Journal of The Electrochemical Society49 (2) A127-A132(2002 Al127
0013-4651/2001/149)/A127/6/$7.00 © The Electrochemical Society, Inc.

Effect of Al,O5-Coated o-LiMnO , Cathodes Prepared
at Various Temperatures on the 55°C Cycling Behavior
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The electrochemical cycling behavior of &);-coated orthorhombic LiMn®(o-LiMnO,) cathodes prepared at various tempera-

tures (150-700°C) is reported. While the coatediMnO, cathodes prepared at 600 and 700°C show that Al atoms are uniformly
distributed throughout the particle, those prepared at 400 and 500°C show that Al atoms are mainly located at the surface region.
This difference significantly affects both the discharge capacity and the cycle life of the electrodes, and lower temperature heat-
treatment of the coated-LiMnO, results in a higher capacity and a better cycle life during 55°C cycling. In particular, coated
cathodes prepared at 400°C exhibit the best cycling performance, maintaining a maximum capacityoef ib&n®,, with a

minimal capacity loss. Moreover, capacity fading is closely related to Mn dissolution from,OMand L,Mn,O, phases
appeared over the 3 and 4 V cycling, respectively.
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Orthorhombic LiMnQ (o-LiMnO,) is an interesting intercala-  and the formation of LLIMnO; at the particle surface. The presence
tion compound used as a cathode for lithium batteries due to its highyf Lj,MnO, is attributed to MnO dissolution from kMn,O,,
theoretical capacity285 mAh/g. This cathode material has been which is generated as an over-discharged product on the surface of
known since 1956, and has a space groufPofnm? It has been LiMn,O, spinel electrodd’
reported thab-LiMnO, transforms to a phase having spinel-ike 1, order to improve the structural stability of tbeLiMnO,, cath-
ordering during cycling, which has been confirmed by both X-ray 4o qyring 55°C cycling, a partial substitution of Mn with Al in
diffraction (XRD) of the cycled electrodes and the appearance of theLi Mn.  ALO, was studiéd by Chianat al® However. this cation
4 and 3 V plateaus in the charge/discharge cufediell-ordered suxbstitldt)ilonyrezduces the initial)/ca acitg b .30 mAh/ ,and maximum
p-LiMnOZ prepared above 8(:-000 ShOV\()S nho iignﬁificagtg a:/paclzity faOI_capacity to 150 mAh/g. An alteprnati)(/eyapproachgimproving the
ing at room-temperature cycling over both the 4 an ateaus, o - ) '

g P yeing P structural stability is by coating the-LiMnO, surface with metal

unlike 0-LiMnO, prepared at low temperatures’%00°C) > Even . ; .
though poor cyclability over the 3 V plateau in,Mn,O, has been oxides such that a higher concentration of metal atoms at the surface
X

attributed to the mechanical failure resulting from the 16% increasg™@ Minimize the structural instability from HF attack. Sol-gel coat-

in the c/a ratio, induced by the collective Jahn-Teller distortfgh, N9 Of LiCoO, on LiMn,O, particles with subsequent heat-

cyclability was significantly improved in-LiMnO, by the creation treatments at 800°C has been demonstrated to be very effective for

of nanodomains of 5-20 nm upon transformation to cubic sginel. improving the structural stability of LiMjO, at 55°C cycl.ingl.S .

However, ar- |_||\/|no2 cathode showed more rapid Capacity fad|ng Wlth a Slmllal‘ Strategy, Sol'gel Coatlng Of dlffel‘ent metal OXIdeS Wlth

at 55°C compared to the room temperature cycling, exhibiting asubsequent heat-treatment may solve the serious capacity fading

20% capacity loss of its maximum capacity of 180 mAh/g at chargeproblem during electrochemical cycling in LiCgOcathode

and discharge currents of 150 and 75 mA/g, respectively, betweematerials:®

4.4 and 2.5 V after 100 cyclés. In this article, we report the effect of electrochemical cycling on
Mn dissolution in LiMn,O, spinel was the origin of elevated- o0-LiMnO, cathode materials that were prepared with a sol-gel coat-

temperature poor cycling performance, leading to the formation ofing of Al,O;, and subsequent heat-treatments at various tempera-

defect-type spinel§** The Mn dissolution was induced by acids tyres ranging from 150 to 700°C. This sol-gel coating provides a

generated from reactions of LipRalts with the water impurities  means of controlling the specific capacity depending on the heat-

present in the cell componerifs!® This reaction results in the for-  treatment conditions.

mation of HF, which drastically increases the dissolution of Mn

cations through a disproportionation reaction of¥n

M3t — Mn2t + Mn*t [1] Experimental

0-LiMnO, powders were prepared using stoichiometric amounts
Robertsoret al. suggested that the capacity decay is attributed to theof LiOH-H,0 and MO (1.05:1 mol rati¢ and heating at 800°C
disproportionation of the spinel electrode into an acid-soluble spefor 24 h under N or Ar atmospheres. An excess amount of 205
cies (Mrf), and compounds containing Mih ions, such as  mol) was used to compensate for the loss of Li during firing. To coat
Li,Mn,0g and L,MnO;.** Al,O; on theo-LiMnO, powder surfacéwith an average particle
55°C in a 1 MLIiPFg, ethylene carbonatéeC)/dimethyl carbonate  Aj(0OCzH,2) (OC;H,), was first dissolved in 2-propanoal, followed
(DMC) electrolyte, Blyret al. reported that manganese dissolution by continuous stirring for 20 h at 21°C. The powders were then
changes the spinel composition with a concomitant formation Ofmixed with the coating solution such that the total amount of the

. 13 . . .
s also associated with siruatura degradation of e spnel alcirog§23Ung soluion corresponded o 15 wt 6 of e MO, powders
g P Used. Metal alkoxides of AI(OR) were first hydrolyzed into
Al(OR)3(OH) by a reaction with HO in the atmosphere. Subse-
« Eloctrochemical Society Active Memb quently, the AI-OH groups in the hydrolyzed alkoxides
ectrochemical Societ ctive Member. .
= Electroohemical Sgcieg Student Member. Al(OR);(OH) were polycondensed into Al-OR groups to form

Z E-mail: jpcho@samsung.co.kr (OR);3AI-0-Al(OR) 3 within the coating layer. Finally, the Al-OR
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Figure 2. EPMA analysis of the Al atoms in the coatedLiMnO,, prepared

at 150, 400, 500, 600, and 700°C as a function of distance within a particle.
Inset: AES depth profile of Al atoms in coatedLiMnO, prepared at 150
and 400°C.

and the cell was remade replacing the cycled Li-metal anode with
fresh Li. These remade cells showed similar capacity within 170
v mAh/g, comparable to those of the matching original cells after 50
___J A ULU cycles. This confirmed that the capacity fading of the original cell
| : ol e 3 1 ]~ - : h ; after cycling was due to the cathode. XRD patterns were taken after
10 15 20 25 30 35 40 45 50 55 60 65 70 50 cycles using the electrodes that were prepared as follows: the
Scattering Angle 2 0 (degree) cycling tests were stopped at the end of discharge at 2 V and held at
this voltage for 20 h. The cells were then dissembled carefully in a
Figure 1. XRD patterns of coated-LiMnO, powders prepared by sol-gel glove box to remqve the cathode. The sgmple cathode Wa's subse-
coating of AbO; at 150, 400, 500, 600, and 700°C. quently washed with DMC to remove the LipFHollowed b}_/ drying _
in a vacuum oven at 80°C for 24 h. An electron probe microanalysis
(EPMA, JXA-8900R, JEO)Lwas used to measure the Al concentra-
tion profile from a cross-sectioned particle, and Auger electron spec-
troscopy(AES) with sputtering was used for the concentration pro-
file in the vicinity of the particle surface.

groups reacted with the-LiMnO,, surface-OH groups, resulting in
a good adhesion of the D5 gel to theo-LiMnO, particle surface.
During firing, the Al alkoxide gel on theo-LiMnO, surface- Results and Discussion
O-Al(OR); was first decomposed into amorphous®d and then
crystallized. After drying theo-LiMnO, powders coated with the
aluminum alkoxide gel at 150°C for 10 h, the batches were then

fired at 400, 500, 600, and 700°C, respectively, for 10 h in a dried " . . SO
air atmosphere. LiMnO, specimen prepared at 150°C, which is similar to the case of

For electrochemical testing, cathode slurry was prepared by mixPareo-LiMnO,, but it disappeared at 400°C. The formation of the
ing the oxide powders, carbon blatBuper B, and polyvinylidene Lio,MnO, phase was due to a reaction with oxygen in the atmo-
fluoride (PVDF) in the weight ratio of 92:4:4. When the slurry sphere. Since this phase disappeared after heat-treatment at 400°C,
reached an appropriate viscosity, it was coated on an aluminum foii-MnO; was probably distributed mainly at the surface, thus de-
using a minicoater, and the-methylpyrrolidone was completely ~composing to LIAIQ and LiMnG, (Fig. 1). However, the LiAIQ
evaporated at 150°C fd. h in anoven. The cathode plate was then phase disappeared after heat-treatment at 706%¢ 1). In addi-
pressed into an appropriate thickness in a roll press, and blanketion, the splitting of(130) diffraction peak is interesting, increasing
into a disk 1 cm in diam with 25 mg of active material. The samples with heat-treatment temperature. A full-width-at-half-maximum
were then vacuum dried at 140°C for 1 h, and transferred to anlFWHM) of the (011) peak from bare and 400°C samples, which is
argon-filled glove box. Coin-type cell§2016 sizé contained indicative of the degree of stacking faults between the Mn and Li
0-LiMnO, powders, a polyethylene microfilm separator, and Li Sites, was approximatel(26) = 0.096° (after correcting with the
metal. The electrolyte was 1.3 M LiRHlissolved in a mixture of  instrumental resolution functigncorresponding to<1% stacking
EC/DMC/ethylmethyl carbonatde C/DMC/EMC) (3/3/4 vol %. To faults?® However, this width is wider than that of-LiMnO,
ensure that the capacity fading of the coin cell was not due to thg(0.015°) reported by Jangt al® indicating the formation of a more
Li-metal anode, some coin cells were disassembled after 50 cycleglisordered orthorhombic structure.

The XRD patterns of the AD;-coatedo-LiMnO, samples pre-
pared at 150, 400, 500, 600, and 700°C are shown in Fig. 1. A small
concentration of LIMnO; phase was observed in the coated
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Figure 3. Plots of the lattice constants, b, andc as a function of heat-

treatment temperature.

Although the XRD patterns do not show evidence o0§@y or
LiMn,_,Al,O, formation from a reaction between the ,8; gel
ando-LiMnO,, LIAIO , formation as a minor peak indicates that the
Al,O; gel solution reacted with the-LiMnO, at the surface. In
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Figure 4. Plots of(a) cell voltagevs.capacity in coated LiMn@prepared at
400, 500, 600, and 700°C after six cycles, &b discharge capacitys.
cycle number in coated LiMnOprepared at 400, 500, 600, and 700°C.

surface(an inset in Fig. 2 A sputtering rate of 260 A/min obtained
from standard Si@is assumed to have the same sputtering rate in
the present sample.

The different distribution of Al atoms in the surface region
clearly affects lattice constants of the orthorhombic phase, and
c. The lattice constané decreases up to 500°C, whike and c
increase up to 500°CFig. 3). However, the lattice constants,and
c, decrease at 600 and 700°C. The increasing lattice constants,
and ¢, up to 500°C is probably due to the discretely higher Al
concentration at the surface than in the bulk. However, the trend at
600 and 700°C is believed to be due to deeper diffusion of Al atoms
into the particle. A similar behavior was also observed in
SnOs-coated LiCoQ.18

Such a different Al distribution also influences the cycling be-
havior of coated electrodes, showing large capacity variation de-
pending on the heat-treatment temperature. The discharge capacities
of the coated electrodes prepared at 400 and 500°C are 170 and 167
mAh/g, respectively, between 4.5 and 2 V at a rate of 0.23€

order to further investigate the distribution of Al atoms throughout mA/g) after six cycles. However, those prepared at 600 and 700°C
the particle after coating, EPMA was used to map its distribution, asshow a rapid decrease to 100 and 95 mAh/g, respectily 43.
shown in Fig. 2. Coated samples prepared at 150, 400, and 500°Clote that capacities of the coated samples prepared at 400 and

show that Al atoms are distributed within thelum region. How-
ever, heat-treatments at higher temperat(€® and 700°Clead a

500°C are similar to that of bar@ LiMnO,. Such a rapid capacity
decrease in samples prepared at 600 and 700°C is due to the uniform

deeper diffusion of Al atoms into the particle. This is consistent with formation of the solid solutionp-LiMn;_,Al,O,, across the par-
AES of samples prepared at 150 and 400°C, showing the formationicle. A higher capacity in the coated LiMnQprepared at lower

of a LiMn;_,Al,O, solid solution

in the vicinity of the

temperatures may be due to the formation of a thin solid solution at
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Figure 6. Plots of Mn dissolutiorfatom %9 of coated electrodes prepared at
400, 500, 600, and 700°C. The electrodes were floated at 3.95 and 2.5 V for
15 days at 55°C.
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~1 pm thin coating of LiMn_,Al,O, at the surface effectively
suppresses the formation of the cycling-induced monoclinic phase.
The formation of the LiMnO; phase was reported to be caused
mainly by Mn dissolution from the LMn,O, tetragonal spinel
(space group4,; /amd).*” In order to study Mn dissolution from the
bare and coated electrodes, half-cells were floated at the end of the
T N P A N 4 agd SfV pzlgtia(lg(s’a._% and 2.5I V, rtehspectlilvelyat const?r:jt-v:)ltﬁge
modes for uring six cycles, the cells were cycled at charge
10 15 20 25 30 . 35 40 45 S0 55 60 70 and discharge rates of 0.01)The electrodes were then dissembled
Scattering Angle 26 (degree) from the half-cells in the glove box, and kept in tightly sealed vials
) ) containing constant amounts of the electrolytes at 55°C for 15 days.
e v ks o o 35 recotes. The ces WEre.The 4 and 3 V plateaus correspond to0x = 1 and 1< x < 2
respectively, in LiMn,O,, where the Li atoms insert at the 8a tet-
rahedral sites and the 16¢ octahedral sites, respectively. Inductively
) - ) ) coupled plasm&CP) mass spectroscopy of the electrodes shows a
the particle surface. In addition, capacity retention of the coatedgjstinct difference upon heat-treatment temperatures, as shown in
electrodes appears to deteriorate with increasing heat-treatment tengig. 6. Mn dissolution in the electrodes floated at 2.5 V rapidly
peratures, showing 2, 6, 30, and 33% losses of discharge capacitiggcreases, compared to those floated at 3.95 V.
after 50 cyclegFig. 4b. This again shows that the capacity reten-  Fyrthermore, Mn dissolution proceeds much faster in the cath-
tion is effective with a thin coating of LiMn,Al,O, on the  odes prepared at 600 and 700°C, than those prepared at 400 and
LiMnO, powders. However, capacity retention of the coated samples00°C. These results indicate that not only isNh,O, more struc-
prepared at 700°C, in which LiMn,Al,O, was formed uniformly  tyrally unstable than LiMsO, in an acidic electrolyte, but also the
across the particle, is much worse than that of the homogeneougniform (deep formation of a solid solution across the particle is
0-LiAl 4 ;Mg ¢0,, which shows only a 3% capacity loss after 50 not effective in preventing Mn dissolution from the particle.
cycles* Such a difference may be due to the different C rates used. This argument is also supported by examining the capacities on
Chianget al* used charge and discharge current rates of 150 and 78he two voltage plateaus with cycling. While the coated samples
mA/g, which are five and two times, respectively, faster than thisprepared at 400°C show almost no capacity decreases at both the 4
study (36 mA/g for charge and dischangeélower C rate tests at an and 3 V plateaus, those prepared at 700°C show a significant 3 V
elevated temperature caused higher capacity fading in the JGlyin  capacity decrease, thus showing 7 mAh/g after 50 cy@dts 7a
spinels?! At room-temperature cycling of the uncoated and coatedand B. However, the 4 V capacity loss was 34@om 45 to 30
electrodes, no capacity fading was observed after 50 cycles. mAh/g), indicating that the LiMpO, phase was transformed to
Structural studies were conducted on cycled electrodes disdefect-type spinels. The formation of these spinels cannot be iden-
charged to 2 V after 50 cycles, as shown in Fig. 5. The XRD patternstified by XRD because the diffraction peaks of those phases are
clearly show that the major crystalline phases exhibit an overallsuperimposed on each other. Nonetheless, the degree of peak broad-
cubic symmetry, irrelevant of the Al concentration. Note that the ening indicates the formation of such defective spiiElg. 5. The
amount of monoclinic and LMnO; phases increased with higher results show that tetragonal ;Mn,0O, spinel is converted to rock
heat-treatment temperatures. Hence, coated electrodes preparedsalt Li,MnO; during cycling. However, this contradicts the observa-
600 and 700°C consist of a majority of cubic, with a minor concen- tion thato-LiMnO, appears to have no capacity fading over the 4
tration of Li,MnO; and monoclinic phases. On the other hand, and 3 V plateaus during room-temperature cycling, while the XRD
coated LIMnQ specimens prepared at 400°C have only cubic phasepatterns of the cycled electrode clearly show increased peak
after 50 cycles. The formation of the monoclinic phase gets reducedroadening. This can be attributed to the small crystallite size and
as the Al atoms remain at the particle surface, indicating thatincreased lattice strain, but not to Mn dissolution.
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Figure 8. Plots ofAk vs. kin the coated LiMnQ electrodes before and after
cycling.
Figure 7. Plots of(a) cell voltagevs.capacity in coated LiMn@prepared at yeling

400 and 700°C after 50 cycles, afid) evolution of 4 and 3 V discharge

capacitiesvs. cycle number for coated LiMnOprepared at 400 and 700°C

tested in coin-type half-cells between 4.5 and 2 V. Capacities of 4 and 3 Vprepared at 500, 600, and 700°C. A higher concentration of Al at-
were calculated in the voltage ranges of 3.5 to 4.5 V and 2.4 and 3.5 V,oms at the surface than in the bulk apparently stabilizes the cubic
respectively. LiMn,O, and tetragonal LMn,O, lattices during cycling. How-
ever, when Al atoms diffused more deeflyniformly) into the par-

ticle (LiMn,_,Al,O,), capacity retention deteriorates. The in-

K . Pr&reased degree of peak broadening after cycling in the coated
pared at 400 and 500°C can be attributed to other reasons, sinGgyhodes prepared at lower temperatures was associated with the
both ICP analysis and the capacity-evolution plot at the 4 and 3 Vigrmation of nanosize crystallites and/or lattice strains, while peak
plateaus indicate that Mn dissolution from the LiM and  proadening in those cathodes prepared at higher temperatures origi-
Li,MnO; is not likely to occur. Instead, such broadening may be nated from Mn dissolution.

associated with the small crystallite size and/or lattice strain. To
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