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Abstract: High power rechargeable lithium batteries are a key target for transport and load leveling, in
order to mitigate CO2 emissions. It has already been demonstrated that mesoporous lithium intercalation
compounds (composed of particles containing nanometer diameter pores separated by walls of similar
size) can deliver high rate (power) and high stability on cycling. Here we investigate how the critical
dimensions of pore size and wall thickness control the rate of intercalation (electrode reaction). By using
mesoporous �-MnO2, the influence of these mesodimensions on lithium intercalation via single and two-
phase intercalation processes has been studied in the same material enabling direct comparison. Pore
size and wall thickness both influence the rate of single and two-phase intercalation mechanisms, but the
latter is more sensitive than the former.

Introduction

The current appetite for high power rechargeable lithium
batteries has led to considerable interest in nanostructured
electrodes as a means of achieving the high electrode reaction
rates required to deliver high power.1-23 The electrode reaction

in a rechargeable lithium battery relies on the simultaneous
intercalation of Li+ and e- into the active intercalation host of
a composite electrode. Many factors can influence the rate of
intercalation and hence the power of the battery, including
transport of the Li+ ions within the electrolyte between the
particles of the composite electrode, transport of Li+ across the
electrode/electrolyte interface, diffusion of Li+ within the in-
tercalation host, electron transport from the current collector to
the active electrode particles, and diffusion of electrons within
the active particles. Any of these processes may be rate limiting.
Reducing the dimensions of the electrode particles from the
micrometer to the nanometer regime can enhance the rate.1,2,24

The time constant for Li+ and e- insertion within the active
particles is governed by the formula τ ) L2/2D, where L is the
diffusion length (the radius in the case of spherical particles)
and D is the coupled diffusion coefficient for Li+ and e- (in
most cases either the ions or electrons will be rate limiting in
which case D will simplify to the diffusion coefficient of the
slowest species). Since L is reduced on moving from micrometer-
sized particles to those of nanodimensions, the time constant
for diffusion is correspondingly lower. Smaller particles also
increase the surface area facilitating Li+ exchange across the
electrode/electrolyte interface and generally lead to greater
porosity between the particles aiding Li+ transport through that
portion of the electrolyte which lies within the electrode. In the
case of two phase intercalation reactions, such as occurs with
LiFePO4, they are rendered more facile with small particles.25-28

For the above reasons, fabricating electrodes from nanopar-
ticles has been the dominant approach taken to increase charge/
discharge rates, but it is not without its problems. The small
particles (low tap density) can make electrode fabrication more
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difficult than for micrometer sized particles. The porosity
between the particles is random in shape and size. Some pores
will be too small for effective Li+ transport and others larger
than necessary thus wasting volume and compromising volu-
metric energy density more than is required in order to optimize
rate (it is important to note that some lowering of the volumetric
energy density of an electrode is an inevitable price to pay for
achieving the highest rate capability). Maintaining electron
pathways between the current collector and the active nano-
particles may be more difficult because there are many more
contacts that must be preserved against a background of particles
that are expanding and contracting on insertion/deinsertion. Such
problems can lead to the need for more carbon, or carbon
coating, to ensure that electron transport through the composite
electrode is not rate limiting.

As an alternative to employing nanoparticles, mesoporous
materials may be used. In this case, rather than reducing the
particle dimensions of the active intercalation host from the
micrometer to the nanoscale, the particles remain micrometer-
sized but contain pores of nanometer dimensions separated by
walls of similar size. This approach offers a number of
advantages. Because the particles are of micrometer dimensions,
fabrication into composite electrodes is similar to dense
micrometer-sized particles, resulting in a similar packing density.
The number of contacts that must be maintained between
particles to ensure electron transport is not increased. The
electrolyte can flood the pores leading to a high electrolyte/
electrode contact area. The thin (nm-sized) walls ensure short
diffusion distances for Li+ on intercalation. In the case of
ordered mesoporous materials, all the pores have the same
dimensions (monodisperse), as do the walls, hence transport of
Li+ within the pores, and within the walls upon intercalation,
is identical everywhere, and all of the surface is equally exposed
to the electrolyte. Such monodispersity means that a pore size
may be selected that is large enough to permit efficient Li+

transport but without wasting volume on pores that are too large,
unlike the random porosity between nanoparticles. In this way
the inevitable reduction in volumetric energy density that
accompanies the increased porosity needed to achieve the
highest rates is mitigated as far as possible. The disadvantages
of using a mesoporous intercalation host are that it may be more
difficult to fabricate than nanoparticles and because the particles
are of micrometer dimensions they do not enhance electron
transport within the intercalation host. However, in general,
mobility of electrons is far greater than ions in solids, so often
ions will be rate limiting.

Composite electrodes containing ordered mesoporous inter-
calation hosts, e.g., mesoporous LiMn2O4 spinel, have been
described and shown to exhibit superior rate performance and
capacity retention on cycling, compared with bulk and nano-
particulate electrodes, thus demonstrating the potential advan-
tages of mesoporous electrodes.10,29-38 However, a fundamental
understanding of how the critical dimensions of pore size and

wall thickness control the rate capability of such an electrode
is important in further evaluating the potential of mesoporous
intercalation electrodes. Here we address this problem. We
choose the mesoporous intercalation electrode �-MnO2 to
investigate the influence of the mesodimensions on rate capabil-
ity for several reasons.32 First, it is quite challenging to prepare
a series of mesoporous intercalation electrodes of the same
material that vary systematically in pore size and wall thickness
while preserving the same highly crystalline structure within
the walls, but this has proved possible for �-MnO2. Second, it
has been shown previously that intercalation of Li into meso-
porous �-MnO2 on the first discharge is associated with a two-
phase intercalation reaction, whereas on subsequent cycling
lithium intercalation occurs within a single phase.32 Such duality
allows us to investigate the influence of pore size and wall
thickness on two-phase and single-phase intercalation processes
within the same material.

Experimental Section

The mesoporous silica, KIT-6, was synthesized using different
hydrothermal treatment temperatures (45, 60, 80, 100, and 120 °C)
following the procedure described in previous reports.39,40 A 10 g
portion of the copolymer P123 surfactant was mixed with 349.4
mL of distilled water and 16 mL of concentrated HCl (36%). After
stirring the mixture at 35 °C until homogeneous, 10 g of n-butanol
(99.4%) was added, stirred for 1 h, and then combined with 21.5 g
of tetraethyl orthosilicate (98%). After stirring at 35 °C for 24 h,
the mixture was heated in an autoclave at 45, 60, 80, 100, or 120
°C for a further 24 h. The precipitate was filtered, dried at 60 °C,
and then added to 300-400 mL of ethanol and 20-30 mL of
concentrated HCl (36%). Following 1-2 h stirring, the mixture
was filtered, washed several times with ethanol and water, and then
dried at 60 °C. The resulting mesoporous solid was calcined at
500 °C for 3 h in air. The samples were denoted as KIT-45, KIT-
60, KIT-80, KIT-100, and KIT-120, respectively, according to their
hydrothermal treatment temperatures.

The preparation of disordered mesoporous silica with a pore
diameter of ca. 8 nm was similar to the procedure for KIT-100,
except that a different mole ratio of the reactants was used (0.017
P123/2.6 TEOS/2.6 BuOH/1.83 HCl/195 H2O), such that the
composition was located in the disordered region of the phase
diagram.40 A 10 g portion of the copolymer P123 surfactant was
mixed with 349.4 mL of distilled water and 16 mL of concentrated
HCl (36%). After stirring the mixture at 35 °C until homogeneous,
20 g of n-butanol (99.4%) was added, stirred for 1 h, and then
combined with 55.9 g of tetraethyl orthosilicate (98%). Following
stirring at 35 °C for 24 h, the mixture was heated in an autoclave
at 100 °C for a further 24 h. The resulting mixture was filtered,
dried at 60 °C, and then added to 300-400 mL of ethanol and
20-30 mL of concentrated HCl (36%). After 1-2 h of stirring,
the mixture was filtered, washed several times with ethanol and
water, and then dried at 60 °C. Following this procedure the
resulting mesoporous solid was calcined at 500 °C for 3 h in air.
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KIT-45, KIT-60, KIT-80, KIT-100, KIT-120, and the disordered
∼8 nm mesoporous silica were used as the hard templates to prepare
crystalline mesoporous �-MnO2 following the procedure described
in a previous report.32 A 30 g portion of Mn(NO3)2 ·6H2O (98%)
was dissolved in 20 mL of water to form a saturated solution. A
5 g portion of mesoporous silica was dispersed in 200 mL of dried
n-hexane. After stirring at room temperature for 3 h, 5 mL of the
saturated Mn(NO3)2 solution was added slowly with stirring (for
KIT-45, only 3.5 mL of saturated Mn(NO3)2 solution was added).
The mixture was stirred overnight, filtered, and dried at room
temperature until a completely dried powder was obtained. The
sample was heated slowly to 400 °C at a rate of 1 °C/min and
calcined at that temperature for 3 h, and after cooling to room
temperature, the resulting material was treated twice with a 2 M
hot NaOH solution, followed by washing with water several times
and drying at 60 °C.

The preparation of ordered mesoporous �-MnO2 with a relative
high proportion of large pore (denoted as �-MnO2-100B) followed
a previously reported procedure.41 A 4 g portion of Mn(NO3)2 ·
6H2O (98%) was dissolved in 150 mL of ethanol, followed by
addition of 5 g of mesoporous silica, KIT-100. After stirring at
room temperature until all the solution had been absorbed, the
powder was redispersed in 100 mL of dry n-hexane under stirring
in an open beaker. Once all the solvent had evaporated, the sample
was heated slowly to 400 °C at a rate of 1 °C/min and calcined at
that temperature for 3 h. After cooling to room temperature, the
resulting sample was treated twice with a hot aqueous solution of
2 M NaOH to remove the silica template, followed by washing
with water several times and then drying at 60 °C.

The preparation of disordered mesoporous �-MnO2 with a pore
diameter of ca. 30 nm was as follows: 100 g of Ludox AS-40 colloid
silica (40%) was first dried at 60 °C overnight, then impregnated
with 10 mL of saturated Mn(NO3)2 solution and again dried.
Following this procedure it was calcined at 400 °C for 3 h. Finally,
the resulting material was treated twice with a 2 M hot NaOH
solution, followed by washing with water several times and drying
at 60 °C.

TEM studies were carried out using a JEOL JEM-2011,
employing a LaB6 filament as the electron source and an accelerat-
ing voltage of 200 keV. TEM images were recorded by a Gatan
CCD camera in a digital format. Wide-angle powder X-ray
diffraction data were collected on a Stoe STADI/P powder
diffractometer operating in transmission mode and with a small
angle position sensitive detector. Incident radiation was generated
using a Fe KR1 source (λ ) 1.936 Å). Low-angle powder X-ray
diffraction data were collected using a Rigaku/MSC, D/max-rB with
Cu KR1 radiation (λ ) 1.541 Å) operating in reflection mode with
a scintillation detector. N2 adsorption-desorption analysis was
carried out using a Micromeritics ASAP 2020. The typical sample
weight used was 100-200 mg. The outgas condition was set to
180 min at 120 °C under vacuum, and all adsorption-desorption
measurements were carried out at liquid nitrogen temperature.

Electrochemical cells were constructed by mixing the active
material, Kynar 2801 (a copolymer based on polyvinylidene
fluoride), and Super S carbon (MMM) in the weight ratio 70:15:
15, unless stated otherwise. The mixture was cast onto Al foil
(99.5%, thickness 0.050 mm, Advent Research Materials, Ltd.) from
acetone using a Doctor-Blade technique. After solvent evaporation
at room temperature and heating at 80 °C under vacuum for 8 h,
the electrodes were assembled into cells (the cathode and anode
diameter was 13 mm) with a Li electrode and LP 30 electrolyte
(Merck; 1 M LiPF6 in 1:1 v/v ethylene carbonate/dimethyl
carbonate). The cells were constructed and handled in an Ar-filled
MBraun glovebox. Electrochemical measurements were carried out
at 30 °C using a MACCOR series 4200 cycler.

Samples for neutron diffraction were prepared electrochemically
at a rate of 10 mA/g at 30 °C. After the first discharge, cells were

transferred to an argon-filled glovebox before opening and removing
the active material. The electrodes were rinsed with a small amount
of dry solvent (DMC) to remove residual electrolyte. They were
then left under dynamic vacuum overnight to ensure all solvent
had evaporated. The samples were then transferred to 2 mm quartz
capillaries.

The structures of the materials were characterized using neutron
diffraction. Time-of-flight powder neutron diffraction data were
collected on both the GEM and Polaris high intensity, medium-
resolution instruments at ISIS, Rutherford Appleton Laboratory.
The structures were refined by the Rietveld method using the
program TOPAS Academic.42

Results and Discussion

First the control of pore size/wall thickness and characteriza-
tion of the mesoporous materials will be described, followed
by the structure of the lithium intercalated, LixMnO2-�, phase,
and then the electrochemical behavior associated with the two-
phase and single-phase intercalation will be discussed.

Control of Pore Size/Wall Thickness. Ordered mesoporous
�-MnO2 was synthesized using the ordered mesoporous silica,
KIT-6, as a hard template, because the high processing tem-
peratures compared with soft templates ensures the combination
of an ordered pore structure and highly crystalline walls that is
desirable for intercalation. KIT-6 possesses a 3D pore structure
that results in a mesoporous �-MnO2 with a replica 3D pore
architecture.32 The pore size of KIT-6 was varied by altering
the hydrothermal conditions used during the synthesis.39,40 Since
the pores of the silica template become the walls of the
mesoporous �-MnO2, it is possible to obtain a range of wall
thicknesses for the latter. It is difficult to vary continuously the
pore size in mesoporous �-MnO2. However, it is possible to
prepare mesoporous �-MnO2 with a bimodal pore size distribu-
tion and to vary the ratio of the two pore sizes and in this way
explore the influence of pore size on rate. KIT-6 contains two
set of mesopores connected by microporous channels.39,40,43 The
prevalence of these channels varies with the hydrothermal
synthesis conditions. A large number of microporous channels
ensures complete filling of both sets of mesopores resulting,
on casting, in mesoporous �-MnO2 with pores of ∼3.4 nm
diameter, whereas fewer microporous channels, along with the
use of a lower ratio of Mn(NO3)2 to KIT-6, result in a
mesoporous �-MnO2 with 11 nm diameter pores.41,44,45 A more
detailed explanation of how different pore sizes may be
generated is given in the cited references.41,45,46 Generally,
bimodal pore size distributions are obtained (i.e., 3.4 and 11
nm diameter pores coexist). In this way, mesoporous �-MnO2

with different proportions of large (ca. 11 nm) to small (ca. 3.4
nm) diameter pores may be prepared. The degree to which the
pore size and wall thickness can be varied while preserving the
highly ordered mesostructure is restricted. Therefore, to explore
thicker walls and larger pores we synthesized two mesoporous
�-MnO2 materials with disordered pore structures. The first uses
a silica template synthesized by the same method as KIT-6,
but employing different mole ratios of reactants that take the
solution composition outside the ordered regime.40 The second
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employed colloid silica beads (∼30 nm) that self-assemble to
form a mesoporous structure (see Experimental Section for
details).

The following nomenclature was used to describe the various
mesoporous �-MnO2 materials: �-MnO2-45, -60, -80, -100, -120,
templated from KIT-6 synthesized using the corresponding
hydrothermal temperatures. �-MnO2-100B, templated from
KIT-6 synthesized at 100 °C but with a lower proportion of
�-MnO2 precursor to KIT-6 ratio than �-MnO2-100. �-MnO2-
d4 and �-MnO2-d30 correspond to the two disordered materials
with average pore dimensions of 4 and 30 nm, respectively.

TEM images for the various mesoporous materials are shown
in Figure 1. The porosity is clearly evident, and examination
of many particles demonstrated that the mesoporosity is
replicated throughout the materials. Low and wide angle powder
X-ray diffraction data for all the materials are presented in Figure
2. The mesoporous materials from �-MnO2-45 through -120 all
exhibit a well-defined low angle peak at around 1° in 2θ,
consistent with the well-ordered pore structures evident in Figure
1a-f. The peak in Figure 2a corresponds to the 211 reflection
of the Ia3d space group anticipated for the replica structure of
KIT-6. The a0 lattice parameters for the mesostructures obtained
from the low angle PXRD data are presented in Table 1.

Although �-MnO2-d4 is designated as disordered, a small
peak is evident in the low-angle PXRD indicating a degree of
order.47 From the wide-angle PXRD data, Figure 2b, it is clear
that all the mesoporous materials possess the same �-MnO2

crystal structure, although of course the peaks are broadened

compared with bulk �-MnO2 in keeping with the small dimen-
sions of the mesoporous walls.

The pore structures were investigated further by nitrogen
sorption measurements (Figure 3). These data exhibit a typical
type IV isotherm with a H2 hysteresis loop, as expected for such
mesoporous metal oxides.44,48-54 The BET surface areas, pore
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Figure 1. TEM images of different crystalline mesoporous �-MnO2

materials: (a) �-MnO2-45, (b) �-MnO2-60, (c) �-MnO2-80, (d) �-MnO2-
100, (e) �-MnO2-100B, (f) �-MnO2-120, (g) �-MnO2-d4, and (h) �-MnO2-
d30.

Figure 2. (a) Low-angle and (b) wide-angle PXRD patterns of different
crystalline mesoporous �-MnO2 materials.

Table 1. Physicochemical Properties of the Mesoporous �-MnO2
Materialsa

materials a0 (nm) SBET (m2/g) D (nm) V (cm3/g)

pore wall
thickness

(nm, by TEM)

�-MnO2-45 21.0 123 3.5/11.2 (0.46) 0.48 4.7
�-MnO2-60 21.6 133 3.4/11.0 (0.06) 0.24 5.0
�-MnO2-80 23.0 124 3.3/11.0 (0.14) 0.24 6.5
�-MnO2-100 25.2 121 3.4/11.1 (0.14) 0.26 7.5
�-MnO2-120 25.9 99 3.5 0.25 8.5
�-MnO2-100B 25.0 87 3.3/11.1 (0.26) 0.23 7.5
�-MnO2-d4 24.7 120 3.4/5.0 (0.45) 0.25 8-10
�-MnO2-d30 35 28 0.24 20-30

a a0, the unit cell parameters obtained from the low-angle PXRD
data; SBET, surface area calculated by the BET method; D, pore diameter
calculated by the BJH method [ratios of large (11 or 5 nm) to small (3.4
nm) pore volumes are given in parentheses]; V, total pore volume at P/
P0 ) 0.99.
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sizes (determined by the BJH method), pore volumes and wall
thicknesses are presented in Table 1. The relative proportions
of the two sets of pores were obtained from the peak areas in
the pore size distribution plot (Figure S1). The pore volumes
are similar for all the materials except �-MnO2-45. Considering
first the four mesopores, �-MnO2-60, -80, -100, and -120, the
pore wall thickness increases systematically from 5.0 to 8.5 nm
on increasing the hydrothermal synthesis temperature. The pore
sizes for all four mesopores are invariant, but the proportion of
the larger (11 nm pores) is very small (6% and 0%) for �-MnO2-
60 and -120, rising to 14% for �-MnO2-80 and -100. �-MnO2-
100B possesses the same wall thickness and pore size as
�-MnO2-100, but the proportion of larger (11 nm pores) has
increased substantially to 26% and the surface area has
decreased, thus offering a very direct comparison of how such
factors influence the performance. As can be seen from Table
1, the two disordered materials exhibit thicker walls, 8-10 and
20-30 nm for �-MnO2-d4 and d30, respectively. Although the
larger pore in �-MnO2-d4 (5 nm) is smaller than those in ordered
materials (11 nm), the proportion of the larger pores in �-MnO2-
d4 is significantly high at 45%. �-MnO2-d30 possesses a large
pore size of ∼28 nm diameter. Of course with these disordered
materials pore size distributions are inevitably broader than in
the highly ordered materials.

Structure of Mesoporous LixMnO2-�. On intercalating lithium
into mesoporous �-MnO2, the material transforms from the
tetragonal rutile structure (space group P42/mnm) to a new phase,
mesoporous LixMnO2-� with orthorhombic symmetry (space
group Pnnm). Note that the previous report of this transformation
assigned a tetragonal space group to LixMnO2-�, as a result of
the poor quality of the powder X-ray diffraction data.32 The
powder neutron diffraction pattern for the LixMnO2-� phase
exhibits very broad peaks (Figure 4a), to an extent that precludes
direct structure elucidation. Recently we have investigated
lithium intercalation into �-MnO2 nanowires with a diameter
of approximately 50 nm. The powder neutron diffraction pattern

is shown in Figure 4b. Comparison of parts a and b of Figure
4 demonstrate significant structural similarity. Both patterns may
be indexed on the same orthorhombic unit cell, but because the
diameter of the wires is much greater than the thickness of the
walls in mesoporous �-MnO2 (∼8 nm), the peaks in the neutron
powder pattern of the LixMnO2-� nanowires are sharper and
hence better resolved (Figure 4b). By first elucidating the
structure of the LixMnO2-� nanowires, it has been possible to
establish the structure of lithium intercalated mesoporous
�-MnO2. Structure elucidation of the LixMnO2-� nanowires is
described in detail elsewhere and is based on refinement starting
from LixRuO2.

55,56 Using the structure obtained for the lithium
intercalated nanowires, Rietveld refinement was carried out on
the LixMnO2-� mesoporous phase, resulting in the structure
shown in Figure 5b and detailed in Table 2. The fit is good, as
is reflected in a Rwp of 2.4% (Rexp ) 2.1%). The structure of
mesoporous orthorhombic LixMnO2-� is in essence a signifi-
cantly distorted form of the tetragonal rutile structure with Li+

ions in the tunnels (Figure 5). Comparison of the lattice
parameters of the parent phase with those for mesoporous
LixMnO2-� shows that a very large anisotropic cell expansion
occurs on lithium intercalation. The a parameter expands by
almost 16.7%, and b by 13.5%, while the c parameter actually
contracts by 2%. The c direction lies along the 1 × 1 tunnels

(54) Ren, Y.; Ma, Z.; Qian, L. P.; Dai, S.; He, H.; Bruce, P. G. Catal.
Lett. 2009, 131, 146–154.

(55) Davidson, I. J.; Greedan, J. E. J. Solid State Chem. 1984, 51, 104–
117.

(56) Armstrong, A. R.; Bruce, P. G. private communication.

Figure 3. N2 adsorption-desorption isotherms for the crystalline meso-
porous �-MnO2 materials. The isotherms for �-MnO2-45, �-MnO2-60,
�-MnO2-80, �-MnO2-100, �-MnO2-100B, �-MnO2-120, �-MnO2-d4, and
�-MnO2-d30 are offset vertically by 350, 300, 250, 200, 150, 100, 50, and
0 cm3/g, respectively.

Figure 4. Refined powder neutron diffraction patterns for (a) mesoporous
LixMnO2-�-100 and (b) LixMnO2-� nanowires. Dots represent observed data,
and the solid line represents the calculated pattern. The lower line is the
difference/esd. Tick marks represent allowed reflections.
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with a and b perpendicular to the tunnel axis. The large increase
in a and b corresponds to a significant increase in the width of
the 1 × 1 tunnel in order to accommodate the Li+ ions, which
are located in the octahedral sites. The MnO framework is
clearly similar to the parent rutile structure, but the MnO6

octahedra are enlarged and distorted, with elongated apical
bonds, consistent with Jahn-Teller active Mn3+ (MnO6 distor-
tion shown in Figure 5). The elongation of the MnO6 octahedra
occurs along the [110] direction in the ab plane and is in accord
with the expansion of 1 × 1 tunnels.

Electrochemical Behavior. Composite electrodes composed
of the various mesoporous materials, carbon, and binder were
fabricated as described in the Experimental Section. Since our
primary interest is to understand how the mesodimensions of
the mesoporous electrodes influence the rate capability, it is
important to establish first that the observed electrochemical
behavior is limited by these factors, rather than by lithium ion
transport between the particles or electron transport to the
particles. It has been known for decades that, especially at high
rates, the transport of lithium within the electrolyte inside the
composite electrode can be rate limiting.57-61 Such transport
may be confused with diffusion inside the particles. To ensure
that the electrode thickness and current densities used here are
within a range such that the rate is not limited by transport in
the electrolyte, �-MnO2-100B electrodes were prepared with
various electrode thicknesses (loadings). Their discharge capaci-
ties are shown in Figure 6 for two different rates, 600 and 1500
mA/g. At the highest rate, the highest loading is associated with

a lower capacity; therefore, a loading of 2.5 mg/cm2 was chosen
in order to investigate the effect of mesoporous dimensions on
rates up to 1500 mA/g. To ensure that the rate performance
was not limited by electron transport to the particles, three
different �-MnO2-100B-based electrodes containing increasing
proportions of carbon were investigated, Figure 7. At the highest
rate used, 1500 mA/g, a carbon content of at least 15% was
necessary to ensure that the discharge capacity was not limited
by electron transport to the particles. This composite electrode
composition was used throughout the remaining studies.

The variation of load potential with state-of-charge for the
first and tenth cycles of mesoporous �-MnO2 is shown in Figure
8. The first discharge exhibits a well-defined plateau associated
with the two-phase intercalation process between �-MnO2 and
LixMnO2-�. After cycling, the load curve shows a continuous
variation of potential with state of charge, in accord with the
known single-phase intercalation process associated with LixM-
nO2-�.32 In the following two subsections we consider, in turn,
how the mesodimensions influence the one- and two-phase
intercalation processes.

Influence of Mesodimensions on the Two-Phase Intercalation
Reaction (First Discharge of �-MnO2). The discharge rate capa-
bility of each mesoporous �-MnO2 material on first discharge
is demonstrated by plotting the variation of the first discharge
capacity as a function of current density (rate). These data are
presented in Figure 9. The better the capacity retention with
increasing the current density, the better the discharge rate
capability of the material. The absolute capacities at low rates
differ for different mesopores (we shall return to this point later);
hence, the data are presented as a percentage of the discharge
capacity at the lowest rate (15 mA/g) to facilitate comparison
of the rate capabilities for different mesoporous materials.
Considering first the four materials, mesoporous �-MnO2-60,
-80, -100, and -120, which differ principally in their wall
thickness, it is evident that the rate capability decreases with
increasing pore wall thickness from 5 to 8.5 nm, i.e., an increase
in wall thickness of 70%.

Comparing the rate capability of �-MnO2-100B and �-MnO2-
100, the capacity retention of the former is clearly superior to
the latter. The wall thickness is the same in both cases, 7.5 nm;
therefore, the origin of the difference must lie in the pore size.
�-MnO2-100B possesses a significantly higher proportion of the
larger, 11 nm, pores, 26% versus 14%. This demonstrates that,
for pore sizes and wall thicknesses within the range studied in
this work, both parameters play an important role in determining

(57) Thurston, C. G.; Owen, J. R.; Hargreaves, N. J. J. Power Sources
1992, 39, 215–224.

(58) Atlung, S.; West, K.; Jacobsen, T. J. Electrochem. Soc. 1979, 126,
1311–1321.

(59) West, K.; Jacobsen, T.; Atlung, S. J. Electrochem. Soc. 1982, 129,
1480–1485.

(60) Atlung, S.; West, K. J. Power Sources 1989, 26, 139–159.
(61) Johns, P. A.; Roberts, M. R.; Wakizaka, Y.; Sanders, J. H.; Owen,

J. R. Electrochem. Commun. 2009, 11, 2089–2092.

Figure 5. Crystal structures of (a) �-MnO2 and (b) LixMnO2-� viewed down the 1 × 1 tunnels. Inset shows the distortion of the MnO6 octahedra on
intercalation.

Table 2. Refined Crystallographic Parameters for Mesoporous
LixMnO2-�-100 at the End of the First Dischargea

atom Wyckoff symbol x/a y/b z/c Biso occupancy

Mn 2a 0.0 0.0 0.0 0.8(2) 1
O1 4g 0.277(3) 0.3218(14) 0.0 0.40(7) 1
Li1 2d 0.0 0.5 0.5 0.5(-) 0.99(12)

a Re ) 2.1%, Rwp ) 2.4%, Rp ) 2.1%. Space group Pnnm. a )
5.141(7) Å, b ) 5.003(2) Å, c ) 2.8131(8) Å.
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the rate. The significance of the pore size is further reinforced
by comparing �-MnO2-45 and �-MnO2-60; there is only a small
difference in wall thickness (4.7 and 5 nm, respectively), but
the latter has a much higher proportion of 11 nm pores (46%
vs 6% for �-MnO2-60). �-MnO2-45 exhibits better rate perfor-
mance than �-MnO2-60.

Comparing the rate capability of the disordered materials with
those just discussed, �-MnO2-d4 has a greater wall thickness
than �-MnO2-100 and �-MnO2-100B, yet its rate capability lies
between the two 100 materials; this must be an effect of the

pore sizes. Although �-MnO2-d4 does not have 11 nm pores, it
does have a higher proportion of 5 nm pores (45%) compared
with the proportion of 11 nm pores in either �-MnO2-100 (14%)
or �-MnO2-100B (26%). It appears that such a large proportion
of 5 nm pores is sufficient to raise the rate capability of �-MnO2-
d4 above that of �-MnO2-100 but not �-MnO2-100B. Finally,
�-MnO2-d30 has thick walls, 20-30 nm, and therefore should
have the poorest rate performance. However, it also has the
largest pores, ∼28 nm, which places its rate capability between
�-MnO2-100 and �-MnO2-100B.

Figure 6. Variation of the discharge capacity with cycle number for composite electrodes containing mesoporous �-MnO2-100B, Super S carbon, and
Kyner 2801, with weight ratios of 70:15:15 and with three different �-MnO2 mass loadings, at rates of (a) 600 mA/g and (b) 1500 mA/g.

Figure 7. Variation of the discharge capacity with cycle number for composite electrodes containing mesoporous �-MnO2-100B, Super S carbon, and
Kyner 2801 with the three different weight ratios (green 80:10:10, blue 70:15:15, cyan 70:20:10) at rates of (a) 300 mA/g and (b) 1500 mA/g. The active
material mass loading is 2.5 mg/cm2.

Figure 8. Typical variation of potential with state of charge (load curves)
for the first and tenth discharges of mesoporous �-MnO2.

Figure 9. First discharge capacity for different mesoporous �-MnO2

electrodes as a function of rate. Note the capacity is expressed as a
percentage of the discharge capacity at the lowest rate (15 mA/g). The active
material mass loading is 2.5 mg/cm2.
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Considering the influence of pore size on rate, an increase in
rate capability with increasing pore diameter is consistent with
the expectation that larger pores permit more facile Li+ transport
in the electrolyte within the pores. The data presented here show
that varying the pore size between 5 and 30 nm has a significant
effect on the rate capability for current densities in the range
100-1500 mAh/g.

Considering the influence of wall thickness on rate, it is
known that, for two-phase intercalation reactions, such as in
LiFePO4, nanoparticles exhibit significantly higher rate capabil-
ity than micrometer-sized particles.14,25-28 Recent work has
attributed this to a change in the intercalation mechanism from
one in which the new phase, in this case FePO4, nucleates and
grows through the LiFePO4 particle when of micrometer
dimensions62 to one in which either LiFePO4 or FePO4, but not
both, is present within a single particle.17 In the case of
mesoporous electrodes, the walls are of nanometer dimensions,
but the particles are micrometer-sized; hence, an entire particle
cannot convert from one phase to another, and phase boundaries
must remain. The results presented here show that the thin walls
can accommodate the strain of the phase boundary between
�-MnO2 and LixMnO2-� despite the large volume expansion
on intercalation (55.7-72.3 Å3) and its significant anisotropy
(a ) 4.406 Å, c ) 2.868 Å for the �-MnO2; and a ) 5.141 Å,
b ) 5.002 Å, c ) 2.813 Å for LixMnO2-�). For this reason,
despite the particle size being of micrometer dimensions, the
intercalation process is rendered far more facile than that for
dense micrometer-sized materials.

First Discharge Capacity at Low Rates. In order to compare
the discharge rate capabilities of different mesoporous �-MnO2

materials, the capacities in Figure 9 were expressed as a
percentage of their capacity at the lowest rate (15 mA/g),
because the low rate capacities differ from one mesoporous
�-MnO2 to another. The first discharge capacities at 15 mA/g
for each mesopore are presented in Figure 10. Considering the
four mesoporous materials �-MnO2-45, �-MnO2-60, �-MnO2-
80, and �-MnO2-100, it is clear that the discharge capacity
increases with increasing wall thickness. This is counter to what
would be expected if the capacities were limited by kinetics.
We have observed similar behavior in other mesoporous
materials, specifically mesoporous �-MnO2 with a 1D pore

structure prepared from SBA-15, for which capacities increased
from 225 mAh/g (wall thickness 7.5 nm) to 265 mAh/g (wall
thickness 10.1 nm) at 15 mA/g.63 We cannot be certain of the
origin of this effect but offer the following hypothesis. We
propose that the explanation lies in the relative proportion of
“bulk” and “near surface” regions within the walls of the
mesoporous solids and that the latter is a poor host for Li. At
the center of the walls of the mesoporous solid, farthest from
the pores, Figure S2, the structure will be that of undistorted
bulk �-MnO2. Progressing from this region toward the pores,
Figure S2, it is possible that the crystal structure will become
increasingly distorted. This could arise from the severe curvature
of the walls of the small (nm) pores. Recently, we have studied
a different nanomaterial, TiO2(B) nanotubes.64-66 The nanotube
is composed of thin walls formed by folding a 2.5 nm slab of
the TiO2(B) crystal structure to form a tube of internal diameter
5 nm. We have shown that this curvature induces severe
distortions of the regular TiO2(B) crystal structure.66 However,
in the case of TiO2(B) nanotubes the distorted structure results
in an increased capacity to store Li, whereas here the opposite
must be true. It should be recalled that the mesporous materials
are grown within a silica template, the walls of which are
disordered and form interfaces with what becomes the pore
surfaces of �-MnO2 on template removal. This could induce
disorder in the �-MnO2 walls close to the pore surfaces.
The thinnest pore walls are found for �-MnO2-45 (4.7 nm) with
the pore wall thickness increasing by 50% in the case of
�-MnO2-100. Therefore, the proportion of distorted “near-
surface” structure compared with “bulk” structure will be
greatest for �-MnO2-45. If the distorted structure is less able to
accommodate lithium than the undistorted (bulk) structure, then
the highest capacity will be found in the mesopore with thickest
walls, i.e., in �-MnO2-100, in accord with observation (Figure
10).

A further increase in wall thickness does not increase the
capacity, as demonstrated by �-MnO2-d4 and �-MnO2-d30. This
may be attributed to the fact that as the walls become thicker
the proportion of undistorted structure dominates, and hence,
the capacity saturates. Finally, we must consider the cases of
�-MnO2-100B and �-MnO2-120: the former exhibits a lower
first discharge capacity than �-MnO2-100 with the same wall
thickness and the latter a lower capacity despite thicker walls.
The common factor is both have significantly lower surface areas
than �-MnO2-100 (Table 1). Why should the reduction in surface
area reduce the capacity of the material? When lithium is
inserted into �-MnO2, the lithium-rich phase will nucleate and
grow at a variety of points scattered across the pore wall
surfaces. We speculate that the lower surface areas of �-MnO2-
100B and �-MnO2-120 will result in fewer nuclei from which
the new phase grows and, even at this low rate, greater
polarization will occur. However, this hypothesis requires further
examination in future work.

Influence of Mesodimensions on the Single Phase Intercala-
tion Reaction (Tenth Discharge of �-MnO2). Turning to the
influence of pore size and wall thickness on the rate of lithium
intercalation for a single phase reaction, i.e., at high cycle

(62) Chen, G. Y.; Song, X. Y.; Richardson, T. J. Electrochem. Solid State
Lett. 2006, 9, A295–A298.

(63) Ren, Y.; Armstrong, A. R.; Jiao, F.; Bruce, P. G. In preparation.
(64) Armstrong, G.; Armstrong, A. R.; Canales, J.; Bruce, P. G. Chem.

Commun. 2005, 2454–2456.
(65) Armstrong, G.; Armstrong, A. R.; Canales, J.; Bruce, P. G. Electro-

chem. Solid State Lett. 2006, 9, A139–A143.
(66) Andreev, Y. G.; Bruce, P. G. J. Am. Chem. Soc. 2008, 130, 9931–

9934.

Figure 10. First discharge capacities at 15 mA/g for different mesoporous
�-MnO2.
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numbers within the mesoporous LixMnO2-� phase, the discharge
capacity retention with increasing rate for cycle 10 is shown in
Figure 11. The data demonstrate that at the extremities of the
range of pore size/wall thickness explored in this work, i.e.,
for �-MnO2-45 (which combines the thinnest walls, 4.7 nm,
with a high proportion, 46%, of large, 11 nm, pores) and
�-MnO2-120 (combining relatively thick walls, 8.5 nm, with
100% of 3.5 nm pores), pore size and wall thickness influence
the rate performance. However, it is interesting to note that the
rest of the materials studied here, except �-MnO2-100 at the
very highest current density (1500 mA/g), show little variation
of rate capability with variation of pore size and wall thickness.

Comparing lithium intercalation into �-MnO2, via a single
phase mechanism with that via a two-phase process, it is clear
that the latter is sensitive to variations in both pore size and

wall thickness, whereas the former is insensitive to such
variations except for the more extreme combinations of pore
size and wall thickness studied here. Of course, the range of
pore size and wall thickness reported here is limited and
restricted to one system �-MnO2; therefore, the observed trends
should be considered in that context. Nevertheless, they do offer
a valuable guide to the effect of mesoporous morphology on
electrode performance.

Conclusions

By preparing a series of electrodes based on mesoporous
�-MnO2 as the intercalation host, with pore sizes ranging from
3.4 to 28 nm in diameter, and wall thicknesses from 4.7 to 30
nm, it has been possible to explore the influence of pore size
and wall thickness on the rate of intercalation. The rate
capabilities of both one- and two-phase intercalation processes
have been investigated by examining the first discharge (two
phase) and 10th discharge (single phase) behavior, permitting
comparison of the influence of the pore size/wall thickness
between the two mechanisms. The pore size and wall thickness
have a significant effect on the rate of lithium intercalation via
single phase and two-phase mechanisms. However, the former
requires more extreme variation in pore size/wall thickness to
promote a change in rate than the latter.
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Figure 11. Tenth discharge capacities for the different mesoporous �-MnO2

electrodes at different rates as a percentage of the discharge capacity at the
lowest rate (15 mA/g). The active materials mass loading is 2.5 mg/cm2.
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