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Abstract Orthorhombic LiMnO, was synthesized by hy-
drothermal reaction. Phase transition during electrochem-
ical process has been investigated using the high-resolution
X-ray diffraction. Contrary to numerous earlier reports,
phase analysis of the orthorhombic LiMnO, electrode
cycled for three times evidences the irreversible structure
transition from orthorhombic LiMnO, (Pmnm) to spinel
LiMn,O, (Fd3m) and rock salt LiysMngsO (Fm 3 m).
Here, the spinel structure with a cell parameter a=8.241 (1)
A has a large cationic disorder on lithium and manganese
sites, i.e., about 9% of the Li positions are occupied by Mn
and vice versa. For LiysMng 5O, the cell parameter is a=
4.121 (3) A, and both Li" and Mn*" cations occupy the
octahedral 4a sites with mole ratio 1:1. The quantity of
LigsMny sO phase is greatly dependent on cycling rate,
namely, the higher the current density is, the larger the
quantity of formed-rock salt structure is.

Keywords Orthorhombic LiMnO?2 - X-ray diffraction -
Phase transition

Introduction

Due to its low cost and nontoxicity, lithium manganese
oxides have attracted wide attention as cathode materials
for rechargeable lithium-ion secondary batteries [1-3].
Although LiMn,0O4 has been widely studied in the Li-
Mn-O phase diagram [4—-6], an increasing attention is also
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being paid to 0-LiMnO, (orthorhombic LiMnO,) having a
zigzag (3-NaMnO, layered structure (space group Pmnm),
due to a larger theoretical capacity (285 mA h g ') of the
former [7-12].

In the earlier reports, o-LiMnO, prepared at low
temperature (7<450 °C) showed high capacity about
200 mA h g ', and in situ XRD (X-ray diffraction) study
demonstrated that 0-LiMnO, converted to a spinel structure
after the first cycle [13]. Furthermore, Gummow and
Thackeray [14] confirmed the opinion of Reimer et al. that
electrochemical cycling of 0-LiMnO, prepared at 300 °C
resulted in a gradual phase transformation to spinel phase
and suggested that the newly formed LiMn,O, is signif-
icantly more tolerant to repeated lithium insertion and
extraction. As mentioned above, subsequent studies had
shown that cycling of 0-LiMnO, synthesized at high
temperature (7>800 °C) induced a progressive phase
transformation to spinel structure. In this regard, for the
first time, they revealed that the cycle-induced spinel phase
consisted of nanodomains confirmed by the observation of
high-resolution transmission electron microscopy so that
they played a significant role in maintaining a higher
capacity in 3 V region [15, 16]. Moreover, by means of in
situ XRD experiments, Kim et al. found that a sample with
a high number of stacking faults underwent easier phase
transformation from orthorhombic structure to spinel one
on cycling. This form of 0-LiMnO, displayed no capacity
fading in the 4 V region but suffered from severe capacity
fading in the 3 V region [17]. More recently, in situ
synchrotron diffraction showed that 0-LiMnO, transformed
to a new phase during the first charge process, which was
metastable and could easily convert to spinel LiMn,0,4 in
the following cycles [18]. The progressive formation of this
spinel phase was responsible for the capacity increase in the
battery in the initial cycles.
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From above reviews, it can be seen that electrochemical
cycling of 0-LiMnO, compound, prepared at either low
temperature or high temperature, often results in phase
transformation that has a critical impact on charge and
discharge capacity and cycle life. In this work, high-
resolution XRD was employed to study phase transition
of 0-LiMnO, during electrochemical process and more
detailed structures were refined by program Jade 6.0.

Experimental

0-LiMnO, was prepared as follows: 2.0 g Mn,05 (obtained
by calcination of Mn,COj3; at 700 °C for 3 h in air) was
hydrothermally treated with LiOH-H,O aqueous solution
(100 ml) at molar ratio of Li/Mn=20:1 in a teflon-lined
stainless-steel vessel and autoclaved at 200 °C for 1 h. After
cooling to room temperature, the products were repeatedly
washed with distilled water until pH value was close to 7.0
and then dried for 0.5 h at 120 °C in air.

The stainless steel model batteries Li/LiPF4 [ethylene
carbonate (EC) + dimethyl carbonate (DMC)]/0-LiMnO,
were fabricated to elucidate the phase transformation of o-
LiMnO, material. The 0-LiMnO, electrodes were made by
casting a slurry, consisting of 85 wt.% active LiMnO,
powder, 5 wt.% acetylene black, and 10 wt.% PTFE
(polytetrafluoroethylene) binder, on Al current collector.
The electrode having 10 mg active material with a diameter
of 1 cm and thickness of 0.22 mm was then pressed at
18 MPa for 1 min and vacuum-dried at 120 °C for 2 days.
The cells were assembled in an argon-filled glove box using
a polypropylene (PP) microporous film as a separator, a
solution of 1 M LiPF in EC/DMC (1:1 ratio in weight) as
the electrolyte, and 99.9% metallic Li foils as counter
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Fig. 1 XRD pattern of 0-LiMnO, powder
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electrodes. The cells were galvanostatically charged and
discharged at 0.1 C rate with a voltage window of 2.0—
4.5 Vat 25 °C.

To investigate the structure changes of o-LiMnO, on
cycling, the model batteries were dismantled in an Ar-filled
glove box, washed with dimethyl carbonate to remove
LiPF¢, and dried at 50 °C under vacuum for several hours.
After checking the stability in air, the materials were
transferred to crystal Si substrate for XRD analysis.
Contrary to Al substrate, Si substrate has no peak appearing
in the range of 20=10-140°, which ensured the accurate
statistics on powder. The XRD measurements were per-
formed on a Rigaku D/Max 2500/PC diffractometer with
CuK,, radiation operating at 40 kV and 300 mA. For precise
determination of the measurements, the powder diffraction
patterns were recorded in the range of 26=10-80° or 10—
140° by step scanning, using 26 increments of 0.04° and
fixed counting time of 4 s/step. The structure refinement
and quantitative analyses were performed using the pro-
gram Jade 6.0.

Results and discussion

As shown in Fig. 1, all the diffraction peaks can be indexed
based on the orthorhombic crystal system with a space
group Pmnm. The calculated cell parameters of the pure o-
LiMnO, are a=4.557 (3) A, b=5.756 (2) A, and ¢=2.807
(2) A, which are well coincident with the JCPDS card (35-
0749) [19].

Figure 2 depicts the charge and discharge potential
profiles of 0-LiMnO, electrode at 0.1 C rate between 2 and
4.5 V at 25 °C. The first charge potential profile is
dominated by a voltage plateau around 3.5 V, which is

4.5

40

g —&— Ist cycle
Jd¢ —O—2nd cycle | T
—&—3rd cycle

DBAR

" (]

25 b . { -
b % o 2
P e 4 ?

o. \% Q@ 7
%, 0, %

20 v+ G|

0 20 40 60 80 100 120 140 160 180

Capacity/mAh g’
Fig. 2 Charge and discharge potential profiles of the 0-LiMnO,
electrode for initial three cycles
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Fig. 3 Differential capacity (dQ/dV) vs potential curves of the o-
LiMnO, electrode for initial three cycles

completely different from that of the subsequent first
discharge. Obvious discharge voltage plateaus around 4
and 3 V appear from the second cycle. This means that
some irreversible reactions may occur during the initial
cycles [20]. Differential capacity (dQ/dV) plots are also
displayed in Fig. 3. It can be seen from the figure that two
apparent redox peaks appear from the second cycle,
especially in third cycle, which is in good accordance with
the potential profile changes in Fig. 2. The enhancement of
the incremental redox peaks is proportional to the amount
of active cathode material progressively formed in the
initial cycles providing the charge and discharge capacities
of the Li| 0-LiMnO, battery.

To further investigate the structural evolution, the o-
LiMnO, electrodes of 1-, 2-, 3-, 10-, and 20-cycled
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Fig. 4 XRD pattern evolution of the 0-LiMnO, electrodes after

different cycles

Fig. 5 XRD pattern of spinel LiMn,O, calculated by the cubic spinel
model

discharged to 2 V at 0.1 C rate were analyzed by XRD.
As shown in Fig. 4, by the end of the first discharge
process, the intensities of the peaks of LiMnO, decrease,
and in the meanwhile, some new peaks appear. After three
cycles, the o0-LiMnO, could not be found from the
diffraction patterns, indicating that the cathode material
has completely transformed to new phases, which is
consistent with the changes of the voltage plateaus
(Fig. 2) and redox peaks (Fig. 3). It can be observed that
the diffraction peaks of the new phases become broader
than that of the pristine 0-LiMnO,. This suggests that the
formation of defects (e.g., microstrain and stacking faults)
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Fig. 6 The Rietveld refinement of the 0-LiMnO, electrode cycled for
three times discharged to 2 V at 0.1 C rate. The curves are calculated
XRD pattern, observed XRD pattern, and the difference between them
from @ to c. The reflection marks belong to the phases of spinel
LiMn,0y (d) and rock salt Liy sMng 5O (e). The weighted patter factor
R,,=9.57, the bragg factor R,=8.23, and the goodness of fit $=1.32
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Table 1 Structure parameters obtained from Rietveld refinement of the 0-LiMnO, electrode cycled for three times discharged to 2 Vat 0.1 C rate

Phase  Space group  Cell parameter o (A)  Atom site Atom position Occupancy  Phase ratio (wt.%)
X y z
LiMn,O4 Fd3m 8.241 (1) Li, 8a 1/8 1/8 1/8 0.9114 88.9
Mn; 8a 1/8 1/8 1/8 0.0886
Li, 16d 12 12 12 0.0851
Mn, l6d 172 12 12 0.9149
(¢} 32¢e  0.2765(4)  0.2765(1)  0.2765(5) 0.9965
Lig.sMng sO Fm 3 m 4.121 (3) Li 4a 0 0 0 0.4995 11.1
Mn 4a 0 0 0 0.5005
O 4b 12 12 12 1.002

in the material lattice or that the crystal particles have been
cracked into some smaller ones during the electrochemical
process, which may improve the material electrochemical
properties [21]. After a careful comparison, one may notice
that the newly appeared peak positions are very similar to
those obtained from spinel LiMn,O,4 in Fig. 5 [22, 23].
However, the relative strength ratio of the peaks is not
completely consistent with LiMn,0,4, which may indicate
that another new phase exists.

It is necessary to clarify the structural changes as it is
closely related to the electrochemical properties. At present
we have concentrated on the challenge to investigate how
phases change on cycling by XRD. Rietveld refinement of
the 0-LiMnO, electrode cycled for three times discharged
to 2 Vat 0.1 C rate was performed using the cubic spinel
and rock salt structural models [23]. The phase-fitting
patterns of the electrode and the refined structural param-
eters are shown in Fig. 6 and Table 1, respectively. Based
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Fig. 7 The phase abundance of spinel LiMn,O4 (a) and rock salt
Lig.sMng 5O (b) at different current rates
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on these observations it can be concluded that after three
cycles, the irreversibly structure transition from o-LiMnO,
(Pmnm) to spinel LiMn,O4 (Fd3m) and rock salt
Liyp sMngsO (Fm 3 m) with 88.9 and 11.1 wt.%, respec-
tively, have taken place. Up to now, it is generally accepted
that the o-LiMnO, will convert to spinel LiMn,O4 on
cycling [10, 22]. Here, in more details, the LiMn,Oy,
structure with a cell parameter a=8.241 (1) A has a large
cationic disorder on lithium and manganese sites, i.e., about
9% of the Li positions are occupied by Mn and vice versa,
which may improve its electrochemical behavior compared
with that of the ordered phase [21]. On the other hand, this
is the first time to report LipsMngsO phase with space
group Fm 3 m. The cell parameter of Liy sMng sO is o=
4.121 (3) A, about half that of spinel LiMn,O,. And both
Li" and Mn>" cations occupy the octahedral 4a sites with
mole ratio 1:1. There is at least one factor that may affect
the apparent inconsistency of the structural data presented
in this paper. Namely, the resolution of the X-ray
instrument used is not sufficient and, because of the partial
peaks overlapping, the spinel structure and rock salt one
could be indistinguishable. In the previous study, Chiang et
al. [16] had hypothesized that the structural transformation
from orthorhombic to cubic spinel occurred via an
intermediate disordered rock salt structure with a space
group of Fm 3 m. Different from their opinion, the rock salt
structure demonstrated here is stable with the coexistence of
spinel LiMn,O4 upon further cycling, as there are no
obvious changes in XRD patterns of the o0-LiMnO,
electrodes after 10 or 20 cycles in Fig. 4. Other researchers
proposed that the transformation from o-LiMnO, to spinel
needs the migration not only of all the lithium ions but also
of half of the manganese ions [24]. According to their
points, we consider that, in electrochemical process, there is
not enough time for the migration of all lithium and
manganese ions to form spinel structure. Therefore, at the
end of discharge stage, part of rock salt phase still exists. In
addition, the quantity of LigsMngsO phase formed with
cycling is greatly dependent on cycling rate, as illustrated in
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Fig. 7. The higher the current density is, the larger the
abundance of formed-rock salt structure is. It is probably
that, applying higher current density, the faster de-/
intercalation process of lithium ions would lead to a higher
local lithium concentration, thus hindering structural reor-
dering of rock salt phase to spinel one.

Conclusions

The XRD results presented above show clearly that the
phase transition occurred in the initial cycles. Rietveld
refinement of the o0-LiMnO, electrode cycled for three
times reveals the irreversible structure transition from o-
LiMnO, (Pmnm) to spinel LiMn,O,4 (Fd3m) and other new
phase (rock salt LigsMngsO with space group Fm 3 m).
Both of them coexist upon further cycling. In addition, the
quantity of LiysMngsO phase is greatly relative to the
current density. The higher the current density is, the larger
the quantity of formed-rock salt structure is. Further studies
aiming at investigating the electrochemical behavior of rock
salt phase are currently in progress.
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