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ABSTRACT

Layered Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires are prepared using Co0.4Mn0.6O2 nanowires and lithium nitrate as precursors at 200 °C via a
hydrothermal method for fast and high capacity Li-ion storage material. The obtained nanowires exhibit a reversible capacity of 230 mAh/g
between 2 and 4.8 V, even at the high current rate of 3600 mA/g.

One-dimensional nanostructured materials have been inten-
sively investigated for possible applications related to their
magnetic properties and optical properties.1–4 The superior
characteristics of these materials over bulk counterparts
originate mainly from their limited crystal dimensions with
a very high surface-to-bulk ratio. For electrode materials in
lithium batteries, such a high surface area can provide higher
electrode/electrolyte contact areas, which can lead to shorter
diffusion paths with the particles and more facile intercalation
for Li ions. In addition, the reduced strain of intercalation
and contributions from charge storage at the surface can also
contribute to the Li capacity, compared with bulk counter-
parts. In this regard, TiO2 and SnO2 nanotubes, nanowires
and rods have been investigated thoroughly for possible
applications as anode materials.5–14 However, a direct
synthetic method for obtaining 1D LiMO2 cathode (M )
transition metals) nanowires has not been reported. An
alternative method that utilizes the chemical oxidation of
pristine bulk LiMn0.5Ni0.5O2 powders was reported by Park
et al. The obtained nanowires were lithium- and Ni-deficient
LixMn0.67Ni0.33O2.15 The reversible capacity of these nanow-
ires was ∼160 mAh/g between 4.8 and 2 V at a current
density of 20 mA/g.

Recently, Mn-rich lithium metal oxides such as Li[Li1/3–2x/3

Mn2/3-x/3Mx]O2 cathodes are currently receiving significant
interest as cathode materials for Li-ion batteries. These materials
can provide capacities greater than 200 mAh/g if initially

charged to 4.5 V or higher.16–24 In spite of the capacity
advantage, a rapid capacity fade occurs at higher C rates;
for instance, over 50% capacity fade was observed when
the current was increased from 20 to 200 mA/g in
Li[Ni0.2Li0.2Mn0.6]O2.24 However, Cho et al. recently reported
that Li[Ni0.41Li0.08Mn0.51]O2 nanoplates exhibited greatly
improved rate capabilities at a 3C rate compared with a bulk
counterpart prepared via a coprecipitation method.25

In this study, the direct synthesis of layered Li0.88[Li0.18Co0.33-
Mn0.49]O2 nanowires is demonstrated using nanowire
Co0.4Mn0.6O2 and lithium nitrate as precursors at 200 °C via
a hydrothermal method for high capacity of Li-ion storage
material. The obtained nanowires exhibit a reversible capacity
of 230 mAh/g between 2 and 4.8 V, even at the high rate of
3600 mA/g.
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Figure 1. Powdery XRD patterns of Co0.4Mn0.6O2 and Li0.88[Li0.18-

Co0.33Mn0.49]O2 nanowires.
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Figure 1a shows an XRD pattern of the as-prepared
Co0.4Mn0.6O2 and Li0.88[Li0.18Co0.33Mn0.49]O2. The XRD pat-
tern of the Co0.40Mn0.60O2 is dominated by two major peaks
at about 12° (110) and about 25° (200) scattering angles,
which is similar to that of previously reported Ni0.45Mn0.55O2

obtained from K-birnissite.25 After a reaction with Li at 200
°C, the Li0.88[Li0.18Co0.33Mn0.49]O2 sample clearly shows the
formation of a hexagonal layered structure with a R3jm space
group. The lattice constants of a and c were estimated as
2.834 and 14.208 Å, respectively. Very weak superlattice
reflections at approximately 20° and 24° are known to
correspond to the ordering of the Li and Co and Mn ions in
transition metal sites of the layered lattice.18,19 Moreover,
preferred orientation along the (003) plane was observed.
The ICP-MS results showed the formation of Li1.3Co0.4

Mn0.6O4.9; when normalized to the LiMnO2, the compound
had a formula Li0.88[Li0.18Co0.33Mn0.49]O2.

Figure 2 shows SEM and TEM images of the as-prepared
Co0.4Mn0.6O2 nanowires (a) and Li0.88[Li0.18Co0.33Mn0.49]O2

nanowires (parts b, d, and e), and Co0.4Mn0.6O2 nanowires
have a diameter of 40 nm and are >1 µm in length. After
reaction with the Li nitrate, the dimension of the nanowires
increases. The Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires have a
diameter of 100 nm and a length of >3 µm. The inset of
Figure 2 is an enlarged image of the edge parts of the
nanowires, confirming that the particles consisted of ag-
gregated individual nanowires.

Energy-dispersive X-ray spectrometry (EDS) of the
Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires shows both the pres-
ence of Co and Mn. The ICP-MS results confirmed stoichi-
ometry of Li0.88[Li0.18Co0.33Mn0.49]O2. TEM image Figure 2d
shows that the diameter of the nanowires is about 50 nm.
The HREM image of the nanowires (image e of Figure 2)
clearly shows the formation of the layered structure with the
lattice fringe of the (003) plane corresponding to 0.46 nm.
In addition, a number of abnormally grown nanowires that
have diameters of 50 nm and lengths of >10 µm can be
observed. These nanowires also comprise the layered hexagonal
structure (see Supporting Information). The Brunauer–Emmett–
Teller (BET) surface area of the Li0.88[Li0.18Co0.33Mn0.49]O2

nanowires was 50 m2/g.

Figure 3 shows the charge and discharge curves between
4.8 and 2 V at rates of 0.2, 1, 3, 5, 10, and 15 C (1C ) 240
mA/g), corresponding to capacities of 245, 242, 238, 230,
225, and 220 mAh/g, respectively (charge rate was fixed at
1C). In general, the loading level of the active cathode
material critically affects the performance of the cathode.
In this case, a cathode material loading level of 20 mg/cm2

was used (thickness of the electrode except for Al current
collector was 20 µm). Note that amounts of carbon blacks
and binder also affect the electrode performance and
increased amount of carbon blacks improves the electrode
performance but decreases the electrode density of the cell.
In our case, we used 5 wt% carbon blacks and 5 wt % binder,
which means 90 wt % active material was used. On the other

Figure 2. TEM images of (a) Co0.4Mn0.6O2 nanowires and (b,d) SEM and TEM images of the Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires,
respectively. Inset of (b) is an expanded image of (b). (c) Corresponding EDS spectrum of (b), and (e) high-resolution TEM image of a
single nanowire of (d).
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hand, other overlithiated Li[CoxLi1/3-x/3M2-x2/3]O2 (M )
transition metal) compounds24,30 used 12 wt % carbon blacks
and 8 wt % binder, which means 80 wt % active material.

After the first charge process, the plateau vanished in the
subsequent cycles. Although a similar irreversible voltage
plateau during the first charge process has been reported with
Li2MnO3-based oxides, Li2MnO3-based oxides showed a
distinct flat plateau region at ∼4.5 V.30 In contrast to this,
Li0.88[Li0.18Co0.33Mn0.49]O2 has a inclined plateau at ∼4.6 V.
Presence of the inclined plateau at 4.5 V (as shown in Figure
3a) instead of the flat plateau in Li0.88[Li0.18Co0.33Mn0.49]O2

nanowires is also observed in Li[CoxLi1/3-x/3Mn2-x2/3]O2 and
Li[CrxLi1/3-x/3Mn2-x2/3]O2, in which the flat plateau turn into
a inclined plateau with increasing Co or Cr contents.21,20 This
is because more transition metal (Co, Cr) is available to be
involved in the redox reaction, and oxygen loss should not
be required for samples with higher transition metal content
to remove all the Li from the Li layer.21

On the other hand, Dahn et al. proposed that the origin of
the 4.5 V flat plateau in Li[MxLi1/3-x/3Mn2-x2/3]O2 with x <
1/3 corresponded to the removal of the remaining lithium from
the lithium layer along with the simultaneous ejection of
oxygen.21 Hong et al. had proposed that the long 4.5 V
plateau in Li[NixLi1/3-x/3Mn2-x2/3]O2 (x < 0.3) could be
explained in relation to a molecular orbital (MO) coming

from the combination of metal d orbitals and a ligand-group
orbital, originating from six oxygen orbitals.24 According to
a qualitative diagram for MO, if the oxygens have filled t2g

orbitals whose energies are close to those of partially filled
Mn4+ t2g orbitals, then π bonding due to oxygen f metal
donation can occur. In this case, three d electrons of Mn4+

go into the antibonding t2g
* orbitals. In this respect, these π

bonding electrons due to oxygenf metal may contribute to
the 4.5 V plateau. However, Bruce et al. proposed similar
4.5 V plateau origin to Dahn et al. and O2 was evolved from
such Mn4+-containing compounds, Li[Ni0.2Li0.2Mn0.6]O2, on
charging using in situ differential electrochemical mass
spectrometry (DEMS) and powder neutron diffraction.17 In
addition, they reported that O loss from the surface is
accompanied by diffusion of transition metal ions from
surface to bulk, where they occupy vacancies created by Li
removal.

During the first cycle, the charge and discharge capacities
are 283 and 245 mAh/g, respectively, showing 87%
Coulombic efficiency. After 50 cycles at a rate of 1C,
capacity retention was 92%. In particular, the capacity
retention at a 15C rate was 90%, compared to that at a 0.2C
rate. The capacity retention of the nanowires even after
repetitive cycling at a 15C rate was 98%. The rate capability
of the cathode with the irregularly distributed particles was
determined by the larger particles, and therefore it is
hampered by the larger particles with longer Li ion diffusion
distance. For instance, Li[Ni0.20Li0.2Mn0.6]O2 nanoparticles
with the primary particles were narrowly distributed in the
range of 80–200 nm, and with large aggregates of 1–20 µm24

showed the first discharge capacity of ∼280 mAh/g at 20
mA/g, but its discharge capacity significantly decreased to
210 mAh/g at 400 mA/g. However, our nanowire has a
uniform diameter of about 50 nm and shows first discharge
capacity of 245 mAh/g at 48 mA/g and its capacity is 220
mAh/g at 3000 mA/g. The capacity retention of the
Li[Ni0.41Li0.08Mn0.51]O2 nanoparticle with 20–200 nm sizes
(BET surface area was 24 m2/g) at a current rate of 1200
mA/g rate is 89%, while that of the nanowire is 94% at the
same current. Even though 6% difference is small at lower
current rates, higher current rates can make a huge difference.
Accordingly, the capacity retention of the nanowires is
expected to be much higher than that of the nanoparticles at
higher current rate than 1200 mA/g. This indicates that the
nanowires with higher surface areas likely lead to higher
electrode/electrolyte contact areas. This coupled with shorter
diffusion paths into the lattices and reduced strain of
intercalation may lead to improved cycling performance
compared to nanoparticles.

Figure 4 shows the normalized Mn and Co K-edge
XANES (X-ray absorption near edge structure) features for
a pristine cathode sample (before charging) as well as the
same sample after 50 cycles, compared with references with
different oxidation states (LiNi1/3Co1/3Mn1/3O2, LiMn2O4

spinel, LiCoO2). All of the Mn K-edge XANES spectra show
doubly split pre-edge peaks, denoted by A1 and A2; these
are assigned as quadruple-allowed 1s f 3d (eg) and 1s f
3d (t2g) transitions, respectively. An intermediate bump exists

Figure 3. (a) Voltage curves of Li0.88[Li0.18Co0.33Mn0.49]O2 nano-
wires in a coin-type half-cell at different C rates of 0.2, 1, 3, 5, 10,
and 15C (1C ) 240 mA/g) between 2 and 4.8 V. The charge rate
was fixed at 1C, and the discharge capacities vs cycle number were
tested at different C rates. (b) Discharge capacity vs cycle number
of the Li[Li0.08Co0.33Mn0.5]O2 nanowires in a coin-type half-cell at
a 1C rate between 2 and 4.8 V.
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at 6552 eV, of which the magnitude is related to the
connectivity between the MnO6 octahedra in the structure.
This is very prominent in the pristine sample. However, such
a bump completely disappeared after 50 cycles, suggesting
that the connectivity between the MnO6 octahedra in the
structure was destroyed during cycling. The spectrum
measured after 50 cycles shows a slight negative shift
compared to that of the pristine state. This suggests that the
Mn oxidation state decreases to less than 4+ and resembles
the spectrum of the LiMn2O4 (Mn3.5+). The pre-edge peak
intensity (peak A2) after cycling is smaller than that of the
pristine sample and is similar to that of LiMn2O4, indicating
Mn oxidation state is about +3.5 after cycling. A similar
negative peak shift of the Co K-edge XANES after cycling
can be observed in Figure 4b, indicating that the oxidation
state of the pristine sample (3+) is reduced to less than 3+
after cycling. Because the lack of Jahn–Teller distortion in
the Li[CoxLi1/3-x/3M2-x2/3]O2 (M ) transition metal) com-
pounds during cycling is expected because the Jahn–Teller
active Mn3+ ion is not present. However, Mn K-edge XANES
spectra of Li[CoxLi1/3-x/3Mn2-x2/3]O2 showed spinel-like phase
transition of the cathode after 20 cycles. Robertson et al. reported
that Li2MnO3, which has no Jahn–Teller active Mn3+ ion,
converted to spinel-like phase on cycling.31 Conversely, in
similar solid solutions of Li[NixLi1/3-x/3Mn2-x2/3]O2, there was
no phase transformation nor decrease of Mn oxidation state
after 20 cycles.24A similar result to this was reported by Bruce
et al., and they reported that Li[Li0.2Ni0.2Mn0.6]O2 did not exhibit
spinel-like phase transition phase after 50 cycles.17 The difference
of the cycling mechanism between Li[CoxLi1/3-x/3M2-x2/3]O2

and Li[CoxLi1/3-x/3Mn2-x2/3]O2 are still unknown.
These results are consistent with the XRD pattern and

TEM image of the cycled cathode, which showed the

formation of a spinel phase (Figure 5). The XRD pattern of
the cycled electrode showed dominant transition into the
spinel phase (Fd3m) with minor presence of original layered
phase. Even after cycling, nanowire morphology was main-
tained, but an HREM image of (b) clearly showed the
formation of the lattice fringe of the (111) plane of the spinel
Fd3m, corresponding to 4.6 Å.

In conclusion, Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires were
directly prepared via a hydrothermal reaction at 200 °C. The
cathode nanowires showed a high reversible capacity cor-
responding to 230 mAh/g at a 1C rate and showing excellent
capacity retention with rate cycling as high as 15C.
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