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The use of polymers containing oxygen-based functional
groups [polyethylene glycol (PEG), poly(methyl methacryl-
ate) (PMMA)] has been studied to synthesize highly crystal-
line nanometric LiNijsMn, 50, spinel. Polyvinylidene fluo-
ride (PVDF), which was also tested, failed in the spinel syn-
thesis. Mechanical activation of hydrated salts in the pres-
ence of oxalic acid and the polymer, followed by heating at
800 °C for a few minutes, is sufficient to obtain pseudopoly-
hedral particles ranging from 60-80 nm in size. X-ray broad-
ening analysis and the electron micrographs of the micro-
structure reveal that the polymer has an improved particle
crystallinity. Calcining at 400 °C tailors the particle shape
towards a nanorod-like morphology due to the nonionic sur-
factant properties of PEG. The ability of the functional groups

of these polymers to bind to metal ions brings them closer
and therefore shortens the diffusion paths followed to adopt
the spinel structure. At high temperature, the particles adopt
a well-defined pseudopolyhedral morphology with a smooth
texture and a lower microstrain content than that obtained in
the absence of polymer. The results of the electrochemical
tests show that the polymer-assisted nanoparticles exhibit
improved reversible capacity and better cycling properties as
electrode materials in lithium cells. The improved crystal-
linity of the particles is the key factor in this respect, particu-
larly when the cells are operated at low rates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The spinel framework is a well-known structure that is
adopted by a large numbers of compounds and particularly
transition metal-based oxides, which exhibit salient elec-
tronic properties of the electric, magnetic and catalytic
type.l!! Li-containing spinels, particularly LiMn,O,,/?! have
received special attention in the last decade as this spinel
has the ability to reversibly extract and insert lithium and
has been proposed as an alternative to LiCoO», which is
used as the cathode material in commercial batteries but is
more toxic and expensive than the spinel. Replacing Mn
with other transition metals such as Ni not only results in
improved stability on cycling but also provides an interest-
ing electrochemical property, namely an expanded voltage
window spanning up to 5.0 V vs. the lithium electrode.[>4
LiNiy sMn; sO, spinel is the best replacement candidate!™
as it has the ability to reversibly extract and insert lithium at
4.6-4.8 V on prolonged cycling!® ! and delivers the highest
possible capacity. This can open up new prospects for a
novel generation of lithium-ion batteries with a higher spe-
cific energy, which is especially interesting with a view to
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their use as power sources in hybrid vehicles. However, this
attractive property must be also accompanied by a high
power density, a condition that is usually not attainable due
to extensive polarization at high charge-discharge rates.['”]
This increased polarization has been ascribed to slow lith-
ium diffusion in the solid active materials.

The use of particles with sizes in the nanometric range
(below 100 nm) can alleviate this shortcoming due to a
shortening of the displacement distance for lithium
ions.':1?] Furthermore, the high surface area of these mate-
rials can facilitate the diffusion of lithium ions in the sample
and improve the rate capability of the compound.['*] How-
ever, the reactivity towards lithium is influenced by both
particle size and other properties such as particle shape and
the degree of crystallinity and agglomeration. Because these
properties are strongly affected by the synthetic conditions,
the search for methods capable of tailoring all these vari-
ables is a current research field. In this context, the use of
polymers in the synthesis of spinels is an effective strategy
for modifying their textural properties.'*! Indeed, unusual
particle morphologies have been observed due to the effect
of polymers facilitating particle growth in specific direc-
tions.['>171 In this work, we examine the influence of two
different polymers, namely polyethylene glycol (PEG) and
poly(methyl methacrylate) (PMMA) on the synthesis of Li-
NigsMn; sO4. These polymers have different functional
groups that can result in differences in the formation of
nuclei and the direction in which crystals grow. For com-
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parison, the spinel was also synthesized in the absence of
polymer. The synthetic methods used resulted in significant
differences in particle morphology, size and crystallinity.
Consequently, the performance of electrodes made from
these spinels is clearly influenced by their synthetic condi-
tions. Thus, the particles prepared using the polymer-as-
sisted method exhibit improved cycling reversibility and ca-
pacity relative to the spinel obtained in the absence of poly-
mer.

Results and Discussion

Structural and Morphological Characterization

The synthesis of the spinels involves two steps: (1) mech-
anochemical treatment at ambient temperature to convert
acetates into nanometric oxalates!!®!?] (oxalic acid is
stronger and less volatile than acetic acid and oxalate ions
are excellent ligands for transition metal ions), and (2) ther-
mal decomposition of nanometric oxalates and polymer py-
rolysis to obtain the spinel phase.?” This latter process can
be followed by TG measurements combined with analysis
of the gases evolved by mass spectrometry, as shown in Fig-
ure 1. We only monitored the species H,O and CO, since
no other gases that might be formed (e.g. CO, the molecular
weight of which is identical to that of N,) could be iden-
tified. The main weight loss occurs below 450 °C, where the
spinel is already formed, irrespective of the specific syn-
thetic conditions used. However, the presence of the poly-
mer caused other alterations that are worth noting. For ex-
ample, the weight loss of the mixture without polymer oc-
curred in two steps spanning the ranges 150-250 and 350-
420 °C. Water was evolved in the first step and the weight
loss of around 20% is close to the amount of water assigned
to oxalic acid. The detection of CO, above 350 °C, where
the second step was found to occur, is consistent with oxal-
ate decomposition; the resulting weight loss (ca. 40%) is
reasonably consistent with that calculated from the conver-
sion of precursor acetates into oxalates (44 %).

The presence of polymer, whatever its nature, appears to
have little effect on the decomposition temperature of oxal-
ates. Moreover, polymer degradation occurs at temperatures
above that of the oxalate and somewhat higher than that
of the pure polymer (the TG curve for PEG1500 has been
included for comparison), as shown by the slope change in
the TG curve and, particularly, by the release of CO, and
H,O in the higher temperature range. We ascribed the for-
mation of CO, to the presence of traces of oxygen in the
carrier gas. The CO, signal for the PEG composite is split
into two peaks, with the temperature of the lower-intensity
peak coinciding with that observed for the mixture without
polymer. The thermal decomposition of PMMA is some-
what more complex as CO, is released in two steps. The
shoulder on the left-hand side of the signal might be due to
CO, from the oxalate component. The presence of carbonyl
and carboxyl groups may account for this result. The
weight loss assigned to polymer pyrolysis (around 20%) is
consistent with the amount of polymer added. The degree
3296
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Figure 1. (a) TG curves for the precursors without polymer (black
line), with PEG 1500 (red line), PMMA (blue line) and polymer
PEG1500 (green line). (b) Evolution of H,O (solid line) and CO,
(dash line).

of hydration of the polymer-containing samples (particu-
larly the PEG sample) is somewhat higher, possibly as a
result of the morphological and mechanical properties of
the polymer hindering the release of heat produced during
the grinding process and of the sample retaining an in-
creased amount of water.

Figure 2 shows the X-ray powder diffraction patterns for
some spinels. All lines can be indexed to the spinel struc-
ture, thus indicating a high degree of purity. Some minor
peaks due to impurities can be seen for the samples calcined
at 400 °C (Figure 2, a). These peaks (labeled with *) are
assigned to NiO, which is commonly detected in the synthe-
sis of this spinel using conventional ceramic methods,?!!
and disappear on increasing the calcination temperature.
Different heating temperatures resulted in subtle differ-
ences. Thus, the diffraction peaks obtained at 400 °C were
weaker and broader, which suggests lower crystallinity,
whereas those obtained at 800°C were stronger and
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Figure 2. XRD patterns for the Li-Ni-Mn spinels: (a) PEG-400, (b)
S-800, (c) PEG-800 and (d) PMMA-800.
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sharper. The lattice parameters obtained are shown in
Table 1. The average value of around 8.18 A is consistent
with previously reported values for spinels with a similar
composition.[??]

Table 1. Unit cell dimensions, specific surface area, crystallite size
and microstrain contents of LiNiy sMn; sO4 spinels.

Sample a SBET Dl DIl Microstrains
[A] [(m’¢']  [nm]  [nm] (X1079)

S-800 8.178 12 66 139 1.90
S-800-5 8.188 6 98 367 1.51
PEG-400 8.184 67 — — —
PEG-800 8.173 16 62 84 1.50
PEG-800-5 8.178 5 130 270 0.85
PMMA-800 8.181 9 79 107 1.03
PMMA-800-5 8.188 4 161 125 0.30

[a] Values obtained from the Scherrer equation. [b] Williamson and
Hall equation.

The microstructure of the bulk spinels was evaluated
from the full width at half maximum of the diffraction lines,
which provides information on the mean crystallite size
(size of the coherent crystalline domain); lattice imperfec-
tions (microstrains) were evaluated from the degree of XRD
line broadening. The Williamson—Hall equation [see Equa-
tion (1)] was used to determine these two parameters./>!

fcosl = 2<e>sent + 0.9./D (1)

where [ is the integral breadth after correction for instru-
mental broadening from highly crystalline quartz and ka,
elimination using the Rachinger method,?* <e> denotes
local strains (defined as Ad/d, where d is the interplanar
space) and D is crystallite size. Equation (1) was applied to
the four strongest reflections [viz. (111), (331), (511) and
(531)] as they do not overlap with any other reflection.
Furthermore, the equation was only applied to the samples
prepared at 800 °C as those obtained at 400 °C had a high
signal-to-noise ratio and precluded accurate measurements
of the full-width at half-maximum (FWHM). Figure S1 in
the Supporting Information shows the plots of the above
equation for selected spinels and Table 1 lists the crystallite
sizes and strains calculated from the intercepts and slopes,
respectively. As expected, the crystallite size increases and
the microstrain content decreases with heating time, which
reflects improved crystallinity in the spinel.[>>! Furthermore,
under identical synthetic conditions, the presence of poly-
mer improves particle crystallinity as the microstrain con-
tent decreases under these conditions.

Figure 3 shows TEM images for the three spinels cal-
cined at 800 °C for 5 min. The particle size is below 100 nm
in all cases and the presence of polymer clearly influences
the particle shape. Thus, the absence of polymer results in
nanoparticles with an ill-defined shape and a strong ten-
dency to agglomerate, which is typical of nanometric mate-
rials. In the presence of polymer, however, the particles
adopt a more regular, pseudo-polyhedral morphology typi-
cal of spinels.l*®! The particle sizes are approximately 60 or
80 nm for PEG and PMMA, respectively, which is some-
what lower than the crystallite size obtained from Equa-
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tion (1). A better agreement was obtained when the crystal-
lite size was calculated from the Scherrer equation!®3
(higher for PMMA-800), which gave a value more consis-
tent with the specific surface values (lower for PMMA-800;
see Table 1). These differences are more apparent in the
images obtained at higher resolutions, where the polyhedral
shape, with well-defined edges and corners, becomes clearly
visible (Figure 3, d). The HREM images (Figure 3, ) reveal
a high crystallinity and the apparent absence of imperfec-
tions. The interplanar spacing was calculated to be around
0.45 nm, which corresponds to the orientation of the (111)
atomic planes. Small particles with a low defect content are
quite amenable to cycling at high charge/discharge rates as
the displacement of Li ions is favored by the decreased
probability of meeting with defects that might truncate their
movements. S-800 particles, in contrast, exhibit ill-defined
edges and a rougher surface (see Figure 3, f). However, this
compound also exhibits ordered (111) planes, which is con-
sistent with the XRD pattern (Figure 2, b), and a well-de-
veloped spinel structure.

Figure 3. TEM images of the spinels: (a) S-800, (b) PEG-800, (c)
PMMA-800. Images recorded at higher magnifications: (d) and (e)
PMMA-800; (f) S-800.

Surfactants are known to effectively tailor particle shape
and size in synthetic processes, and various nanostructured
spinels (particularly spinel-type ferrites) have been synthe-
sized in the form of nanorods,*”! nanowires?¥! and nano-
tubes?’! by using a template method. PEG is a good disper-
sant, nonionic surfactant polymer with a long zigzag chain
that can facilitate particle growth in certain directions,
whereas PMMA is a rigid polymer that possesses methyl
groups which act as hooks and hinder chain slippage. As
stated above, two features become apparent at temperatures
as low as 400 °C: 1) the spinel framework is already formed
and 2) the organic network, the main components of which
are the oxalate precursor and the polymer, is virtually lost.
Figure 4 (a) shows a TEM image of the sample PEG-400
corresponding to the spinel synthesized at 400 °C in the
presence of PEG. The particles are nanorod-like in shape,
several hundreds of nanometers long and 40-60 nm wide.
Longer and narrower particles with a nanorod-like mor-
phology have also been obtained using PEG 400.18! These
nanorods consist of nanograins with a pseudohexagonal
shape that are quite uniform in size (approx. 10 nm, as re-
3297
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vealed by the HREM image in Figure 4, b). Their crystal-
line nature is supported by the interplanar spacing, as
evaluated from the fringes. This image also shows that
nanorods are formed by randomly oriented spinel nano-
crystals. Thus, the nanorod-like morphology must be due
to the presence of a thin layer of undecomposed polymer
acting as binder and preventing dispersion of nanocrystals.
This texture is consistent with the high value of the specific
surface area and the hysteresis loop observed in the adsorp-
tion/desorption nitrogen isotherms (see Figure S2 in the
Supporting Information), which were assigned to a meso-
porous system with pores of around 8 nm on average.

Figure 4. TEM images of the spinels calcined at 400 °C for 5 min.
Samples prepared with PEG-1500 [(a) and (b)] and PMMA (c).
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The previous results strongly support the assumption
that the polymer forms a barrier that hinders particle
growth. Surfactants (e.g. polymers) are known to adsorb to
the surfaces of growing particles and create a shield against
van der Waals interactions between particles, thus in-
hibiting particle aggregation. Under these conditions, sin-
tering is hindered and the nanometric size is enhanced.
PEG can be absorbed on the surfaces of oxide nuclei and
modify their growth kinetics and favor anisotropic growth
of crystals as a result. PEG chains bind to the surface of
oxide nuclei and nanoparticles through either hydrogen
bonds formed by hydroxy groups or, more probably,
through interactions between oxygen-functionalized groups
in the polymer and metal ions in the spinel precursor. The
flexible properties of this polymer allow the spinel particle
shape to be tailored to a nanorod-like morphology. Figure 5
illustrates the formation of particles synthesized in the pres-
ence of PEG. The process is based on the chemical adsorp-
tion of metal oxalates onto the polymer surface,?% with the
polymer morphology being retained after the organic sub-
stances are removed by calcination. In contrast, the spinel
prepared at 400 °C in the presence of PMMA adopts no
special morphology and the nanoparticles form agglomer-
ates (see Figure 4, c¢). The rigid framework of the polymer,
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Figure 5. Representative illustration of a Li-Ni-Mn spinel synthesis in the presence of polymer.
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the random orientation of the functional groups and proba-
bly also the stronger interaction of the carbonyl group with
the precursor cations facilitate the fragmentation of the
polymer and preclude retention of the polymer morphology
after calcination. As a result, growth of the spinel in a
nanorod-like morphology is hindered and the particles do
not exhibit a special orientation (Figure 5).

The proposed model was supported by the IR spectra,
which exhibit shifts in the peaks assigned to the oxygen-
based functional groups in the polymer. Figure 6 shows the
IR spectra for PEG1500 and PMMA, and also those for
their ground mixtures with inorganic precursors following
further calcining at 400 °C, which caused the polymers to
partially decompose (see Figure 1, a). In order to simplify
the description of the IR spectra, we have focused on the
veoc (1105em™) and ve—o (1731 cm™') vibrations for
PEG1500 and PMMA, respectively, as these groups have
the ability to coordinate to metal ions. No other peaks as-
signed to the precursors (mainly those for oxalates) are
present in the vibrational region of the ether group. The
peak assigned to this group decreases in intensity on heat-
ing at 400 °C. Under these conditions, it becomes a very
weak, broad signal shifted to a somewhat lower wave-
number (1088 cm™'). This shift to lower energy may be con-
sistent with a weak interaction of the ether group with the
metals. As expected, the greater similarity between the func-
tional groups of PMMA and precursors is apparent from
the spectra shown in Figure 6 (b), where the bands for their
carbonyl groups appear at 1731 and approximately
1650 cm™!, respectively. The low frequency of oxalate com-
pared to PMMA can be ascribed to a combination of the
resonance of the carboxyl group and its binding to the
metal ions. The most salient effect of heating is the disap-
pearance of the polymer peak in spite of the relatively low
calcination temperature used (below that needed for com-
plete removal of the polymer, but above the decomposition
temperature for the oxalate components, see Figure 1). We
believe that part of the polymer remains undecomposed
even though its carbonyl stretching frequency decreases
upon binding of the metal ions?*' and the peak is superim-
posed on that for oxalate ion. On the other hand, the
greater frequency decrease observed in the PMMA system
relative to PEG is consistent with a stronger interaction of
the former polymer with the precursor cations through the
carbonyl groups. The increased decomposition tempera-
tures of the polymers in the composites relative to the pure
polymers (see parts a and b of Figure 1) could be a result
of such metal-polymer interactions.

A second effect promoted by the presence of the two
polymers used in the synthetic procedure is improved spinel
crystallinity. This seems to be independent of the surface
properties of the polymer, the role of which must be related
to its ability to coordinate to the metal ions forming the
spinel. As stated above, the functional groups of the poly-
mer capable of acting as basic Lewis sites might bind to the
ions, thus shortening their diffusion paths to adopt the spi-
nel structure. This model is consistent with the results ob-
tained by using a polymer such as polyvinylidene fluoride
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Figure 6. FTIR spectra for the PEG-1500 (a) and PMMA (b) sys-
tems (only the region corresponding to vc o ¢ and ve=o Vi-
brations): pure polymer (solid line), polymer—precursor mixture
(dotted line) and mixture calcined at 400 C (dashed line).

(PVDF), which contains no functional oxygen atoms. In
fact, this polymer is known to be an effective fluorinating
agent.3?! In this case, the spinel synthesis failed, which sug-
gests that the functional groups of the polymer must be a
key factor for the spinel synthesis and might be able to ap-
proach and stabilize the metal ions by chelation.

The influence of the heating time on particle morphology
was studied at a fixed temperature of 800 °C. Similar results
were obtained with both polymers, so the following dis-
cussion refers to PMMA alone. Parts a and b of Figure 7
show SEM images of samples PMMA-800-5 and S-800-5,
which were calcined for 5 h. The particles obtained in the
presence of polymer are much bigger (average size 1 pm)
but retain the polyhedral morphology of the nanometric
particles. As expected, this increase in particle size results
in a decrease in the specific surface area to 3.7 m?>g! (see
Table 1). Increasing the heating time to 24 h hardly alters
the particle size or specific surface area, which suggests that
sintering at this temperature reaches a critical size of about
1 um. Longer heating times reduce the particle contact and
slow kinetic growth. Increasing the particle size therefore
entails raising the heating temperature.

|2 um

Figure 7. SEM images of the spinels: (a) PMMA-800-5, (b) S-800-
5. (c) The latter sample heated at 900 °C for 48 h.

The particles calcined in the absence of PMMA exhibit
quite a different morphology (Figure 7, b). Thus, they are
irregular in shape and size and tend to agglomerate. Im-
proving the crystallinity therefore requires using higher
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temperatures (900 °C) and a longer time (48 h). Under these
conditions, pseudo-octahedral particles with a size of
around 5 pm were obtained (Figure 7, ¢).

Electrochemical Properties

The spinels were tested as electrodes for lithium-ion bat-
teries. For this purpose, we chose the spinels calcined at
800 °C as highly defective materials are well known to exhi-
bit a poor electrochemical performance in such devices.*
This shortcoming affects the spinels prepared at 400 °C, as
shown by the high signal-to-noise ratio of the XRD pat-
terns and the broad diffraction peaks obtained (see Fig-
ure 2). The cells were studied at two charge/discharge rates,
namely C/4 and 2C (C represents 1 Li* ion exchanged in
1 h, equivalent to 148 mA g™!). In general, the nanometric
particles exhibit a good performance at high rates due to
the shortened diffusion paths, whereas at low rates the in-
creased reactivity towards the electrolyte prevails and
lowers the cell performance. Micrometric particles, which
are less reactive towards the electrolyte, are a better choice
for making electrodes under these latter conditions.

Figure 8 (a, b) show the second charge and discharge
curves for the different spinels recorded at C/4. The first
charge curve for this spinel is affected by various factors
(viz. formation of a solid electrolyte interface accompanied
by electrolyte decomposition**! and release of oxygen from
the spinel lattice®*¥), which results in substantial overcharge.
For this reason, the first cycle was disregarded and the fol-
lowing comments focus on the second. The shape of these
curves is typical for LiNiy sMn; 504 spinel. Thus, the charge
curves exhibit two regions of electrochemical activity over
the ranges 3.9-4.4 and 4.5-5.0 V, respectively. The pseudo-
plateau observed in the low voltage region is related to the
Mn3*/Mn** redox couple and its length is somewhat greater
for the sample prepared with PMMA. We assign the pres-
ence of a small amount of Mn3* due to the formation of
some Ni**, as identified by XPS.3%371 Electrochemical ac-
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» 361
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Figure 8. Second charge-discharge curve for Li/Li-M-Mn-O cells
recorded over the voltage range 3.5-5.0 V. Spinels calcined at
800 °C for 5 min (a) and 5 h (b). Samples prepared in the absence
of polymer (A), with PEG-1500 (B) and with PMMA (C).
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tivity occurs mainly in the 4.7-5.0 V region, where a double
pseudo-plateau associated with the Ni** — Ni** process,
the mechanism of which reportedly involves two cubic/cubic
two-phase reactions,*®] appears. Based on spectroscopic
results,*! the oxidation of Ni** to Ni** takes place via the
following reactions involving the formation of Ni** as an
intermediate species, see Equation (2).

Li[Ni2*) sMn**, 5JO4 — Lig s[Ni**) sMn**, 5JO, + 0.5 Li* + 0.5¢ —
[Ni**) sMn**, 5JO, + 0.5 Li* +0.5¢  (2)

The discharge curves also exhibit two regions of electro-
chemical activity, thus indicating that the processes under-
gone by the spinel during charging of the cell are reversible.
The capacity delivered by the cell was higher for the spinel
prepared in the presence of polymer. The values range from
130 mAhg™! for the spinel prepared with PMMA to
110 mAhg! in the absence of polymer. These values are
13% and 25% lower, respectively, than calculated for a stoi-
chiometric spinel. The capacity values delivered by the cells
on further cycling (Figure 9) basically retain the same fea-
tures observed in the second cycle, namely a higher capacity
in the cell made from the spinel synthesized in the presence
of polymer. However, there are some differences worthy of
comment. Thus, the PMMA-800-5 spinel delivers the high-
est capacity at C/4 (Figure 9, a). This is consistent with its
higher crystallite size (also reflected in lowest specific sur-
face area, Table 1) and lower microstrain content, both of
which are consistent with its higher crystallinity. The elec-
trochemical responses of the S-, PEG- and PMMA-800
samples are virtually identical, with the spinels synthesized
in the presence of polymer delivering higher capacity values
(Figure 9, b). However, the differences between PEG- and
PMMA-800 spinels are more subtle and are consistent with
a greater resemblance between their textural and micro-
structural properties. An interesting feature was observed at
2C. With nanometric particles (viz. the three spinels heated
at 800 °C for 5 min; Figure9, c), the cells delivering the
highest capacity values are those made from the spinels pre-
pared in the presence of polymer, which exhibit the best
crystallinity-related parameters (viz. higher crystallite sizes
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Figure 9. Variation of the specific capacity of Li/Li-M-Mn-O cells
cycled over the voltage range 3.5-5.0 V. Samples calcined at 800 °C
for 5h [(a), (d)] and 5 min [(b), (c)]. Samples prepared in absence
of polymer (m) and with PEG-1500 (0) and PMMA (a).
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and lower microstrain contents). In contrast, for the spinels
calcined at 800 °C for 5 h (Figure 9, d), the cell made from
the spinel prepared in the absence of polymer delivers
higher capacity values after the first few cycles. This is con-
sistent with the increased particle size of the spinel synthe-
sized in the presence of polymer. Under these conditions,
these spinels become micrometric in size, whereas S-800-5
particles remain nanometric.

Conclusions

The use of polymers containing oxygen-based functional
groups (e.g., PEG, PMMA) in the synthesis of LiNig s-
Mn;, 504 spinel favors the formation of nanoparticles with
high crystallinity. The ability of these functional groups to
bind to metal ions in the spinel brings them closer together
and shortens the diffusion paths for oxides to form. The
particles adopt a well-defined pseudopolyhedral mor-
phology with a smooth texture and a lower microstrain
content than those obtained in the absence of polymer. The
results of the electrochemical tests show that the polymer-
assisted nanoparticles exhibit improved reversible capacity
and better cycling properties as electrode materials in
lithium cells. We believe that the improved electrochemical
performance of the spinel is the combined result of its nano-
metric size and high crystallinity.

Experimental Section

General: All chemical used were analytical grade and were obtained
from Sigma-Aldrich. The different spinels were prepared from
identical precursors, namely LiOAc‘H,O, MnOAc,4H,0 and
NiOAc,2H,O mixed in stoichiometric proportions with
H,C,0,4-2H,0. A planetary Restach ball mill furnished with agate
balls and an agate jar was used to obtain homogeneous mixtures
formed from about 5 g of mixed precursors and 2.5 g of the acid.
In a second step, 2.5 g of polymer (PEG-1500, PMMA and PVDF)
was added and grinding continued for 60 min. The product thus
obtained was a green solid which was calcined at 400 or 800 °C.
All heating treatments were carried out under ambient conditions.
Two samples (S-800, S-800-5) were obtained in the absence of poly-
mer by heating the mixtures to 800 °C at 10 °Cmin~! for 5 min and
5 h, respectively. Three samples were obtained from PEG1500, one
by heating to 400 °C at 1°Cmin! for 5min (PEG-400) and the
other two (PEG-800 and PEG-800-5) by using the same experimen-
tal conditions as for the samples obtained in the absence of poly-
mer. These latter conditions (viz. heating at 800 °C for 5 min or
5 h) were also used to prepare the spinel in the presence of PMMA
(samples PMMA-800 and PMMA-800-5).

X-ray diffraction (XRD) patterns were recorded with a Siemens
D5000 X-ray diffractometer using non-monochromated Cu-K, ra-
diation and a graphite monochromator for the diffracted beam.
Thermogravimetric measurements were performed with a Setsys
Evolution 16/18 instrument from Setaram at a heating rate of
10°Cmin~! under a dynamic N, atmosphere (flow rate
20 mLmin'). Mass spectrometric analysis of the gases evolved
during thermal decomposition — only the signals for water and
carbon dioxide were monitored — was performed with an EM-
Pfeiffer Vacuum Omnistar instrument. Transmission electron mi-
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croscopy (TEM) images were obtained with a Phillips TEM instru-
ment operating at 100 keV and SEM images with a Jeol 6400 scan-
ning electron microscope. Specific surface areas were determined
with a Micromeritics ASAP 2000 instrument using N, gas as ad-
sorbate. IR spectra were recorded with a Bruker Tensor 27 instru-
ment equipped with a Csl splitting beam and a DTGS detector.
Spectra were recorded over the range 4000-450 cm™! at a resolution
of 4cm ! and 50 scans per measurement. Reflectance measure-
ments were performed with an attenuated total reflection (ATR)
module, using a single-rebound Ge crystal.

Electrochemical measurements were carried out with CR2032 two-
electrode coin cells supplied by Hohsen Corp. Powdered pellets
13 mm in diameter were prepared by pressing around 10 mg of
active material with acetylene black (15 wt.-%) in a stainless steel
grid. The electrolyte, supplied by Merck, was 1 M anhydrous LiPF
in a 1:1 mixture of ethylene carbonate and dimethyl carbonate.
Cells were assembled in an M-Braun glove-box. Cycling tests were
performed with a McPile II (Biologic) potentiostat-galvanostat sys-
tem operating under a galvanostatic regime.

Supporting Information (see also the footnote on the first page of
this article): Figure S1 includes plots of the Williamson and Hall
equation for various (/kl) reflections for samples S-800 (m), PEG-
800 (o) and PMMA-800 (a). Adsorption/desorption isotherms of
the PEG-400 sample are shown in Figure S2.
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