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Factors Influencing the Layered to Spinel-like Phase Transition
in Layered Oxide Cathodes
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LigsMO, [M = Mn, Co, Ni, Ni;_,Cq,, Ni;_,Mn,, and Mn_,(Cr,Al,Mg),] compositions obtained by chemically extracting
lithium with Na,S,0g from LIMO, have been investigated by X-ray diffraction after heating at various temperatures. While
LiysMnO, obtained from both the monoclini©3 stacked layer structurand orthorhombic LiMn@ transforms to the spinel-like
phases at ambient temperature during the lithium extraction process due to cation migrgtfdiQiineeds mild heat~150°C)

to transform to the spinel-like phase.,LkCoO, does not transform even after heating at 200°C. The decrease in the structural
stability in the order LjsCoO, > LiysNiO, > LipsMnO, is explained on the basis of crystal field stabilization energies. Addi-
tionally, the incorporation of foreign cations into the transition metal planes via cationic substitutions is found to increase the
structural stability by perturbing the cooperativity among the transition metal ions and thereby suppressing the cation migration.
© 2002 The Electrochemical SocietyDOI: 10.1149/1.1497171All rights reserved.
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The rapid growth in portable electronic devices has intensifiedwith Ni®* and improve the electrochemical performafén fact,
the research activities in }ithium-ion batteries as they provide higheq_iNi()_8&_)(;0&1502 shows much higher practical capacity of around
voltage and energy density compared to other rechargeable systemggg Ah/g compared to that of LICaO(140 mAh/g)with good
Among the various lithium insertion compounds investigated during cyclability. However, LiNj gCa, <0, too experiences a migration
the past three decadésransition metal oxides have become attrac- it pickel ions under mild heat to give spinel-like phases, although to

tive cathodes for lithium-ion cells as they offer higher cell voltage a lesser extent than that found with unsubstituted LiN®

than, for example, chalcogenides and pnictides. The higher voltage . .
of oxide cathodes is mainly due to the larger Madelung energy asc, (2% ST & 2 IR H0e SIEREC ST
sociated with the more ionic oxide lattice and a positioning of the

0:2p band at a lower energy compared to the 3p, 4p, or 5p energie%ublc close-packed oxygen array. For example, transformation of the

of the chalcogenides or pnictidsn the case of oxides, the LiMO ayered Lj MO into the ideal cubic spinel phagki)gd M;]16404
(M= transition metal)layered str.ucture and the Li}éD spinel requires a migration of 25% of the transition metal ioA™* from
- 4

srucur have become aacive s ey provid reversis nserior 101 SIEE il e M ires e e amey ot
extraction of the lithium ions into/from them with adequate elec- . . " = L - X .
tronic and lithium-ion conductivities. lithium ions from the 3a sites into the neighboring tetrahedral sites.

Amona the lavered LiMO oxides. LiCoG is widelv used in The migration of the transition metal ions can be achieved via the
g the fayer Q N Q y neighboring tetrahedral sitgslesignated as T1 and T2), as illus-
commercial lithium-ion cells as it shows good peéformance andyated in Fig. 1. Such a migration of the transition metal ions can
structural Stat.)'"ty during the charge-@scharge pro oelds.vvever, impede the lithium-ion diffusion in the lithium layer and degrade the
copalt IS rela_t|vely expensive and toxic and only_ 50% of the theo'electrochemical performance of the layered phases. Moreover, re-
retical capacity of LiCo® could be practically utilized. In this re-

d h ion has b f d d other | 4 oxid cent theoretical calculations based on first principles modeling have
gard, much attention has been focused toward other layered oXideg,o\wn that the spinel structure is energetically more stable com-

with M = Ni, Mn, Fe, V, and Cr. Unfortunately, the performance of 5eq 1o the layer structure for the,kMO, compositions with M
these oxides is inferior to 'Fhat of L|C_QOWh|Ie LiCrO, is difficult =Ti, Cr, Mn, Fe, Co, and N¢!
to charge, both layered Livg) and LiFeQ® suffer from poor cy-
clability arising from cationic migrations. Similarly, both the mono-
clinic (O3 layer structureLiMnO,%? that is generally obtained by
an ion exchange of NaMngand the orthorhombic LiMng® trans-
form to a spinel-like structure during the charge-discharge process
LiNiO,, is difficult to synthesize as an ordered layered materfal
and NF* undergoes Jahn-Teller distortiéh'* Moreover, charged
Li;_4NiO, has been found to experience a migration of nickel ions
under mild heat to give spinel-ike phases at moderate
temperature$®

However, cationic substitutions have been found to help to im-
prove the electrochemical properties in the case of layered manga
nese and nickel oxides. For example, the substitution 8f @nd
AI®* for Mn®** in LiMn;_,M,0,"*8 (M = Cr and Al) has been
found not only to access the monoclinic LiMa®@y conventional
ceramic procedures, but also to improve the stability of the layered
phase and the electrochemical performance during cycling. Simi-
larly, the substitution of Ct" for Ni®* in LiNi;_,Cq,0,' has been
found not only to improve the ordering of the cations in the layer
lattice, but also to suppress the Jahn-Teller distotfiéhassociated

O Layer
M Layer

O Layer

Li Layer

Figure 1. lllustration of the paths for the migration of the transition metal
. o L -
* Electrochemical Society Student Member. ion M _fron_1 the o_ctghedral S|te_s in the Fransﬂl_on metal layer to the octa-
** Electrochemical Society Active Member. hedral sites in the lithium layer via the neighboring tetrahedral $itesnd
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thesized by solid-state reactions of required amounts of LiOH,

(e) 0-Co,0, Mn,O3, Cr,0O5, Al,O5, and Mg(OH) at 1050°C under inert atmo-
° ) sphere(nitrogen or argohwith one intermittent grinding.
Chemical extraction of lithium from the various LiMOQphases

to obtain LysMO, was accomplished by stirring for 2 days the
(d) LiIMO, powders in an aqueous solution containing appropriate quan-
tities of the oxidizer, sodium perdisulfate (MBOg). The following
chemical reaction occurs during this process

(c) 2LiIMO, + 0.5N3S,0g — 2LipsMO, + 0.5NgSO,
+ 0.5Li,SO, [1]
(b) After the chemical extraction reaction, the produgidMO, formed

was washed with deionized water several times to remove the
soluble NasSQ,, Li,SO,, and any unreacted MN&Og. The
LiggMO, samples thus obtained were then heated in air for 3 days at

Intensity (arbitrary unit)

(a) 3 N = various temperatures to assess the ease of formation of spinel-like
S - © =
o v - © o phases.
-8 b24 5 b Lithium contents in the products were determined by atomic ad-
LAQ - - i sorption spectroscopfAAS). Structural characterizations were car-
T ] 7 i 7 7 T ¥ T J} T ried out by fitting the XRD data with the Rietveld program. Elec-
10 20 30 40 50 60 70 trochemical properties were evaluated with coin-type cells using

circular cathodes of 0.64 dmarea, metallic Li anodes, and LiP#
Cu Ko 26 (degree) ethylene carbonaté=EC)/diethyl carbonatéDEC) electrolyte. The
cathodes were fabricated by hand-mixing the samples with 25 wt %
Figure 2. XRD patterns ofa) LiCoO,, (b) Li,<C0O, obtained by extract-  fine carbon for about 30 min and mixing the composite with 5 wt %
ing lithium from LiCoO,, (c) LiosCoO, after heating at 150°C(d) polytetrafluoroethylen¢PTFE).

LiysCo0, after heating at 250°C, an@) LiosCoO, after heating at 400°C

for 3 days in air. Results and Discussion

Comparison of the structural stability of {4MO, (M=Mn, Co,

Despite the observation of the formation of spinel-like phasesand Ni) —Figure 2 gives the XRD patterns of LiCpQand
during the electrochemical cycling of certain layered oxides, no sys-l"o-SCOOZ that was obtained by chemical lithium extraction and the

tematic study focusing on the factors driving such transformations isevolutlon of the phases on subjecting ko0, to mild heat. The

available in the literature. Identification of the various factors influ- 2S-Prepared kisCoO, maintains the rhombohedral layer structure of
encing the layered to spinel-like phase transition can help to desigihe parent LiCo@ as indicated by the separation between [BS8)
structurally stable cathode hosts with high energy density. Weand(110) reflections centered around 2= 66° (Fig. 2a and b). The
present here a systematic investigation of the layered to spinel-likd-io sC00, sample also maintains the layer structure even after heat-
phase transition by evaluating the structural stability of bulk ing at moderate temperaturg§g. 2c and d), although th@18)and
LiggMO, [M = Mn, Co, Ni, Ni_,Co,, Ni;_,Mn,, and (110 reflections have moved slightly toward each other. At high
Mn; _(Cr,Al,Mg), ] compositions obtained by chemically extracting enough temperatures, d4C00, disproportionates to give GO,
lithium from the corresponding LiM@phase. The structural stabil- impurity (Fig. 2e). These observations reveal the good structural
ity is assessed by comparing the X-ray diffractiotRD) patterns s_ta_bility of LiCoO, and attest to its_ excellent_ cyclability in the
recorded before and after heating the bulkgMO, samples at vari-  lithium-ion cells. Although the formation of a spinel phase has been
ous temperatures. From the results obtained, the factors that drivelaimed from transmission electron microscof}eM) studies in

the transformation and help to suppress the transformation are idereycled LiCoQ, cathodes by Wangt al.?* our experiments with
tified. Additionally, the understanding gained with cationic substitu- chemically prepared bulk 55Co0O; reveal that no spinel-like phase

tions is applied to design structurally stable layered lithium manga-is formed even after heating to 2501Eig. 2).
nese oxides. Figure 3 shows the evolution of the phases on subjecting the

chemically prepared LigNiO, to mild heat. The as-prepared
LiysNiO, (Fig. 3b) maintains the rhombohedral layer structure like
LiCoO, was synthesized by solid-state reaction between requireche parent LiNiQ (Fig. 3a), as indicated by the separation between
amounts of LJCO; and CaO, at 800°C in air. LiNi_,Co0, the (018) and (110 reflections centered around 2= 65°. How-
samples with O< y < 0.75 were synthesized by a sol-gel proce- ever, on heating to 200°C, the rhombohedrg|sNiO, transforms to
dure described elsewhetin which the gel obtained with an acetic a cubic phaséFig. 3c), as indicated by the merger of t@.8) and
acid solution containing required amounts ofCO; cobalt acetate, (110 reflections into a single reflection ¢440). On further heating
and nickel acetate was fired at 800°C under flowing oxygen for 24 hto T > 200°C, the cubic phase begins to disproportionate with a
LiNi; _,Mn, O, samples with O< y < 0.5 were synthesized by fir- loss of oxygen to give LiNi@ and NiO(Fig. 3e).
ing coprecipitated hydroxides of nickel and manganese with lithium  Rietveld analysis of the cubic phase obtained at 200°C with
hydroxide at 800°C under flowing oxygen. The coprecipitation of Fq43m space group indicates the formation of a spinel-like phase,
the nickel and manganese hydroxides were achieved by adding; wjith the nickel ions present in both the 16d and 16c Ség.
KOH to the corresponding acetate solution followed by filtering, 4) As pointed out in the introduction, transformation of the layered
washing, and drying of the product. Orthorhombic LiMn@as | NiO, into the ideal spinel phasé.i) s Ni,]1sO, requires the
synthesized by solid-state reaction betweeyCiO; and MnO; at  mjgration of 25% of the nickel ions from the nickel plan@b sites)
1000°C under flowing nitrogen. Monoclinic LiMnfOvas obtained  into the lithium planeg3a sites)of the initial rhombohedral layer
by ion-exchanginga-NaMnO, with LiBr in hexanol at 150°C.  structure. The presence of nickel ions in both the 16d and 16c¢ sites
Monoclinic LiMn; _,M,0, (M = Cr, Al, or Mg) samples were syn- indicates that the migration is incomplete at the moderate tempera-
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Figure 3. XRD patterns ofa) LiNiO,, (b) LissNiO, obtained by extracting ~ Figure 5. XRD patterns of(a) orthorhombic LiMnQ, (b) LioMnO, ob-
lithium from LiNiO,, (c) LigNiO, after heating at 150°C(d) LiyNiO, tained from orthorhombic LiMn®, (c) monoclinic LIMnG,, (d) LiogMnO;
after heating at 200°C, an@) Li, (NiO, after heating at 300°C for 3 days. ©btained from monoclinic LiMn®, and(e) sample d after heating at 150°C.

tures of 200°C. Further increase in temperature to complete the miaifficulties in the long-term cyclability of LiNiQ cathodes at el-
gration and obtain the ideal spindli)sd Nizl16dOs, hOWeVer, re- o ooy temperatures, unlike in the case of Ligoathodes?®

sults in a disproportionation of the phase to give NiO impurity. The Figure 5 gives the’XRD patterns of monoclinic and orthorhombic
results thus clearly reveal that it is difficult to access the ideal spinel . - ) -
(Li) g Nix] 16404, although it has been suggeste? to be formed LiMnO, and the Lj sMnO, samples obtained from them by chemi-

! . cal lithium extraction. The data reveal that in both cases, a nearly
before by simply looking at the merger of §e18) and (110 re- spinel-like phase is already formed during the chemical delithiation
flections in the X-ray pattern. Nevertheless, the tendency of nickel

. . P . rocess at ambient temperature, which is consistent with that found
ions to migrate to the lithium planes under mild heat may pose som(gy several groups during electrochemical cychiid.Between the

two systems, the orthorhombic LiMpGppears to form the spinel-
like phase more readily compared to the monoclinic LiMn@s
indicated by the formation of a single nearly spinel-like phase at
ambient temperature in the former case. In the case of monoclinic
16402 Rup=11.05 LiMnO,, a spinel-like phase with some additional unidentified re-
R, =5.96 flections is found after lithium extraction at room temperature, and a
a=28.0046 (9) A single spinel-like phase is formed on heating at 150°C.
A comparison of the results obtained with the three systems with
M = Co, Ni, and Mn indicates that the tendency of the layered
LigsMO, to transform to cubic spinel-like phase decreases in the
order LisMnO, > LiggNiO, > LigsCo0O,. While a spinel-like
J phase is readily formed during lithium extraction for %1 Mn, a
A A L“I mild temperature is needed for the case of=WNi. It is difficult to
s - e — — obtain a spinel-like phase for M Co even after heating at 200°C.
2 ' 0 ' 60 As pointed out earlier, the transformation of the layered phase to a
Cu Ko, 26 (de spinel-like phase involves the migration of the"Mions from the
grees) . o .
octahedral sites of transition metal layer to the octahedral sites of the
Figure 4. Rietveld refinement results of {iNiO, after heating at 200°C for Iithium layer via tfle_ nea_rby tetrahedral sites. Therefore,.the relative
3 days in air. The observed and calculated X-ray profiles, peak positions, angtability of the M'* jons in the octahedrals. tetrahedral sites may
the difference between the observed and calculated profiles are shown. Als@lay a critical role in the relative ease of formation of the spinel-like
the cation distribution, R factors, and lattice parameter are given. phases.
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Table I. CFSEs and OSSEs of nickel, cobalt, and manganese ions.

Octahedral Tetrahedral
coordination coordination
Configuratiof Configuratiod

lon tog & CFSE e t, CFSP OSSE
Ni®*:3d" 6 1 (LSs) —-18Dgq 4 3 (HS) —5.33Dq —12.67Dq
Ni4*:3cP 6 0 (LS) —24Dq 3 3 (HS) —-2.67Dq —21.33Dq
co*:3df 6 0 (LS) —24Dq 3 3 (HS) —-2.67Dq —21.33Dq
Ccd*":3d 5 0 (LS) —20Dq 2 3 (HS) 0.00 —20.00Dq
Mn3*:3d* 3 1 (HS) —-6Dq 2 2 (HS) —1.78Dq —4.22Dq
Mn4*:3d® 3 0 (HS) —12Dq 2 1 (HS) —3.56Dq —8.44Dq

2LS and HS refer, respectively, to low spin and high spin configurations.
® Obtained by assuming, = 4/9A,; A, andA, refer, respectively, to tetrahedral and octahedral splittings.

Table | gives the crystal field stabilization energi€-=SEs)for  cation-substituted LjsNi, Mn, <O, does not, even after heating at
the octahedral and tetrahedral coordination along with the octahedral50°C. The increased stability achieved by the substitution of Mn
site stabilization energig®©SSEs), which is the difference between for Ni suggests that the presence of multiple catimixed cations)
the CFSE values of octahedral and tetrahedral coordination, for variin the transition metal plane suppresses cation migration and the
ous ions. For the M" ions [low-spin (LS) configurations for Ni* formation of spinel-like phases, since the structural stability of
and Cd" and high-spinHS) configuration for Mi* in octahedral  Li, MnO, is poorer than that of kisNiO,. Further increase in tem-
geometry], the OSSE values increase in the ordefMa Ni®* perature leads to a segregation of the layergdNip Mn, O, into

< Cc®*. Alarger OSSE value for the €6 ions makes the migra-  a layered and a spinel phase, as indicated by the Rietveld refinement
tion via the tetrahedral site difficult, and therefore, the formation of of the data for the sample heated at 200°C. We have also carried out
a spinel-like phase becomes difficult for M Co. A smaller OSSE  a Rietveld refinement of the X-ray data of otheg ili;_,Mn,O,

value for Mr?™ makes the formation of spinel-like phase easier.  compositions withy = 0.1 and 0.3 after heating at 200°C. A com-

Additionally, the ability of the M" ions to disproportionate to  parison of the phase fractions obtained after heating the
M2* and M** may also play a role in assisting the formation of Lig sNi;—yMn,O, compositions at 200°C indicates that the fraction
spinel-like phases. M is well known to disproportionate easily to  0f the spinel phase decreases and that of the layered phase increases
Mn** and Mrf*.2* The Mr?* ions formed by disproportionation
can readily migrate to the lithium planes via the empty tetrahedral
sites as the HS MiT with a & electronic configuration has no
OSSE. Compared to M, the disproportionation of both €6 and
Ni®* is energetically less favorable.

The observed trend in cation migration and structural stability
correlates with the electrochemical performance of the layered oxide
cathodes. LiCo@with a good structural stability provides the best
electrochemical performance, while LiMpQuith a poor structural (d)
stability provides the worst electrochemical performance among the
three layered LIMQ@ systems compared here. One of the ways that
has been found to improve the electrochemical performance is catas"
ionic substitutions. For example, as pointed out previously, the sub- € 'NWNW
stitutions of cobalt for nickel in LiNi_,Ca,0,?° and chromium for
manganese in LiMp ,Cr,0,**'7 have been found to improve the & (c)
electrochemical performance. In the next section, we examine how E
the cationic substitutions influence the cationic migration and struc- ¥
tural stability.

E

Structural stability of cation-substituted d.4Ni;,Co,0, and
Lig sNi; —,Mn,O,.—With an objective to understand the influence of

(b)

ty (arb

cationic “substitutions on structural stability, we investigated the "t

LiO.SNil— C 02 (O = y = 1) and Lb5N|1_ Mn 02 (0 = y c L JLA L

< 0.5) ys;%tems. Figure 6 compares they X)I,?D patterns of 2 n 4 A A

LigsNi;—yC0,0, (0 < y =< 1) after heating at 200°C. The data re- £ - .

veal that the structural stability increases with increasing cobalt con- (a) A =]

tent, as indicated by the separation between (818) and (110 ‘E ~ o

reflections. It is clear that the substitution of cobalt for nickel sup- q = - 3

presses the formation of spinel-like phase. k © v
Figure 7 shows the XRD patterns of glgNigsMng0, (y T T T T T T T i T T T

= 0.5) before and after heating at various temperatures.(Th&) 10 20 30 40 50 60 70

and(110) reflections centered around 2= 65° do not merge even Cu Ka 20 (degree)

after heating at 150°C, suggesting the difficulty of formation of the

spinel-like phase. It is interesting to note that while bothgNiO, Figure 6. Comparison of the XRD patterns of the 200°C heated
(Fig. 3) and LijgMnO, (Fig. 5) transform to cubic spinel-like  LigeNiO,, (b)  LigeNig78C02d0,, (€)  LigsNigeCas0,,  (d)
phases, respectively, at 150-200°C and room temperature, theiggNig,4C0oy7:0,, and(e) LigsC00,.
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Table Il List of cation-substituted LiMn ,_,(CrAl,Mg) ,O,

(e) phases.
Sample Composition
1 Lig CrgsMng 4O,
(d) 2 Li 0._Scr0.07A| 0.0Mng 4O,
3 ) Li.sCro.19MNg 850,
4 Li O.S_CrO.OTAI 0.08M90.0MNg g0,
) 5 Li0.5Cro.18Al 0.09MINg 802

(c)
Cation-substituted bisMn; _(Cr,Al,Mg),0,, structural
stability.—Recognizing that the presence of mixed cations helps to
suppress the cation migration and the spinel phase formation, we
then applied this strategy to improve the structural stability of lay-
(b) ered Ly _,MnO,, which tends to form spinel-like phases at room
temperature during electrochemical cyclfiyAs discussed in the

introductory remarks, the substitution of a small amount of
cr* and AP* for Mn** in LiMn,_,M,0,'®*8 (M=Cr and Al) is
known to improve the electrochemical performance. Such substitu-

tions also help to access the monoclinic LiMn®y conventional
high-temperature synthesis procedures without requiring the ion ex-
change of NaMp_yM,O,. We investigated the substitution of sev-
eral cations such as Mg, AI®*, Ti**, CP#*, and C3" for manga-
nese. While the substitution of “Ti and CJ" resulted in the
formation of impurity phases, single-phase samples could be ob-
20 30 40 50 60 70 tained with the substitution of €, Mg?*, and AF* as given in
Table I, and illustrated by the XRD patterns in Fig. 9.

Cu Ka 26 (degree) The samples in Table Il were subjected to lithium extraction to
) ) ) ) ) obtain LisMn;_(Cr,Al,Mg),0, and then heated at various tem-
Figure 7. XRD pfttems of(@) Lio gMno iNig 50, (b) L'O;SM“OEN'O»SO% after peraturesT = 100, 120, 150, and 200°C. The XRD patterns of the
Eieat,\l;lr? jjt. Sjbsoag’e(rcgela_tlioringarL]tO;g(lJ%éozar(Zf)tT_ri hhjstln,\?i Saé z?tgr%éi)t— as-prepared leiSMnl,y(Cr_,AI,IVI_g)yOZ are shov_vn in Fig. 10. The
: ng-f’at 5000"% f02r3 days in air. ' 05¥H0.5705-2 extent of layered to spinel-like transformation was assessed by

monitoring the variation of the/a ratio with heating temperature.

Intensity (arbitrary unit)

(@)

is

with increasing Mn conteny (Fig. 8). It is possible that the layered
phase may be richer in nickel and the spinel phase may be richer ir

manganese. This observation of a decrease in the spinel fractiol (e)
with increasing manganese substitution again suggests that the pre
ence of mixed cations in the transition metal plane suppresses catio
migration.
= | @
c
100 3
-®-Layered phase E’
- Spinel phase ©
T 80 ] = | (c)
- Ke]
o
8 60 > Mm
@ =
£ 2 | (b)
S 40 2
3
g
20 o
< (a) |8
0 " - - - . -
0 0.1 0.2 0.3 0.4 0.5 0.6 ' ! i ! ) | ) | ! T !

y in LigsNis.,Mn,0,
Cu Ka 26 (degree)
Figure 8. Variations with manganese conteniof the molar percent of the
layered and spinel-like phases present in the 200°C heatedrFigure 9. XRD patterns of LiMn_,(Cr,Al,Mg),0O,: (a) sample 1,(b)
LiggNi;_yMn,O,. sample 2/(c) sample 3,(d) sample 4, ande) sample 5 in Table II.

Downloaded on 2014-01-03 to IP 137.99.26.43 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

Al1162 Journal of The Electrochemical Society49 (9) A1157-A1163(2002)

3
00
101
102
104

tutions help to suppress the migration of cations and the formation
of spinel-like phases.

Several additional points could also be recognized by having a
(e} /d\\ close examination of the data in Fig. 11. First, the structural stability
\‘\% increases with increasing degree of substitution. For example,
sample 5 in Table Il that has the highest dedtE2 Cr and 5% Al)
(d) A of substitution shows the best structural stability by maintaining the
highestc/a ratio of 4.94, even after heating at 200°C. The structural
© stability of sample 5 is also evident by the clear separation between
A the (018) and(110) reflections in Fig. 10. Second, at a given degree
of substitution, the substitution of two different types of cations
instead of a single type of cation gives better structural stability. For

Y
(b) "
/ﬂ \, example, sample 2 with 7% Cr and 3% Al substitutions exhibits
f— slightly better stability than sample 1 with 10% Cr substitution on
(a) T N/MLM heating. However, between samples 3 and 4, sample 4 with three

W\M\M ing at 200°C. The data clearly demonstrate that the cationic substi-

006

105
107
018
110

Intensity (arbitrary unit)

400

311
222
331
511
440

different types of substituentg% Cr, 6% Al, and 2% Mgjends to

— T T T show a faster decrease in théa ratio on heating compared to that
10 20 30 40 50 60 7043 66 of sample 3 that has a single substitugi&% Cr). Although sample
Cu Ko 20 (degree) Cu Ka 26 (degree) 4 has a highec/a ratio in the as-prepared state compared to sample
3, the latter has a highera ratio than the former after heating at
Figure 10. XRD patterns of the ljsMn,_,(Cr,Al,Mg),O, samples obtained T > 100°C. Thus, the effectiveness of suppressing the cation mi-
by extracting 50% of lithium froma) LiMnO,, (b) sample 1(c) sample 2, gration also depends on the nature of the substituent cation. The data
(d) sample 3(e) sample 4, andf) sample 5 in Table II. The magnification of o\ 65| that G with strong preference for octahedral sitéarger
the pattern over a smalbange is shown on the right. OSSE value)s more effective than the other substituents indicated
in Table Il in suppressing the cation migration.
It appears that the migration of the transition metal ions requires
As the transformation of the layered phase to the spinel-like phas€0operation of the neighboring cations, which is perturbed and sup-
progresses, the/a ratio decreases and reaches the ideal value Of?hressed by the presence of other foreign cationixed cationsjn
4.90 at the cubic symmetry. e transition metal plan_e. Addltlo_nally, as stateo_l prewou_sly, t_he
Figure 11 shows the variations ofa ratio with heating tempera- migration of manganese ions may involve first a disproportionation

tures for the samples listed in Table Il along with that for
LigsMnO,. In the case of as-prepared samples, the cation-

substituted L§gMn, _(Cr,AlMg),O, compositions have a higher 5th 20th
c/a ratio compared to that of LgMnO,. The c/a ratios of all the 4 th,20t 1st
samples decrease with increasing temperature, but for a given hea
ing temperature, the cation-substituted compositions have a highe 5
c/a ratio than LjgMnO,. The Li,sMnO, sample becomes cubic
with a c/a ratio of 4.90 at 120°C, while most of the cation- 10th & 5th 1st
substituted samples maintaincéa ratio of >4.90, even after heat- 8
5th,10th
4 1st
5097 —aLi; sMNnO, 3
—&—-Sample 1 2 5th,10th 1st
—e— Sample 2 8-, 8
o4 —&—sample 3 S 4 5th  10th
' -©--Sample 4 >°
. —e— Sample 5 3
k) T~ NN\
-
B 400 ] st 5th  10th =
©
3 . (@) 5th 10th 15th 1st
3
4.94 4
Dl TN
o 2 5th 1st 10th 15th
- = I T T T T d T T
Tm 0 50 100 150 200
4.89 T T T T .
0 50 100 150 200 CapaCIty (mAhlg)
Heat treatment temperature (°C) Figure 12. Charge/discharge curves indicating the cyclability(@f ortho-

rhombic LiMn,, (b) monoclinic layered LiMn@, (c) sample 3 in Table I,
Figure 11. Variations of thec/a ratios of the LjgMn;_y(Cr,Al,Mg),0, and (d) sample 5 in Table Il in the voltage range 2.5-4.0 V at a rate of
samples with heating temperature. 0.03 mA/cnt.
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of Mn®*" ions into Mrf* and Mrf* and then a migration of the
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formance of some of the compositions listed in Table II. The elec-
trochemical cycling data of samples 3 and 5 in Table Il that show the
best structural stability are compared with those of monoclinic 1.
LiMnO, and orthorhombic LiMn®@in Fig. 12. Both the monoclinic
and orthorhombic LiMn® show a clear development of the 3 V
plateau characteristic of the formation of spinel-like phases within
ten cycles(Fig. 12a and b). Both samples 3 and 5 do not show the 4.
development of a clear 3 V plateau at least within the first ten cycles.
However, the cation-substituted samples also show capacity fading,>:
since the layered to spinel-like transformation is not fully elimi-
nated, as evidenced from the X-ray patterns and the change in the;

c/a ratio. 8
. 9

Conclusions
Bulk samples of LjsMO, [M = Mn, Co, and Ni, Nj_,Co,, 10

Ni;_yMny, and Mn_,(CrAlMg),] have been synthesized by
chemically extracting lithium from the corresponding LiM@sing
N&S,0g. The ease of transformation of the layered, MO,
phases to cubic spinel-like phases decrease in the orgeMhD,
>LipsNiO, > LiggC00;, which could be explained on the basis of 7,
crystal field stabilization energies. The ease of transformation is re-
lated directly to the ability of the transition metal ions to occupy the 15.
tetrahedral sites, and ions with a large octahedral site stabilizatiori6.
energy suppress such a transformation. Additionally, the presence df’-
foreign ions in the transition metal plafmixed cations)s found to s
be effective in suppressing the cation migration and the formation of1 '
spinel-like phases, possibly by perturbing the cooperativity amongg.
the ions. In the case of manganese oxides, the migration may alsgo.
involve a disproportionation of Mii into Mn?" and Mrf*, and the 2L
presence of other cations may suppress the disproportionation a
thereby the formation of spinel-like phases. The mixed cation strat-,,
egy may prove effective in designing structurally stable cathode

hosts for lithium-ion cells. 24.
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