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i-ion batteries have been intensively

investigated for use in high-power

applications such as electric vehicles,
plug-in hybrid electric vehicles, and hybrid
electric vehicles."? However, in spite of the
efficiency, lightweight, and high energy
density of Li-ion batteries, all of which are
appropriate for portable electric devices,
their power density remains too low for
such applications.

A serious problem with low power den-
sity is possible large polarization in electro-
lyte and solid electrodes. In particular, slow
Li-ion diffusion in cathode materials results
in insufficient Li-ion insertion/extraction un-
der high charge/discharge rate conditions.?
Therefore, reduction of crystallite size of
cathode materials could enhance high
charge/discharge rate capability due to
their short Li-ion diffusion length.*>

However, a large surface in nanosized
cathode materials may also affect struc-
tural, physical, and electrochemical
properties.5” For example, the surface en-
ergy in anatase Li,TiO, and olivine Li,FePO,
is reported to decrease the miscibility gap
and stabilize a solid solution state.8” ' We
recently reported that, as crystallite size of
Li,CoO, decreases below 30 nm, spatial dis-
tribution of the energy required for Li-ion
insertion gives unusual charge/discharge
curves.?

In this paper, we focus on the effect of
nanosize on Li,Mn,0,. These spinel-type
materials are promising candidates to re-
place LiCoO, layered-type materials used
widely for current commercial Li-ion batter-
ies. As a stable phase at room temperature,
LiMn,0O, (which corresponds to x = 1 in
Li,Mn,0,) has a cubic spinel structure (space
group Fdm) with Li-ion in a tetrahedral 8a
site and Mn-ion in an octahedral 16d site."
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ABSTRACT The effect of crystallite size on Li-ion insertion in electrode materials is of great interest recently
because of the need for nanoelectrodes in higher-power Li-ion rechargeable batteries. We present a systematic
study of the effect of size on the electrochemical properties of LiMn,0,. Accurate size control of nanocrystalline
LiMn,0,, which is realized by a hydrothermal method, significantly alters the phase diagram as well as Li-ion
insertion voltage. Nanocrystalline LiMn,0, with extremely small crystallite size of 15 nm cannot accommodate
domain boundaries between Li-rich and Li-poor phases due to interface energy, and therefore lithiation proceeds
via solid solution state without domain boundaries, enabling fast Li-ion insertion during the entire discharge
process.

KEYWORDS: Li-ion rechargeable battery - cathode -
effect - domain boundary

LiMn,0, - nanosize

When Li-ion is extracted electrochemically
from LiMn,O,, LiyMn,0, solid solution with
the cubic spinel structure is formed for 0.35
< x < 1."%1% |n contrast, when Li-ion is in-
serted electrochemically into LiMn,0y,, it in-
tercalates into another octahedral 16¢ site
to form a cubic spinel phase with higher Li-
jon concentration ([Lil,'*[Mn],'¢90,), which
immediately relaxes to a tetragonal spinel
phase due to the Jahn—Teller distortion
([Li),8MnN],20,, 14,/amd).'6~1°

Phase transformation from cubic spinel
to tetragonal spinel is accompanied by a
large unit cell expansion, because the axial
Mn—0O distance elongates from 1.96 to 2.29
A.1320 Therefore, Li-ion insertion for 1 < x
< 2 proceeds not via solid solution, but by
fractional change of two phases. As a conse-
quence, when crystallite size is consider-
ably large, full lithiation throughout the par-
ticle cannot be achieved due to slow
movement of the domain boundaries.

In contrast to the compound with large
crystallite size, nanosized LiMn,0,, prepared
by various methods including sol—gel
method,?' =2 ball-milling,?* templating,? ul-
trasonic spray pyrolysis,?® and
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Figure 1. Powder XRD patterns for nanocrystalline LiMn,0,

synthesized by hydrothermal reaction. The pattern for bulk
LiMn,0, is shown for comparison.

other techniques,??® has been reported to show com-
plete Li-ion insertion/extraction for 1 < x < 2. Although
surface and interface energy are expected to play cru-
cial roles in this nanosize effect, a systematic analysis
with precisely size-controlled LiMn,0,4 has not been
performed.

The effect of crystallite size on material properties
is generally due to several factors acting simulta-
neously, such as absence of long-range cooperative in-
teractions, structural defects, and elastic constraints. For
example, with decreasing crystallite size, long-range co-
operative interaction for the development of a new
phase decreases too much to drive the transition.? It
is also well-known that hydroxyl ions can reside as de-
fects on oxygen sites within nanocrystalline transition-
metal oxides, and so can upset the phase transition.>
Other factors can also come into play. Therefore, at-
tempts to identify a general critical size of LiMn,0O, for
electrochemical use, or a single cause for all nanosize ef-
fects on LiMn,0, are unrealistic.

Here we report a systematic study of the effect of
nanosize on the electrochemical properties of LiMn,0,.
Formation of domain boundaries in LiMn,0,4, which pre-
vents complete Li-ion insertion/extraction for 1 < x <
2 in bulk Li,Mn,0,, is suppressed as crystallite size de-
creases. Without domain boundaries, nanocrystalline

LiMn,O, with crystallite size of 15 nm exhibits full capac-
ity at such a high discharge rate of 10 C (2.98 A/g).

RESULTS AND DISCUSSION

Nanocrystalline LiMn,04 was synthesized by hydro-
thermal reaction of nanosized orthorhombic LiMnO, (o-
LiMnO,),*' LiOH, and H,0. Nanosized o-LiMnO, was syn-
thesized by in situ oxidation-ion exchange method
reported in the literature.3 TEM images (Figure S1, Sup-
porting Information) shows that the nanosized
0-LiMnO; has extremely thin nanoplatelet morphol-
ogy. The extremely small crystallite size of the precur-
sor contributes to immediate dissolution into aqueous
solution, and immediate formation of a LiMn,0, phase
under hydrothermal conditions.

The crystallite size of nanocrystalline LiMn,04 was
controlled by varying the amount of LiOH, reaction tem-
perature, and reaction time. Figure 1 shows powder
XRD patterns for the resulting compounds. The pat-
tern for bulk LiMn,04 is shown for comparison. The ex-
perimental conditions for each compound are listed in
Table 1. All peaks correspond to LiMn,0,4 (Fdm),'® indi-
cating that the hydrothermal reaction gives LiMn,0,
without any impurity phase. Peak line width broadens
at lower reaction temperature, shorter reaction time,
and higher LiOH concentration. This tendency is simi-
lar to that for the previously reported hydrothermal syn-
thesis of nanocrystalline LiCoO,."? The crystallite size,
estimated from the (111) peak (Lq11)) by the Scherrer
equation, varies from 9 to 54 nm.

Figure 2 panels a and b show TEM images for
LiMn,O4 with L1q) = 9 and 54 nm, respectively. Ex-
tremely small nanoparticles with crystallite size of about
10 nm are visible for the compound with L;1;) = 9 nm;
large particles with crystallite size of a few hundred
nanometers are visible for the compound with L4y =
54 nm. Images for the compounds with L;;7) = 15 and
26 nm are shown in Figure S2 (Supporting Information).
The figures shows that crystallite size decreases as L1y
decreases.

To confirm the size-controlled synthesis of LiMn,0.,
we determined the distribution of particle size from
the TEM images for each compound (Figure 2¢). It is
clear that size distribution is controlled by the hydro-
thermal reaction. The mean particle size L observed in
the TEM images is also noted in the figure. Although the
observed values of L are slightly larger than L), L de-
creases with decreasing L11). Furthermore, the BET sur-

TABLE 1. Synthetic Conditions and Characterization of Obtained Products

reaction reaction . BET surface

temp (°C) time (h) [LiOH] (mM) Lo (nm) L (nm) area (m%/g)
180 12 10 9 15 387
200 72 10 15 20 28.7
200 168 10 26 43 18.8
200 168 0 54 210 13.2

A“t%\&) VOL. 4 = NO.2 = OKUBO ET AL.

, Li/Mn -

a(h) V(R Mn valence ratio (ICP) stoichiometry
8.219(6) 555(1) +3.52(7) 0.425 Lig.gsMn;03 75(0H)g 35
8.229(3) 557.3(6) +3.48(2) 0.465 Lig.53Mn; 0383(0H)g 57
8.237(1) 558.9(2) +3.51(13) 0.49 Lin.0Mn;03 05(0H) .07
8.2466(3)  560.82(6) +3.48(1) 0.475 Lig 9sMn;03.99(0H) .01
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Figure 2. (a b) TEM images of nanocrystalline LiMn,0, with L;;11) = 9 and 54 nm, respectively; a black bar is 20 nm and a
white bar is 500 nm; (c) distribution of crystallite size for nanocrystalline LiMn,0,4 counted from the TEM images; the mean

particle size is also noted.

face area monotonically increases with decreasing L1y
as shown in Table 1. All these results support the size-
controlled synthesis of nanocrystalline LiMn,0, by the
hydrothermal reaction. Hereafter, for simplicity, we use
the mean particle size L observed in the TEM images as
“crystallite size” of nanocrystalline LiMn,0,.

In general, from a structural viewpoint, LiMn,0, has
many possible nonstoichiometries and structural de-
fects such as cationic disorder and oxygen deficiency.>
For example, the Li-ion can occupy the octahedral 16d
site by substituting for the Mn-ion (Li®[Li,Mn,,]'®?0,).3*
Oxygen deficiency can also occur by substitution of
one O atom at the irregular 8b site for two O atoms at
the regular 32e site.> Furthermore, structural features
near the surface should differ significantly from those at
the inner core. For example, hydroxyl ions frequently re-
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side as defects on O sites within transition-metal ox-
ides, especially near the surface.>

However, X-ray diffraction relies on coherent scatter-
ing from the spatial average of a large number of unit
cells. It is, therefore, insensitive to subtle structural fea-
tures or symmetry changes. Therefore, the XRD pattern
measures only the global structure of nanocrystalline
LiMn,0,. To probe the local structure of nanocrystalline
LiMn,0,, other techniques are indispensable. In an at-
tempt to characterize the local structural properties of
nanocrystalline LiMn,0,, we used a combination of XAS,
ICP-AES, and IR spectroscopy.

Figure 3a shows Mn K-edge X-ray absorption near
edge structure (XANES) for nanocrystalline LiMn,0O,.
The spectrum for bulk LiMn,0y is also shown for com-
parison. Each spectrum shows weak pre-edge features
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Figure 3. (a) Mn K-edge XANES spectra for bulk and nanocrystalline LiMn,0,; (b) unit cell parameters from the powder XRD
pattern and Mn—Mn interatomic distance from EXAFS for nanocrystalline LiMn,0,.
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from 6535 to 6540 eV, ascribed to excitation from 1s
to 3d orbitals. The main absorption peak at about 6555
eV arises from the Laporte-allowed transition from 1s
to 4p orbitals.3¢~ % It is well-known that the main peak
position of the Mn K-edge is sensitive to the valence
state of the Mn-ion. The peak generally shifts to lower
energy when the valence state is reduced and shifts to
higher energy when the valence state is increased.>® As
shown in the figure, the position of the main peak for
all compounds is almost the same as that for bulk
LiMn,0,, so the averaged valence state of the Mn-ion
in nanocrystalline LiMn,0, can be estimated to be +3.5.
In fact, the averaged valence states of the Mn-ion deter-
mined by a procedure described by Wickham are
+3.52, +3.48, +3.51, and +3.48 for L = 15, 20, 43, and
210 nm, respectively.

In contrast, ICP measurements indicate nonstoichi-
ometry in nanocrystalline LiMn,0,. Li/Mn ratios for
nanocrystalline LiMn,O, (0.5 for ideal stoichiometry)
are 0.425, 0.465, 0.49, and 0.475 for L = 15, 20, 43, and
210 nm, respectively. Thus, with decreasing crystallite
size, the Li-ion content decreases, although the valence
state of the Mn-ion remains constant.

To explain these results, we suggest that the O at-
oms, especially near the surface, may be deficient or
substituted by hydroxyl ions. Indeed, IR spectra con-
firm the existence of hydroxyl ions, as the stretching
mode of O—H is clearly observed at about 3400 cm™!
(Figure S3, Supporting Information). This broad absorp-
tion band agrees well with previously reported experi-
mental* and calculated vibration frequencies for the
protonized manganese spinel.* Thus, the stoichiome-
try of nanocrystalline LiMn,0, can be described as
Lio.8sMn;04,(OH)5z-0.5 (L = 15 nm), Lig.9sMn,04.
2(OH)2;007 (L = 20 nm), LigegMn;04.,(OH); 00 (L = 43
nm), and Lig95Mn,04,(0OH),,_¢05 (L = 210 nm). The value
of z deduced from the ICP results is 0.25 (L = 15 nm),
0.17 (L = 20 nm), 0.02 (L = 43 nm), and 0.01 (L = 0.01).
However, it should be noted that the above stoichiom-
etry is only an averaged stoichiometry over the assem-
bly of nanoparticles. The composition within a particle
is not homogeneous and may depend on the distance
from the surface.

To investigate further the structural properties of
nanocrystalline LiMn,0,4, we conducted extended X-ray
absorption fine structure (EXAFS) spectroscopy (Figure
S4, Supporting Information). The experimental spec-
trum x(k) was fitted with the two simple diffusion paths
for Mn—0 and Mn—Mn, and coordination numbers
were fixed at 6 for both pairs. Simple single-scattering
calculation satisfactorily reproduced the experimental
spectrum. Figure 3b shows the determined Mn—Mn in-
teratomic distance plotted as a function of crystallite
size. The distance decreases as the crystallite size de-
creases. This tendency is confirmed by unit cell param-
eters calculated from the powder XRD pattern and
shown in the same figure. The parameters were calcu-
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Figure 4. Charge—discharge curves for bulk and nanocrys-

talline LiMn,0, at a constant charge/discharge rate of C/4
(74 mA/g) between 4.3 and 2.0 V.
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lated by least-squares fitting with the peak-top values
in the pattern. With decreasing crystallite size, a and V
decrease in accordance with the tendency of the
Mn—Mn interatomic distance. The decrease in unit cell
parameters for LiMn,0Q, is frequently ascribed to substi-
tution for the Mn-ion by the Li-ion (Li®[Li,Mn,,]'%0,).
However, the Li/Mn ratio determined by the ICP is
clearly inconsistent with Li-excess stoichiometry. It is
most likely that the O atom near the surface deviates
from the regular 32e site due to structural defects such
as hydroxyl ions and O deficiencies, which decreases
lattice parameters. The structural disorders of the O
atom should also give the Mn—0 distance change, but
the simple scattering calculation cannot clearly deter-
mine the distance change.

The above discussion suggests that nanocrystalline
LiMn,0O, with controlled crystallite size from 15 to 210
nm was successfully synthesized by the hydrothermal
method. In the following discussion, we characterize
the electrochemical properties of nanocrystalline
LiMn,0O,4 and discuss the nanosize effect.

Figure 4 shows the charge (Li-ion extraction)/dis-
charge (Li-ion insertion) curve for nanocrystalline
LiMn,0,, obtained after first charging to 4.3 V. The curve
for bulk LiMn,0y, is also shown for comparison. The
charge/discharge rate was C/4 (74 mA/qg); cut off volt-
ages were 4.3 and 2.0 V. All of the compounds show a
charge/discharge capacity at about 4V (x < 1) and 3V
(x > 1in Li,Mn,0,), and Li-ions are reversibly inserted
and extracted. Bulk LiMn,0, shows discharge capacities

www.acsnano.org



of 102 mAh/g at 4 V, corresponding to 0.3 < x <
1, but only 66 mAh/g at 3V, corresponding to 1 <
x < 145.

In contrast, for nanocrystalline LiMn,0, with
crystallite size L = 43 nm, the Li-ion successfully in-
tercalates into the host to show discharge capaci-
ties of 111 mAh/g at 4 V (0.25 < x < 1) and 166
mAh/g at 3V (1 < x < 2.1). However, capacity de-
creases with further nanosizing below 43 nm.
Nanocrystalline LiMn,0, with crystallite size L =
15 nm shows discharge capacity of 140 mAh/g at
3V (1 <x<1.95), but only 85 mAh/g at 4V (0.42
< x < 1). For simplicity, we assumed the composi-
tion at 3.3 V (vs Li/Li") to be x = 1, and calculated
the value of x during the charge—discharge pro-
cess assuming the host material to be Li,Mn,0y,, al-
though nonstoichiometry was observed.

To analyze more precisely the effect of nano-
size on the electrochemical properties of LiMn,0,,
we recorded the open-circuit voltage (OCV) curve
by the galvanostatic intermittent titration tech-
nique (GITT), with repeated cycles of slow charge/
discharge rate of C/8 (37 mA/g) for 10 min fol-
lowed by interruption for 10 min. Figure 5 shows
the obtained OCV curves for selected compounds.
Solid lines are voltage changes during the experi-
ment; circles are OCVs recorded after interruption.
Although 10 min interruption seems insufficient
to reach an equilibrium state, longer interruption
results in nucleation of a new phase. This instabil-
ity of manganese oxides has been reported fre-

quently.” Therefore, interruption was kept constant at
10 min. OCV curves for all compounds are shown in Fig-

ure S5 (Supporting Information).

Consider first the effect of nanosize on charge/
discharge capacity above 3.3 V, where the Li-ion at the
regular octahedral 8a site is inserted/extracted. With de-
creasing crystallite size, capacity decreases above 3.9 V
and increases below 3.9 V (Figure 5 and Supporting In-
formation, Figure S6). This trend is similar to that for
nanocrystalline LiCoO,, as we reported previously.'? Be-
cause the electric double layer capacity is small enough
to be neglected on the basis of the BET surface area,
this behavior can be explained by the spatial distribu-
tion of Li-site energy w° near the surface. w.° is defined
as the enthalpy change from inserting a Li-ion and an
electron into the lattice.*? The relationship between Li-
site energy and Li chemical potential p; for LiyMn,0, in

the spherical space coordinate (0 < r < L/2) is®

00 = ) + KT In ay(r, x)

where ayi(r, x) is the activity of Li as a function of r and
x. Note that the Li chemical potential is spatially uniform
because the gradient of Li activity compensates for the

spatially distributed .
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Figure 5. Open-circuit voltage (OCV) curves for bulk and nanocrystalline
LiMn,0,. Solid lines are voltage changes during the GITT experiment; circles
are OCVs recorded after interruption for 10 min to reach equilibrium. Insets il-
lustrate the lithiation process; dark areas are Li* rich and light areas are Li*
poor. Note that lithiation for the compound with L = 15 nm proceeds with-
out domain boundaries.

The spatial distribution of w.°(r) near the surface
can be explained by electrostatic interaction change
due to the finite lattice. Other possible explanations in-
clude the above-mentioned oxygen deficiency, hy-
droxyl ions, and structural disorder near the surface
such as by cation mixing between Mn- and Li-ions.
However, compared to previously reported nanocrys-
talline LiCoO, in which a surface layer of 3 nm was ob-
served,'? the surface effect of Li-ion insertion/extraction
for 0 < x < 1 is not large, because the analysis based
on the lattice-gas model**~* indicates the specific sur-
face of 1 nm thickness (Figure S6, Supporting Informa-
tion).

In the following section, we consider the effect of
nanosize on Li-ion insertion/extraction for 1 < x < 2.
Even for a low constant charge/discharge rate of C/4 (74
mA/g), sufficient Li-ion insertion/extraction cannot be
achieved for bulk LiMn,0, (Figure 4). Although it ap-
pears that the GITT mode for bulk Li,Mn,0,4 can achieve
lithiation up to x ~ 2 (Figure 5), the Li-ion insertion volt-
age (solid line in Figure 5) is much lower than the OCV,
especially for the highly lithiated compounds. This
strongly suggests that the tetragonal spinel phase cov-
ers the entire surface because of the small surface area.
In general, a “core-shell” configuration is not preferred
because of the influence of anisotropic structure or Li-

A N W7z
VOL.4 = NO.2 = 741-752 = 2010 @%Q )}

N

745



(@)

Figure 6. (a) Ex situ powder XRD patterns for nanocrystalline LiMn,0,. Bold lines
are fitted results based on a Gaussian line shape. (b) d-Spacing and crystallite size
corresponding to the (111) reflection of the cubic spinel phase and the (101) re-
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ered with the tetragonal spinel phase. The
large polarization is also recorded for the com-
pound with L = 210 nm (Figure S5).

When nanoparticle size is reduced to 43
nm, the large polarization at the region of high
Li-ion concentration almost disappears (Figure
5). The large surface area of nanoparticles
smaller than 43 nm should prevent them from
being completely covered with the tetragonal
spinel phase. Suppression of large polarization
can explain the complete Li-ion insertion/ex-
traction for 1 < x < 2 under the constant
charge/discharge rate of C/4 below crystallite
size of 43 nm (Figure 4).

Further nanosizing below 43 nm results in
the decrease in the capacity at the plateau re-
gion and the increase in the capacity below the
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plateau region. This can be explained by the ex-
tension of the solid solution limit of the lithi-
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ated phase (Li;.sMn,0,4) due to the surface
energy.

Nanosizing LiMn,0, also affects the OCV at
the two-phase region. Previously, Jamnik et al.
expected that, for particles smaller than 100
nm, electrochemical properties are generally af-
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fected by surface energy.*® Wagemaker et al.
stressed the importance of the interface energy
of domain boundaries as well as the surface en-
ergy.” Apparently, for nanocrystalline LiMn,Oy,,
the effect of nanosize on the Li chemical poten-
tial is not simple, but includes effects from
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structural disorder such as hydroxyl ions. Never-
theless, as crystallite size decreases, the aver-
age OCV value at the plateau region decreases
from 2.97 to 2.90 V (Figure S6a, Supporting In-
formation). The dependence of OCV on crystal-
lite size suggests the influence of surface and
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flection of the tetragonal spinel phase.

ion diffusion. However, LiMn,0, has isotropic cubic
structure and Li-ion diffusion path, which enables the
core—shell configuration. When the entire surface is
covered with the tetragonal spinel phase, Li-ion inser-
tion should proceed only via lithiation of the tetrago-
nal spinel phase at the surface:

OLi" + de” + [Lil,*Mn],*0, — Lis[Li,*Mn],*O,

Because lithiation of the tetragonal spinel phase at the
surface clearly requires a lower voltage than does lithi-
ation of the cubic spinel phase because of reduction
from Mn3* to Mn?", the large polarization for bulk
LiMn,0, evidence that the surface is completely cov-

) VOL. 4 = NO.2 = OKUBO ET AL.

interface energies, although structural disorder
is also important.

In further investigating the influence of sur-
face and interface energies, nanosized Li,TiO,
particles smaller than 120 nm are reported to
consist of either the anatase or the Li-titanate
phase, to suppress the additional molar Gibbs free en-
ergy of domain boundaries.® A mixture of single-phase
particles forms after initial formation of metastable two-
phase particles containing domain boundaries.®~ "
Thus, for LiMn,0,, a mixture of single-phase particles
could similarly form with nanosizing.

Figure 6a shows the (111) reflection in the ex situ
XRD patterns during discharge for each compound.
Bold lines are fitted results based on a Gaussian line
shape. For compounds with L = 210 and 43 nm, as lithi-
ation proceeds, the (111) peak for the LiMn,0, cubic
spinel phase (Fdm) gradually disappears and the new
(101) peak for the Li,Mn,0, tetragonal spinel phase (/4,/
amd) emerges. Figure 6b shows the d-spacing and crys-

100 150 200 250
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tallite size estimated from the corresponding peak. Cu-
bic and tetragonal spinel phases are clearly
distinguished by the (111) and (101) peaks, and the
c-axis is elongated due to the cooperative Jahn—Teller
distortion of Mn"-ions along that axis. However, crystal-
lite size for each domain remains nearly constant dur-
ing the entire lithiation process, which suggests the par-
ticles consist of either the cubic or tetragonal spinel
phase.

In contrast, for the compounds with L = 20 and 15
nm, the (111) peak gradually shifts as lithiation pro-
ceeds. Although we cannot clearly distinguish between
two phases, the d-spacing is also elongated. Again, the
elongation can be attributed to the cooperative
Jahn—Teller distortion of Mn"-ions. This result sug-
gests the disappearance of phase coexistence, and the
lithiation via a solid solution over the whole composi-
tional range. However, for the compound of L = 20 nm,
the overpotential recorded just before entering the
two-phase region under the constant discharge rate of
C/4 indicates phase coexistence (Figure S6b, Support-
ing Information). Overpotential should relate to the ad-
ditional free energy to form domain boundaries.*’” As
shown in the figure, with decreasing crystallite size,
overpotential becomes suppressed, but is still present
for compounds with L > 20 nm. This indicates that
metastable two-phase particles with domain bound-
aries initially form even for the compound with L = 20
nm, then transform to a mixture of single-phase par-
ticles."” Only the compound with L = 15 nm shows no
overpotential, suggesting that lithiation may occur
without formation of domain boundaries.

It was difficult to determine accurate lattice con-
stants from the ex situ XRD pattern, because the other
peaks are too weak to be recorded owing to broad line
width and small amount of sample. Furthermore, for
the compound with L = 15 nm, the (111) reflection
grows too weak to be observed as lithiation proceeds.
As pointed out by Meethong et al.,'! the additional sur-
face and interface energies by nanosizing may be re-
lieved by formation of an amorphous phase. It is most
likely that the compound with L = 15 nm also forms an
amorphous phase, perhaps by distorting the
Jahn—Teller Mn"-ions along random orientations.

Disappearance of domain boundaries is also sug-
gested by the transient current of the potentiostatic in-
termittent titration technique (PITT). Figure 7 shows
the normalized transient current after an application of
the potential step for the compound with L = 43, 20,
and 15 nm. After the potential step from 2.9 to 2.85V,
the current for the compounds with L = 43 and 20 nm
show the maximum value about 5 min later, while the
current for the compound with L = 15 nm monoto-
nously decreases. The maximum of the transient cur-
rent for the large compounds suggests nucleation of
the lithiated phase during the incubation time, thus
proving the formation of domain boundaries. In con-
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Figure 7. Transient current for nanocrystalline LiMn,0, (L = 43, 20, and
15 nm) after application of the potential step of 50 mV.

trast, the monotonous decrease in the current for the
compound with L = 15 nm strongly supports disap-
pearance of domain boundaries.

To clarify the difference in lithiation processes more
quantitatively, we analyzed the phase transformation
kinetics based on the theory developed by Johnson,
Mehl, and Avrami (the so-called JMA model).*875" In its
basic form, the model describes the evolution of the
volume fraction f with time t in terms of the nucleation
frequency per unit volume / and the phase growth
rate (that is, the moving speed of the domain bound-
aries) u as

fl)=1-— exp[—g‘[;l(j;tu dn™ dt']

where g is a geometric factor that depends on the
shape of the growing crystal and m is an integer or
half integer that depends on the growth mechanism
and the dimensionality of the crystal. Because the do-
main boundaries between the cubic and tetragonal
phases should move along the c-axis (Figure 5), the
equation becomes* '

fit) = 1 — exp(—kt)

where k is the effective overall reaction rate containing
the moving speed of the domain boundaries. Thus, the
temperature dependence of k can provide the activa-
tion energy for the moving boundaries if the entire re-
action is dominated by the moving boundaries. Appli-
cation of the JMA model to LiFePO, gave the activation
energy.>?
To obtain the evolution of the volume fraction f

with time t at various temperatures, we applied poten-
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Figure 8. (a) Evolution of the tetragonal spinel phase volume fraction f with time t for nanocrystalline LiMn,0, at various
temperatures, and Arrhenius plot of the effective overall reaction rate k, where the solid line is the fitted result. (b) Sche-
matic illustration of activation energy for the moving boundary between cubic- and tetragonal spinel phases. The gener-
ated kink glides apart transversely, and finally the entire boundary advances one periodic lattice.

tial in steps from 3.3 to 2.5 V [vs Li*/Li] to the electro-
chemical cell in equilibrium in the temperature range
303—-278 K, then recorded the resulting transient cur-
rent until it became sufficiently small. With the applica-
tion of this large potential step, the cubic phase should
transform to the tetragonal phase. To avoid the dissolu-
tion of Mn-ions at high temperature and the crystalliza-
tion of LiCIO,4 from the electrolyte solution, the temper-
ature was restricted to this range. The left side of Figure

\\&) VOL. 4 = NO.2 = OKUBO ET AL.

8a shows the curves of In[In(1/(1 — f(t)))] vs In t at vari-
ous temperatures for compounds with L = 15, 20, 43,
and 210 nm. When the phase transformation obeys the
above expression, the plot should have a slope of unity
and an intercept of In k. As shown in the figure, the
phase transformation from the cubic phase to the tet-
ragonal phase proceeds by the potential step for all of
the compounds, although time and temperature de-
pendencies differ. The plot for the compound with L =
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210 nm is linear curve and has a slope of unity over a
short time range (t < 60 s). However, the plot deviates
from the JMA model over a long-time range. The vol-
ume fraction of the tetragonal phase transformed in
such a short time is only 0.14. This suggests that the ba-
sic assumption of the JMA model that the moving
speed of the domain boundaries is a rate-limiting step
during the entire lithiation process is no longer correct,
because the compound with large crystallite size should
be covered with the tetragonal phase immediately af-
ter the potential step and Li-ion diffusion should be pre-
vented. In contrast, the plots for compounds with L =
15, 20, and 43 nm obey the JMA model until 400 s, and
the volume fraction of the tetragonal phase trans-
formed in that time reaches to 0.63. Thus, we consider
these three compounds further.

With decreasing temperature, the intercept of the
plot (In k) decreases for each compound. As mentioned
above, k contains the moving speed of the domain
boundaries, and the Arrhenius plot of k gives the activa-
tion energy for the moving boundaries if other factors
are assumed temperature-independent. The right side
of Figure 8a shows the Arrhenius plot of k for each com-
pound. The activation energy for the moving bound-
aries obtained by least-squares fitting is also noted in
the figure. For the compound with L = 43 nm, the acti-
vation energy is estimated to be 0.42 eV. Although the
activation energy for Li-ion diffusion in Li; +,Mn,04 is un-
known, this value is higher than the typical value for Li-
ion diffusion in transition-metal oxides (roughly 0.2—0.3
eV).>*>* Thus, the obtained value can be attributed to
the activation energy for the moving boundaries.

Activation energy decreases with decreasing crystal-
lite size. This can be explained by the extended solubil-
ity limit due to the surface and interface energies of
nanoparticles. Figure 8b schematically illustrates move-
ment of the boundary between cubic and tetragonal
phases during lithiation. With the aid of thermal activa-
tion, the boundary generates double kinks in the neigh-
boring tetragonal phase. The kinks then glide apart
transversely, and finally the entire boundary advances
one periodic lattice. Note that this model assumes very
fast Li-ion mobility within the entire material compared
to the movement of the boundaries. When one consid-
ers long-range elastic interaction between cubic and
tetragonal sites due to the elongated Mn—0 bond, the
additional interaction energy during the movement of
the boundary can be expressed as

_1 2
E= NZk,-j(u,- ~u)
Ul

where N is the number of sites, k; is the elastic interac-
tion between jth and jth sites, and u; is Mn—0O distance
of the ith site. The mean field approximation (k ~ >, k;)
can transform the interaction energy as

E=Tv,(1 = vp)
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where I is 2k(u; — u),? and vy is the fraction of the tet-
ragonal site at the boundary. Therefore, the activation
energy is

E,=T(ys, — 05)°

where s is the fractional solubility limit for the tetrag-
onal site into the cubic phase. Figure 8b shows the ad-
ditional elastic interaction energy during the move-
ment of the boundary. The figure clearly indicates that,
when the solubility limit is extended due to surface and
interface energies, the activation energy for the mov-
ing boundaries should be suppressed. This explains the
decrease in activation energy with decreasing crystal-
lite size.

However, as shown in Figure 8a, the activation en-
ergy for the compound with L = 15 nmis 0.25 eV, which
is comparable to the typical value for Li-ion diffusion
in metal oxides.*>* Thus, we should also consider the
model where not the moving boundary but rather Li-
ion diffusion is a rate-limiting step during lithiation.

Consider now the case where Li-ion diffusion into
the spherical LiMn,0, is the rate-limiting step, and the
moving boundaries disappear. When a potential step is
applied to the electrochemical cell at equilibrium, the
diffusion equation gives f(t) as,*

where D is the chemical Li-ion diffusion coefficient and
dis the diffusion length. If t is large enough, f(t) approxi-
mates to

N 6 7D
flt)y=1— ;exp(—?t)

Therefore, when Li-ion diffusion is the rate-limiting
step and t is large enough to neglect In 6/ com-
pared to (m2D/d?)t, the plot of In[In(1/(1 — f(t)))] as a
function of In t is also linear with a slope of unity and
an intercept that includes the chemical Li-ion diffusion
coefficient. Thus, the Arrhenius plot of the intercept can
also give the activation energy E, for Li-ion diffusion.
This consideration suggests that a plot obeying the JMA
model does not necessarily prove the existence of mov-
ing boundaries, and the obtained activation energy
should be examined carefully.

For the compound with L = 15 nm, the obtained ac-
tivation energy is comparable to typical values for Li-
ion diffusion in metal oxides.”*** Considering all experi-
mental results, it is most likely that lithiation of the
compound with L = 15 nm occurs via solid solution
state without domain boundaries, which is dominated
by Li-ion diffusion with an activation energy of 0.25 eV.
Note that this discussion based on the JMA model and
the diffusion equation assumes compositional indepen-
dence of the Li-ion diffusion coefficient and the mov-
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Figure 9. Tentative phase diagram for Li,Mn,0, as a function of
crystallite size during the lithiation process.

ing speed of the phase boundaries at the first
approximation.

Figure 9 shows the phase diagram as a function of
crystallite size, summarizing the above discussion. The
kinetically restricted composition in the figure corre-
sponds to the region where large polarization is ob-
served during lithiation by the GITT mode. With de-
creasing crystallite size down to 43 nm, complete
lithiation of Li;4,Mn,0, clearly becomes possible due
to the large surface area, even though domain bound-
aries between the two phases still exist. Further nano-
sizing down to 15 nm results in disappearance of the
domain boundaries and lithiation without the domain
boundaries. The amorphous phase obtained by lithiat-
ing the compound with L = 15 nm should be closely re-
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lated to the tetragonal spinel phase from a structural
viewpoint, but the Jahn—Teller Mn"-ions may distort,
not along the c-direction cooperatively, but rather
along random directions due to the surface.
Disappearance of the domain boundaries for com-
pounds with L < 15 nm means that lithiation is not
dominated by the slow moving speed of the domain
boundaries. This effect should be important, especially
in the high-discharge-rate experiments. To confirm the
effect of lithiation without domain boundaries on the
high-discharge-rate capability, we performed a high-
discharge-rate experiment for nanocrystalline LiMn,0,.
Figure 10a shows discharge curves for nanocrystal-

line LiMn,O, (L = 210, 43, 20, and 15 nm) at various dis-
charge rates from C/4 (74 mA/g) to 10 C (2.96 A/g). Fig-
ure 10b shows plots of retained discharge capacity as
a function of discharge current density above and be-
low 3.0 V. Above 3.0 V, the capacity at a low current
density decreases due to the surface effect. However,
with increasing the current density, the capacity for the
compounds with large crystallite size rapidly decreases
while the capacity for the compounds with small crys-
tallite size is almost constant. This result can be ex-
plained by the short Li-ion diffusion length in small par-
ticle size. The effect of short Li-ion diffusion length has
also been reported for LiCoO,."> Concerning the capac-
ity below 3.0V, the capacity for the compound with L =
210 nm abruptly decreases with increasing current den-
sity. The capacity at 10 C is only 24% of that at C/4
rate. It is apparent that the decrease in capacity under
a high discharge rate is caused by slow movement of
the domain boundaries. In contrast, when crystallite
size is reduced to 15 nm, capacity improves signifi-
cantly; for example, the capacity at 10 C is 82% of that
at C/4. The improvement below 3.0 V should be as-
cribed to the fast Li-ion insertion reaction through the

(b)

capacity from4.3 Vto3V

{3+ 43 nm

Capacity (mAh/g)
2 o

_.

o

S
|

(%3
S
|

0

T 11
100 1000
Discharge current density (mA/g)

TTT
5678

Figure 10. (a) High-discharge-rate curves for nanocrystalline LiMn,0,, (b) high-discharge-rate capability of nanocrystalline LiMn,0,.
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phase transformation without domain boundaries. By
combining two nanosize effects (short Li-ion diffusion
length and disappearance of domain boundaries), the
high capacity of 180 mAh/g was achieved for nanocrys-
talline LiMn,0,4 (L = 15 nm) at high current density of
2.98 A/g.

Finally, we address the cyclability of nanocrystalline
LiMn,0,. It is well-known that nanocrystalline electrode
materials generally possess poor cyclability due to high
reactivity with the electrolyte. Nanocrystalline LiCoO,
is reported to show low cyclability.”> However, nanoc-
rystalline LiMn,0, retains 62% of its initial capacity af-
ter 100 cycles (Figure S8, Supporting Information). This
cyclability is better than that of bulk LiMn,0,, which re-
tains only 52% of its initial capacity after 100 cycles. Pre-
sumably, lithiation without domain boundaries for
nanocrystalline LiMn,04 may enable charge/discharge

METHODS

All reagents and bulk LiMn,04 were purchased commer-
cially. As the precursor for hydrothermal reaction, nanosized
orthorhombic LiMnO; (0-LiMnO,) with a nanoplate morphology
was synthesized by in situ oxidation-ion exchange method.?®
Nanocrystalline LiMn,O, was synthesized by hydrothermal reac-
tion. Typically, o-LiMnO, (188 mg, 2 mmol) was stirred in H,0 (30
mL). The colloidal suspension was placed in a stainless steel au-
toclave and heated to induce hydrothermal reaction. The pre-
cipitate was collected by centrifugation, washed with water two
times, and dried under vacuum for 12 h to give nanocrystalline
LiMn,0,.

Powder X-ray diffraction (XRD) measurements were per-
formed on an X-ray diffractometer (Bruker D8 Advance) using
Cu Ka radiation in steps of 0.008° over the 26 range 10—80°. Unit
cell parameters were calculated by least-squares fitting with
peak-top values. TEM measurements were carried out on a JEOL
JEM-2100F (200 kV). BET surface area with N, adsorption iso-
therms was measured on a Micromeritrics TriStar 3000. The aver-
aged valence state of Mn-ions was determined according to a
procedure reported by Wickham.* In this procedure, the nanoc-
rystallline LiMn,O, dissolved in a 1.8 N H,SO, aqueous solution
containing 7.5 X 1072 N VOSO, - 3H,0 was titrated with a 5 X
1072 N KMnO, aqueous solution after addition of concentrated
H3PO,. The Li/Mn ratio in nanocrystalline LiMn,0,4 was estimated
by an inductively coupled plasma atomic emission spectrom-
eter (ICP-AES; RIGAKU CIROS-120). Infrared absorption spectra
were obtained on an FT-IR spectrometer (JASCO FT/IR-6200).
X-ray absorption spectroscopy (XAS) was performed using a syn-
chrotron X-ray on a beamline BL-9A of High Energy Accelerator
Research Organization (Tsukuba), Photon Factory (PF), and the
obtained experimental data were analyzed using RIGAKU
REX2000.

For electrochemical measurements, each sample (50 mg) was
ground with acetylene black (13.3 mg, 20 wt %) and poly(tetraflu-
oroethylene) (3.33 mg, 5 wt %) into a paste and used. Generally
speaking, normal electrodes in commercial Li-ion rechargeable bat-
teries contain only 5 wt % conductive material. However, because
we are investigating high rates of Li-ion insertion in nanocrystalline
LiMn,04, we used 20 wt % conductive material for nanocrystalline
LiMn,0, as well as bulk LiMn,0, to improve electrode conductivity.
High conductivity suppresses some unfavorable problems in high-
rate experiments, such as IR drop. Li metal was used for the refer-
ence and counterelectrodes; LiCIO, EC/DEC solution (1 M) was used
for the electrolyte. Regardless of the crystallite size, the cell compo-
sition was same for all samples. Cut-off voltages were 4.3 V for
charging (extraction of Li-ions) and 2.0 V for discharging (insertion
of Li-ions).
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without mechanical stress and hence achieve good
cyclability.

CONCLUSIONS

We succeeded in synthesizing nanocrystalline
LiMn,0, with controlled crystallite size by hydrother-
mal reaction. The compound’s Li-ion deficient stoichi-
ometry becomes more predominant as crystallite size
decreases. Electrochemical experiments revealed the
large impact of particle size on the Li-ion insertion/ex-
traction reactions. Although large particles cannot be
fully lithiated to the tetragonal spinel Li,Mn,0, due to
their small surface area, nanoparticles smaller than 43
nm can accommodate a nearly stoichiometric amount
of the Li-ion. Nanoparticles smaller than 15 nm show
lithiation without domain boundaries, which enables a
10 C discharge rate and good cyclability.
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