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LiMn,O, spinel is one of the most important intercalation
electrodes for rechargeable lithium batteries at the present
time.['™ It combines the highest intrinsic rate capability of the
well-known intercalation cathodes with high safety, low
toxicity, and low cost, making it attractive for high-power
applications, such as hybrid electric vehicles."'!! However,
the drawback of this electrode is its slow dissolution in the
electrolyte present in the lithium-ion battery. To mitigate such
dissolution, recent interest has focused on highly lithium-rich
compositions in the region of Li;;,Mn; 0, (Li[Lig -
Mn, ]O,) because of their high average oxidation state
(presence of less soluble Mn’*"), despite compromising
theoretical capacity.""'?l Consequently, high rate capability
becomes even more important to ensure high utilization of
the reduced theoretical capacity. Here we describe the
synthesis of an ordered mesoporous Li;;,Mn, O, spinel
and show that it combines higher rate capability than the
corresponding bulk material (50 % higher specific capacity at
arate of 30C, 3000 mA g ') at ambient temperature with good
stability at elevated temperatures, despite a high surface area
of 90 m?g~"' and without the need for deliberate coating or
doping with foreign ions.'*'* Furthermore, when cycled over
a wide voltage range (including the 3 Vand 4 V plateaus) the
mesoporous material exhibits improved capacity retention
compared to the bulk spinel. This capacity retention is
because of the nanometer thin walls between the pores that
render the cubic/tetragonal phase transformation more facile
in the mesoporous spinel than in the bulk phase. The potential
advantages of using nanostuctured electrode materials, in this
case mesoporous solids, over nanoparticles are discussed.
Ordered mesoporous Li,, Mn, O, spinel is synthesized
for the first time, as described in detail in the Experimental
Section, by a hard templating route with post-template
treatment "> Briefly, an aqueous solution of Mn(NO;),
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was infiltrated into the ordered 3D pore structure of the
mesoporous silica, KIT-6. Heating in air converted the
precursor into Mn,O;. Following the removal of the SiO,
template, the replica 3D mesoporous Mn,0O; was transformed
to Mn;0, spinel by heating in a reducing atmosphere, which
then reacted with LiOH to form mesoporous LiMn,O, spinel
(Figure 1). It is remarkably that throughout the solid-state
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Figure 1. A) TEM images of mesoporous a) Mn,0s, b) Mn;0,, and

c) Li;1,Mn; g30,. d) High-resolution TEM image of mesoporous

Li; 1,Mn;, 450,. €,f) TEM images of mesoporous Li; ;,Mn, g0, €) after 20
cycles between 3-4.3 V and f) after 30 cycles between 2-4.5 V.

B) Powder XRD patterns of mesoporous a) Mn,O;, b) Mn,0O,,

¢) Liy1,Mn, 40, broadened owing to nanometer-thin walls, and d) bulk
Liy 1,Mn; 4504

transformations Mn,0;—Mn;0,—LiMn,0,, the ordered 3D
mesoporous structure was preserved (Figure 1), demonstrat-
ing that the thin walls of the mesopore (7 nm thick) can
accommodate the strain of multiple solid-solid phase trans-
formations. The mesoporous structure exists throughout the
material, as demonstrated by examining many particles using
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TEM. The strategy of post-template reduction followed by
solid-state reaction with LiOH permitted the synthesis of a
mixed-valence lithium-containing compound that could oth-
erwise not be easily synthesized directly within the template.
Control of the oxygen partial pressure within the pores of the
SiO, template to control the mixed-valance state, would have
proved difficult, and introduction of a lithium precursor
within the silica template would, on heating, have led to its
reaction with the silica. Circumventing the latter problem has
been demonstrated only once before by synthesizing the low
temperature (LT) form of LiCoO,.""l However, LT-LiCoO, is
a poor cathode with low capacity, and in contrast to
manganese spinel, is of limited interest.*

The mesoporous spinel has the same cubic mesostructure
as KIT-6 (space group la3d). An a, lattice parameter of
24.1 nm for the spinel was extracted from the TEM data. N,
sorption measurements conducted on the mesoporous spinel
(see Supporting Information) show a type IV isotherm, as
observed in mesoporous materials. Barrett-Joyner-Halenda
(BJH) analysis of the desorption isotherm indicated a pore
size distribution with a peak centered at 4.1 nm. Such a pore
diameter for the mesoporous spinel is in good agreement with
the dimensions of the walls of the KIT-6 template, which
become the pores of the replica spinel structure. The BET
surface area for mesoporous Li; ;,Mn, O, is 90 m*g~', which
is similar to that of other mesoporous transition metal oxides
templated by KIT-6.[20-%]

Chemical/oxidation state analysis (see Experimental Sec-
tion) indicated that the composition of the spinel phase was
Li; ,Mn, 0O,. The powder XRD pattern shown in Fig-
ure 1B (c), confirms the spinel structure and is in agreement
with that of the bulk Li; ;,Mn; g&O,, although the mesoporous
material exhibits peak broadening as expected for a nano-
material.”! Although using the highest temperature com-
mensurate with retention of the mesostructure (400°C), and
strong reducing conditions (H, gas), it was not possible to
synthesize a more reduced spinel with a composition closer to
stoichiometric LiMn,O,.

Lithium manganese oxide spinel may be cycled over 3 V
and 4V plateaus.">*! Cycling in the more technologically
relevant 4 V region will be considered first, and thereafter the
effect of the mesostructure on cycling over both plateaus.

Mesoporous Li; ;Mn, 0, was incorporated into a com-
posite electrode as described in the Experimental Section.
Additional electrodes were constructed identically (same
composition and active mass), except for replacement of the
mesoporous spinel with bulk spinel of the same composition.
Another bulk spinel, Li;,sMn,;¢;0, with a composition
regarded as within the range for optimum performance has
also been used.®% Both bulk materials were prepared by a
solid-state reaction (Experimental Section). To compare
directly the rate capabilities of the three different spinel
materials, their discharge capacities on the first cycle were
expressed as a percentage of their capacity at a rate of
30mAg ! (0.30C; 1C equates to discharge of the theoretical
capacity of Li;;,Mn, 0, 98mAg™!, in 1h) and plotted
versus current density in Figure 2 A. Use of the same loading
of active material per unit area in each case resulted in a
thicker mesoporous electrode because of the lower density of
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Figure 2. A) Rate capability for mesoporous Li; ;,Mn; g0, (@), bulk

Li; sMn; 6504 (m), and bulk Li; ;,Mn, 530, (A); capacity retention
expressed as percentage capacity at 30 mAg™' (0.30C). B) Cycling data
for mesoporous Li; 1,Mn, 4,0, (@), bulk Li; ;sMn, 4O, (m), and bulk
Liy1,Mn, 50, (A) between 3-4.3 V at a rate of 3000 mAg™' (30C). The
inset shows the load curves, 5th cycle (—), 25th cycle (-—-), and
50th cycle (-++++) for mesoporous Li; ;,;Mn, g0O,. C) Cycling data for
mesoporous Li; 1,Mn; g0, (%), bulk Li;;,Mn, 40, (@), bulk

Li; 0sMn; 6504 (), nanoparticulate Li; ;,Mn, g0, (A),and nanoparticu-
late Li; gsMny 450, (m) at 50°C at 30 mAg™' (0.30C) between 3-4.3 V.

the porous material. As can be seen from the Figure 2 A, the
mesoporous material exhibits the best capacity retention at
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high rates, despite having a thicker electrode. Its capacity
retention is 50 % higher than the equivalent Li;,Mn, 4O,
bulk phase at a rate of 3000 mA g~ (30C), demonstrating the
superior rate capability obtained by using a mesoporous
spinel. No attempt has been made to optimize the electrode
construction, and thus we do not claim that these are the best
performances that can be obtained for spinel electrodes.”
Rather, all the electrodes are constructed identically to
facilitate back-to-back comparison of the effect of meso-
porosity on the performance, not to demonstrate the best
possible performance.

The superior rate capability of the mesoporous material
may be due to a number of factors. The higher surface area in
contact with the electrolyte (BET surface area for mesopo-
rous Li; ,Mn; O, is 90 m*g~' compared with 1.5 m?g"" for
the bulk forms of the two compositions) and the thin walls,
resulting in short diffusion lengths of approximately 3.5 nm
(wall thickness 7 nm), are clearly important. However, in
addition, the ordered cubic pore structure ensures that the
pores are of uniform size and uniformly interconnected in all
directions, thus helping to promote efficient and equal access
of the electrolyte to the internal surface throughout the
electrode.

The conventional approach to optimizing the power (rate)
of an electrode is to reduce the particle size to a few
nanometers. It is interesting to compare the rate performance
of the electrodes consisting of nanoparticles with those in
which the particles are mesoporous and are of micrometer
dimensions, the internal walls being a few nanometers thick.
Ultimately, obtaining high power (rate) in any electrode
requires porosity to ensure a ready supply of ions from the
electrolyte and thus sacrificing volumetric capacity is the
inevitable price to pay for high rate. If this is achieved by
deliberately designing porosity inside the particles, as in the
mesoporous solids, then an optimum pore size may be
selected such that volume of the solid will not be unnecessa-
rily wasted, as in the case of solids with random porosity
(random in size and shape). Random porosity also gives rise
to situations in a composite electrode made of nanoparticles,
in which some pores will be too small, too large, or occluded.
As the particles of the mesoporous solid are of micron
dimensions, they maintain a similar interparticle contact to
that of bulk materials and will pack more densely within the
composite electrode than nanoparticles. It is recognized that
fabricating electrodes from nanoparticles is difficult because
of the low tap density and problem of maintaining particle
contact. Of course a potential disadvantage is that preparing
mesoporous materials may be more difficult than simple
nanoparticles. Comparison between mesoporous
Li; ,Mn, O, and an electrode constructed identically with
bulk Li; sMn,40O,, indicates that the rate capability of the
mesoporous material is also superior to this bulk composition
(Figure 2 A).

Recent interest in Li-Mn-O spinel arises from its high
rate capability and thus its usefulness for high-rate applica-
tions. Thus, the focus was on cycling at high rate (power). The
absolute capacities for the three materials at the high rate of
3000 mA g~' (30C) are shown in Figure 2 B, from which it may
be seen that the specific capacity of the mesoporous material
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is significantly higher than its bulk equivalent (by 50-60 %)
and somewhat higher than bulk Li, ;sMn, ¢sO, despite a lower
theoretical capacity for Li;;,Mn, 40, because of its more
lithium-rich composition. Considering the effect of the
mesoporosity on the volumetric capacity, the density of
mesoporous Li; ;Mn; g0, is 35 % lower than the correspond-
ing bulk material, which translates into a 25% reduction in
volumetric capacity of the composite electrode, as only a
proportion of the composite electrode is the active material.
Thus, based on the total volume of the electrode, those
constructed using mesoporous Li; ;,Mn,; 4O, have a higher
gravimetric and slightly higher volumetric energy density
than those fabricated using the corresponding bulk material.
The inset in Figure 2B shows the load curves for 3 cycles (5,
25, and 50) of the mesoporous Li-1.12 phase. The difficulty in
resolving one cycle from another emphasizes the stability of
the load curves on cycling. Retention of the mesostructure on
cycling is demonstrated by the TEM data in Figure 1A (e).

Having considered the performance at 30°C it is interest-
ing to examine the performance at elevated temperatures. It is
well known that Mn*" disproportionation into Mn”** and
Mn*", followed by Mn?" dissolution in the electrolyte, is one
of the main causes of spinel electrodes losing capacity with
time/cycling in cells operated at elevated temperatures of
circa. 50°C. Lowering of the cell capacity is particularly
severe if graphite electrodes are employed.['>*?! To alleviate
such the capacity lowering, Li-Mn-O spinels may be doped
with foreign ions, for example F~, or coated with metal oxides,
such as ZnO.”3% As a result, mesoporous Li; ;,Mn, 0,, with
its high surface area and without such modifications, might
have been expected to exhibit severed capacity loss on cycling
at elevated temperatures.

To investigate the elevated temperature stability of the
mesoporous phase, the variation of discharge capacity with
cycle number at 50°C is shown in Figure 2C for 1) mesopo-
rous, 2) nanoparticle, 3) bulk Li;;,Mn, O,, 4) nanoparticle,
and 5) bulk Li, ;sMn, ,;O,. The capacities are presented as a
percentage of their theoretical values, to provide direct
comparison of the lowering of the capacity on cycling for
the different materials. A low rate of 30 mA g~ was selected
to provide a more severe test of capacity fading on cycling
than would be the case if high rates were employed. The rapid
loss of capacity on cycling the bulk Li, ;sMn, ¢sO, is evident in
Figure 2C and is in accord with previous studies of such
optimized nonstoichiometric spinels in the absence of foreign
ion dopants or coatings.'"!33 Nanoparticles of Li; osMn; 4s0,
(BET surface area of 40 m?g"' compared with 1.5 m*g™" for
the bulk material) result in even more severe capacity fading
(Figure 2 C). Nanoparticles of Li; ;,Mn; 530, (40 m’g™") show
lowering of the capacity to some extent and the lowering
takes place presumably because of the higher average
oxidation state leading to a higher Mn*"/Mn*" ratio at the
surface. Thus, the Mn*" disproportionation reaction is low-
ered leading to lesser Mn*" dissolution in the electrolyte.
However, the mesoporous Li,;,Mn, 0O, material exhibits
roughly comparable capacity retention to the corresponding
bulk material (surface area 1.5 m*g™"; Figure 2 C), despite the
former having a surface area twice that of the Li; ;,Mn, 4O,
nanoparticles (90 m*g ' compared with 40 m*g™'). This could
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be in part due to the micrometer-sized particles of the
mesoporous material, which may maintain better interparticle
contact than the nanoparticles on cycling. However, we
suggest that the comparable capacity retentions of the
mesoporous and the bulk Li, ,Mn, 2O, are due to the internal
surface of the former being more stable than the outer
surface, a conjecture that is reinforced by the results of
dissolution measurements reported below. We do not, at this
stage, have an explanation for the slight dip then rise in
capacity within the first few cycles for the mesoporous
Li; ,Mn, g0,; powder-XRD data show no evidence of
structural changes on cycling.

To explore whether the superior capacity retention of the
mesoporous Li; ,Mn, 4,0, compared with the other materials
is associated with less manganese dissolution, equal masses of
the mesoporous, bulk, and nanoparticulate Li; ;,Mn, gO, and
the bulk Li; sMn, 0O, were placed into equal volumes of
electrolyte at 50°C for 4 days, and the quantity of manganese
in each solution was determined (see Experimental Section).

The manganese concentrations in the mesoporous
Li; ,Mn, 4Oy, bulk Li; ,Mn, 4Oy, nanoparticulate
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Figure 3. Discharge capacity versus cycle number for the mesoporous
Liz12Mn, 530, (@), bulk Li; sMn; 450, (&), and bulk Liy 1,Mn; 40, (V) at
a rate of 30 mAg™' (0.30C) between 2-4.5 V.

A) 4.5

4.0

Li, ,Mn, ¢cO,4, and bulk Li, ;sMn, 4O, are 3.7, 6.3, 26, and
9.5 ppm, respectively. These results demonstrate that the
mesoporous Li; ,Mn, 4O, is more stable at elevated temper-
atures than the other materials. Importantly, they reinforce
the conclusions from Figure 2C that the stability of the
mesoporous Li; ;Mn, O, is slightly greater than the equiv-
alent bulk phase, despite the former having a much higher
surface area. The results of the dissolution experiments
support the view expressed above that the internal surface of
the mesoporous Li; ;,Mn, O, is more stable towards dispro-
portionation/dissolution of the manganese than the external
surface, explaining the superior cycling stability at elevated
temperatures compared with nanoparticles. It is difficult to
study directly the internal surfaces of mesoporous solids. XPS
measurements carried out on the bulk and mesoporous
Li; ,Mn, O, (see Supporting Information Figure 3S) give
an average oxidation state of +3.65 for manganese on the
outer surface, that is, the surface is not Li,MnOs;.

Cycling over the 3 and 4 V plateaus were also considered.
Although not as technologically relevant as the 4 V region, it
is interesting to explore the effect that mesostructuring has on
such cycling. The variation of the discharge capacity with the
cycle number, where cycling is carried out between 2 and
4.5V, is shown in Figure 3 for the bulk Li, ;sMn, ¢sO,, and the
mesoporous and bulk Li, ;,Mn, gO,. Even within 10 cycles the
severe capacity fading of the bulk materials is evident,
whereas the mesoporous Li; ;Mn, O, exhibits much better
capacity retention. To consider this effect in more detail the
load curves for each of the three materials as a function of
cycle number were examined. It is known that the capacity
loss suffered on cycling bulk spinel with the composition
Li; ;sMn, 5O, between 3 and 4 V plateaus is related to the
difficulty of reversing the cubic (LiMn,O,)/tetragonal-
(Li;Mn,0,) phase transition associated with the 3V pla-
teau.”>¥ ! As a result, although capacity lowering occurs at
both 3 and 4 V, the most severe loss of capacity is associated
with the 3 V plateau for the bulk Li, ;sMn, 4O, (Figure 4 A).
This is also the case for the bulk Li,;;Mn, 0O, material
(Figure 4B), although in this case there is more loss of
capacity at 4V than for the Li;,sMn, 0, electrode. In
contrast, the load curves for the mesoporous Li; ,Mn, 4O,
presents a more optimistic situation (Figure 4C). The most
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Figure 4. Load curves showing the first discharge (—), fifth discharge (——-), tenth discharge (-++++) and 20th discharge (—+-+) for A) bulk Li, ;sMn; 4504,
B) bulk Li; ;,Mn, g0, and C) mesoporous Li; ;,Mn, g0,. The inset in (C) is the powder XRD pattern for mesoporous Li; ;,Mn, g0, after discharging to 2 V;

arrows indicate peaks for the tetragonal phase.
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dramatic difference occurs at 3V, where the capacity
retention is far better than for either of the bulk materials,
implying that the cubic/tetragonal phase transformation is far
more facile for the mesoporous material than the bulk. The
capacity retention at 4V is also somewhat better for the
mesoporous material. The inset in Figure 4 C shows powder
XRD data collected at the end of discharge demonstrating the
presence of the tetragonal phase at the end of the 3 V plateau.

TEM data collected after cycling over the 3 and 4V
plateaus demonstrate retention of the mesostructure (Fig-
ure 1 A (f)). As the nanometer-sized walls in the mesoporous
materials lead to the relief of strain during the structural
phase transitions, these materials undergo the transitions in a
more facile fashion than their bulk counterparts.” Indeed the
transformations from Mn,O; to Mn;O, and then to LiMn,O,,
associated with the formation of the mesoporous material
discussed herein, while retaining the mesostructure through-
out, are a testimony to the ease with which the phase
transformations can occur in mesoporous materials. It
appears that this same effect has rendered more facile the
cubic/tetragonal phase transition than is the case for the bulk
materials. These results are in agreement with previous
studies on spinels. On cycling layered LiMnO,, it coverts to
a spinel material that exhibits a nanodomain structure, in
which the domains can spontaneously switch between cubic
and tetragonal phases, with strain being relieved at the
domain wall boundaries.’**! Furthermore, ball-milling
LiMn,O, can induce a similar nanodomain structure with a
consequent improvement in cycling over the 3 V plateau.”"

In conclusion, a mesoporous lithium manganese oxide
spinel has been synthesized for the first time. By combining a
mesoporous structure with the composition Li; ;,Mn, g0y,
superior rate capability at ambient temperature (50 % higher
specific capacity and marginally higher volumetric capacity at
3000 mAhg™', 30C) compared with the corresponding bulk
material have been demonstrated. Comparable stability to
the bulk material at elevated temperatures is observed
despite a surface area of 90 m*g~' for the mesopore and
without recourse to the introduction of foreign ion dopants or
the application of metal oxide coatings, suggesting that the
internal surfaces of the mesopore are more stable than the
external surface. In addition, the mesoporous material can be
cycled over both the 3 and 4V plateaus with improved
capacity retention compared with bulk materials. This
improvement is due to the nanometer-sized walls better
accommodating the strain of the cubic/tetragonal phase
transformation that occurs at 3 V.

Experimental Section

Preparations of electrode materials: Preparation of the mesoporous
silica (KIT-6) has been described previously.” Typical synthesis of
mesoporous Li; ;;Mn; 40,4 Mn(NO;),-6 H,O (98%, Aldrich; 30 g)
was dissolved in distilled water (ca. 20 mL) and this saturated
Mn(NO;), solution (S5mL) was added slowly with stirring to
mesoporous KIT-6 (5 g) dispersed in n-hexane (200 mL). The mixture
was stirred overnight, filtered, and dried at room temperature,
followed by heating at 600°C for 3 h. The resulting material was
treated twice with a hot NaOH solution (2M) in water to remove the
silica template, followed by washing with water and drying at 60°C.
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This procedure results in mesoporous Mn,O; free from SiO,, as
demonstrated by chemical analysis. Reduction of mesoporous Mn,0O5
to Mn;O, was achieved by heating at 280°C for 3 h under a H,
atmosphere (H,/Ar=5:95). Thereafter, mesoporous Mn;O, (1 g) was
mixed with LIOH-H,O (1.5 g) in water (10 mL), stirred until dry, and
was heated slowly at 350°C for 1 h. After the calcination, the sample
was cooled to room temperature at a rate of 3°Cmin"', and the
resulting material was washed with water then dried at 120°C.

Bulk Li; ;sMn,; O, and Li; ;,Mn, gO,: stoichiometric ratios of
lithium acetate and manganese acetate were ball-milled for 15 min
before heating at 400 °C in air for 3 h. The resulting powder was ball-
milled again for 15 min and then heated at 900 °C in air for 5 h. After
the calcination, the sample was cooled to room temperature at a rate
of 3°Cmin~".

Nanoparticles of Li; (sMn,; O, and Li, ,Mn, s0O, were synthe-
sized from lithium acetate and manganese acetate following a
previously reported procedure .

The materials were characterized by transmission electron
microscopy (TEM, Jeol JEM-2011), powder-XRD diffraction
(PXRD, Stoe STADI/P diffractometer operating in transmission
mode with Fe,, radiation, 1 =1.936 A), and N, sorption (Hiden IGA
porosimeter) techniques. Oxidation states were determined by redox
titration using ferrous ammonium sulfate/KMnO, as described
previously.’”! Atomic absorption measurements were carried out on
a Pye Unicam AAS spectrometer.

Manganese dissolution studies: spinel material (0.1 g) was sealed
in a glass bottle with LP-30 electrolyte (10 mL) and stored at 50°C for
4 days. After filtering, the liquid was collected and analyzed by atomic
absorption.

Electrochemical cells were constructed by mixing the active
material, Kynar (a copolymer based on poly(vinylidene fluoride)),
and Super S carbon in the weight ratios 80:10:10. The mixture was
cast onto aluminum foil from acetone using the 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 with a lithium electrode (99.9%, Aldrich; a disc with a
diameter of 8 mm and a thickness of ca. 0.7 mm) and LP-30
electrolyte (Merck; 1M LiPF; in 1:1 v/v ethylene carbonate/dimethyl
carbonate). The cells were constructed and handled in an argon-filled
MBraun glovebox. Electrochemical measurements were carried out
using a MACCOR Series 4200 cycler. High-rate measurements were
performed on two and three electrode cells, but no difference was
found, demonstrating that the polarization was dominated by the
cathode. Hence two-electrode results are reported here.
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