
FULL PAPER

A New MnOx Cathode Material for Rechargeable Lithium Batteries
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Different manganese oxide phases have been synthesized.
Rietveld analysis of XRD profiles and galvanostatic cycling
in 2025 coin cells were performed for structural and electro-
chemical characterization. A new two-phase product, con-
taining α-MnO2 and β-MnO2 components, was found to de-
liver better electrochemical results than single phase α-
MnO2, β-MnO2 or α/ramsdellite-MnO2. It is shown that the
β-MnO2 phase is responsible for the high discharge capacit-
ies and that the α-MnO2 is responsible for a stable structure
during lithium intercalation and extraction, as the hollandite
structure shows a small unit-cell volume change. This new

Introduction

The development of secondary lithium batteries involves
the use of high performance cathodic materials with numer-
ous requirements such as high gravimetric and volume ca-
pacity, high density, high standard potential, fast electrode
kinetics, reversible insertion reaction, satisfactory electronic
conductivity, low solubility, a relatively low price for pro-
duction, low toxicity, chemical compatibility with the elec-
trolyte and good rechargeability. Therefore, intensive re-
search has been carried out in the field of rechargeable pos-
itive electrodes.[129]

Manganese oxides are of interest as insertion electrodes
for both primary and secondary lithium batteries.[10] The
rechargeability of 3 V manganese oxide electrodes tends to
be limited by the anisotropic expansion and contraction of
the crystallographic unit cell when lithium is inserted into,
and removed from, the manganese oxide. 3 V positive mat-
erials are used, for example, in button cells of different sizes
for memory back-up (MBU) and bridging applications.[11]

The goal of this paper was to optimize 3 V cathode mat-
erials in order to improve the cycling stability and the dis-
charge capacities. To fulfill these requirements we focused
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cathode material is therefore a β-MnO2 phase stabilized with
α-MnO2. Furthermore, the reaction of the new α/β-MnO2

with LiOH was examined. Some lithium atoms of LiOH are
intercalated within the channels as Li2O in order to stabilize
the structure, so that no capacity loss after the first cycle ap-
pears, whilst others form a Li2O·MnO2 phase that delivers an
additional structure stabilization and therefore a better cyc-
ling performance.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

our efforts on stabilizing the α-MnO2 structure with foreign
phases. The structure of α-MnO2 with the large [2 3 2]
channels of the hollandite framework is not stable to li-
thium insertion/extraction. These [2 3 2] tunnels are usually
occupied by cations (e.g. Ba21, K1...) or water molecules
(as OH2) which hinder the lithium ion diffusion within the
channels. As a consequence the α-MnO2 framework must
be stabilized by replacing these cations or water molecules
with Li2O[12,13] or by adding foreign phases[14] (e.g.
ramsdellite-MnO2, pyrolusite).

Thackeray proposed an α-MnO2 (hollandite) structure
stabilized with ramsdellite-MnO2, which delivers higher dis-
charge capacities than single-phase α-MnO2 or ramsdell-
ite-MnO2.[14]

We report here a transformation of α/ramsdellite-MnO2

when annealing at 350 °C. As a thermal transformation of
ramsdellite to β-MnO2 (pyrolusite) was observed by
Ramsdell,[15] we assume a transformation of α/ramsdellite-
MnO2 to α/β-MnO2. The structure and electrochemical
properties of single-phase α-MnO2, ramsdellite-MnO2, β-
MnO2, α /ramsdellite-MnO2 and the new α/β-MnO2 are
compared.

All these manganese oxides suffer from a large irrevers-
ible capacity loss after the first discharge (up to 30%) due
to lithium trapped within the channels in order to stabilize
the structure. The manganese oxides are chemically lithiated
to reduce this irreversible capacity loss. We also observe
that a reaction of the MnO2 samples with LiOH results in a
product consisting of lithium-stabilized MnO2 with lithium
intercalated within the channels [16] and an Li2O·MnO2

phase.
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Results and Discussion

Structure

The new α/β-MnO2 was synthesized by annealing α/
ramsdellite-MnO2 at 350 °C for several hours. Figure 1
shows the TG/DSC graph of α/ramsdellite-MnO2 with en-
dothermic peaks at 1002150 °C and 1702220 °C due to
the loss of surface adsorbed water and structural water, re-
spectively. There is an additional endothermic peak at
around 300 °C due to the transformation of α/ramsdellite-
MnO2 to α/β-MnO2.

Figure 1. TG/DSC graph of α/Ramsdellite-MnO2 with an endo-
thermic peak at about 300 °C due to the transformation of α/
Ramsdellite-MnO2 to α/β-MnO2

Figure 2 shows the different XRD patterns of single-
phase α-MnO2 with the hollandite structure, α/ramsdellite-
MnO2

[14] with the characteristic ramsdellite-MnO2 Bragg
line [110] at 22° and the new α/β-MnO2. The pattern is
characteristic of a two-phase product consisting of α-MnO2

with a tetragonal unit cell (space group I4/m) and a β-
MnO2 phase with a pyrolusite structure (tetragonal sym-
metry).

Figure 2. The different XRD patterns of single-phase α-MnO2 with
the hollandite structure, α/ramsdellite-MnO2 with the characteristic
Ramsdellite-MnO2 reflex [110] at 22° and the new α/β-MnO2

Table 1 compiles some characteristic reflexes of α-MnO2

and β-MnO2. The XRD lines at about 2θ 5 28, 37, 42 and
56° of single phase α-MnO2 coincide with the XRD lines
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of β-MnO2. Figure 3 demonstrates that the [141], [600] and
[521] lines recorded for α-MnO2 are similar to the α/β-
MnO2 pattern, although there is an obvious difference in
peak intensities. The XRD peak at about 56° of the synthe-
sized α/β-MnO2 shows a higher intensity than that of the
single phase α-MnO2 peak as the [211] line of β-MnO2 coin-
cides with the α-MnO2 [600] line.

Table 1. Characteristic reflexes of α-MnO2 and β-MnO2

2θ (°) Phase hkl

12.781 α-MnO2 [110]
18.112 α-MnO2 [200]
28.882 α-MnO2 [310]
28.670 β-MnO2 [110]
37.488 α-MnO2 [211]
37.342 β-MnO2 [101]
41.993 α-MnO2 [301]
42.800 β-MnO2 [111]
49.847 α-MnO2 [141]
56.356 α-MnO2 [600]
56.645 β-MnO2 [211]
60.253 α-MnO2 [521]
59.363 β-MnO2 [220]

Figure 3. The [141], [600] and [521] reflexes of the measured XRD
pattern of α-MnO2 compared with the α/β-MnO2 pattern

A [001] projection of the α-MnO2 framework structure is
given in Figure 4. The structure consists of [232] tunnels
and of [131] tunnels with the pyrolusite structure. The
structure of α/β-MnO2 can be described by the model
shown in Figure 5. It has an intergrown structure of layers
of [232] channels and layers of [131] channels with disor-
dered stacking. Layers with the hollandite structure altern-
ate with several layers with the pyrolusite structure.
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Figure 4. [001] projection of the α-MnO2 framework structure

Figure 6 shows the Rietveld analysis (GOF: 1.35; R: 8.71)
of the observed and calculated XRD pattern of α/β-MnO2,
assuming this structural model (α-MnO2: PDF data
442141; β-MnO2: PDF data 242735). There is quite a
good agreement between the calculated pattern and the ob-
served one. The cell parameters of a supposed tetragonal
unit cell are: a 5 9.791 Å and c 5 2.862 Å. A peak can be
observed at about 22° that doesn9t belong either to the α-
MnO2 phase or to the β-MnO2 phase. This peak can be
assigned to ramsdellite-MnO2 that has not completely
transformed to β-MnO2. As a consequence this new MnO2

sample is a three-phase product consisting of α-MnO2, β-
MnO2 and ramsdellite-MnO2. The phase analysis yielded a

Figure 6. Observed and calculated (by Rietveld-method) XRD pattern of α/β-MnO2 and the difference between these two patterns
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Figure 5. Proposed model of the α/β-MnO2 structure

composition of 56% α-MnO2, 41% β-MnO2 and 4%
ramsdellite-MnO2.

Electrochemistry

Figure 7 and 8 show the first discharge curves and the
cycling behaviour, respectively, of single-phase α-MnO2, β-
MnO2, ramsdellite-MnO2 and the two-phase samples α/
ramsdellite-MnO2 and α/β-MnO2. It is obvious that the sta-
bilized α-MnO2 delivers higher discharge capacities than
single-phase α-MnO2. Furthermore, β-MnO2 and ramsdell-
ite-MnO2 show the highest discharge capacities. Single-
phase α-MnO2 shows an s-shaped discharge curve whereas
β-MnO2, ramsdellite-MnO2 and the stabilized α-MnO2 ex-
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hibit flat discharge curves with two voltage plateaux. The
best cycling behaviour is obtained for single-phase α-MnO2,
due to small changes to the lattice parameters and unit cell
volume,[18] single-phase ramsdellite-MnO2 and the new α/β-
MnO2. The good cycling behaviour of ramsdellite-MnO2

can be explained by a very small volume expansion and
contraction during cycling, in contrast to other reports.[17]

β-MnO2 provides quite a good cycling performance even
though it has always described as a cathode material for
primary batteries.[19] Further work is underway to under-
stand this feature in detail.

Figure 7. First discharge curves of single-phase α-MnO2, β-MnO2,
ramsdellite-MnO2 and the two-phase samples α/ramsdellite-MnO2
and α/β-MnO2

Figure 8. Cycling behaviour of single-phase α-MnO2, β-MnO2,
ramsdellite-MnO2 and the two-phase samples α/ramsdellite-MnO2
and α/β-MnO2

On the initial discharge the new α/β-MnO2 electrode
achieves a specific capacity of 237 mAh/g. After a decrease
of the capacity to 168 mAh/g on the second discharge, the
electrode shows good rechargeability, yielding 160 mAh/g
after 10 cycles. The initial capacity loss of 30% suggests that
about 0.3 mol of inserted lithium is used to provide the
MnO2 electrode with enhanced structural stability, and that
this stabilizing lithium cannot easily be removed from the
structure. Figure 9 shows the differential capacity plot of α/
β-MnO2 for the first and second cycle. The sharp intercala-
tion peak at 2.9 V decreases in the second discharge due to
partially irreversible intercalated lithium ions that stabilize
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the electrode structure during cycling. The extraction of the
reversible ions from the [232] and [131] tunnel structure
takes place at between 3.0 and 3.2 V, which is a higher dein-
tercalation potential than the intercalation potential. This
potential difference is mainly due to the slow kinetics of the
lithium ions during extraction from the channels. The two
voltage plateaux in the discharge profile of the two-phase
α/β-MnO2 are explained by the different intercalation sites.

Figure 9. Differential capacity plot of α/β-MnO2 (first and second
cycle)

The high discharge capacities and the good cycling beha-
viour after the first cycle of this new two-phase product can
be explained by the existence of interconnected α-MnO2

and β-MnO2 phase in the electrode structure. The β-MnO2

is responsible for the high discharge capacities and flat dis-
charge curve, whereas the α-MnO2 is responsible for a
stable structure during lithium intercalation and extraction,
as the hollandite structure shows a small unit cell volume
change. This new cathode material is therefore a β-MnO2

stabilized with α-MnO2.

Lithiated Manganese Oxides

In order to reduce the irreversible capacity loss after the
first discharge the samples were lithiated with LiOH.
Ohzuku et al. proposed a lithiation of EMD or heat-treated
EMD with LiOH or other lithium salts.[21223] This elec-
trode material is a composite of γ-MnO2 and β-MnO2.
Thackeray et al. described a lithiation of single-phase α-
MnO2 with LiOH.[18]

Figure 10 gives the XRD patterns of different lithiated
α-MnO2 samples. These patterns show two-phase products
consisting of α-MnO2 and a Li2O·MnO2 (Li2MnO3) phase
with the rock-salt structure ([002] peak at 18.7°). A different
amount of Li2O·MnO2 can be observed depending on the
temperature and duration of the reaction with LiOH. There
is only a small capacity loss of 5% observable after the first
intercalation. The electrode structure is stabilized by Li2O
molecules introduced into the channels.[16] It appears that
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Figure 10. XRD patterns of α-MnO2 with different Li2MnO3 con-
tent

no more lithium ions are trapped within the tunnels in or-
der to stabilize the structure during electrochemical cycling.
Our experiments proved that about 30% of the intercalation
sites are necessary to stabilize the electrode structure. This
stabilization can be done either electrochemically with li-
thium ions or chemically with Li2O molecules (reaction
with LiOH). It is therefore possible to insert/extract 0.7 mol
of lithium reversibly.

The Li2O·MnO2 phase provides an additional stabiliza-
tion of the electrode that is responsible for a better cycling
performance. The correlation between the amount of
Li2O·MnO2 and the cycling behaviour is shown in Fig-
ure 11. The capacity loss per cycle and the molar quantity
of rechargeable lithium are plotted against the Li2O·MnO2

content. The Li2O·MnO2 phase stabilizes as a matrix (i.e. a
stable rock salt structure) the large [232] channel structure
of the α-MnO2 framework. With increasing Li2O·MnO2

Figure 11. Correlation between Li2MnO3 content and cycling beha-
viour
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content the rechargeable lithium decreases as Li2O·MnO2

delivers only low discharge capacities.[20] We obtained the
best electrochemical performance with about 30240%
Li2O·MnO2.

The first discharge curves and the cycling behaviour of
the lithiated α/β-MnO2 in comparison to the other MnO2

phases are shown in Figure 12 and 13, respectively. This
lithiated α/β-MnO2 is a MnO2-based composite of α-MnO2

and β-MnO2 with Li2MnO3 as an additional phase. All the
lithiated electrode materials show no, or only a small, capa-
city loss after the first cycle. The best electrochemical results
were obtained with the lithiated α/β-MnO2, which delivers
a flat discharge curve and a good cycling stability with high
discharge capacities (190 mAh/g after 10 cycles).

Figure 12. First discharge curves of lithiated manganese oxide
phases

Figure 13. Cycling behaviour of the lithiated manganese oxide
phases

The differential capacity plot of lithiated α/β-MnO2 is
displayed in Figure 14. There is no difference in peak in-
tensities between the first and second cycles and there are
two additional reduction/oxidation peaks in comparison to
the non-lithiated α/β-MnO2 phase. The peaks at 3.5 and 2.8
V are due to the presence of other lithium intercalation sites
in the Li2O·MnO2 framework.

Conclusion

We have demonstrated that a new synthesized α/β-MnO2

electrode, containing α-MnO2 and β-MnO2 components,
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Figure 14. Differential capacity plot of lithiated α/β-MnO2

exhibits better electrochemical features than either single
phase α-MnO2, β-MnO2 or α/ramsdellite-MnO2. Further-
more, it has been shown that a reaction of α-MnO2 with
LiOH forms a two-phase product consisting of a mixture
of α-MnO2 and a Li2O·MnO2 phase. Some lithium ions of
the LiOH are intercalated within the channels as Li2O in
order to stabilize the structure.[16] No capacity loss appears
after the first cycle, and some lithium ions form a
Li2O·MnO2 phase that delivers an additional structure sta-
bilization and therefore a better cycling performance. The
electrochemical data indicate that lithiated α/β-MnO2,
which is a composite electrode of α-MnO2, β-MnO2 and
Li2MnO3 as an additional phase, is an attractive 3 V elec-
trode material that provides a betterr electrochemical per-
formance than single-phase manganese oxides, with dis-
charge capacities of 190 mAh/g after several cycles.

Experimental Section

Synthesis: The different α-MnO2 samples were synthesized by treat-
ing α-Mn2O3 with sulfuric acid at different temperatures for several
days with constant stirring. α-Mn2O3 (bixbyite-type structure) was
obtained by heating EMD (Mitsui TAD 2) in air at 700 °C for 16
hours. Ramsdellite-MnO2 was synthesized by treating a LiMn2O4

spinel with sulfuric acid. This ramsdellite-MnO2 transforms to β-
MnO2 when heated to 350 °C for several hours. Lithiated samples
were obtained by heat treatment of the different MnO2 with LiOH
between 300 and 400 °C for several hours.

Structural Characterization: X-ray diffraction profiles of the
samples were determined with a Siemens D5000 diffractometer
(Cu-Kα radiation). Scans were measured in the range from 2θ 5 5°
up to 90° with a step size of 0.02°. Phase analysis was performed
using the Bruker AXS software package Diffrac AT. Structural
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parameters were determined by Rietveld analysis of the diffraction
profiles using the Bruker AXS program Win-Rietveld.

Electrochemical Characterization: Each electrode sample was pre-
pared by grinding and mixing the active material with 4 wt.% car-
bon (Ketjenblack EC600) and 6 wt.% PTFE pressed into a tablet
(diam 20 mm) under a pressure of 2 t/cm2. The electrodes were
dried for 16 h in vacuo at 120 °C. The separator was a polypropy-
lene sheet (Celgard). The galvanostatic cycling took place in 2025
coin cells against metallic Li. As electrolyte a 1  solution of LiPF6

in ethylene carbonate (EC):ethylmethyl carbonate (EMC) (1:1) was
used (Merck LP50). The cells were cycled galvanostatically between
3.8 and 1.8 V at a current density of 0.5 mA/cm2 on a MACCOR
test equipment. Cell assembly was performed in a glove box under
argon atmosphere at room temperature.

TG/DSC measurements: The TG/DSC measurements were per-
formed on a thermogravimetric analyser (TGA, Netsch STA 409,
5 K/min).
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