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Microwave or ultrasonic treatment of metal alkoxides presents a
fast, low cost route to both anode and cathode nanomaterials for
Li-ion battery applications. Here, we demonstrate the formation
of LiMPO, (M = Fe, Mn) and Mn;0, nanostructures via this simple
route which exhibit excellent electrochemical performances. This
approach opens up a new avenue for the targeted design of
nanostructured materials, where co-location of the desired metals
in a single starting material shortens reaction times and
temperatures since there is a decrease in diffusional energy
requirements usually needed for these reactions to proceed.

Control over the design of inorganic nanostructures of preferred
crystal structure, particle size and morphology is highly desirable
and challenges remain in achieving this in a reliable and
reproducible manner. There are continuous research efforts to
obtain electrode materials for use in Li-ion batteries with high
energy densities to satisfy the increasing need of long lasting energy
storage devices." Amongst the positive insertion electrodes, olivine-
structured lithium transition metal phosphates such as LiFePO,
have been recognized as low cost, non-toxic, safe alternatives to
layered LiCoO, showing good thermal stability, high specific charge
capacity (~170 mAh-g'l) and good cyclability,2 Crystalline LiMPO,
(M=Fe or Mn) has an orthorhombic unit cell in which 0% ions form
strong covalent bonds with P> to form PO43' tetrahedral units
stabilizing the entire network, assuring stable operation at high
temperatures. Nanostructured insertion electrodes are of particular
interest due to the potential improvements in cycling performance,
as smaller sizes allow shorter pathlengths for the Li-ions to diffuse,
while the increased surface areas enhance electrode-electrolyte
interactions.® Also of interest is the possibility of partial substitution

of Fe? with Mn*" in the olivine structure to afford mixed metal
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LiFe,.,Mn,PO, phosphates with increased redox potential due to the
higher Mn>"** potentials compared to the Fe*”*" pair (3.45 V vs
Li*/Li® for LiFePO, and 4.10 V vs Li*/Li® for LiMnPO,).* Therefore,
there exist many opportunities to improve the behaviour and
electrochemical performance of nanostructured electrode
materials, beginning with careful consideration of the synthesis
route employed. In the case of anode materials, metal oxides are
finding increasing use as alternatives to graphite for negative
electrodes in Li-ion batteries. Since transition metal oxides can react
with more than one Li per transition metal atom, exceptionally high
specific capacities are theoretically possible,5 However, the low
electronic conductivity and large volume expansion associated with
these materials often lead to poor cycling performance. Drastic
volume variations during charging/discharging can cause
disintegration of the electrode. Amongst several metal oxides,
Mn30, is an attractive candidate for use as an anode material due
to the high abundance of Mn, its environmental benignity and low
Furthermore, Mn30,

nanostructures have shown that decreasing the particle size

cost.’® electrochemical  studies of
markedly reduces the polarization displayed by the electrodes and
improves the reversibility of the cycling process and the rate
capability. For example, Luo et al demonstrated that a carbon
nanotube-Mn;0, composite displayed a reversible capacity of
1912.9 mAh g'1 for 10 nm particles compared to 367 mAh g'1 for
165 nm Mn30, particles.” Increased capacities can also be realised

through the use of conductive coatings such as reduced graphene

oxide and the growth of porous or hollow morphologies.e’ 85,10
Often, routes to exotic morphologies or nanostructured
particles can be time consuming and non-trivial. Fast, low

temperature syntheses are therefore highly desirable for the
preparation of high quality functional inorganic nanoparticles.
Compared to conventional solid state reactions which often require
high temperatures and long reaction times, syntheses employing
microwave or ultrasonic irradiation can provide relatively low
temperature routes to desired crystal structures that generally offer
a significant reduction in reaction times and energy consumption.u’
1213 our efforts have led us to develop a series of metallorganic
precursors which provide an additional advantage for decreased
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reaction times and temperatures. Metal alkoxides have previously
been employed as excellent starting materials for metal oxide thin
films.”* The attractiveness of a heterometallic alkoxide as a starting
material lies in their easy thermal decomposition and in the
possibility of having, in a single compound, more than one of the
desired metals with a known stoichiometry. Co-location of several
metals in these precursors bypasses the need of diffusional mixing
and could afford highly crystalline materials through a less energy
consuming process. Here, we demonstrate the versatility of this
approach for the clean preparation of both positive and negative
electrodes for Li-ion batteries through relatively fast and low
ultrasound-assisted methods.
the
performance of these nanostructures, establishing this synthetic

temperature microwave and

Furthermore, electrochemical testing reveal excellent

approach as one to yield high performance electrode materials
across the olivines and metal oxides.
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Figure 1. Reaction schematic for the synthesis of LIMPO, (M = Fe or Mn) and
Mn30,4 using metal alkoxide precursors.

Initially, ~ the  previously reported metal alkoxide
[Fe(OtBu)z(THF)]Z and a new, similarly synthesized Mn alkoxide
were employed as precursors for the preparation of olivine
structured positive electrodes LiIMPO, (M=Fe and Mn) and the
hausmannite structured negative electrode Mn;0,, according to
Figure 1. In the case of the olivine nanostructures, powder products
were obtained after only ten minutes of microwave treatment. For
the formation of Mn3;0,4, a hydrolysis route promoted by ultrasonic
irradiation was used. Previous reports have demonstrated that
hydrolysis of the metal alkoxide [Fe(OtBu)Z(THF)]Z yields magnetite
nanocrystals.15 In the current work, the Mn alkoxide analogue has
been prepared for the first time and hydrolysed under ultrasonic
treatment at room temperature to afford nanostructured Mn30,.
High resolution powder X-ray diffraction (XRD) measurements of
the LiFePO, and LiMnPO, samples obtained at the 111 beamline at
Diamond Light Source reveal phase-pure materials crystallised in
the orthorhombic Pnma space group. The slight shifting of the
peaks towards lower angles for LiMnPO, is a signature of the larger
cation size of Mn** in comparison to Fe’*. Powder XRD data were fit
by Rietveld analysis, with excellent agreement to the Pnma model

obtained.
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Figure 2. Rietveld analysis of XRD data of (a) LiFePO,, (b) LiFegsMngsPO, and
(c) LiMnPO, nanostructures prepared from  [Fe(O'Bu)y(THF)],,
“[FegsMngs(0'Bu)y(THF)],” and “[Mn(0'Bu),(THF)],” alkoxides, respectively.

In order to establish this alkoxide route as applicable for the
preparation of a range of LiFe;,Mn,,PO, materials, stoichiometric
amounts of the individual Fe and Mn alkoxides were reacted
following the same procedure to prepare LiFeysMngsPO,. However,
analysis of the resulting powder XRD pattern reveals a mixture of
LiFegsMngsPO, and Fe;0, magnetite is obtained (Fig S1). In an
effort to avoid impurities, a bimetallic alkoxide with a suggested
formula ”[FeOASMnUAS(OtBu)Z(THF)]Z" was prepared and used as a
starting material. We suggest this formula according to our
synthesis, but as yet we have not obtained a single crystal of
sufficient quality to elucidate the crystal structure. Further efforts
to characterise this compound are currently underway. However,
we are confident that this route does not simply produce a mixture
of the previous Fe- and Mn-alkoxides since the use of this proposed
alkoxide to prepare LiFeysMnysPO, using the same conditions as
Figure 1 affords single phase products. Rietveld refinements of the
high resolution powder XRD data shown in Figure 2(b) indicates that
phase pure LiFegsMnysPO, was obtained, with no evidence of any
impurities. Table S1 summarises the calculated lattice parameters
for the different olivines. In the case of the ultrasonic treatment of
the ”[Mn(OtBu)Z(THF)]Z” precursor, a brown powder was obtained
which, when characterised with XRD, could be fit to a 141/amdZ
space group, confirming phase pure Mn;0, hausmannite (Fig S2).
SEM images of the LiFePO, sample revealed non-uniform platelets,
with sizes ranging from 50 to 250 nm. Elongated particles were
obtained for LiFeqsMngsPO,, with rod-like particles found for
LiMnPQ,. This highlights the strong influence of the Mn content on
the resulting particle morphology and size. The fringes visible in
TEM images of the LiFe;,Mn,PO, (x = 0, 0.5 and 1) samples (Fig S3)
reveal the samples are crystalline and lattice spacings are consistent
with the planes indicated the images.16 The insets are Fourier
transforms of the TEM images. Indexing of the patterns reveals the
crystal long-axes, indicated by the green lines in the images, lie
within a few degrees of the [101], [020] and [112] axes for LiMnPQ,,
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LiFePO, and LiFeqsMngsPO,, respectively. Figure 3(d) reveals quasi-
spherical Mn;0,4 nanoparticles with a typical size of 80 nm.

Figure 3. SEM images of (a) LiFePOy,, (b) LiFeysMngsPO,, (c) LIMNPO, and (d)
Mn30, nanostructures prepared from metal alkoxide precursors.

Galvanostatic cycling at room temperature of the LiFePO,
sample was conducted over the voltage range of 2.2 to 4.0 V at a
C/20 rate in a Swagelok cell-type. To enhance the electronic
conductivity, a simple carbon coating using sucrose was performed,
as poor electron mobility will limit the Li* extraction/insertion. From
the voltage-composition plot (Fig S4) it can be observed that
approximately 0.6 Li* were reversibly extracted during the cycling
process. It is well established that the major LiFePO, capacity is
attributed to the Li" insertion/extraction process from the LiFePO,
particles (LiFePO, = FePO,+Li'+e”). The two main limiting factors
reported for why Li-ions cannot be fully deinserted from the
ordered-olivine structure are: limited Li* phase-boundary diffusion
and the low electronic conductivity during the charge/discharge
processes. For example, Li* diffusion can be blocked by ionic
disorder, foreign phases or stacking faults, impeding the reversible
LiFePO,/FePO, phase transformation.”” The representative charge
and discharge voltage profile for the LiFePO, nanoparticles obtained
through microwave-treatment of the alkoxide precursor shown in
Figure 4 (a) indicates that charge and discharge capacities of
approximately 150 mAh g"1 were obtained, close to the theoretical
capacity of this material (170 mAh g'l). Furthermore, there is almost
no capacity fading over at least 20 cycles [inset, Figure 4(a)]. The
rate behaviour of the C/LiFePO, and the C/LiFeysMng PO, phases
was also investigated in order to examine the rate capabilities as a
function of Mn content and particle morphology (see also Fig S5).
Figure 4(b) shows that the discharge capacities of the C/LiFePO, and
C/LiFegsMng sPO, phases decrease with higher C rates. This effect is
more pronounced for the LiFePO, sample. High C rates up to 10 C
delivered discharge capacities of 75 mAh g'1 and 50 mAh g'1 for the
C/LiFegsMngsPO, and C/LiFePO, phases, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Cycling performance and capacity fading (inset) of
C/LiFePO, prepared from [Fe(O'Bu),(THF)], alkoxide precursor
(mixed with C black and PTFE in 60:30:10 % weight) between 2.2
and 4.0 V at C/20 rate. (b) Rate performance of C/LiFePO, and
C/LiFegsMngysPO, (mixed with C black and PTFE in 60:30:10) at
different charge-discharge C rates.

The C/LiFeysMngsPO, presented here showed an improved rate
capability at 10 C in comparison to the ~55 mAh~g'1 at 8 C reported
previously for LiFeysMngsPO, prepared via an electrospun synthetic
procedure.18 Moreover, it must be noted that in both cases here
our capacity was recovered when cycling back to C/10 rate after
increasingly faster rates. These results suggest that partial
substitution of Fe’' by Mn®* in the olivine structure affords a
noticeable enhancement in the rate capability of these electrodes.
The observed improvement in the electrochemical performance of
the C/LiFegsMngsPO, material in comparison to C/LiFePO, could
XRD

also be attributed to the decrease in particle size.
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characterization of the cycled materials in the discharge state
showed that the extraction/insertion process did not affect the
structure of the C/LiFePO, and the C/LiFeysMngsPO, composites
(Fig S6 and S7), confirming the good structural stability of these
positive insertion electrodes upon cycling. Cyclic voltammetry (CV)
of the C/LiFePO, and the C/LiFeysMngsPO,
composites were performed at a scan rate of 0.1 mV/s between 2.5
and 4.5 V and demonstrated good electrochemical reversibility (Fig

measurements

S8). Electrochemical measurements of C/Mn;0, at a current density
of 100 mAh-g'lover a 0.01-3.00 V range revealed an initial discharge
capacity of ~3200 mAh-g'1 that sharply decreased to approximately
1300 mA-g'lat the second cycle (Fig S9). It must be remarked that
this initial discharge capacity of the C/Mn3;0, composite was
significantly larger than previous reports.lg’ 20, 2L 22 The large
capacity drop after the first cycle could be attributed to irreversible
processes such as solid electrolyte interface formation and
electrolyte decomposition. Figure S7 shows a drastic decrease in
the capacity with cycling but a discharge capacity of 460 mAh-g'1 is
still reached at the 20™ cycle. Lack of Bragg diffraction peaks in the
XRD patterns of the cycled C/Mn;0, material suggests degradation,
possibly due to significant volume changes (Fig S10 and S11).
Studies are currently underway to try to alleviate this breakdown
through surface coatings. CV shows good peak overlap after the
first cycle, confirming the good cycling reversibility (Fig $12). An
intense cathodic peak at around 0.3 V and an anodic peak at
approximately 1.4 V were observed. The possible formation of a
solid electrolyte interface and/or electrolyte decomposition during
the first charge/discharge cycle is confirmed from the difference
observed in the first discharge CV curve.

Conclusions

We have presented a low cost and green synthetic approach for the
preparation of metal alkoxides to be used as precursors in the
synthesis of phase pure olivine nanostructured LiFe;,Mn,PO, (x=0,
0.5 and 1) and Mn;0, hausmannite nanocrystals through fast
microwave and ultrasound-assisted routes, respectively. Moreover,
we have demonstrated the versatility of these metal alkoxide
precursors for the synthesis of both cathode and anode materials

testing of LiFePO, and
excellent cyclability with

for Li-ion batteries. Electrochemical
LiFeg sMng sPO,

charge/discharge capacities close to theoretical values (~¥155 mAh-g’

samples revealed
Ivs. 170 mAh-g'1 at C/20 rate). These positive insertion electrodes
also displayed rate capabilities comparable to the best performing
olivine-structured metal phosphates in the literature, suggesting
the suitability of the metal alkoxide precursors presented here in
the generation of high quality olivine mixed-metal phosphates via a
fast microwave-assisted synthesis. Further improvements in the
carbon coating of our metal oxide nanoparticles synthesised by a
straightforward room temperature ultrasound-assisted synthesis
could dramatically enhance the battery cycling performance. Our
future work will concentrate on the preparation of heterometallic
alkoxides containing both Li and the desired transition metal in a

4| J. Name., 2012, 00, 1-3

single precursor in an effort to obtain highly crystalline

nanostructures with excellent battery performance in a single step.
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