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bstract

The potassium birnessites doped with Al, Ni, and Co were prepared by calcination and aqueous treatment, which showed that single phase
roducts were obtained with Ni and Al up to 5 at.% and Co up to 25 at.% addition to strating KMnO4. The discharge–recharge capacities and
apacity retentions in an aprotic Li cell were not improved by the Ni and Al dopings, but those of the cobalt doped birnessite were improved. The
nitial discharge capacities of the undoped and cobalt doped birnessites were 170 and 200 mAh g−1 with capacity retentions of 56 and 80% during
he initial 20 cycles, respectively. The reasons for the improvement of the battery performance by Co doping were considered as follows: (i) a change

n the stacking structure, (ii) a decrease in the charge transfer resistance, and (iii) improved structural stability of the oxide. Their micro structures
ere evaluated by X-ray diffraction, photoelectron and Raman spectroscopies, and electron microscopy. Also, potassium birnessite synthesized
y adding about 3 times excess potassium indicated that the stacking structure was similar to the 30 at.% cobalt doping sample, furthermore, the
etter capacity retention was achieved as cathode in a Li cell.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Manganese oxides have been studied for electrochemical
nergy storage due to being a low toxic and inexpensive material
hich form lamellar, spinel and tunnel frameworks [1–3]. The

lectrochemically active materials, which have a working poten-
ial for Li insertion/deinsertion around 3–4 V vs. Li, are strong
andidates for lithium (ion) batteries. As one of the manganese
xides, the birnessite-type manganese oxide is a hydration-
ayered manganese oxide, which forms MnO2 sheets of MnO6
ctahedra assembled in layers and has cations of pillar (mainly
lkaline ion) and lattice water in the interlayer space. Up to now,
he syntheses of the birnessite are achieved by various methods
uch as a calcination reaction [4–12], sol–gel synthesis [12–15],

ydrothermal synthesis [16,17], etc. The structural details of
otassium-containing birnessite were investigated as previously
eported [4–8]. These materials show a working potential around

∗ Corresponding author. Tel.: +81 3 5228 8749; fax: +81 3 5228 8749.
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V vs. Li and high discharge capacities during initial cycling,
hough there is the problem of structural collapse resulting in
ischarge capacity fading [5,15]. In order to improve the battery
erformance, Franger et al. [15] and Tsuda et al. [13] reported
he enhancement of the cycle performance by Co doping in
irnessite.

Previously, we reported the synthesis of a birnessite by
tilizing the thermal decomposition of KMnO4 and its electro-
hemical performance in Li cells [9,10]. In the present paper,
e report that potassium birnessites made by thermal decom-
osition reaction of KMnO4 mixed with Co, Ni, Al, Mn, and K
itrates, and we investigated the relation between the synthetic
onditions and electrochemical performance.

. Experimental

The layered manganese dioxides doped with Al, Ni, or Co

ere obtained by the calcinations of mixtures (about 0.5 g) of
MnO4 and Al, Ni, or Co nitrate, respectively, which were dis-

olved in several ml of distilled water, at 600 ◦C (50 ◦C h−1)
or 5 h in air. The calcined sample was ultrasonically treated

mailto:komaba@rs.kagu.tus.ac.jp
dx.doi.org/10.1016/j.electacta.2007.11.038
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or 5 min in a sufficient amount of water. The precipitate in the
ltrasonically treated solution was then separated by filtration,
ashed with water until neutral, and dried at 80 ◦C for 24 h in

ir. We synthesized the samples using metal nitrate addition with
he molar ratios Me/(Me +Mn) (Me = Al, Ni, and Co) of 0, 0.05,
.15, 0.25 and 0.50 in strating materials, and these samples were
ereafter defined as undoped, Me-5, Me-15, Me-25 and Me-50,
espectively.

KMnO4 powder was mixed with manganese or potassium
itrate at the molar ratios of K/Mn = 1/3, 1/2, 1 (pure KMnO4),
, 3, 5, or 10, and we called the calcined samples as Mn-3, Mn-2,
ndoped, K-2, K-3, K-5, and K-10, respectively. These calcined
amples were obtained under the same calcination conditions
nd ultrasonically treated in water, filtered and dried.

The phase identification of the products was carried out
y powder X-ray diffractometry (XRD) using Cu K� radia-
ion. The composition of K, Mn and Co in the products was
etermined by atomic absorption spectrometry (AAS) after dis-
olving the products in HCl and/or H2O2 aqueous solutions.
ater content was measured from weight loss by heating at

00 ◦C. The morphology of the products was observed by trans-
ission electron microscopy (TEM). The valences of the Mn

nd Co in the products were evaluated by X-ray photoelec-
ron spectroscopy (XPS). The thermal behavior of the starting

ixture and obtained samples was examined by thermogravime-
ry (TG) at 10 ◦C min−1. Raman scattering (RS) spectra were
aken between 140 and 1000 cm−1 at room temperature in

backscattering configuration. A confocal Labram HR 800
HORIBA JobinYvon) spectrometer combined with an open
icroscope and a X,Y Piezoelectric stage to position the sam-

le with the best accuracy and repeatability was used. The laser
ight source was the 514.5 nm line radiation from an Argon
on (514.5 nm) laser. The scattered light is collected by the
bjective in a confocal geometry, and is dispersed onto an air
ooled CCD array by a 1800 lines/mm grating. The investi-
ated area is in the order of 1 �m2. The frequency stability
nd the accuracy of the apparatus were checked recording the
aman spectrum of silicon. To avoid sample photodecompo-

ition or damaging, RS spectra were recorded using a low
xcitation power of 20 �W, an increase in lattice temperature
enerally resulting in a shift of Raman peak wavenumbers up to
he formation of Mn3O4 oxide. A decomposition of the spec-
ra within the limits 300 and 800 cm−1 was performed with
he LABSPEC® automatic fitting software provided with the
pectrometer.

For the electrochemical measurements, the positive electrode
ixtures consisted of manganese oxide, graphite, acetylene

lack as the conductive agent, and poly(vinylidene fluoride)
s the binder in the weight ratio of 7:1:1:1. Lithium foil was
sed for the counter electrodes. The electrolyte was 1 mol dm−3

iClO4-propylene carbonate (PC). The discharge–recharge tests
ere carried out between 2.0 and 4.3 V vs. Li/Li+ at 20 mA g−1.
he alternating current (AC) impedance measurement before

nd after the initial discharge was carried out in the frequency
egion between 1 mHz and 100 kHz, and the AC amplitude was
0 mV. Cells were stored for 24 h at open circuit prior to these
easurements.

t
d
F
s

ig. 1. TG curve of thermal decomposition reaction of KMnO4 between room
emperature to 600 ◦C at 10 ◦C min−1.

. Results and discussion

Fig. 1 shows the TG curve of the KMnO4 powder. Below
30 ◦C, the weight of KMnO4 is constant. At temperatures
igher than 230 ◦C, the weight quickly decreased to 85.5%, and
hen the weight did not change up to 600 ◦C. The weight loss
round 250 ◦C is due to the thermal decomposition of KMnO4
s previously reported [11]. The weight loss is expressed by the
ollowing equation.

KMnO4 → 3MnO2 + K2MnO4 + K3MnO4 + 3O2

ased on this thermal decomposition, the weight loss due to the
2 evolution is estimated to be about 12 wt% which corresponds

o the experimental weight loss around 250 ◦C. Therefore, it
ndicated the formation of an MnO2 product and potassium
anganates at >300 ◦C. Since these potassium manganates were

emoved from the sample after ultrasonically treating with water,
e obtained the single phase of a layered MnO2, at that time,
otassium ions and water molecules were incorporated in an
nO2 product, resulting in KxMnO2·nH2O. Previously, we

eported that the K-birnessite-type manganese oxide obtained
y calcination at 600 ◦C and washing with water indicated better
attery performance [9,10].

.1. Doping with Al, Ni, and Co

The XRD patterns of the synthesized products from mixtures
f KMnO4 and the Al, Ni, or Co nitrates at 600 ◦C are shown
n Fig. 2. Although the single phase of birnessite was obtained
y the thermal decomposition of pure KMnO4, the products
epended on the addition of the nitrates.

Fig. 2 confirmed that a single phase was produced when Co
itrate was added up to 25%. The Co-50, which contained Co3O4
s an impurity, was formed. The Al-5 and Ni-5 samples were
single phase of birnessite. For the Al-15 and Al-25 samples,
here appeared diffraction peaks of birnessite with several unin-
exed peaks, indicating that a single phase was not obtained.
rom the diffraction patterns of Ni-15 and Ni-25, the birnes-
ite appeared together with NiO as an impurity. These results
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Fig. 2. XRD patterns of synthesized samples, (a) undoped, (b) Co-5, (c) Co-15,
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d) Co-25, (e) Co-50, (f) Al-5, (g) Al-15, (h) Al-25, (i) Ni-5, (j) Ni-15, and (k)
i-25. The symbols of (↓), (©) and (�) indicate unindexed, NiO and Co3O4

iffraction peaks, respectively.

eveal that the single phase products of birnessite were obtained
or undoped, Co-5, Co-15, Co-25, Al-5, and Ni-5, and their d
alues of 0 0 l at 2θ = ca. 12◦ are 7.22, 7.18, 7.18, 7.17, 7.19,
nd 7.08 Å, respectively. We believe that these birnessites were
oped with definite amounts of Co, Al, and Ni.

Fig. 3 shows the discharge–recharge curves of the single
hase birnessite products of the undoped and doped with Ni, Al,
nd Co. All the birnessite electrodes indicated S-shaped curve
haracteristics of the layer structure around 3 V. The undoped
roduct showed the typical discharge–recharge behavior of Li
e-/intercalation from/into the birnessite-type MnO2 [4,5,9–17].
he shapes of the discharge–recharge curves hardly depended
pon the doping with Al, Ni, and Co, suggesting that the Li
ntercalation into birnessite was not remarkably affected by
he doping. On the other hand, when we compared the maxi-

um discharge capacities, the capacity of the undoped is about
70 mAh g−1 whereas lower capacities of Al and Ni and a higher
apacity of Co were obtained. For Ni-5 and Al-5, the obtained
apacity was about 160 mAh g−1. However, the higher capac-
ty of ca. 190 mAh g−1 was achieved for Co-5 when compared
o that of the undoped one. During the successive cycles, the

apacity retention depends on the doping as seen in Fig. 3.
lso, the additional small plateau was observed around 4 V in
ischarge–recharge curves. The plateau would indicate the for-
ation of the spinel Li–Mn–O phase, and the corresponding

u
i
i
w

cta 53 (2008) 3084–3093

apacity at 4 V gradually increases during successive cycling.
t is likely that the appearance of 4 V plateau was due to the
hase transition from birnessite to spinel during Li intercala-
ion/deintercalation, as observed for the other MnO2 compounds
18].

Fig. 4 shows the relation between the discharge capacity of
hese birnessites and cycle number. The maximum discharge
apacities were reached at the 2nd cycle, and then the capacities
radually decreased during the following cycles for all samples.
fter 20 cycles, the discharge capacities of the undoped, Al-
, and Ni-5 decreased from 172, 161, and 155 to 97, 86, and
6 mAh g−1, respectively. Their capacity retention ratios were
bout 56–62%. The Co-doping improved not only the discharge
apacity, but also the capacity retention, i.e., the second capacity
f 193 mAh g−1 decreased to 134 mAh g−1 at the 20th cycle. Its
apacity retention increased from 56 to 70% due to the Co-
oping. We will discuss the details of the Co doped birnessite in
he next section.

.2. Improvement by Co doping

Fig. 5(I) shows the XRD patterns of the undoped and the
o-5, −15, and −25 products. All the diffraction peaks can
e indexed as birnessite-type manganese oxides without any
econdary phase peaks, that is, no impurity phase, and the sin-
le phase of birnessite was prepared by calcining mixtures of
MnO4 and Co nitrate. Their d values of 0 0 l around 2θ = ca.
2◦ of undoped, Co-5, Co-15, and Co-25 are 7.22, 7.18, 7.18, and
.17 Å, respectively, revealing that the d values were gradually
ecreased by Co doping. The decrease of the d value might be
ue to the change of stacking structure between 2H and 3R [6–8]
nd/or the substitution of the smaller ion of Co3+ (0.63 Å) for
arger ion of Mn3+(0.68 Å) as described below in Fig. 7. These
RD patterns of the samples showed that the diffraction peaks
etween 35◦ and 70◦ are different. In previous reports [6–9],
everal stacking phases are known to be formed as the birnessite-
ype manganese dioxides, such as the 2H phase (hexagonal unit
ell and two layer periodicity, space group: P63/mmc) and 3R
hase (rhombohedral unit cell and three layer periodicity, space
roup: R-3m), etc. The different stacking model of the 2H and 3R
hases is schematically shown in Fig. 6. The stacking structures
f these samples were able to be assigned to the mixtures of the
H and 3R stacking phases from the XRD patterns in Fig. 5(I).
ig. 5(II) shows the variation of the 2H and 3R phases by the bar
raph, which represented the fluctuations of the stacking phases.
ased on the relative intensity of the XRD profile, the ratios of

he 3R stacking phase to the 2H stacking phase are changed by
o doping, which were observed by the increased 3R stacking

tructure and decreased 2H stacking structure due to the increase
n the Co doping.

The chemical compositions of the undoped and Co doped
irnessites are shown in Table 1 by assuming no oxygen defi-
iency. From the table, when the starting Co mole ratio increased

p to 0.25, the final Co mole ratio in the resultant birnessite
ncreased to 0.30. And, the amount of the potassium constituent
n birnessite did not significantly change between 0.2 and 0.3,
hich is not very different among the four birnessites. Based
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Fig. 3. Discharge–recharge curves of undoped and Me-doped products, (a) un

Fig. 4. Variation in discharge capacity of (a) undoped, (b) Al-5, (c) Ni-5, and
(d) Co-5.

Fig. 5. (I) XRD patterns of (a) undoped (K0.31MnO2·0.37H2O), (b) Co-5
(K0.21Mn0.88Co0.12O2·0.41H2O), (c) Co-15 (K0.21Mn0.79Co0.21O2·0.37H2O),
and (d) Co-25 (K0.27Mn0.70Co0.30O2·0.39H2O) products. The h k lH and h l kR

of Millar Indexes indicate 2H stacking structure and 3R stacking structure,
respectively. (II) The bar graph shows the ratio of the 2H and 3R phases.
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doped, (b) Al-5, (c) Ni-5, and (d) Co-5. Current density is 20 mA g−1.

n these results, we confirmed single phase birnessite doped
ith Co, when the mixture of KMnO4 and Co nitrate was heat-

reated at 600 ◦C. Because of the monotonous increase of y in
xMn1–yCoyO2·nH2O from 0 to 0.30, furthermore, the increase

n the amount of added Co nitrate produced a higher level of Co
oping in birnessite, accompanied by a change in the stacking
equence from 2H to 3R.

In order to confirm the manganese and cobalt valences, XPS
nalyses were carried out. Fig. 7 shows the Mn 2p and Co 2p
pectra of the products obtained for the undoped and Co doped
irnessites. The Mn 2p3/2 peaks of the Mn(III) and (IV) chem-
cal states appear around 641.4 and 642.4 eV [19]. Note that
he ratio of the peak intensity of manganese 3+ decreased and
he manganese 4+ increased with the increasing cobalt quantity.
herefore, the manganese average valences were increased by

he cobalt ion doping in the structure. In general, the Co ion
xists in the 2+ or 3+ oxidation states in the oxide formed at
00 ◦C in air. The binding energy of Co 2p3/2 at 780.3 eV prob-
bly indicates the presence of Co(III) [19]. As a result, the Mn
alence states of the undoped and Co doped samples are 3 and
+ coexist. Consequently, the Co(III) in birnessite was partially
ubstituted for the Mn(III), and the cobalt ion partially occupied
he Mn site.
Because it is sensitive to amorphous components and those
ith short-range order, Raman spectroscopy is very useful to

tudy the structure of MnOx materials, where crystalline disorder
ay be expected. Because Mn atoms in manganese dioxides are

able 1
hemical compositions of synthesized birnessites from mixtures of KMnO4 and
obalt nitrate

amples Composition of products

ndoped K0.31MnO2·0.37H2O
o-5 K0.21Mn0.88Co0.12O2·0.41H2O
o-15 K0.21Mn0.79Co0.21O2·0.37H2O
o-25 K0.27Mn0.70Co0.30O2·0.39H2O
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Fig. 6. The different stacking m

lways 6-fold coordinated, the Raman bands of MnO2 materials
epends on the MnO6 octahedral environments (e.g. edge/corner
haring, Jahn–Teller distorsion, interactions with water/cations
n the tunnels or layers of MnO2 materials). Their Raman fre-
uencies in the 500–700 and 200–500 cm−1 range have been
ssigned to the Mn–O stretching of MnO6 octahedra and the
n–O–Mn bending vibrations in the MnO2 octahedral lattice,
espectively [20].
Fig. 8 shows the Raman spectra of the undoped and Co-25

anganese oxides samples having the birnessite-type struc-
ure. The general peculiarity of the vibrational features of

i
R
r
l

Fig. 7. Mn 2p and Co 2p XPS spectra of (a) undoped
s of (a) 2H and (b) 3R phases.

irnessite-type MnO2 compounds is their low Raman activ-
ty. Three major features have been previously reported at
00–510, 575–585 and 625–650 cm−1 [14]. The two high-
avenumber bands are dominating all spectra, while bands

n the low-frequency region appear with a rather weak inten-
ity. According to the group theoretical calculation, manganese
ioxide materials with monoclinic C2/m space group (Z = 4),

.e. C3

2h spectroscopic symmetry, are predicted to show nine
aman-active modes with 3Ag + 6Bg species. Experimental

esults show that four components are always detected here,
ocated at 409, 498, 575, and 638 cm−1 for the undoped sam-

, (b) Co-5, (c) Co-15, and (d) Co-25 products.
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Fig. 8. Raman spectra of (a)

le, at 409, 498, 572 and 647 cm−1 for the doped Co-25 sample
Fig. 8).

These Raman features are very similar to those previously
eported for several birnessite-type compounds [14]. The dis-
repancy between group factor analysis and Raman data is
ttributed to the defect chemistry and the local disorder of the bir-
essite structure. The presence of vacancies in the [MnO6] sheets
f MnO2·nH2O compounds breakdowns the crystal symmetry
nd lowers the spectroscopic symmetry. Therefore, Raman spec-
ra of synthetic birnessites show variation in band position and,
o a larger extent, relative band intensity.

The RS spectra of the Co-free sample support its proposed
ayered structure. The Raman band at 638 cm−1 can be viewed as
he symmetric stretching vibration ν2(Mn–O) of MnO6 groups.
t is assigned to the A1g symmetric mode in theC3

2h spectroscopic
pace group. The band located at 575 cm−1 usually attributed to
he ν3(Mn–O) stretching vibration in the basal plane of [MnO6]
heets, is particularly strong in birnessite compounds, which can
e related to the high rate of Mn(IV) in the birnessite family. The
S spectrum of the Co-25 sample, where cobalt partly substi-

utes for manganese, displays similar features than the Co-free
ample. The most important Raman change is observed on the
2(Mn–O) stretching frequency, which presents a shift of 9 cm−1

owards the high-wavenumber side for the Co-doped sample.
his result indicates a strengthening of the Mn O bond along the

nterlayer direction in the Co-doped sample, as a consequence
f the difference between ionic radii, i.e. r(Mn3+) = 0.68 Å and
(Co3+) = 0.63 Å. This result gives evidence for the effective par-
ial replacement of Mn3+ by Co3+, which induces a stronger
etwork energy of the Co-doped material. We can recognize that
he Mn3+ was partly replaced by Co3+. Therefore, the results of
aman measurement correspond to the results of the XRD, XPS,
nd AAS measurements.

The TEM images of the undoped and Co-doped birnessites
re displayed in Fig. 9. In this figure, regardless of the undoped

nd doped with Co in the birnessite, the crystallite sizes of these
roducts are not very different. The particles of all the sam-
les are plate-like crystals and the crystallite sizes are about
0–200 nm. It is considered that the difference in the particle

s
M

b

ped and (b) Co-25 samples.

izes does not affect the discharge–recharge capacity and dis-
harge capacity retention of the Li battery cathode materials. In
rder to examine the dependence of the amount of Co doping,
e carried out galvanostatic discharge–recharge tests.
The discharge–recharge experiments of the undoped and Co-

oped birnessite were performed at room temperature in the
oltage range of 2.0–4.3 V by applying a current density of
0 mA g−1. In Fig. 10, the discharge capacities of the undoped
nd Co-25 samples at the 2nd cycle indicated about 170 and
00 mAh g−1, and the discharge reactions of these electrodes
ainly progressed at 2.7–3.5 V. Though the redox capacity of
n3+/4+ couple in the birnessite usually decreased by cobalt dop-

ng as described in [15], surprisingly, the discharge capacities
ncreased with the increasing Co quantity. The reasons for the
ncrease of capacities should be due to the change in the 3R/2H
tacking structure (Fig. 5) and higher electronic conductivity
21].

Fig. 11 shows the variation in the discharge capacities of the
ndoped and Co doped birnessites up to 20 cycles. The discharge
apacities from the 2nd cycle to the 20th cycle of the undoped
nd Co-25 samples are changed from 170 to 95 mAh g−1 and
rom 200 to 160 mAh g−1, respectively. Moreover, the discharge
apacity retentions of the undoped and Co-25 birnessite are
bout 56 and 80% between 2nd and 20th cycles. The increases in
he discharge capacity and the improvement of capacity retention
y Co doping are probably due to improvement of the electro-
onductivity [21] and the change of the ratio of stacking phase by
he increase of 3R phase and decrease of 2H phase. It seems that
he 3R stacking favors the reversible lithiation compared with the
H one in structural points of view. Furthermore, the structure
hould be more stable during lithiation cycling since the shape
f the discharge curves of the Co-25 (3R stacking phase) was
lmost preserved during 20 cycles whereas that of the undoped
ample (2H stacking phase) was changed as seen in Fig. 10a and
. Additionally, the Co(III) valence state is more appropriate to

tabilize the whole oxide against reversible lithiation than the

n(III) valence state [13].
The Cole–Cole plots of the undoped and Co-25 products

etween before and after the first discharge reaction were shown
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Fig. 9. TEM images of (a) undoped, (b) Co-5, (c) Co-15, and (d) Co-25 products.

Fig. 10. Discharge–recharge curves of undoped and Co-doped birnessites, (a) undoped, (b) Co-5, (c) Co-15, and (d) Co-25. Current density is 20 mA g−1.
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Fig. 13. (I) XRD patterns of synthesized samples with various mole ratios of
K/Mn, (a) Mn-3, (b) Mn-2, (c) undoped, (d) K-2, (e) K-3, (f) K-5, and (g) K-10.
(II) The bar graph shows the phase type of the prepared samples. The 2H, 3R,
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ig. 11. Variation in discharge capacities of undoped and Co-doped birnessites,
a) undoped, (b) Co-5, (c) Co-15, and (d) Co-25.

n Fig. 12. In the initial state (before the first discharge), the semi-
ircles in the high-medium frequency range exhibit a charge
ransfer resistance [15], and the charge transfer resistance of
o-25 is apparently lower than the undoped product because the

emi-circle is smaller than that of the undoped product. After the
rst discharge reaction, the resistance of the Co-25 product is

ower than the undoped one, and the charge transfer resistances
f both the undoped and Co-25 increased when comparing the
ole–Cole plots before and after. The resistance of the Co-25
roduct is always lower than that of the undoped one. Conse-
uently, the K-birnessite doped with Co in its structure had a
ecreased charge transfer resistance which contributed to the
ncrease in the discharge capacity.

.3. Synthesis of K-birnessite by addition of excess K or Mn

As mentioned above, the addition of the cobalt nitrate led
o the partial replacement of Mn site with cobalt. In the same

anner, the dependence of K/Mn atomic ratio was investi-

ated by adding potassium and manganese nitrates into KMnO4.
ig. 13(I) shows the XRD patterns of the synthesized samples
ith the various mole ratios of K/Mn = 1/3, 1/2, 1 (undoped), 2,
, 5, and 10 (in case of K/Mn = 1, pure KMnO4 as the starting

i
a
d
b

Fig. 12. Cole–Cole plots of (a) undoped and (b) Co-25 products before first d
nd Mono indicate 2-layer hexagonal, 3-layer rhombohedral, and monoclinic
tacking phases, respectively.

aterial). Fig. 13(II) indicates the phases of the prepared sam-
les using a bar graph. The synthesized products of the Mn-3
nd Mn-2 samples consisted of the coexisting birnessite and hol-
andite phase from these diffraction peaks. For the mole ratio of
/Mn = 1 or higher, all the diffraction peaks can be indexed as

he birnessite phase in the XRD patterns, indicating birnessite
ithout any secondary phases. And the d values of 0 0 l around
θ = ca. 12◦ of undoped, K-2, K-3, K-5, and K-10 products are
.22, 7.15, 7.17, 7.12, and 7.10 Å, respectively. The decrease
f the d value might be suggestive of the change of stacking
tructure between 2H, 3R, and monoclinic phase [6–8]. From
he AAS, the atomic ratios of K and Mn corresponded to around
.25 in these birnessites (undoped and K-2, −3, −5, and −10),
ndependent of the starting K/Mn values, though the XRD pat-
erns of the undoped and K-2 to −10 are different between 35◦
nd 70◦. The ratios of the 2H and 3R stacking phases in these
eaks depend on the amount of the potassium additives. Sim-
lar to those in Fig. 5, the decrease in the 2H stacking phase

nd increase in the 3R stacking phase were supported by these
iffraction peaks. For K-10, the diffraction peaks, which are
ased on the 2H and 3R stacking phases, disappeared, and a

ischarge and (c) undoped and (d) Co-25 products after first discharge.
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ig. 14. Discharge–recharge curves of synthesized samples with various K/Mn

onoclinic phase (JCPDS: 42-1317) was observed [8]. There-
ore, it was found that the stacking phases were modified by the
ddition of potassium nitrate as the starting materials.

Fig. 14 shows the discharge–recharge curves of the synthe-
ized products of Mn-3, undoped, K-2, and K-3 samples. All
he birnessite samples in Figs. 14(b–d) that underwent galvano-
tatic cycling had S-shaped curves and the discharge reaction
ccurred around 3 V. The discharge capacity of Mn-3 is much
ower than that of the undoped sample. The decrease in the dis-
harge capacity is due to the formation of the high crystalline
ollandite phase [22] because the K ion in the tunnel prevents
iffusion of the Li ion. The initial discharge capacities of K-3
nd K-2 are similar to that of the undoped sample.
Fig. 15 shows the plots of the discharge capacities vs. cycle
umber for Mn-3, undoped, K-2, and K-3 samples. In this figure,
he synthesized products of the undoped, K-2, and K-3 indicate
nalogous maximum discharge capacities of about 170 mAh g−1

ig. 15. Variation in discharge capacities of synthesized samples with various
ole ratios of K/Mn; (a) Mn-3, (b) undoped, (c) K-2, and (d) K-3.

o
i
p
p
m
w
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i
o
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s
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t
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i
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s

; (a) Mn-3, (b) undoped, (c) K-2, and (d) K-3. Current density is 20 mA g−1.

t the 2nd cycle. However, these capacity retentions are differ-
nt during 20 cycles. The discharge capacities of the K-3, K-2,
ndoped, and Mn-3 products at the 20th cycle are 145, 133,
6, and 41 mAh g−1, respectively. The capacity retentions, the
ischarge ratio between the 2nd and the 20th cycles, of K-3,
2, and undoped samples are about 85, 80, and 56%, respec-

ively. The synthesized products with excess potassium additives
xhibited an improvement in the capacity retention. However,
he discharge capacities of the K-5 and K-10 (not shown here)
ere similar to that of undoped sample during cycling, that is,

he electrode performances of the monoclinic stacking phase
re not improved. The Mn-3 has a lower discharge capacity with
apacity fading. Therefore, we recognized that the enhancement
f the capacity retention depends on the stacking structure, i.e.,
ncrease of the 3R stacking phase and decrease of the 2H stacking
hase. It is believed that the effect of cobalt doping and 3R phase
lays an important role on the cycling behavior. The lamellar
anganese dioxides for a lithium secondary battery application
ould provide an improvement in the high rechargeable capacity

nd satisfactory cycle performance by designing nano structures
ncluding the stacking sequence resulted from the modification
f calcination conditions.

. Conclusion

The potassium birnessites doped with Co, Ni, or Al were
uccessfully obtained from KMnO4 mixed with these nitrates
y a calcination synthesis. Among the doped compounds, Co-
5 birnessite has the highest discharge capacity of 200 mAh g−1

nd capacity retention of about 80% for 20 cycles. It was found
hat the electrochemical performance of birnessite doped with

ppropriate amount of cobalt was improved due to the change
n the stacking structure and the decrease in the charge trans-
er resistance. Furthermore, the initial discharge capacity of the
ynthesized birnessite by excess K additives was comparable to
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he undoped birnessite, and the capacity retention of the syn-
hesized birnessite with excess K additives is higher than the
ndoped one. The difference in the electrochemical performance
as ascribed to the structure change, as confirmed by XRD,
AS, XPS, and Raman measurements.
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