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Abstract

Nanocrystalline LiMn,O, spinel oxides have been synthesized successfully by using a modified citrate route with ethanol dehydration
of a Li—-Mn—citrate complex solution. The effects of sintering temperature and atmosphere on the physicochemical properties of the
LiMn,O, powders have been carefully examined by means of X-ray diffraction, electron microscopy, BET measurement, and X-ray
absorption spectroscopy. It becomes clear that an oxidative atmosphere induces a partial agglomeration of particles at high temperature,
but gives rise to an effective decomposition of the citrate precursors at low temperature. It is also found that a lowering of the sintering
temperature enhances the average oxidation state of manganese with an increase in surface defects. The electrochemical property of the
present LiMn,O, nanocrystals has also been measured to compare with that of lithium manganate prepared by a solid-state reaction,
which confirms the effectiveness of the present modified citrate route. The evolution of geometrical and electronic structures during the
charging process has also been investigated with X-ray absorption spectroscopy, and reveals shortening of the (Mn—O) bond distances

induced by lithium de-intercalation. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

By virtue of its low cost, low toxicity and high electri-
cal potentia, LiMn,O, spinel oxide is a good candidate
for the positive electrode (cathode) in rechargeable lithium
batteries [1-4]. This material can be used not only for the
4-V region corresponding to lithium de-intercalation, but
also for the 3-V region corresponding to lithium intercala
tion, as represented in the following equation [5,6];

MR+ 0, < LIMP®* Mn** 0, & Li,Mn3* 0, .

It is well-known that the discharge process (right-hand
reaction) results in a tetragonally distorted Li,Mn,O, in-
duced by the Jahn—Teller effect of octahedral Mn®* (high
spin d*) [6,7]. In this context, the observed considerable
capacity fading for this region might be related to this
structural phase transition with significant unit-cell expan-
sion (about 4%) [8,9]. By contrast, the charging process
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(left-hand reaction) exhibits a smaller capacity loss with
respect to the right-hand reaction. But, for this region,
there are some factors such as particle size and surface
morphology, which have an important influence upon the
long-term cycling characteristics [10-13]. It is difficult,
however, to control such factors precisely using a conven-
tional solid-state reaction which requires a high reaction
temperature, long and repested heat treatments, and a
post-calcination step that lead to the agglomeration of
particles. Such difficulties are expected to be solved by
using solution techniques where all the components can be
homogeneously distributed to an amost atomic scale, thus
allowing a reduction in the heating temperature and the
sintering time. For this reason, various solution methods
have been investigated to prepare LiMn,O, with a better
electrochemical performance. For example, Barboux et al.
[8] have obtained the spinel phase at a low temperature of
300°C by using a precipitation method with LiOH and
manganous nitrate or acetates. This method has been modi-
fied both by replacing LiOH with Li,CO, and by introduc-
ing carbon into the solution process [14]. Other attempts
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have been made to synthesize the LiMn,O, spinel with
polymeric and carboxylic precursors, such as PEG (poly-
ethylene glycol) [15], fumaric [16] and tartaric acids [17].
In addition to these methods, the citrate route is expected
to be quite useful in preparing such multicomponent ox-
ides with a high chemical homogeneity and a small parti-
cle size [18-23]. Nevertheless, this method has not been
used widely for the synthesis of LiMn,O, [22,23], which
might be due to the fal in pH of the complex solution
during water evaporation that gives rise to recrystallization
of the Li-deficient lithium—manganese—citrate complex. In
practice, the heat treatment of such a complex causes the
formation of a mixed phase of LiMn,O, and MnO or
Mn,O,. To solve this problem, we have adopted a modi-
fied citrate route of ethanol dehydration [20,21], which is
based on the low solubility of citrate salts in ethanol with
respect to water. A dropwise addition of aqueous metal
citrate solution into ethanol causes rapid precipitation to
provide a very fine and homogeneous citrate precursor.

In this paper, we report the successful synthesis of
LiMn,O, nanoparticles by a modified citrate route where
ethanol is used as a dehydration agent. The effect of the
synthesis conditions on the physicochemical properties of
the products has been examined systematically by using
powder X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM),
BET surface-area measurements, X-ray absorption spec-
troscopy (XAS), and electrochemical measurements. In
addition, X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS)
analyses have been carried out on the LiMn,O, spinel
before and after lithium de-intercalation, in order to eluci-
date any variations in the crystal and the electronic struc-
tures that may be induced by the charging process.

2. Experimental

The citrate precursor was obtained by an ethanol dehy-
dration method, as described below [20,21]. At firdt,
Mn(NO,), - 4H,0 (Aldrich, > 98%) was dissolved in a
minimal amount of deionized water to give a saturated
solution (about 60 wt.%). The deionized water was decar-
bonated prior to use. To this solution, Li,CO, (Aldrich,
99%) was added slowly with mild stirring. A saturated
agueous solution of citric acid (about 40% in weight) was
then added at a molar ratio of Li:Mn:citric acid = 1.2:2:3.2.
The pH of the mixed solution was maintained at 6.5 to 7.0
by adding NH ,OH solution heated to 80°C for 30 min, not
only to complete the reaction but also to remove excess
ammonia. The resulting pale-pink solution was then added
drop by drop into absolute ethanol with vigorous stirring to
give a rapid precipitation of metal citrate. The precipitate
was filtered, washed with ethanol, and finaly dried at
100°C in air. After drying, the resulting powder was heated
at 250°C for 6 h in order to achieve an esterification of the

citrate precursors. The obtained black solids were sintered
at different temperatures, viz., 300, 400, 500, 600, and
700°C, in air or oxygen. During the heating and cooling,
the rate of temperature variation was fixed at 1°C per
minute. For clarity, the final products are denoted as
follows: samples prepared at n00°C (n= 3, 4, 5, 6, and 7)
in air and oxygen are represented as SPNnA and SPNnO,
respectively. The detailed reaction conditions for each
sample are discussed in Section 3. In order to check out
the usefulness of the present citrate route, LiMn,O, was
also prepared by a solid-state reaction in which Li,CO,
(10% excess) and MnO, were thoroughly mixed, calcined
at 650°C for 12 h, and then sintered twice at 800°C for 24
h with intermediate grindings.

The therma behaviour of lithium—manganese—citrate
precursor was monitored by thermogravimetry (TG) and
differential thermal analysis (DTA) by means of a Rigaku
TAS-100 thermal analyzer. The samples were heated at a
rate of 2°C per minute from 20 to 700°C in air and oxygen
atmospheres. The crystal structure was examined with a
powder X-ray diffractometer (Phillips PW1830) which was
equipped with Ni-filtered Cu K , radiation (A = 1.5418 A).
The morphology and particle size of the samples were
probed both by SEM using a JEOL JSM-840 Microscope
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Fig. 1. Solubility isotherms for (&) Li,CO;—citric acid—H,0O and (b)
Mn(OH), —citric acid—H,O systems as a function of pH.
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Fig. 2. TG-DTA curves for Li—Mn-citrate precursor in (a) air and (b)
oxygen.

with 20 k magnification, and by TEM using a JEM-2000
EX Il microscope with 100 and 200 k magnifications. The
BET specific surface area was calculated from the N,
adsorption isotherm measured at 77 K.

Electrochemical measurements were performed on a
cell of Li/1M LiPF; in EC:DMC (50:50 v /v) /LiMn,0O,,
which was assembled in a dry box with an argon inert
atmosphere. The composite cathodes were prepared by
intimately mixing the active material (88 wt.%) with 10
wt.% acetylene black and 2 wt.% PTFE (polytetrafluoro-
ethylene). All experiments were performed in a galvanos-
tatic mode at C/10 (at a constant current that can reach
x=1 in Li,Mn,O, for 10 h) with an Arbin BT 2043
multichannel galvanostat / potentiostat in the voltage range
of 35t04.5 V.

X-ray absorption experiments were carried out on the
beam line 3C1 of Pohang Light Source (PLS), operated at
2.0 GeV with aring current of 80 to 100 mA. The samples

were ground finely and spread uniformly onto an adhesive
tape by nujol. The tape was folded into a few layers to
obtain an appropriate absorption jump, i.e., sufficient to be
free from thickness and pinhole effects. All the data were
collected in a transmission mode using a Si (311) double
crystal monochromator and a N,-filled ionization detector
with a spacing of ~ 0.4 and ~ 1.5 €V for the XANES and
EXAFS regions, respectively. For each measurement, the
energy calibration was carried out by simultaneously
recording the spectrum of manganese metal. Data analysis
of the experimental spectra was performed with the com-
puter program, UWXAFS [24], which employed curved
wave theory using the scattering parameters obtained by ab
initio FEFF6 code [25].

3. Results and discussion

The solubility isotherms for the Li,CO;—citric acid—
H,O system are shown in Fig. (@ as a function of
loglLi*] and pH. The considered chemical species and
their thermodynamic equilibrium constants are summa-
rized in Table 1. In this system, the possible precipitates
are taken to be LiOH(s) and Li,CO(s). The LiOH(s) is so
highly soluble in an aqueous solution that it can be precipi-
tated only in a fairly basic region (pH > 13). Thus, the
Li,CO, is reasonably regarded as the most stable solid
phase in an atmospheric environment (P, = 107°° atm).
According to the solubility isotherm, the precipitation of
lithium carbonate is predicted to start at pH = 10 for
[Li*] = 0.1 M. The solubility of lithium carbonate is ex-

T T T T T
@
2} .
T o) | - N
2 W J A
= —
8 iv L A A
2 | Gi) 1 O
§MAL aea
= [

)1 T
™ (311) (400) (440)
= | i) |@22) | (331) (511, (531
:. v A A
2 . \ "
S L3y) do A
= —
% (iii) .
§ WA 3 -
= D) x 10

I | L i i

10 20 30 40 50 60 70
20

Fig. 3. Powder XRD patterns of LiMn,O, prepared in (&) air and (b)
oxygen at: (i) 250, (ii) 300, (iii) 400, (iv) 500, (v) 600, and (vi) 700°C.



4 J.-H. Choy et al. / Journal of Power Sources 77 (1999) 1-11

pected to be increased by the presence of citric acid, since
it gives rise to the formation of soluble Li—citrate com-
plexes such as LiC,H O2". In Fig. 1(a), the total concen-
tration of the soluble Li—citrate complexes in equilibrium
with a solid lithium carbonate is marked as a thick solid
line, and reveals that lithium carbonate is not precipitated
below pH = 12 in the presence of citric acid. The solubil-
ity isotherms of the Mn(OH),—citric acid—H ,O system are
illustrated in Fig. 1(b), together with the distribution of
various chemical species. In this agueous solution, Mn**
is hydrolyzed and precipitated as Mn(OH),(s). According
to the solubility isotherm of Mn(OH),(s) (thin solid line),
the precipitation of manganese hydroxide begins at around
pH = 6, in the absence of citric acid. Since the citric acid
takes part in the complex formation with manganese, the
solubility of Mn(OH),(s) is largely increased by adding
citric acid, which causes the hydroxide to precipitate at
pH = 8. In other words, pure and stable Mn—citrate com-

(AN~

'SPN70

(<1BO nm)

plexes can be obtained at pH < 8. On the other hand,
taking into account the dissociation of citric acid, it is
desirable to work at pH > pK, (6.4) for ensuring the
complete dissociation of citric acid. Moreover, the solution
pH should be maintained at pH < 10, in order to obtain
pure and stable citrate complexes of lithium and man-
ganese. In this regard, the optimum pH for the synthesis of
pure and stable metal citrate complexes is determined to be
6.5 to 7.5, where the formation of impurity phases such as
carbonates and hydroxides is effectively suppressed.

The thermal behaviour of the citrate precursors in air
and oxygen is compared in Fig. 2. For the TG curve
recorded in air, four main weight-loss domains are ob-
served in the temperature ranges of 25-120, 120-170,
170-250, and 250—-430°C. While the first domain is at-
tributed to the dehydration of surface water, the next two
domains which correspond to the endothermic peaks at
140 and 190°C in the DTA curve are assigned to the

( )

Fig. 4. (@ Scanning electron micrographs for LiMn,O, particles, SSR, SPN7A, SPN70, and SPN5A. (b) Transmission electron micrographs for SPN7A

(Ieft top), SPN7O (right top), SPN5A (right bottom), and SPN50 (left bottom).
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Fig. 4 (continued).

evolution of NH,; and the dehydration of citrate
(C¢H;037) to itaconate (C;H,O2 ) through aconitate
(CsH3027), respectively [18,21]. Assuming that al the
citric acids participate in the complex formation, the chem-
ica formula of the citrate precursor is estimated to be

(NH),LiMn,(C4H;0,),. Based upon this formula, the
weight loss in the second domain is attributed to
the reaction (NH,),LiMn,(CqH;O,); = H,LiMn,-
(C¢H50,); + 4NH, of which the observed weight loss
(8.5%) is in good agreement with the theoretical
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value (9.0%). The third domain is ascribed to the
reaction H,LiMn,(CcH:;0,); = HLiMn,(C;H,O,); +
3CO, + 3H,0, which is confirmed by a good agreement
between the observed weight loss (29.0%) and the calcu-
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lated value (28.0%). A fourth drastic weight loss is de-
tected in the temperature range 300 to 430°C, and is
ascribed to the combustion of residual organics. In addition
to these weight losses, a dight increase in sample weight

30

Voltage(V)

5.0 - sPN7A

4.5 |-

40

(

| I ST IR NI I S|

Lo b b b b byl

N LYo abNMwbrdbisoanmwdbDbon s
T T T
(%2}
o -
z
o
>>

34363840424446
Voltage(V)

ShNbDonvbood A o A © N & O & @
a T T T I
(23,
r )
z
(s
(@]

34363840424446
Voltage(V)

Fig. 6. dx /dV plotsof Li,Mn,0O, samplesin 4-V domain.

Fig. 8. Long-term cycle characteristics of samples SPN7A and SPN70 in

4-V domain.

2

3 4

5 6 7 8 9

X in LiXMnZO4



J.-H. Choy et al. / Journal of Power Sources 77 (1999) 1-11 7

Absorption coefficient (arb. units)

— - SPN70-charge

Absorption coefficient (arb. units)

: Mn,0,
2 F ——- MnO, 3
00 . v
6535 6545 6555 6565

Energy (eV)

Fig. 9. Mn K-edge XANES spectra for (a) LiMn,O, spindls, SPN4O,
SPN50, SPN6O, and SPN70, and (b) SPN7O before and after Li
de-intercalation, in comparison with those for reference samples of MnO,
and Mn,0,.

(not more than 1%) is observed over the temperature range
420 to 500°C and indicates a dight uptake of oxygen by
spinel lattice. From the present TG curve, the total weight
loss is determined to be 77.4%, which coincides well with
the calculated vaue of 76.1% for (NH,),LiMn,-
(C¢H50,)5. As shown in Fig. 2(b), an oxygen atmosphere
shifts the two exothermic peaks towards lower tempera
tures and decreases the decomposition temperature of the
organic residues. This shows that oxygen can accelerate
the combustion of citrate frameworks in the precursor.
From the above experimental findings, it is expected that
organic-free LiMn,O, spinel particles can be obtained at a
low temperature of 400°C, and that the heating time has to
be extended to prepare spinel particles in an ambient
atmosphere as opposed to an oxygen one.

Powder XRD patterns for LiMn,O, prepared by heat-
ing the citrate precursor at various temperatures in air and
oxygen are shown in Fig. 3. For the samples obtained at
300°C, a broad base-line is observed together with sharper
peaks which correspond to the spinel phase, even after an
extended heat treatment for more than 72 h. Such a broad
base-line can be eliminated by heating above 400°C. As
the heat-treatment temperature increases, the XRD peak is

found to be enhanced with a decrease of full-width-at-
haf-maximum (FWHM). This suggests the growth of
LiMn,O, crystallites. All the XRD patterns are well in-
dexed with a cubic symmetry and the cell parameters
obtained from the least-square fitting analysis are listed in
Table 2. It is certain that the cell parameters gradually
increase with increasing heating temperature, and that the
samples prepared in air have dlightly larger unit cells than
those obtained in oxygen.

In order to probe the relationship between sintering
temperature and crystal growth, the particle size of
LiMn,0, has been estimated by various methods, namely,
XRD, SEM, TEM, and BET surface-area measurement. At
first, the crystalite size (t) is estimated from the XRD
pattern with the aid of Scherrer’s formula, t=0.9 A/(B
cosf), where A is the X-ray wavelength (A = 1.5418 A)
and B is the FWHM of the XRD peak in radians [29]. On
the other hand, based on an assumption that the shape of
the particle is an ideal cube, the particle size is calculated
from BET measurements by using the relationship A=
6/(pl), where A is the specific surface area, p is the
density, and | isthe particle size [30]. The results are given

FT magnitude (arb. units)

Ky (k)

k(A"

Fig. 10. (a) Fourier transformed Mn K-edge EXAFS spectra and (b) their
inverse Fourier transforms for LiMn,O, spinels: (i) SPN4O, (ii) SPN50,
(iii) SPN60O, (iv) SPN70, and (v) charged SPN7O.
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Table 1

Equilibria and the constants used in this calculation

Equilibrium reaction Symbol  log Ref.

(constant)

Li,CO4(8) © 2Li* +CO3~ Kep -31 [26]
Li* +H,0 o LIOH(ag)+H™* By * —136 [27]
Lit +CgH03™ & LiCgH- 0% B 0.8 [28]
Mn(OH),(s) <> Mn?* +20H~ Kep -128 [26]
Mn2* +H,0 < MNOHT +H* By * —1059  [27]
Mn2* +2H,0 & Mn(OH)3(ag) + 2H* B, = —-222 [27]
Mn2* +3H,0 < Mn(OH); +3H™ Bs * —348 [27]
Mn2* +4H,0 & Mn(OH)Z ™ +4H™ By * —483 [27]
Mn?* 4+ CgH 03~ & MnCgH- 07 B 42 [28]
Mn?* + CgH02™ & MnCgH0%ag) B, 22 [28]
CgHgO; © CgH,07 +H* Ky -31 [28]
CgH,0; © CgH 02 +H™* K, —4.8 [28]
CgHgO2™ < CH;03™ +H* K, —6.4 [28]

in Table 3, and are compared with the crystal sizes deter-
mined from electron microscopy. The data revea a de-
creasing trend in crystallite size on lowering the heating
temperature.

The dependence of particle size and morphology on the
synthesis conditions has been examined by using SEM and
TEM microscopy, as shown in Fig. 4. Scanning electron
micrographs reveal that SPN70 and SPN7A particles ex-
hibit uniform crystal shape and good crystallinity with an
average size of ~ 100 nm, while SPN5A particles have an
irregular and indistinct shape as well as a smaller size than
those of high-temperature samples. Although the sintering
atmosphere has little influence on the size of both SPN7A
and SPN70O particles, the agglomeration of grains is more
significant for SPN70 than for SPN7A particles. This is
also confirmed from TEM images which show a broad
distribution of particle size for the SPN70 sample. In the
case of SPN5A with a quite small particle size of 20 to 80
nm, overall TEM images exhibit a substantial particle
aggregation and a poorly developed crystal shape, as ob-
served for SPN70. The origin of particle aggregation for
the low-temperature samples is thought to be different to
that for SPN70. That is, while the agglomeration at high
temperature originates from a high degree of crystaliza-
tion, the aggregation at low temperature is closely related
to the presence of amorphous impurity phases such as
Mn,O,, residua organics, and an incompletely converted
non-stoichiometric spinel phase. In fact, it has been re-
ported [31,32] that, at low temperatures below 500°C, the
stoichiometric spinel is so unstable in air that it can be
easily decomposed to lithium-rich spinel analogues which
lead to the formation of relatively small particle sizes with
ill-developed microcrystallites. In this respect, it is ex-
pected that the aggregates in low-temperature samples are
less rigid than those in high-temperature ones, and that
they possess many micro-pores inside the grains, which is
supported by the present BET data. As shown in Table 3,
the surface area increases as the heating temperature de-

creases. The high surface area of the SPN5A and SPN50
samples is related not only to their small particle sizes but
also to the existence of micropores in the inter-spaces of
the loosely agglomerated particles. A sudden decrease in
surface area is observed for the SPN4A sample which has
the smallest particle size. This is due to the fact that
organic species still remain in the grain boundaries as
amorphous phases which may disturb a smooth gas adsorp-
tion.

The capacity-potential profiles of the first cycle of the
electrochemical lithium intercalation /de-intercalation are
depicted in Fig. 5 for the potential range 3.5 to 4.5V (vs.
Li/Li*), and the corresponding numerical data are sum-
marized in Table 4. The samples synthesized by the pre-
sent citrate route are found to have a superior initia
lithium intercalation capacity (Q,) to that of the sample
prepared by solid-state reaction at 800°C. This underlines
the usefulness of the present citrate route. For the samples
made from the citrate precursors, the initial capacity is
found to increase with elevation of the sintering tempera-
ture. This can be interpreted as a result of prominent
cationic mixing and surface defects in low-temperature
samples that hinder an effective de-intercalation of lithium.
As shown in Fig. 5, al the present samples except SPN5A
and SPN4A, exhibit two distinct plateau around 4 V in
both charge and discharge curves, as observed for the
spinel LiMn,O, prepared by other methods. The first
plateau at 4.05 V is associated with the reversible reaction
LiMn,O, — Li,sMn,0O, + 0.5Li*, while the second one
a 4.15 V (plateau B) is attributed to the reaction of
LigsMn,0, = Mn,0, + 05Li". The absence of these
plateau for samples SPN5A and SPN4A is due to their
defective morphology and absence of structural ordering
during lithium de-intercalation. In contrast to the SPNnA
series, the voltage profiles of SPNnO series show clearly
both the existence of a flat potentia region, even for the
sample obtained at low temperature, and an increase in the
plateau voltage with lowering of the heat-treatment tem-
perature. This suggests that oxygen annealing at a low
temperature facilitates the formation of the spinel phase by
removing the organic species.

Table 2
Cell parameters obtained from XRD patterns

Sample Heating condition  Lattice parameter A)
SPN7A 700°C, 6 h 8.244,
In air SPN6A 600°C, 12 h 8.229,
SPN5SA 500°C, 24 h 8.223,
SPN4A 400°C, 48 h 8.208,
SPN70  700°C,6h 8.238,
Inoxygen SPN6O  600°C, 12 h 8.226,
SPN50  500°C, 24 h 8.219,
SPN4O  400°C, 48 h 8.207,
SSR? 800°C, 48 h, inair  8.233,

8SSR represents the sample prepared by the conventional solid-state
reaction.
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Table 3

Particle size estimated by electron microscopy, Scherrer’s equation, and BET surface area

Sample Electron microscopy (nm) Scherrer’s equation (nm) BET surface area
SPN7A 70 ~ 120 95 174 nm (8 m? /9
Inar SPNBA 50 ~ 100 60 87 nm (16 m? /@)
SPN5A 30~ 60 55 63 nm (22 m? /9
SPN4A 20~ 60 45 116 nm (12 m? /@)
SPN70 80 ~ 150 93 199 nm (7 m? /9
In oxygen SPN6O 60 ~ 100 59 93 nm (15 m? /)
SPN50 30~ 80 55 70 nm (20 m? /9
SPN40 50 ~ 80 47 54 nm (26 m? /@)
SSR? 500 ~ 2000 - 1395 nm (1 m? /@)

#SSR represents the sample prepared by the conventional solid state reaction.

In order to obtain detailed information on the structura
ordering upon lithium intercalation, the exact positions of
the above two plateau are determined by plotting the
differential capacity (dx/dV) as a function of voltage
[32]. The dx/dV plots for the first lithium inter-
calation /de-intercalation cycle are shown in Fig. 6. In
contrast to the other samples, only sample SPN4A fails to
exhibit well-defined features, which makes it difficult to
determine exactly the peak positions. Since the two peaks
and the minimum between them are attributed to the
sequence disorder—order—disorder which occurs on lithium
de-intercalation, the ambiguous features of SPN4A indi-
cate a structural disorder in the crystal lattice due to the
low sintering temperature and the compositional impurity.
Generally, the gap between the cathodic and the anodic
peak positions for plateau A and B becomes larger as the
temperature of heat treatment is lowered, irrespective of
the preparative atmosphere. While the smallest peak volt-
age difference shown by sample SPN70 is strongly related
to its highest first charge/discharge capacity, the largest
peak gaps for samples SPN4A, SPN4O, and SPN5A are
caused mainly by their defective crystal structures, which
are observed by SEM and TEM.

From the long-term cycling characteristics given in Fig.
7 and Table 4, it becomes clear that both samples SPN7A
and SPN6A exhibit the largest first cycle coulombic effi-
ciency (CE = Qqgnarge/ Qenarge) @mMong al the present

Table 4
Variation of charge/discharge capacity and Coulomb efficiency during
repested cycles

Sample Capacity (x in Li,Mn,0O,) Coulomb efficiency
1st 1st 15th 1st 15th
charge discharge discharge cycle cycle

SPN7A 0.87 0.80 0.67 0.92 0.99

SPN6A 0.79 0.74 0.60 0.94 1.00

SPN5A 0.72 0.65 0.45 0.89 0.94

SPN4A 0.65 0.50 0.35 0.76 0.93

SPN70 0.99 0.87 0.71 0.86 0.93

SPN60O 0.84 0.75 0.57 0.89 0.98

SPN50 0.76 0.69 0.51 0.90 0.97

SPN40O 0.68 0.61 0.43 0.89 0.93

samples. For these two samples, the coulomb efficiency on
the nth cycle (Q, gischarge/ Qn,charge) 1S fOUNd to be close to
unity, which is comparable with the values for samples
SPN70 and SPN60O. By contrast, the samples SPN5A and
SPN4A prepared at low temperature show a smaller initial
coulombic efficiency than SPN50 and SPN4O. Such de-
pendence of cycleability on sintering atmosphere is at-
tributed to a remarkable agglomeration of oxygen-annealed
samples at high temperature and to a poor microstructure
of air-annealed samples at low temperature.

The variation of discharge capacity during extended
cycling has been investigated for both samples SPN7A and
SPN70 (Fig. 8). Even though sample SPN70 has a higher
initial capacity than SPN7A, the rate of capacity reduction
is more rapid for the former than for the latter. For the
air-annealed sample, in particular, the discharge capacity
of >90 mAh/g (0.61 mole of lithium) remains virtually
unchanged after 50 cycles. Such difference in capacity
fading between oxygen- and air-annealed samples might
be related to their uniformity of particle shape and size, as
confirmed by SEM and TEM. That is, a cathode consisting
of homogeneous particles is expected to have a regular
network which can maintain a uniform intercalation re-
versibility of each particle through repeated cycles. On the
contrary, the heterogeneous and partially agglomerated
particles in the oxygen-annealed sample may have differ-
ent reactivity depending upon the grain size. This disparity
among particles with various sizes is considered to in-
crease as the cycling proceeds, and results in a decrease in
the reversibility of the electrode.

In order to examine the effect of sintering temperature
on the electronic and geometric structures of LiMn,O,
powders, systematic XANES/EXAFS analyses have been
performed for the SPNNnO series (n=4, 5, 6, and 7). The
Mn K-edge XANES spectra for the LiMn,O, spinels are
shown in Fig. 9(a), together with those for reference
samples of Mn,O; and MnO,. The edge energies of
lithium manganates are found to be lower than that of the
Mn** reference, but higher than that of Mn®* one. This
indicates a mixed oxidation state of manganese
(Mn®* /Mn**) in these compounds. It is also observed
that the edge energy is dlightly increased as the sintering
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temperature is decreased from 700 to 400°C, suggesting an
increase in the Mn oxidation state with lowering of the
sintering temperature. The effect of synthetic temperature
on the crystal structure of LiMn,O, spinel oxide has also
been investigated by using Mn K-edge EXAFS analysis.
The k® weighted EXAFS spectra for the LiMn,O, spinel
oxides, SPNnO (n=4, 5, 6 and 7), were Fourier trans-
formed (FT) with a k range of 3.8 to 11.8 A~1, as shown
in Fig. 10(a. It is clearly detected from the FT diagram
that both lithium manganates exhibit two intense peaks at
~16 and ~ 26 A, which are attributed to the (Mn—0)
and (Mn—Mn) bonding pairs, respectively. These FT peaks
are isolated by an inverse Fourier transform to k space.
The resulting k3x(k) Fourier filtered EXAFS oscillations
are represented in Fig. 10(b), and the curve-fitting analyses
have been carried out in order to determine the structural
parameters such as coordination number (CN), bond dis-
tance (R), and Debye-Waller factor (o 2). The best fitting
results are compared with the experimental spectra in Fig.
10(b), and the fitted structural parameters are listed in
Table 5. As shown in Fig. 10(b), the experimental spectra
are in good agreement with the calculated spectra based on
the spinel structure, demonstrating that the single-phase
LiMn,O, spinel oxides are obtained over the present range
of sintering temperature. From the fitting results, the (Mn—
0) and (Mn—Mn) bond distances are found to become
shorter as the heat-treatment temperature is lowered. This
confirms an enhancement of Mn oxidation state in the
low-temperature phase. A conclusion is in a good agree-
ment with the XRD results which show a decrease in the
lattice parameter upon lowering of the sintering tempera-
ture. In addition to the variation in bond distances, the
coordination numbers around manganese are found to be
diminished with decrease in the heat-treatment tempera-
ture, which confirms a decrease of particle size for low-

Table 5

Results of non-linear, least-square curve fitting for the first and second
shells of Mn K-edge EXAFS spectra for the LiMn,O, spinels, SPN4O,
SPN50, SPN60, SPN70, and charged SPN70

Sample  Bond CN®  AE(V) R@A) o2
(1073 xA)
SPN4O  (Mn-O) 507 —438 1885 353

(Mn-Mn)  5.07 —4.40 2890 379

SPN50 (Mn-0) 5.57 —-1.78 1.897 4.22
(Mn-Mn) 5.57 —4.20 2.889 4.63
SPN60O (Mn-0) 5.96 —-1.90 1.897 4.33
(Mn—=Mn) 5.96 —4.58 2.887 4.74
SPN70 (Mn-0) 6 0.53 1.908 5.88
(Mn—=Mn) 6 —1.98 2.902 491
charged  (Mn-0) 567 —263 1896 5.08
SPN70 (Mn-Mn) 5.67 —6.74 2.870 5.92

In order to check out the evolution of coordination number (CN) upon
lowering of the sintering temperature and the charging process, al the CN
values are determined by using the amplitude reduction factor (S2) of
SPN7O.

temperature phase, leading to unsaturated coordination
around manganese near the surface.

The effect of lithium de-intercalation on the electronic
and crystal structures of lithium manganate is also exam-
ined by performing XANES/EXAFS analyses. Fig. 9(b)
shows the Mn K-edge XANES spectra for sample SPN70
before and after the charging process. The position of the
edge jump of sample SPN70 is found to shift towards the
high energy side upon lithium de-intercalation. In fact, the
charged sample SPN70 exhibits nearly the same edge
energy as the reference MnO,, which indicates that the
average oxidation state of manganese is increased by the
charging process resulting in A-MnO, with tetravalent
manganese ion. The evolution of the local structure around
manganese upon lithium de-intercalation was also investi-
gated by using Mn K-edge EXAFS analysis. The Fourier
transformed Mn K-edge EXAFS spectra for the SPN70
spinel, before and after lithium de-intercalation, are shown
in Fig. 10(a). The first and second FT peaks corresponding
to the (Mn-0) and (Mn—Mn) bonding pairs are isolated by
inverse Fourier transformation into k space. The resulting
k3x(k) Fourier filtered EXAFS oscillations are presented
in Fig. 10(b), together with the best fits. The fitted struc-
tural parameters are summarized in Table 5. As can be
seen in Fig. 10(b), there is a good agreement between the
experimental and calculated data, even for the charged
sample. This suggests that the spinel lattice is maintained
before and after lithium de-intercalation. The fitting results
demonstrate that the (Mn—-O) bond distance decreases
markedly upon de-intercalation of lithium, and therefore,
the manganese ion is oxidized. The observed structural
change induced by the charging process is considered to be
one of the reasons for capacity loss during cycling.

4, Conclusions

In this study, a modified citrate route with an ethanol
dehydration of Li—Mn—citrate complex solution is estab-
lished as an effective method for preparing nanocrystalline
LiMn,O, particles. The present citrate-derived spinel ox-
ides exhibit better electrochemical performance for lithium
extraction (4-V) domain, compared with the lithium man-
ganate prepared by a solid-state reaction. Systematic stud-
ies of the relationship between the physicochemical prop-
erties of LiMn,O, and the sintering temperature/atmo-
sphere show that oxygen annealing depresses the cycleabil-
ity of high-temperature samples due to a broad distribution
of particle size, whereas it improves the electrochemical
performance of low-temperature samples by reducing inor-
ganic and organic impurities. On the other hand, the
XANES/EXAFS analyses for LiMn,0O, nanoparticles be-
fore and after the charging process provide direct evidence
of shortening of the (Mn—0O) and (Mn—Mn) bond distances
upon Li de-intercalation, indicating an increase in Mn
oxidation. It is suggested that a marked change in crystal
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structure with charging is responsible for the capacity
fading.
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