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bstract

Layered manganese dioxide (MnO2) films intercalated with Li+, Na+ or Mg2+ ions were synthesized by a one-step electrochemical method. The
lectrodeposition was potentiostatically performed by applying an anodic potential of 1.0 V vs. Ag/AgCl in an aqueous MnSO4 solution containing
perchlorate salt of the cation. The electrodeposited oxide films have a birnessite-type layered structure with alkali cations and water molecules

etween manganese oxide layers. The galvanostatic charge–discharge experiments performed in 1 M LiPF6-DME/PC solution indicated that the
g2+-intercalated MnO2 electrode exhibits an initial discharge capacity as large as 140 mAh g−1 and it shows a better capacity retention during

ycling as compared with the Li+- or Na+-intercalated MnO2 electrode.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal oxides can intercalate and deintercalate
ithium ions at high potentials with respect to a carbon
node. LiCoO2 has become the cathode of choice in com-
ercial lithium-ion batteries. It has a well-ordered layered

rystal structure with an R3̄m symmetry that allows reversible
ithium intercalation and deintercalation. However, high cost
nd toxicity of cobalt have been stimulating researches to
evelop alternative cathode materials based on manganese
xides.

A layered lithium manganese oxide (LixMnO2) with an R3̄m

hombohedral structure has attracted much attention due to its
arge theoretical capacity as well as economic and environmental

erits [1,2]. Many attempts have been made to prepare lay-
red LixMnO2 by ‘soft’ chemistry routes such as ion-exchange

ethods [3–5]. The synthesized materials were found to show
monoclinic structure (C2/m) due to a cooperative distortion of

he MnO6 octahedra, rather than a perfect rhombohedral struc-
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ure [2–5]. Also, it has been reported that monoclinic LixMnO2 is
asily transformed to the thermodynamically stable spinel-phase
ithin a few charge–discharge cycles, leading to a significant

apacity loss [2,5].
A birnessite-type manganese oxide has a two-dimensional

ayered structure that consists of edge-sharing MnO6 octahedra
ith water molecules in the interlayer space [6]. Fig. 1 presents

chematically the crystal structure of a birnessite-type man-
anese oxide. The manganese oxide layer is negatively charged
ue to the presence of Mn3+ ions, and thus alkali metal cations
r organoammonium ions are also intercalated in the interlayer
egion depending on the precursors used. Owing to its relatively
pen structure, birnessite-type MnO2 is believed to provide more
avorable pathways for lithium intercalation and deintercalation
s compared with monoclinic oxides.

Various methods have been developed to synthesize
irnessite-type MnO2–including sol–gel reactions [6–8], cal-
inations [9], and hydrothermal decomposition of a LiMnO4,
aMnO4 or KMnO4 precursor [10–13]. Recently, a new elec-
rochemical method was developed at Yamaguchi University
o synthesize birnessite-type layered MnO2 intercalated with
rganic molecules such as alkylammonium ions [14,15] and
olycations [16]. The electrodeposition process involves a

mailto:popov@engr.sc.edu
dx.doi.org/10.1016/j.jpowsour.2007.12.075
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DME and PC (50:50, vol.%, Ferro Corporation). Galvanostatic
charge–discharge curves were measured with a current density
of 10 �A cm−2 in the potential range between 2.0 and 4.2 V vs.
Li/Li+.
ig. 1. Schematic diagram of a birnessite-type layered manganese oxide incor-
orated with alkali cations.

otentiostatic oxidation of aqueous Mn2+ ions in the presence of
small amount of organic molecules. Effect of several param-

ters such as the type of organic molecules, bath composition,
nd applied potential on the structure of MnO2 has been stud-
ed. The formation of layered MnO2 was achieved only when the
anganese concentration in the electrolyte bath was lower than

0 mM, and the interlayer distance increased with increasing
lkyl chain length, confirming the presence of organic molecules
etween manganese oxide layers.

Electrodeposition technique is used in this paper to synthesize
birnessite-type layered MnO2 intercalated with alkali metal

ations (Li+, Na+ or Mg2+). The charge–discharge characteris-
ics of birnessite-type layered MnO2 as cathode material for
echargeable lithium batteries were evaluated in 1 M LiPF6-
ME/PC solution.

. Experimental

.1. Electrochemical synthesis of manganese oxides

All chemicals were reagent grade (Aldrich) and were used
ithout further purification. All solutions were prepared with
istilled water and deaerated by bubbling with purified argon
as for over 20 min prior to use. Electrodeposition was per-
ormed using a conventional three-electrode cell (T-cell). A
latinum gauze and a Ag/AgCl electrode (in saturated KCl)
ere used as the counter and reference electrodes, respec-

ively. A gold-sputtered stainless steel substrate was used as
he working electrode. The deposition bath used was 2 mM

nSO4 solution mixed with 50 mM LiClO4, 50 mM NaClO4,
r 25 mM Mg(ClO4)2. An EG&G PAR model 273A poten-
iostat/galvanostat was used for electrodeposition. A constant
otential of 1.0 V vs. Ag/AgCl was applied to the working elec-
rode, and then the current (or the electric charge delivered) was

onitored as a function of time.

The weight of the electrodeposited oxide film was deter-

ined by using electrochemical quartz crystal microbalance
EQCM). The experiments were carried out using a QCA917
uartz crystal analyzer (Seiko EG&G). An AT-cut 9 MHz Pt-
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a
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lated quartz crystal (Seiko EG&G model OA-A9M-PT) with
n area of 0.16 cm2 was used as the working electrode. The
lectrodeposited oxide film was rinsed thoroughly with deion-
zed water, and then dried under vacuum at 80 ◦C for over 3 h
rior to materials characterizations and electrochemical mea-
urements.

.2. Materials characterizations

X-ray diffraction (XRD) data were recorded using a
himadzu XD-D1 diffractometer with Cu K� radiation
λ = 0.15405 nm). The data were collected in the 2θ range from
◦ to 50◦ with a scan rate of 1◦ min−1. The beam voltage
as 30 kV, and the beam current was 30 mA. Field emission-

canning electron microscopy (FE-SEM) images were obtained
t an accelerating voltage of 20 kV with a Hitachi S-4700Y
canning electron microscope.

.3. Electrochemical experiments

Galvanostatic charge–discharge experiments were performed
ith an EG&G PAR model 273A potentiostat/galvanostat. A

hree-electrode cell was employed for the electrochemical mea-
urements. Both the counter and reference electrodes were
onstructed from lithium foil (electrochemical grade, FMC
orporation). The electrolyte used was 1 M LiPF6 solution in
ig. 2. (a) Typical current and frequency profiles measured simultaneously on a
uartz crystal during electrodeposition in LiClO4-containing MnSO4 solution,
nd (b) plot of weight versus charge density reproduced from (a).
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Fig. 3. FE-SEM images of the manganese oxide films electrodeposited from MnSO4 solution in the presence of (a) LiClO4, (b) NaClO4, and (c) Mg(ClO4)2.
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without any potential plateau regions, which indicates that a
single phase is maintained over the whole composition range.
As expected, the discharge capacity determined at 2.0 V vs.
Li/Li+ increased linearly from 5 to 11.6 �Ah cm−2 with deposi-
64 M. Nakayama et al. / Journal of

. Results and discussion

.1. Electrochemical synthesis and characterizations of
anganese oxide electrodes

Fig. 2(a) shows typical current and frequency profiles
easured simultaneously on a quartz crystal during electrode-

osition in a LiClO4-containing MnSO4 solution. The current
ransient shows a rapid current decay with time, followed by

current plateau. During the anodic deposition reaction, the
lectrons produced by oxidation of Mn2+ ions should be trans-
erred from the deposited film to the underlying substrate. The
ppearance of the constant anodic current in the current transient
uggests that the deposited film is conductive enough not to block
lectron transfer to the substrate. As shown in Fig. 2(a), the fre-
uency decreases linearly with time, indicating an increase in
he electrode mass due to electrodeposition.

Fig. 2(b) presents the plot of weight versus charge density
eproduced from Fig. 2(a). The charge density was calculated by
ntegrating the measured current with respect to time. The weight
hange per unit area (�m) was calculated from the frequency
hange (�f) of the quartz crystal electrode using the well-known
auerbrey equation [17]:

f = − 2f 2
o√

μρ
�m = −C �m (1)

here fo is the resonance frequency, μ is the shear modu-
us, and ρ is the density of the quartz crystal. In this study,
he integral sensitivity constant (C) was determined to be
.97 × 108 cm2 s−1 g−1 from galvanostatic silver deposition
xperiments. The weight versus charge density curve yielded
slope of 1.58 g C−1 that translates to 152.4 g mol−1 of elec-

rons. This value is larger than that (86.94 g mol−1 of electrons)
alculated based on the following electrochemical reaction for
anganese oxide formation:

n2+ + 2H2O → 2MnO2 + 4H+ + 2e− (2)

The result indicated incorporation of Li+ ions and water
olecules into the manganese oxide during electrodeposition.

n a birnessite-type manganese oxide, the oxide layer is nega-
ively charged due to the presence of Mn3+ ions which allows
lkali metal cations to intercalate into the interlayer space dur-
ng electrodeposition. Thus, the formation of manganese during
lectrodeposition can be expressed as:

Mn2+ + (2 + n)H2O + xAc+ → Ax/cMn3+
xMn4+

1−xO2

·nH2O + 4H+ + (2 − x)e− (n ≈ 1) (3)

here A is the alkali cation and c is 1 for Li+ and Na+, or 2
or Mg2+. The previous study [15] indicated that the amount of
lkali cations depends on the bath composition and the applied
otential. From the X-ray photoelectron spectroscopy, x was
stimated to be approximately 0.35 in this study. The amount of

ivalent magnesium ions incorporated into the structure is half
hat of monovalent lithium or sodium ions.

Fig. 3(a–c) shows the FE-SEM images of the surfaces of
he manganese oxide films electrodeposited from a MnSO4
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M
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olution in the presence of LiClO4, NaClO4 or Mg(ClO4)2,
espectively. It is seen that all the oxide films have uniform sur-
aces with a sheet-like morphology (see higher magnification
mages).

Fig. 4 demonstrates the XRD patterns of the manganese oxide
lms incorporated with Li+, Na+, or Mg2+ ions. As a refer-
nce, the powder XRD pattern of K-type birnessite synthesized
hrough a chemical route is also presented in this figure. The
RD patterns of the electrodeposited oxide films were in good

greement with the pattern of the reference sample. As indi-
ated in Fig. 3, the diffraction peaks at 2θ = 12.3◦ and 24.7◦ are
ssigned to (0 0 1) and (0 0 2) planes of a birnessite-type lay-
red structure, respectively. The d0 0 1 value was calculated to be
pproximately 0.72 nm for all the oxide films, which confirms
he presence of water molecules in the interlayer space.

.2. Charge–discharge characteristics of the
lectrodeposited manganese oxide electrodes

Fig. 5(a) shows the initial discharge curves of
i0.35MnO2·H2O, which were measured in 1 M LiPF6-
ME/PC solution using a current density of 10 �A cm−2. The

lectrodeposition was carried out for 30, 60 and 90 min. The
otential decreases continuously with progressing discharge
ig. 4. XRD patterns of the manganese oxide films electrodeposited from
nSO4 solution in the presence of (a) LiClO4, (b) NaClO4, and (c) Mg(ClO4)2.
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Fig. 5. (a) Initial discharge curves of Li0.35MnO2·H2O electrodeposited for dif-
ferent times, and (b) charge–discharge curves of the electrode electrodeposited
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or 60 min. The data were obtained in 1 M LiPF6-DME/PC solution using a
urrent density of 10 �A cm−2.

ion time. This confirms that the entire volume of the oxide film
s electrochemically active for lithium intercalation. Fig. 5(b)
resents the charge–discharge curves of Li0.35MnO2·H2O
lectrodeposited for 60 min. The initial gravimetric discharge

apacity was determined to be ca. 73 mAh g−1, but the capacity
ecreased rapidly to 56 mAh g−1 after 8 cycles.

ig. 6. Galvanostatic charge–discharge curves of the Na0.35MnO2·H2O elec-
rode measured in 1 M LiPF6-DME/PC solution using a current density of
0 �A cm−2.
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ig. 7. Galvanostatic charge–discharge curves of the Mg0.17MnO2·H2O elec-
rode measured in 1 M LiPF6-DME/PC solution using a current density of
0 �A cm−2.

The galvanostatic charge–discharge curves of
a0.35MnO2·H2O are shown in Fig. 6. The Na0.35MnO2·H2O

lectrode exhibits a higher initial capacity of 140 mAh g−1

han Li0.35MnO2·H2O. However, the Na+-intercalated MnO2
lectrode shows a drastic capacity decay with cycling. Fig. 7
epicts the charge–discharge curves of Mg0.17MnO2·H2O elec-
rode. The Mg2+-intercalated MnO2 electrode shows the same
nitial discharge capacity of 140 mAh g−1 as Na0.35MnO2·H2O.
owever, as shown in Fig. 7, Mg0.17MnO2·H2O exhibits much
etter capacity retention during cycling in comparison with
a0.35MnO2·H2O.
Chen and Whittingham [12] proposed that the degradation of

apacity on cycling of birnessite-type LixMnO2 results mainly
rom deintercalation of lithium ions from the interlayer space
uring cell charge followed by migration of manganese from
he MnO2 layers to the interlayer region. In order to maintain
igh capacity on cycling, therefore, alkaline cations should be
mmobilized so that they can prevent the collapse of the lay-
red structure due to manganese migration into the interlayer
pace and to allow the oxides to be stabilized in a hexagonal
lose-packing configuration. Our experimental data obtained for
i+-incorporated MnO2 agrees with the results of Chen and Wit-

ingham [12]. It appears that Li+ or Na+ ions are easily removed
rom the structure through ion exchange with Li+ ions in the
lectrolyte, followed by manganese migration into the interlayer
pace, which causes a rapid capacity decay. On the other hand,
he ion-exchange reaction between Mg2+ in the structure and
i+ in the electrolyte takes place at slower rate probably due

o the valence difference. Thus, Mg2+ ions remain stable in the
nterlayer region, resulting as shown in Fig. 7 in improved capac-
ty retention of Mg0.17MnO2·H2O. Analysis of the structural
hanges of Mg0.17MnO2·H2O during electrochemical cycling
s in progress in our laboratory.

. Conclusion
The manganese oxide film electrodes incorporated with Li+,
a+, or Mg2+ ions were synthesized by a one-step electro-

hemical deposition from an aqueous MnSO4 solution in the
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resence of a perchlorate salt of the cation. The XRD analysis
ndicated that the electrodeposited oxide films have a birnessite-
ype layered structure with a rhombohedral symmetry. The d0 0 1
alue was determined to be 0.72 nm, indicating the presence
f water molecules in the interlayer space. The galvanostatic
harge–discharge experiments in 1 M LiPF6-DME/PC solu-
ion demonstrated that the Mg2+-intercalated MnO2 electrode
xhibits an initial discharge of 140 mAh g−1 and shows an
mproved capacity retention when compared with Li+- or Na+-
ntercalated MnO2 electrodes. Although some improvements are
till necessary to mitigate a capacity fade, this study demon-
trates that the electrodeposition can be used as an effective
echnique to prepare birnessite-type layered manganese oxides
or rechargeable lithium batteries.
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