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A monoclinic periodic mesoporous Lix (Mn1/3 Ni1/3 Co1/3 )O2 spinel has been successfully prepared for the
ﬁrst time using a ‘two solvents’ pore inﬁltration methodology on hard silica templates. More commonly
used synthetic techniques are not applicable to this complex material. This important battery cathode
has a surface area of over 180 m2 g-1 and a pore size of 5.5 nm.

Introduction
In the push towards viable renewable energy technology, improved
means of energy storage are crucial for offsetting the intermittent
nature of sources including wind, solar, and tidal power. At
the forefront of storage technologies are improved batteries,
particularly Li-ion based systems, due to their high energy and
power densities.1 With reference to the development of cathode
materials within these systems, recent strategies have focussed
upon increasing their surface area to shorten diffusion path
lengths concomitant with improved charge-discharge rates,2 and
creating periodic mesoporous structures to enhance cyclability
whilst maintaining high surface area. Most synthetic approaches
towards periodic mesoporous cathode materials3-6 have entailed
nano-templating from either soft materials such as surfactants,
colloids, and co-polymers,7-10 or hard materials such as carbons
and silicas.6,11 However, to date, none of these routes have been
successfully applied to nanostructuring one of the most promising
cathode materials, Li(Mn1/3 Ni1/3 Co1/3 )O2 ,12 despite the success
with closely related sub-component materials such as LiMnOx 13-17
and LiCoO2 .18,19 The difﬁculties would appear to reﬂect several
underlying materials challenges particular to complex metal
oxides8 and phosphates. Many of these materials exhibit a strong
preference for the formation of large crystallites, often related to
the high temperatures of formation, hindering the growth of a
contiguous structure. Furthermore, the low levels of pore ﬁlling
commonly related to the templating of metal oxides compounds
the challenge.
Common evaporation based pore inﬁltration routes have been
shown to deliver ﬁlling levels as low as 24% in some cases,20
whereas the ‘two solvents’ route employed in the present article,
where a hydrophilic mesoporous silica template is suspended in a
hydrophobic medium and an aqueous precursor solution drawn
into its pores, may deliver pore ﬁlling levels as high as 97%.21 The
higher pore ﬁlling levels are required to ensure the structure does
not collapse upon template removal. Secondly, the large number
of elemental components in these complex materials requires
intimate mixing to occur within the conﬁned space environment
a
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Fig. 1 The two solvents pore ﬁlling methodology.

of a template, a troublesome process if precursors exhibit varying
diffusion characteristics. Finally, in the case of lithiated materials,
Li-intercalation with graphitic carbon templates, or Li-extraction
during dissolution of a silica template demands post-template
lithiation.18
Consequently most synthetic efforts to date have produced
macroporous Li(Mn1/3 Ni1/3 Co1/3 )O2 22,23 which, when incorporated
into composite battery electrodes, does not perform well at high
rates of charging/discharging.12,24,25 To achieve rapid reversible
electrochemical reactions at the electrode/electrolyte interface it
is essential to prepare the electrode in a stable mesoporous form.
Such structural conﬁguration is especially important when the
electrode materials are coupled with electrolytes where the ionic
diffusion is slow.
Herein we report the novel preparation of a monoclinic
Lix (Mn1/3 Ni1/3 Co1/3 )O2 spinel phase that exhibits periodic mesoporosity. The route employed involves an adaptation and extension of the ‘two solvents’ synthetic methodology,21,26 and under
optimised conditions leads to materials that display surface areas
of more than 180 m2 g-1 . Surface areas for this material were
previously limited to 24 m2 g-1 .22
More commonly employed synthetic routes, such as pore ﬁlling
of mesoporous carbon or silica templates by means of solvent
evaporation from a precursor solution, led only to disordered
materials for this system. The ‘two solvents’ approach, was found
to be the most efﬁcient pore ﬁlling mechanism for this system.
This journal is © The Royal Society of Chemistry 2010
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Nevertheless, two cycles of a concentrated precursor solution
were required to gain sufﬁcient pore ﬁlling to deliver structural
integrity.27
Lithiation was undertaken after removal of the silica template
to avoid side-reactions. Fig. 2 shows that the preparative route
employed leads to a nanocrystalline material with a phase
that is most likely a spinel of Lix (Mn1/3 Ni1/3 Co1/3 )O2 . Scherrer
analyses conﬁrmed the nanocrystalline nature of the material, with
crystallites typically in the range of 7–9 nm in periodically mesoporous samples derived from calcination at 500–700 ◦ C. Higher
calcination temperatures (over 800 ◦ C) resulted in signiﬁcant
crystallization to deliver crystallites over 80 nm in size, causing
collapse of the mesoporous structure. Elemental analyses (ICP)
indicated that the materials obtained were of a stoichiometric
composition Lix (Mn1/3 Ni1/3 Co1/3 )O2 , where x ranges from 0.33 to
0.40 (see supplementary information†). The lower lithiation level
may be in line with other phases formed at low temperatures in
this family of materials.13,17,29 As a result of the low calcination
temperatures and diminished lithium content, it is most likely that
the phase obtained is a spinel, based on the results of related
preparations.17 However, the broadness of diffraction peaks due
to the small crystallite size precludes an indexing of the unit cell,
or detailed comparison to layered structures as the diffraction
patterns are likely to be very similar.12,17
Fig. 3

TEM images of periodic mesoporous Lix (Mn1/3 Ni1/3 Co1/3 )O2 .

Fig. 2 XRD patterns of periodic mesoporous Lix (Mn1/3 Ni1/3 Co1/3 )O2
as a function of calcination temperature (top). Inset: crystallite size as
determined through Rietveld analyses.28

TEM was employed to monitor the degree of pore inﬁltration
by the mixed metal nitrate precursor solution, with dark regions
representing the complex metal oxide (Fig. 3). Micrographs
following one inﬁltration cycle indicated the presence of extensive
voids in the structure (Fig. 3, top left), whereas a contiguous
structure was observed following a second inﬁltration cycle (Fig. 3,
top right) that delivered a material with ordered mesoporosity after
template removal (Fig. 3, bottom).
Fig. 4 (top, triangles) illustrates the high surface area of the
materials developed. As the amount of inﬁltrant was increased,
there was a corresponding increase in surface area until the second
pore ﬁlling cycle (2 ¥ 5 mol L-1 ) where a slight decrease occurred
due to the formation of a contiguous structure as opposed to
discrete nanoparticles. Calcination caused a linear decrease in
This journal is © The Royal Society of Chemistry 2010

Fig. 4 Top: effect of inﬁltrant quantity on BET surface area (triangles)
and calcination temperature (circles). Bottom: a typical N2 sorption
isotherm exhibiting (inset) a pore size distribution centred at 5.5 nm from
the BdB-FHH method.30,31

surface area due to crystallization (Fig. 4, top, circles). Treatment
at 800 ◦ C resulted in reaction with the template, as evidenced by
formation of a low density grey material, presumably a silicate.30
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Higher temperatures led to complete collapse of the nanostructure
and a material with ~1 m2 g-1 surface area. A typical N2 sorption
isotherm is shown in Fig. 4 (bottom). The material exhibits a high
surface area with a mesopore size centred at 5.5 nm (BdB-FHH
method, Fig. 4, inset).
In order to most effectively characterize the phase of the material
produced at these low calcination temperatures, selected area
electron diffraction (SAED) was combined with a reﬁnement of
synchrotron XRD patterns (Fig. 1). SAED of a collection of crystallites delivered diffraction rings as shown in Fig. 5. Convergent
beam diffraction of individual crystals led to structural changes
due to the intensity of the beam. The SAED data, when examined
in concert with the XRD patterns shows very strong agreement
(Table S2†). The peaks give an approximate match to a cubic unit
cell of dimension a = 8.160 Å. This may be compared with values
a = 8.238 Å for the cubic spinel LiMn2 O4 32 and a = 8.143 Å
for the spinel Li2 CoMn3 O8 .33 Reﬁnement of the structure of our
preparation by ﬁrst distorting the cubic cell to tetragonal and then
tilting the tetragonal c-axis slightly results in a monoclinic unit
cell with parameters a = b = 5.774 Å, c = 8.148 Å and b = 90.6◦ .
This cell gives an excellent ﬁt to the observed pattern. The present
material is of monoclinic symmetry with a = b = 5.774 Å, c =
8.148 Å and b = 90.6◦ , in excellent agreement to both observed
and simulated patterns.

area electron diffraction revealed the complex phase to be very
similar to a previously reported lithium manganate spinel.
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Fig. 5 Selected area electron diffraction pattern of a typical material.
Major diffraction rings (in Å) are highlighted.
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Conclusions
We have demonstrated the ﬁrst synthesis of a version of
Lix (Mn1/3 Ni1/3 Co1/3 )O2 in a periodic mesoporous form. This
complex metal oxide required repeated application of a ‘two
solvents’ pore inﬁltration technique, involving a mesoporous silica
template that was ﬁlled by addition of an aqueous precursor
solution to an anhydrous organic suspension of the silica. This
pore ﬁlling mechanism proved substantially superior to more
commonly used procedures. The material exhibits a surface area
of ca. 180 m2 g-1 with a pore size distribution centred at 5.5 nm and
can be prepared in the temperature range of 500–700 ◦ C. Selected
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