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In this work, we studied the cycling performance of initially inactive Li,MnOs electrodes prepared from
micron-sized particles,at 30 °Cand 60 °C and possible structural transitions that this material can undergo
due to de-lithiation. It was found that being activated at elevated temperatures, Li;MnO3 electrodes
demonstrate a steady-state cycling behavior and reasonable capacity retention after aging at 60 °C. The
main gases evolved during polarization of the Li,MnOs electrodes are O, evolved from the structure
and CO, and CO that can be formed due the reaction of oxygen with carbon black. It was found that

ﬁeﬁvﬁ(r)dsémctm des a transformation of the Li;MnOs3 layered structure into a spinel-like phase occurred during the initial
C;dmg:; charging of the Li;MnOs; 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 Li;MnOs3 structure and the exchange between
Li* and protons formed during the anodic oxidation of ethylene carbonate or dimethyl carbonate sol-
vents in LiPFs solutions at high potentials (>4.5V). It is assumed that the proton-containing structure
Liy_xHx-yMnOs_gs, is retained in a discharged state of the electrode and may decompose above 500°C
with the formation of Li;O and manganese oxides accompanied by the release of water and CO,.

© 2012 Elsevier Ltd. All rights reserved.

Structural analysis
Layered-to-spinel transition

1. Introduction Although the Li; MnO3 monoclinic component of the integrated
compounds is electrochemically inactive for lithium insertion and
extraction between 2.0V and 4.4V, it has attracted the attention

of several research groups [6-9]. Li;MnO3 with the tetravalent

Lithiated manganese oxides like the spinel-structured LiMn; Oy,
Li4Mns01,, Li;MngOg, LiMn,_yMxO4, orthorhombic or mono-

clinic structured LiMnO,, and other Li—Mn—O or Li—Mn—M—0
compounds (M is one or more transition metal, e.g., Co, Ni)
are widely studied and can be used as positive electrodes in
lithium batteries [1]. Lithium-rich, two-component integrated
xLi;MnOs-(1 —x)LiMO, compounds with improved characteristics
are the most promising cathode materials for advanced high-power
and high-energy density lithium batteries for EV applications.
This is due to the high capacities of xLi,MnOs-(1 — x)LiMO, com-
pounds (>200mAh/g) in comparison with conventional layered
compounds such as LiiMnNi]O, or LifMnNiCo]O, [2-5], but not on
the account of stability and rate capability.
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Mn-ion can be represented as Li[Li;;3sMny/3]0; and has a similar
layered structure to LiMO,, possessing high potential of Li extrac-
tion (>4.5V), and a high theoretical capacity of 460 mAh/g for total
Li extraction. Consequently, Li,MnO3 can be considered as an inter-
esting Li—Mn—O model compound. Chemically leached Li;MnOs3
[10] or iron and ruthenium-substituted Li;Mn;_yRu(Fe)yO3 mate-
rials were also studied [11,12]. The authors in Ref. [12] have
shown, for instance, that Li; Mng 4Rug O3 electrodes demonstrated
an improved electroconductivity and capacity around 170 mAh/g.

It was established by Delmas et al. [13] that Li;MnO3 possesses
an O3-type structure where interslab octahedral sites are only
occupied by Li*-ions, while Li* and Mn**-ions (in a ratio of 1:2)
occupy slab octahedral sites. The lithium ions in the Li-rich layered
Li,MnO3 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 Mn**
cannot be further oxidized to the Mn>* valence state [6]. It is now
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accepted that charging Li;MnOs electrodes results in Li* extraction
accompanied by oxygen loss from the lattice. At elevated tempera-
tures, the mechanism may involve an exchange of Li* with protons
that can be formed by oxidation of alkyl carbonates (EC, DMC) in
solution at high anodic potentials. However, the mechanism of the
above electrochemical reactions with Li;MnO3 remains controver-
sial [11].

Although several scientific reports on the electrochemical
behavior of Li,MnOs3 electrodes have already been published, it is
important to study further their cycling performance at elevated
temperatures, as well as possible phase transitions that this mate-
rial can undergo. Therefore, the aim of the present work was to
investigate how an “inactive” Li,MnOs can be activated by charging
the electrodes at 30°C and 60°C, to propose a possible mecha-
nism for lithium extraction, and to follow the structural transitions
that may occur due to de-lithiation, by X-ray diffractometry, high
resolution electron microscopy and Raman spectroscopy. We also
aimed at analyzing gas evolution during charging Li/Li;MnOs cells
and to suggest probable reactions that may occur with Li;MnOs3
electrodes in EC-DMC/LiPFg solutions at potentials >4.5V. The
issues raised in this work should provide important insight re:
understanding the behavior of the complex Li-rich, high capacity
cathode materials which initially contain Li;MnOs5.

2. Experimental

Li,MnO3 was prepared from Li;CO3 and MnCOs in a 1:1 ratio.
The reactants were thoroughly mixed and calcined in alumina cru-
cibles at 850°C for 6 h in air. The calcined product was ground in a
mortar and finally sieved through a sieve with mesh size 50 pm. For
electrochemical measurements, two- and three-electrode cells in a
2325 coin-type configuration (parts purchased from NRC, Canada)
were used with a Celgard, Inc. polypropylene separator. The work-
ing electrodes of the active mass around 4-5mg were prepared
from a mixture of Li,MnOs, carbon black and a polyvinylidendiflu-
oride (PVdF) binder (8:1:1 by weight) on aluminum foil using the
doctor Blade technique, as described in our previous reports [14].
A lithium disk and a lithium chip served as counter and reference
electrodes. We also assembled pouch cells comprising bigger work-
ing electrodes (55-70 mg of the active material) with a geometric
surface area of 15cm?2. The construction of these cells enabled
the extraction of a portion of the gaseous mixture formed during
cycling for further analysis. Electrochemical cells were assembled
in glove boxes filled with highly pure argon (VAC, Inc.). We used
electrolyte solutions (high purity, Li battery grade) comprising
dimethyl carbonate (DMC) and ethylene carbonate (EC) (weight
ratio of 1:1) and 1 M LiPFg (Ube Industries, Japan, Li-battery grade,
used as received). The content of hydrofluoric acid and water in
this solution was not more than 30 ppm and 10 ppm, respectively.
After assembling, the electrochemical cells were stored at room
temperature for 12-24 h to ensure the complete impregnation of
the electrodes and the separators with the electrolyte solution.
The electrochemical measurements were carried out using a bat-
tery test unit, model 1470, coupled with a FRA model 1255 from
Solartron, Inc. (driven by Corrware and ZPlot software from Scrib-
ner Associates, Inc.), and a multichannel battery tester from Maccor,
Inc., Model 2000. Two-electrode cells were tested in the potential
range of 2.0-4.6 V or 2.0-4.8 V using a constant current (CC) mode
or a constant current-constant voltage (CC-CV) mode at various
C-rates. All the potentials in this paper are given vs. Li/Li*. The
accuracy of the calculations of the electrodes’ capacity in all the
graphs presented herein is around 95%. The electrochemical mea-
surements were performed at 30°C and at 60°C in thermostats.
Raman spectra of the Li,MnO3 powder and electrodes were col-
lected ex situ in a back-scattered configuration (a He-Ne laser
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Fig. 1. XRD pattern of the pristine Li,MnO3; 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
6/26, Cu Ka radiation, receiving slit 0.2 mm, scintillation counter,
40 mA, 40kV) 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 LaBg-
200kV 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 Li;MnOs3 particles
was studied by a scanning electron microscope (Inspect™ 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
Li;MnO3 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—!. We used alumina crucibles in the tem-
perature range of 30-1000°C with a heating rate of 10°Cmin~'.
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 LiMnOs3 powder.
The cell parameters obtained from the data by a standard least
squares refinement procedure are as follows: a=4.9270(7)A,
b=8.5352(4)A, c=5.0129(9) A, B=108.91° (values o =y =90° were
fixed). It is worth noting that the (020) and (110) peaks are
substantially broad, thus merging into one broad peak located at
the 26° =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. 2. SEM image of the Li,MnOs particles.

of the LiMnOs particles, Fig. 2, demonstrate that they are typically
spherical micron-sized agglomerates comprising much smaller
sub-micrometric irregular shaped particles. From a histogram of
the particle-size distribution we concluded that it was represented
by several fractions of the Li;MnO3 material, from 20 to 50 pm.
The presence of particles of various sizes in this material, along
with the existence of the structural stacking faults, may play a role
in the electrochemical behavior of the “inactive” Li;MnOs3 that is
discussed below. The specific surface area of the Li,MnO3 pow-
der used was around 0.86 m2/g. Based on the literature reports on
the electrochemical behavior of Li;MnO3; with micrometer parti-
cles and low specific surface area [9], it is expected that the material
used in the present work should initially demonstrate poor electro-
chemical activity in Li-cells in term of specific capacity, especially
at ambient temperature [9,20]. In turn, the relatively low surface
area of LiyMnOs3 used herein may be advantageous because of the
high potential needed for its activation. At such a high potential,
a high surface area active mass can catalyze detrimental oxidation
reactions of the electrolyte solutions.

Fig. 3 presents typical potential vs. capacity profiles measured
at 30° from these LiMnOs3 electrodes with the constant current
of 0.86 mA/g in the potential range of 2.0-4.70V. The voltage pro-
file of the 1st charge demonstrates a rise (a) from OCV to 4.5V,
a plateau (b) above 4.5V associated with Li-extraction and oxy-
gen evolution from the host structure [23]. The first charge and
discharge processes involve very low capacities, <30 mAh/g and
around 5mAh/g, respectively. However, it was established that
upon repeated cycling between 4.7 and 2V, the capacity increases,
and the relative irreversible capacity decreases. Reversible lithium
intercalation-deintercalation develops in the 2.5-4.5V potential
range. An electrochemical process is developed around 3V during
the cycling of these Li,MnOs electrodes, as indicated with arrows
at the charge and discharge profiles whose intensity increases
with cycling. This electrochemical activity is evidently seen in
the differential capacity plots of the Li,MnO3 electrodes at 30°C
demonstrated by the reversible anodic/cathodic peaks around 3V
and 4V in the insert to Fig. 3, as well as it was found at 60°C. As a
first assumption, it is suggested that this electrochemical process
reflects a phase transition associated with a partial layered-to-
spinel transformation [21,22,24]. A similar behavior of the Li; MnO3
electrodes was also measured at 60°C, as demonstrated in Fig. 4.
This figure demonstrates the first and second voltage profiles of the
Li;MnOj3 electrode in constant current polarization up to 4.75V.
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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 2.0-4.70V from the Li,MnOs 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)/LiPFs. Insert: Differential capacity plots of the Li; MnOs elec-
trode measured at 30°C. An intense irreversible peak above 4.6V 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 LiyMnOy 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 Li,MnO3 electrodes in the potential range of
2.0-4.65V using the CC-CV mode (potentiostatic steps at 4.65V
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 Li;MnOs electrode. The current applied was 1.5mA/g.
This electrode underwent the 1st and 2nd charge/discharge cycles carried out
in the potential ranges of 2.0-4.75V and 2.0-4.60V, respectively. After the 3rd
charge to 4.60V, this cell was disassembled and the electrode was studied by
XRD, TEM (convergent electron micro-beam diffraction), and Raman spectroscopy.
Insert: Differential capacity of the Li,MnOs electrode measured at 60 °C. An intense
irreversible peak of ~15 mAh/V at 4.50-4.55V 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 3-4V.
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Fig. 5. Cycling and aging behaviors of the Li;MnOj; electrode in the potential range
of 2.0-4.65V. The current applied was 10 mA/g. The CC-CV mode was used with
potentiostatic steps at 4.65 V for 3 h. The temperature of the cell was subsequently
changed from 60 °C to 30 °C and finally to 60°C; the cell was aged at the discharged
state at 60°C for 10 days, as indicated.

the temperature to 30°C reduces the reversible capacity by 30%.
The activation of Li,MnOs 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 Li;MnOs 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 4.60V 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 Li;MnO3). The electrode b was charged first to
4.70V followed by a potentiostatic step. The current applied was
1.5mA/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 2.0-4.75V and 2.0-4.60V, respectively, and
charged finally to 4.60V. 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,
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Fig. 6. XRD patterns recorded from the pristine Li,MnOs3 electrode and from the de-lithiated Li;MnOs3 electrodes, a, b and c, charged at 60°C. The electrode a was charged
first by the CC-CV mode to 4.70V; the applied current was 1.5 mA/g. The electrode b was charged first to 4.70V similarly to the electrode a. The electrode c (same as in Fig. 4)
underwent the 1st and 2nd charge/discharge cycles carried out in the potential ranges of 2.0-4.75V and 2.0-4.60V, respectively, and charged finally to 4.60 V.
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respectively and the electrodes were studied by XRD and Raman
spectroscopy. Due to the fact that the Li;MnOs3 electrodes were pre-
pared on aluminum foil, all XRD patterns in Fig. 6 contain several
strong peaks associated with aluminum. For clarity, the Al peaks
are marked on the pattern presenting the pristine electrode. Also
shown (in red) on this pattern is the calculated profile of the pris-
tine Li,MnOs_ As follows from Fig 6, there is no significant change
in the XRD profile after the 1st charge of the Li;MnOs3 electrode
a. This observation correlates well with the relatively low value
of the 1st charge capacity, 106 mAh/g. However, the diffractogram
recorded from the electrode b, which delivered a much higher
charge capacity, displays an additional very faint reflection appear-
ing at 260=18.97° (d-value=4.671A) on the large-angle side of
the (00 1) monoclinic peak. Substantial changes are also observed
on the diffraction pattern taken from electrode c: the intensity
of the strongest (001) monoclinic peak decreases dramatically,
suggesting that the monoclinic structure is partially decomposed.
Moreover, the peak associated with the monoclinic reflection (00 1)
is split into two peaks, 4.724 A and 4.668 A that are clearly seen in
the portion of the diffractogram on the enlarged scale. This implies
that an additional phase is formed during charging. It was assumed
that the 4.724 A peak is related to the remaining monoclinic phase,
while the 4.668 A peak, as well as the faint 4.671A peak on the
pattern obtained from electrode b can be interpreted as a (111)
reflection of the LiMn,0O4-type cubic-spinel structure. Based on
this assumption, the Rietveld refinement method was employed
to determine the unit cell dimensions of the spinel (Fd-3m) and
monoclinic (C2/m) components. The following parameters were
obtained: a=8.084(2) A for spinel, and a=4.926(4) A, b=8.557(4)A,
c=5.007(2)A, B=109.35° for the monoclinic phase. The decrease in
the unit cell parameter of the spinel to the a=8.084(2)A value in
comparison with the value of 8.251 A reported [25] for the spinel
structure with the stoichiometric composition, LiMn; 04, may indi-
cate a lithium deficiency in the spinel that is grown in the charged
material. Another possibility is that the structure of spinel observed
in the charged electrode is close to the family of proton-containing
spinels and known as a cation-deficient spinel presented by a for-
mula close to Li;MnyOg with a=8.0916(2) A [26].

Proof in support of the assertion that transformation from the
layered structure to a spinel-like structure takes place during charg-
ing is also provided by electron microscopic observations. The
electron micrograph in Fig. 7 presents an example of the particle
observed in a specimen that was prepared from electrode c after
the 3rd charge (same electrode of Figs. 4 and 6). The insert (a)
in the micrograph shows a convergent beam electron diffraction
pattern taken from the central part of the particle, in which the
reflections are all indexed to a monoclinic unit cell of the Li;MnO3
phase with C2/m symmetry. However, it can be discerned that at
the upper edge of the particle, in the region outlined by an ellipse,
another particle has grown that exhibits a slightly different con-
trast. The corresponding CBED pattern shown in the insert (b) was
indexed uniquely to the cubic spinel phase of the LiMn;0,4 type.
The results of the structural study of the Li;MnOj3 electrodes a, b,
and ¢, obtained by X-ray diffraction and TEM are in agreement with
their Raman spectroscopic responses.

Fig. 8 compares the Raman spectra collected from the pristine
Li;MnOj3 electrode and from electrodes a, b and c (same as those
related to Fig. 6). The Raman spectrum of the pristine electrode
exhibits nine main well-resolved peaks located at 615, 569, 496,
438,416, 372,325, and 250 cm~!, in agreement with the literature
report [27] on the monoclinic LiyMnO3 phase. From the compari-
son of the Raman spectra obtained we conclude that the spectrum
of electrode a charged once to 4.70V at 60°C, as well as of the spec-
trum measured from the Li;MnOj3 electrode after the 1st charge
to 4.70V at a lower temperature, 30°C (not shown here) are sim-
ilar to the spectrum of the pristine electrode. These spectra show

B (100), (422,

022),

Monoclinic
layered
structure

Cubic
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Fig. 7. TEM image obtained from the Li;MnOs electrode c after the 3rd charge to
4.60V. Voltage profiles of this electrode are represented in Fig. 4. Convergent micro-
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.,
at615cm~! and 569 cm~!) 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 Aj; mode) to 640 cm™!
and its pronounced broadening, and a disappearance of a group of
peaks located between 400 and 570 cm~!. 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
xLi;MnOs-(1 —x)Li[MnNiCo]O, electrodes cycled and charged to
4.80V[15].The disappearance of the Raman peaks at 400-600 cm ™!
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 630cm™! 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 Li;MnOj3 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™!, and a strong change in the
peak at 569 cm~!, while the rest of the Raman bands between 494
and 250 cm~! remained almost unaffected. For instance, the ratios
of peak intensities at 494 and 438 cm~! are nearly the same: 1.44
for the pristine electrode and 1.50 for electrode b. These findings
indicate that the charged Li,MnOs 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) Li,MnOs elec-
trodes thus correlate quite well with those obtained from the
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Fig. 8. Raman spectra measured from the pristine Li,MnOs; electrode and from the delithiated Li,MnOj3 electrodes, a, b, and c charged at 60°C (same electrodes as presented
in Fig. 6). For electrodes b and c, the Raman spectra recorded from different locations, 1 and 2 are also shown.

Table 1

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

Moieties detected by MS Relative amounts of gases

Li;MnOs3 electrode Aluminum electrode

CO, 0.0650 0.0004
co 0.0420 -
0, 0.0120 -
H,O0 0.0065 0.0188
H, 0.0050 =
HF 0.0045 -
—CHs 0.0015 0.0024
—CF3 0.0011 0.0004

electrochemical studies (electrode potential profiles, differential
capacity plots) that also demonstrate the above transformation.
An additional and important piece of information was obtained
in this work from the analysis (by GC-MS) of the gases evolved
during the 1st charge of the Li,MnOj3 electrodes at 60°C in pouch
cells. We also measured the atmosphere within similar pouch cells
that contained Li anode, standard electrolyte solution and Al foil CC
without active mass, stored at 60 °C. The data in Table 1 show that
the main gases evolved in the 1st charge of the Li;MnOs3 cathode at
60°C are CO,, CO, 04, H although the relative amount of oxygen is
~6 times lower than that of CO,. These results agree quite well with
the observations made by Yu et al. [9] at 60 °C. These authors also
detected the above gases collected at 60 °C from a Li;MnOs cell with
an EC-based LiPFg solution in a similar quantitative order, namely,
CO, >CO >0, >H,. We suggest that CO, and CO can be formed due
to the oxidative decomposition of EC or DMC accompanied by the

development of protons, as described previously [34]:

]
H i
—» H3C C?, CH; + €
H3C\ /C\ /CH3 N N
[e) (o) o O
(0]
|l
H;,C—O0 + C CH
3 @\O/ 3
REVARRN
+ 0—CH; COp + CH;
O:CH2 + H

(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 Li,MnOs structure and the exchange between Li* and H*,
as follows:

202 (lattice) — 4e~ — 0O5(gas) (2)

Li;MnO3; —ye™ +(x —y)H" — Liy_yHx_yMnO3_g 5, +XLi*
+0.25y0, 3)
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Removal of oxygen from the Li;MnOs3 structure is evidently
thermodynamically more favorable than the manganese oxidation
to +5 state. The formation of —C;Hs and —CH3 moieties can be
explained by a partial decomposition of EC and DMC at high anodic
potentials, or even by the decomposition of these solvent molecules
during MS measurements. The oxygen evolved can react directly
with the carbon black in the composite electrode to form CO and
CO,. Ethylene carbonate may react also with F~, which acts as a
nucleophile, and may form fluorinated organic moieties. Oxida-
tion of the solution species (EC, DMC) at the Li,MnOs3 electrode
and corrosion of the aluminum foil current collector at high anodic
potentials may also contribute to the overall charge capacity mea-
sured. As it follows from our voltammetric experiments at 60 °C, the
anodic currents developed with Al electrodes in an EC-DMC/LiPFg
solution at 4.3-4.8V are around 0.47-0.68 pA/cm?. Accordingly,
the charge measured during the subsequent polarization of this Al
electrode at 60°C in the above potential range (each potentiostatic
step for 4h) is ~6.1 mC, only 0.098% of the total charge which is
usually delivered by an Al/Li,MnOs electrode, and therefore can be
neglected. We have established that oxygen was not present in the
gaseous mixture evolved during prolonged potentiostatic polariza-
tion of Al electrodes at high anodic potentials up to 4.8V in an
EC-DMC/LiPFg solution (Table 1). Consequently, we can conclude
that oxygen is generated mainly from the Li,MnO3 cathode and is
not a product of side reactions of the Al-current collector with solu-
tion species. Possible also is the following reaction between the HF
unavoidably present in EC-DMC/LiPFg solutions and a Li;CO3 sur-
face layer that is usually formed on the lithiated transition metal
oxide particles [35]:

Li,CO3 + 2HF — 2LiF + H0 + CO, (4)

The formation of protons included in the active mass after acti-
vation according to the above scheme (1) during the polarization of
the Li,MnOs electrodes at high anodic potentials was confirmed in
this work by TGA-MS studies, as follows. The Li;MnOs3 electrodes
were cycled in the potential range of 2.0-4.7V at 30°C or 60°C in
pouch-cells. After disassembling the cells, rinsing the electrodes
with DMC and drying under vacuum, TGA-MS tests were carried
out as described previously [37]. In Fig. 9, we show the TGA and
mass-spectra plots (a and b, respectively) of the following samples:
pristine Li,MnO3 powder (1), chemically de-lithiated Li;MnOj3 (2),
charged Li;MnOs3 electrode that provided the 1st charge capacity
of ~51 mAh/g at 30°C (3), Li;MnOj3 electrode that delivered the
1st charge capacity of ~56 mAh/g and terminated at 2V after 2
cycles at 60°C (4), Li,MnOs5 electrode (the 1st charge capacity was
~76 mAh/g) terminated at 4.7V after 2 cycles at 60 °C (5), and of the
mixture of PVdF + carbon black 1:1, by weight (6). It should be noted
that the micro-sized Li;MnOs particles used in this study are ther-
mally stable. The pristine Li,MnO3; demonstrated a small weight
loss (<2.5%, curve 1) in the TGA-MS experiment upon heating in
argon up to 1000 °C. This is in agreement with the observation made
by Strobel et al. [36] who established that millimeter-size crystals
of Li,MnOs 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.
The main decrease in the mass about 2.0% of this sample in the
temperature interval of 140-240°C is accompanied by release of
H,0 (m/e=18, Fig. 9b) and oxygen (m/e =32) evolution similarly to
the results in Ref. [38]. Hence, the content of protons in the chem-
ically delithiated Li;MnO3 was calculated to be ~0.26. Taking into
account the lithium content of 1.67 (calculated from the chemical
analysis) and the Mn oxidation state of +4 (as estimated by XPS), the
proposed bulk composition of the chemically delithiated sample
can be written as Lij g7Hg 26 MnO- g6. In regard of the main decrease
in the mass of the charged Li,MnOs electrode (curve 3), which is
also accompanied with water release, it starts however at around
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Fig. 9. Results of the TGA-MS experiments. Plot (a) shows the weight losses mea-
sured from: 1 - pristine Li;MnO3 material, 2 - chemically de-lithiated Li,MnO3
sample, 3 - charged Li;MnOs electrode that provided the 1st charge capacity of
~51mAh/g at 30°C, 4 - Li;MnOs; electrode that delivered the 1st charge capacity of
~56 mAh/g and terminated at 2 V after 2 cycles at 60°C, 5 - Li;MnOs; 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-
trometry results for the water (m/e=18) evolved from the chemically de-lithiated
Li;MnOs; sample and from the cycled Li;MnOs 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:

Lip_xHy_yMnOs3_g sy — (1-0.5x)Lio0 + (0.5x-0.5y)H,0
+MH02 (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 Li,MnO3 decomposition alone, 4.5% (9.3% — 4.8%=4.5%)
accompanied with water and oxygen evolution. Finally, the true
weight loss of the cycled Li, MnOs 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 H,O+CO, spectra). Con-
sequently, the protonated phase Li,_yHx_yMnO3_g5, contained
~0.31 protons. Based on the results represented in Fig. 9 we can
conclude that the presence of water in the Li;MnOs3 electrode mate-
rial implies the formation of the proton-containing phase during
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the anodic polarization and cycling of electrodes or by the chem-
ical delithiation, in agreement with previously published reports
[6,10,38,39].

4. Summary

In this work, we studied the electrochemical behavior of the
“inactive” Li,MnOs3 electrodes at 30 and 60 °C. It was established
that typically at the initial charge, the electrode potential demon-
strates a plateau above 4.5V associated with Li-extraction and
oxygen evolution from the host structure. We have found that
the subsequent charging occurs at continuously lower poten-
tials that can be associated with lower values of the chemical
potential of the Li-ions in the cathode, indicating an activation
of Li,MnOs electrodes. These electrodes prepared from relatively
large micron-sized particles can become active at 30 °C by applying
low charge-discharge currents or by cycling at elevated tem-
peratures. When activated at elevated temperatures, Li;MnOs3
electrodes comprising micronic particles demonstrate a steady-
state cycling behavior and reasonable capacity retention after aging
at 60 °C. Using several analytical methods such as XRD, Raman spec-
troscopy, TEM, and the convergent micro-beam electron diffraction
technique, it was found that a transformation of the layered struc-
ture into a spinel-like phase occurred during the initial charging of
the Li;MnOs electrodes. We also conclude from the above studies
that the charged (activated) Li;MnOj electrode can be charac-
terized as possessing domains of both a layered structure and
a cubic spinel-like structure due to the layered-to-spinel transi-
tion, correlating with the electrochemical results. We suggest that
the presence of water in the Li;MnOs3 cycled electrode material
detected by the TGA-MS technique may relate to the formation of
the proton-containing phase due to the Li* and H* ion-exchange
during the anodic polarization of the electrodes at 60°C or by
the chemical de-lithiation of the pristine material in acid. By ana-
lyzing the gases evolved during the 1st charge of the Li;MnO;
electrodes at 60°C, we have established that the main gases are
carbon dioxide, carbon monoxide, oxygen, and hydrogen in the
following quantitative order: CO, > CO >0, > H,. The origin of CO,
and CO may the oxidative decomposition of EC or DMC accompa-
nied by the formation of protons (minor) and the reaction of the
oxygen evolved during the course of LiMnOj3 activation with the
carbon black (major). A comparison of the gases evolved from the
Li;MnO3 cathodes and from the Al-electrodes polarized at high
anodic potentials in EC-DMC/LiPFg solutions, leads to the con-
clusion that oxygen is generated mainly from the first cathode
oxidation (and de-lithiation) and is not a product of side reactions
due to oxidation of solution species. This is probably due to the well-
developed passivation of the aluminum current collectors by their
anodic polarization in LiPFg-containing solutions. The —CF3 moi-
eties (minor) detected by the mass spectrometric measurements
can be formed by reactions between fluorine radicals and the sol-
vent molecules. Fluorine radicals may be formed by oxidation of F~
and PFg~ upon the high anodic polarization applied to the solutions
in the present study.
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