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Abstract

An attempt to prepare solid solutions in the system of LiNiO,, LiMnO, and Li,MnO3; was performed by heating metal acetates. The solid
solutions between end members LiNiO, and Li,MnOj3 can be successfully prepared in the overall compositional ranges. Both the structure and
capacity were compared based on Rietveld analysis and electrochemical investigation on solid solutions between LiNiO, and Li,MnOj3. The
result showed that the cationic disorder as well as capacity was closely related to the ratio of Li, Mn and Ni in formula. The investigation of
chronopotentiogram and ex situ XRD on the solid solutions indicated that the complex phase transitions in LiNiO, during delithiation were
strongly suppressed with low Mn content (Mn/(Mn + Ni) ratio was 0.1 or 0.2) and completely suppressed with the ratio more than 0.5.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The layered LiNiO, is an attractive cathode material for
lithium ion rechargeable batteries with its relatively low cost
and high capacity [1-6]. However, LiNiO, is also known for
the following problems. First problem is the difficulty in the
preparation of excellent electroactive LiNiO, because its
electrochemical properties strongly depend on Li:Ni ratio in
LiNiQ,, cation disorder and the oxidation state of Nickel.
Secondly, LiNiO, suffers from poor cycling property when it
is charged to a higher voltage (4.3 V versus Li'/Li) for
extracting more Li* with an appreciable volume change [3].
Several reasons responsible for it have been suggested such
as microcracking or debonding of the cathode materials
and the binder resulting from significant volume changes
in the material accompanied by phase transitions [7,8] and
decomposition of the cathode material [9—11]. In addition,
the safety of cathode is also an important topic. LiNiO; is
the most metastable at a charged state among three promis-
ing cathodes, LiNiO,, LiCoO, and LiMn,QO,, because the
charged LiNiO, was reported to decompose at about 200 °C,
releasing heat and oxygen [9-11].

Various attempts have been made to solve the above
problems. Recently, an increasing research activity is being
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devoted to substituted LiM,Ni;_,O, materials (M = Mn
[12-21]; Mg [22-24]; Fe [25-27]; Co [28-30]; Al [31-33];
Ti [15,34,35]; B [36]; Ga [37]; and more than one transi-
tional metal such as Mg and Ti [38]; Co, Mg and Ti [39]),
since partial substitution for Nickel causes the modification
of the structural and electrochemical properties of the
lithium nickelates.

The solid solutions in the system of LiNiO,, LiMnO, and
Li,MnO3; might be formed because of their structural simi-
larity. LiMnO, has orthorhombic and monoclinic structures;
orthorhombic LiMnO, has corrugated layered structure which
consists of an ccp oxygen array and cation sheets made up of
alternating pair of Li and Mn rows; monoclinic LiMnO,,
which has been successfully prepared by ion-exchange tech-
nique [40], is isostructure with LiNiO, structure; Li,MnO3
(Li[Li;3Mny;3]O,) has a layered monoclinic structure with
cationic (1 1 1) plane alternatively occupied by Li and Li;,
3Mn,; layers. Furthermore, it is believed in the system that
Mn** can be introduced and act as buffer ions, which can
eliminate detrimental effect of Ni>"-defect in LiNiO, because
tetravalent ion can help in balancing two oxygen ions and
maintain both the electronic neutrality and structural integrity
without the need of Ni*™ occupying Li sites [19,33].

Some studies on these solid solutions have been carried
out. Arai et al. have reported that Manganese-substitutives
indicate large capacity, good cyclability and enhanced ther-
mal stability and were the most promising cathode [15],
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although Rossen et al. first claimed detrimental effect of
substituting Mn or co-substituting Li and Mn on battery
performance in the system of LiNiO,—LiMnO,—Li,MnOj3
[12]. Neudecker et al. [16] reported good cycling stability
at a higher voltage up to 4.8 V in a thin-battery using Li and
Mn co-incorporated nickelate. Recently, layered Li—Ni—
Mn-O compounds with high manganese content and excel-
lent electrochemical performances were also reported
[20,21]. We have already reported that Li,NipoMng 0,
and Li,NipgMng,0, can be prepared over a wide value of
z using y-MnOOH as manganese source with a constant
discharge capacity of ca. 160 mAh/g [17] and manganese
was determined to exist at tetravalent state in substitutives by
using the high resolution X-ray fluorescence spectroscopy
[18].

In this work, in order to further understand the effect of
substituting Mn or co-incorporating Li and Mn in LiNiO,, an
attempt to prepare the solid solution in the overall composi-
tional ranges in the system of LiNiO,, LiMnO, and
Li,MnO3 was completed under a final heating temperature
of 770-870 °C in flowing oxygen. The comparison of the
structural and electrochemical properties was performed on
the solid solutions of LiNiO,-Li,MnOs.

2. Experimental

Acetate compounds were used as starting materials.
A stoichiometric ratio of Ni(CH;COO),-4H,O and Mn-
(CH5CO00),-4H,0 and LiCH;COO-2H,0O were mixed and
ground using a mortar and a pestle. The mixture was firstly
decomposed at 400 °C in air and ground after cooling. The
decomposed mixture was heated at 650 °C under oxygen

atmosphere for 15 h and then ground again after cooling.
The intermediate mixture was pelletized under 1000 kg/cm?
and finally calcined at 770-870 °C in oxygen for 20 h.

The crystallography of samples and delithiated products
was characterized using a Rigaku diffractometer (RINT
1000) with Cu Ko radiation. Izumi’s Rietveld Program
(RIETAN) [41] was used for the analysis of powder diffrac-
tion profiles.

The charge and discharge characteristics of Li-Ni-Mn-O
cathodes were examined in laboratory cells. The cells were
composed of a cathode and a lithium metal anode separated
by a polypropylene separator and a glass fiber mat. The
cathode consisted of 25 mg Li-Ni-Mn-O compound and
10 mg conducting binder pressed on a stainless steel screen
at 800 kg/cm? and then dried at 200 °C for 4 h. The electro-
lyte solution was 1 M LiPF¢/ethylene carbonate (EC) and
dimethylcarbonate (DMC). The EC and DMC were mixed in
a 1:2 volume ratio. The cell was typically cycled in the
voltage range of 3.0—4.3 V at a constant current density of
0.55 mA/cm? (40 mA/g).

3. Results and discussion
3.1. Solid solution diagram

A triangle phase diagram based on LiNiO,, LiMnO,
and Li,MnO5; compounds is presented in Fig. 1. Any com-
position in the diagram can be expressed as xLi,M-
nO3-yLiMnO,-(1 — x — y)LiNiO,, which can be rewritten
as a compositional formula of Li( 2.2 1xMNogxiyy2-4x)-
Ni 2xye+n02 (0 < x +y < 1). Any point on the solid
line parallel to the join between Li,MnO; and LiMnO, in the

LiNiO2

LizMnOs 01 02 03 04

05 06 0.7

08 09  LiMnO:

LiMnOz content / y

Fig. 1. Composition triangle in the system of LiNiO,-LiMnO,-Li,MnOs (expressed as xLi,MnO3-yLiMnO,-(1 — x — y)LiNiO, or Li2 2.2+ oMNog i yyi2+x)

Nig_2¢rye+002 (0 < x+y < 1): (O) a single phase; and (x) a mixture.



L. Zhang et al./Journal of Power Sources 110 (2002) 57-64 59

+
<
N
o
w

(003)

— (102),(006) X
(110)

.0y

x=0.1, y=0.1

SRR 'S DU TSN
__J x=0.2, y=0

Intensity (a.u.)

x=0.3,y=0
20 40 60 80 100
26° (Cu Koy)

Fig. 2. The XRD patterns of several samples for x +y < 0.3.

phase diagram has a same ratio of Mn/(Mn + Ni) (x + y) and
any point on the dashed line parallel to the join between
LiMnO, and LiNiO, has a same ratio of Li/(Mn + Ni)
(1 4+ x). The points marked as the symbols (O) or (x) are
the compositions that were attempted to synthesize in this
work, where the circle and fork represent a single phase and
a mixture, respectively. The result indicates that single-
phase region lies on the range of low Mn content
(x +y <0.3) and the line between LiNiO, and Li,MnOs;.

Fig. 2 shows X-ray diffraction patterns of several samples
with low Mn content (x + y < 0.3). The patterns of samples
can be identified as a single-phase with space group R3m.
The typical miller indices of space group R3m for all
diffraction peaks are also shown in the figure. However,
when Mn/(Mn + Ni) ratio x + y is over 0.3, solid solutions
can form only at y near zero (solid solutions between LiNiO,
and Li;MnQO3;), as shown in Fig. 1.

Samples with high manganese content, x +y = 0.5 and
0.8, correspond to a solid line parallel to the join between
Li,MnO; and LiMnO, in the phase diagram, respectively.
Their XRD patterns are shown in Figs. 3 and 4, respectively. A
similarity between two figures can be observed. Samples with
y > 0 contain an impure phase; the impurity decreases with
decreasing y and the single-phase forms when y approaches
zero. This means that the purity of sample depends on the Li/
(Mn + Ni) ratio, when Mn/(Mn + Ni) ratio is fixed. The
single phase can be indexed to the space group C2/m
(Li,MnOs-related). It should be noted that Li,MnQOj is the
main impurity with x + y < 0.5 and LiMn,O, spinel appears
as an impurity and becomes a main impurity with
x 4y > 0.6. This is reasonable. The formation of impurities,
Li,MnOj3 and LiMn,0y4, occurs at even <500 °C and the ratio
of Li versus Mn at the starting compositions affects their final
formation, whereas LiNiO, does not form at that temperature.
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Fig. 3. The XRD patterns of samples for x +y = 0.5.

Single-phase products with x +y < 0.2 have been pre-
viously reported in detail by us [17]; here, we mainly
examined the solid solutions between LiNiO, and Li,MnQOs.

3.2. The solid solutions of LiNiO,—Li,MnO3

3.2.1. Structure study

Refinement by Rietveld method is a good way to accu-
rately characterize the structure and cationic distribution for
Li; .Ni;,, O, [4,5] and substituted lithium nickelates
Lij_(Nij_yM,)14.05 [12-15,17,20-24]. In this section,
the attempt of Rietveld analysis on the solid solution domain
was completed. A neutron diffraction study in rhombohedral
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8
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Fig. 4. The XRD patterns of samples for x +y = 0.8.
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Fig. 5. The lattice constants, unit cell volume and occupancy fraction of
Ni in Li layers for Li 20/ oM@ 1oNig-20/24002 (0 < x < 1).

LiMng ,Nij 3O, has showed that Mn substituted for Ni only
predominately occupies Ni-filled layers of the R3m structure
[14], thus the following cationic distributions are considered
on Rietveld refinement: Ni and Li are allowed to present at
3a or 3b sites and Mn only at 3a sites, the total occupancy of
each site is equal to unity and the ratio of Mn:Ni is equal to x/
(1 —x).

The composition of solid solutions between LiNiO,
and Li;MnO; can be expressed as Li2.2+xMDoy2-4x)-
Ni2_24/24x02, for the case of y = 0. The XRD patterns of
these samples show that the solid solution crystallizes in
rhombohedral symmetry (space group R3m) with x < 0.3
and crystallizes in monoclinic symmetry (space group C2/m)
with x > 0.5. Based on these structures, the refinement of
Rietveld analysis was carried out and all lattice parameters
of monoclinic unit cell were converted to hexagonal para-
meters for comparison. Fig. 5 shows the lattice parameters
and occupancy of Ni in Li layers for solid solutions of
LiNiO,-Li,MnOj;. The hexagonal lattice parameters, a and
¢, change in opposition, i.e. a-axis shrinks and c-axis
expands as the increase in x but the variations for a- and
c-axis are within 1.2 and 0.2%, respectively. Accordingly,
volume of unit cell decreases with increasing x, which
is mainly attributed to the larger change of ag-axis. The
cationic disorder also reduces with increasing x. A sudden
change of linearity for unit cell volume and cationic disorder
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Fig. 6. Dependence of unit cell volume on Ni occupancy fraction in Li
layers in the solid solution system of LiNiO,—Li,MnOs.

is apparently observed at a same position as shown in Fig. 5,
which is located at x = 0.5, although lattice parameters
present a linear variation with compositional variation. The-
oretically, unit cell volume should have a linear variation
with x value, due to the linear content change of different
cationic ions with a different ionic radius, in the ideal
structure without cationic disorder. However, when transi-
tional metal ions are present in Li layer, the shrinking of Li
layer possibly occurs due to the smaller transitional metal
ionic radius relative to lithium ion, as suggested by Delmas
et al. [42]. As a result, the cationic disorder should play the
other important role on the variation of unit cell volume, the
change of linearity for the cationic disorder can account for
change in the unit cell volume as shown in Fig. 5. When we
correlate the unit cell volume with Ni occupancy in Li layers,
the relation is close to linearity as shown in Fig. 6. Therefore,
we believe that unit cell volume is also controlled by the Ni
occupancy in Li layers in this solid solution system.

3.2.2. Electrochemical study

The initial charge—discharge curves of Lip o4y
Man/(2+x)Ni(2—2x)/(2+x)02 (O <x< 1) are as shown in Flg 7.
Reversible capacity decreases with increasing x, which
results from the increase of average valence of transition
metals and being difficult to extract more electrons from
transition metals. Complex charge—discharge curves of
LiNiO, are gradually replaced for simple charge—discharge
curves. This becomes clear by observation of the chrono-
potentiograms as shown in Fig. 8. With the increase in x, the
height and sharpness of peaks decrease gradually; anodic
peaks at 3.797 and 4.22 V as well as small and broadened
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4.3V at the current density of 0.55 mA/cm?® (40 mA/g).

cathodic peaks at 3.74 and 4.15V can be observed for
x = 0.1; for x = 0.2, only anodic peak at about 3.8 V can
be clearly observed and is located at a higher peak voltage in
contrast to that of x = 0.1; when x is 0.5, the height and
sharpness of the anodic peak at about 3.8 V decrease dras-
tically; as x increases to 0.8, no apparent peaks can be
observed in its differential chronopotentiogram. This follows
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Fig. 9. Initial discharge capacity of Li2./24x9Mnayo+9Nig_20/24002
(0 <x <1) under different charge—discharge conditions as well as its
theoretical capacity line.

the phase transitions, which happen in the charge—discharge
process in LiNiO, [3,4], are strongly suppressed with low x
values (0.1 or 0.2) and disappear with x > 0.5.

Fig. 9 summarizes the initial discharge capacities as a
function of x. In order to extract more Li™, batteries were
also charged by constant voltage and then discharged gal-
vanostatically in the cut-off of 3.0-4.5 V at a current density
of 0.55 mA/cm? (40 mA/g). The theoretical capacity of each
sample is calculated based on the following equation assum-
ing that Ni exists in trivalent state, Mn in tetravalent state in
formula, and only Ni is involved in electrochemical reaction
during the charge—discharge process as follows:

26800(2 — 2x)
MRt (mAh/g)

where M is the molecular weight of Li2.y/2+xnMNoy24x)
Nio_2y/24002 and x is as indicated in Liooyy24x-
Mnoyo40Nig_2xn2+xO2. It is also shown as a line in the
figure. Capacity of samples with x > 0.5 is plotted along the
line of theoretical value and deviates more and more from
the theoretical value in the range of x < 0.5.

Cyclability of partial samples with x < 0.3 in the cut-off
of 3.0-4.5 V is indicated in Fig. 10 and excellent cycling
property is observed. Sample with x = 0.1 maintains 88% of
initial discharge capacity and still exhibits a discharge
capacity of more than 160 mAh/g after the 50th cycle;
sample with x = 0.3 does not show any fading in discharge
capacity before the 30th cycle. Whereas, other samples with
x > 0.4 can cycle at a constant initial discharge capacity.

The experiment of ex situ XRD for delithiated
Lij goMng.182Nip72702  (x = 0.2) and Li; 2Mng 4Nig 40,
(x =0.5) was also performed in order to further confirm
if the phase transitions occur during charge process. The

Cineoretical =
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Fig. 10. Cycling performance of Li 2.2+ xMnoyo40Ni@—20/2+x02 (x = 0.1 or 0.3) cycled in the manner: charging to 4.5 V by constant voltage and then
discharging to 3 V by constant current at a current density of 0.55 mA/cm?® (40 mA/g).

points for ex situ XRD are selected according to the position
of peaks as shown in Fig. 8. Fig. 11 shows ex situ XRD
patterns for delithiated Li; ooMng 1g,Nig7370,. Since, the
splitting in (10 1) and (1 04) peaks cannot be observed
clearly and only a broadening of the (1 0 1) peak occurs,
monoclinic phase does not appear during charge process
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Fig. 11. The XRD patterns of delithiated Li; goMng 13,Nip 7270, (x = 0.2).

[3,4]. An unusual change lies in the shift of the (0 0 3) peak
and the difference between (1 0 8) and (1 1 0) peaks. The
(0 0 3) peak shifts to a higher angle after shifting to a lower
angle to some extent; the difference between the (1 0 8) and
(1 1 0) peaks first become large and then small, which has
been observed in Mg-substituted Nickelates [21]. These
changes are mainly due to the c-axis: the c-axis shrinks
after expansion as shown in Fig. 13. This result is consistent

x=0.5

Before charged

prre Charged to 3.83V (30mAh/g)
Blnd{

Charged to 3.99V (70mAh/g)
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Fig. 12. the XRD patterns of delithiated Li; ,Mng 4Nip 40, (x = 0.5).
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during the initial charge process.

with that reported previously using y-MnOOH as Manga-
nese source [17]. Fig. 12 shows ex situ XRD patterns for
delithiated Li; ;,Mng 4Nig 40,. All peaks shift continuously.
The unusual variation existing in Li; goMng 1g,Nig 73702
does not occur in this sample. Therefore, a homogenous
topotactic reaction certainly exists in the above compounds.
The variation of lattice parameters, a and c, c/a, and the
volume of unit cell during charge process has been sum-
marized as shown in Fig. 13. The g-axis for every compound
shrinks with delithiation due to increase in the average
valence of transition metals resulting in a smaller ionic
radius. The c-axis and c/a for Li; ;Mng 4Nip 40, only show
expansion, whereas c-axis and c/a for LijgoMng igo-
Nip 7370, show a different trend: they shrink after expansion;
but only a slight shrinkage is observed in comparison with in
LiNiO, [3.4]. Volume of the unit cell for every compound
decreases gradually with extraction of Li*.

4. Conclusion

The solid solutions between end members of LiNiO, and
Li,MnO; can be successfully prepared in the overall com-

positional ranges, which crystallize in rhombohedral sym-
metry (space group R3m) with x < 0.3 and crystallize in
monoclinic symmetry (space group C2/m) with x > 0.5.
Their discharge capacity shows the good accordance to
theoretical value with x > 0.5 and the gradual deviation
from theoretical value with x < 0.5. Good cyclability for
these solid solutions is also observed. Ex situ XRD inves-
tigation and chronopotentiogram indicate complex phase
transitions, which happen in LiNiO,, are completely sup-
pressed with x > 0.5.
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