capac-
ty loss can be attributed to the removal of the excess lithium
n the lithium-rich Li1+x(Ni1/3Co1/3Mn1/3)1−xO2 material. The
emoved excess lithium cannot be inserted back into the structure
nd results in the irreversible capacity loss when the potential
f L333 is above 4.3 V. Moreover, this irreversible extraction
f excess lithium can take place at an earlier voltage when the
ell is cycled at elevated temperature, due to better kinetics. The
arly extraction of additional lithium from the structure at 55 ◦C
xplains the higher capacity of the cell (Fig. 2(a)) when the tem-
erature increases. Also, the irreversible extraction of lithium
ccounts for the capacity fading observed for the full-cell at

5 ◦C.

The 1C rate capacity retention of the Li4/3Ti5/3O4/L333 cell at
oom and elevated temperatures is presented in Fig. 3(a). Under

ig. 3. (a) Capacity retention of Li4/3Ti5/3O4/L333 cell at room tempera-
ure and elevated temperature at 1C rate and (b) ac impedance results of
i4/3Ti5/3O4/L333 cell at 50% SoC after different cycles at elevated temperature.
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oth test conditions, the capacity retention remains stable for
ver 200 cycles. The capacity retention of the Li4/3Ti5/3O4/L333
ystem at 55 ◦C is about 96.5% after extensive cycling. This
esult is much better than that of the MCMB/L333 cell sys-
em, which shows only 83.5% capacity retention when subjected
o the same test conditions. The high capacity retention of the
i4/3Ti5/3O4/L333 cell can be attributed to the stability of the
i4/3Ti5/3O4 negative electrode. The ac impedance spectra of the
i4/3Ti5/3O4/L333 cell after the 70th and 220th cycle at 55 ◦C is
hown in Fig. 3(b). Both spectra are identical, which indicates
o interfacial reactivity is taking place during cycling at 55 ◦C.
y contrast, cells with MCMB as the anode have been found

15,16] to show a significant rise in the interfacial impedance
uring cycling at 55 ◦C because of the instability of the solid
lectrolyte interface (SEI) film at such an elevated temperature.
he cell performance study using a reference electrode also indi-
ates that the capacity loss of the MCMB/L333 cell is due mainly
o an increase in impedance of the anode during cycling [17].
The differential capacity plots of the Li4/3Ti5/3O4/L333 cell
t room temperature and 55 ◦C are given in Fig. 4(a). At 55 ◦C,
he redox reaction peak takes place at a lower potential and ends

ig. 4. (a) Differential capacity plots of Li4/3Ti5/3O4/L333 cell and (b) voltage
rofiles of Li/Li4/3Ti5/3O4 cells at room temperature and elevated temperature.
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ig. 5. ASI results of Li4/3Ti5/3O4/L333 cell at different C rates under: (a) room
emperature and (b) elevated temperature.

t a higher potential than at room temperature. This result indi-
ates better kinetics and explains the high capacity observed at
5 ◦C compared with room temperature, as shown in Fig. 3(a).
s discussed in Fig. 1(a), the charge capacity is controlled
y the voltage profile of Li4/3Ti5/3O4; the lower polarization
f Li4/3Ti5/3O4 is expected to be responsible for the higher
apacity obtained for the full cell at the elevated temperature.
his conclusion can be confirmed by the voltage profile of

he Li/Li4/3Ti5/3O4 cell at room and elevated temperatures pre-
ented in Fig. 4(b). At the elevated temperature, the cell voltage
rofile is flat with less overpotential, which results in more
sable capacity with the same cut-off voltage window during
he charge and discharge processes for the Li4/3Ti5/3O4/L333
ell.

The ASI results of the Li4/3Ti5/3O4/L333 cells as a func-
ion of discharge rate at room and elevated temperatures are
hown in Fig. 5(a) and (b), respectively. The impedance of the
ells at different temperatures decrease with the increase in
he rate, which indicates that the impedance is dominated by

he electrochemical kinetics instead of by lithium-ion diffusion
cross the interface [18]. This electrochemical characteristic
akes Li4/3Ti5/3O4/L333 cells very suitable for high power

r
g
i

ig. 6. ASI results of (a) Li/Li4/3Ti5/3O4 and (b) Li/L333 cells as a function of
rate at 50% SoC.

pplications, such as hybrid electric vehicles, because of the
ow impedance during very high current pulses.

In order to differentiate the impedance contribution from
he anode and the cathode, the Li/Li4/3Ti5/3O4 and Li/L333
alf-cells were tested at room temperature. The ASI results
f the Li/Li4/3Ti5/3O4 and Li/L333 cells as a function of rate
t 50% SoC are given in Fig. 6(a) and (b), respectively. For
oth half-cells, the impedance decreases when the testing cur-
ent increases, which indicates that the Butler–Volmer kinetic
ffect is dominant in both half-cells. On the other hand, the ASI
alue of the Li/333 cell reaches equilibrium faster than that of
he Li/Li4/3Ti5/3O4 cell. This demonstrates that the power per-
ormance of the Li/Li4/3Ti5/3O4 cell can be improved further
hen a higher rate is applied.
The rate capability of Li/L333 and Li/Li4/3Ti5/3O4 cells at

oom temperature is shown in Fig. 7. The Li/L333 cell shows
ood rate capability with good capacity retention up to a 6C rate,
s reported elsewhere [11]. By comparison, the Li/Li4/3Ti5/3O4
ell shows much better rate capability with over 60% capacity

etention when the cell is cycled continuously at a 8C rate. The
ood capacity retention of the Li/Li4/3Ti5/3O4 cell at high rate
s due to the flat cell voltage profile, which can allow it to reach
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ig. 7. Capacity retention as a function of C rate of (a) Li/Li4/3Ti5/3O4 and (b)
i/L333 cells.

ull cell capacity even when the cell polarization increases. Fur-
hermore, when the cell current increases, the cell impedance
ecreases, which leads to the better rate capability of the sys-
em, because the impedance of the Li/Li4/3Ti5/3O4 and Li/L333
ells is controlled by the electrochemical kinetics (Fig. 7).
. Conclusions

The use of Li4/3Ti5/3O4 and L333 as electrode materials
n lithium-ion batteries provides an easy monitoring of cell

[
[

urces 167 (2007) 212–216

vercharge and discharge because of the rapid voltage drop of
oth Li4/3Ti5/3O4 and L333 at the end of charge and discharge.
his system shows excellent capacity retention at both room

emperature and at 55 ◦C. Unlike the carbon anode, for which
ignificant reactivity with the electrolyte takes place at the inter-
ace the Li4/3Ti5/3O4 electrode shows excellent stability with no
ise in interfacial impedance when the cell is cycled at 55 ◦C.
rea specific impedance studies on the full- and half-cells at
ifferent C rates reveal that the electrochemical kinetic is dom-
nant. As a result, this system is very suitable for high-power
pplications.
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