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A hydrothermal method was used to prepare hexagonal layered Li[Ni0.41Li 0.08Mn0.51]O2 nanoplates (R3hm)
from a mixed solution of Ni0.14Mn0.86O2 and LiOH‚H2O at 200°C. In addition, an ion-exchange method was
used at room temperature to obtain the Ni0.45Mn0.55O2 precursor from K0.32MnO2-birnessite. Even though the
spinel phase (Fd3m) was dominant at 150°C, it was completely converted into a hexagonal layered phase at
200 °C in a condition of excess LiOH‚H2O. The as-prepared Li[Ni0.41Li 0.08Mn0.51]O2 consisted of stacked
nanoplates with a plate thickness of approximately 7 nm. Ex situ X-ray diffraction and X-ray absorption
spectroscopy were used to study electrochemical Li insertion and extraction reactions of Li[Ni0.41Li 0.08Mn0.51]-
O2. The results show that the Li[Ni0.41Li 0.08Mn0.51]O2 electrode operates predominately with the redox couple
Ni2+/Ni4+ between 4.8 and 2 V. On the other hand, the oxidation state of Mn was constant, even at a 4.8 V
change, indicating that the 4+ state was predominant. The cycling behavior between 2 and 4.8 V at a current
rate of 60 mA/g shows a maximum capacity of 200 mA h/g with only a slight capacity fading out to 30
cycles.

Introduction

Ni-based cathode materials have been widely used as copre-
cipitated Ni1-xMx(OH)2 precursors for obtaining final products
that have a lower cation-mixing ratio than products obtained
by a conventional method with MO2 and Ni(OH)2 precursors.1-11

However, the method using the coprecipitated powders requires
a high firing temperature to obtain an ordered layered structure
above 700°C. Delmas et al. and other groups investigated ion-
exchange reactions as well as extractions and insertions in
layered transition metal oxide bronzes below 300°C.12-14 The
products obtained by the methods of Delmas et al., however,
have stoichiometries which differ from LiMn1-xMxO2, contain
water and protons, are of poor crystallinity, or do not maintain
their structure during cycling. Armstrong et al. reported that
anhydrous and stoichiometric Li0.5MnO2, which is analogous
to LiCoO2, was obtained by ion exchange from a NaMnO2

precursor.14,16The LiMnO2 was obtained by refluxing NaMnO2
with an excess of LiCl or LiBr in LiCoO2 and was obtained by
ion exchange from a NaMnO2 precursor.15,16The LiMnO2 was
obtained by refluxing NaMnO2 with an excess of LiCl or LiBr
in n-hexanol at 145-150 °C for 6-8 h. However, the layered
LiMnO2 had about 10% Mn3+ ions in the Li sites, and
furthermore, during Li intercalation/deintercalation, the Mn
atoms moved to adjacent layers and transformed to a spinel-
like structure, which induced capacity fading.

Birnessite materials have reportedly been used as precursors
for the synthesis of layered materials. Birnessite is a common
manganese oxide; its two-dimensional layered structure consists
of edge-shared MnO6 octahedra with cations and water mol-
ecules that occupy the interlayer region.17-22 The interlayer

distance is typically 0.7 nm, and the birnessite formula is
generally expressed as AxMnO2(x(H2O)y, where A typically
represents an alkali metal cation; an ion-exchange method is
generally used to study Na and K.18 The average oxidation state
of the mixed valence manganese normally falls between 3.6
and 3.8, which indicates a predominance of Mn4+ with minor
amounts of Mn3+.19,21 Recently, Xu et al. obtained layered
lithium-rich Lix[Li yNinMnm]O2 (x e 1, y e 1/3, y + n + m e
1) by using a hydrothermal treatment of the mixed layered Ni-
(OH)2 and the birnessite-type manganese oxide in a concentrated
LiOH solution at 200°C. They reported a reversible capacity
of 120 mA h/g between 2 and 4.2 V.23

We now report on the synthesis and characterization of
layered hexagonal Li[Ni0.41Li 0.08Mn0.51]O2 nanoplates derived
from the use of layered Ni0.45Mn0.55O2 materials obtained from
an ion exchange with K0.32MnO2 birnessite at room temperature.
The as-prepared nanoplates had a plate thickness of ap-
proximately 7 nm and showed highly reversible lithium-ion
reactions without conversion to a spinel-like phase.

Experimental Section

Synthesis of K0.32MnO2 Birnessite.After slowly stirring a
solution containing 3.16 g of KMnO4 and 100 mL of distilled
water for 30 min at 40°C, we added the solution to 0.74 g of
fumaric acid, thereby causing a rapid exothermic reaction which
formed a brown gel. We annealed the gel at 400°C for 6 h and
then at 700°C for 12 h. The resultant dark black powders were
washed with water three times and vacuum dried at 200°C
overnight. By using inductively coupled plasma (ICP) mass
spectrometry to analyze the sample, we confirmed the presence
of K0.32MnO2 and an average Mn oxidation state of 3.67.

Synthesis of Ni0.45Mn0.55O2. The as-prepared K0.32MnO2

birnessite was mixed with NiCl2‚6H2O/K0.32MnO2 with a weight
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ratio of 5:1 in 100 mL of distilled water. The mixture was stirred
for 7 days at room temperature and finally washed with water
four times in order to remove any residues that did not
participate in the reaction.

Synthesis of Li[Li0.08Ni0.41Mn0.51]O2. After combining LiOH‚
H2O and Ni0.14Mn0.86O2 with weight ratios of 1:1, 2:1, 3:1, and
4:1, we mixed the combination in 50 mL of distilled water and
transferred the mixture to an autoclave where it was maintained
at 150 and 200°C for 1-24 h. The as-prepared powders were
rinsed with water and dried under vacuum at 120°C. ICP
analysis revealed that the sample with the molar ratio of 4:1
had a Li1.15Ni0.45Mn0.55O4.25 stoichiometry. Furthermore, this
composition can be normalized as Li[Li0.08Ni0.41Mn0.51]O2.

Characterization. Powder X-ray diffraction (XRD) measure-
ments were taken with a Rigaku DMax/2000PC with a Cu-
target tube. We then used an ICP mass spectroscope (ICPS-
1000IV, Shimadzu) to determine the metal contents. For the
field-emission transition electron microscopy (TEM), which
enabled us to investigate the microstructure of the samples, we
used a JEOL 2100F microscope at 200 kV. In addition, Ni and
Mn K-edge X-ray absorption spectra were obtained using a
BL7C (electrochemistry) beamline at the Pohang Light Source,
which is a third generation synchrotron radiation source in a
2.5 GeV storage ring with a ring current of 120-170 mA. A
Si(111) double crystal monochromator was used to monochro-
matize the X-ray photon energy. Furthermore, by detuning the
monochromator, we eliminated higher order harmonic contami-
nations and subsequently reduced the incident X-ray intensity
by about 30%. Next, we monitored the incident X-ray intensity
by using pure nitrogen gas-filled ionization chambers. The
spectroscopic data was collected in a transmittance mode.

Electrochemical Characterization.Coin-type half-cell tests
were conducted on samples which had different C rates between
2 and 4.8 V and the same 0.2 C rate for charging. We made the
cathodes for the battery test cells from the active material
(approximately 25 mg), the super P carbon black (MMM,
Belgium), and a polyvinylidene fluoride binder (Solef) in a
weight ratio of 80:10:10. Next, we prepared a cathode slurry
by thoroughly mixing aN-methyl-2-pyrrolidene solution with
the polyvinylidene fluoride, the carbon black, and the powdery
cathode-active material. To prepare the electrodes, we coated
Al foil with the cathode slurry and left it to dry at 130°C for
20 min. The coin-type battery test cells (size 2016R), each of
which contained a cathode, a Li metal anode, and a microporous
polyethylene separator, were prepared in a helium-filled glove-
box. The electrolyte used was 1.03 M LiPF6 with ethylene
carbonate/diethylene carbonate/ethyl-methyl carbonate (3/3/4 vol
%, Cheil Ind. Korea).

Results and Discussion

Figure 1a shows XRD patterns of K-birnessite (K0.32MnO2)
prepared by a sol-gel method. The pattern is dominated by
two major peaks at 12° (002) and 22° (212) scattering angles,
which are signatures of synthetic birnessite materials; the pattern
also shows a preferred orientation along thec-axis. In addition,
the very sharp peaks indicate the formation of highly crystalline
materials. The pattern of the K0.32MnO2 can be indexed with
hexagonal lattice constants, where the values ofa ) 2.847(8)
Å andc ) 21.535(9) Å are expanded toa ) 2.851(4) Å andc
) 21.616(8) Å after reaction with NiCl2‚6H2O (Figure 1b). The
broadening of the two major peaks at approximately 12° and
approximately 25.2° indicates increased disordering in the
cations between the layers or indicates decreased crystallinity.
Figure 1c,d,e shows XRD patterns of ion-exchanged Ni0.45-

Mn0.55O2 before and after hydrothermal reactions with LiOH‚
H2O at a variety of temperatures (150°C and 200°C) and
weight ratios of Ni0.45Mn0.55O2 to LiOH‚H2O (1:1, 1:2, and 1:4).
In the case of the sample prepared at 150°C for 4 h and a
weight ratio of 1:1 (LiOH/Ni0.45Mn0.55O2), the peaks assigned
to the spinel phase with a cubicFd3mspace group are dominant
though they contain a residual birnessite phase (Figure 1c);
however, when both the hydrothermal temperature and the
weight ratio were increased, a layered hexagonal phase with an
R3hm space group became dominant (Figure 1d,e). When the
hydrothermal temperature was 200°C for 4 h and the weight
ratio was 4:1 (LiOH‚H2O/Ni0.45Mn0.55O2), all of the peaks could

Figure 1. XRD patterns of (a) K0.32MnO2, (b) Ni0.45Mn0.55O2, and (c-
e) as-prepared samples from a hydrothermal method in a mixed solution
of LiOH‚H2O and Ni0.45Mn055O2 with a weight ratio of 1:1, 2:1, and
4:1.

Figure 2. SEM and TEM images of samples prepared at (a) 150°C
with a weight ratio of 1:1 and at (b-d) 200 °C with a ratio of 4:1
(LiOH‚H2O/Ni0.45Mn0.55O2).
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be assigned to a hexagonal layered phase (Figure 1e). We
attribute the small XRD peaks between 20° and 25° to the
superlattice ordering of Li and Mn in the layers that contained
transition metals. These superlattice peaks are observable in
XRD patterns of Li2MnO3-based oxides.24-26

Figure 2 shows scanning electron microscopy (SEM) and
TEM images of the samples prepared at 150°C (a) with a weight
ratio of 1:1 and at 200°C (b-d) with a weight ratio of 4:1
(LiOH‚H2O/Ni0.45Mn0.55O2). The first sample clearly shows a
typical octahedral spinel phase with a [111] plane direction.
After hydrothermal reactions at 200°C, the morphology is
completely transformed into stacked nanoplates with a particle
size of about 200 nm. The high-resolution image of Figure 2c
in Figure 2d clearly shows the stacked nanoplate with a thickness
of approximately 7 nm along thec-axis, as well as a lattice
fringe along the (003) plane with ad-spacing value of 0.46 Å.
Figure 3, which shows the voltage profiles of the sample
between 2 and 4.8 V at a rate of 0.01 C and ex situ XRD patterns
at different charge and discharge voltages, demonstrates how
the initial hexagonal layer structure is maintained.

Figure 4 depicts a plot of lattice constantsa andc along with
the volume expansion of the cathode at the designated charge
and discharged potentials, identical to Figure 3. Up to the
beginning of the 4.8 V plateau, thec-axis increases. However,
thec-axis decreases rapidly at the end of the plateau when the
last lithium ions are removed from the lithium layers.27 The
a-axis presumably decreases because the radius of Ni4+ is
smaller than that of Ni2+. During the lithium extraction, the
oxygen lattice contracts in response to the increase in the average
oxidation state of the nickel, and there is a decrease in the
average bond length of Ni-O. Once the 4.8 V plateau is
reached, thea-axis remains approximately constant, suggesting
that the transition metal oxidation state does not change during
further charging. This constant value of thea-axis, which is
related to the removal of oxygen atoms from the lattice, should
be accompanied by the removal of the lithium; moreover, the
expelled oxygen may react with the electrolyte that is responsible
for the irreversible capacity.28,29

Figure 5a shows the voltage profiles of the Li[Ni0.41Li 0.08-
Mn0.51]O2 cathode after 1, 10, 20, and 30 cycles. The irreversible
capacity ratio after the first cycle is 11%, representing a charge
capacity of 200 mA h/g and a discharge capacity of 187 mA

Figure 3. Voltage profiles of the sample between 2 and 4.8 V at a
rate of 0.01 C and corresponding ex situ XRD patterns.

Figure 4. Plots of lattice constantsa and c, along with the volume
expansion of the cathode at designated charge and discharged potentials,
identical to Figure 3.

Figure 5. (a) Voltage profiles of the Li[Ni0.41Li 0.08Mn0.51]O2 cathode
after 1, 10, 20, and 30 cycles at a rate of 0.2 C () 40 mA/g, inset is
a plot of the discharge capacity as a function of the cycle number); (b)
the rate capabilities of the nanoplates and powder prepared at 750°C
according to ref 26 at 0.2, 0.5, 1, 2, 3, and 4 C rates. The charge rate
was fixed at 0.2 C () 60 mA/g).
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h/g. The discharge capacity reached a maximum after 10 cycles
and then diminished slowly before reaching a value of 197 mA
h/g after 30 cycles. The inset of Figure 5a shows the discharge
capacity as a function of the life cycle: the capacity was 200
mA h/g after 10 cycles and then diminished by 1% up to 30
cycles. Because of the unique morphology of the cathode
nanoplates, we can expect faster lithium-ion diffusivity into and
out of the nanoplate layer. Hence, we prepared the cathode
powders with the same stoichiometry as the reference at 750
°C, and they had a similar particle morphology to that shown
in ref 30 (that is, spherical, with a particle size of about 13
µm). Next, we compared the rate capability of these powders
with that of the nanoplates. As can be seen in Figure 5b, the
capacity loss of the nanoplates is much smaller than that of the
samples prepared at 750°C at higher C rates. For instance, the
capacity of the nanoplates is 184 mA h/g, whereas the capacity
of the sample prepared at 750°C is 160 mA h/g at a 3 Crate.
Furthermore, in contrast to the reference sample, the capacity
of our sample was fully restored to 200 mA h/g after extended
high-rate cycling.

To obtain detailed information on the oxidation state of the
samples, we compared Ni and Mn K-edge X-ray absorption near-
edge spectroscopy (XANES) spectra of the pristine (before char-
ging) sample and a sample after charging to 4.8 V with reference
spectra (Figure 6a,b). The Ni K-edge peak feature for the pristine
sample shows that the Ni2+ clearly shifts toward the higher
energy region after charging to 4.8 V with respect to those of
lower oxidative Ni reference materials. The peak position is
quite similar to a peak that corresponds to the Ni4+ state.

As shown in Figure 7, the chemical variation of the Ni ion
can be discussed in terms of the relation between the oxidation
states of the Ni ion and the edge position. Our results agree
well with those of an earlier report.31 Furthermore, the sample
that exists in the Ni2+ state before the occurrence of any charging
is oxidized to the Ni4+ state after 4.8 V charging. A weak
absorption peak, A, for the 1sf 3d quadrupole-allowed
transition, appeared at about 8333 eV with Ni 3d-4p orbital

mixing by means of the structural distortion of the NiO6

octahedra. Two absorption peaks for the 1sf 4p dipole-allowed
transitions, with and without the shakedown process of the
ligand-to-metal charge transfer, were observed at about 8342
eV (Figure 6a, peak B) and 8351 eV (Figure 6a, peak C),
respectively.32 Furthermore, because of the local structural
distortion around the NiO6 octahedra during the Li-ion extrac-
tion, there was a systematic decrease in the peak intensity for
the ligand-to-metal charge-transfer process, followed by a
decrease in the Ni-O bond covalency. The increase in the
Ni4+-O2- character in the 4.8 V charged state is closely
associated with the transfer of the hole state in the oxygen 2p
band to the Ni atomic site.

As shown in Figure 6b, a weak double-peak (A1 and A2)
structure is visible in the pre-edge region, A, of the Mn K-edge
XANES spectra. Peaks A1 and A2 are assigned to the
quadruple-allowed 1sf 3d (teg) transition and the 1sf 3d (eg)
transition, respectively. The experimental spectra of the pristine
sample (before charging) are consistent with the octahedral or
near-octahedral coordination of manganese. Furthermore, the
intermediate bump at 6552 eV (marked with a solid circle) is
prominent in the pristine sample. The magnitude of this bump
is related to the connectivity between the MnO6 octahedra in
the structure. After the sample was charged to 4.8 V, the shape
of the near-edge spectrum in region B and region C changed
significantly. This result does not represent an increase of the
Mn oxidation state because Mn4+ normally cannot be oxidized
beyond the 4+ oxidation state. Rather, the change can be
explained by a possible rearrangement of the Mn local structure.

Figure 6. Comparison of Ni and Mn K-edge XANES spectra of the
pristine sample (before charging) and after charging to 4.8 V, in relation
to the references.

Figure 7. Relation between the oxidation state of Ni ions and the edge
position, with respect to the data reported in ref 31.

Figure 8. FT magnitude of Ni K-edge EXAFS spectra for the samples
before charging and after charging to 4.8 V.
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The intermediate bump almost disappears, which is consistent
with a disordered arrangement of the MnO6 octahedra in the
sample.

Besides discussing the oxidation state in relation to the
XANES spectra, we quantitatively analyzed the local structure
variations of the sample by using extended X-ray absorption
fine structure (EXAFS) spectra and by focusing on the specified
local structure around each central atom. Figure 8 shows the
Fourier transform (FT) magnitudes for the Ni K-edgek3-
weighted spectra of the pristine samples charged at 4.8 V. All
of the FTs show typical FT features for anR3hm layered structure
in which the Ni cations form well-distributed octahedral layers.
The FT peaks A and B correspond to the six nearest neighbors
of the coordinated oxygen around the central Ni atom and six
coordinated Ni atoms in the next edge-shared octahedral site.
The result is consistent with that of the ex situ XRD patterns
described above. After charging the sample to 4.8 V, FT peak
B shifts slightly to the lower Ni2+-O bond distance, that is,
from approximately 2.04 Å to 1.9 Å (for a phase correction
factor of approximately 0.44 Å). On the basis of the effective
ionic radii determined by Shannon and Prewitt, we considered
the oxidation states of the Ni ion for two discrete bond distances
to be Ni2+ and Ni4+, where the ionic radii can be obtained for
a given coordination number.33 This estimate is consistent with
the XANES result.

Conclusion

After preparing Li[Ni0.41Li0.08Mn0.51]O2 nanoplates from K0.32-
MnO2 birnessite at low temperature, we demonstrated a new
way of obtaining a highly ordered layered structure. The results
of electrochemical lithium extraction in Li[Ni0.41Li 0.08Mn0.51]-
O2, for up to 4.8 V, suggest that the charge is compensated by
the electronic transition between Ni2+ and Ni4+. However, the
oxidation state of Mn remains constant at predominantly 4+.
Furthermore, the electrochemical cycling results show a maxi-
mum reversible capacity of 200 mA h/g between 2 and 4.8 V
with little capacity loss after 30 cycles. This new synthetic
method can be applied to the insertion of other transition metals
such as Co and Fe ions.
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