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a  b  s  t  r  a  c  t

In  this  work,  we  studied  the  cycling  performance  of  initially  inactive  Li2MnO3 electrodes  prepared  from
micron-sized  particles,  at 30 ◦C and  60 ◦C  and  possible  structural  transitions  that  this  material  can  undergo
due to  de-lithiation.  It was  found  that  being  activated  at elevated  temperatures,  Li2MnO3 electrodes
demonstrate  a steady-state  cycling  behavior  and  reasonable  capacity  retention  after  aging  at  60 ◦C.  The
main gases  evolved  during  polarization  of  the  Li2MnO3 electrodes  are  O2 evolved  from  the  structure
and  CO2 and  CO  that can  be  formed  due  the  reaction  of  oxygen  with  carbon  black.  It was  found  that
a  transformation  of  the  Li2MnO3 layered  structure  into  a spinel-like  phase  occurred  during  the  initial
charging  of  the  Li2MnO3 electrodes,  which  were  characterized  as  possessing  domains  of  both  layered
and  spinel-like  structures.  The  results  of  the  structural  studies  of  these  electrodes  obtained  by  the  X-ray
diffraction  and  transmission  electron  microscopy  were  found  to  be  in  agreement  with  their Raman  spec-

troscopic  responses.  We  suggest  that  the  mechanism  of  the  charge  compensation  during  the  extraction
of  lithium  at  60 ◦C  involves  both  oxygen  removal  from  the  Li2MnO3 structure  and  the  exchange  between
Li+ and  protons  formed  during  the  anodic  oxidation  of  ethylene  carbonate  or  dimethyl  carbonate  sol-
vents  in  LiPF6 solutions  at  high  potentials  (>4.5  V). It is  assumed  that  the  proton-containing  structure
Li2−xHx−yMnO3−0.5y is  retained  in a discharged  state  of  the  electrode  and  may  decompose  above  500 ◦C
with  the  formation  of  Li2O  and  manganese  oxides  accompanied  by  the  release  of  water  and  CO2.
. Introduction

Lithiated manganese oxides like the spinel-structured LiMn2O4,
i4Mn5O12, Li2Mn4O9, LiMn2−xMxO4, orthorhombic or mono-
linic structured LiMnO2, and other Li Mn  O or Li Mn  M O
ompounds (M is one or more transition metal, e.g.,  Co, Ni)
re widely studied and can be used as positive electrodes in
ithium batteries [1].  Lithium-rich, two-component integrated
Li2MnO3·(1 − x)LiMO2 compounds with improved characteristics
re the most promising cathode materials for advanced high-power
nd high-energy density lithium batteries for EV applications.
his is due to the high capacities of xLi2MnO3·(1 − x)LiMO2 com-

ounds (>200 mAh/g) in comparison with conventional layered
ompounds such as Li[MnNi]O2 or Li[MnNiCo]O2 [2–5], but not on
he account of stability and rate capability.

∗ Corresponding author. Tel.: +972 3 531 7665; fax: +972 3 738 4053.
∗∗ Corresponding author. Tel. +972 3 531 8832; fax. +972 3 738 4053.

E-mail addresses: sfaj1@yahoo.com (S. Francis Amalraj), markovb@mail.biu.ac.il
B.  Markovsky).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.05.144
© 2012 Elsevier Ltd. All rights reserved.

Although the Li2MnO3 monoclinic component of the integrated
compounds is electrochemically inactive for lithium insertion and
extraction between 2.0 V and 4.4 V, it has attracted the attention
of several research groups [6–9]. Li2MnO3 with the tetravalent
Mn-ion can be represented as Li[Li1/3Mn2/3]O2 and has a similar
layered structure to LiMO2, possessing high potential of Li extrac-
tion (>4.5 V), and a high theoretical capacity of 460 mAh/g for total
Li extraction. Consequently, Li2MnO3 can be considered as an inter-
esting Li Mn O model compound. Chemically leached Li2MnO3
[10] or iron and ruthenium-substituted Li2Mn1−xRu(Fe)xO3 mate-
rials were also studied [11,12].  The authors in Ref. [12] have
shown, for instance, that Li2Mn0.4Ru0.6O3 electrodes demonstrated
an improved electroconductivity and capacity around 170 mAh/g.

It was  established by Delmas et al. [13] that Li2MnO3 possesses
an O3-type structure where interslab octahedral sites are only
occupied by Li+-ions, while Li+ and Mn4+-ions (in a ratio of 1:2)
occupy slab octahedral sites. The lithium ions in the Li-rich layered

Li2MnO3 are mobile and can be extracted from the structure on
charging. However, the mechanism differs from the conventional
one (that includes the oxidation of a transition metal), since Mn4+

cannot be further oxidized to the Mn5+ valence state [6].  It is now

dx.doi.org/10.1016/j.electacta.2012.05.144
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:sfaj1@yahoo.com
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ccepted that charging Li2MnO3 electrodes results in Li+ extraction
ccompanied by oxygen loss from the lattice. At elevated tempera-
ures, the mechanism may  involve an exchange of Li+ with protons
hat can be formed by oxidation of alkyl carbonates (EC, DMC) in
olution at high anodic potentials. However, the mechanism of the
bove electrochemical reactions with Li2MnO3 remains controver-
ial [11].

Although several scientific reports on the electrochemical
ehavior of Li2MnO3 electrodes have already been published, it is

mportant to study further their cycling performance at elevated
emperatures, as well as possible phase transitions that this mate-
ial can undergo. Therefore, the aim of the present work was to
nvestigate how an “inactive” Li2MnO3 can be activated by charging
he electrodes at 30 ◦C and 60 ◦C, to propose a possible mecha-
ism for lithium extraction, and to follow the structural transitions
hat may  occur due to de-lithiation, by X-ray diffractometry, high
esolution electron microscopy and Raman spectroscopy. We  also
imed at analyzing gas evolution during charging Li/Li2MnO3 cells
nd to suggest probable reactions that may  occur with Li2MnO3
lectrodes in EC-DMC/LiPF6 solutions at potentials >4.5 V. The
ssues raised in this work should provide important insight re:
nderstanding the behavior of the complex Li-rich, high capacity
athode materials which initially contain Li2MnO3.

. Experimental

Li2MnO3 was prepared from Li2CO3 and MnCO3 in a 1:1 ratio.
he reactants were thoroughly mixed and calcined in alumina cru-
ibles at 850 ◦C for 6 h in air. The calcined product was ground in a
ortar and finally sieved through a sieve with mesh size 50 �m.  For

lectrochemical measurements, two- and three-electrode cells in a
325 coin-type configuration (parts purchased from NRC, Canada)
ere used with a Celgard, Inc. polypropylene separator. The work-

ng electrodes of the active mass around 4–5 mg  were prepared
rom a mixture of Li2MnO3, carbon black and a polyvinylidendiflu-
ride (PVdF) binder (8:1:1 by weight) on aluminum foil using the
octor Blade technique, as described in our previous reports [14].

 lithium disk and a lithium chip served as counter and reference
lectrodes. We  also assembled pouch cells comprising bigger work-
ng electrodes (55–70 mg  of the active material) with a geometric
urface area of 15 cm2. The construction of these cells enabled
he extraction of a portion of the gaseous mixture formed during
ycling for further analysis. Electrochemical cells were assembled
n glove boxes filled with highly pure argon (VAC, Inc.). We  used
lectrolyte solutions (high purity, Li battery grade) comprising
imethyl carbonate (DMC) and ethylene carbonate (EC) (weight
atio of 1:1) and 1 M LiPF6 (Ube Industries, Japan, Li-battery grade,
sed as received). The content of hydrofluoric acid and water in
his solution was not more than 30 ppm and 10 ppm, respectively.
fter assembling, the electrochemical cells were stored at room

emperature for 12–24 h to ensure the complete impregnation of
he electrodes and the separators with the electrolyte solution.
he electrochemical measurements were carried out using a bat-
ery test unit, model 1470, coupled with a FRA model 1255 from
olartron, Inc. (driven by Corrware and ZPlot software from Scrib-
er Associates, Inc.), and a multichannel battery tester from Maccor,

nc., Model 2000. Two-electrode cells were tested in the potential
ange of 2.0–4.6 V or 2.0–4.8 V using a constant current (CC) mode
r a constant current–constant voltage (CC–CV) mode at various
-rates. All the potentials in this paper are given vs. Li/Li+. The
ccuracy of the calculations of the electrodes’ capacity in all the

raphs presented herein is around 95%. The electrochemical mea-
urements were performed at 30 ◦C and at 60 ◦C in thermostats.
aman spectra of the Li2MnO3 powder and electrodes were col-

ected ex situ in a back-scattered configuration (a He–Ne laser
Fig. 1. XRD pattern of the pristine Li2MnO3 material. Miller indexes of main reflec-
tions are indicated.

at 632.8 nm)  using a micro-Raman spectrometer LabRam HR 800
from Jobin-Yvon Horiba Inc. [15]. For electrodes, Raman spectra
were measured from at least 5–7 different locations. X-ray pow-
der diffraction (XRD) measurements were performed using an AXS
D8 Advance diffractometer (Bragg-Brenatno focusing geometry
�/2�, Cu K� radiation, receiving slit 0.2 mm,  scintillation counter,
40 mA,  40 kV) from Bruker, Inc. (Germany). The analysis of the
XRD patterns was  carried out with the PowderCell program [16],
and the Fullprof [17] program was used for Rietveld analysis. TEM
examinations of electrode materials were performed with a LaB6-
200 kV Jeol-2100 transmission electron microscope. Convergent
beam electron diffractions (CBED) were taken using a 4 nm probe
size. TEM samples were prepared by the methodology described
by Gabrisch et al. [18]. The morphology of the Li2MnO3 particles
was  studied by a scanning electron microscope (InspectTM from FEI
Company, USA) and their specific surface area was measured by the
Brunauer, Emmett, and Teller (BET) method using a Gemini 2375,
Micromeritics (multipoint mode). The particle size distribution was
measured using a Mastersizer-2000. The chemical delithiation of
Li2MnO3 was carried out by treatment in sulfuric acid (2 M solu-
tion) at 30◦C for 24 h and followed by washing the samples with
the double distilled water. The gases evolved from the Li-cells dur-
ing cycling were studied ex situ by a gas chromatography–mass
spectrometry technique. For these studies, the gases were collected
from pouch cells with a precision analytical gas syringe series A-
2 (VICI Precision Sampling, Inc.) and transferred immediately to a
GC–MS device. Thermogravimetry–mass spectrometry (TGA-MS)
experiments were carried out using a TGA-Q500 device combined
with a Pfeiffer Thermostar model mass spectrometer or Autospec
Premier micromass technologies, under Ar atmosphere. The gas
flow rate was 120 ml  min−1. We  used alumina crucibles in the tem-
perature range of 30–1000 ◦C with a heating rate of 10 ◦C min−1.
The amount of the sample loaded into the crucible was about 7 mg.

3. Results and discussion

Fig. 1 presents the XRD pattern of the Li2MnO3 powder.
The cell parameters obtained from the data by a standard least
squares refinement procedure are as follows: a = 4.9270(7) Å,
b = 8.5352(4) Å, c = 5.0129(9) Å,  ̌ = 108.91◦ (values  ̨ = � = 90◦ were
fixed). It is worth noting that the (0 2 0) and (1 1 0) peaks are
substantially broad, thus merging into one broad peak located at

the 2�◦ = 20–22.5 range. As previously reported by other authors,
this broadening can be attributed to the existence of structural
defects such as faults in the stacking of the ordered cationic layers
along the “c” monoclinic axis [19,13].  Microscopic measurements
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Fig. 3. Electrode potential vs.  capacity plots measured at 30 ◦C during the 1st, 2nd,
and 5th cycles in the potential range of 2.0–4.70 V from the Li2MnO3 electrode using
the  constant current mode. The current applied was 0.86 mA/g. Arrows indicate the
electrochemical activity developed around 3 V. Coin-type cell, electrolyte solution
used was EC-DMC (1:1)/LiPF6. Insert: Differential capacity plots of the Li2MnO3 elec-

◦

2.0–4.65 V using the CC–CV mode (potentiostatic steps at 4.65 V
for 3 h). The capacity increases upon repeated cycling at 60 ◦C and
can reach 90–100 mAh/g. As it follows from this figure, dropping
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Fig. 4. Electrode potential vs.  capacity plots measured at 60 ◦C during
charge/discharge of a Li2MnO3 electrode. The current applied was 1.5 mA/g.
This electrode underwent the 1st and 2nd charge/discharge cycles carried out
in  the potential ranges of 2.0–4.75 V and 2.0–4.60 V, respectively. After the 3rd
charge to 4.60 V, this cell was disassembled and the electrode was  studied by
XRD, TEM (convergent electron micro-beam diffraction), and Raman spectroscopy.

◦

Fig. 2. SEM image of the Li2MnO3 particles.

f the Li2MnO3 particles, Fig. 2, demonstrate that they are typically
pherical micron-sized agglomerates comprising much smaller
ub-micrometric irregular shaped particles. From a histogram of
he particle-size distribution we concluded that it was represented
y several fractions of the Li2MnO3 material, from 20 to 50 �m.
he presence of particles of various sizes in this material, along
ith the existence of the structural stacking faults, may  play a role

n the electrochemical behavior of the “inactive” Li2MnO3 that is
iscussed below. The specific surface area of the Li2MnO3 pow-
er used was around 0.86 m2/g. Based on the literature reports on
he electrochemical behavior of Li2MnO3 with micrometer parti-
les and low specific surface area [9],  it is expected that the material
sed in the present work should initially demonstrate poor electro-
hemical activity in Li-cells in term of specific capacity, especially
t ambient temperature [9,20].  In turn, the relatively low surface
rea of Li2MnO3 used herein may  be advantageous because of the
igh potential needed for its activation. At such a high potential,

 high surface area active mass can catalyze detrimental oxidation
eactions of the electrolyte solutions.

Fig. 3 presents typical potential vs. capacity profiles measured
t 30◦ from these Li2MnO3 electrodes with the constant current
f 0.86 mA/g in the potential range of 2.0–4.70 V. The voltage pro-
le of the 1st charge demonstrates a rise (a) from OCV to 4.5 V,

 plateau (b) above 4.5 V associated with Li-extraction and oxy-
en evolution from the host structure [23]. The first charge and
ischarge processes involve very low capacities, <30 mAh/g and
round 5 mAh/g, respectively. However, it was established that
pon repeated cycling between 4.7 and 2 V, the capacity increases,
nd the relative irreversible capacity decreases. Reversible lithium
ntercalation–deintercalation develops in the 2.5–4.5 V potential
ange. An electrochemical process is developed around 3 V during
he cycling of these Li2MnO3 electrodes, as indicated with arrows
t the charge and discharge profiles whose intensity increases
ith cycling. This electrochemical activity is evidently seen in

he differential capacity plots of the Li2MnO3 electrodes at 30 ◦C
emonstrated by the reversible anodic/cathodic peaks around 3 V
nd 4 V in the insert to Fig. 3, as well as it was found at 60 ◦C. As a
rst assumption, it is suggested that this electrochemical process
eflects a phase transition associated with a partial layered-to-
pinel transformation [21,22,24].  A similar behavior of the Li2MnO3

lectrodes was also measured at 60 ◦C, as demonstrated in Fig. 4.
his figure demonstrates the first and second voltage profiles of the
i2MnO3 electrode in constant current polarization up to 4.75 V.
trode measured at 30 C. An intense irreversible peak above 4.6 V in the 1st charge
relates to the oxygen evolution from the lattice. The numbers of cycles are indicated
on  the curves.

The current applied was 1.5 mA/g. The insert shows the differen-
tial capacity dQ/dE vs.  potential curves, in which the reversible
red-ox processes developed upon cycling can be clearly seen. It
is evident that the first anodic processes of these electrodes lead
to their gradual activation by a combination of de-lithiation and
de-oxygenation. These activation processes form a LixMnOy host
of various stoichiometries, in which the Mn  ions can change their
oxidation state between 3+ and 4+, which enables reversible Li-ion
intercalation.

Fig. 5 shows the typical cycling behavior (discharge capacity vs.
cycle number) of the Li2MnO3 electrodes in the potential range of
Insert: Differential capacity of the Li2MnO3 electrode measured at 60 C. An intense
irreversible peak of ∼15 mAh/V at 4.50–4.55 V related to the oxygen evolution from
the electrode is not shown in order to maintain an enlarged view of the cathodic
and anodic waves/peaks of low intensity in the potential range of 3–4 V.
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hanged from 60 C to 30 C and finally to 60 C; the cell was aged at the discharged
tate at 60 ◦C for 10 days, as indicated.

ig. 6. XRD patterns recorded from the pristine Li2MnO3 electrode and from the de-lithi
rst  by the CC–CV mode to 4.70 V; the applied current was  1.5 mA/g. The electrode b was c
nderwent the 1st and 2nd charge/discharge cycles carried out in the potential ranges of
imica Acta 78 (2012) 32– 39 35

the temperature to 30 ◦C reduces the reversible capacity by 30%.
The activation of Li2MnO3 electrodes at the elevated temperature
and a subsequent cycling lead to a steady-state behaviors both at
this temperature and after transferring the cell to 30 ◦C. It was also
found that aging at 60 ◦C for 10 days did not influence much the
discharge capacity.

Electrodes cycled at 60 ◦C were further measured by XRD and
Raman spectroscopy. In Fig. 6, the XRD patterns measured from
three Li2MnO3 electrodes activated at 60 ◦C are compared with the
XRD profile of the pristine electrode. The electrode a was measured
after the first charging by the CC–CV mode to 4.60 V at relatively
high current, 1.5 mA/g. The charging capacity, and hence the level
of activation, were relatively low, only 106 mAh/g (∼25% of the the-
oretical capacity of Li2MnO3). The electrode b was charged first to
4.70 V followed by a potentiostatic step. The current applied was
1.5 mA/g and the total capacity obtained was  281 mAh/g (∼61% of
the lithium extracted). The electrode c (same as in Fig. 4) under-
went the 1st and 2nd charge/discharge cycles carried out in the
potential ranges of 2.0–4.75 V and 2.0–4.60 V, respectively, and

charged finally to 4.60 V. The capacities delivered were 214, 230,
and 274 mAh/g during the 1st, 2nd, and 3rd charge, respectively.
The electrochemical cells containing electrodes a, b, and c were pur-
posely terminated after the CC–CV charging and the 3rd charge,

ated Li2MnO3 electrodes, a, b and c, charged at 60 ◦C. The electrode a was charged
harged first to 4.70 V similarly to the electrode a. The electrode c (same as in Fig. 4)

 2.0–4.75 V and 2.0–4.60 V, respectively, and charged finally to 4.60 V.
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Fig. 7. TEM image obtained from the Li2MnO3 electrode c after the 3rd charge to
4.60 V. Voltage profiles of this electrode are represented in Fig. 4. Convergent micro-
6 S. Francis Amalraj et al. / Elec

espectively and the electrodes were studied by XRD and Raman
pectroscopy. Due to the fact that the Li2MnO3 electrodes were pre-
ared on aluminum foil, all XRD patterns in Fig. 6 contain several
trong peaks associated with aluminum. For clarity, the Al peaks
re marked on the pattern presenting the pristine electrode. Also
hown (in red) on this pattern is the calculated profile of the pris-
ine Li2MnO3. As follows from Fig 6, there is no significant change
n the XRD profile after the 1st charge of the Li2MnO3 electrode
. This observation correlates well with the relatively low value
f the 1st charge capacity, 106 mAh/g. However, the diffractogram
ecorded from the electrode b, which delivered a much higher
harge capacity, displays an additional very faint reflection appear-
ng at 2� = 18.97◦ (d-value = 4.671 Å) on the large-angle side of
he (0 0 1) monoclinic peak. Substantial changes are also observed
n the diffraction pattern taken from electrode c: the intensity
f the strongest (0 0 1) monoclinic peak decreases dramatically,
uggesting that the monoclinic structure is partially decomposed.
oreover, the peak associated with the monoclinic reflection (0 0 1)

s split into two peaks, 4.724 Å and 4.668 Å that are clearly seen in
he portion of the diffractogram on the enlarged scale. This implies
hat an additional phase is formed during charging. It was assumed
hat the 4.724 Å peak is related to the remaining monoclinic phase,
hile the 4.668 Å peak, as well as the faint 4.671 Å peak on the
attern obtained from electrode b can be interpreted as a (1 1 1)
eflection of the LiMn2O4-type cubic-spinel structure. Based on
his assumption, the Rietveld refinement method was  employed
o determine the unit cell dimensions of the spinel (Fd-3m)  and

onoclinic (C2/m) components. The following parameters were
btained: a = 8.084(2) Å  for spinel, and a = 4.926(4) Å, b = 8.557(4) Å,

 = 5.007(2) Å,   ̌ = 109.35◦ for the monoclinic phase. The decrease in
he unit cell parameter of the spinel to the a = 8.084(2) Å  value in
omparison with the value of 8.251 Å reported [25] for the spinel
tructure with the stoichiometric composition, LiMn2O4, may  indi-
ate a lithium deficiency in the spinel that is grown in the charged
aterial. Another possibility is that the structure of spinel observed

n the charged electrode is close to the family of proton-containing
pinels and known as a cation-deficient spinel presented by a for-
ula close to Li2Mn4O9 with a = 8.0916(2) Å [26].
Proof in support of the assertion that transformation from the

ayered structure to a spinel-like structure takes place during charg-
ng is also provided by electron microscopic observations. The
lectron micrograph in Fig. 7 presents an example of the particle
bserved in a specimen that was prepared from electrode c after
he 3rd charge (same electrode of Figs. 4 and 6). The insert (a)
n the micrograph shows a convergent beam electron diffraction
attern taken from the central part of the particle, in which the
eflections are all indexed to a monoclinic unit cell of the Li2MnO3
hase with C2/m symmetry. However, it can be discerned that at
he upper edge of the particle, in the region outlined by an ellipse,
nother particle has grown that exhibits a slightly different con-
rast. The corresponding CBED pattern shown in the insert (b) was
ndexed uniquely to the cubic spinel phase of the LiMn2O4 type.
he results of the structural study of the Li2MnO3 electrodes a, b,
nd c, obtained by X-ray diffraction and TEM are in agreement with
heir Raman spectroscopic responses.

Fig. 8 compares the Raman spectra collected from the pristine
i2MnO3 electrode and from electrodes a, b and c (same as those
elated to Fig. 6). The Raman spectrum of the pristine electrode
xhibits nine main well-resolved peaks located at 615, 569, 496,
38, 416, 372, 325, and 250 cm−1, in agreement with the literature
eport [27] on the monoclinic Li2MnO3 phase. From the compari-
on of the Raman spectra obtained we conclude that the spectrum

f electrode a charged once to 4.70 V at 60 ◦C, as well as of the spec-
rum measured from the Li2MnO3 electrode after the 1st charge
o 4.70 V at a lower temperature, 30 ◦C (not shown here) are sim-
lar to the spectrum of the pristine electrode. These spectra show
beam electron diffraction patterns related to the monoclinic (M)  layered and cubic
spinel (S) structures of this electrode are shown in inserts a and b.

the same peak positions, but different peaks-intensity ratios (e.g.,
at 615 cm−1 and 569 cm−1) and demonstrate a broadening of these
two  peaks at 60 ◦C, as indicated in Fig. 8. The Raman responses from
electrodes b and c (location 1) exhibit striking changes, namely
a substantial decrease in the peaks’ intensity, a blue shift of the
main peak (attributed to the symmetric A1g mode) to 640 cm−1

and its pronounced broadening, and a disappearance of a group of
peaks located between 400 and 570 cm−1. It can be suggested that
the decreasing intensity and a blue shift are related to the lithium
de-intercalation from the structure, increasing the electronic con-
ductivity of the charged electrode [28] and to some cation mixing.
The broadening of the Raman band may  relate to a cationic disorder
and to increasing the amount of stacking faults [29]. Similar phe-
nomena were also observed in our previous study of the integrated
xLi2MnO3·(1 − x)Li[MnNiCo]O2 electrodes cycled and charged to
4.80 V [15]. The disappearance of the Raman peaks at 400–600 cm−1

and a strong shift of the main band toward a high wavenumber of
electrodes b and c in Fig. 8 can be ascribed to an irreversible man-
ganese migration into the interlayer lithium sites that leads to the
creation of a spinel-like cation ordering [30,31].  As follows from
the literature reports, a strong Raman peak around 630 cm−1 is
indeed associated with the cubic Li Mn-spinel phase [32,33]. We
have established that various locations (for instance, 1 and 2) of
the Li2MnO3 electrodes b and c exhibited special Raman responses,
as seen in Fig. 8. The Raman spectrum recorded from location 2
demonstrates a pronounced splitting of the main peak into two
peaks positioned at 615 and 640 cm−1, and a strong change in the
peak at 569 cm−1, while the rest of the Raman bands between 494
and 250 cm−1 remained almost unaffected. For instance, the ratios
of peak intensities at 494 and 438 cm−1 are nearly the same: 1.44
for the pristine electrode and 1.50 for electrode b. These findings
indicate that the charged Li2MnO3 electrode b can be character-
ized as possessing domains of both a layered structure and a cubic
spinel-like structure (a characteristic peak at 640 cm−1) as a result

of the layered-to-spinel transition. The Raman spectral studies and
the XRD measurements of the charged (activated) Li2MnO3 elec-
trodes thus correlate quite well with those obtained from the
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Fig. 8. Raman spectra measured from the pristine Li2MnO3 electrode and from the delith
in  Fig. 6). For electrodes b and c, the Raman spectra recorded from different locations, 1 a

Table  1
Relative amount of gases in the atmosphere of pouch cells measured by GC–MS.
The pouch cells contained Li negative electrodes, composite Li2MnO3 or Al-foil pos-
itive electrodes and EC-DMC (1:1)/LiPF6 solutions. The gases were detected after
the 1st charge to 4.8 V of the Li2MnO3 electrode and during charging to 4.8 V of the
aluminum electrode at 60 ◦C.

Moieties detected by MS  Relative amounts of gases

Li2MnO3 electrode Aluminum electrode

CO2 0.0650 0.0004
CO 0.0420 –
O2 0.0120 –
H2O 0.0065 0.0188
H2 0.0050 –
HF  0.0045 –

C2H5 0.0015 0.0024
CF3 0.0011 0.0004
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t

Li2MnO3 − ye− + (x  − y)H+ → Li2−xHx−yMnO3−0.5y + xLi+
lectrochemical studies (electrode potential profiles, differential
apacity plots) that also demonstrate the above transformation.

An additional and important piece of information was obtained
n this work from the analysis (by GC–MS) of the gases evolved
uring the 1st charge of the Li2MnO3 electrodes at 60 ◦C in pouch
ells. We  also measured the atmosphere within similar pouch cells
hat contained Li anode, standard electrolyte solution and Al foil CC
ithout active mass, stored at 60 ◦C. The data in Table 1 show that

he main gases evolved in the 1st charge of the Li2MnO3 cathode at
0 ◦C are CO2, CO, O2, H2 although the relative amount of oxygen is
6 times lower than that of CO2. These results agree quite well with

he observations made by Yu et al. [9] at 60 ◦C. These authors also
etected the above gases collected at 60 ◦C from a Li2MnO3 cell with
n EC-based LiPF6 solution in a similar quantitative order, namely,

O2 > CO > O2 > H2. We  suggest that CO2 and CO can be formed due
o the oxidative decomposition of EC or DMC  accompanied by the
iated Li2MnO3 electrodes, a, b, and c charged at 60 ◦C (same electrodes as presented
nd 2 are also shown.

development of protons, as described previously [34]:

O

CH3C

O

CH3

O

e -
O

C+H3C

O

O•

CH3

C

O

CH3

O

O

C
CH3O CO2  +  CH3

HO CH2

H3C O
.

(1)

It is likely that a mechanism of the charge compensation during
the extraction of lithium at 60 ◦C involves both oxygen removal
from the Li2MnO3 structure and the exchange between Li+ and H+,
as follows:

2O2−(lattice) − 4e− → O2(gas) (2)
+ 0.25yO2 (3)
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Fig. 9. Results of the TGA-MS experiments. Plot (a) shows the weight losses mea-
sured from: 1 – pristine Li2MnO3 material, 2 – chemically de-lithiated Li2MnO3

sample, 3 – charged Li2MnO3 electrode that provided the 1st charge capacity of
∼51  mAh/g at 30 ◦C, 4 – Li2MnO3 electrode that delivered the 1st charge capacity of
∼56  mAh/g and terminated at 2 V after 2 cycles at 60 ◦C, 5 – Li2MnO3 electrode (the
1st  charge capacity was  ∼76 mAh/g) terminated at 4.7 V after 2 cycles at 60 ◦C, 6 –
mixture of PVdF + carbon black (1:1, by weight). Plot (b) demonstrates mass spec-
8 S. Francis Amalraj et al. / Elec

Removal of oxygen from the Li2MnO3 structure is evidently
hermodynamically more favorable than the manganese oxidation
o +5 state. The formation of C2H5 and CH3 moieties can be
xplained by a partial decomposition of EC and DMC  at high anodic
otentials, or even by the decomposition of these solvent molecules
uring MS  measurements. The oxygen evolved can react directly
ith the carbon black in the composite electrode to form CO and
O2. Ethylene carbonate may  react also with F−, which acts as a
ucleophile, and may  form fluorinated organic moieties. Oxida-
ion of the solution species (EC, DMC) at the Li2MnO3 electrode
nd corrosion of the aluminum foil current collector at high anodic
otentials may  also contribute to the overall charge capacity mea-
ured. As it follows from our voltammetric experiments at 60 ◦C, the
nodic currents developed with Al electrodes in an EC-DMC/LiPF6
olution at 4.3–4.8 V are around 0.47–0.68 �A/cm2. Accordingly,
he charge measured during the subsequent polarization of this Al
lectrode at 60 ◦C in the above potential range (each potentiostatic
tep for 4 h) is ∼6.1 mC,  only 0.098% of the total charge which is
sually delivered by an Al/Li2MnO3 electrode, and therefore can be
eglected. We  have established that oxygen was not present in the
aseous mixture evolved during prolonged potentiostatic polariza-
ion of Al electrodes at high anodic potentials up to 4.8 V in an
C-DMC/LiPF6 solution (Table 1). Consequently, we can conclude
hat oxygen is generated mainly from the Li2MnO3 cathode and is
ot a product of side reactions of the Al-current collector with solu-
ion species. Possible also is the following reaction between the HF
navoidably present in EC-DMC/LiPF6 solutions and a Li2CO3 sur-
ace layer that is usually formed on the lithiated transition metal
xide particles [35]:

i2CO3 + 2HF → 2LiF + H2O + CO2 (4)

The formation of protons included in the active mass after acti-
ation according to the above scheme (1) during the polarization of
he Li2MnO3 electrodes at high anodic potentials was  confirmed in
his work by TGA-MS studies, as follows. The Li2MnO3 electrodes
ere cycled in the potential range of 2.0–4.7 V at 30 ◦C or 60 ◦C in
ouch-cells. After disassembling the cells, rinsing the electrodes
ith DMC  and drying under vacuum, TGA-MS tests were carried

ut as described previously [37]. In Fig. 9, we show the TGA and
ass-spectra plots (a and b, respectively) of the following samples:

ristine Li2MnO3 powder (1), chemically de-lithiated Li2MnO3 (2),
harged Li2MnO3 electrode that provided the 1st charge capacity
f ∼51 mAh/g at 30 ◦C (3), Li2MnO3 electrode that delivered the
st charge capacity of ∼56 mAh/g and terminated at 2 V after 2
ycles at 60 ◦C (4), Li2MnO3 electrode (the 1st charge capacity was
76 mAh/g) terminated at 4.7 V after 2 cycles at 60 ◦C (5), and of the
ixture of PVdF + carbon black 1:1, by weight (6). It should be noted

hat the micro-sized Li2MnO3 particles used in this study are ther-
ally stable. The pristine Li2MnO3 demonstrated a small weight

oss (<2.5%, curve 1) in the TGA-MS experiment upon heating in
rgon up to 1000 ◦C. This is in agreement with the observation made
y Strobel et al. [36] who established that millimeter-size crystals
f Li2MnO3 are thermally stable up to at least 1100 ◦C (weight loss
0.5%). The thermal stability of the chemically delithiated sample
curve 2) decreases significantly and it decomposes above 140◦ C.
he main decrease in the mass about 2.0% of this sample in the
emperature interval of 140–240 ◦C is accompanied by release of
2O (m/e = 18, Fig. 9b) and oxygen (m/e = 32) evolution similarly to

he results in Ref. [38]. Hence, the content of protons in the chem-
cally delithiated Li2MnO3 was calculated to be ∼0.26. Taking into
ccount the lithium content of 1.67 (calculated from the chemical
nalysis) and the Mn  oxidation state of +4 (as estimated by XPS), the

roposed bulk composition of the chemically delithiated sample
an be written as Li1.67H0.26MnO2.96. In regard of the main decrease
n the mass of the charged Li2MnO3 electrode (curve 3), which is
lso accompanied with water release, it starts however at around
trometry results for the water (m/e = 18) evolved from the chemically de-lithiated
Li2MnO3 sample and from the cycled Li2MnO3 electrodes. Vertical dash lines are eye
guides of the water evolution from the samples.

400 ◦C that is the onset temperature of the PVDF decomposition.
This delay can be related to the porous structure of the electrode
mass with a relatively high surface area of carbon black + PVDF that
inhibits water desorption and oxygen release and, hence causes the
holdup in the mass decreasing.

It is likely that the thermal decomposition reaction for the mate-
rial of the charged/cycled electrode can be represented by the
following scheme:

Li2−xHx−yMnO3−0.5y → (1−0.5x)Li2O + (0.5x–0.5y)H2O

+ MnO2 (5)

In order to subtract the weight loss related to decomposition of
PVdF from the total weight loss (9.3%) of the electrode, reference
experiments with a mixture of CB and PVdF 1:1, by weight (Fig. 9,
curve 6) and with PVDF alone were carried out. By heating to 600 ◦C,
PVdF losses of around 66% and the weight loss of the PVDF + CB mix-
ture was 24% (not 33% as expected). Consequently, the weight loss
of the PVDF + CB mixture subtracted from the total weight loss of
the electrode should be 1/5th of 24%, namely 4.8%, since the elec-
trode contained 20% of the PVdF + CB additives. The weight loss
of the charged electrode in Fig. 9, curve 3 heated to 600 ◦C was,
due to the Li2MnO3 decomposition alone, 4.5% (9.3% − 4.8% = 4.5%)
accompanied with water and oxygen evolution. Finally, the true
weight loss of the cycled Li2MnO3 electrode was 5.30%, from which
the water content was  calculated to be 2.36% (using the MS  Lynxs
software for the data treatment of the H2O + CO2 spectra). Con-

sequently, the protonated phase Li2−xHx−yMnO3−0.5y contained
∼0.31 protons. Based on the results represented in Fig. 9 we can
conclude that the presence of water in the Li2MnO3 electrode mate-
rial implies the formation of the proton-containing phase during
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he anodic polarization and cycling of electrodes or by the chem-
cal delithiation, in agreement with previously published reports
6,10,38,39].

. Summary

In this work, we studied the electrochemical behavior of the
inactive” Li2MnO3 electrodes at 30 and 60 ◦C. It was  established
hat typically at the initial charge, the electrode potential demon-
trates a plateau above 4.5 V associated with Li-extraction and
xygen evolution from the host structure. We  have found that
he subsequent charging occurs at continuously lower poten-
ials that can be associated with lower values of the chemical
otential of the Li-ions in the cathode, indicating an activation
f Li2MnO3 electrodes. These electrodes prepared from relatively
arge micron-sized particles can become active at 30 ◦C by applying
ow charge–discharge currents or by cycling at elevated tem-
eratures. When activated at elevated temperatures, Li2MnO3
lectrodes comprising micronic particles demonstrate a steady-
tate cycling behavior and reasonable capacity retention after aging
t 60 ◦C. Using several analytical methods such as XRD, Raman spec-
roscopy, TEM, and the convergent micro-beam electron diffraction
echnique, it was found that a transformation of the layered struc-
ure into a spinel-like phase occurred during the initial charging of
he Li2MnO3 electrodes. We  also conclude from the above studies
hat the charged (activated) Li2MnO3 electrode can be charac-
erized as possessing domains of both a layered structure and

 cubic spinel-like structure due to the layered-to-spinel transi-
ion, correlating with the electrochemical results. We  suggest that
he presence of water in the Li2MnO3 cycled electrode material
etected by the TGA-MS technique may  relate to the formation of
he proton-containing phase due to the Li+ and H+ ion-exchange
uring the anodic polarization of the electrodes at 60 ◦C or by
he chemical de-lithiation of the pristine material in acid. By ana-
yzing the gases evolved during the 1st charge of the Li2MnO3
lectrodes at 60 ◦C, we have established that the main gases are
arbon dioxide, carbon monoxide, oxygen, and hydrogen in the
ollowing quantitative order: CO2 > CO > O2 > H2. The origin of CO2
nd CO may  the oxidative decomposition of EC or DMC  accompa-
ied by the formation of protons (minor) and the reaction of the
xygen evolved during the course of Li2MnO3 activation with the
arbon black (major). A comparison of the gases evolved from the
i2MnO3 cathodes and from the Al-electrodes polarized at high
nodic potentials in EC-DMC/LiPF6 solutions, leads to the con-
lusion that oxygen is generated mainly from the first cathode
xidation (and de-lithiation) and is not a product of side reactions
ue to oxidation of solution species. This is probably due to the well-
eveloped passivation of the aluminum current collectors by their
nodic polarization in LiPF6-containing solutions. The CF3 moi-
ties (minor) detected by the mass spectrometric measurements
an be formed by reactions between fluorine radicals and the sol-
ent molecules. Fluorine radicals may  be formed by oxidation of F−

nd PF6
− upon the high anodic polarization applied to the solutions

n the present study.
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