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Factors Controlling the Stability of O3- and P2-Type Layered MnQ
Structures and Spinel Transition Tendency in Li Secondary Batteries
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Cathode properties of two layered manganese dioxid@dn(@®, ., 5-yH,O, where A is the pillaring alkali cations) having different
crystal structures were compared in 3 V Li secondary batteries. The materials were prepared from the mixtuge lGOKINO
and MnO at 800 and 10%0, respectively. The 80C-prepared Mn@has a trigonalR3m space group with an O3-type oxide-pack-
ing pattern, whereas the 1080material has an orthorhomiiencmsymmetry with a P2-type oxide-packing pattern. The gallery
space where the pillaring cations and water molecules reside is wider in the case ofGha@@@ial. Due to the higher mobili-

ty of pillaring cations in the 80C material and similarity in the oxide-packing pattern (O3-type) to the spinel phases, the pillar-
ing cations are easily leached out during cell cycling, which ultimately leads to a lattice collapse and structural toatition t
spinel-related phases. By contrast, as the M%@aterial has rather immobile pillaring cations and its oxide-packing pattern (P2-
type) is far different from that of the spinel phases, this cathode shows better cycling performance, with its structtydieimegri
well maintained.
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Transition metal oxides have been widely studied for the cathodedly differ from each other. In addition, since the two Min@teri-
materials in Li secondary batteris$. Among those, the spinel als have different oxide-packing patterns, the spinel transition ten-
Li,Mn,0, presents advantages over the layerg@a®, or Li,NiO, dency is expectedly different between the two ph#s&sructure-
with a lower cost of Mn and easier preparation, but these advantageependent cathode cyclability of layered Mri©discussed.
are largely offset by the lower rate capability, lower theoretical capac- )
ity, and higher cell voltage. The first feature comes from its three- Experimental
dimensional tunnel structure where ionic diffusion during the charge/ Preparation and characterizations of layered MpSThe lay-
discharge reaction is more restricted than in the two-dimensional layered MnQ materials were prepared by a thermal treatment of mix-
ered structures. The lower theoretical capacity jiMhpO, is caused  tures of KNG (Aldrich, 99+ %), LIOH (Aldrich, 98+ %), and
by the narrower reversible rangé for Li* intercalation/deintercala- MnO (Aldrich, 99%) with an atomic ratio of K/Li/Me= 5/1/10. For
tion. The higher cell voltage may be a problem because electrolytethe synthesis, the precursor mixtures were first ballmilled, screened
can be decomposed during cell cyclingln this sense, the layered through a 400 mesh sieve (<63.8), and pelleted (2.54 cm in
MnO, (8-MnO, or naturally occurring birnessite-related Mp)@an diam, 1 mm thick). The pellets were then heat-treated at 800 or
be projected as an attractive candidate material because it combing85CC in air for 2 h. The heating and cooling rates were controlled
in theory several advantageous features inherited from each oxide.dt 2 and 18C min~1, respectively. After the thermal treatment, the
has a layered structure like CoO, and LiNiO,, thereby, a high rate  pellets were ground, washed with distilled water, screened through a
capability is expected. The lower cost of Mn is still a merit. In addi- sieve (<63.5.m), and dried at 12C under vacuum.
tion, its theoretical capacity is twice as large as the spinel assuming The crystal structure of the resulting powders was identified by
one-electron charge/discharge reaction in both materials. FinallyX-ray diffraction (XRD) analysis (Cu & = 1.5418 A) and further
since the cell voltage of Mngs known to be lower than the spinel refined by the Rietveld methdd Details on the Rietveld refinement
Li,Mn,0,,2 electrolyte decomposition is expectedly lower on thesewere reported in a previous papelhe powder morphology was
materials. examined by scanning electron microscopy (SEM). The K, Li, and

So far, there have been several attempts to apply layereg MnQvin contents were analyzed by the inductively coupled plasma (ICP)
to the cathode materials in Li secondary batteries, but the aboveaechnique. The total Mn contents and average Mn valence were ana-
mentioned advantages are not fully assessed due to problems dpzed by potentiometric titration as reported in the literatfire.
countered in this material. The most serious problem with layered
MnO, is, among others, their structural instability against the repeat
ed lattice expansion/contraction with cell cyclfh? Also, several
reports complained that layered Ma@aterials are susceptible to

spinel transitior:22°1t is thus likely that in order for layered MO idth = 1 mm, and apparent areal cn), and dried at 12€ under
materials to be successful for cathode application they should megt ., m | j foil was used as the anode and reference electrode. The

at least two requirements; the presence of immobile pillaring cationg s,y electrolyte was P& DME (L:1 volume ratio)/L M LiCIQ
at the gallery space to maintain the layered framework and reSiStan?‘f‘omiyama) where PC is propyléne carbonate and DME is di-

against spinel transition. methox . A
; ) . yethane. In order for the cell capacity to be limited by the cath-

In this study, we tr_|ed to prepare I_ay_ered_l\@ Iﬁa_terlals that ode such that the observed capacity represents that of the cathode, an

have the above-mentioned characteristics via a high temperatuig coss amount of Li metal was used as the anode. The galvanostatic

solid-state reactiof1? In the course of this study, we could fortu- charge/discharge behavior was analyzed (1 mAZ%0.4 C rate)
itously prepare layered Mn(hases of different crystal structures within a voltage cutoff range of 2.0 to 4.3 Va(LilLi *). All the

by adjusting the preparation temperature. The wo Mst@ses dif- o, heriments were carried out at 251°C in an Ar-filled dry box.
fer in the size of gallery space such that the mobility of pillaring

cations, and furthermore the stability of layered framework, expect- Results and Discussion

Preparation and structural analysis of layered MpSFigure 1
* Electrochemical Society Active Member. . . - .
aPresent address: Finecell Company, Limited, Kyungki-Do 463-070, Korea. ShOWS the thermOgrawmeu_y'd'ﬁer,em'al thermal _analy5|s (TG'DTA)
Z E-mail: seungoh@plaza.snu.ac.kr profiles that were traced with a mixture of KRJ@iOH, and MnO

Electrochemical characterization-To prepare the cathode, a

pasted mixture of Mn©powder, Ketien ECP600JD furnace black

(Armak), and polytetrafluoroethylene (PTFE) binder (15:2:1 wt ratio)
was pressed onto a stainless steel exmet (long wid2hmm, short
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Figure 1.Themogravimetric-differential themal anayses cuves obtained
with a mixtue of KNGO;, LiOH, and MnO (5/1/10 intamic ratio). Note the
endothemic peak 8998C. The heting rate was 10C min~ L,

(K/Li/Mn = 5/1/10 in @omic ratio). As shavn, the delydration tales
place & 100 to 200C and melting of KN@at 330 to 346C. As the
reactant mixtue decomposes £00 to 750C with a major wight
loss,the peparation tempesgture was set tiabove 800C. Also, as an
endothemic peak vas obsered & 995 to 1008C, which is seem
ingly related with a stucturl transition,the pepamtion was per
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Figure 2. XRD powder pdtems of the Iggered MnO, prepared & 800 and
1050C. Note thathe (00) diffraction lines a dominant in edtsample

formed & two tempeatures, before (800C) and after (105C) the
transition.

XRD powder pdtems of the Igered MnG; products ag reproduced
in Fig. 2,wher it is seen thahe laver angle (0D peaks a stonger
than the othey, which may aiise from a pefered orentdion thd is
commony obseved in layered maerials 1%29Figure 3 shavs the SEM
phota@raphs of the pgpared pavders.As the XRD esult sugeststhe
lamella-shped cystals ae well grown, indicaing thd the la/ers sta&
parllel to the &,b) plane @er lage domainsAs the pepaition tem
perature incleasesthe gowth of ciystal siz is @paent.

The Rieteld refinement vas perbrmed to assess theystal
structure for both méeerials. To avoid the poblems encounted with
the peferred oientdion, the efinement vas made ta26 = 30 to
70°. 1 After a caeful examindion of the pavder patem of the 806C
material, a tigonal system (spaceraup = R3m),21-22rather than
monodinic19.23-27gr orthorhombi&?.28 ones,was dhosen as a star

Figure 3.SEM photagraphs shwing the cystal shae of MnG;: (a) 800and
(b) 1050C. Note the lamella-sipad cystallites.
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ing model,with which all the difraction lines rcept one aca. 45°
could be indeed with hexagonal axes.The dda were further efined
with reasonbly smallR-factos. The esulting cystallographic pae-
metes ae listed inTable |, and the calculed and obseed difrac
tion profiles ae presented in i§. 4, wher the calculed Biagg
reflection positions @& maked as the ettical bas. In the case of the
1050C méerial, however, an othorhombic unit cell (spaceaaup =
Cmcm28 was hosen as the best stag model,with which all the
diffraction lines rcept three @ ca. 44,53,and 56 could be indred
The unindeed peaks @& not fully chatacteized, but probably come
from unknevn impuiity phasesThe esulting cystallagraphic pae-
metes ae listed inTable |, and the calcuted and obseed difrac
tion profiles ae displaed in Hg. 4.

Figure 5 shavs the shemadic drawing of the lgered MnG, struc-
ture (800C), which illustrates tha the mangnese ions in the yar
plane (3 Mn in B (0 0 1/2) site) a& octahedilly coodinaed and
that the ide ions in the Iger plane [6 O in 6(0 0 0.2034) site] or
vide the octaheai sites (& (0 0 0) site) 6r the K" and Li" ions and
H,0 in the gllery spaceThus,the staking patem paallel to thez
axis can be desbed asAcBa'CbAcBaCh’ (O3-type),wher A, B,
andC represents the positions of thgide ions,a, b, andc the posi
tions of the mananese ionsanda’, b’, andc’ the positions of K
and Li* ions and HO (Fg. 5b).
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Figure 4.Results of Rieteld refinement on the lgered MnG,. The unin
dexed peaks wre maked as (*).The cystallagraphic paametes were list
ed inTable I.

Table I. Crystallographic parameters of two layered MnO,
materials.

Preparation tempeature (°C)
800 1050

Formula L| 0.1%0‘34’\/'”02.19'0.27"&0 L| 0.1%0.36\/]”02.14'0.45"50

Crystal trigonal® orthorhombic
system
Space R3m (No. 166) Cmcm(No. 63)
group
Cell paametes
a 2.875(3) A 4.953(5) A
b 2.979(1) A
c 21.16(1) A 14.34(1) A
c/a 7.361 2.895
alb 1.663
Cell 151.4 B 211.8 B
volume
Calculaed 3.58 g cm?3 3.51gcm?
density
Atoms
Mn 3b (00 1/2) 4a (000)
97(1)%" 96(2)%
@) 6c [0 0 0.2034(3)] 8f [0 0.5904(4) 0.1019(3)]
100% 100%
K, Li 3a(000) 4c [0 0.2084(3) 1/4]
45(2)% 46(2)%
Themal 0.23(2) B 0.12(3) B
factor®
R-factos 9 (%)
Ry 1.29(1) 1.86(1)
Rup 1.79(1) 2.64(1)
Re(pected 3.85(2) 3.98(2)
Raragg 12.7(2) 15.6(2)
a8 Hexagonal aes were used ér indeing.
b Occupany.
¢ Overall isotropic tempegture factos were used
d Rfactos

R, = 1003y; — yoilZ|yi| patem R-factor

Rup = 100 & wi(y; — Yo)%= wy?)Y2  weighted pttem R-factor
Rexpected= 100 [(N— P + C)/% wy?)2  expectedR-factor

Reragg = 10021, — 12|l Bragg R-factor

wher, y;, v, andw; are the obsefed and calculed intensity and
weighted &ctor & eat sampling ste, respectrely, and N P, and C
are the mmbes of obsevation, refined paametes, and consaints,
respectiely, andl, andl are the obsered and calcutad intensity
at eah Bragg reflection position.

The 1050C maerial has the P2-type yared stucture as shan
in Fg. 6. In this sheme the mangnese ions in the yar plane
(4 Mn in 4a (0 0 0) site) a& octahedlly coodinaed and the gide
ions in the Iger plane [8 O in B(0 0.5904 0.1019) site] pvide the
trigonal pismatic sites [4 (0 0.2084 1/4) site]dr the K™ and Li*
ions and HO in the @llery spaceThus,the staking patem paal-
lel to thez axis can be desbed asAaBaBbAb' (P2-type) where A
andB represent the positions of theide ions,a andb the positions
of the mangnese ionsanda’ andb’ the positions of K and Li"
ions and HO (Hg. 6b).

A comparson of Fg. 5b and 6beveals thathe 800C-prepared
MnO, has a longr O-K-O inteplane distance (5.50 A) than the
1050C one (4.25 A). Br the O-Mn-O inteplane distancenowever,
the 800C maerial shaws a shaer distance (1.55 A) than the
1050C one (2.92 A)This illustrates tha the allery space is mar
spacious in the 80 maerial, but the MnQ octaheda ae consid
erably compessed along theaxis. It is thus likly that the binding
force betveen the pillang caions and the rgatively chaiged oide
layer is stonger in the case of the 10%D maerial.29
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Figure 5.Sdchemidic illustration of the lyered MnG; structure pepared d
80C°C: (a) thee-dimensional vie illustrating the position of alkali metal
ions,and (b) <110> mijection indicéing the O3-type st&ing patem.

In order to estimge the mobility of pillaing cdions,the maeri-
als were simpy soaled in electolytes,and the stictural chang was
examined As shavn in Fg. 7,when the 808C maerial is soaled in
the electolytes,there gpeas a substantialhange in the difraction
patems with some ne diffraction lines being deloped This ob
sewation is contasted § the ngligible chang in the 1050C mae-
rial. The demical analsis made after the soakingpeiment indk
caes thathe leabing of K™ ions is notaly higher fom the 806C
material, illustrating tha the pillaing species in this nterial are so
loosel bound thathey are easiy exchanged ty other ions and/onb
the sohent molecules. In corgst,the stonger binding of the pillar
ing cdions to the wide layer males the 105 maeral intact
against sub an dtac.

Cathode perdrmances of Igered MnQ.—Table Il summaizes
the dhemical composition and thesgical cagacity of two maerials.
The theoetical caacities thawere calculéed by assuming a one-
electon chage/disthaige reaction ae higher than thaof spinel
Li,Mn,0, (148 mAh g1). The laver walues in both the Mnalence
and theoetical cgacity in the 1058 méaerial come fom the &ct
tha man@gnese rides fvor oxygen-defcient phasestaigher term
peratures3® Also note the dference in the intdayer water content
between tvo samples.

Figure 8 shavs the gcling behaior of two cghodes thawas
obtained in the ¢hode-limited Li/PC+ DME-LICIO ,/MnO, cells.

(e)

00000
Q0O O®O®O® KHO425A
OOOOO O

00000 + "
00000

O0O00O0 A
L

o

717 A

2.92 A

-

a

Figure 6.Schemdic illustration of the Igyered MnG; structure pepared &
1050C: (a) thiee-dimensional vie shaving tha Mn ions ae locded in octa
hedal sites and alkali metal ionsf8 in trigonal pismaic sites,and (b)
<100> pojection indicéing the P2-type stking patem.

The initial dishaige cgacity is higher with the 80C méaerial as
expected fom its theoetical \alue For the céhode gclability, how-

ever, the 1050C mderial outperbrms the 808C one Fgure 9
shaws the glvanosttic chalge/dishage potential pofiles recoded

with the two cghodeswhere the cuves of the 1st and 41state ae

representedIn eat trace the top one coesponds to thehaiging

curve and the bottom one to the diaging cuwve. The two cghodes
shawv a similar potential @file a the 1st gcle hut far different ones
at the 41st gcle. In paticular, the dage and disbaige near 4.0/

are gpaent in the 80WC cahode athe 41stgcle. A comparson of
the damge/dishamge profiles of the tvo cahodes alsoaveals tha
the potential diierence betwen the baiging and dishaging cuves
is lamger in the 1050C cahode sugyesting tha cell polaization is

more seious in this electsde This fedure is discussed ter after
providing their gclic voltammarams.

In Fig. 10,the XRD pdtems ae displged tha were obtained
after the 20th lcaiging. It is seen thiethe cell gcling leads to a sub
stantial bang in the XRD ptiems in the 808C maeral. The dif
fraction peaks beloigg to the initial lgered latice disgpear but
several unknavn peaks deelop with the highest peak &8°. A sim-
ilar XRD result has beergported in the liteature, where the boad
and stong 18 peak is #ributed to the (111) difaction of spinel
phases thaare geneeted from the lyered NgMnO, after lepeded
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Figure 7.XRD patems of the MnQ maerials recoded after soaking in
vanous electolytes. Note thiathele gpear ne diffraction lines after soak
ing in the case of the 800 maerial but a ngligible chang in the 1050C
material.

cell gycling.14 This obsevation is contasted ly the 1056C maeri-

al tha maintains its strctural integrity for long g/cles.As seen in
Fig. 10, the (00) diffraction lines a still obseved even if they

become slighyl broader than the initial ones.

Figure 11 shws the gclic voltammayrams ecoded with the
two cahodeswhere the upper &ce in eda cuve coresponds to the
chaiging reaction and the bottom one to the Himging reaction. In
the case of the 800-prepared MnQO, only one edox pair is
obseved 4 2.7 to 3.5V in the 1st gcle. Upon cell gcling, howev-
er, additional redox pairs develop & around 4.0V, of which the loca
tion and shpe ae \ery close to those of spinel Mn,O, elec

200 T —T T T T T T T
180 |- .
O 160 I .
;% —&— 800°C
g 140 —O— 1050°C 7
~
Z 120 =
9]
8_ 100 | .
S
o & .
o
C 60 i
c
2 40
2
20 .
0 | | | 1 | [ 1 ]

0 20 40 60 80 100 120 140

Cycle numbers

Figure 8.Dischaige cagacity of Li/PC+ DME-LICIO ,/MnO, cells accad-
ing to g/cle numbes. Cyding was caried out @lvanostéically a& 1 mA
cm 2 (0.4 C) 2.0 to 4.3V (vs Li/Li 7). The cahodes vere composed of
MnO, powder, Ketjen Bla&, and PTFE binder (15:2:1 wétio).

trodes3! From this and another obsetion wherby the ycled
80C°C cahode gves the highest difaction line 418 (Fig. 10) like
the spinel phased, is very likely tha this mderal transbrms to
spinel phases with cellcling. In the meantimeas the spinel man
ganese pide cahode also lsaiges and didrages in the 3/ region;
the edo pair locded a 2.7 and 3.2 may be assigned to thaom
ing from the spinel phases. But as the initigeled MnO, cahode
also damges and didtages in this potentialegion, this assignment
is not \ery corvincing.

The 1050C cahode similaly gives ise to a edo pair & 3.7 to
4.0V, but it differs from those obsged with spinel-elated phases in
several feaures. Rrst,the dishiaging peak is so lmad and wak tha
it cannot beecanized Secondthe dawging peak steadilmoves to
the positve direction in the ange of 3.7 to 4.0/ with cell ¢ycling.
Third, it is not lesoled into two peaks. One poss$éhexplandion on
the naure of this edox pair has been pvided in the liteature,
whetre this is #ributed to the ridation peak of intdayer water mok
ecules®2 Two obsevations made in this stydhowever, do not sup
port this possibility Frst, this peak is lbsent in the 80T cahode
even if this mé&erial also contains the intayer water. Secondlif this
is the casea decease in the peak intensity igpected with cell
cycling as the ater is dpleted with epeded oidation. Contary to
this expectdion, the results in kg. 11 shav a steay growth of this
peak &3.7 to 4.0/ with cell gycling. It is, therefore, more likely tha
this higher potential peak islevant to the edox reactions imolved
in the MnG itself.

Table Il. Chemical composition and theoetical cgpacity of two layered MnO, materials.

Initial molar ratio
vs.MnO(100)

Preparation Avg. Mn Theoketical cgacity?
KNO4 LiOH tempeature CC) Formula Mn*t (%) oxidation stae (mAh g™h
50 10 800 Lig 180 3MNO, 150.27H,0 87.41 3.87 215
50 10 1050 Lig 100 2MNO, 140.45H,0 75.02 3.75 180

aTheoketical caacity based on a one-elamirdishage/chage reaction.

Downloaded 17 Jul 2009 to 147.46.182.184. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms use.jsp



418

Journal of The Electochemical Societyl47(2) 413-419 (2000)

S0013-4651(99)06-148-0 CC&7.00 © The Electochemical Societyinc.

5 T T T T T T 1 T
4
< 7 o
= 800°C 1
w 4T T
< l
>
S~
5[ l
c r 1st cycle ]
2 —— 41st cycl
5 2k st cycle ~
a
| | | | 1 | 1 | |
0O 20 40 60 80 100 120 140 160 180
Capacity / mAhg”
5 T T T T T T
t_
<l L
5 1050°C
v 4T 7
>
> f 1
~
5 %[ I
GC) r — lstcycle 1
© 2 T 4lstcycle _
a
| | | 1 | | 1

0 20 40 60 80 100 120 140

Capacity / mAhg”

Figure 9.Galvanostéic chage/disthalge potential pofiles of the tvo MnO,
cahodesThe cahode composition and/ding conditions vere the same as
for Hg. 8.

The esults in kg. 11 also she tha the potential dference be
tween the gidation and eduction peaksnore piominentl, between
the ledo pair locded in the laver potential egion, is lamger in the
case of the 108C cahode The lager cell polaization, which is also
evident in the glvanostéic chaige/dishage piofiles (Fg. 9), is
seemingy caused b a slugjish Li* intercalaion in this maerial. The
narower callery space and higher poptitan of pillaring species ma
retad Li™ intercalaion in the 1050C maerial.

The tansbrmaion from the 800C-prepard MnQ, to spinel
phases can bexglained asdllows. In tansition metal vide cah-
odes,the Li" intercalaion and deinteraldion process is often ac
companied B a ldtice wlume hang and eordeiing of metal ions
within the ldtice.33 In the case of mammese rides, the reorder
ing/mixing betveen the Li and Mn ions can egsilccur because of
the similaity in their siz.>1621|n paticular, as the Igered MnG,
prepared & 80C0°C in this work has the samexale pa&ing patem
as the spinel phasethe tansition can @adily occur without an
rearangement in the xide framevork. By contast, the stuctural
transition betwen those hang different «cide-paking patems,for
example the P2-O3 (fom the 1058C-prepared MnG; to spinels)
and O02-03 @nsition,is not likely because a high emggris required
for the beakdavn of metal-aide bonds and ttice rearang-
ment343° For example the P2-type Ipered Nag,dMnO,., and
Na,CoO, are reported to be indrto the spinel ainsition3®

Figure 12 shws the diemical compositions of wcahode mée-
rials tha were anayzed after cell gcling. As seenthe 800C maer-
ial rapidly loses K" ions from the gllery space bt the K' loss is
less signiicant fom the 1058C maerial. In the meantimesome Mn
loss flom both céhodes is notedsuggesting th& some pdion of
capacity loss comes dm the méeerial loss due to the dissolutiSr.
However, as the Mn loss ém both ctéhodes is lagely the samgthe
difference of cthode gclability can be asdbed to the diference in
the dgree of K" leaching and the concomitant stitural breakdavn.

(002)

Intensity

o
(004) 1050°C

| L 1 1 1 1
0 10 20 30 40 50 60 70

26 / degree / Cu ka

Figure 10.XRD pédtems of the composite teodes ecoded after 20 ycles.
Note thathe difraction lines thieare pesent in the &sh stte (see [g. 2) lage-
ly disgpear ot a nev diffraction line deelops 418 in the 800C cahode

Condusions

In this stug, two layered MnO, materials having different cys-
tal stucture were piepared, and their cthode perdrmance in 3V
Li/PC + DME-LiCIO4/MnO, seconday cells was irvestigated Of
paticular inteest was the identi€ation of the fictos contolling the
structural staility and spinel tansition tendencin the layered
MnO, maerials.

° — lIstcycle
800°C —— 22nd cycle
N
-
O
<
£
S~
% Il mAcm™2
C
3 1050°C
—
C
o
=
D
O
— st cycle
— 20th cycle

1 1 I 1 1 1
20 25 3.0 3.5 40 4.5

Potential / V vs. Li/Li*

Figure 11.Cydic voltammarams teced with tvo cahodes. Scanate =
0.1 mV s L. Note two redox pairs gpeaing & 4.0V (vs Li/Li ") in the
800°C cahode The c#@hode composition andycding conditions vere the
same asdr Fg. 8.
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Figure 12.Variation of K and Mn contents in the ttemde mégerials with cell
cycling. The cahode composition andycling conditions vere the same as
for FHg. 8. The demical compositions @e nomalized aainst those ob
sewed in the fesh stte.

The layered MnG, prepared & 800°C has a fgonal R3m sym
metly with O3-type aide-paking patem. Due to the widerallery
spacethe pillaing K* ions ae lidble to be easjl leached outAs a
result of stuctural instaility, the layered framevork is laigely de
stroyed with cell gcling, leading to seere cgacity lossAlso, due
to the similaity of oxide-padking patem to the spinel phasi read
ily transbrms to the spinel phases.

In contrast,the 1050C maerial has an adhorhombicCmcmsym-
metry with P2-type aide pa&ing, which is far different from tha of
the spinel As the @llery space is naower, the pillaing K* ions ae
relaively immobile This stonger pillaiing efect impats a stuctur
al stability to this mderal. The layered latice pesists @en after
prolonged cell gcling. The spinel ansbrmation is @sent as its
oxide-paking patem is diferent to thaof the spinel phase

Finally, the mobility of pillaing caions and the type ofxide-
paking patems tun out to be the most impant factos contolling

the stdility of the layered MnG, structure and the tendewcfor
spinel tansition.
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