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a b s t r a c t

Fe-substituted Li2MnO3 including a monoclinic layered rock-salt structure (C2/m), (Li1+x(FeyMn1−y)1−xO2,
0 < x < 1/3, 0.1 ≤ y ≤ 0.5) was prepared by coprecipitation–hydrothermal–calcination method. The sample
was assigned as two-phase composite structure consisting of the cubic rock-salt (Fm3m) and monoclinic
ones at high Fe content above 30% (y ≥ 0.3), while the sample was assigned as a monoclinic phase (C2/m)
at low Fe content less than 20%. In the monoclinic Li2MnO3-type structure, the Fe ion tends to substitute
a Li (2b) site, which corresponds to a center position of Mn4+ hexagonal network in Mn–Li layer. The

−1

echargeable lithium battery
ositive electrode material
ithium transition metal oxide

et-chemical preparation method

electrochemical properties including discharge characteristics under high current density (<3600 mA g
at 30 ◦C) and low temperature (<−20 ◦C at 40 mA g−1) were severely affected by chemical composition
(Fe content and Li/(Fe + Mn) ratio), crystal structure (monoclinic phase content) and powder property
(specific surface area). Under the optimized Fe content (0.2 < y < 0.4), the Li/sample cells showed high
initial discharge capacity (240–300 mAh g−1) and energy density (700–950 mWh g−1) between 1.5 and
4.8 V under moderate current density, 40 mA g−1 at 30 ◦C. Results suggest that Fe-substituted Li2MnO3

le 3 V
would be a non-excludab

. Introduction

Lithium-ion batteries are now an attractive power source used
n many laptop computers and cellular telephones. Their applica-
ion will extend to hybrid and electric vehicles because of their
igh energy density and long life. Among their constituent materi-
ls, the selection of positive electrode active material are important
ecause the cell capacity and voltage depend predominantly on the
lectrochemical performance of positive electrode material. Espe-
ially, the choice of positive electrode material with high Li content
s one of effective ways to increase the cell capacity.

Lithium transition metal oxides with high Li contents like
i2MnO3 [1–3] and its derivatives [4–7] are therefore attrac-
ive candidates. If all lithium from Li2MnO3 were extracted
nd inserted electrochemically, the ideal specific capacity (Q)
ould reach 460 mAh g−1, which exceeds that of present positive

lectrode materials like LiCoO2 (ca. 270 mAh g−1). Especially, a
i2MnO3–LiMO2 (M = Cr [4], Co [5] and Ni [6,7]) solid solution is a
ain target material for study because of its lack of initial cycle effi-

iency and cycle stability at room temperature for Li2MnO3 [1–3].

∗ Corresponding author. Tel.: +81 727 51 9618; fax: +81 727 51 9714.
E-mail address: m-tabuchi@aist.go.jp (M. Tabuchi).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.08.059
positive electrode material.
© 2009 Elsevier B.V. All rights reserved.

Although the importance of substitution of other 3d transition met-
als for manganese is well known, the transition metal substitution
effect on electrochemical properties of Li2MnO3-based electrode
materials remains unknown in spite of energetic study of Cr [8,9],
Co [10], Ni [11–13] or Co and Ni [14–17] substituted Li2MnO3. The
difficulty arises from inhomogeneous distribution of host Mn ion
and guest cations into the layered rock-salt structure. Therefore,
electrochemical properties of Li2MnO3–LiMO2 solid solution were
severely affected by the sample preparation history. We noticed
that samples with different degrees of Fe substitution should be
prepared under an optimized preparation condition and sample
nature parameters like chemical composition, crystal structure and
powder property need to be compared carefully with electrochem-
ical data for overcoming this problem.

Investigations by our group found that Li2MnO3–LiFeO2
solid solution (Fe-substituted Li2MnO3, Li1+x(FeyMn1−y)1−xO2,
0 < x < 1/3, 0 < y < 1) [18–21] can behave as a 4 V positive elec-
trode material when the upper voltage limit was adjusted less
than 4.3 V. It has high specific capacities (>200 mAh g−1) with

acceptable average voltage (3 V) was obtained when one pos-
itive electrode materials (Li1.2Fe0.4Mn0.4O2) is cycled between
2.0 and 4.5 V at 60 ◦C [22,23]. The high specific capacity can-
not be explained merely by oxidation of all trivalent Fe ions
and subsequent reduction because the ideal capacity is limited

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:m-tabuchi@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2009.08.059
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o 127 mAh g−1. We clarified that its high Li content and small
article size of less than 100 nm were responsible for the high ini-
ial specific capacity [22,23]. Consideration from the perspective
f crystal structure is needed because Li1.2Fe0.4Mn0.4O2 possesses
two-phase nature: layered (R3m) and cubic (Fm3m) rock-salt

tructures [22,23]. Former and latter ones were assigned as Fe-
ubstituted Li2MnO3 and Mn-substituted LiFeO2 [22,23]. Kikkawa
t al. analyzed this sample using analytical transmission electron
icroscopy (TEM) and found that rock-salt phases of two kinds

oexist within one particle and that the intergrowth structure
ppeared because of inhomogeneous distribution of Fe and Mn
ons [24,25]. Recently, they succeeded in visualizing the Li ion
istribution in a particle, which revealed that the initial delithi-
tion process start from Mn-substituted LiFeO2 domain (<50%
f state of charge (SOC)) and propagate through the rest (Fe-
ubstituted Li2MnO3) up to 100% of SOC and that oxygen loss
ccurred in both Mn-rich and Fe-rich nanodomains at the 100%
f SOC [26]. The initial charge mechanism is consistent with the
revious results of Li2MnO3–LiMO2 solid solution [16] and theo-
etical and experimental evidence of Li2MnO3 [27,28]. The result
eans that LiFeO2 domain can facilitate the Li extraction from

i2MnO3. Valence state analysis of Fe ion was performed for the
0% Fe-substituted Li2MnO3 (Li1+x(Fe0.3Mn0.7)1−xO2) using 57Fe
össbauer spectroscopy. Extremely high oxidation states of iron

ons such as tetravalent and pentavalent states were found in the
ation-ordered Li2MnO3 structure [29] without chemical or elec-
rochemical oxidation. In spite of these previous approaches, a

ethod of optimizing the electrochemical property for this mate-
ial remains unknown.

For this study, we prepare this material with different Fe
ontents of 10–50% under the same preparation conditions to
etermine the sample nature parameters responsible for electro-
hemical properties below room temperature, including discharge
haracteristics, under a high current density up to 3600 mA g−1 at
30 ◦C and moderate current density (40 mA g−1) at −20 ◦C.

. Experimental

All samples Li1+x(FeyMn1−y)1−xO2 (0 < x < 1/3, 0.1 ≤ y ≤ 0.5), were
repared using the coprecipitation–hydrothermal–calcination
ethod (0.25 mol/batch) [23]. Five samples with different Fe

ontents (y) of 0.1–0.5 were designated as Samples Y01–Y05 cor-
esponding to their y values. The Fe content was controlled by
hanging the mixing ratios of starting materials: Fe(NO3)3·9H2O
nd MnCl2·4H2O. The heat-treatment condition is fixed at 850 ◦C
or 1 min in air and 1 h is taken for heating samples for approaching
he target temperature.

The samples are characterized by X-ray diffraction (XRD) pat-
ern measurements as well as Li, Fe, and Mn elemental analysis
sing inductively coupled plasma (ICP) emission spectroscopy and

verage valence state analysis of transition metals through iodo-
etric titration. For X-ray Rietveld analysis, Si powder (SRM 640c)
as used as an external standard for calibrating the diffraction

ngle. The XRD data were collected between 10◦ and 125◦ of the
� angles under monochromatized Cu K� radiation using an X-

able 1
lemental analysis and BET surface area (SSA) values for the Li1+x(FeyMn1−y)1−xO2 sample

Sample SSA/(m2 g−1) Li/wt% Fe/wt%

Sample Y01 16.4 11.1 4.8
Sample Y02 20.4 10.4 9.7
Sample Y03 22.1 10.1 14.7
Sample Y04 19.8 9.9 19.9
Sample Y05 16.7 9.5 25.1
Sources 195 (2010) 834–844 835

ray diffractometer (Rotaflex RU-200B/RINT; Rigaku Corp.). A split
pseudo-Voigt profile function was selected for each XRD peak
fitting. A computer program, RIETAN-2000 [30], was used for X-
ray Rietveld analysis. The particle shape and size were checked
using scanning electron microscopy (SEM, JSM-6390; JEOL) with
a LaB6 filament. The Brunauer–Emmett–Teller (BET) surface area
was measured and used as specific surface area (SSA) data.

A coin-type lithium half-cell was used to examine cell proper-
ties. A positive electrode was made from 5 mg of active material,
5 mg of acetylene black, and 0.5 mg of polytetrafluoroethylene
(PTFE) powder. Aluminum mesh was selected as the current col-
lector of the positive electrode; Li metal was used as a negative
electrode. A typical organic electrolyte, LiPF6, was selected for cell
tests. It was dissolved in mixed solvent, ethylene carbonate (EC) and
dimethylcarbonate (DMC). Cell tests started from charging greater
than 4.8 V under moderate current density per unit of mass of the
active material, 40 mA g−1, and discharged to 1.5 V at the same cur-
rent density after charging, unless otherwise specified. Most cell
tests were performed at 30 ◦C. Two initial charge procedures were
tested for the charge–discharge cycle performance; (1) a cell was
charged up to 4.8 V with a 40 mA g−1 of current density and then this
voltage was fixed under decreasing current density to 2 mA g−1; (2)
a cell was charged to less than 5.5 V with a 40 mA g−1 of current den-
sity up to 500 mAh g−1 less than 5.5 V. To evaluate the initial cycle
efficiency and maximum discharge capacity properly, the former
and latter charge modes were selected, respectively.

The discharge characteristics at +30 ◦C under various current
densities were evaluated from 40 to 3600 mA g−1 between 1.5 and
4.8 V after charging at 40 mA g−1. The cell was charged to 4.8 V;
then the cell voltage was kept at 4.8 V until lowering current den-
sity to 2 mA g−1 only during initial charging. One cycle test under
moderate current density (40 mA g−1) was added before correct-
ing each discharge data at desired current density. The discharge
behavior at 0 and–20 ◦C was collected at a fixed current density,
40 mA g−1 after charging at +30 ◦C. In the initial charging run, the
cell was charged less than 5.5 V at 40 mA g−1 to reach 500 mA g−1.
One cycle test under the same current density (40 mA g−1) at 30 ◦C
was added before examining each low-temperature property.

3. Results and discussion

3.1. Structure, chemical composition, and particle size of samples

The XRD patterns of all samples are presented in Fig. 1. All
XRD peaks were indexed by the monoclinic unit cell of Li2MnO3
(C2/m [31]). No impurity phases like Li2CO3, LiMnO2 and �-LiFeO2
were detected. The orthorhombic LiMnO2 was formed during the
preparation of non-doped Li2MnO3. Therefore non-doped Li2MnO3
cannot be used as a reference sample. The XRD pattern analysis will
be described later in detail.
The elemental analysis data (Table 1) depict that observed
Fe/(Fe + Mn) ratios (y in Li1+x(FeyMn1−y)1−xO2) agree with the nom-
inal ratio, as described in Section 2, indicating the easy control of
transition metal ratio by our preparation method. The Li/(Fe + Mn)
ratio and x value decreased with increasing Fe content, as expected

s with different Fe contents y.

Mn/wt% Li/(Fe + Mn) Li1+x(FeyMn1−y)1−xO2

x y

40.8 1.92 0.32 0.10
37.2 1.77 0.28 0.20
34.1 1.65 0.25 0.30
29.3 1.60 0.23 0.40
24.4 1.53 0.21 0.50
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ig. 1. X-ray diffraction (XRD) patterns of Samples Y01–Y05 with different iron
ontents to the total transition metal contents of 10–50%. The vertical axis was con-
erted to a square root scale for detecting superstructure peaks with small intensity
etween 20◦ and 35◦ .

rom the sample nature; the Fe-substituted Li2MnO3 is considered
s the yLiFeO2–(1 − y)Li2MnO3 solid solution. The average oxida-
ion state of transition metal ions in Sample Y05 was 3.46, which
s close to the expected value (3.50) constructed from the chem-
cal formula of Li1.2Fe0.4Mn0.4O2 (0.5LiFeO2–0.5Li2MnO3). These
esults show that the chemical composition of our sample is lying
n the LiFeO2–Li2MnO3 solid solution. The specific surface area
SSA) value has a maximum at y = 0.3 (Sample Y03) as a function
f Fe content, which suggests that Samples Y04 and Y05 have a
ifferent sample nature from the others. The difference in sample
ature will be discussed in the X-ray Rietveld analysis part.

For structural refinement using the X-ray Rietveld analysis, we
elect a monoclinic Li2MnO3-type model (C2/m) instead of hexago-
al LiCoO2-type one (R3m) as a major phase, based on two results:
1) the existence of superstructure peaks was within the 2� range of
0–35◦ for Sample Y01 as shown in Fig. 1; and (2) such superstruc-
ure peaks were observed even at the maximum Fe content (50%)
hrough electron diffraction analysis using analytical TEM for Sam-
le Y05 [25]. The superstructure peaks originate from the existence
f honeycomb ordering of transition metal ion into Li–Mn layer of
i2MnO3 structure [11,31], which will be shown in Fig. 4(b). Fit-
ing result for Sample Y01 was depicted in Fig. 2, indicating that
ll of XRD peaks were fitted well using the unit cell of Li2MnO3
C2/m). We apply a two-phase model including cubic �-LiFeO2-type
tructure [32] (Fm3m) as the minor phase for Samples Y03–Y05, as
resented in Table 2 because of the asymmetric nature of XRD peaks
round 2� = 43◦ and 64◦ and previous results [22–25]. Although
amples Y03–Y05 are intergrowth two-phase structures [24,25],
amples Y01 and Y02 with low Fe contents are the single mono-

linic phase. That fact indicates that the solubility limit of Fe ion
nto Li2MnO3 structure is close to 20% of the total transition metal
ontent under a present preparation condition. The low Fe solubil-
ty limit might explain the Fe content dependence of specific surface
rea having a maximum around 30%. Although the grain growth of
Fig. 2. Observed (+) and calculated (solid line) XRD patterns for Sample Y01. The
calculated patterns were constructed from a unit cell of monoclinic Li2MnO3 with
C2/m of space groups.

Li2MnO3 particles is suppressed by incorporation of foreign Fe ion
less than 20%, constituent particles of samples with high Fe con-
tent greater than 40% become large by two-phase separation to
Fe-substituted Li2MnO3 and Mn-substituted LiFeO2 nanodomains.
Further improved preparation techniques are needed to obtain a
homogeneous sample with high Fe contents.

Because the specific surface area is proportionate to the recipro-
cal number of primary particle size in general, difference in particle
size among samples were checked, as depicted in Fig. 3. All samples
consisted of agglomerated particles of submicrometer diameter to
a hundred micrometer diameter. The SEM photographs correspond
to the surface of agglomerated particles. Although all samples con-
sist of fine particles smaller than 100 nm (0.1 �m), as expected from
the SSA values, no systematic change in particle size was detected
by SEM observation.

The lattice volumes for both monoclinic and cubic phases
increased with increasing Fe content, as presented in Table 2(a).
The fact suggests that Fe substitution for Mn and Li ions contin-
ued at both phases with increasing Fe contents greater than 30%
after two-phase separation. The cubic phase content increased with
increasing Fe content, indicating that an incomplete cation mixing
state was stabilized at greater than 30% of Fe contents.

Transition metal contents per chemical formula (M),
Li1+xM1−xO2 (Table 2(b)) reflects its average valence state because
the chemical formula is respectively changeable from LiMO2 (x = 0,
M = 1.00) to Li4/3M2/3O2 (Li2MO3, x = 1/3, M = 0.67) depending on
the average valence state from 3+ to 4+, respectively. The M values
of monoclinic and cubic phases were 0.64–0.81 and 0.63–0.86,
which are lying on expected ones of Li4/3M2/3O2–LiMO2 solid
solution. The results indicate that the both of monoclinic and cubic
phases contain trivalent Fe and tetravalent Mn ions as expected
from the iodometric titration result of Sample Y05, previous
Mn and Fe K-edge XANES and 57Fe Mössbauer spectra [22], and
analytical TEM results [24,25].

As portrayed in Fig. 4, four crystallographic sites––2b, 2c, 4g,
and 4h sites––allow for occupation by cations of the monoclinic
Li2MnO3 structure [31]. In the ideal Li2MnO3 structure, Mn4+ ions
occupy only the 4g site; Li+ ions exist at three residual sites. How-
ever, the Mn ion occupancy at 4g sites was less than 100% because
of the existence of Mn ion disordering [31]. In fact, transition metal
occupancy data of 4g sites for all samples were less than unity

(0.55–0.73), as presented in Table 2(b). Most transition metal ions
exist on 4g and 2b sites, which create Li–Mn layers, as portrayed
in Fig. 4(b). The transition metal ions tend to occupy on 2c site
rather than 4h site in the Li layer. The transition metal occupancy
on Li layer ((2g4h + g2c)/3) (Table 2(b)) increased with Fe content.
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Table 2
X-ray Rietveld refinement results for the Li1+x(FeyMn1−y)1−xO2 samples with different Fe contents y.

Sample Monoclinic Li2MO3 (C2/m) phase Cubic LiMO2 (Fm3m) phase

Fraction/% a/Å b/Å c/Å ˇ/◦ V/Å3 Fraction/% a/Å V/Å3

(a) Fractions and lattice parameters of monoclinic Li2MO3 and cubic LiMO2 phases
Sample Y01 100 4.9418 (12) 8.5445 (14) 5.0195 (8) 109.188 (19) 200.17 (5) – – –
Sample Y02 100 4.9580 (13) 8.5679 (16) 5.0265 (9) 109.14 (2) 201.72 (7) – – –
Sample Y03 81 4.9704 (14) 8.5750 (18) 5.0364 (11) 109.12 (2) 202.81 (8) 19 4.0752 (17) 67.68 (5)
Sample Y04 79 4.9881 (18) 8.608 (2) 5.0459 (13) 109.26 (3) 204.52 (10) 21 4.0951 (12) 68.68 (4)
Sample Y05 71 4.9938 (17) 8.601 (2) 5.0392 (13) 109.31 (3) 204.28 (10) 29 4.1033 (6) 69.088 (18)

Sample Monoclinic Li2MO3 (C2/m) phase Cubic LiMO2 (Fm3m) phase

Transition metals in a Li layer Transition metals in a Li–Mn layer

g2c (2c site) g4h (4h site) (2g4h + g2c)/3 g4g (4g site) g2b (2b site) (2g4g + g2b)/3 M in L1+xM1−xO2 g4a (4a site) M in L1+xM1−xO2

(b) Occupancy (g) of transition metal for each crystallographic site, calculated transition metal contents in Li ((2g4h + g2c)/3) and Li–Mn layers ((2g4g + g2b)/3, see Fig. 4(a))
and transition metal content per chemical formula (M) for monoclinic Li2MO3 and cubic LiMO2 phases

Sample Y01 0.012 (5) 0.038 (4) 0.029 (5) 0.733 (6) 0.390 (6) 0.619 (6) 0.648 (11) – –
Sample Y02 0.113 (6) 0.038 (4) 0.063 (5) 0.567 (4) 0.749 (8) 0.628 (5) 0.691 (10) – –
Sample Y03 0.093 (10) 0 (fixed) 0.031 (3) 0.548 (10) 0.729 (18) 0.608 (13) 0.639 (16) 0.431 (19) 0.86 (4)
Sample Y04 0.258 (9) 0 (fixed) 0.086 (3) 0.693 (9) 0.727 (13) 0.704 (11) 0.790 (14) 0.314 (14) 0.63 (3)
Sample Y05 0.290 (9) 0 (fixed) 0.097 (3) 0.692 (8) 0.765 (13) 0.716 (10) 0.813 (13) 0.345 (8) 0.690 (16)
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maginary transition metals (M = FeyMn1−y) share the same crystallographic site wi
ccupancy of 4h and 2c sites was fixed at zero when negative values were observed
he M values are calculated by the sum of two kinds of transition metal contents in L
hase, and the M values correspond to 2g4a for the cubic phase.

he trend means that stabilization of disordered layered rock-salt
tructure by Fe substitution, which may impede fast Li diffusion in
onoclinic phase during charge and discharge tests, especially for

amples Y04 and Y05.
Samples Y02–Y05 had a unique cation distribution observed for

he monoclinic phase. In the ideal Li–Mn layer of Li2MnO3 structure,
he Mn ion on the 4g site creates a hexagonal network, although the
i ion in 2b site exists at the center position of each Mn hexagon,
s portrayed in Fig. 4(b). If the Fe ion has neither 4g nor 2b site
reference, the occupancy of the 4g site is always higher than that
f 2b site, engendering the disordered hexagonal network struc-
ure. Although Sample Y01 has the disordered hexagonal network
tructure as shown in Table 2(b), the rest have an inverse hexagonal
etwork structure, for which the 2b site occupancy is higher than
he 4g site one. Such a unique cation distribution is constructed
y strong 2b site preference of Fe ion in the monoclinic Li2MnO3
tructure. The 2b site preference tendency of Fe ion is similar to
he site preference of other 3d cations such as Ni2+, Ni3+ and Co3+

33]. Although the above fitting result is predictable from previous
ata [33], X-ray pattern fitting using the monoclinic unit cell (C2/m)
ave an advantage compared to selecting hexagonal unit cell (R3m)
ecause of possible characterization about cation distribution of
i–M layer in the layered rock-salt structure.

Fig. 5 showed plots of sample nature parameters against Fe con-
ent (Fe/(Fe + Mn) ratio). Li/(Fe + Mn) ratio decreased monotonously
ith increasing Fe content as well as monoclinic phase content,
hile specific surface area (SSA) data have a maximum at 30% of

e content. The result means that Li/(Fe + Mn) ratio and monoclinic
hase content are difficult to treat as independent parameters each
ther. The analyses of chemical composition, crystal structure and
owder nature of these samples are used for interpreting the Fe
ontent dependence of electrochemical data in the next part.

.2. Electrochemical properties of samples
Initial charge curves above 3.8 V were shown in Fig. 6(a). As
xpected from previous charge curves of LiMO2–Li2MnO3 solid
olution (M = Co [10], Ni1/2Mn1/2 [11] or Ni1/3Mn1/3Co1/3 [15]), two
ifferent plateaus were observed below and above 4.4 V. The charge
urves below and above 4.4 V have been attributed to Li extraction
the sum of the M and Li occupancies was fixed at unity for all sites.
g fitting.
i–Mn layers such as (2g4h + g2c)/3 and (2g4g + g2b)/3, respectively, for the monoclinic

from LiMO2 component and Li2O extraction from Li2MnO3 com-
ponent, respectively [13,16,34]. Although initial charge capacity
below 4.4 V increased with increasing Fe content, those above 4.4 V
decreased. The trend lead to a conclusion that initial charge capacity
below and above 4.4 V can be assigned to Li extraction from Mn-
substituted LiFeO2 (Fm3m) and Li2O extraction from Fe-substituted
Li2MnO3 (C2/m) components, respectively. The initial charge mech-
anism is consistent with our previous result using analytical TEM,
which Li extraction start from Fe-rich domain (Mn-substituted
LiFeO2) to Mn-rich one (Fe-substituted Li2MnO3) and oxygen loss
was observed at the end of charging for Li2(Fe0.5Mn0.5)0.8O2 [26].
Interestingly, the voltage plateau region above 4.4 V shift toward to
lower voltage region with increasing Fe content. The change is one
of important effect of Fe substitution.

The Fe content also affected the initial discharge curve profile
as shown in Fig. 6(b). Smooth downslope profile until 3.0 V was
obtained for Samples Y01 and Y02 positive electrodes. The dis-
charge curves bent around 3.5 V for Samples Y03, Y04 and Y05
positive electrodes and the bending appeared clearly with increas-
ing Fe content. Although the origin of bending point around 3.5 V
is still unknown, initial discharge curves may depending on the
chemical composition (Fe/(Fe + Mn) and Li/(Fe + Mn) ratios) and/or
the monoclinic/cubic phase ratio as denoted in Fig. 5. Careful struc-
tural or compositional analyses are needed to know the complex
initial charge and discharge mechanism using two or more samples
with different Fe content.

Initial, 2nd, and 20th charge and discharge curves for Li/sample
cells are presented in Fig. 7. Although the initial charge and dis-
charge capacities decreased with increasing Fe content, the initial
cycle efficiency was improved. When the Fe content (Fe/(Fe + Mn)
ratio) is adjusted to less than 20%, the initial discharge capac-
ity and energy density reach 300 mAh g−1 and 900 mWh g−1 (see
Table 3(a)), respectively. The high capacity and energy density
denotes that Fe-substituted Li2MnO3 is an attractive candidate as
well as other Li2MnO3-based positive electrode materials. The pro-

file of 2nd charge curve is quite different from that of initial one and
is regarded as a symmetric shape of 1st discharge one, suggesting
that the plateau around 4.5 V considered as Li2O extraction process
[3,13,16,34] was almost finished at the end of 1st charging as well
as other Li2MnO3-based materials.
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Fig. 3. Scanning electron microprobe (SEM) images for Samples Y01–Y05. The same magnification was selected for direct comparison. Length of white bar in each photograph
is 0.1 �m.

Table 3
Electrochemical charge and discharge characteristics for Li/sample cells at 30 ◦C.

Sample Q1c/(mAh g−1) Q1d/(mAh g−1) Q1d/Q1c Vave/V Vave·Q1d/(mWh g−1) Q20d/(mAh g−1) Q20d/Q1d

(a) Data of cells operated between 1.5 and 4.8 V under a fixed current density, 40 mA g−1. Charging remained at the upper limit voltage until reducing the current density
to 2.0 mA g−1 only during the initial charging run
Sample Y01 500 312 0.63 2.96 924 188 0.60
Sample Y02 425 299 0.70 2.98 891 200 0.67
Sample Y03 409 265 0.65 2.96 784 186 0.70
Sample Y04 356 241 0.68 2.96 713 188 0.78
Sample Y05 356 264 0.74 2.88 761 183 0.69
Sample Q1c/(mAh g−1) Q1d/(mAh g−1) Q1d/Q1c Vave/V Vave·Q1d/(mWh g−1) Q20d/(mAh g−1) Q20d/Q1d

(b) Data of cells operated between 1.5 and 4.8 V under a fixed current density, 40 mA g−1. Charging was maintained at 500 mAh g−1 under the same current density only
during the initial charging run
Sample Y01 500 321 0.64 3.02 971 199 0.62
Sample Y02 500 307 0.61 2.97 911 201 0.65
Sample Y03 500 285 0.57 2.98 850 194 0.68
Sample Y04 500 265 0.53 2.95 782 185 0.70
Sample Y05 500 261 0.52 2.94 767 180 0.69

Q1c, initial charge capacity; Q1d, initial discharge capacity; Q1d/Q1c, initial efficiency; Vave, average voltage; Vave·Q1d, initial discharge energy density; Q20d, 20th discharge
capacity.
Q1c, initial charge capacity; Q1d, initial discharge capacity; Q1d/Q1c, initial efficiency; Vave, average voltage; Vave·Q1d, initial discharge energy density; Q20d, 20th discharge
capacity.



M. Tabuchi et al. / Journal of Power Sources 195 (2010) 834–844 839

Fig. 4. Li, Mn, and O arrangements in Li2MnO3 (C2/m) proposed by Strobel and
Lambert-Andron [31]. In (a), Li2MnO3 consists of alternative stacking of Li and Li–Mn
layers via an oxide ion layer comprising crystallographic sites of two kinds (4i and
8j sites). Each cation layer consists of 2c and 4h sites for the Li layer and 4g and
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Fig. 5. The Fe content dependence on Li/(Fe + Mn) ratio, BET specific surface area
(SSA) and monoclinic phase content data for Samples Y01–Y05.
b sites for the Li–Mn layer. In (b), the cation arrangement in the Li–Mn layer is
epresented as a hexagonal Mn network and Li ions existing at the center position
f the hexagonal network to make Mn6Li cluster.

The additional discharge plateau around 2.0–2.5 V was appeared
or 20th cycle curves of Samples Y01 and Y02 and was not
bserved for the rest three samples with relatively high Fe con-
ent above 30%. Although the origin of the plateau that appeared
emains unknown, the discharge curve shapes resemble that of
he Li2MnO3–Li4Mn5O12 composite material [35]. The change in
hape suggests that spinel-like oxide was formed gradually with
roceeding charge–discharge cycles. The conversion from a layered
ock-salt phase to a spinel one during electrochemical cycle tests
as reported for not only Li2MnO3 [36] but also LiCoO2–Li2MnO3

olid solution [10,37]. The formation of “LiMnO2
′′

component is
ne of reason for the conversion because LiMnO2 undergo a struc-
ural change to spinel during electrochemical cycling [38]. The
iMnO2 content per chemical formula increased with increasing
he capacity of the Li2O extraction from Li2MnO3 component on
nitial charging [3,16]. Appearance of the additional plateau was
uppressed by increasing Fe content greater than 30% (Samples
03–Y05) and by reducing the capacity of high voltage plateau
bove 4.4 V (see Fig. 6(a)). The stabilization of charge and discharge
urve profile during electrochemical cycling can be attributed to a

erit of Fe incorporation into Li2MnO3 as well as Ni incorporation

7].
Discharge capacity sustainability (Qd/Q1d) with cycle number

as plotted in Fig. 8. The capacity fading up to 20th cycle was sup-

Fig. 6. Initial charge (a) and discharge (b) curves at 30 ◦C of Li/Sample Y01–Y05 cells
for 1.5–4.8 V under a fixed current density, 40 mA g−1. The cell voltage was fixed at
the upper voltage limit with decreasing current density until 2 mA g−1 only during
the initial charging run.
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Fig. 7. Initial (black), 2nd (blue), and 20th (red) charge and discharge curves at 30 ◦C
of Li/Sample Y01–Y05 cells for 1.5–4.8 V under a fixed current density, 40 mA g−1.
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sufficient for Fe-substituted Li2MnO3.
Initial charge and discharge capacities (Q1c and Q1d), initial

cycle efficiency (Q1d/Q1c) and 20th discharge capacity sustain-
ability (Q20d/Q1d) values plotted against Fe content as shown in
he cell voltage was fixed at the upper voltage limit with decreasing current density
ntil 2 mA g−1 only during the initial charging run. (For interpretation of the refer-
nces to color in this figure legend, the reader is referred to the web version of the
rticle.)

ressed from 40 to 20% with increasing Fe content. Although the
hange in Qd/Q1d values for Samples Y04 and Y05 after 2nd cycle
s quite small compared to those of other samples, drastic capac-
ty fading behavior above 15% was observed from 1st to 2nd cycles
or the two samples. To minimize such capacity fading is one of

mportant research topics.

The charge–discharge behavior was checked after charging until
00 mAh g−1 per mass of the sample. Although the initial dis-
harge capacity was increased (10–25 mAh g−1) slightly as listed
n Table 3(b), except for the data of Sample Y05. The initial and

ig. 8. Discharge capacity fading behavior at 30 ◦C with the cycle number for
i/Sample Y01–Y05 cells for 1.5–4.8 V under a fixed current density, 40 mA g−1. All
ischarge capacities of each sample are normalized to initial one (Qd/Q1d) for easy
omparison between samples.
Fig. 9. The Fe content dependence on initial charge (Q1c) and discharge (Q1d) capac-
ities (upper graph), efficiency (Q1d/Q1c) (middle one) and 20th discharge capacity
retention (Q20d/Q1d, bottom one) for Li/Sample Y01–Y05 cells. Gray least-squares fit
lines were included to depict the trend.

cycled discharge curve profiles were similar to those shown in Fig. 7
indicating that the trickle charging from 40 to 2 mA g−1 at 4.8 V is
Fig. 10. The Fe content dependence on initial discharge (Q1d) capacity (top graph),
and 20th discharge capacity retention (Q20d/Q1d, bottom one) for Li/Sample Y01–Y05
cells. Gray least-squares fit lines were included to depict the trend.
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Fig. 11. Plots of initial charge (Q1c) and discharge (Q1d) capacities (top graph)
and initial discharge (Q1d) capacities (bottom one) against Li/(Fe + Mn) values for
Li/Sample Y01–Y05 cells. Gray least-squares fit lines were included to depict the
trend.

Fig. 12. Plots of initial charge (Q1c) and discharge (Q1d) capacities (top graph) and
initial discharge (Q1d) capacities (bottom one) against monoclinic phase contents
for Li/Sample Y01–Y05 cells. Gray least-squares fit lines were included to depict the
trend.
Fig. 13. Discharge curves at 30 ◦C from 4.8 to 1.5 V under a fixed current density,
40, 600, and 1200 mA g−1 for Li/Sample Y01–Y05 cells. The cell voltage was fixed at
the upper voltage limit with decreasing current density until 2 mA g−1 only during
the initial charging run.

Figs. 9 and 10. Despite initial charge condition, initial charge
and discharge capacities decreased and initial cycle efficiency and
20th discharge capacity sustainability increased with increasing Fe
content. The trend means that Fe incorporation into Li2MnO3 is con-
sidered to be effective at least from the viewpoint of initial cycle
efficiency and discharge capacity sustainability. Initial charge and
discharge capacities were found to depend on Li/(Fe + Mn) ratio
(Fig. 11) and monoclinic phase content (Fig. 12). The results sug-
gest that initial specific capacities of samples with high Fe content
above 30% can be improved by raising Li content or minimizing
cubic phase content.

The discharge curves and capacity under high current density
from 40 to 3600 mA g−1 are shown in Fig. 13 and Table 4(a). The
initial charge voltage was limited up to 4.8 V, as presented in Fig. 7.
The discharge curves under high current density above 600 mA g−1

have different Fe content dependency from those at a moderate cur-
rent density (40 mA g−1). Increase in Fe content up to 30% reduced
the capacity loss by changing current density from 40 to 600 mA g−1

and the samples with high Fe content above 30% reduced the capac-
ity loss by changing current density from 600 to 1200 mA g−1.
These results mean that Fe is an effective element to improve high
rate characteristics of Li2MnO3-based positive electrode material
as well as Ni and Co.

Discharge characteristics at 0 and–20 ◦C were examined as pre-
sented in Fig. 14 and Table 4 (b). The initial charging to 500 mAh g−1

◦
was selected. The difference in discharge capacity at 0 C between
samples with Fe content less than 30% is negligibly small and the
discharge capacity at 0 ◦C decreased with increasing Fe content
above 40%. Samples Y02–Y04 exhibited high discharge capacity
(90–100 mAh g−1) at −20 ◦C compared to those of other samples,
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ig. 14. Discharge curves under a fixed current density, 40 mA g−1 at 30, 0 and−20 ◦C
or Li/Sample Y01–Y05 cells from 4.8 to 1.5 V. The initial charge capacity per active

aterial was fixed at 500 mAh g−1 only.

uggesting that Fe content per total cation content except for Li
20–40%) must be adjusted for optimization of low-temperature
roperties of Fe-substituted Li2MnO3. These electrochemical data

nclude discharge characteristics under high current density, and

or −20 ◦C, they reveal the important fact that Fe-substituted
i2MnO3 is still an attractive candidate as a positive electrode mate-
ial.

To know what factors responsible for above high rate and low-
emperature characteristics of this material, discharge capacity

able 4
lectrochemical charge and discharge characteristics between 1.5 and 4.8 V for Li/sampl
xed current density (b) during the discharging.

Sample Discharge capacity under different current density/(mAh g−1)

40 mA g−1 120 mA g−1 600 mA g−1

(a) Discharge capacity (Qd) of cells discharged under high current density greater than
40 mA g−1. Charging was maintained at the upper limit voltage until reducing current d
Sample Y01 294 250 187
Sample Y02 276 241 187
Sample Y03 278 236 195
Sample Y04 250 181 153
Sample Y05 246 164 130

Sample Discharge capacity under different temperature

30 ◦C 0 ◦C

(b) Discharge capacity (Qd) of cells discharged under different temperatures (30, 0 and
maintained up to 500 mAh g−1 only during the initial charging run
Sample Y01 315 207
Sample Y02 304 195
Sample Y03 291 197
Sample Y04 275 182
Sample Y05 274 149
Fig. 15. The Fe content dependence on discharge (Qd) capacity from 4.8 to 1.5 V
under three different current densities, 120, 600 and 1200 mA g−1 at 30 ◦C (top
graph), and under a two different temperatures, 0 and −20 ◦C at 40 mA g−1 (bottom
one) for Li/Sample Y01–Y05 cells.

values under high current density or low temperature plotted
against Fe content as shown in Fig. 15. The Fe content dependency
was different from those under moderate current density at 30 ◦C
in Figs. 9 and 10. The trend suggests that another factor except for
Li/(Fe + Mn) ratio and monoclinic phase content is responsible for
discharge characteristics under high current density or low tem-

perature. The specific surface area (SSA) data was selected as a
responsible factor as shown in Fig. 5, because the SSA data has dif-
ferent Fe content dependency from other two factors. The degree of
contribution of SSA to discharge characteristics became large with
increasing current density or decreasing operating temperature by

e cells under different current density (a) and temperature at less than 30 ◦C at a

1200 mA g−1 2400 mA g−1 3600 mA g−1

40–3600 mA g−1 at 30 ◦C after charging to 4.8 V at a fixed current density
ensity to 2.0 mA g−1 only during the initial charging run

137 83 60
148 96 64
167 118 87
132 91 69
105 72 58

s/(mAh g−1)

−20 ◦C

−20 ◦C) after charging to 4.8 V at a fixed current density 40 mA g−1. Charging was

71
97
92

100
61
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Fig. 16. Discharge (Qd) capacities from 4.8 to 1.5 V under high current density, 120
a −1 ◦ −1
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Fig. 17. Plots of discharge (Qd) capacity from 4.8 to 1.5 V under high current density,
120 and 600 mA g−1 at 30 ◦C (top graph), and moderate current density, 40 mA g−1 at
0 ◦C (bottom one) against the product of monoclinic phase content and BET specific
surface area (SSA) value for Li/Sample Y01–Y05 cells. Gray least-squares fit lines are
included to depict the trend.
nd 600 mA g at 30 C (top graph), and moderate current density, 40 mA g at
◦C (bottom one) plotted against the product of Li/(Fe + Mn) ratio and BET specific

urface area (SSA) value for Li/Sample Y01–Y05 cells. Gray least-squares fit lines are
ncluded to depict the trend.

omparing the data in Fig. 15 with that in Fig. 5. The products of
he SSA and Li/(Fe + Mn) ratio or monoclinic phase content were
lotted against discharge capacity less than 600 mA g−1 and at 0 ◦C
s shown in Figs. 16 and 17, respectively. Both figures indicate that
he sample consisted of fine particles with high Li/(Fe + Mn) ratio or
igh monoclinic phase content is needed to improve the discharge
haracteristics under high current density less than 600 mA g−1 or
elow room temperature down to 0 ◦C.

To explain the Fe content dependency of discharge charac-
eristics under high current density above 1200 mA g−1 or that

t −20 ◦C, discharge capacity values above 1200 mA g−1 and at
20 ◦C were plotted against corresponding SSA data as shown in
ig. 18. Linear dependency with positive gradient was obtained,
ndicating that discharge characteristics under high current den-

able 5
elation between sample nature factors and electrochemical performance for Fe-
ubstituted Li2MnO3 positive electrode material.

Factors originated from
sample nature

Responsible electrochemical data

Fe content, Fe/(Fe + Mn) • Initial charge voltage ↓
• Initial charge and discharge capacity ↓
• Initial efficiency ↑
• Cycle performance↑ (Fe/(Fe + Mn) < 40%)

Li/(Fe + Mn) ratio and
monoclinic (C2/m)
phase content

• Initial charge and discharge capacity ↑

• Discharge capacity ↑ (<600 mA g−1 or >0 ◦C)
Specific surface area • Discharge capacity ↑ (>120 mA g−1 or <0 ◦C)

rrows indicate tendency of change in electrochemical parameters when focused
ample nature factor is increased. The “upward” and “downward” arrows mean
increase” and “decrease” monotonously with increasing focused sample nature
actor value, respectively.

Fig. 18. Plots of discharge (Qd) capacity from 4.8 to 1.5 V under high current density,
1200 (closed circle), 2400 (open triangle) and 3600 mA g−1 (closed square) at 30 ◦C
(top graph), and moderate current density, 40 mA g−1 at −20 ◦C (bottom one) against
the BET specific surface area (SSA) value for Li/Sample Y01–Y05 cells. Gray least-
squares fit lines are included to depict the trend.
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ity above 1200 mA g−1 or that at −20 ◦C were governed mainly
y power character. High rate and low-temperature characteris-
ics of this material depend on not only the compositional and
tructural factors (Li/(Fe + Mn) ratio and monoclinic phase con-
ent) but also the power parameter (SSA). The involvement of
SA term to the electrochemical property lead to the importance
f preparation technique of the Li2MnO3-based positive electrode
aterial. In fact, the specific surface area affects the electrochemi-

al property of Li2MnO3 [28]. Although our wet-chemical method
coprecipitation–hydrothermal–calcination method) is a good can-
idate as preparation technique, further efforts must be needed to
ake the samples composed of uniform Fe and Mn distribution and

ne particles with high Li/(Fe + Mn) ratio, monoclinic content and
pecific surface area values.

. Conclusion

Positive electrode materials of Fe-substituted Li2MnO3 with dif-
erent Fe contents of 10–50% were prepared using wet-chemical
reparation methods, including hydrothermal processing. All sam-
les had high initial specific capacity greater than 200 mAh g−1.
or optimized iron contents of less than 20%, the initial discharge
apacity reached 300 mAh g−1. As described in the earlier sections
f this report, many factors should be controlled to optimize the
lectrochemical properties of Fe-substituted Li2MnO3. The relation
etween four factors of sample nature and electrochemical prop-
rties is summarized in Table 5. The Fe content dominates mainly
he initial charge voltage, initial charge and discharge capacities,
nitial efficiency, and cycle performance. High Fe contents greater
han 30% in the sample contribute to suppression of a change in the
hape of the discharge curve and better cycle stability.

The Li/(Fe + Mn) ratio and monoclinic phase content influence
ot only electrochemical property at room temperature under
oderate current density but also the discharge characteristics

nder high current density and below room temperature. The
pecific surface area term should be considered to improve the dis-
harge characteristics under high current density and below room
emperature. Although further efforts to improve electrochemical
roperties are needed, Fe-substituted Li2MnO3 is an attractive 3 V
lass positive electrode material for use as a rechargeable lithium
attery because it consists of inexpensive elements, Fe and Mn are
btainable from abundant natural sources.
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