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Mesoporous Hydrous Manganese Dioxide Nanowall
Arrays with Large Lithium Ion Energy Storage Capacities
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By Dawei Liu, Betzaida Battalla Garcia, Qifeng Zhang, Qing Guo,

Yunhuai Zhang, Saghar Sepehri, and Guozhong Cao*
Novel nanowall arrays of hydrous manganese dioxide MnO2 � 0.5H2O are

deposited onto cathodic substrates by the potentiostatic method from a

mixed aqueous solution of manganese acetate and sodium sulfate. The

deposition is induced by a change of local pH resulting from electrolysis of

H2O, and hierarchical mesoporous nanowall arrays are formed as a result of

simultaneous precipitation of manganese hydroxide and release of hydrogen

gas bubbles from the cathode. The morphology and lithium ion intercalation

properties are found to change appreciably with the concentration of the

precursor electrolyte, with a significant reduction in specific surface area with

an increased precursor concentration. For example, mesoporous nanowall

arrays deposited from 0.1 M solution possess a surface area of �96m2 g�1

and exhibit a stable high intercalation capacity of 256mA hg�1 with a film of

0.5mm in thickness, far exceeding the theoretical limit of 150mA hg�1 for

manganese dioxide bulk film. Such mesoporous nanowall arrays offer much

greater energy storage capacity (e.g., �230mA hg�1 for films of �2.5mm)

than that of anodic deposited films of the same thickness (�80mA hg�1).

Such high lithium ion intercalation capacity and excellent cyclic stability of the

mesoporous nanowall arrays, especially for thicker films, are ascribed to the

hierarchically structured macro- and mesoporosity of the MnO2 � 0.5H2O

nanowall arrays, which offer large surface to volume ratio favoring interface

Faradaic reactions, short solid-state diffusion paths, and freedom to permit

volume change during lithium ion intercalation and de-intercalation.
1. Introduction

As the demand for rechargeable lithium ion batteries is
experiencing a huge rise in recent years, the suitable electrode
materials has focused on finding alternative cathodic materials to
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replace the commercialized lithium cobalt
oxide electrode, which has the disadvan-
tage of high cost and toxicity.[1,2] Manga-
nese dioxide, which has been used in
primary lithium batteries and alkaline
batteries for decades, is a well accepted
electrode material for clean energy storage
because of its low cost, low toxicity, and
chemical stability.[3,4] However, the appli-
cation of manganese dioxide in secondary
lithium ion batteries has been hindered by
some practical problems, such as its
relatively low intercalation capacity and
poor cycle stability; bulk manganese diox-
ide film could only deliver a capacity of less
than 120mA hg�1 and the host structure
was easily distorted by the lithium-ion
insertion/extraction reactions, thus suffer-
ing poor stability over long-term cycles.[5,6]

Nanostructuring is considered to be an
effective way to enhance the intercalation
capacity and improve the cyclic stability. By
providing a large electrode–electrolyte
contact area and a shorter diffusion path
for both lithium ion and electron trans-
portation,[7–10] nanostructuring has been
reported to enhance the lithium ion storage
capacity of MnO2 to exciting values of more
than 200mA hg�1,[11–13] comparable to
other high-capacity transitional metal oxides, such as nanos-
tructured vanadium oxides.[14–16] The cyclic stability of manga-
nese dioxide can also be improved by the application of
mesoporous nanostructures. Mesopores embedded in the
nanostructure act as a buffering layer to alleviate the adverse
effect of volume expansion experienced during the intercalation/
de-intercalation reactions, which was believed to be the main
reason for the poor cyclic stability of bulk manganese dioxide.[17]

Mesoporous SnO2,
[18] V2O5

[19], and TiO2
[20–22] have all been

successfully applied in the fabrication of lithium ion battery
electrodes. The commonly adopted route to obtain mesoporous
nanostructures of pure manganese dioxide is through hard-
template-based fabrication of nanorods or nanoparticles using
mesoporous silica as a template.[23,24] Such grown nanostruc-
tured manganese dioxide was highly mesoporous and proved to
be capable of continuously delivering high lithium ion intercala-
tion capacities.[25,26] However, this template-based fabrication was
time-consuming and not cost-effective because of the utilization
of a silica template. In addition, complete removal of the silica
template after fabrication remains a technical challenge.
nheim 1015
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Template-free fabrication of mesoporous MnO2 has therefore
become an important destination. Recently, successful fabrica-
tion of high-surface-area manganese dioxide following the
template-free concept has been reported by Sinha et al. by
means of a wet precipitation method[27] and its application in
extensive air purification has turned out to be a great success.
However, manganese dioxide fabricated in this way is not suitable
as large lithium-ion capacity storage device as the electrolyte
penetration would be very difficult in such thick oxide films with
small pores. Porous graphite[28] and titania nanotube arrays[29]

offer better porous structures for lithium ion battery electrodes, as
they consist of both macropores and mesopores. Macropores
facilitate easy access of electrolyte to the electrode films, while
mesopores offer the desired large surface area for Faradaic
reactions and short distances for both mass and charge diffusion
in solid.[30] Various attempts to fabricate a variety of macroporous
metal oxides have been reported, for example, NiO nano-
flowers.[31] The combination of macroporous and mesoporous
structures was also reported in V2O5

[32] to improve lithium ion
intercalation kinetics. However, most porous manganese oxide
possesses a relatively low specific surface area of �13m2

g�1,[33,34] and thus demonstrates limited progress in lithium
ion intercalation capacity and kinetics as well as cyclic stability. In
this paper, we reported the fabrication of hierarchically structured
mesoporous manganese dioxide nanowall arrays on cathodic
substrates by means of water-electrolysis-induced precipitation,
similar to our earlier work on nanostructured vanadium
pentoxide.[35] Such grown hierarchically structured manganese
dioxide electrodes delivered a high lithium ion intercalation
capacity with much improved cyclic stability. Deposition
parameters affecting the porous structure, nanostructure, and
the lithium-ion intercalation properties were studied and
discussed.
Figure 1. a) SEM top-view image of hierarchically structured nanowall

arrays deposited on cathodic substrate by means of water-electrolysis-

induced precipitation from 0.1M precursor solution (manganese acetate

and sodium sulfate) at a voltage of �1.8 V for 15min. b) SEM side-view

image of the same nanowall arrays. c) TEM image of nanowall structure

from the same deposition.
2. Results and Discussion

2.1. Growth of Hierarchically Structured Films on

Cathodic Substrate

Figure 1 shows typical scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of manganese
oxide film grown on cathodic substrate under an externally
applied voltage of �1.8 V. Figure 1a is the SEM topomorphology
image, and clearly indicates that the deposited film on cathodic
substrate consisted of hierarchical nanowall arrays with large
voids of micrometers in diameter. The cross-section SEM image
(Fig. 1b) reveals that the nanowall structure was deposited with no
continuous film at the interface between the Pt film and
manganese oxide nanowall arrays. Study by TEM suggests that
the nanowalls might not have a dense structure (Fig. 1c).

Figure 2 shows the typical nitrogen sorption isotherm of the
cathodic-deposited manganese oxide nanowall arrays and the
pore size distribution calculated from the nitrogen sorption
isotherm. The isotherm of cathodic-deposited manganese oxide
nanowall arrays was of typical IV-type curve with a clear H1-type
hysteretic loop, characteristic of mesoporous materials.[17]

The Brunauer–Emmett–Teller surface area of the sample was
96.2m2 g�1. This large surface area is comparable to the surface
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1015–1023
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Figure 2. a) Nitrogen sorption isotherm measured at 77 K of the powder

samples, the manganese oxide nanowall arrays scratched from cathodic

substrates deposited from the 0.1 M electrolyte and under an externally

applied voltage of �1.8 V and b) the pore size distribution in the manga-

nese oxide nanowall array samples calculated from the nitrogen sorption

isotherm.
area of template fabricated mesoporous manganese dioxide,
around 91m2 g�1.[36] It is also higher than recently reported
manganese dioxide nanowires (�69m2 g�1)[37] and self-assembled
mesoporous-nanostructured manganese oxide (�70m2 g�1).[38]

The macropores discernible on the SEM images could not account
solely for such a large surface area; in fact, 76.1m2 g�1 of the
96.2m2 g�1 came frommesopores with the pore size distribution
centered at a diameter of 4.2 nm.

The formation of such a large number of mesopores in the
deposited structure can be understood by considering the growth
mechanism of the cathodic deposition used in our experiment,
that is, water-electrolysis-induced precipitation, which included
the electrolysis of water at the cathode surface, an increase in local
pH at the vicinity of the cathode, reaction with OH�, and then
precipitation of manganese hydroxide on the cathode.[13,39] The
deposition was the result of the above-mentioned sequential
process that occurred at the surface or in the vicinity of the
cathode. At first, when an appropriate voltage was applied, the
Adv. Funct. Mater. 2009, 19, 1015–1023 � 2009 WILEY-VCH Verl
water electrolysis occurred at the cathode surface, generating
hydrogen gas, and OH� groups:

2H2Oþ 2e� ¼ H2 þ 2OH� (1)

The generated OH� groups then bond with Mn2þ ions,
causing nanoparticle precipitation:

Mn2þ þ 2OH� ¼ MnðOHÞ2 (2)

The precipitation growth mechanism scheme is depicted by
Figure 3a: during the precipitation, the metal substrate surface
consists of two kinds of sites; one where the nanoparticles of
manganese hydroxide precipitate and another where hydrogen
gas bubbling occurs (no precipitation). This discontinuous
precipitation on the substrate generates the macroporous
nanowall arrays. In addition, in every precipitation cluster, the
spaces between neighboring nanoparticles were mesopores, as
shown by TEM and the nitrogen isotherm study. Exactly the same
nanostructure as that depicted by the growth mechanism scheme
was observed when the precursor concentration was tuned to a
very large amount. In Figure 3b and c, SEM and TEM images
clearly indicate that the deposited hierarchical nanowall arrays
were formed by closely stacked spherical nanoparticles with
diameters of �50 nm. During the deposition, water electrolysis
provided not only the OH� groups that bonded with Mn2þ to
precipitate manganese hydroxide nanoparticles but also gener-
ated H2 gas bubbles, which acted as the force to prevent
continuous precipitation on the whole substrate, thus producing
the macropores of the nanowall arrays. Similar macroporous and
mesoporous hierarchical structures was also found in cathodic
deposited Co(OH)2.

[40]

Solution precipitation is a well-developed technique for
fabricating transitional metal hydroxide or oxide. The funda-
mental concept is the bonding of metal ions and base group OH�

to generate metal hydroxide nanoprecipitates, such as the
deposition of Ni(OH)2.

[41] The classical precipitation method
works through the addition of base, changing the whole pH of the
electrolyte. However, the water-electrolysis-induced precipitation
method we used here created only a local high-pH region near the
working electrode, without affecting the whole electrolyte pH
environment; thus, the nanostructure could be directly deposited
onto the working electrode. Moreover, hydrogen bubbles with
sizes of tens of nanometers were generated in the process[42] and,
in our experiments, they assisted in the formation of the
macropores in the nanowall arrays.

After the deposition, when the film was exposed to air, air
oxidation turns the unstable manganese hydroxide into hydrous
manganese dioxide[43]

2MnðOHÞ2 þ O2 ¼ 2MnO2 þ 2H2O (3)

In these experiments, the oxidation process was said to be
complete when the film turned completely black (the character-
istic color of manganese dioxide[44]) from white-yellow (the
characteristic color of manganese hydroxide[44]). After X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy studies,
ag GmbH & Co. KGaA, Weinheim 1017
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Figure 3. a) Scheme showing the proposed growth mechanisms of hier-

archically structured manganese hydroxide nanowall arrays on cathodes

due to the increased pH value resulting from water electrolysis (blue area

stands for high pH); precipitation of manganese hydroxide nanoparticles

from the electrolyte accompanied with the release of hydrogen gas bubbles

from the cathode surface. b) SEM image of the hierarchically structured

nanowall arrays mimicking the structure proposed in the growth mech-

anism scheme and c) TEM image of stacked nanoparticles in a nanowall

with voids (pores).

Figure 4. SEM top morphologies of the hierarchically structured nanowall

arrays deposited on cathodic substrates using an externally applied voltage

of �1.8 V for 15min from precursor concentrations of a) 0.02M, b) 0.1 M,

and c) 0.5 M.

1018
and thermogravimetric analysis (TGA), the resultant film was
characterized to be hydrous manganese dioxide MnO2 � 0.5H2O,
as reported in our earlier work.[13]

The effect of deposition voltage on product morphology was
also studied and we found that when the cathodic voltage was
�1.4 Vor higher the substrate was not fully covered by deposition,
nor was the film stable in the electrolyte for lithium ion
intercalation measurements. When the deposition voltage was
between �1.4 and �2.2 V, for example, �1.8 V, no major
differences in specimen morphology were observed. However,
when the deposition voltage was lower than �2.2 V, the bubbling
phenomena was so fierce that a homogeneous film was very
difficult to obtain.
� 2009 WILEY-VCH Verlag GmbH &
Figure 4 compares the SEM morphologies of cathodic
deposited manganese dioxide from three different precursor
concentrations; 0.02, 0.1, and 0.5 M. A comparison of these
images shows that, when the precursor concentration was
increased, the nanowall thickness was correspondingly
enhanced, similar to what was reported of Zn–Al double
hydroxide deposition.[45] The macropore size increased from
around 500 nm for the 0.02 M specimen to around 1mm for the
0.1 M specimen, but dropped back to around 500 nm for the 0.5 M

specimen when the nanosheets became stuck together. Con-
sidering these varied morphologies for specimens deposited
from varied precursor concentrations, different values of surface
areas were also expected. Table 1 compares the surface areas of
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1015–1023
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Table 1. Brunauer–Emmett–Teller surface area and pore size distribution
of cathodic depositedMnO2 � 0.5H2O nanowall arrays grown from different
precursor concentrations.

Precursor

concentration [M]

Total surface

area [m2 g�1]

Mesopore surface

area [m2 g�1]

Pore

diameter [nm]

0.1 96.2 76.1 4.2

0.5 41.9 33.7 3.7

1 32.2 25.8 3.4
the 0.1, 0.5, and 1M specimens; it was found that the surface area
of the specimens reduced from 96 (0.1 M specimen) to 42m2 g�1

(0.5 M specimen) and finally to only 32m2 g�1 (1.0 M specimen).
Since the mesopore sizes for the three specimens did not change
so dramatically, this reduction is believed to be related to the
nanowall thickness enlargement seen in the SEM images.

By variation of the deposition time it was possible to achieve
different deposition thicknesses. The curve in Figure 5 displays
the relationship between deposition time and product thickness;
apart from the initial deposition thickness, below 0.5mm, the
thickness of the deposited film increased with deposition time
nearly linearly. It took only 1min for the thickness to reach
0.5mm but around 6min to reach 1.5mm. After around 20min,
the thickness increased to 4.5mm. The lower growth rate after the
initial 0.5mm deposition can be attributed to the reduced water
electrolysis rate caused by the partially covered platinum substrate
after initial deposition. The nearly linear relationship between the
deposition time and deposition thickness is indicative that there
was no change of the rate-limiting process and offers easy control
of the film thickness. This linear relationship also suggests
thicker films can be readily grown.
2.2. Lithium Ion Intercalation Properties

The electrochemical properties of the as-fabricated mesoporous
nanowall arrays were measured by using lithium-ion-intercalation
tests. Cyclic voltammograms (CV) of the 0.1 M specimen in the
Figure 5. The dependence of the nanowall array thickness as a function of

deposition time under a voltage of �1.8 V from 0.1M precursor solution.

The linear relationship suggests there is no change of the rate-limiting step

during the entire deposition duration investigated in this study.

Adv. Funct. Mater. 2009, 19, 1015–1023 � 2009 WILEY-VCH Verl
first and tenth cycles are compared in Figure 6a. In the first cycle,
the anodic peak was centered on 0.15V, corresponding to lithium
ion extraction, and the cathodic peak was centered on �0.85V,
corresponding to lithium ion insertion. As could be clearly seen,
after 10 cycles the cathodic peaks shifted a little, to higher
voltages, but the swept area of the voltammograms did not change
greatly, indicating good stability of the nanowall arrays in the
cyclic measurements.

Figure 6b displays the first and tenth cycle chronopotentio-
metric (CP) discharge/charge curves of the deposited nanowall
arrays with the deposition thickness around 0.5mm. The first
cycle discharge curve dropped initially in a sloping manner to
around �0.6 V, and then a discharge plateau appeared with
around 100mA hg�1 delivered in this region before the curve
reached the lower voltage limit of �1.4 V in a sloping manner
again. Eventually, the whole discharge capacity reached a value as
high as 256mA hg�1, equal to the lithium intercalation ratio of
0.83 Li per MnO2, comparable to the recently reported MnO2

nanocomposites[46] and much higher than the theoretical limit of
154mA hg�1 for bulk MnO2. The charge curve jumped quickly to
Figure 6. a) Cyclic voltammetry curves of the �1.8 V deposited

MnO2 � 0.5H2O nanowall arrays in the first cycle (solid line) and tenth

cycle (dashed line) in 1 M LiClO4 propylene carbonate with a scan rate of

10mV s�1 in a voltage range between 0.4 and �1.4 V versus Ag/AgCl and

b) CP discharge/charge curves showing the lithium ion intercalation/

deintercalation behaviors and capacities of 0.1 M and �1.8 V deposited

MnO2 � 0.5H2O nanowall arrays with the deposition thickness 0.5mm in

the first and tenth cycle measured between 0.4 and �1.4 V versus Ag/AgCl

at a current density of 30mA g�1.

ag GmbH & Co. KGaA, Weinheim 1019
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around �0.1 V, then slowly returned to upper voltage limit of
0.4 V. The irreversible capacity was around 24mA hg�1, 10% of
the discharge capacity. The tenth cycle curves possessed a similar
shape as the first cycles; and, although, capacity decreased a little,
the discharge capacity was still as high as 221mA hg�1. These
high and over limit capacities could be attributed to two
characteristics of the mesoporous MnO2 � 0.5H2O nanowall
arrays. One was the low crystallinity of the cathodic-deposited
MnO2: the structure was less well packed, and thus possessed
more open free space during lithium ion intercalation and
diffusion as well as greater ability to accommodate structural
deformation. The other explanation was the nanostructuring
effect. Despite the fact that by now there is no detailed
investigation of the intercalation mechanism for nanostructured
MnO2, frequently reported high discharge capacities over 200mA
hg�1[47–49] have clearly indicated that nanostructured MnO2, by
providing a shorter diffusion path for lithium ions and reduced
internal strain, could store a much higher ratio of lithium ions
than the theoretical limit of bulk film. Similar phenomenon was
also reported in nanostructured TiO2.

[50] Besides the high
discharge capacities, the mesoporous nanowall arrays also
demonstrated excellent electrochemical stability. After 10 cycles,
the discharge capacity was still nearly 90% of the initial capacity.
In addition to the reduced lattice strain offered by the
nanostructure during cycling, the existence of mesopores in
the nanowall arrays was also responsible for the cycle stability,
because of their buffering role to the volume expansion
experienced during redox reactions.

Figure 7 compares the initial CP discharge/charge curves of
nanowall arrays deposited from different precursor concentra-
tions, i.e., 0.1, 0.5, and 1M of similar deposition thicknesses
(around 2.5mm). For all the discharge curves, the discharge
plateau could be clearly observed between �0.7 and �0.8 V. A
0.1 M specimen had the highest capacity of 225mA hg�1, around
100mA hg�1 of which was delivered by the sloping mannered
intercalation before the discharge plateau appeared, and around
50mA hg�1 was delivered after the plateau. As the concentration
was increased to 0.5 M, the discharge capacity reduced to around
Figure 7. CP discharge/charge curves in the first cycle of MnO2 � 0.5H2O

nanowall arrays deposited from precursor concentrations of 0.1, 0.5, and

1M with the same deposition thickness (2.5mm). The measurements were

carried out between 0.4 and �1.4 V versus Ag/AgCl at a current density of

30mA g�1.

� 2009 WILEY-VCH Verlag GmbH &
180mA hg�1, but the discharge capacity delivered on discharge
plateau was still around 80mA hg�1, very similar to the 0.1 M

specimen. The 1 M specimen had a further lower discharge
capacity, reduced to 156mA hg�1, and this reduction was clearly
seen to be the shrinkage of the plateau size in contrast to the 0.5 M

specimen. All of these specimens exhibited very good reversi-
bility: after a cycle of discharge/charge, the curves returned to
near their starting points, leaving a gap of less than 20mA hg�1.

The initial CP discharge/charge curves of different deposition
thicknesses ranging from 0.5 to 4.5mm are compared in
Figure 8a. As can be seen from the CP curves, there was a
much less significant decrease of discharge capacity associated
with an increase of deposition thickness. The discharge plateau
shrinkage was also identified and can be seen graphically to be a
factor in the capacity loss. The discharge capacities were 256, 243,
225, 223, and 201mA hg�1 for 0.5, 1.5, 2.5, 3.5, and 4.5mm,
respectively. However, even when the deposition thickness was as
large as 4.5mm, the discharge capacity was still nearly 80% of that
of small deposition thickness, that is, 0.5mm. In addition, all the
deposition thicknesses shared the characteristic of small
irreversible capacities which created the nearly closed dis-
charge/charge loops of the CP curves.

The long-term cycle performance of lithium ion intercalation/
deintercalation capacities of different thicknesses was also
measured by CP test, and compared in Figure 8b for the first
Figure 8. a) CP discharge/charge curves in the first cycle ofMnO2 � 0.5H2O

nanowall arrays of different deposition thicknesses from a precursor

concentration of 0.1 M and b) their long-term cycle discharge capacities

as a function of cycle number. Themeasurements were carried out between

0.4 and �1.4 V versus Ag/AgCl at a current density of 30mA g�1.

Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1015–1023
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30 cycles. As can be clearly seen, for all the thicknesses the
cathodic-deposited manganese dioxide exhibited stable high
capacities over these cycles. In detail, the 0.5mm sample began
with a high discharge capacity of 256mA hg�1, which dropped to
239mA hg�1 in the second cycle. The capacity then continued
to drop slightly, although it remained as high as
175mA hg�1 after 30 cycles. The 1.5-, 2.5-, 3.5-, and 4.5-mm
samples exhibited similar performance; initially, they had values
as high as 243, 225, 223, and 201mA hg�1, respectively. After
30 cycles, the discharge capacities were 167, 158, 153, and
150mAhg�1 for each thickness. Compared with puremanganese
dioxide nanowires fabricated by Park et al.,[37] which had an initial
discharge capacity of 180mA hg�1, all the measured nanowall
arrays delivered higher initial discharge capacities. After 30 cycles,
the nanowall arrays exhibited capacities close to those of
the nanowires after their second cycle; between 150 and
160mA hg�1. The larger surface area of the nanowall arrays
(96m2 g�1) compared to the nanowires (<69m2 g�1) should have
contributed to the higher capacities in the initial cycles.

Another finding is that, for the mesoporous nanowall arrays,
the discharge-capacity reduction was 22% when the deposition
thickness was increased from 0.5 to 4.5mm, and scaled at a rate of
approximately 5% per mm.
Figure 9. a) CP discharge/charge curves in the first cycle of anodic

deposited manganese dioxide of different deposition thicknesses and

b) the comparison of discharge capacities of anodic deposited manganese

dioxide and cathodic deposited manganese dioxide in the first 10 cycles.

The measurements were carried out between 0.4 and �1.4 V versus Ag/

AgCl at a current density of 30mA g�1.
2.3. Comparison with Anodic Deposited Manganese Dioxide

To make a comparison of lithium ion intercalation capacities,
manganese dioxide was also prepared through an anodic
oxidation route according to the literature.[51] In the lithium
ion intercalation test, the anodic manganese dioxide was also
measured for different deposition thicknesses, that is, 0.5, 1.5,
and 2.5mm, and the CP curves are shown in Figure 9a. In the thin
film, the film could deliver a reasonably good value of 189mA
hg�1. However, the discharge capacities reduced by more than
50% when the deposition film thickness increased from 0.5 to
2.5mm and the curve shapes were different. When the film
thickness was around 0.5mm, there was an obvious discharge
plateau in the voltage range between�0.7 and�0.8 V. Nearly half
of the total discharge capacity of 189mA hg�1 was delivered in
this region. As the film were made thicker, the plateau
disappeared. Thus, the initial discharge capacities were badly
reduced to 112 and 79mA hg�1 for 1.5 and 2.5mm, 41 and 58%
less, respectively. It was also noted that after the completion of
one cycle of lithium ion intercalation and de-intercalation, none
of these curves returned to the starting points. The 0.5-mm
sample had a large capacity loss of around 43mAhg�1, 23% of the
discharge capacity. The 1.5-mm sample had similar irreversible
capacity of 41mA hg�1, 37% of the discharge capacity; while the
2.5-mm sample had a smaller irreversible capacity of 14mA hg�1

but the irreversible ratio was still nearly 20%. The low coulombic
efficiency (ratio of charge capacity to discharge capacity) of all
these samples revealed the capability difference between lithium
ion insertion and extraction for anodic deposited manganese
dioxide. With the same reaction current density, a large portion of
lithium ions inserted into the host could not be extracted. The
cycle performance of different thicknesses in the first ten cycles is
detailed in Figure 9b and compared with cathodic deposited
Adv. Funct. Mater. 2009, 19, 1015–1023 � 2009 WILEY-VCH Verl
manganese dioxide of the same thicknesses. It is obvious that
cathodic deposited manganese dioxide possesses a higher
discharge capacity and better stability over anodic deposited
manganese dioxide for each thickness. The anodic deposited
manganese dioxide only delivered reasonable initial discharge
capacity (189mA hg�1) when the film thickness was around
0.5mm. This value also dropped very quickly to 164mA hg�1 in
the second cycle and eventually to only 95mA hg�1 in the tenth
cycle, indicating a capacity degradation of 50%. For larger
thicknesses, 1.5 and 2.5mm, the discharge capacities were far
below the values of their cathodic counterparts. A 1.5-mm sample
began with a discharge capacity of 112mA hg�1, dropped to
95mA hg�1 in the second cycle, and had only 66mA hg�1 left in
the tenth cycle (41% degradation). A 2.5-mm sample’s discharge
capacity began with an even smaller value of 79mA hg�1,
dropped to 68mA hg�1 in the second cycle, and was only 45mA
hg�1 in tenth cycle (43% degradation).

The above comparison clearly reveals that the cathodic
deposited manganese dioxide films possessed favorable hier-
archically mesoporous structure with higher discharge capacities
and better cycle stability than anodic deposited manganese
dioxide. The cycle stability can be attributed to the mesoporous
structure of the cathodic deposited manganese dioxide nanowall
ag GmbH & Co. KGaA, Weinheim 1021
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arrays. As to the high discharge capacities at large deposition
thickness, the macrostructure should be key; aside from the large
surface area and shorter diffusion path provided for lithium ion
reactions, this honeycomb macroporous structure facilitated the
penetration of electrolyte to the bottom of the array in the same
way as tube arrays, even when thickness was large, thus
minimizing the adverse effect of large deposition thickness,
that is, difficulty of electrolyte penetration. A similar phenom-
enon was also found when making a comparison of the thickness
effect on vanadium oxide with and without macroporous
structures.[52,53]
3. Conclusions

Hierarchically structured mesoporous nanowall arrays of
MnO2 � 0.5H2O were grown on a cathodic substrate by means
of water-electrolysis-induced precipitation. The mesoporous
nanowall arrays were homogeneous throughout the whole
thickness over the entire film with a large surface area of
96m2 g�1. Deposition conditions such as externally applied
voltage, precursor concentration, and deposition time were found
to affect the mesoporous structure and lithium-ion intercalation
properties of the grown films. The results showed that the
nanowall arrays grown from 0.1 M electrolyte at �1.8 V possessed
the best lithium ion intercalation capacity of 256mA hg�1 for
0.5-mm-thick film. The nanowall arrays demonstrated excellent
lithium ion intercalation properties not only for thin films but
also for thick films; 4.5-mm film possessed a storage capacity
>200mA hg�1. This excellent electrochemical performance of
cathodic deposited mesoporous MnO2 � 0.5H2O nanowall arrays
in lithium ion intercalation tests was due to its hierarchically
macro- and mesoporous nanostructure: high surface area and
short lithium ion diffusion path favored the interface Faradaic
reactions and made a high reversible lithium ion intercalation
capacity possible; the mesoporous structure provided more
freedom for volume change and guaranteed cycle stability. In
addition, the macroporous structure facilitated electrolyte
penetration in thick-film deposition, permitting the growth
necessary for thick-film fabrication.
4. Experiments

Materials and Synthesis: The precursor solutions were made by
dissolving manganese acetate, Mn(CH3COO)2 � 4H2O (99þ%, Alfa Aesar)
and anhydrous sodium sulfate, Na2SO4 (99%, J. T. Baker) into deionised
(DI) water in a concentration of 0.1 M for both precursors. The solution was
stirred at room temperature for 1 h to ensure the complete dissolution of
both solutes prior to the electrodeposition experiments.

The cathodic deposition was carried out in a two-electrode deposition
mode as reported in our previous work [13]. In brief, two electrodes were
separated by a constant distance of 20mm and the deposition was carried
out at a constant voltage of �1.4, �1.8, and �2.2 V on cathodic Pt
substrate. To investigate the effect of precursor concentration, different
precursor concentrations from 0.02 to 1 M were also used for deposition
under a voltage of �1.8 V and the deposition films were denoted by their
precursor concentrations, e.g., film deposited from 0.5M manganese
acetate and anhydrous sodium sulfate solutions was denoted as the 0.5 M

specimen. The effect of deposition time was also studied by changing the
deposition time from 1 to 20min on 0.1 M precursor under a voltage of
� 2009 WILEY-VCH Verlag GmbH &
�1.8 V. The products were then dried in a vacuum chamber and stored in a
fume hood for 24 h until the originally white-yellow film turned black.

Characterization of Materials: As-obtained manganese oxide was
characterized by means of XRD (Philips PW 1820), thermogravimetic
analysis (TGA7, PerkinElmer), X-ray photoelectron spectroscopic (ESCA
210, VG Scientific Ltd.), scanning electron microscopy (JSM 7000, Philips
JEOL), transmission electron microscopy (JSM 2010, Philips JEOL) and
nitrogen adsorption–desorption at 77 K (NOVA 4200e, Quantachrome
Instruments).

Electrochemical Characterization: The electrochemical properties of the
manganese oxide on the Pt-coated substrates were investigated by using a
conventional three-electrode system. Platinum foil was used as the counter
electrode with an Ag/AgCl electrode employed as the reference electrode
and 1M LiClO4 in propylene carbonate as the electrolyte solution for lithium
ion intercalation experiments. Cyclic voltammogravic (CV) measurements
were conducted in the voltage window of 0.4 and �1.4 V at a scan rate of
10mV s�1. CP measurements were carried out with the electric potential
controlled between 0.4 and �1.4 V versus the standard Ag/AgCl reference
electrode at a current density of 30mA g�1. Both the CVs and CPs were
done by using an electrochemical analyzer (CH Instruments, Model 605B).
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