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C
entral to the exploitation of nano-
porous materials in applications
such as catalysis, photocatalysis,

sensor, foams, MEMS, fuel cell, battery, so-

lar cell, is their (perceived) “fragile” struc-

ture, which must nevertheless resist struc-

tural damage during application lifespan.

However, little is know about the factors

that improve or are deleterious to the me-

chanical durability of nanoporous materials.

Mechanical testing of nanostructures is

challenging because of the difficulties in

synthesizing prescribed architectures with

controllable and well-characterized micro-

structural imperfections. Moreover, com-

plex in situ mechanical testing experiments

need to be performed. Clearly, the ability to

calculate mechanical properties and simu-

late deformation mechanisms for nanopo-

rous materials at the atomistic level, will

provide considerable insight for experi-

ment, analogous to the wealth of simula-

tion data that have already been amassed

for bulk materials. Here, we demonstrate

how the mechanical properties of a crystal-

line nanoporous material with prescribed

architecture and characterized microstruc-

ture can be calculated by simulating uniax-

ial and hydrostatic compressive and tensile

strain using molecular dynamics simulation.

To explore the viability of using simulation

to predict mechanically robust architec-

tures, we simulate nanoporous Li�MnO2

as a model system. Specifically, such re-

chargeable Li-ion battery materials suffer

volume changes during charge/discharge

cycles as Li ions are repeatedly inserted and

extracted from the host �-MnO2 causing

failure as a result of localized stress. How-

ever, mesoporous �-MnO2 does not suffer

structural collapse during cycling. To ex-

plain this behavior we generate a full atom-

istic model of mesoporous �-MnO2 and

simulate localized stress associated with

charge/discharge cycles using molecular

dynamics simulation. We calculate that

mesoporous �-MnO2 undergoes a volume

expansion of about 16% when Li is fully in-

tercalated, which can only be sustained

without structural collapse, if the nanoarchi-

tecture is symmetrically porous, enabling

elastic deformation during intercalation.

Conversely, we predict that unsymmetric

materials, such as nanoparticulate �-MnO2

or especially the bulk parent material de-

form plastically, resulting in structural col-

lapse of (Li) storage sites and blocked trans-

port pathways; animations revealing elastic

and plastic deformation mechanisms under
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ABSTRACT Central to porous nanomaterials, with applications spanning catalysts to fuel cells is their (perceived)

“fragile” structure, which must remain structurally intact during application lifespan. Here, we use atomistic simulation

to explore the mechanical strength of a porous nanomaterial as a first step to characterizing the structural durability of

nanoporous materials. In particular, we simulate the mechanical deformation of mesoporous Li�MnO2 under stress using

molecular dynamics simulation. Specifically, such rechargeable Li-ion battery materials suffer volume changes during

charge/discharge cycles as Li ions are repeatedly inserted and extracted from the host �-MnO2 causing failure as a result

of localized stress. However, mesoporous �-MnO2 does not suffer structural collapse during cycling. To explain this

behavior, we generate a full atomistic model of mesoporous �-MnO2 and simulate localized stress associated with charge/

discharge cycles. We calculate that mesoporous �-MnO2 undergoes a volume expansion of about 16% when Li is fully

intercalated, which can only be sustained without structural collapse, if the nanoarchitecture is symmetrically porous,

enabling elastic deformation during intercalation. Conversely, we predict that unsymmetric materials, such as

nanoparticulate �-MnO2, deform plastically, resulting in structural collapse of (Li) storage sites and blocked transport

pathways; animations revealing elastic and plastic deformation mechanisms under mechanical load and crystallization

of mesoporous Li�MnO2 are presented at the atomistic level.

KEYWORDS: rechargeable · Li-ion battery · nanomechanics · manganese
oxide · crystallization · mechanism · mesoporous
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mechanical load and crystallization of mesoporous
Li�MnO2 are presented at the atomistic level.

Nanoporous materials are more than just the nm ex-
tension in scale of macromaterials. Unique morpholo-
gies and properties can be generated with no analogue
in the macroworld. For example, porous metal oxides
promise size and shape selective catalysis as epitomised
by zeolites,1 but offer potentially far greater choice of
metal cations, cavity shape, size, porosity and connec-
tivity. Moreover, the internal surfaces, curvature (convex
and concave) and hence chemical reactivities differ
from the parent bulk material. Accordingly, it is not sur-
prising that considerable efforts have been directed at
the synthesis,2 characterization,3 and remarkable prop-
erties of nanoporous materials with applications span-
ning catalysis,4 rechargeable batteries,5 photocatalysis,6

gas sensors7 and even microbial fuel cells.8

Fabrication of mechanically robust nanoporous ma-
terials requires an understanding of (structural) fea-
tures that prove detrimental or improve their mechani-
cal resilience. Such knowledge would likely be acquired
by systematically synthesizing nanoporous architec-
tures and then measuring their mechanical properties
to yield architecture-property correlations: To this end,
“bottom-up” synthetic strategies, using nanobuilding
blocks, enables one to fabricate potentially any archi-
tecture. However, because of their small size the nano-
building blocks need to be “self-assembled”,9 and
therefore prescribing particular architectures is diffi-
cult. Nevertheless, a degree of control over the position-
ing of the nanobuilding blocks can be achieved using,
for example, surfactants,10 prefabricated templates,11

and even DNA.12 In addition to the architectural shape,
microstructural imperfections will also play a pivotal
role. Specifically, it is well-known that dislocations, grain-
boundaries, and (point) defects govern the mechanical
properties of a material.13 Accordingly, methods for pre-
scribing and characterizing particular microstructures are
needed.14 The mechanical properties can then be mea-
sured, albeit the challenges are again considerable requir-
ing in situ mechanical deformation testing.15�17

Atomistic simulation offers a complementary tech-
nique to explore the mechanical properties of a nano-
porous material as a function of structure, analogous to
the wealth of insights derived from simulating fully
dense nanomaterials.18 In particular, model nanobuild-
ing blocks can easily be positioned at any location to
formulate atomistic models of nanoporous materials
with prescribed architectures.19 Microstructural imper-
fections can be introduced into the structural model
and characterized using molecular graphics. The me-
chanical properties can then be calculated with stan-
dard approaches using the structural model.20,21

Here, we perform such a study using mesoporous
�-MnO2, which is potentially an important component
material in rechargeable Li-ion batteries22,5 with applica-
tions spanning electric vehicles to smart grid. In particu-

lar, the thin walls of the mesoporous MnO2 facilitate a “sig-

nificant increase in the rate of lithium insertion/removal,

because of the short distances needed for lithium-ion

transport together with high surface areas, which permit

high contact areas with the electrolyte and hence a high

lithium-ion flux across the interface”.23

Symmetrically porous �-MnO2 can host the storage

and transport of Li (charge carriers) up to a composi-

tion of Li0.92MnO2, commensurate with 284 mAhg�1, yet

retain its structural integrity despite the high lattice ex-

pansion and contraction associated with charge/

discharge cycles. Conversely, the nanoparticulate and

especially the bulk parent material are unsuitable. To

understand why the mesoporous architecture conveys

such exemplary electrochemical properties, we con-

struct a model and simulate mechanical load.

To calculate accurately the mechanical properties

of the material, the model must capture all hierarchical

levels of structural complexity that will influence its

nanomechanical properties. These include (a) the

framework architecture and topographical shape, (b)

Figure 1. Atomistic structure of the nucleating seed, which evolves
spontaneously within the Li0.16MnO2 system facilitating its crystal-
lization: (a) seed encapsulated within the amorphous sea of ions;
(b) enlarged region of panel a; (c) structure of the seed. Li is col-
ored yellow, Mn4� is blue, Mn3� is light blue, and O is red; (d) con-
figurational energy, calculated as a function of time during the
crystallization. Energy is given in 100000 eV.
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microstructural features including dislocations/grain-

boundaries and defects, and (c) the polymorphic crys-

tal structure. Crucially, the relationship between these

hierarchical levels of structural complexityOsuch as

the orientation of the crystal structure with respect

to the framework architecture, position of grain-

boundariesOmay prove pivotal. Experimentally, the ar-

chitecture, microstructure, and crystal structures evolve

synergistically during crystallization.24 Accordingly, we

propose that the best and arguably easiest way to real-

ize a realistic structural model is to simulate the (syn-

thetic) processes that led to its fabricationOspecifically

to simulate crystallization.25

RESULTS
In this section we describe the simulated crystalliza-

tion of Li0.16MnO2, microstructural features that evolved

within the model as a consequence of simulating the

crystallization and finally the mechanical properties cal-

culated using the model.

Crystallization. Analysis of the simulated crystalliza-

tion, using molecular graphics, revealed the spontane-

ous evolution of a pseudocrystalline seed, conforming

to the �-MnO2 polymorph, Figure 1, in accord with ex-

periment, which nucleated the crystallization of the sur-

rounding amorphous sea of ions. We note that the

host MnO2 was able to crystallize around the Li
species enabling the Li to be located within the
1 � 1 tunnels of the �-MnO2 as observed ex-
perimentally.22 Inspection of the crystalline
seed, Figure 1a�c reveals three Li species
within the host MnO2 and associated with
neighboring Mn3� species.

Configurational energies, calculated for
Li0.16MnO2 and �-MnO2 during this process, are
shown in Figure 1d. The energy difference be-
tween the starting (amorphous) and final (crys-
talline) states reflects loosely the heat of crystal-
lization; animations revealing the crystallization
(mechanism) at the atomistic level are avail-
able as Supporting Information. The density
and surface area calculated for Li0.16MnO2 are
2.8 g/cm3 and 168m2/g, respectively, with a
4�8 nm wall thickness in accord with experi-
ment.22 We predict that during Li intercalation,
associated with charge/discharge cycles, the
host lattice contracts/expands by 16%, respec-
tively. In particular, when Li is introduced into
the �-MnO2 host (discharging), the volume in-
creases (per MnO2 unit) from 28.4 Å3 (pure
�-MnO2) to 29.2 (Li0.16MnO2), a 2.8% increase.
Extrapolated to the maximum intercalation lev-
els of Li achieved experimentally, Li0.92MnO2

5

yields a 16% volume increase. Specifically, the
observed limit of 0.92 Li per MnO2 unit is 5.75
times higher than our model, which comprises
0.16 Li per MnO2 unit. If we assume that the lat-

tice expands linearly with the introduction of Li, then
the expansion associated with Li intercalation into
�-MnO2 up to Li0.92MnO2 is predicted to be about 16%.

Inspection of the final, low temperature structural
model, using graphical techniques reveals that the
simulated crystallization has facilitated the evolution of
a variety of important microstructural features observed
experimentally,26 including grain-boundaries, twin-
boundaries, microtwinning, and point defects, which
are described in the following section.

Microstructural Features. The final low temperature struc-
ture for the Li0.16MnO2 model, compared with experiment,
is shown in Figure 2, and reveals Li ions located within
the framework walls of the �-MnO2 and also decorating
its internal surfaces, Figure 2a. An enlargement of a par-
ticular region of the �-MnO2 surface, Figure 2f, reveals 1 �

1 tunnels, which terminate at the internal surfaces and re-
main “open” enabling Li (charge carriers) to insert into
the host; Figure 2g reveals several Li species that reside
within the 1 � 1 tunnels of the host.

A slice cut through the �-MnO2, Figure 3a, reveals
complex (predominantly twin) grain-boundary struc-
tures with curved, rather than planar, interfacial planes.
The individual grains exhibit low angle rotations with
respect to one another, which further obscures identifi-
cation of the boundaries. We attribute such mis-

Figure 2. Atomistic models for mesoporous Li0.16MnO2: (a) slice cut through the atom-
istic model revealing Li ions, which locate within the host �-MnO2 and decorate the (in-
ternal) surfaces of the �-MnO2; (b) atomistic model revealing the symmetrically porous
architecture; (c) enlarged region of panel b; (d, e) HRTEM of Li0.92MnO2 (to compare with
atomistic models) (Reproduced with permission from ref 5. Copyright 2007 Wiley-VCH
Verlag GmbH & Co. KGaA.) (f) Surface rendered model of the porous architecture reveal-
ing 1 � 1 tunnels exposed and open at the surface, which enable Li� ions to insert
into the mesoporous �-MnO2 framework; (g) perspective view looking along the 1 � 1
tunnels, some of which are occupied by Li�; MnO6 are shown as polyhedra. The images
are not schematic; rather they represent atom positions corresponding to the atomis-
tic model. Li is colored yellow, oxygen is red, and manganese is blue.
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orientation to the convex and con-
cave architecture of the framework.
A slice cut through the Li0.16MnO2

framework, with polyhedral render-
ing of the individual MnO6 octahe-
dra to aid visualization of the 1 � 1
tunnels, Figure 3b,c shows the dis-
tribution of Mn3� species within the
lattice together with Li species lo-
cated within the tunnels. A twin
boundary is shown more clearly in
Figure 3d. In Figure 3e a region con-
forming to ramsdellite (2 � 2 tun-
nel structure) is visible (oval).

Experimentally, ramsdellite in-
tergrowths have been observed
within pyrolusite (�-MnO2).26

Specifically, it was proposed that
the ramsdellite domains are stabi-
lized with protons (Ruetschi de-
fects). In previous simulations of
�-MnO2, we found no evidence of
ramsdellite intergrowths using
simulated amorphization and crys-
tallization. We propose therefore
that its appearance in our model
for Li�MnO2 suggests that the Li
species, which are located within
the 1 � 1 tunnels, act as a “scaffold”
stabilizing the 2 � 2 tunnel, similar
to the proposal that protons stabi-
lize ramsdellite intergrowths.
Specifically, the 2 � 2 channel ap-
pears to be stabilized by two neigh-
boring Li species, which are bound
to the host MnO2 lattice via Mn3�

species (colored red). Balachandran
and co-workers proposed27 that
“Mn vacancies compensated by protons (Ruetschi de-
fects), ubiquitously present in commercial MnO2, are
shown to have a dramatic effect on phase stability. The
stabilizing effects of Ruetschi defects may explain the
presence in MnO2 of ramsdellite and twinning, both of
which are unstable in the pure material.” Closer inspec-
tion of the ramsdellite intergrowth, Figure 4e, reveals
the presence of a Mn vacancy (highlighted by the ar-
row). Similar to the twin-boundaries, the evolution of
vacancies within the structural model is achieved dur-
ing the crystallization process.

Mechanical Properties. Stress�strain curves, calculated
for Li0.16MnO2, Figure 4, and �-MnO2 (not shown), re-
veal that the material expands elastically up to 5%
(uniaxial) and 10% (hydrostatic) strain with plastic de-
formation occurring above these levels. Animations, re-
vealing elastic and plastic deformation mechanisms at
the atomistic level in both �-MnO2 and Li0.16MnO2, are
available as Supporting Information.

The structure of mesoporous Li0.16MnO2 after
uniaxial tension is shown in Figure 4c and reveals
that the material fractures along its thinnest wall
(pillar); the unstrained starting structure is shown in
Figure 4d. Conversely, Figure 4e shows the structure
after hydrostatic compression. Analysis of this struc-
ture and animations of the compression induced de-
formation reveal plastic deformation and failure oc-
cur via grain-boundary sliding culminating in the
amorphization of grain-boundary regions. Crucially,
the 1 � 1 tunnels, which facilitate Li storage and
transport, are lost, and Li ions become trapped
within amorphous MnO2, Figure 4f.

DISCUSSION
When used as an electrode in a rechargeable Li-ion

battery, symmetrically porous �-MnO2 can host flood-
ing of all pores by electrolyte because of pore accessi-
bility. Accordingly, during charge/discharge cycles, Li

Figure 3. Microstructural features. (a) Slice cut through the mesoporous Li0.16MnO2 revealing the
complex grain-boundary structure. (b) Polyhedral representation of the MnO6 octahedra reveal-
ing the 1 � 1 tunnels and the Li ions that locate within the tunnels; (c) enlarged segment of panel
b; (d) region depicting a twin-boundary; (e) region comprising a 2 � 2 tunnel (oval) indicative of
a ramsdellite intergrowth; the arrow shows the position of a Mn vacancy. Li is colored yellow, Mn4�

are colored blue (upper plane) and white (lower plane); Mn3� are green (upper plane) and red
(lower plane). Mn3� species in panels a and d are not distinguished from Mn4�.
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can insert at all positions on the internal surfaces en-

abling the entire symmetrically porous �-MnO2 archi-

tecture to expand homogeneously; any slight inhomo-

geneity in either the structure or insertion process can

be accommodated by elastic deformation (up to 10%

volume change). Accordingly, the symmetrically porous

�-MnO2 can expand and contract elastically during

charge/discharge cycles with no structural degrada-

tion. Conversely, for nonsymmetrically porous architec-

tures, such as nanoparticulate �-MnO2, or especially the

bulk parent material, particular domains will not be ac-

cessible to the electrolyte. Accordingly, Li transport

must proceed by entering the host lattice at sites acces-

sible to the electrolyte and then move along the 1 � 1

tunnels, within the framework of the host lattice, to

reach “inaccessible” domains. As the Li enters acces-

sible regions, the �-MnO2 host can expand by up to

16% (theoretical maximum for Li0.92MnO2 observed ex-

perimentally) compared to inaccessible regions. At such

levels of strain, our simulations reveal that plastic defor-

mation will occur, destroying the 1D channels and con-

nectivity pathways thus rendering the �-MnO2 useless

as an intercalation host.

CONCLUSION
Nanoporous materials offer unique chemical, physi-

cal, and mechanical properties compared to their bulk

counterparts. However, a major limitation to their appli-

cation in a wide variety of applications is their per-

ceived fragility. To determine features that contribute

to improved mechanical durability necessitates a sys-

tematic enumeration of the mechanical properties as a

function of architecture and (micro)structure. Such an

endeavor is challenging experimentally because one

cannot simply fabricate nanostructures with prescribed

architectures from nanobuilding blocks and then mea-

sure their mechanical properties analogous to methods

used at the macroscale, rather, innovative methods of

(self) assembly into desired architectures need to be de-

veloped and then challenging in situ mechanical test-

ing performed; control and characterization of micro-

structure further adds to the complexity and hence

difficulty associated with such experiments. On the

other hand, atomistic computer simulation is well posi-

tioned to undertake such an enumeration. Specifically,

we have shown how amorphous model nanobuilding

blocks, playing the role of atoms in this metacrystallog-

raphy, can be easily positioned into any location to at-

tain desired (prescribed) architectures. The nanoparti-

cles can then be encouraged to agglomerate, under MD

simulation, to formulate the walls of the nanoporous

framework architecture. To calculate the mechanical

properties with sufficient accuracy such that the results

are of value to experiment requires that the model cap-

tures three levels of hierarchical structural complexity:

the architectural shape and morphology, such as con-

vex and concave architectures, microstructural features

including grain-boundaries, microtwinning, and point

defects, together with the polymorphic crystal struc-

ture. Introducing such structural complexity, including

their synergy of interaction, can be achieved by simulat-

ing crystallization and microstructural characterization

performed using molecular graphics.

The methodology was tested using nanoporous

MnO2Oan industrially important material with respect

to rechargeable Li ion batteries. Our simulations on

Li�MnO2 reveal that at high strain, the mesoporous ma-

terial deformed plastically; failure mechanisms under

compression-induced plasticity are associated with slip

along grain-boundary regions, which indicates that the

microstructure plays a pivotal role in the mechanical

properties.

Our simulations reveal that for MnO2 to be a viable

host within rechargeable battery systems, the material

must be symmetrically porous to enable the material to

expand linearly with Li intercalation. Nonsymmetrically

porous MnO2 will suffer plastic deformation. We pro-

pose that other (mesoporous) intercalation hosts will

follow similar mechanisms.

Figure 4. Mesoporous Li0.16MnO2 under tensile and compressive strain.
Stress�strain curve for (a) uniaxial strain; (b) hydrostatic strain. Each trace cor-
responds to the strain along deformation axes. A volume of 100 indicates the
unstrained material. Atomistic structure of the Li0.16MnO6 mesostructure after
(c) uniaxial tension (volume � 117%); (d) starting (unstrained) structure; (e) hy-
drostatic compression (volume � 63%); (f) enlarged segment of panel e show-
ing Li ions trapped within an amorphous region of the MnO2 host.

A
RT

IC
LE

VOL. 3 ▪ NO. 10 ▪ SAYLE ET AL. www.acsnano.org3312



METHOD
In this section we describe the potential

models used to represent the interactions
between component ions together with the
code used to perform the MD simulations
and the strategy for generating prescribed
atomistic models for nanoporous materials
and then simulating their mechanical
properties.

Potential Models. All calculations, pre-
sented in this study, are based upon the
Born model of the ionic solid, in which a
charge is assigned to each atom and the
long-range attractive interactions between
these charged ions is balanced by short-
range repulsive (electron�electron) interac-
tions. Model parameters, used to describe
Li�MnO2 are given in Table 1. These param-
eters have been used previously to model
the structure of nanoparticles, nanorods,
nanosheets, and nanoporous architectures
of MnO2.28,29

Simulation Code. The DL_POLY code was
used to perform all the molecular dynamics
(MD) simulations.30 All simulations were per-
formed using three-dimensional periodic
boundary conditions, and therefore the
model framework structures represent peri-
odic systems, which are infinitely repeating.
Molecular graphics was performed using Vi-
sual Molecular Dynamics (VMD)31 and Mate-
rials Studio.

Strategy to Generate Nanoporous Architectures.
To generate the atomistic model, amor-
phous nanoparticles of LixMnO2 were posi-
tioned into a simulation cell to accord closely
with the real material. In particular, model
nanobuilding blocks, playing the role of at-
oms in this meta-crystallography, can easily
be positioned into any location to attain de-
sired architectures.19 Neighboring nanopar-
ticles were then allowed to agglomerate to
formulate the walls of the porous architec-
ture, and the system crystallized. We note
that simulated crystallization of Li�MnO2 proved very difficult.
In particular, systems with high concentrations of Li remained
amorphous even after running MD simulation for time scales in
excess of 10000 ps. This was attributed to the fast moving Li spe-
cies perturbing the evolution of a viable seed needed to nucle-
ate crystallization. Accordingly, the Li concentration was reduced
sequentially in an attempt to induce crystallization. Specifically,
crystallization of the LixMnO2 system was successful up to inter-
calation levels commensurate with Li0.16MnO2. Finally, the struc-
tural response to tensile and compressive strain were simulated.
The process is illustrated in Figure 5; the nanoarchitecture com-
prises mesoporous MnO2 with channels traversing all three spa-
tial dimensions.

Generating an atomistic model for Li0.16MnO2 was achieved
by cutting a cube of stoichiometric �-MnO2, comprising 24696
atoms, from the parent bulk material. There were 1236 Li� ions
introduced by substituting randomly equal numbers of Mn4�

and O2 atoms with Li�; 1236 Mn4� species were then reduced
to Mn3�, and 618 oxygen atoms were removed to facilitate
charge neutrality. Similar to the introduction of Li� species, the
Mn3� and O vacancies were chosen at random. The rationale un-
derlying the random selection of ions is that within the amor-
phous phase, all the ions have high mobilities and therefore can
move, under MD, to energetically favorable positions during
crystallization. Tension induced amorphization28 was used to
generate an amorphous nanoparticle and was achieved by ex-
panding the lattice by 36% and applying MD simulation at 2000
K for 750 ps. The cell dimensions were then adjusted to enable
neighboring nanoparticles to agglomerate, under MD, into the
walls of the nanoporous architecture.29 In particular, the amor-
phous nanoparticles are attractive to one another. Accordingly,

the simulation cell size was reduced such that the nanoparticles
are sufficiently close to one another that they agglomerate, un-
der MD simulation, with their periodic neighbors in all three spa-
tial directions. Specifically, a simulation cell size of 7.42 � 7.62
� 7.62 nm3 was needed to effect this transformation. A more de-
tailed explanation can be found in ref 19. The system was then
crystallized by performing constant volume MD simulation at
2000 K for 10000 ps; simulated amorphization and crystalliza-
tion has been described in more detail previously.19 Finally, the
structure was quenched to 0 K; MD simulation was performed for
100 ps at 0 K to yield a model for nanoporous Li0.16MnO2.

The mechanical properties of the mesoporous Li0.16MnO2

model structure were calculated by equilibrating the system to
the target temperature by performing constant pressure MD

Figure 5. General strategy for generating a mesoporous structure and simulating its me-
chanical properties: (a) position amorphous nanosphere at crystallographic (basis) posi-
tions; (b) periodically repeat in three dimensions to facilitate particular space symmetry; (c)
agglomerate neighboring amorphous nanospheres to formulate the walls of the frame-
work architecture; (d) crystallize and simulate mechanical properties. Panels c and d show
side views of a slice cut through the mesoporous material to show more clearly the chan-
nels. Mn is colored white, and oxygen is red; Li is not shown.

TABLE 1. Potential Parameters of the form A exp(�r/�) �
Cr�6, Describing the Short-Range Potential Terms
between the Component Ion Species of LiMnO2; Terms
Not Listed Are Set to Zero

interaction A (Å) � (Å) C (eV. Å6) charge

O2��O2� 11782.76 0.234 30.22 �1.1
Li��O2� 30000.00 0.154 0.000
Li��Li� 270000.00 0.143 0.000 0.55
Mn4��Mn4� 23530.50 0.156 16.00 2.2
Mn4��O2� 15538.20 0.195 22.00
Mn3��Mn3� 33883.92 0.156 16.00 1.65
Mn3��O2� 18645.84 0.195 22.00
Mn4��Mn3� 28707.21 0.156 16.00
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simulation at 300 K for 100 ps with 25 ps equilibration, prior to
simulating tensile and compressive strain. Compression or ten-
sion was simulated by sequential scaling of the atom coordinates
and performing constant volume MD simulation at 300 K; a
strain rate of about 107 s�1 was achieved.
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Supporting Information Available: Animations of the Molecu-
lar Dynamics simulations. (Video 1) Crystallization of mesopo-
rous Li0.16MnO2. The animation shows a thin slice cut through the
mesoporous MnO2; sphere, stick, and polyhedral representa-
tions of the atom positions. MnO6 species are represented by
blue polyhedra, Mn4� is dark blue, Mn3� is light blue, O is red,
and Li is yellow. (Video 2) Mesoporous LiMnO2 under uniaxial
tension. The animation shows a thin slice cut through the meso-
porous Li0.16MnO2. Ball and stick model representation of the
atom positions. Mn4� is blue, Mn3� is green, O is red, and Li is yel-
low. (Video 3) Mesoporous Li0.16MnO2 under hydrostatic com-
pression revealing plastic deformation, which occurs along the
grain-boundaries. The animation shows a thin slice cut through
the mesoporous Li0.16MnO2 with a ball and stick model represen-
tation of the atom positions. Mn4� is blue, Mn3� is green, O is
red, and Li is yellow. This material is available free of charge via
the Internet at http://pubs.acs.org.
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