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bstract

The specific discharge capacity of �-MnO2 was improved with chemical oxidation and vacuum-drying processes. The intergrowth structure
nd electrochemical performance were studied by X-ray diffraction and electrochemical measurements; the structure–electrochemical property
elationships were clarified. Vacuum-dried �-MnO showed structural changes with capacity fade as the temperature increased, while the chemically
2

xidized �-MnO2 showed no structural change without any capacity fading. The latter material showed a first discharge capacity of 275 mAh g−1,
nd a reversible capacity of 250 mAh g−1 with two discharge plateaux after second cycle, which is the highest capacity among the �-MnO2 prepared
reviously.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Manganese dioxides are of interest as the positive electrode
aterial not only for primary batteries but also for secondary

ithium batteries due to their high capacity and low toxicity, espe-
ially, �-MnO2 has good electrochemical performances [1–5].
he structures of �-MnO2 are built up of chains of edge-sharing
nO6 octahedra that share corners to form channels through the

tructure and have an intergrowth of pyrolusite (1 × 1 channels)
nd ramsdellite (2 × 1 channels) structures. These channels can
tore Li ions in the structure and make it easy to be inserted and
xtracted during the charging and discharging [4].

�-MnO2 has the structural defects described by the
yrolusite–ramsdellite intergrowth and the microtwinning
efect. The random intergrowth of pyrolusite and ramsdellite
tructure in �-MnO2 was studied by De Wolff, and the amount
f pyrolusite intergrowth was denoted as Pr [6]. Chabre and
annetier introduced the parameter Mt, which represents the
icrotwinning generated by twinning planes in both pyrolusite
nd ramsdellite domains [7,8].
Another structural characteristic of �-MnO2 is the exis-

ence of cation vacancies and protons in the structure [9,10].
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uetschi proposed that there are vacancies in the Mn4+ sub-
attice in the MnO2 and each empty Mn4+ site is coordinated
o four protons in the form of OH− ions to compensate the
harge of the manganese ions. These types of protons are
alled “Ruetschi” protons that are thought to be localized in the
acancy octahedron and be permanently occupied [11,12]. Pro-
ons located in conjunction with Mn3+ ions in the structure are
alled “Coleman” protons [13]. Therefore, the chemical com-
osition of �-MnO2 could be explained by this formulation:
n1−x−y

4+Mny
3+�xO2−4x−y

2−(OH)4x+y
−

, where � denotes
ation vacancy [7].

Heat-treatment causes dehydration in the inorganic structure.
owever, in the case of �-MnO2 there occurs structural change
uring heat-treatment above 150 ◦C, which is described by the
ncrease of Pr and decrease of Mt [14]. Moreover, this structural
hange induces poor cyclability on cell performances.

Chemical oxidation is known to be useful to remove cations in
he structure and NO2

+ is potentially effective oxidizing agent in
cetonitrile solution [15–18]. They can oxidize not only protons
n conjunction with Mn3+ ions but also protons near Mn vacan-
ies in the structure. It can be thought to enlarge the specific
apacity of the material.
In this study, chemical oxidation treatment with vacuum-
rying process was performed to improve the specific charge–
ischarge capacity of commercially available �-MnO2. To com-
are the effect of chemical oxidation with vacuum-drying

mailto:wjung@echem.titech.ac.jp
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rocess, we analysed the structure change after the both treat-
ents on �-MnO2 samples. Electrochemical properties of

hemically oxidized �-MnO2 were investigated to make the
orrelation between structural change and cell performance.

. Experimental

Electrolytic manganese dioxides were used as raw materials
Mitsui Kinzoku, product name TKV-B). These were heat-
reated in vacuum condition at temperatures ranging from 150

◦
o 500 C for 12 h, and were kept under argon gas atmosphere
or several days.

For the chemically oxidized samples, electrolytic manganese
ioxides were firstly heated at 100 ◦C for 12 h in vacuum con-

ig. 1. X-ray powder diffraction patterns for �-MnO2 materials obtained by
acuum-drying treatment: (a) no-treated, (b) 150 ◦C, (c) 200 ◦C, (d) 300 ◦C, (e)
00 ◦C, and (f) 500 ◦C.
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ig. 3. Charge–discharge profiles of �-MnO2 materials obtained by vacuum-drying
00 ◦C.
ources 174 (2007) 1137–1141

ition in order to remove water. After heat-treatment, samples
ere mixed with an oxidant (NO2BF4) in molar ratio of �-
nO2/NO2BF4 = 1/1 in acetonitrile solution and stirred for 24 h

nder argon gas atmosphere. Followed by filtering and vacuum-
rying process at 120 ◦C for 12 h, these were kept under argon
as atmosphere for several days.

The electrochemical characterizations were performed using
032 coin-type cell. The cathode materials were mixed with
cetylene black and Teflon powder with the gravimetric ratio
f about 50:10:2.5, and pelletized with a size of 1 cm2. Cells

ere composed by stacking cathode pellet between two Al mesh

nd Li foil as an anode separated by polypropylene separator
oaked in electrolyte (1 M LiPF6 with EC/DEC = 3:7 vol.%).
ells were assembled in an argon atmospheric glove box. The

ig. 2. X-ray diffraction patterns calculated by DIFFaX simulation, and their
tructural transformation parameters for �-MnO2 with various vacuum-drying
emperatures: (a) raw material, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.

process at various temperatures: (a) 100 ◦C, (b) 150 ◦C, (c) 300 ◦C, and (d)
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harge–discharge experiments were examined over a voltage
ange of 2.0–4.5 V versus Li/Li+ with a current density of
.1 mA cm−2 at 25 ◦C.

Powder X-ray diffraction analysis (XRD, Rigaku RU200B)
as used for the structure characterization of �-MnO2. Patterns
ere recorded over the 2θ range 10–80◦ with a step size of 0.03◦

nd a count time of 3.0 s. We estimated Pr value with the method
roposed by Chabre and Pannetier [7]. Structural transformation
arameters were also investigated using a program DIFFaX with
model containing stacking fault in the layered structure [14,19].

. Results and discussion

The X-ray powder diffraction diagrams of �-MnO2 treated
y vacuum drying are shown in Fig. 1. The diffraction pat-
erns changed as the heat-treatment temperature increased from
mbient temperature to 400 ◦C. The diffraction peaks of (1 1 0)
2θ ∼= 22◦) and (1 3 0) (2θ ∼= 36◦) disappeared and a new peak
ppeared around 2θ ∼= 29◦. The (1 3 1) peak (2θ ∼= 48◦) dis-
ppeared. Moreover, the peak around 2θ ∼= 56◦ was clearly
eparated into two, and each peaks were indexed as (0 2 1) and
1 2 1). These changes correspond to a transformation from the
amsdellite to the pyrolusite structure. At 500 ◦C, the diffraction
attern changed due to a conversion from �-MnO2 to Mn2O3.

There are two types of stacking directions in the ramsdellite
tructure, +R and −R, and the ratio of +R/−R is relative quanti-
ies of left and right structure twinned on the (0 2 1) plane. There
re parameters, +P and −P, in the pyrolusite similar to +R and
R in the ramsdellite structure [7]. Structural transformation of
-MnO2 can be expressed by a combination of four kinds of

ayer vectors +R, −R, +P and −P. Fig. 2 shows the simulated
iffraction patterns together with the parameters used for the
alculation. With increasing temperature up to 300 ◦C, the ratio
f +R decreased and +P and −P increased. At 400 ◦C, the ratio
f +P suddenly increased and −P decreased. The heat-treatment
rocess caused the main stacking vector change from +R to −P,
nd finally to +P [14]. Although these structural considerations
ave limitations to confirm the changes in stacking sequence and
win (0 2 1) plane along one-dimensional direction, the structure
hanges with the heat-treatment process are well described for
he �-MnO2.

Fig. 3 shows the charge–discharge profiles of �-MnO2 as
function of vacuum-drying temperature. The first discharge

apacity increased as vacuum-drying temperature increased up
o 300 ◦C, and the average voltage of the first discharging profile
nd cycle performance decreased. With increasing temperature
p to 400 ◦C, discharging capacity, average voltage, first dis-
harging potential and cycle performance suddenly decreased.
hese changes of cell performances could be related to the
tructural changes of �-MnO2. The first discharging curve of
he sample heat-treated at 100 ◦C (Fig. 3(a)) has two plateaux
round 3.3 and 3.0 V, which corresponds to the sites around the
n4+ vacancy and the “Ruetschi” protons, and the sites asso-
iated with Mn3+ in the tunnels of pyrolusite and ramsdellite
tructure, respectively [12,20,21]. As the temperature increased
ver 150 ◦C (Fig. 3(b)–(d)), the plateau around 3.3 V of the first
ischarging curve disappeared. The heat-treatment of �-MnO2

o
p
t
d

ig. 4. (a) First discharge profiles, (b) differential capacity curves of first dis-
harge and (c) Pr values at various temperatures of chemically oxidized �-MnO2

ith various vacuum-drying temperatures.

aused the structural change from ramsdellite to pyrolusite, and
ollapsed the Li-inserting sites around the Mn4+ vacancy and the
Ruetschi” protons. This is consistent with the results of X-ray
iffraction analysis.

The relationship between the cell performance and vacuum-
rying condition of chemically oxidized �-MnO2 will be
iscussed. Fig. 4 shows the first discharge profiles, their differ-
ntial capacity curves, and structural values of Pr of chemically

xidized �-MnO2 at various vacuum-drying temperatures. Two
lateaux were clearly observed for the first discharging profile of
he sample treated at 120 ◦C, which is similar to the conventional
ischarging profile of �-MnO2. However, with increasing tem-
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Fig. 6. N2 adsorption–desorption isotherms and BET surface areas for no-treated
�-MnO2 and chemically oxidized �-MnO2.

F
a

t
d
c
observed during chemical oxidation process, and protons were
removed without any changes in the structure of �-MnO2 by the
chemical oxidation process.
ig. 5. SEM images of �-MnO2: (a) no-treated �-MnO2 and (b) chemically
xidized �-MnO2.

erature, the potential of the plateau around 3.3 V decreased, and
nally disappeared at 200 ◦C. The changes of the plateau around
.3 V are clearly observed for the differential capacity curves
dQ/dV) shown in Fig. 4(b). Two peaks were clearly observed
or the sample of 120 ◦C, and the peak around 3.2 V shifted
o lower voltage, and finally, two peaks around 3.2 and 2.85 V
ecame one peak around 3.0 V at 200 ◦C. These changes are
onsistent with the increase in the parameter Pr in Fig. 4(c). The
tructural change from ramsdellite to pyrolusite affects the Li
ite.

Fig. 5 shows SEM photographs of �-MnO2 before and after
he chemical oxidation process. These samples were composed
f secondary particles of about 200–300 nm agglomerated with
rimary particles of about 20 nm. There was no apparent dif-
erence between the two samples, indicating that the chemical
xidation process did not affect the shape of �-MnO2 particles.

Fig. 6 shows volumetric adsorption isotherms of N2 and
ET surface areas on �-MnO2. The surface areas of �-MnO2
efore and after the chemical oxidation process were 51.9 and
5.9 m2 g−1, respectively. The N2 adsorption curves of the two
-MnO2 increased when the relative pressure was increased up

o 0.5, and no significant difference in the adsorption isotherm
rofiles was observed between two materials at all pressure

anges. The surface areas of the two materials are almost the
ame. Moreover, these results of SEM and BET measurements
emonstrated no changes in the morphology in �-MnO2 during
hemical oxidation process.

F
d

ig. 7. X-ray powder diffraction diagrams for �-MnO2: (a) no-treated �-MnO2

nd (b) chemically oxidized �-MnO2.

Fig. 7 shows the X-ray powder diffraction diagrams for no-
reated �-MnO2 and chemically oxidized �-MnO2 with vacuum-
rying process at 120 ◦C. These patterns are similar to those of
onventional EMD [7]. No significant structural changes were
ig. 8. First charge profiles of �-MnO2: (a) no-treated �-MnO2, (b) vacuum-
ried �-MnO2 at 120 ◦C, and (c) chemically oxidized �-MnO2.
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ig. 9. Charge–discharge profiles of chemically oxidized �-MnO2 at optimized
ondition.

Fig. 8 shows the first charging profiles of no-treated �-MnO2,
acuum-dried �-MnO2, and chemically oxidized �-MnO2 with
he upper cut-off voltage of 4.5 V. The charging profiles of �-

nO2 showed the deintercalation of remaining protons in the
tructure. Charge capacity of �-MnO2 decreased by vacuum-
rying process, which indicates that a part of “Coleman” protons
as removed by the heat-treatment [13,14]. The chemically oxi-
ized �-MnO2 showed the first charging capacity of 3 mAh g−1,
hich indicates that most of the protons concerned with elec-

rochemical (de)intercalation were removed from the structure
y chemical oxidation process.

Fig. 9 shows the charge–discharge profiles of chemically oxi-
ized �-MnO2 treated by the optimized condition as follows:
hemical oxidation for 24 h at 25 ◦C followed by filtering under
rgon atmosphere and vacuum-drying process at 120 ◦C. The
ell showed a first discharge capacity of about 275 mAh g−1,
nd a reversible capacity of about 250 mAh g−1 with two dis-
harge plateaux after second cycle. The discharging capacity at
he sixth cycle showed about 244 mAh g−1, which is the highest
apacity among the �-MnO2 prepared previously.
. Conclusions

Specific discharging capacity of �-MnO2 was improved by
hemical oxidation treatment and vacuum-drying process. These

[

[
[

ources 174 (2007) 1137–1141 1141

reatments provided the highest capacity of about 275 mAh g−1

or the first discharge and a reversible capacity of 250 mAh g−1

fter the second discharge. The structure changed from ramsdel-
ite to pyrolusite with increasing vacuum-drying temperature.
he structural transformation was studied by DIFFaX simula-

ion, which shows the stacking vector change from +R to −P,
nd finally to +P with the heat-treatment. The increase in the
apacity for the chemically oxidized �-MnO2 corresponds to the
emoval of “Ruetschi” protons by the strong oxidation process.
he �-MnO2 showed high reversible charge–discharge capacity,
nd is a promising candidate for positive materials for lithium
atteries.
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