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The structural degradation of the Al-doped spinel material, LiAly,Mn; gO4, before and after charge—discharge
cycling in the 4 V region at elevated temperature has been studied by X-ray diffraction and high-resolution
transmission electron microscopy. The capacity loss during cycling was noticeably increased with cell operation
temperature from 50 to 80 °C. The formation of tetragonal Li,Mn,0O, and the rocksalt phase Li,MnOj in the
spinel electrode cycled at elevated temperature could be responsible for the main cause of the capacity loss.

Introduction

Presently commercialized lithium-ion batteries use layer
structured LiCoO, cathodes. Because of the high cost and
toxicity of cobalt, an intensive search for new cathode materials
has been investigated over the years. Spinel LiMn,Oy is one
of the most promising cathode materials due to its low cost,
abundance and non-toxicity.]’5 However, while the spinel
LiMn, Oy electrode shows good stability during cycling at room
temperature, poor cycling behavior at elevated temperatures,
e.g. 50-80 °C, is observed, which prevents its wider use as a
cathode material for lithium secondary batteries.®™

It is well known that the capacity loss for the LiMn,O,
electrode in the 4 V region at elevated temperatures is attri-
buted to (1) a dissolution of the MnO into the electrolyte, and
(2) a phase transition from cubic to tetragonal symmetry due to
Jahn-Teller distortion."!° Recently, Robertson ez al. reported
the presence of Li,MnOj3 and spinel compositions other than
LiMn,Oy in the cycled spinel electrode.!! It was subsequently
suggested by Cho and Thackeray that a capacity fade for the
Li/LiMn,Oy cell cycled hundreds of times in the 4 V region at
room temperature is due to the formation of Li,MnO; at the
particle surface resulting from dissolution of the MnO from
Li,Mn,0,4.'> However, there is not yet direct evidence for
structural degradation for the spinel cycled electrode at ele-
vated temperatures. In order to improve the cycleability of
spinel LiMn,O, electrodes at elevated temperatures, many
research groups have studied cation substitution, anion sub-
stitution, and surface passivation treatment of LiMn,0,."> "
Although these attempts were effective to some extent for
improving the cycling performance at 55°C, the cycling
behavior of the spinel LiMn,O4 at 80 °C was not reported.

The quality of LiMn,O,4 powders used for lithium secondary
batteries strongly depends on the synthetic method used.
LiMn,O, powders are typically prepared by a solid-state
reaction which consists of extensive mechanical mixing and an
extended grinding process which are detrimental to the quality
of the final product. In order to obtain cathode materials with
good homogeneity, uniform morphology and narrow particle-
size distribution, a sol-gel method has been introduced. We
have shown that phase-pure powdered spinels Lij 3Mn,0y,
LiNi0_05Mn1_9504 and LiA10_24Mn1_76O3_9gso_02 with excellent
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rechargeability could be synthesized by the sol-gel method
using various chelating agents.'®!8

In this paper, we study the electrochemical cycling behavior
and structural change of a LiAly,Mn; 3O, electrode after
cycling in the 4 V region at elevated temperatures (50-80 °C)
by means of X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM). A structural
degradation mechanism combined with capacity loss of the
spinel LiAlp,Mn; 3Oy electrode at elevated temperature was
investigated.

Experimental

LiAlp,Mn; gO4 powders were prepared by a sol-gel method as
reported in our previous work.'®'® Powder X-ray diffraction
(Rigaku, Rint-2000) using Cu-Ko radiation was used to
identify the crystalline phase of cycled electrodes at various
temperatures. The particle morphology of LiAly,Mn; 3O,
powders was observed using a field emission scanning electron
microscope (FE-SEM) (Hitachi Co., S-4100). Microstructures
of individual oxide particles of the materials after cycling at
various temperatures were also investigated by a transmission
electron microscope (TEM, H-9000NA).

Charge—discharge cycles were performed in CR2030 button
type cells. The cell consisted of a cathode and a lithium metal
anode separated by a porous polypropylene film. For the
fabrication of the electrode, the mixture, which contained
25 mg LiAly,Mn; sO4 powder and 15 mg conducting binder
(10 mg Teflonized acetylene black (TAB) and 5 mg graphite),
was pressed on a 2.0 cm? stainless screen at 800 kg cm 2. The
used electrolyte was a 1:2 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) containing 1 M LiPFg.
Charge-discharge cycles were performed galvanostatically at a
current rate of C/3 (0.4 mA cm™?) between 4.4 and 3.0 V.

Results and discussion

The as-prepared powders were confirmed to be well-defined
spinel phases with space group Fd3m as shown in Fig. 1. The
lattice constant (a) of the powders is 8.1814 A which is lower
than that of the stoichiometric spinel.> Generally, spinels with
smaller lattice constants show improved cycleability. Recently,
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Fig. 1 X-Ray diffraction patterns for LiAly,,Mn; 304 powders.

Amatucci et al. reported that LiAly,Mn, 3O, synthesized by a
solid-state technique had a lattice constant of 8.191(4) A and
showed a much improved cycleability at elevated tempera-
ture.!” Previous reports revealed that the lattice constant of
metal-doped LiM Mn,_,O,4 spinel structures decreases with
increasing the amount of doped metal due to an increasing
concentration of Mn** ions in the spinel structure by
substituting Mn®* jons with metal ions.?

Fig. 2 shows a scanning electron microscope (SEM) image
for the as-prepared powders. The 2-10 pm particles show
spherical and cubic gold crystal-like shapes and are quite
different in morphology from the stoichiometric spinel which
shows a well-developed (100) plane.

Fig.3 shows the charge-discharge curves for the
LiAlp,Mn; 3O, electrode at 25, 50 and 80°C with the
corresponding discharge capacities as a function of cycle
number shown in Fig. 4. The measured charge—discharge
curves have only one plateau due to a large degree of Al
substitution for Mn. While there were no differences between
the charge—discharge curves for the LiAly ,Mn; 3O, electrode at
25 and 50 °C, the polarization (voltage difference between the
charge and discharge curves) of the electrode cycled at 80 °C
increased with increasing cycle number. The electrode cycled at
room temperature (25 °C) (Fig. 3(a)) delivers an initial capacity
of 108 mA h g~ ' and shows excellent cycling behavior retaining
99% (0.022mA h g~ ! cycle™!) of the initial capacity after 50
cycles at the C/3 rate. Significantly, there is almost no capacity
loss for the LiAly>Mn; gO4 electrode after 50 cycles at 50 °C
(0.032mA h g ' cycle "), which is the lowest capacity loss
observed so far at this temperature. The increased recharge-
ability of the LiAly,Mn; 3O, spinel electrode at 50 °C is
attributed to a smaller lattice parameter and an excellent
homogeneity of powders synthesized by the sol-gel method.
The small lattice parameter (decrease of Mn>* concentration)
reduces the dissolution of the electrode surface and stabilizes

Fig. 2 Scanning electron micrograph of the LiAly>,Mn; gO, powders.
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Fig. 3 Charge-discharge curves for Li/LiAly,Mn,; 3Oy cells at (a) 25,
(b) 50 and (c) 80 °C as a function of cycle number.

the structural integrity of the active material as described in
earlier reports.'®! In addition, the strength of the Al-O bond
is another reason for the enhanced cycleability of the Al-doped
LiMn,0y electrode since this (512 kJ mol ™) is stronger than
that of Mn—O (402 kJ mol~').>*> This helps in reducing the
structural disintegration of the material. On the other hand,
the Li/LiAly,Mn; gO,4 cell cycled at 80 °C initially delivers a
discharge capacity of 105mA h g~! which decreases slowly
during cycling to reach 99.7mA h g~ ! after 50 cycles with a
capacity loss of 0.107 mA h g~ ' cycle ', It should be noted that
the capacity loss at 80 °C is much higher than that at 25 and
50 °C. The capacity loss during cycling is usually considered
to be due to dissolution of Mn into the electrolyte solution.
XRD and high-resolution transmission electron micrograph
(HRTEM) measurements were performed to investigate the
degradation mechanism of the spinel LiAly,Mn; 3O, at
elevated temperature. Fig. 5 shows the X-ray diffraction
patterns for the LiAly,Mn; gO,4 electrodes after 50 cycles at
25, 50 and 80 °C. For the cycled spinel electrodes at 25 and
50 °C, no structural changes were observed after 50 cycles; the
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Fig. 4 Specific discharge capacity for the Li/LiAly,Mn; gOy4 cell as a
function of number of cycles at (a) 25, (b) 50 and (c) 80 °C.
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Fig. 5 X-Ray diffraction patterns for LiAly,Mn, 3O, electrodes after
50 cycles at (a) 25, (b) 50 and (c) 80 °C.

X-ray patterns of the cycled spinel materials (Fig. 5 (a) and (b))
were the same as those of the as-prepared powders (Fig. 1).
However, for the cycled electrode at 80 °C, some low-intensty
peaks were present that could be indexed to tetragonal
Li;Mn,0,4 and rocksalt Li,MnO; phases (Fig. 5(c)) though
the characteristic peaks of the spinel phase were unchanged.
The existence of those phases may be attributed to the capacity
loss of the spinel electrode cycled at 80 °C. It was recently
shown that tetragonal Li,Mn,0O4 occurs in discharged spinel
electrodes cycled in the 4 V region at room temperature.'%**
To understand the phase transformation induced by the
cycling at 80 °C in detail, TEM analysis was made with
material previously used for the capacity cycle test, where
the sample was analyzed in the fully discharged state (3 V).
Fig. 6(a) shows a bright field micrograph of the powder after
cycling at 25 °C. As can be seen, most particles still maintain
the initial faceted morphology as observed in SEM even after
50 cycles and electron diffraction of the particle shown in the
inset confirms that the particles still possessed a perfect spinel
structure as indicated above by the XRD data. In contrast,
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Fig. 7 HRTEM lattice image of the LiAly,Mn; gO4 electrodes after 50
cycles at (a) 25 and (b) 80 °C.

the spinel electrode cycled at 80 °C appears to have lost its
faceted morphology as seen in Fig. 6(b) where a rather irre-
gular shape is evident. Furthermore, we have found struc-
tural differences within the particle as shown by the electron
diffraction patterns. One region of the particle maintained the
spinel structure as indicated by the {111} diffraction pattern
(compare with Fig. 6 (a)) while the electron diffraction pattern
taken in another part of the same particle showed extra spots
superimposed on the {111} pattern. The lattice spacing corre-
sponding to the extra spots did not belong to LiMn,QOy, but
closely matched those of the monoclinic Li,MnO; phase (C2/c,
a=4.928, b=8.533, c=9.604A, f=99.5°, JCPDS[27-1252]). It
appears that the electrolyte has preferentially attacked a
localized part of the particle to convert the material to the
LiMnO; phase at the surface through developing numerous
stacking faults in the material.

Fig. 7(a) and (b) show HRTEM images of the {110} zone
of the electrochemically cycled particles at 25 and 80 °C,
respectively. The micrograph in Fig. 7(a) shows well-developed

Fig. 6 Bright field images of the LiAly ,Mn, 3O, electrodes cycled at different temperatures: (a) 25 °C with {111} zone electron diffraction, (b) 80 °C

showing structural differences within the same particle.
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Fig. 8 Electron diffraction pattern of the tetragonal phase in the [111]
zone found in the electrode after 50 cycles at 80 °C.

lattice fringes right to the particle edge with a comparatively
uniform particle surface. In comparison, in the particle cycled
at 80 °C (Fig. 7(b)), the smooth surface has been replaced
by microscopically rough edges and the lattice fringes are not
as well developed, which indicates that the particle surface
has been substantially damaged by cycling in the electrode
at elevated temperature. The Mn dissolution reaction, which
is believed to be responsible for the capacity loss, appears
to begin at the surface and progresses through the parti-
cles, developing structural faults in the process. Lastly,
while searching for other relevant phases in the cycled elec-
trode at 80 °C, we have found a particle possessing a sym-
metry (diffraction pattern shown in Fig. 8), that could only
be indexed to Lir-Mn,O, (I4/amd, a=5.662, ¢=9.274 A,
JCPDS[38-0294]) in the [111] zone with {101} peaks missing
from the pattern. No such phase was evident in the powder
cycled at 25 °C. Hence, TEM analysis confirms that although
the tetragonal phase is not present to a substantial extent in the
material cycled at 80 °C, its existence is related to the capacity
loss at this temperature. The TEM results also agree well with
the XRD data which show very weak peaks corresponding to
Li;Mn,0O4 and support the XRD and HRTEM results that the
existence of Li;Mn,04 and Li,MnO; is responsible for the
capacity loss at room and elevated temperatures.'>*

From the above results, the small capacity loss in the
Li/LiAly ,Mn, gO4 cell at elevated temperature is ascribed to a
structural degradation of the spinel electrode and is asso-
ciated with the formation of Li,Mn,04 and Li,MnOs. It is
commonly accepted that dissolution of Mn as MnO plays an
important role the capacity loss of spinel electrodes at elevated
temperature. Although we could not directly observe the
conversion process, from the XRD and TEM data it is
concluded that the Li;MnOj phase is created through the
dissolution of MnO from Li,Mn,O,4 which is formed at the
surface of the discharged LiAly,Mn; g0, electrode due to
kinetic limitations during the fast intercalation—deintercalation
process (Li,Mn,O4 — Li;MnO; + MnO).

Conclusions

An Al-doped spinel LiAly,Mn, 3O, electrode cycled at high
temperature shows excellent cycleability at a high rate in the
4V region. The capacity retention values of the electrode after
50 cycles at 25, 50 and 80 °C are 99, 98.5 and 95% of the initial
capacity of 108, 107 and 105 mA h g™, respectively. This indi-
cates that our prepared Al-doped spinel materials are good
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cathode materials which can compete with conventional
cathode materials such as LiCoO, and LiNi;_,Co,0, for
application in high temperature lithium batteries. Tetragonal
Li,Mn,0O4 and rocksalt Li,MnO; phases were detected at the
surface of the discharged electrode after 50 cycles at 80 °C,
which was the main cause of the capacity loss of the spinel
electrode at this elevated temperature. The degradation
mechanism of the spinel electrode is attributed to the formation
of rocksalt Li,MnOj that results from the dissolution of MnO
from Li;Mn,0, into the electrolyte.
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