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High Capacity, Temperature-Stable Lithium Aluminum Manganese
Oxide Cathodes for Rechargeable Batteries
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Manganese oxides are of great interest as low cost and environmentally sound intercalation cathodes for rechargealtterigsium ba
but have suffered from limited capacity and instability upon cycling at the moderately high temperatures (50-70°C) erninouatgred
applications. Here, we show thatAl, ogVing o0, of both the monoclinic and orthorhombic ordered rock salt structures exhibit stable
cycling and high discharge capacities at elevated temperatures, after an initial transient associated with a spinelraksfphase t

tion. In cells utilizing Li anodes tested at 55°C, rechargeable capacities of 150 mAh/g for the orthorhombic and 200 mamgier t
oclinic phase and energy densities ~500 Wh/kg were achieved over more than 100 cycles (2.0-4.4 V). At low current degsities, cha
capacities approached the theoretical limit. The temperature stability and excellent electrochemical performance, contimned with
toxicity and low raw materials cost, make these compounds attractive cathodes for advanced lithium batteries.
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Lithium-ion batteries are presently the power source of choice foreport on the discovery of an unanticipated attribute of aluminum dop-
portable electronics due to their reliability, safety, and high energy dening, namely, the improvement of elevated temperature stability and
sity on a volume or weight basis. Commercial applications of batteriesapacity in both the monoclinic and orthorhombic polymorphs of
based on LiCo@intercalation cathodes have undergone enormous.i,Al,Mn;,O,.
growth since 1995, and provided that performance and cost can reach Experimental

accepted goals, implementation in larger scale applications such as Compositions LiAl,Mn, 0, (x = 1.05,y = 0.05, 0.07, and 0.25)

electrlp vehicles is antlplpated. An intensive sgarch for new electrode ere synthesized in the form of fine powders by a coprecipitation and
materials has been driven by the need for higher energy density #feeze-dr ing route as previously report€d®The slight excess of Li
lower cost. Lithium manganese spinels have been the focus of ma ying P y rep ) g

ny. "~ A .
cathode studiek4in large part due to their low cost and toxicity com- Was introduced to compensate for losses during firing. The solid solu-

pared to LiCoQand LiNiO,. However, LiMO, spinel exhibits lower bility of Al, and the relative stability of the monoclinic and orthorhom-

: : _ N bic phases, were determined through systematic firing experiments in
rechargeable capacity than LICp@15-120 vs. 120-135 MAN/S), e temperature range 800-1100°C and over ten decades of oxygen
and rapid capacity fade at elevated temperatures in the range of 5

o 102 > :
70°C8-9 Several recent studies have focused on metastable or diso clivity (p02 102 to 102 atm), controlled using Ar/@and CO/CQ

. L : . g[jas mixtures. Scanning transmission electron microscopy (STEM,
dered manganese oxides. Monoclinic LiMn@tLiMnO,) W'th. the Fisons/VG HB603 instrument) was used to measure directly the Al/Mn
layered rock salt structurei{NaFeQ type) has been synthesized by

. o ; atio in individual oxide particles, and STEM imaging and X-ray dif-
ion exchange of lithium salts with NaMp® and by hydrothermal ratio : : .
reactiont! but capacity is low and significant fade has been reported i fraction (XRD) were used to detect the aluminum-rich paselo ,

P : the sole impurity phase formed). The structures of the major man-
room-temperature tests to date. Orthorhombic LiM(@LIMNO-) of rt . . - . . .
the ordergd rock salt structure described by Hglppe JétrHSZ)also ganese oxide phases were identified using XRD and simulations of

. 5 . _ model structures with commercial software Cé¥iys 3.5, Molecular
been studied by several grousi>and has been prepared with vary Simulations Inc., San Diego, CA). In addition to XRD, transmission

ing degrees of crystallographic disorder. Increased capacity (initial val= - ) .
ues at room temperature exceeding 200 mAh/g) is seen in the more d| lectron microscopy (TEM) and selected area diffraction (SAD) of

ordered forms of this material, but is also accompanied by greatesrtg'r\]/('j(]ltuh"’:eI gxgﬂﬁ pﬁ,ré'ﬁ&sdmﬁggecﬁﬁgﬁt}gzgﬁz were used to under-
capacity fadé>As we show, the cycling performancemEiMnO,, at yeing p :

elevated temperatures is also poor. Amorphous manganese oxlﬁodidecaﬂfcl)edcér\?v‘;geTéca;rfjt;w:rn?izirrfg'??ﬁeuj‘;?geteztwc de;lrs ég:’ggf%lrfk
and manganese oxitfecathodes have recently been synthesized, in prep P ! '

which high rechargeable capacities (260-278 mAh/g) are achievabgaphite’ and poly(vinylidene fluoride) (weight ratio 78:6:6:10). These

. . ixtures were compacted at 4 t-éim pellets 10-25 mg in weight and
upon insertion to lower yoltages (< 2 V). The elevated temperatur .5 cn? in cross-sectional area. In the test cells, these were separated
properties of these materials have not been reported.

An attractive cathode material would meet or exceed the electrof-rom a Li metal foil anode by a Celgard 2400 membrane, and flooded

. o : with 1 M LiPF; in ethylene carbonate-diethylene carbonate (1:1 vol-
chemical performance and elevated temperature stability of LiCoO ume ratio) liquid electrolyte. Charge-discharge studies were performed

while retaining the low cost of the manganese oxides. The aluminum ith a Maccor series 4000 automated tester at room temperature and at

doped manganese oxides of this work appear to meet this goal. o ; ; .
originally focused on LAl Mny.,0, solid solutions in order 1o inves- C. Details of cell assembly and testing are published else#here.

tigate the effect of aluminum doping on intercalation voltage, extend- Results and Discussion
ing a study in which aluminum doping was found to increase voltage Monaclinic and orthorhombic phase powders were obtainBo,at
in LiCoO,.18 mLiMnO, (C2/m) has the same layered cation ordering < 104 atm in the temperature range 800-1000°C. Undoped LMnO
as LiCoG (R3mspace groum-NaFeQ structure type). In a previous  crystallizes entirely in the orthorhombic phase under these conditions
paper we showed that,Al,Mn,., O, solid solutions can be stabilized (Fig. 1d), showing that the Mn valence is predominantly 3+. In this
in this structure under reducing synthesis conditldmss discussed temperature range significant reduction to2¥(e.g., appearance of
later, the solid solubility of Al in LiMn@is too low for a meaningful ~ MnO) was not detected 8o, > 1012 atm. The monoclinic phase was
test of voltage effects in this system. However, the monoclinic phase dftabilized within a narrow window of temperature and oxygen activity
composition LiAp »gMing 760, showed discharge capacity as high as for aluminum-doped compositions, but was not obtained under any fir-
180 mAh/g at room temperature in short term cyckhgiere we ing condition in the absence of aluminum doping. A very nearly single-
phase monoclinic LAl ogVing 950, was obtained after firing &t =

. ) ) ) 950°C anoP02: 107 atm for 2 h (Fig. 1a). XRD was used to distin-

o glectrochemica ggg:gg’ fActive Member. guish this phase from cubic spinel, which has a similar diffraction pat-

2 E-mail: YCHIANG @MIT.EDU ’ tern, as discussed previousASTEM compositional mapping (Fig. 2)
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Figure 2. STEM bright-field image and energy-dispersive X-ray composition
maps for Al and Mn, showing uniform distribution of the cations.

=107 atm. (b)0-LiAl 5 odMng o40,, fired at 800°CPo, = 1012 atm. (c)m-
LiAl ¢ ,dMng 760,, fired at 950°C,Po, = 107 atm. (d) o-LiMnO,, fired at
950°C,Po, = 10° atm. SymbolJ in (c) indicates-LiAlO , (tetragonal).
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Figure 1. XRD for chemically synthesized JAl,Mn,., O, materials showing 81 E
variation in phase stability with firing temperature and oxygen activity. Results i 3.0}
for 2 h firings.@ indicates Kkl) lines for the monoclinic phase asdndicates = meLitd,  Mn 0L N
those for the orthorhombic phase. ifa).iAl 0_()Sl\/lno_gé,oz, fired at 950°CPo, = o5 r=ss'c l.\

1,=104.4 miig (G2 0 rate)
1,=26.1 m&vg (/7.9 rate)

0 00 200 300 400
shaved thatAl and Mn are uniformly distrioted throughout the crys- Specific Capacity (mAh/g)

talline oxide particles. Compositions wigh= 0.07 and 0.25 shed
detectabley-LIAIO, as a secondgr phase codsting with m-
Li,Alg ggMng o=0, at T = 950-1000°C (Fig. 1c)lhus in this tempera-
ture rangethe solid solubility oA\l in the monoclinic phase is between
y = 0.05 andy = 0.07.As eitherT or Po, were decreasethe amount
of orthorhombic phase increased at tRpemse of monoclinic phase,
shaving an apparent w¥phase codstence ield separating monoclin-
ic and orthorhombic single-phaseldis.At T = 800°C and’o, = 1010
atm, nearly single-phase-Li Al ogMng o£0, was obtained (Fig. 1b).
The aluminum solubility in the orthorhombic phaseswearly identi-
cal to that in the monoclinic phase.

These materials aréné in particle sizeyet highly orderedas
opposed to the disordered manganese o}Ri&ZDirect examination i
by TEM shaved that the particle diameter of the orthorhombic phase 0 50 100 150 200 250 300 350

powders vas 0.1-0.2um while that of the monoclinic palers vas 0.5- Specific Capacity (mAh/g)
0.8 um. No signifcant broadening of XRD peaksaw obsered (Fig.

1), with the exception of the (110) line in the thorhombic phase, Figure 3. Elevated-temperature cycling tests. (a) Charge/discharge curves at
which has been correlated with the planar defect content in thi§5°C for a cell containingLiAl o odMng o£0, as the cathode. Notice a sin-
phase?2 The o-LiMNnO-, obtained under the present high temperaturegle plateau during the first charge, followed by evolution to two voltage
firing conditions ehibit a narrev (010) difraction peak (full width at  plateaus at ~4 and ~2.9 V. (b) Charge/discharge curves at 55°C for a cell con-
half-maximum < 0.15°) at@®= 24.8°(Fig. 1b,1d), indicating a lov  t@iningo-LiAl 5 ogVing o0, as the cathode.

defect contentTEM also shwed that the asred pavder particles

were lagely free of internal defects.

At 55°C, both m-Li,Al,Mn4., O, and o-Li,Al,Mn;, O, shaved a  constant Li chemical potential. Consistent with these indications of a
single frst-chaging plateau near ¥, followed immediately by del- cycling-induced structural transformationasv a transient capacity
opment of tvo wltage steps at ~4 and ~2/9respectiely, upon dis- response (Fig. 4a) which the 55°C capacity rises to a peak or steady-
chaging (Fig. 3). In these continuougating tests,further gcling state walue after 6-30 yles, depending on the speicif material.
resulted in eolution of the wltage profe into two clear plateaus rem-  Similar results were reported for room-temperature testgnof
iniscent of the LiMn,O, spinels,as discussed laterowever, unlike LiyAlyMn4,0,,1%and were also seen for tbe.i Al Mn,, 0, samples
either undoped or doped LiM@, spinels/-9.23stable gcling is not  at room temperature (not sia).
limited to the 4V plateau,but is achiged over both wltage plateaus, Capacity vs. ycling results in Fig. 4 illustrate a central point of this
allowing reversible atraction of a higher lithium fraction from the paper: aluminum doping decreases the capaciagef rate of
crystal.After extended gcling (>30 gcles),a particularly flat 2.9/ both the monoclinic and orthorhombic polymorphs atatksl temper-
plateau (Fig. 3 and 4b)as obsersd,indicating a tve-phase rgion of ature. At 55°C, undoped o-Li,MnO, loses capacity at a rate

i Tes5C
11,2150 mAg (G rate) \
| |, =75 mtg (52 rale) \'\. "
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Figure 4. (top) Speciic capacity vs. ycle number for monoclinic and
orthorhombic polymorphs of LiglggMng o:0,, tested at 55°C. Noticewaer
capacity &de in both aluminum-doped polymorphs. (bottom) Disghar
curves for theo-LiAl 5 ogMng o=0,, cathode in (a)taken at a laver rate after
the 100th gcle. The capacity between 4.4 and ¥.@pproaches the theoret-
ical value of 289 mAh/g based on Mralence. Note also the flat 2\
plateau indicating the cristence of tw phases.

of about 0.5% per ycle, while m-Li,AlyggMng o0, and
0-Li,Alg gdMng g0, shaw loss rates of 08Band <0.1% per ycle,
respectiely. As with virtually all intercalation electrodethe specit
values of capacity and eggrdensity were dependent on geldis-
chage rate. Figure 4a sivs \alues obtained at clging and dischar
ing rates considered to be realistic for pnapplicationsAt 55°C, m-
Li,Al g ggMng o=0, ando-Li Al pgVIng 940, shaw dischage capacities
of 188 and 146 mAh/gespectiely, after extensie cycling. The cor-
responding engy densities are 602 and 48#/kg, which are com-
parable to those for the LiCgOand LiMn,O, spinel (480-520
Wh/kg)3 After the initial transient responsae coulombic diciency
exceeded 95% under these test conditions. In asiithe undopea-
Li,MnO, reaches a higher peak capacity of 185 mAblg, fades
rapidly to 82 mAh/g by 100ycles (Fig. 4a).

Upon decreasing the clga/dischage rate the capacities of both
phases increased to nearly the theoretical limit fgklgiggMng g=0,.P
After first g/cling the cells 100 timeg ¢he abwe ratesa lower current
density vas appliedstill at 55°C.As shavn in Fig. 4a and tl. =14
= 19 mA/g,dischage capacities of 233 mAh/g and egedensities
706 Wh/kg were obtained io-Li,Al g ggMNng g£05. At I4=9.4 and 7.5
mA/g, dischage capacities reached 260-280 mAh/g andggneensi-

2 This cell shaved lithium metal dendrites upon disasseméiggesting cell dga-
dation may hee occurredjn which case the true capacigde of the oxide may
be laver than 0.3% perycle.

b Assuming reersible intercalation between compositionscaf 0 and 1the theo-
retical capacity is 289.7 mAh/g for the compositiopAlLp ogVINg g=05.
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Figure 5.XRD of ¢ycled cathodesxamined after dischge to 2.0V(a)The
0-LiMnO, phase has transformed to a predominantly cubic spinel phase
(indicated by symbod). (b and c)The monoclinic and orthorhombic phas-

es of LiAly ggVing 950, evolve tovard similar phase assemblagesnsisting

of a monoclinic major phase (indicated by sym®@dland a lesser amount of
cubic spinel Additional minor phases were detected TM; see t&t. (d)

SAD pattern from an oxide particle in tleLiAl 5 ogMng o=0, cathode that

has transformed during/dling to the layered monoclinic phagene reflec-

tions and zone axis are ind&l in the rhombohedrati{NaFeQ structure)
setting.

ties reached 788-82&Vh/kg. Similar tests conducted om-

Li,Alg ogMing o=0, yielded 249 mAh/g (788Vh/kg). The coulombic
efficiengy at these laver current densitiesas essentially 100%. Note

in Fig. 4b that additional capacity beldhe cutof of 2.0V appears
accessiblesuggesting that the aluminum-doped compounds can inter-
calate lithium gen bgond the theoretical limit defed by the man-
ganese alence state.

Although both the starting structure of the compounds and the
obsenation of a singleifst-chaging plateau indicate that lithium is
removed from octahedrally coordinated sites during e €hage,all
three of the tested materials shan eolution tavard two woltage
plateaus upon dischg®, suggesting a structural transformation to
spinel-like cation ordering:14.15.19The 4V plateau ver which the
lithium concentration aries between 0 X < 1 is belieed to corre-
spond to insertion at 8a tetrahedral sitelsile the 3V plateau oer
which 1 <x < 2 corresponds to insertion at 16c octahedral sites as a col-
lective shift of Li ions from 8a to 16c sites occurs at high lithium con-
centrationg4 To understand possible structural origins of the unusual
stability of the aluminum-doped materialse conducted XRD and
TEM analysis of gcled cathodes in the fully lithiated state (idis-
chaged to 2.0v). A striking difference vas obsered between they
Li,Alg ggMing 9£0, ando-Li Al g ggMing g0, compositions in compari-
son to the undopeatLiMnO,.

Addressingifst the undoped-LiMnO,, we found by XRD that it
indeed shavs a transformation to spinel (Fig. 5B)i that in the fully
lithiated state this appears to be predominantly a cubic spinel and not
the tetragonal spinel that normally results upon lithiation of
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LiMn ,0,.25 (While the tetragonal spinel XRD is not displayti two

are readily distinguishable from one another by XRIDé collectve
Jahn-Eller distortion that occurs average Mn alence <3.5% and

to which gcling fade of the spinels has been atiténl2? has appar-
ently been suppressefEM shaved that while theyeled o-LiMnO,
particles were strained and occasionally fractuasdias been seen in
LiCoO, cathodeg8 the transformation to cubic spinel did occur uni-
formly throughout indiidual particles (as opposed to nucleation of
new particles of spinel phase). Suppression of the tetragonal spinel di
tortion and the associated electromechanical damage may be respo
ble for the more stableycling of 0-LiMNO, compared to carention-

al LiMn,O, spinel.

Analysis of the gcled mLiAlgoMngedd, and o-
Li,Al g ogMng 950, cathodes by XRD an@iEM revealed a more com-
plex phase assemblage. Fitsg, XRD it was obsermd that both phases
evolve after ~100 ycles at 55°C ward the same phase assdse
(Fig. 5b and c)The gcled cathodes shopredominantly tw sets of
reflections,one of which is the cubic spindlhe second set oéftec-
tions,which represents the er fraction of the xide total,appears to
constitute a mixtw of the monoclinic phase and theagtinal spinel.

In a previous papet® we examined the distinctions be¢en the tetrag-
onal and monoclinic phases in XRDi@asing computer siatations of
various assumed structured sheved that while the te have very
similar XRD patternsthey are distinguishable from one another by the
relative intensities and positions of filéiction peaks in the@-= 65-68°
range (using Cu & radiation; Fig. 2 in Ref. 19). Careful scruytinf
these XRD peak®f both aluminm-doped cathodes aftgrating indi-
cates the presence of both monoclinic and tetragonal phases. SAD
individual g/cled oxide particles usinBEM also shwed the presence
of multiple phasesalthough spinel is a major phase the gcled m-
Li,Alg ogMng o0, cathode,monoclinic phase and cubic-spinel tpar
cles were obseed,along with a gt-unidentifed phase. In theycledo-
Li,Al g ogMng o£0, cathodethe monoclinic and cubic spinel phases,
some residual orthorhombic phaeae instance of a temonal spinel
particle,and the same uniderdifl phase were seeh.recent study of
cycled LiCoQ, cathode2® has shan that electrochemically induced
damage and cation disorder occur un@formly within a composite
cathode. In the psent material&ven though the stéing materials are
single phaseit is not suprising that there is someanation in the
cycling-induced phaseansformations from particle to partickes the
rate and depth of chge/dischage are lilely to \ery at the particle leel.

The apparent transformation of the orthorhombic phase during

cycling is particularly surprising. Figure 5d st®the SAD pattern
from a particle in theycled o-Li,Alg ogMng o£0, cathode shawing
six-fold symmetry Simulations hee been conducted of the SAD pat-
terns of LIMQ, and LiM,0O, oxides (where M is the metal) ofveeal
ideally ordered and partially disordered structdfethe a-NaFeQ
structure typecubic LiM,O, spinel, and so-called lithiated spinel
Li,M»O, in which Li occupies 16c octahedral sitesénall been sim-
ulated,and of thesethe SAD pattern in Fig. 5d can bep&ined only
by layered a-NaFeQ type ordering. Unlik the gcled m-
Li,Alg ggMng o205, in which detection of the monoclinic phase could
simply indicate some untransformed starting matetial appearance
of the monoclinic phase irycledo-Li,Al y ogVing o0 is evidence for
a g/cling-induced transformatiofthis in turn suggests that the mono-
clinic phase of LiMnQ s stabilized by aluminum dopings was pre-
viously seen under high temperature synthesis condifons.

The \ery flat 2.9V dischage plateau in theycled cathodes (Fig. 4)

indicates a constant lithium chemical potential in the cathode that

requires the cogstence of at least wphasesassuming local equilib-
rium. The g/cled cathodes certainly satisfy this requirem&he near
theoretical alues of dischae capacity further indicate that the oxide
is nearly completely delithiated and lithiated durirygling. A more
specifc interpretation of theoltage-capacity priég, in the contgt of

the phases presentguires more detailed kntedge of the phase frac-
tions and the intercalation betar of each phase. Both the spinel and
monoclinic polymorphs can conttite capacity on the ¥ plateau,
while presumably only the spinel phase(s)vjate capacity on the 2.9

V plateau. Since we kia only examined the phase assemblage in the

fully dischaged stateit is also possible that a more comp$equence
of phase changes &dplace during intercalation. More detailgdra-
ination of the eolution of phases as a function gtte number and at
different states of chge/dischage seems arrantedand is undenray.

Conclusions

Compounds of composition JAl,Mn,,0, can be crystallized in
either the monoclinic destive of thea-NaFeQ structure type or the
orthorhombic ordered rock salt structudepending on the tempera-

Yure and oxygen aeity imposed during high temperature synthesis.
"Shdoped LiMnQ crystallizes only in the orthorhombic phase under

the same conditions. Both aluram-doped polymorphs appear to be
promising cathode materials for aahced lithium batteriess thg
exhibit much impreed resistance toycling fade at 55°C compared to
undopedd-LiMnO,, or a LiMnp,O, spinel,possess high ctge capaci-
ties in some instances approaching the theoretical limit (289 mAh/g),
and can be made fromwocost rav materials While both the mono-
clinic and orthorhombic phaseghibit a ¢/cling-induced change in the
voltage proie, unlike the LiM,O,4 spinel,the capacity is stable upon
cycling over both the 4 and 8 plateaus. In undopeatLiMnO,, this
stability is attrituted to a gcling-induced transformation to a stable
cubic spinel phaseyhile in both of the aluminum-doped polymorphs,
evolution to a more comptemultiphase mixture is obsed.
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