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bstract

Highly crystalline nano-sized lithium manganese oxide particles were fabricated by spray pyrolysis. The resultant particles had well-developed
acet planes in a transmission electron microscopy (TEM) image and electron diffraction pattern from a single particle also showed clear diffraction
pots, indicating that the prepared particles were highly crystalline. The mean crystallite size estimated from X-ray diffraction peaks was ca.
8 nm, which was in good agreement with the diameter of the particles observed in the TEM image. These particles were gathered on platinum
esh and their electrochemical properties were investigated. The mean crystallite size increased with an increase in annealing temperature, which
nfluenced the electrochemical lithium insertion/extraction properties of the particles. In particular, samples annealed at 773 K showed different
inds of lithium extraction/insertion properties in the cyclic voltammogram (CV), and only a couple of broad redox peaks were observed at around
.8 V (versus Ag/AgCl) between 0.4 and 1.0 V. It is suggested that lithium distribute randomly in the sample annealed at 773 K sample due to the
ffects of grain boundaries, which resulted in different kinds of phase transition reactions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Rechargeable lithium batteries have been widely used as
power source for portable devices because of their high

nergy density. In recent years, this battery system has received
uch attention as a power source for large-sized devices such

s electric and hybrid vehicles, satellites, and trains. These
emands have motivated the development of advanced recharge-
ble lithium batteries with higher energy and power density,
ower cost, longer life, and improved safety.

The use of fine particles as electrode active materials is
xpected to decrease the lithium diffusion length in the active
aterial and to increase its specific surface area effectively.

hese advantages will result in a reduction of cell resistance due

o diffusion of lithium in the active material and charge transfer
eaction, leading to the increase of power density of recharge-
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Phase transition

ble lithium batteries. In addition, nano-sized fine particles have
ossibilities to provide other useful functions as published by
any interesting reports [1–4]. Thus, the use of fine particles as

lectrode active materials must be one of the key technologies
n developing advanced rechargeable lithium batteries. Nano-
ized electrode active particles have high specific surface area
nd then they tend to aggregate easily each other to decrease
heir surface energy in general. The grain boundaries provided
y aggregation of nano-sized electrode active materials will
ominate relatively large volumes in the aggregated particle.
ence, the effects of the grain boundaries on the electrochemi-

al lithium insertion/extraction properties should be investigated
o allow the design of rechargeable lithium batteries with higher
erformances.

Nano-sized particles have been successfully prepared by var-
ous methods, such as the spray pyrolysis method [5,6], sol–gel
ethod [7,8], and hydrothermal method [9–11]. Of these, this
ork focused on the spray pyrolysis method because the par-

icles can be fabricated in gas phase and then they can be
asily collected on a substrate (current collector) without any

mailto:iriyama@elech.kuic.kyoto-u.ac.jp
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Fig. 3 shows TEM images of the samples deposited on
platinum mesh with and without annealing. All these sam-
ples were prepared from the 0.01 ml dm−3 solution. In the
as-prepared sample, uniform-sized particles with 10–20 nm in
Fig. 1. Schematic image for spray pyrolysis apparatus.

mpurities such as conductive additives and binder. Moreover,
t is generally recognized that the size distribution fabricated by
pray pyrolysis is narrow and the purity of the products is high
5]. These are important advantages for investigating electro-
hemical properties of the resultant electrode active materials
hemselves. In this work, lithium manganese oxide fine parti-
les were prepared by spray pyrolysis and the effects of grain
oundaries of nano-particles on their electrochemical properties
ere investigated.

. Experimental

Fine particles of lithium manganese oxide were prepared
sing the spray pyrolysis apparatus shown in Fig. 1, and
he preparation conditions are summarized in Table 1. Both

n(CH3COO)2·4H2O and CH3COOLi were dissolved in extra-
ure water. The Li/Mn ratio in the solution was 0.50, which was
sed as the starting solution. The lithium concentration in the
olution was either 0.01 or 0.02 mol dm−3. A two-fluid atom-
zer was attached at the top of the apparatus, where both oxygen
as and the starting solution was flowed top-to-bottom into the
uartz reaction tube. The furnace was set in the bottom side of
he quartz tube and was heated to 1073 K during the prepara-
ion. Prepared particles for electrochemical measurements were
assed through three traps cooled by ice-cold water and col-
ected on platinum 100 mesh by electrostatic precipitator heated

t 453 K. The pulsed voltage of 3 kV was applied for the precip-
tation. The resultant particles deposited on the platinum mesh
ere annealed at 773 or 973 K for 2 h in air. Some of the parti-

les were specially gathered in water after filtering by differential

able 1
ummary of preparation conditions of lithium manganese oxide fine particles

lectric furnace temperature 1073 K
omposition of starting solution Li:Mn = 1:2
as flow rate 14 l min−1 (O2)
iquid flow rate 5 ml min−1

pplied pulsed voltage for electric precipitator 3 kV
emperature during the gathering 423 K F

t

ources 174 (2007) 1057–1062

obility analyzer to observe particle shape precisely by TEM
bservation.

The resultant particles deposited on the platinum mesh
ere characterized by X-ray diffraction spectroscopy (Rigaku
INT 2500), transmission electron microscopy (HITACHI
-9000NAR), and 7Li MAS NMR. The 7Li MAS NMR mea-

urements were performed at 155.6 mHz on a Bruker AVANCE
00 spectrometer with a 2.5 mm MAS probe spinning at 35 kHz.
he resultant NMR spectra were recorded using a rotor syn-
hronized spin-echo experiments. All spectra were referenced
o 1 mol dm−3 LiCl solution at 0 ppm. A �/2 pulse of 1.5 �s was
sed with a delay time of 0.3 s. The particles gathered in water
fter filtering were also characterized by electron diffraction.
he Li/Mn ratio of the particles was measured by inductively
oupled plasma spectroscopy (PerkinElmer OPTIMA 4300DV).

Electrochemical properties of the resultant samples were
easured using three electrodes cell. Because of the high reac-

ivity of the fine particles with conventional organic liquid
lectrolyte, aqueous solution was used as the liquid electrolyte to
nvestigate the electrochemical properties of the samples. The
orking electrode was platinum mesh with the particles. The

eference electrode was Ag/AgCl saturated by NaCl (BAS RE-
B), and the counter electrode was platinized platinum wire. The
lectrolyte was 1 mol dm−3 LiCF3SO3 dissolved in extra-pure
ater. Electrochemical properties of the samples were measured
y cyclic voltammetry and AC impedance spectroscopy at room
emperature.

. Results and discussion

Fig. 2 shows a TEM image of the filtered particles prepared
rom the 0.02 mol dm−3 solution. The particles had polygon
tructures and facet planes appeared clearly. A typical electron
iffraction pattern measured from one of these particles is shown
n the inset in Fig. 1 and clear diffraction spots were observed.
hese results indicate that the as-prepared particles were highly
rystalline.
ig. 2. TEM image of lithium manganese oxide fine particles. The inset shows
he electron diffraction pattern from single crystal in the image.
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spectrum, where sharp isotropic 7Li resonance assigned to Li
occupation at 8a site in LiMn2O4 is mainly observed around
500 ppm [13]. The isotropic resonance of the as-prepared sam-

Table 2
Average crystallite size of lithium manganese oxide fine particles calculated
from the Scherrer equation using diffraction peak from (1 1 1) planes in Fig. 4

Average crystallite size (nm)
ig. 3. TEM image of lithium manganese oxide fine particles of (a) as-prepared,
b) 773 K-annealed, and (c) 973 K-annealed samples.

iameter aggregated each other. The geometric structure of par-
icles resembled to that of Fig. 2 and their grain boundaries were
isibly observed as shown in Fig. 3a. When the as-prepared sam-
le was annealed at 773 K, the particles aggregated densely and
heir grain boundaries were not clearly observed (Fig. 3b). After
he sample was annealed at higher temperature, 973 K, the par-
icles grew over 50 nm as shown in Fig. 3c. Hereafter, particles
eposited on platinum mesh with annealing at 773 and 973 K are

eferred to as 773 K- and 973 K-samples, respectively. Induc-
ively coupled plasma spectroscopy measurements revealed that
he Li/Mn ratio in the as-prepared sample was 0.51.

A
A
A

ig. 4. XRD patterns of lithium manganese fine particles deposited on platinum
esh of (a) as-prepared, (b) 773 K-annealed, and (c) 973 K-annealed particles.

X-ray diffraction patterns of these samples are summarized
n Fig. 4. Peak position of these data was normalized by diffrac-
ion peaks of Pt (1 1 1). A broad diffraction peak at around 22◦
as from both glass plate and adhesive tape used for mount-

ng the sample on the X-ray measurement holder. Diffraction
eaks assigned to spinel-structured lithium manganese oxide
ere observed in all samples [12]. The full width at half max-

mum (FWHM) of diffraction peaks varied by the annealing.
he average crystallite size of these samples was estimated
sing conventional Scherrer equation, which are summarized in
able 2. The average crystallite size of the as-prepared sample
ere calculated to be ca. 18 nm, which was in reasonable agree-
ent with the mean particle diameter estimated by TEM image

hown in Fig. 3a. The average crystallite size did not largely
ncrease by annealing at 773 K (ca. 22 nm), but it increased to
a. 74 nm by annealing at 973 K. The larger particle size formed
y the 973 K annealing is also consistent with the TEM image
hown in Fig. 3c. In the 773 K-sample, particles appear to inter-
ct strongly with each other in TEM image, but XRD analysis
evealed that the average crystallite size remained similar to
hat in the as-prepared condition, indicating that the spinel host
tructure did not grow much by the 773 K annealing.

Fig. 5 shows the 7Li MAS NMR spectra of the as-prepared
nd 773 K-samples. The NMR spectrum of spinel-structured
iMn2O4 particle prepared by conventional solid-state reaction
as also measured using the same conditions as a reference
s-prepared 18.4
nnealed at 773 K 21.6
nnealed at 973 K 73.9
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Fig. 5. 7Li MAS NMR spectra of lithium manganese oxide fine particles gath-
ered on platinum mesh of (a) as-prepared and (b) 773 K-annealed. (c) 7Li MAS
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Fig. 6. Cyclic voltammogram of lithium manganese oxide fine particles
d
w

a
b
s

MR spectrum of lithium manganese oxide prepared by conventional solid-state
eaction at 973 K. This spectrum was observed by the same conditions with the
bove particles and is shown as reference spectrum.

le was observed around 500 ppm and their spinning sidebands
ere also observed as with the case of the reference spec-

rum. An impurity isotropic resonance was also observed at
lose to 0 ppm, which may be due to some diamagnetic lithium-
ontaining impurity formed in the sample or lithium near the fine
article surface. The 773 K-sample did not show these sharp
esonances and broader isotropic resonance was alternatively
bserved centering around 900 ppm. Lee et al. investigated 6Li
AS NMR spectra of various kinds of lithium manganese oxide

amples. They showed that an increase of manganese oxida-
ion state from (III) to (IV) results in a NMR peak shift to
igher frequency and that 6Li MAS NMR peak of such a Mn4+

hase becomes broader than that of LiMn2O4 [13]. Hence, it is
uggested that the peak shift observed in the 773 K-sample orig-
nates from the presence of Mn4+. Because XRD patterns did
ot show any remarkable changes and, as described later, the
73 K-sample showed lithium insertion/extraction reaction at
he potential nearly consistent with LixMn2O4 (0 < x < 1) unlike
hat of Mn4+ compounds such as Li4Mn5O12 [14] and Li2MnO3
15], Mn4+ will be formed in part of the 773 K-sample. Hence,
broad resonance of the 773 K-sample will be ascribed to the
resence of Mn4+.

Fig. 6 shows the CVs of the samples in aqueous solution. The
otential was swept at 1 mV s−1 between 0.4 and 1.0 V (versus
g/AgCl). Both the 973 K- and as-prepared samples revealed

wo couples of redox peaks, which is typical of the electrochem-

cal lithium insertion/extraction reaction of spinel-structured
iMn2O4 [16]. It is interesting to note that the 773 K-sample
howed a totally different shape in its CV, and only a couple
f broad redox reaction peak without minima was observed

i
i
t
s

eposited on platinum mesh in 1 mol dm−3 LiCF3SO3 dissolved in extra-pure
ater. (a) As-prepared, (b) 773 K-annealed, and (c) 973 K-annealed particles.

t around 0.8 V (versus Ag/AgCl). Most probable reason will
e that lithium in the 773 K-sample is presented in disordered
tate. Such disordered state will produce a random variation
n the lithium–lithium interaction in the host structure, result-

ng in broad redox peak like a single phase reaction [17]. Both
he particle size and X-ray diffraction peaks of the 773 K-
ample were nearly identical with the as-prepared sample, where
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ithium located regularly in the host structure as for conventional
iMn2O4. Therefore, it will not be reasonable to expect that
uch disordered state of lithium in the 773 K-sample is an effect
f particle size. The particles of the 773 K-sample appeared to
oalesce strongly as shown in Fig. 3b, thus we speculate that
he formation of Mn4+ in the 773 K-sample is mainly because
asily mobile lithium segregate at grain boundaries during the
rain growth of these particles with the formation of Mn4+ in
he particle. At that case, concentration profile of lithium in the
article will be largely distorted, resulting in the disordered state
f lithium in the particles. These properties are not observed in
he CV of the 973 K-sample, which is probably because the par-
icles grew so large that such grain boundary effects would not
ffect the total reaction.

The redox peak separation at the lower potential of the as-
repared sample in CV was 71 mV, which was much larger
han that of the 973 K-sample (12 mV). AC impedance mea-
urement was conducted for the as-prepared sample at 0.76 V
versus Ag/AgCl). The Cole–Cole plot shown by closed circles
n Fig. 7 was consisted of semicircular arc at the high frequency
egion, which is assigned to charge transfer reaction, followed
y a straight line with a slope of 45◦, which corresponds to semi-
nfinite diffusion. This diffusion reaction was not saturated even
t 100 mHz. Cole–Cole plot of highly crystalline LiMn2O4 thin
lm electrode with 60 nm in thickness [15] was also shown in
ig. 7 for comparison; it consists of a semicircular arc assigned to
harge transfer reaction and straight line vertical to the real axis
ssigned to infinite diffusion. The thickness of the film electrode
as larger than that of the average particle size of the as-prepared
articles, but semi-infinite property was not observed at all.
his indicates that lithium diffusion in the as-prepared electrode

aterial is largely retarded, resulting in larger peaks separa-

ion in the CV. Lower diffusivity of lithium itself in small-sized
articles has been pointed out for lithium insertion/extraction
eactions of Li4/3Ti5/3O4 and LiCoO2 [4,18]. However, reactiv-

ig. 7. Cole–Cole plots of highly crsytalline LiMn2O4 thin film deposited on
latinum mech (©) and the fine particle of lithium manganese oxide deposited
n platinum mesh (�). Both spectra were measured at 0.76 V in aqueous solution
1 mol dm−3 LiCF3SO3 dissolved in extra-pure water) at room temperature.
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ty of those fine particles will be strongly influenced also by the
rystallinity of the particles. In fact, in case of lithium insertion
eaction into nano-sized highly crystalline �-MoO3, in-plane
ithium transport proceeded quite fast [19]. The crystallinity of
he as-prepared particles is very high and then it is speculated
hat lithium diffusion in the as prepared highly crystalline par-
icles would proceed rapidly also in case of lithium manganese
xide. On the other hand, difficulty of ion transport across the
rain boundaries have been shown visually in case of lithium
on transport into graphite [20] and of oxygen ion transport into
rTiO3 [21]. From the above consideration, we believe at present

hat this largely retarded diffusivity of lithium originates from
he difficulty of lithium transport across grain boundaries.

Even though nano-sized particles showed high crystallinity,
rain boundaries of them were formed easily. These grain bound-
ries appear to affect both phase transition mechanism and the
inetics of electrochemical lithium insertion/extraction proper-
ies of lithium manganese oxide. These results strongly suggest
hat regulation of the grain boundaries between the particles

ust play an important role in the design of advanced lithium-
on batteries using nano-sized electrode active materials in the
ractical application.

. Conclusions

Nano-sized lithium manganese oxide particles
Li/Mn = 0.51) were prepared by spray pyrolysis. The as-
repared particles were of uniform size with ca. 18 nm in
iameter and their crystallinity was very high. These particles
ere gathered on platinum mesh and then annealed at different

emperatures. Effects of grain boundaries of nano-particles
n their electrochemical properties were mainly investigated.
lthough the detailed mechanisms have not been clarified

n this work, these grain boundaries formed in nano-sized
lectrode active materials appear to affect both the phase tran-
ition mechanism and the kinetics of electrochemical lithium
nsertion/extraction properties of lithium manganese oxide. The
ample annealed at 773 K showed different kinds of lithium
xtraction/insertion properties in the cyclic voltammogram
CV), and only a couple of broad redox peak was observed at
round 0.8 V (versus Ag/AgCl) between 0.4 and 1.0 V. It is
uggested that lithium distribute randomly in the 773 K-sample
ue to the effects of grain boundaries, which resulted in different
inds of phase transition reactions. Both the as-prepared and
73 K-annealed samples showed redox reaction peak in CV as
ith conventional spinel-structured LiMn2O4. However, redox
eak potential of the as-prepared sample was separated largely
ecause of lower diffusivity of lithium in the electrode. This
ower diffusivity should be ascribed to the difficulty of the
ithium diffusion across grain boundaries.
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