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al hierarchically porous crystalline
MnO2 structure design for a high rate performance
lithium-ion battery anode†

Shikun Liu,a Xusong Liu,a Jiupeng Zhao,*a Zhongqiu Tong,b Jing Wang,a

Xiaoxuan Ma,a Caixia Chi,a Dapeng Su,a Xiaoxu Liu*ac and Yao Li*b

A reasonably designed anode of hierarchically porous crystalline manganese dioxide on nickel foam has

been successfully synthesized by facile anodic electrochemical deposition in combination with heat

treatment. The three dimensional structure avoids the application of binder and conductive additives.

The Ni foam provides a highly electronically conductive network in conjunction with a large surface area

to support well contacted MnO2 nanoparticles and effectively increases the mechanical strength of the

MnO2 anode as well as suppresses the aggregation of MnO2 nanoparticles during discharge/charge

processes. The hierarchical pores composed of a large amount of macropores and mesopores can not

only accommodate the volume change of MnO2 nanoparticles during Li ion insertion/extraction, but also

accelerate the penetration of electrolyte and promise fast transport and intercalation kinetics of Li ions.

The crystalline MnO2 anode exhibits a higher electrochemical performance than the amorphous one. As

a result, the hierarchically porous crystalline MnO2 anode shows a long cycling life of 778.0 mA h g�1

after 200 cycles at a current density of 0.4 A g�1 and high-rate capability of up to 82% capacity retention

even after the current density increases 20 times from 0.1 to 2.0 A g�1.
Introduction

Lithium-ion batteries (LIBs), as one of the electrical energy
storage devices, have been extensively studied and widely
applied in portable electronics, large-scale energy storage and
electric vehicles.1–4 However, new electrode materials with
higher specic capacity and longer cycling life than graphitic
materials (theoretical capacity: 372 mA h g�1),5 need to be
developed for next-generation LIBs. Recently, in consideration
of their high theoretical capacities, electrochemically active
transition metal oxides, such as Fe2O3,6,7 Fe3O4,8,9 SnO2,10,11

Co3O4,12,13 TiO2,14 and NiO,15 have been intensively researched
as anode electrodes for LIBs. Among them, MnO2 has attracted
signicant attention due to its high theoretical specic capacity
(1230 mA h g�1), environmental benignity, natural abundance
and low cost.16–20 However, the intrinsic low electrical conduc-
tivity (10�8 to 10�7 S cm�1) and volume change lead to rapid
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capacity fading and poor rate performance during repeated
discharge/charge processes.21

To overcome these challenges, various nanostructuredMnO2

materials combined with various conductive matrix have been
fabricated for using as anode electrodes in LIBs by many
researchers, such as conducting polymer,22 carbon nano-
horns,23 carbon nanotubes20,24 and graphene,25–27 which can
improve the electronic conductivity and suppress the pulveri-
zation of MnO2 anodes. However, the excellent cyclic stability
and rate performance for MnO2 related anode, especially stable
cycling life at higher current densities, have not been achieved.
The excellent electrochemical performance of electrode mate-
rial depends on the compact attachment between active mate-
rial and current collector, achieving good electronic
conductivity, and sufficient contact between active material and
electrolyte, realizing high lithium ion diffusion efficiency.

More recently, three-dimensional (3D) nanostructured
composite electrodes, directly growing electrode materials on
current collector substrates, have attracted greater attention for
LIBs.28,29 The 3D nanostructure avoids the use of binder and
conductive additives appearing commonly in electrode mate-
rials. In addition, the current collector substrate can tightly
bond the active particles to a conductive and robust matrix and
can effectively maintain the mechanical strength of the elec-
trode during volume changes. In recent years, the hierarchically
porous structure has been an attractive architecture for various
applications, including supercapacitors,30 solar cells,31,32 fuel
This journal is © The Royal Society of Chemistry 2016
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cells,33 and LIBs.34,35 In a hierarchically porous material, the
hierarchical pores can not only buffer the large volume variation
during Li ions insertion/extraction, but also provide continuous
pore spaces for good electrolyte penetration, ensuring the effi-
cient transport of Li ions between the electrolyte and active
materials. Some researches have reported that crystalline elec-
trodes show better electrochemical performances than amor-
phous counterparts.36,37 Transition metal oxides would be easily
changed from crystal network structure to nano-crystallite
structure aer the rst discharge.37,38 The nano-crystallite
would contribute to the Li ion insertion and lower the electro-
chemical polarization in the following cycles.37,38 Hence the
transition metal oxide electrodes that are directly grown on
current collector substrates and possess hierarchically porous
crystalline structures would show good electrochemical
performances.

In this study, a hierarchically porous crystalline MnO2 (HPC-
Mn) anode on Ni foam was successfully fabricated by facile
anodic electrochemical deposition into colloidal crystal
templates following heat treatment. The HPC-Mn anode shows
an improved electrochemical performance than the hierarchi-
cally porous amorphous MnO2 (HPA-Mn) anode without
annealing. The combined excellent properties of tightly
bonding between active materials and conductive substrate,
hierarchically porous structure and crystalline structure enable
the HPC-Mn anode to have a long cycling life of 778.0 mA h g�1

aer 200 cycles at a current density of 0.4 A g�1 and excellent
rate capability of up to 82% capacity retention even current
density increasing 20 times from 0.1 to 2.0 A g�1.
Experimental
Preparation of the HPC-Mn anode

Fig. 1 shows a schematic illustration for the fabrication of HPC-
Mn anode. Monodispersed polystyrene (PS) latex spheres of
�400 nm in diameter were produced using emulsier-free
emulsion polymerization technology.39 PS colloidal crystal
templates were grown on pure nickel foams using a controlled
vertical drying method.40 The nickel foams were cleaned ultra-
sonically in ethanol and were soaked in PS sphere suspension
(0.5 wt%) in glass vessels. The glass vessels were then put in an
incubator at a constant temperature of 60 �C to evaporate the
solvent, as shown in Fig. 1a.

Anodic electrochemical deposition of MnO2 into polystyrene
colloidal crystal templates was performed at a constant voltage
Fig. 1 Schematic illustration for the fabrication of HPC-Mn anode.

This journal is © The Royal Society of Chemistry 2016
of 0.9 V versus Ag/AgCl for 300 s (Fig. 1b and c). Typically, 0.5 M
MnSO4$H2O and 0.5 M Na2SO4 in a 5 : 1 mixture (volume ratio)
of distilled water and ethanol was used as electrolyte. Ethanol
was used to reduce the surface tension between the electrolyte
and the PS spheres surface.40 The electrochemical deposition
was carried out in a three electrode conguration with Ag/AgCl
as a reference electrode, Pt foil as a counter electrode, and
nickel foam coated with PS spheres as a working electrode. The
anode and cathode reactions are shown in ESI.† The as-grown
samples were washed in ultrapure water and dried at 60 �C in
oven. Then the samples were immersed in tetrahydrofuran to
remove the PS spheres templates. Finally, the samples were
further annealed at 400 �C for 3 h in argon atmosphere to
fabricate the HPC-Mn anode (Fig. 1e). ESI Videos 1 and 2† have
shown that the annealing has no effects on the mechanical
stability and electrical conductivity of Ni foams. The mass
loading of MnO2 active material was calculated to be about
16.67 mg cm�3 (the thickness of Ni foam is 0.30 mm) based on
the difference value of Ni foam before growing PS template and
aer annealing. The color change of the samples at different
preparation stages was distinct, as shown in Fig. S1.†
Characterization

The morphology and nanostructures of the samples were
characterized by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM). SEM images of the
samples were collected by a SU8000 scanning electron micro-
scope with an accelerating voltage of 15 kV. TEM-HRTEM was
carried out on TEM (JEOL JEM-2010). X-Ray Diffraction (XRD)
measurements were performed at a Rigaku D/max-rB X-ray
diffractometer with Cu Ka (l ¼ 0.15418 nm) incident radia-
tion. The diffraction patterns were collected at room tempera-
ture in the 2q ranges of 10 to 90�. An X-ray photoelectron
spectroscopy (XPS) study was conducted with a PHI 5700 ESCA
system using Al Ka radiation (1486.6 eV). Raman spectroscopy
was performed with a laser micro-Raman spectrometer
(Renishaw inVia, Renishaw, 532 nm excitation wavelength).
Brunauer–Emmett–Teller (BET) analysis was carried out using
a N2 adsorption–desorption apparatus (3H-2000PS1, Bass). The
small angle X-ray scattering (SAXS) tests were carried out at
Shanghai Synchrotron Radiation Facility, by using a wavelength
of 0.124 nm, a sample to detector distance of 5 m, and an
exposure time of 10 s.
RSC Adv., 2016, 6, 85222–85229 | 85223
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Electrochemical measurements

The electrochemical properties of the samples were evaluated
using CR 2032 coin cells. The coin cells were assembled in
a glove box lled with high-purity argon, where the as-fabricated
HPC-Mn and HPA-Mn anodes were used as the working elec-
trodes, metallic lithium foil as the counter/reference electrode,
a polypropylene (PP) lm (Celgard 2400) as the separator, and 1
M LiPF6 in ethylene carbonate (EC)–dimethyl carbonate (DMC)
(1 : 1 in volume) as the electrolyte, without any additives. The
discharge–charge performance of the batteries was tested using
a channels battery analyzer (Neware CT-3008) with the voltage
cut-off between 0.01 and 3.0 V vs. Li/Li+. The electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurements were performed using a CHI660E electro-
chemical workstation. EIS was recorded with a frequency
ranging from 100 kHz to 10 mHz and a AC signal of 5 mV in
amplitude as the perturbation. The voltage range of the CV
measurements was 0.01–3.0 V and the scanning rate was 0.5 mV
s�1. All the tests were performed at room temperature.
Results and discussion

The morphology of the PS template on the Ni foam substrate is
shown in Fig. 2a. The PS spheres present well-ordered and the
average size of PS spheres is about 400 nm. Fig. 2c and d show
the morphology of HPC-Mn. It is clearly seen that, aer anodic
electrochemical deposition, removing the PS template and
annealing, ordered macroporous structure could be formed.
The inner surface of macropores is rough and the pore walls are
composed of MnO2 nanoparticles, with average particle size of
about 20 nm. The nano-sized MnO2 particles will enable the
HPC-Mn anode to possess high surface electrochemical reac-
tivity.38 The smallest thickness of the pore walls is about 10 nm,
which gives effective transport pathways for electron and Li ions
conduction.40 This nonuniformity of the pore walls' thicknesses
is because that the PS spheres template is grown on cambered
surfaces of Ni foam (Fig. S2a†) that is difficult to form uniform
Fig. 2 SEM images of (a) PS template, (b) HPA-Mn sample and (c and d)
HPC-Mn sample.

85224 | RSC Adv., 2016, 6, 85222–85229
voids between PS spheres compared to at surfaces.40,41 The
macroporous structures are conducive to complete inltration
of the electrolyte, hence improving the diffusion rate of Li ions
from the electrolyte to MnO2 nanoparticles. Moreover, the
macropores can act as buffers for continuous volume
expansion/contraction of MnO2 during lithiation/delithiation.
Additionally, the directly grown of MnO2 nanoparticles onto
Ni foam ensures a high electron conductivity.

Fast ion/electron transfer would lead to fast reaction
kinetics. This is especially important for the application of high-
rate LIBs.42 For comparison, high resolution SEM image of the
sample without annealing treatment (HPA-Mn) is shown in
Fig. 2b. It can be clearly seen that the inner surface of the
macropores is smooth and compact, which may reduce the
diffusion rate and intercalation kinetics of Li ions. Fig. S2†
shows that the whole surfaces of Ni foams have been covered by
the porous MnO2 active materials.

The microstructure and composition of HPC-Mn sample
were characterized by TEM-HRTEM micrographs, elemental
mapping and energy dispersive X-ray spectroscopy (EDX). The
SAED pattern shown in the top right inset of Fig. 3a indicates
the polycrystalline characteristic of HPC-Mn sample. The blue
labeled in the zone is selected for HRTEM (Fig. 3b), and the
lattice fringes show the interplanar spacings are about 0.22,
0.25 and 0.31 nm, which are corresponding to the (330), (211)
and (310) planes of tetragonal a-MnO2 respectively. The (310)
plane are observed consistently at an angle of �59.5� to the
(211) plane. Furthermore, the lattice fringe of Ni under fringes
of a-MnO2 can also be obviously seen from Fig. 3b. The inter-
planar spacing is about 0.17 nm, which is corresponding to the
(200) plane of Ni. This corroborates that the electrodeposited
MnO2 nanoparticles are rmly connected to the Ni foam aer
annealing, which ensures high electronic conductivity and
mechanical strength for the HPC-Mn anode.43 The elemental
Fig. 3 TEM-HRTEM micrographs of HPC-Mn sample. (a) TEM image,
the inset is the SAED pattern and (b) HRTEM images of the labeled zone
in (a). (c) Elemental mapping of Mn (c1), Ni (c2) and O (c3) corre-
sponding to the outlined area by the orange square. (d) EDX spectrum
of the HPC-Mn sample.

This journal is © The Royal Society of Chemistry 2016
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mapping (Fig. 3c and c1–c3) in the orange square area can also
demonstrate the tightly bonding between MnO2 nanoparticles
and Ni foam. The manganese and nickel elements occur at the
same area (Fig. 3c1 and c2), indicating that the MnO2 nano-
particles are still bonded to Ni foam even aer the strongly
ultrasonic process when prepared the TEM sample. This is well
agreement with Fig. 3b. It is notable that the TEM sample was
prepared by scraping MnO2 nanoparticles from Ni foam using
a blade. Hence, Ni particles would also be scraped along with
MnO2 nanoparticles due to the strong adhesion. The strong
adhesion and mechanical strength can be further intuitively
seen from the ESI Video 3.†We tested the mechanical adhesion
under a tape test, and no MnO2 active materials were visualized
on the tape, indicating good adhesion of MnO2 nanoparticles
on the Ni foam. In addition, EDX spectrum was conducted to
determine the composition of the HPC-Mn sample (Fig. 3d),
which conrms that the sample is composed of manganese,
oxygen and nickel. The carbon and copper peaks derive from
the carbon-coated copper grid.

The phases and crystal structures of various samples were
monitored and characterized by the XRD pattern, Raman and
XPS spectra. Fig. 4a shows the XRD patterns of HPC-Mn and
HPA-Mn, Ni foam for comparison. All samples show three
strong diffraction peaks at 44.6�, 52.0� and 76.4�, which are
corresponding to (111), (200) and (220) crystal planes of Ni
respectively, consistent with the HRTEM results. The diffraction
Fig. 4 (a) XRD patterns of pure Ni foam, HPA-Mn and HPC-Mn
samples. (b) Raman spectrum of HPC-Mn sample. (c and d) XPS of
HPC-Mn sample, in which (c) corresponds to the Mn 2p states and (d)
corresponds to the O 1s states. (e) 2D SAXS pattern of HPC-Mn anode.
(f) Mesoporous size distributions of HPC-Mn and HPA-Mn anodes.

This journal is © The Royal Society of Chemistry 2016
peaks of HPC-Mn at 18.1�, 29.0�, 32.6�, 36.2� and 60.2� can be
indexed to the diffractions from (200), (310), (101), (211) and
(521) crystal planes of body-centered tetragonal structure a-
MnO2 (JCPDS 44-0141), respectively. While the XRD pattern of
HPA-Mn without annealing expresses no obvious peaks, indi-
cating an amorphous structure. The HPC-Mn sample has been
further characterized by Raman spectroscopy, as shown in
Fig. 4b. The two main peaks at 556 and 655 cm�1 are attributed
to the Mn–O stretching mode of MnO6 octahedra.44,45 While the
weak peak at 345 cm�1 is assigned to Mn2O3 or Mn3O4 formed
during the spectrum acquisition due to the local heating of the
sample.46 The XPS spectrum was conducted to conrm the
oxidation state of Mn in the HPC-Mn sample. The wide survey
XPS spectrum of the sample is shown in Fig. S3,† which shows
predominant signals of Mn, O and C. Note that the elemental
carbon comes from surrounding atmosphere. Mn 2p spectra of
the as-prepared sample is shown in Fig. 4c. The spin energy
separation of Mn 2p3/2 andMn 2p1/2 centered at 641.8 and 653.5
eV, respectively, is 11.7 eV, which is good consistent with re-
ported data for MnO2, indicating the Mn4+ in the HPC-Mn
sample.47,48 Fig. 4d exhibits the O 1s spectra of the as-
prepared sample. The peaks located at 530.0 eV and 532.0 eV
are related to binding energy of O 1s in anhydrous (Mn–O–Mn)
and hydrated (Mn–O–H) manganese oxides, respectively.29

Mesoporous structures of the HPC-Mn and HPA-Mn anodes
were measured through SAXS experiment. Fig. 4e and S4† show
the two-dimensional (2D) SAXS patterns of HPC-Mn anode and
HPA-Mn anode respectively. The 2D SAXS patterns conrm that
the both anodes possess mesopores,49–51 forming the hierar-
chically porous structures with macropores. Fig. S5† shows the
schematic representation of the mesoporous formation in HPA-
Mn anode. During electrochemical synthesis of MnO2, water
electrolysis would occur and give rise to the formation of oxygen
on working electrode that explains the formation of meso-
pores.52,53 ESI Video 4† shows the occurrence of gas bubbles on
working electrode, further conrming the formation of oxygen.
The mesoporous size distributions of the two anodes are shown
in Fig. 4f. The mesoporous diameters of HPC-Mn and HPA-Mn
anodes are both around 5 and 14 nm, while the proportions of
the two kinds of mesopores are obviously different for the both
anodes. It can be clearly seen that the amount of mesopore of 14
nm in diameter decrease while the amount of mesopore of 5 nm
in diameter increase aer annealing at 400 �C. During anneal-
ing process, the compact HPA-Mn sample would fracture,
resulting in the decrease of larger mesopores. Then the newly
formed crystalline MnO2 nanoparticles would accumulate in
situ to form large amounts of smaller mesopores, as shown in
the illustration (Fig. 1d and e). The obvious morphology
changes before and aer annealing can also be observed from
Fig. 2b and d. The BET tests were further carried out to study the
porous structure of the HPC-Mn and HPA-Mn anodes. The N2

adsorption–desorption isotherms are shown in Fig. S6† and
exhibit the isotherm of type IV with distinct hysteresis loops,
indicating the presence of mesopores in the two anodes.51,54

The electrochemical performance of the HPC-Mn anode in
LIBs was investigated, together with the comparison with HPA-
Mn anode. Fig. 5a shows the representative CV curves of HPC-
RSC Adv., 2016, 6, 85222–85229 | 85225
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Fig. 5 (a and c) CV curves of the HPC-Mn and HPA-Mn anodes
between 0.01 and 3.0 V (versus Li/Li+) at a scan rate of 0.5 mV s�1. (b
and d) The 1st, 2nd and 3rd galvanostatic discharge/charge curves at
0.1 A g�1 between 0.01 and 3.0 V of the HPC-Mn and HPA-Mn anodes.
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Mn anode measured between 0.01 and 3.0 V (versus Li/Li+) at
a constant scan rate of 0.5 mV s�1. It is noted that the shape of
the rst cathodic curve varies essentially from the subsequent
ones. An irreversible reduction peak at 0.15 V has a relatively
broad bottom, corresponding to the formation of a solid
electrolyte interface (SEI) layer and the reduced reaction of
MnO2 with Li ions.29 From the second cycle, two reduction
peaks located at 1.05 and 0.45 V occur, which are related to the
reduction of Mn4+ to Mn2+ and the complete reduction of Mn2+

to metallic Mn, respectively.29,55 In the anodic cycle, there is
a mild broad peak centered at around 1.3 V and a sharper peak
centered at 2.0 V, which corresponds to the oxidation of
metallic Mn to Mn2+ and the further oxidation of Mn2+ to
Mn4+, respectively. It can be clearly seen that the voltages of
reduction peaks become higher aer the rst CV cycle, indi-
cating the reduced electrochemical polarization. This may be
the reason that the crystal structure of HPC-Mn anode have
changed to nano-crystallite structure aer the rst
lithiation.37,38

The voltage plateaus for the rst three discharge/charge
curves of HPC-Mn shown in Fig. 5b are in good agreement
with the redox peaks of CV curves. There is one at plateau in
the rst discharge process, conrming the reduced reaction of
MnO2 with Li ions in one step, while two steep plateaus
occurring in the following two discharge processes demonstrate
the reduced reaction of MnO2 with Li ions in two steps. The
higher voltage plateaus aer the rst discharge also demon-
strate the reduced electrochemical polarization due to the
structural transformation. Two charge plateaus can also be
observed, corresponding to different oxidation reactions during
the Li ion extraction. The rst discharge and charge specic
capacities are 1357.7 and 916.6 mA h g�1 at the current density
of 0.1 A g�1, respectively, and the initial coulombic efficiency is
67.5%. It is noted that the rst discharge specic capacity has
higher value than the theoretical capacity, which might be
85226 | RSC Adv., 2016, 6, 85222–85229
attributed to the irreversible reaction of the electrode to form
the SEI layer on the surface of the electrode.23,47

Different from the HPC-Mn anode, there is only one reduc-
tion peak or one discharge plateau aer the rst cycle for HPA-
Mn anode, as shown in Fig. 5c and d, indicating one step
reduced reaction of MnO2 with Li ions (from Mn4+ to metallic
Mn). While the CV curves (Fig. 5c) show two oxidation peaks
located at 1.1 V and 2.2 V, corresponding to the charge plateaus
(Fig. 5d), indicating two step oxidation reactions (from metallic
Mn to Mn2+ and from Mn2+ to Mn4+ respectively). The rst
discharge and charge specic capacities of HPA-Mn anode are
1218.4 and 769.8 mA h g�1 at the current density of 0.1 A g�1,
respectively, and the initial coulombic efficiency is 63.2%, lower
than that of HPC-Mn anode. The unchanged voltage plateau
indicates that the electrochemical polarization of the HPA-Mn
anode remains the same values aer the rst discharge due to
the larger overpotential of amorphous structure than crystal
structure when change to nano-crystallite structure in the rst
lithiation.37 The larger polarization value of HPA-Mn anode may
also ascribe to the lower conductivity than that of HPC-Mn
anode (Fig. S7†). The heat treatment of electrodeposited
MnO2 sample enhances the adhesion between hierarchically
porous MnO2 nanostructures and Ni foam, which increases the
electrical conductivity and results in relatively lower electro-
chemical impedance.43 Compared to HPA-Mn anode, there is
a better overlap for HPC-Mn anode, not only in the CV curves
but also in the discharge/charge proles. It indicates that the
HPC-Mn anode has better electrochemical reversibility and
structural stability.

Fig. 6a, b and d compare the rate performance of these two
different anodes, in which the current density is up to 10 A g�1

from 0.1 A g�1. It is clear that the HPC-Mn anode has better rate
capability than the HPA-Mn anode. The HPC-Mn anode can
deliver a reversible specic capacity of 973.8, 956.2, 925.1, 865.0,
864.2, 798.8, 677.9, 508.8, 391.8 mA h g�1 at a current density of
0.1, 0.2, 0.4, 0.8, 1.0, 2.0, 4.0, 8.0, and 10.0 A g�1, respectively,
indicating a good rate capacity. While the HPA-Mn anode
delivers a lower reversible specic capacity of 614.9, 395.4, 265.1,
192.8, 178.5, 136.7, 86.1, 35.7, 33.5 mA h g�1 at the same current
densities. The better rate performance of HPC-Mn anode should
be resulted from the nano-sized MnO2 particles with high
surface electrochemical reactivity and the structural change,
from crystal structure to nano-crystallite structure, which may
promote the intercalation kinetics of Li ions.37,38 In addition, the
increased adhesion between MnO2 nanoparticles and Ni foam,
due to heat treatment process, ensures the high electronic
conductivity and mechanical strength and the hierarchically
porous structure accelerates the electrolyte penetration that
would improve the diffusion rate of Li ions. When the current
density again returns to 0.1 A g�1, the HPC-Mn anode can still
deliver a reversible capacity of 955.8 mA h g�1. When the current
density increases 20 times from 0.1 to 2.0 A g�1, the HPC-Mn
anode has high capacity retention ratio of 82% (Fig. 6d).
Compared to other reported MnO2 based anodes, the HPC-Mn
anode reveals excellent rate performance, as shown in Table S1.†

The cycling performances of HPC-Mn and HPA-Mn anodes
are given in Fig. 6e. The two anodes were discharged and
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The galvanostatic discharge/charge curves (a and b) at various current densities and (c) at different cycles, (d) rate capabilities, and (e)
cycling performances at 0.4 A g�1 of HPC-Mn and HPA-Mn anodes.
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charged for 200 cycles at the current density of 0.4 A g�1. For the
HPA-Mn anode, the reversible specic capacity decreases obvi-
ously at rst 40 cycles and maintains a low reversible specic
capacity in the following cycles. The discharge/charge proles of
HPC-Mn anode at 0.4 A g�1 for different cycles are shown in
Fig. 6c. The rst discharge and charge specic capacities are
1161.8 and 797.1 mA h g�1, respectively, with an initial
coulombic efficiency of 68.6%. In the rst several cycles, the
capacity drop may ascribe to the irreversible conversion reac-
tion and the formation of SEI layers.56 The increasing trend
during cycling may be resulted from the activation of the elec-
trode materials and/or the reversible growth of a polymeric gel-
like lm from kinetically activated electrolyte degradation,
which has been presented in other reports.29,56–58 Aer 200
cycles, the reversible specic capacity of HPC-Mn anode is 778.0
mA h g�1, retaining 97.6% of its initial value. The better cycling
performance of HPC-Mn anode should be ascribed to the strong
adhesion between active materials and Ni foam aer annealing,
suppressing the degradation of MnO2 active materials and the
exfoliation from the current collector of Ni foam, and the
hierarchically porous structure, accommodating the volume
expansion of MnO2 nanoparticles during cycling processes.
Table S2† compares the cycling performance with other MnO2

systems reported in literatures and shows the good cycling
capability of HPC-Mn anode.

In order to further understand the enhanced electrochemical
performance of HPC-Mn anode relative to HPA-Mn anode,
electrochemical impedance spectroscopy (EIS) measurements
This journal is © The Royal Society of Chemistry 2016
were carried out for these two samples, as shown in Fig. S7.†
Both the EIS spectra exhibit the typical Nyquist plots, which is
composed of a semicircle at the high-to-medium frequency
region and a slope line following at the low frequency region.
The former corresponds to the ohmic resistance and the charge
transfer resistance between the electrolyte and the electrodes,
while the latter represents the Warburg impedance of Li ions
diffusion within electrodes. It can be obviously discovered that
the reaction resistance of HPC-Mn anode is much less than that
of HPA-Mn anode, demonstrating the excellent rate capability
and long cycling life for HPC-Mn anode.

The good electrochemical performance of the HPC-Mn
anode results from its unique crystal architecture of hierar-
chical pores. As mentioned above, it could be summarized as
follows (1) the tightly bonding of MnO2 nanoparticles onto
conductive Ni foam ensures high electron conductivity and
mechanical strength; (2) the hierarchically porous structure
contributes to the electrolyte penetration, hence ensuring well
contact of electrolyte and active materials and improving the
diffusion rate of Li ions from electrolyte to MnO2 nanoparticles,
besides it can also accommodate the volume change of MnO2

nanoparticles during cycles; (3) the bicontinuous nanoscaled
walls give effective transport pathways for electron and Li ion
conduction; (4) the formed nano-sized MnO2 particles upon
annealing may enhance the surface electrochemical reactivity;
(5) the structural transformation from crystal structure to nano-
crystallite structure in the rst lithiation should facilitate the Li
ion insertion and lower the electrochemical polarization. The
RSC Adv., 2016, 6, 85222–85229 | 85227
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combination of the novel crystalline structure with the abun-
dant hierarchical pores improves the electrochemical perfor-
mance of the HPC-Mn anode.
Conclusions

In summary, we construct a MnO2 anode with 3D hierarchically
porous crystalline structure on Ni foam via a facile anodic
electrochemical deposition and anneal process. The designed
nanostructure of the electrode increases the contact area
between electrode and electrolyte, shortens the transport
pathways of Li ions, improves the electronic conductivity,
increases the mechanical strength and surface electrochemical
reactivity of MnO2 nanoparticles, lower the electrochemical
polarization, and is able to accommodate the volume variation
during lithiation/delithiation, and markedly increases the rate
capability and cycle life of the electrode. The electrode exhibits
improved electrochemical performance that the reversible
specic capacity reaches 778.0 mA h g�1 aer 200 cycles at
a current density of 0.4 A g�1 and excellent rate capability of up
to 82% capacity retention when the current density increases 20
times from 0.1 to 2.0 A g�1. Therefore, this reasonable design of
3D hierarchically porous crystalline structure will deeply
promote future researches and applications for other electrodes
with low conductivity and large volume expansion during
cycling.
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