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Abstract

A comparative analysis of the properties of LiiMng sO, and Lij.xNigsMngsO, (0.2 < x < 0.7) powders, obtained by the freeze drying
method, was performed. Lattice parameters @fNig sMng sO, decreased considerably with growing amounts of Li un#il0.3; atx > 0.5
trace amounts of LMnO; are observed by X-ray diffraction (XRD) patterns. X-ray photoelectron spectroscopy (XPS) analysis displayed
an increase of Ni/Ni%* ratio at 0.3 <x < 0.5, while Mn 2p spectra were almost identical in all samples. Rechargeable capacity Vatues (
2.5-4.6V) increased systematically witlieaching its maximum (185-190 mAhY) atx = 0.5. Samples with superstoichiometric lithium
content also demonstrated goBGdate characteristics.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Secondary Li batteries; Li-Ni—Mn oxides; Cation stoichiometry; Freeze drying; Capacity fade

1. Introduction Recently, a concept of a solid solution of LiNiGnd
LiMNO2, Li(Nio.5Mng 502, was proposed by Ohzuku and
Due to high costs and insufficient capacity of LICQO  Makimura[9], to overcome the disadvantages of LiNiénd
commonly used as a cathode material in Li-ion batteries, LiMnO,. Li(NigsMng 5)O2 has been reported as having the
much effort has been dedicated to developing cheaper al-hexagonal @ structure similar tox-NaFeQ and LiCoQ
ternatives. Initially, LiNIiQ and LiMnO, have been stud- [10,11] The alternating-layer arrangement provides a very
ied [1-3] but stoichiometric LiNiQ demands a complicated  suitable two-dimensional conduction pathway for thé Li
synthesis procedure while its multi-phase reactions during ions.
electrochemical cycling leads to structural degraddtlo?). Most solid solutions in the Li-Ni-Mn—O system demon-
Layered LIMNnQG has a significant disadvantage in its crys- strate several general features. First of all, it is relatively easy
tallographic transformation to spinel structure, during elec- to substitute Li for Ni and Ni for Li in both A and B-positions
trochemical cycling4,5]. To overcome the disadvantages in of a hexagonal layered ABGstructure, due to the small dif-
LiNiO 2, the substitution of A[6] or Fe[7] for Ni has been ference in ionic radii between tiand N#* [12,13] Ni ions
investigated. Ammundsen et i8] have reported Aland Cr-  placed at the Li position obstruct the two-dimensional dif-
doped monoclinic LiMnQ which showed sloping discharge fusion of Li* ions and irreversible capacity fade during the
curves from 4 to 2.5V, with rechargeable capacity of more initial charge.
than 150 mAhg?. In the case of LiCo®, Levasseur et a[14] first reported
the existence of Gd and oxygen defects in k€00, (x> 1),
* Corresponding author. Tel.: +82 2 2049 6042; fax: +82 2 452 5558.  USING Li[7] nuclear magnetic resonance and neutron diffrac-
E-mail addressysyoon@konkuk.ac.kr (Y.S. Yoon). tion measurements. It was also found that monoclinic dis-
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tortion for LipsC00O,, during charge, can be prevented by The electrolyte used was a mixture of 1 M LiREthylene
adding extra lithium during synthegi$4,15]. Recent stud-  carbonate (EC) and dimethyl carbonate (DMC) (1:1 by vol.,
ies have also demonstrated the existence of single phasévierck).

compounds, Li[N{Li (1/3-2¢43)Mn(2/33)]O02, with hexagonal

structures which can be considered as solid solutions of

LiNiO> and LbMnO3 [16—-19] Such compounds contain 3. Results and discussion

considerable amounts of lithium in B-positions of the ABO

lattice and demonstrate enhanced electrochemical perfor- XRD patterns of the synthesized powder,

mance. At the same time, the properties of lgiiMng sO-- Li1+xNigsMng 50245, is shown in Fig. 1L The value
based compositions, containing superstoichiometricamounts‘x” refers to the amount of superstoichiometric lithium
of lithium, have not been studied until now. in Lig+xNigsMngs024+5. The samples in the range of 0

< x < 0.3 are single phase, with hexagonal structures of

a-NaFeQ-type (space groupR3m), similar to a high
2. Procedure temperature polymorph of LiCoO Small additional peaks

at 20-25, which appeared ax = 0.5 and 0.7, can be

Li14+xNig.5Mng 50245 (x=10, 0.2, 0.3, 0.5, and 0.7) powder attributed to superstructure in hexagonal ABlattice [12]
was prepared by the freeze drying method. Li acetate, Ni andor to the LpMnOgs [17]. In the last case, the appearance of
Mn acetates were dissolved in water, in the stoichiometric LioMnOs could have been caused by the exceeding of the
ratio. The solution was frozen by liquid nitrogen spray, via solid solution limit of Li;+xNig sMng 5O2+5 atx >0.5.
a pneumatic nozzle, and freeze-driedPat 5 x 10~2mBar This conclusion correlates quite well with the lattice
(Alpha 2—4, Christ) for 1-2 days. Thermal decomposition of parameters plots versus the amount of superstoichiometric
precursor powders was obtained by the fast-heating of pre-lithium (Fig. 2), demonstrating a considerable decreasg of
cursors to 500C, followed by 8 h of dwell time. The prod-  uptox=0.3, withlittle or no further changes. The character of
ucts of thermal decomposition were pressed into pellets andthe lattice parameters variation withcan also be seen at the
placed, for 12 h, into a muffle furnace preheated to 9DO0
The cooling of samples was performed by air quenching.
Li1+xNig.sMng 50245 powder was obtained by grinding the
quenched pellets. ®
X-ray diffraction (XRD; Geigerflex, Rigaku, Cud) mea-

surements were conducted in the range of diffraction angles
from (20) 17-90 at 0.5 min—L. Silicon powder was used as
an internal standard. The XRD patterns were indexed and lat-
tice parameters were determined using least squares hexago-
nal fitting of all the diffraction lines. For X-ray photoelectron
spectroscopy (XPS, PHI-5800), samples were spread over a

x=0.5
polymeric adhesive tape and affixed to the sample holder. All JMQM—JAJW

spectra were recorded using an X-ray source (&lriddia-

x=0.7

| ¢ .

F O

tion) with a scan range of 1400-0 eV of binding energy. The E

collected high-resolution XPS spectra were analyzed using -g =03

an XPS peak software-fitting program. The energy scale was z n ’

adjusted on the carbon peak in C1s spectra, at 284.6 eV. The § B -

micromorphology and crystallographic structure of powder =

particles were examined with a transmission electron micro-

scope (TEM, Philips CM-30)J = 200 kV). x=0.2
Electrochemical characterizations were obtained using a [N

CR2032 coin-type cell with the following parameters: cut-
off voltage 2.5-4.6V anél= 5mA g (0.03C), 25 mAg?
(0.15C), and 50mAg? (0.3C) at room temperature. The
cathode was fabricated with 20 mg of accurately weighed
active material (Li+xNig.sMng 50245) and 12 mg of conduc- JL h I JL N
tive binder (8 mg of teflonized acetylene black (TAB) and ot
4mg graphite). It was pressed on 200 nizh of stainless 10200 30 40 S50 6070 80 90

steel mesh, used as the current collector, under 300 kg cm 26 (degree)

of pressureand driedat12G for24 hinavacuumoven. The o1 yen diffraction patterns of biNio Mo sOzss (x = 0, 0.2, 0.3,

test cell was made of a cathode and an anode (lithium metal),o 5  and 0.7). The closed circles indicate Si internal standard, and the open
separated by a porous polypropylene film (Celgard 3401). circles indicate LiMnOs.

x=0
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e by



S.H. Choi et al. / Journal of Power Sources 140 (2005) 355-360 357

14.34
Nizp NN
()
% | ,855.4
o 1432 - x=0.7 '
5 I
S 2 ,
wn X= V..
E 1430 | = i
5 : il
-9 = I
S s N < x=0.3
b= ) — ]
= — G
- ] =
e x= 0.2 f" i
= 4 [y
14.26 = " Nusr{“ﬂmu
—o ‘ ——
14.24 T T T T T T T T T T v I|I ¥ T ¥ T T T T T T T T
0.0 02 0.4 0.6 0.8 845 850 855 860 865 870 875 880 885
X
(A) Binding Energy (eV)
Fig. 2. Lattice parameter changes alaraxis plotted against superstoichio-
metric Li contentx.
Mn2p 642.7

formation of solid solution, untk=0.3-0.5. Similar contrac-
tion of the lattice parameters, at growing Li content, was also
observed in Li[NjLi (1/3-2¢3)MN(2/3-x3)]O2, where a variable
part of lithium is allocated in B-positions, even though in that
case the variation of the Li amount is accompanied by the cor-
responding variation of the Ni/Mn ratio. The decrease of the
lattice parameters is attributed to the appearance of oxygen
defectd15] and smaller radii of Ni* ions compared to Nf.
Taking into account these considerations, the systematic de-
crease of Li+xNig.sMng 50245 lattice parameters witkhindi-
cates that the allocation of extra lithium, in regular positions
of ABO, lattice, and the composition of LixNig 5Mng 50245
within the solid solution limit, would be more correctly in-
terpreted as Li[Lij2-+)Ni1/@+)Mn1/2+]02-s. ®) Binding Energy (eV)

In addition to lattice parameters, dependence of Nivalence
states orx demonstrates more complex behavior. Allocation Fig- 3: XPS spectra of Ni 2 (A) and Mn 22 (B) of the synthesized
of extra lithium in regular positions of ABlattice, at mi- - t»NiosMnosOz+ powders.
nor oxygen nonstoichiometry, should be accompanied by the
corresponding increase of Ni or Mn oxidation states. At the compensation mechanism concerns mostly the Ni oxidation
same, time XPS peaks indicate that the centers of Np2p states.
peaks (854.9 eV) show little or no shift to higher energies  Most parts of the electron diffraction patterns of
until x=0.5 (Fig. 3A). The observed value of binding energy  Li1+xNig.5Mng 50245 powders, recorded along th6 (0 1]
for 0 < x < 0.3 is higher than was reported by Kang et al. zone axis, are also normal for the well-ordered hexagonal
[20] (854.3 eV); this can be attributed to the presence of Ni structure ofr-NaFeQ-type (Fig. 4A). The major spots corre-
in both 2+ and 3+ valence states. kot 0.5 and 0.7, the Ni  spond to the{l 12 O} reflections. The increase of the amount
2pz/2 peak shifts to 855.4 eV and could be assigned ®Ni  of lithium in Lii+xNigsMng.sO024s is accompanied by the
The presence of the satellite peaks has also been observedppearance of the cubic spinel phase (Fig. 4B and C, ar-
by other researchers and has been ascribed to the multipleows). Similar patterns, observed after continuous cycling of
splitting of the nickel oxide energy levit1,22] LiCoO, cathodeq?24], were attributed to the formation of

However, the Mn 2p spectra of the samples with stoichio- spinel structures, due to the cation disorder in the hexagonal
metric and superstoichiometric amounts of lithium are very lattice of LiCoG. In our study, the cation disorder could be

Intensitu (arb.units)

T T T T T T T T T T T

635 640 645 650 655 660

similar (Fig. 3B). Specifically, untilx = 0.3, the Mn 2p)> caused by complicated long-range ordering in samples with
peak is observed at 642.5eV, demonstrating good correla-x > 0 [25]. However, the amount of the cubic phase remains
tion with the value (642.4 eV) reported by Kang et[2D0]. rather small, even at largevalues.

At x=0.5 and 0.7, the Mn 2p peak is shifted slightly to Fig. 5A shows the cycle performance of

642.7 eV, even though both values are rather typical fot'Mn  Li14xNio.sMno.sO245-based cathode materials at 0.1 maA.
oxideg[23]. It can be concluded that the oxidation state of Mn The reversible discharge capacity demonstrates a clear
is maintained at 4+ regardless of Li content and the chargedependence on Li content, systematically increasing with
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Fig. 4. Bright field TEM and selected area electron diffraction (SAED) pat-
terns of the Lj+xNig sMng 50245 powders: (A)x = 0; (B) x = 0.3, and (ckx
=0.7.
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Fig. 5. Cycle behavior of LixNigsMng 50245 powders x = 0, 0.2, 0.3,
0.5, and 0.7) at = 0.1 mA (0.0%) (A); and C rate characteristics of
Li14+xNigsMng 50245 powders x =0, 0.2, and 0.3) after 25 cycles (B).

sion of antisite defects in A-positions (Ni/Li exchange) and,
hence, the promotion of Li transport via A-positions. This
effect was found in Li[N{Li(1/3-2x/3MN(2/3-x3)O2 by the
Rietveld analysis of diffraction patterfis2].

Meanwhile, stepwise capacity gain at= 0.5 can be
caused by other reasorBig. 6 shows differential capac-
ity curves of Li+xNig.5Mng 50245 powders at 0.1 mA dur-
ing first cycle. For samples witk > 0.5, the appearance
of irreversible peaks at around 4.5V was observed in the
first charge profileKig. 6C and D). Similar peaks, at slightly
higher voltage (4.6 V), were observed during the first charge
of Li[Ni xLi (1/3-2¢3)Mn(2/35¢3)]O2 cathodes, up to 4.8 [12].

The intensity of these peaks, attributed by the authors to the

up tox = 0.5. The enhancement of capacity values, causedsimultaneous extraction of both Li and O during the first
by superstoichiometric lithium, is especially significant at charge, followed by the formation of more perfect struc-

x = 0.2, compared to stoichiometric samples< 0). C

tures during following discharge, was roughly proportional

rate characteristics of cathodes with extra lithium are also to the capacity increase in cathode materials with different
considerably better than the parameters of stoichiometric x values during further cycling. The nature of 4.5V peaks

LiNig.5sMng 50245 cathodes after 25 cyclebif. 5B).

in Li14xNig.sMng 50245 needs more detailed, further inves-

Assuming that additional lithium atoms are placed in the tigation, but merely the fact of their appearance indicates a
regular positions of the hexagonal lattice, the observed in- considerable difference in the character of Li intercalation
crease of capacity values can be explained by the suppresprocesses at> 0.5.



S.H. Choi et al. / Journal of Power Sources 140 (2005) 355-360

359

1000
400 -
. o~ -
2 500
S 200 !f! S ]
Ton 4 Kf\ Iy ]
= 0 . r': ‘1 =z 0| _." — 2
E e, f, - E —
Nl
g 2w \{f % 500
g 1 E-A
-400 |
. : . . : 1000 -+— , ‘ ‘ ,
25 30 35 40 45 5 25 30 35 40 45 50
(A) Voltage(V) ®) Voltage(V)
25001 1000
7 20001 Z 500
=] (=]
= 1500 =
EIOOO— ﬂ E‘ 07 R ¥
= = j i
S 50 N S ¥ o
= 0 ._._._W".{(-,J = 500 \ ()
5001 ; , , . 1000 | ————r
25 30 35 40 45 50 20 25 30 35 40 45 50
© Voltage(V) (D) Voltage(V)

Fig. 6. Differential capacity vs. voltage curves of LiNig sMng 50245 powders during first cycle: (Ax =0, (B)x=0.3, (C)x= 0.5, and (D)x = 0.7 atl =

0.1mA.

The discharge capacity decrease at0.7 ig. 5A), can
be more simply explained. Accordingfag. 3A, the amount
of Ni®* atx = 0.7 is not higher than at= 0.5, therefore that
lack of Ni#* cannot be the cause of this fall in capacity. At
the same timdrigs. 1 and 2lemonstrates that the increase of
Li content in the starting mixture, at> 0.5, is not accompa-

hexagonal structure atfx < 0.3-0.4 with Li placed in reg-
ular positions of the hexagonal lattice. The oxidation state of
Mn proved constant (4+) for all samples in this study, while
the oxidation state of Ni increased from 2+ to 3+. Exceeding
the solid solution limit resulted in the detection obMnO3

atx = 0.5. Any further increase in lithium content was ac-

nied by its appearance in the regular positions of hexagonalcompanied by reversible capacity decrease.

Li1+xNig.sMng 50245 lattice—probably due to the formation
of electrochemically inactive kMnQOg. Taking into account
that electrochemical capacity is calculated per % oficath-
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4. Conclusion

The experiments which we performed, demonstrate
that electrochemical properties ofikiNigsMng 50245 are
substantially controlled by Li stoichiometry. Similar to
Li[Ni xLi (1/3—2¢3)Mn(2/3¢3)]O2-based materials with vari-
able Ni/Mn ratio, Li+xNig.sMng502+5 samples with 0 <<
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