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Significance of the Tetrahedral A Site on the Electrochemical
Performance of Substituted Lk ¢gM g ogVIN1 94 Spinel
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The electrochemical performance of substituted,¥, osMn; odO4 Spinel electrodes (M= Li, Mg, Zn, Al) in lithium cells has

been studied as a function of the oxidation states of the M and Mn ions in the parent electrode, and the occupancy of the
tetrahedral A sites by the Li and the M ions. At 5% substitution of manganese, neutron diffraction analyses show that the M ions
reside at the A sites of the[B,]O, spinel structure. The electrochemical data showed that at 50°C the rate of capacity fade can
be correlated with the M-ion occupancy of the A sites. A possible explanation for this phenomenon is provided.
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The discovery about twenty years ago that fiB2]X, frame- occupation of tetrahedral sites by the substituting ions, particularly
work of an A'B,]X, spinel remained intact during the electrochemi- Al, at the surface of the spinel structure retards Mn dissolution.
cal insertion and extraction of lithium has led to intense investiga-
tions of spinel compounds as possible insertion electrodes for Experimental
I!th?um ba@teriesl.'3 Of particular significa}nce has been the family of Samples of substituted spinel compounds g oMn; oOs
lithium spinels L{B,]O, (B = Mn, Ti, Li), such as LiMRO, and \y — |j Mg, Al, Zn,) were synthesized by first dissolving
Li4TisOx, (Li[ Lig 331 67104 in which the[B,]O, spinel ffﬁ!m_ewogk manganese acetate and the appropriate metal acetates,
provides a three-dlmenspneﬂ-D) |n.terst|t|al space for lithiunt: _ M(CH5CO,),-xH,0, in distilled water in the required amounts, and
The manganese spinel LiMO, received early attention because it hen by mixing the resulting solution with glycolic acid while stir-
prowdes_ approximately 4 V against I_|th|um over the composmonal ring continuously. Thereafter, ammonium hydroxide was added
range Li_,Mn,0, (0 < x =< 1) and is therefore a possible alter- sjowly to the solution to control the pH at8. The solution was
native to the LiCo@ electrode in conventional Li-ion celfs’ De-  heated at 70°C to evaporate the water to yield a transparent gel that
spite the structural advantage of [Mn,]O, electrodes, was subsequently decomposed at 400%C5fh in air. The resulting
Li,Cs/Li;_xMny0O,, lithium-ion cells suffer from capacity fade, powder was pressed into pellets and heated at 800°C for an addi-
particularly at elevated temperatuies40°C). The capacity fade has tional 5 h in air to obtain the final spinel product.
been attributed to the dissolution of manganese from the spinel Electrodes were fabricated by intimately mixing 85 wt %
structure(as Mrf*) by acid attack, for example, by HF generated by Li; gdMq odVin; ofOs powder, 8 wt % polyvinylidene difluoride
hydrolysis of a fluorinated electrolyte salt such as LiP&ccording  (PVDF) binder(Kynar, Elf-Autochem, and 7 wt % acetylene black

to the disproportionation reaction (Cabot) in a 1-methyl-2-pyrrolidinone(NMP) solvent (Aldrich,
99+9%). The mixed slurry was cast onto aluminum foil and dried at
2Mn(3;g”d) — Mnf;g”d) + M”<25+o|unon> [1] 75°C for 3-5 h. The cast electrode laminates were dried further at

70°C under vacuum overnight. Disk electrodes with an area of 1.6
were punched out from the laminates. Electrochemical evalua-

ions of the spinel electrodes were performed with coin-type cells
(size 2032, Hohsen Corporatiphaving a lithium foil (FMC Cor-
poration) counter electrode, a polypropylene separdtoelgard),
and an electrolyte consisting of a 1 M LiPBolution with a 1:1
ethylene carbonate:diethylcarbonate solvent mix{iterck). Cells
were constructed inside a helium-filled glove bex5 ppm, HO
and Q). Galvanostatically controlled cycling of the lithium cells
was carried out using a Maccor Series 2000 battery tester at a cur-
rent rate of 0.1 mA/crh

Time-of-flight neutron diffraction data were collected on the sub-

Several strategies have been adopted to counter the acid atta
and to suppress the dissolution of the spinel electrode

1. Substitute some of the M# ions in LiMn,O, by monovalent,
divalent, or trivalent cations such as'.iMg?", Zr**, and APF* to
increase the Mh' ion content in the initial spinel electrodd?

2. Coat the spinel particldé;*® or

3. Replace LiPF with a nonfluorinated salt such as lithium
bis(oxalato)borate, LiB(§D,), (“LIBOB”) ' to reduce the acidity
of the electrolytet’

In this paper we explore the first strategy. We report electro-
chemical data obtained from various spinel electrodes with 5%stituted spinel samples, contained in a vanadium can, using the

substitution ~ of the manganese ions, ;4dVio,odMN1.edOs special-environment powder diffractometer at the Intense Pulse
(M = Li, Mg, Zn, Al), in lithium cells at room temperature and at Neutron SourceIPNS) at Argonne National Laboratory. The dif-
50°C as a function ofjithe oxidation state of the substituting M ion, fraction data were collected at room temperature. Structures were
and 2)the oxidation state of the Mn ions in the parent electrode. refined by a Rietveld profile fitting procedure with the GSAS suite
Although it is well known that these substituted spinels can provideof program48 using thed spacing range 0.67-3.00 A from-a145°
superior cycling stability compared to LiMO,, to the best of our 29 data bank.
knowledge this is the first time that a systematic structural study of
a series of substituted spinel electrodes has been undertaken by neu- Results and Discussion
tron diffraction and correlated with the electrochemical performance
of the electrodes. We use these data to make a hypothesis that the The significance of the tetrahedral A site in substituted spinel
electrodes.—Thd110] projection of the standard 4 Mn,]15{04
spinel structure is shown in Fig. 1; it has cubic symmdig3m.
* Electrochemical Society Active Member. This figure shows the Mn®octahedrashaded)in which the Mn
2 E-mail: thackeray@cmt.anl.gov ions occupied 16d sites and the positions of the lithium ions in the
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Table I. Neutron scattering lengths for various elements.

® = tetrahedral 8a-site Scattering length

16¢ octahedral site Element (x10"* cm)
Lithium —0.203
Manganese -0.373
Figure 1. A [110] projection of the LiMRO, spinel structure showing the f/ll:g;:ggmm Igggég
MnQOg octahedrashaded, Mn in 16d sit¢snd the positions of the tetrahe- Zinc +0.5680
dral 8a(A) sites and octahedral 16¢ sites for"tion diffusion during elec- Oxygen +0.5805

trochemical charge and discharge.

than lithium in LiMn,_,Mg,0,. Several other neutron diffraction
studies of substituted LilWn,_,O, spinels have already been con-
ducted; for example, cobalt and iron substitution occurs on tetrahe-
dral sites?® nickel substitution occurs on octahedral sitéand gal-

lium substitution takes place predominantly on octahedral %gtés
recent study of LiAJMn,_,O, samples by neutron diffraction has
shown that aluminum substitutes for manganese on the octahedral
sites forx = 0.1, but that phase separation occursxce 0.32°

tetrahedral 84A) sites; it also shows the positions of neighboring
face-shared, interstitial octahedrdl6c) sites. The 3-D 8a-16c¢-8a-
16c-network provides an energetically favorable pathway for the
rapid diffusion of lithium in and out of the structure during dis-
charge and charge, respectively. If LiMDy is used as an electrode
in a lithium-ion cell then, in principle, it is possible to electrochemi-
cally extract all the lithium to yield the fully delithiated, defect
spinel structure.-MnO,. In substituted spinels, taking the lithium- Neutron diffraction analysis of LiggMgosMnyofO,4 Structures
substituted spinels ki ,Mn,_,O, as an example, lithium extraction (M = Mg, Zn, Al).—A major advantage of neutron diffraction is
must of necessity leave some lithium within the interstitial space atthat, unlike X-ray diffraction, it can be used to determine the posi-
the top of chargei,e., when the average oxidation state of the man- tions of light atoms such as hydrogen and lithium within crystallo-
ganese ions reaches £.@or example, in LjMn; O, (in spinel graphic structures because it is the atomic nuclei rather than the
notation, L[Mn, di, ]O,), the additional 0.1 Li ions in the struc-  extra-nuclear electrons that are responsible for the scattering of the
ture raise the average oxidation state of the manganese ions to 3.8®utron beam. Furthermore, the strong contrast in the neutron scat-
from 3.50 in the parent, unsubstituted spinel Ljay. Therefore,  tering power of elements that have small differences in atomic num-
only 0.7 Li* ions can be extracted from LjMn, O, as opposed to ber m_akes it possible in certain instances to model the structures of
the 1.0 Li" ions that can be extracted from LiM@,, thereby low- materlgls far more accurately than with X-.rays. Taple | shows the
ering the theoretical capacity from 148 mAh/g for LipMdy to 107 f#att_ermgt_lentg_;ths gf ttuel.?rtlpms n (tjhe SUbSt'tUtEthpmel elect:_trodes (t)f
mAh/g for Li; sMn; O,. The composition of a fully delithiated IS Investigation. Both fithium an manganesielz ave negative scat-

. . tering lengths, that of manganese @.373X 10 < cm) is almost
Li;;-,Mn; O, electrode at the top of charge is gLMn; O, . s 1o

- _ ; . . L twice as large as lithium+0.203 X 10" < cm). However, all the M

(x = 0.7); at this composition, 0.3 Liions must remain in the . Ma. Zn. Al in th bstituted Li lectrod
tetrahedral A sites of the spinel structure, assuming that 0.1dnis ions, Mg, Zn, Al, in the substituted LpgVlo.oMNn; o, electrodes

; . . = have positive scattering lengths that contrast strongly with lithium.
;?:}?;Srgn the octahedral EL6d) sites in the original electrode Therefore, it stands to reason that neutron diffraction should provide

. . . . _an excellent technique for determining the extent to which the M
As shown in _Reactlc_)n L manganese dls_solves from th_e SPIN€ons substitute for lithium on the tetrahedral A site of the spinel
structure as a divalent ion. Mh is a & ion with no crystal field

S . ) structure at low M concentrations.
stabilization energy. Therefore, Min ions can readily occupy both The structural refinements of the threg Vg oMn; odOs cOM-
tetrahedral and octahedral sites-for example, in;®jn(a normal : ' .

. 2 i s Wi pounds (M= Mg, Zn, Al) yielded similar results. Therefore, the
spinel), Mri™ ions occupy the tetrahedral sites and*Mrons the  neytron diffraction profile and structural parameters for only one
octahedral sites, whereas in rocksalt MnO, all théMions occupy compound, Lj oAl odMn, ¢O;, are provided in full. The observed,

octahedral sites. It is therefore tempting to speculate that the Manz.iculated and difference profiles for LAl Mn, 4O, are pro-

ganese ions should pass through tetrahedral sites at the surface gho i in Fig. 2: the crystallographic parameters of the refined struc-
the spinel electrode par'tlcles du_rlng the d'SS.OIUt'On process, as h re are listed in Table Il. For this refinement, it was assumed that
already been proposed in a previous discussion of the acid treatmen '

of LiMn,0,.° If that is true, then it stands to reason that stabilized
spinel electrodes LiyMn,_,O, that always contain some residual T T T T T
M ions in the tetrahedral A-sites of the spinel structure.,, within

the 8a-16c-8a-16c-diffusion pathway, should retard the dissolution|. -
process. This hypothesis is consistent with the electrochemical be Observed and
havior and structural properties of,Li,Mn,_,O, spinel electrodes calculated profiles

such as Lj oMn; /0,.8 Such a mechanism is also consistent with
ab initio calculations for the transformation of delithiated layered
Li,MnO, to the spinel structure that predict the migration of diva-
lent manganese through intermediate tetrahedral sites.

With the above viewpoint in mind, we embarked on a study of ,
spinel electrodes in which 2.5% of the manganese ions were SUDSti- wuwwuasisisi oo 0w oo 0 et it T
tuted by lithium and 2.5% by M cations that could have a stronger

T
|

JUSSIPEGIY VR TP it

affinity for tetrahedral coordination than lithium, such as Zn and Al. | "= Difference profile A

For example, it has already been demonstrated that in Zn-substitute 1 1 L i i
LiMn,_,Zn,0, spinels, zinc substitutes for lithium on the tetrahe- 1.0 1.5 20 25 3.0
dral sites? In the lithium aluminate spinel, the cation distribution is .

Al[LiysAl; 5]O4, and in the mineral spinel Mél,]O,, Mg occu- d-spacing (A)

pies the tetrahedral sites in preference tdAherefore, by impli-
cation, Mg may show a stronger preference for the tetrahedral site§igure 2. The powder neutron diffraction profile of LijhMn; <0, .
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Table Il. Structural parameters of Li ; ggAlgggMnN 1 o4 .2 Table Ill. Mn oxidation state and capacity of Li 1 gV g osMN 1 904
spinel electrodes(M = Li, Mg, Zn, Al) .
Atom X y z B(A%?  Occupancy
- Average oxidation Electrode capacity

Li 0.125 0.125 0.125 0.12) 0.949(7) Spinel composition Mion  state of Mn ion (mAh/g)

Al 0.125 0.125 0.125 0.12) 0.051(7)

Mn 0.5 0.5 0.5 0.11(4) 0.975(4) Liq oduigoMny odOs Lil* 3.63 107

Li 0.5 05 0.5 0.11(4)  0.025(4) Li; 0ZNooMNy o4  Lit*/Zn2* 3.60 112

(0] 0.2634(1) 0.2634(1) 0.2634(1) 0.40(3) 1 Li1 Mo oeMn; 004 Lit*/Mg2* 3.60 114

i iLt/aIst 3.58 121

2Space groufd3m; a = 8.2246(1)A. t:,blorigfsMnm@“ L /_AI 350 148

the spinel structure was stoichiometri., there were no oxygen
defects. The oxygen occupancy was therefore fixed at 1.0 to “lock” . : .
the spinel structure during the refinement process. Xbeordinate sz_elected from Li, Mg, Zn, anql Al, the theoretical capacity of a
and isotropic temperature factor of the oxygen ions were variedL'l-Od\/IF’fd\/lnl-9p4 electrode +|ncre_ase_s "O'T‘ 107 _mAh/g for
independently. The atomic coordinates of the lithium, manganeseM = Li" t0 121 mAh/g for AF", which is consistent with the cor-
and aluminum ions were held constant by virtue of crystallographic€SPonding decrease in the average oxidation state of the Mn ions
symmetry. These ions were assigned the same variable isotropitom 3.63 to 3.58(Table Ill); by comparison, the capacity of an
temperature factor. The manganese ions were constrained to the oblSubstituted spinel LiMyO, electrode, in which the average man-
tahedral B sites of the spinel structue 0.5, 0.5, 0.5), whereas the 9anese valence is 3.5, is 148 mAh/g. ]
lithium and aluminum ions were permitted to occupy both the tet- The electrochemical charge/discharge profiles of a standard
rahedral A siteqat 0.125, 0.125, 0.13%nd the B sites; however, Li/LiMn ;0, cell cycled between 4.3 and 3.3 V is compared with the
during the refinement, the total occupancy of the each of the A andvoltage profiles of Li/L{ gsMqogMn; odO, cells (M = Al, Zn) at
B sites of these ions was constrained to 1. With this arrangement, theoom temperature in Fig. 3. During lithium extraction from
structural model that provided the best fit of experimental to calcu-LiMn,0,4, a voltage step only-130 mV in magnitude that occurs
lated data showed that all of the aluminum was located on the tetapproximately halfway along the voltage curve has been attributed
rahedral A site. The refined Al occupancy of this $@051(7) Jwas previously to a cubic-cubic transition, which is associated with an
in excellent agreement with the expected 5% value. All attempts toordering of one-half of the lithium ions on the tetrahedral $ftes
place the Al atoms on the B sites led to higkefactors. Refinement — and/or to electronic ordering of the manganese ions on the octahe-
of the manganese and lithium on the octahedral B sites produced dral B site® at the composition LisMn,O,. Such ordering pro-
manganese site occupancy of 0.975, slightly higher than the exeesses are crystallographically permissible for the ideal spinel com-
pected value of 0.950, implying that the diffraction data were not of position, L[ Mn,]0,. However, substitution for Mn by the M ions
sufficiently high quality to distinguish precisely the negatively scat- jn Liq 0MgoMNg 9O, spinel electrodes must of necessity disrupt
tering lithium atoms and manganese atoms on the B sites at a 5%he long-range crystallographic order within the spinel structure;
substitution level. moreover, the presence of the substituted M ions on the tetrahedral
The final refinement yielded a residual profile fact®,, of  sites must also significantly affect such a small and subtle transition.
8.5%. The refined lattice parametar= 8.2246(1) A, is lower than  Indeed, it has now been well established that the transition in sub-
that of the standard spinel LiM@, (a = 8.2476 A), consistent  stituted spinel electrodes is not as clearly visible as it is in
with the trend shown by other substituted spinel compounds thati,_,Mn,O, electrode$:3%'this phenomenon is also clearly appar-
have an average manganese oxidation state aboVeaBdbjs com- ent in the voltage profiles of the Li/LpdV g ogViNg o0, cells in Fig.
parable witha = 8.2242(1) A reported for LiAj;Mn,; {0, by Ko- 3, and is consistent with the recent data reported by Konehlzd
mabaet al?® However, our refinement showed a tetrahedral site for Li/LiAl ,Mn,_,O, cells for 0< x < 0.33 Our interpretation of
preference for Al in a substituted spinel containing 2.5% Al and this phenomenon is that the cubic-cubic transition is suppressed in
2.5% excess Li, whereas at higher Al concentrations and in the
absence of surplus Li, Komaled al. provide evidence for Al at the
octahedral sites’ 44 . . . . —
The refinement of the Mg- and Zn-substituted spinel structures
provided results almost identical to those for the Al-substituted spi-
nel, yielding lattice parameters of 8.23Q1 and 8.2308(1), A site 4.2
occupancies of 0.05(1and 0.10(2), andR;, values of 8.3 and 8.1,
respectively. The slightly smaller lattice parameter of the Al-
substituted spinel structufe = 8.2246(1) Al compared to those
of the Mg- and Zn-substituted spinel structures is consistent with the
significantly smaller ionic radius of Af ions in tetrahedral coordi-
nation(0.39 A) compared to LT (0.59 A), Mgt (0.57 A), and ZR"
(0.60 A)?" Although the refinement of the zinc-substituted spinel <. —LiMnO,
yielded a slightly higher tetrahedral A site occupancy than expected, LW 36 777 LhoboMn, O,
this result nevertheless clearly emphasized the stronger tetrahedral 1 Lo oM, O,
site preference of zinc over lithium, consistent with other neutron 34}
diffraction analyses of LiMp.,Zn,O, spinel samples 6< x<0.52*
which was the most important aspect of the structural analysis.

less so for ions with increasing valence. For example, when M is
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Electrochemical behavior of substituted spinel elec- 0 20 40 60 80 100 120

trodes.—Cation substitution in LiMMn,_,O, spinel electrodes Capacity, mAh/g

lowers the electrochemical capacity relative to LMy, the extent

of which depends not only on the degree of substitution but also orFigure 3. The electrochemical charge/discharge profiles recorded at room
the valence of the substituting M ion. In general, the electrochemicaktemperature of a standard Li/LiM@®, cell compared with a
capacity is most severely impacted when M is a monovalent ion, and.i/Li ; oAl g oMnN; §O, cell and a Li/Li gZNg oMy o0 cell.
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Figure 4. Capacityvs. cycle no. plots recorded at room temperature for rigyre 6. Capacityvs. cycle number plots recorded at 50°C for substituted
substituted L ogMoodMn; of, spinel electrodes (M= Al, Zn) compared Li; oMo 0Mn; o4 Spinel electrodes (M= Al, Zn) compared with a stan-
with a standard LiMpO, electrode for cycles 1-55. dard LiMn,O, electrode for cycles 30-100.

substituted spinel electrodes with inhomogeneous and asymmetrigy, o Al jons that remain on the tetrahedral sites of the spinel
structures; nevertheless, this interpretation does not rule out the PO%slectrode, particularly toward the top of charge, thereby suppressing
sibility that the transition can occur locally in selected .regions of the the diffusion of manganese ions into the 8a-16c-8a-16¢- pathway
electrode structure when permitted by crystallographic symmetry. gn4 sybsequent manganese dissolution at the electrode surface. Note
_ Spinel electrode capacitys. cycle number plots for various hat when cells operate at 50°C and reach 100 cycles, the rate of
LifLi 1 Mo oMy ofO, cells are compared with a standard capacity fade of the standard LiM@, electrode paraliels that of the
Li/LiMn ,O, cell at room temperaturé5 cyclesjand at 50°A~30  zp. and Al-substituted electrodéBig. 6). One explanation for this
cycles)in Fig. 4 and 5, respectively. The standard LiM0 elec-  pehavior is that, on long-term cycling, the dissolution of manganese
trode lost capacity steadily at room temperature and more rapidly afrom the LiMn,0, electrode ultimately yields a lithium-rich spinel,
50°C, consistent with earlier repoftsBy contrast, the rate of ca- 4t Jeast at the electrode surface, thereby stabilizing the electrode and
pacity loss of the substituted 14gVlo VI, o4 electrodes was sig-  mimicking the behavior of a lithium-rich ki,,Mn,_,O, electrode.
nificantly Iess_, the amount of deliver_ed capacity being propor_tion_al From a crystallographic viewpoint, it is possible to speculate
to the theoretical capacity as determined from the average oxidatiomow Mn dissolution is suppressed at the electrode surface. Reaction
state of the manganese ions in the parent elect(@able Ill). Of 31 ghows that two MA™ ions are required to effect the disproportion-
particular significance to this study is that the relative rate of €apaC-yiinn reaction, one which is oxidized to N the other reduced to
ity fade of the all substituted electrodes is approximately the samey, o+ 4is wéll known that such disproportionation reactions are
i.e., the capacitys. cycle number plots lie closely parallel to one .

another. Such a striking similarity appears to be more than a coin_accompanled by the migration of at least one of the wo ions and

cidence. and we attribute this bhenomenon to the residual Li. M that these reactions can occur within a crystal lattice during the
' P » MOglectrochemical extraction of lithium. For example, during lithium

extraction from layered LiVQ (space grougR3m),® the oxidized
110 V4" ions disproportionate into % and V2" ions at a critical com-

I oo position Li,_,VO, (x = 0.3) and potential according to the reaction
130 [ S0°C O LiMn,0, b 4+ 5+ 3+
Lo g tf1.osfz\'o.os":ﬂ"1.s% ] 2Vioey = Viey T Viow [2]
| n n
120 © % LiLi, Mn O, T . . . S .
- 94 v Li Mg .Mn.O ] During this reaction, the vanadium ions migrate from the octahedral
g 110 LP 200 oo T ] 3a sites of the vanadium-rich layer into the octahedral 3b sites of the
< ! ogDDDDDDDDDDDDDD | lithium-rich layer via a 6c¢ tetrahedron in which the vanadium ions
£ 10l OOO Hooonooo | adopt an intermediate pentavalent stitéhe end product is a defect
> % C>oOO i rocksalt structure in which 43" ions occupy octahedral sites in
B el ZgXXXXX Ooooo . alternate layers. By contrast, during lithium extraction of lithium
g i g%ggzgggggggoégg@@aa ] from layered LiMnQ, it is the Mr?™" ions that disproportionate by
© 8o @ Egvgg 68 | a similar mechanism but, in this instance, the manganese ions adopt
© an intermediate divalent state in the tetrahedral sites during their
70| . migration from one layer to the next to yield a spinel-like frame-
work that contains MH™3* ions?®
60 i i 1 n L A i n 1 L 1
3 2 4
0 5 10 15 20 25 30 2Mni — Ml + Mnfo [3]
Number of Cycles

The intermediate 6c tetrahedral sites are temporarily occupied dur-
Figure 5. Capacityvs. cycle number plots recorded at 50°C for substituted ing the phase transitions; these sites are energetically unfavorable
Li; oMo oMn; ofO, spinel electrodes (M= Li, Mg, Al, Zn) compared with because each tetrahedron in a layered LiM@ucture shares three
a standard LiMpO, electrode for cycles 1-30. of its faces with neighboring occupied M octahedra.
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It has also been demonstrated that lithium extraction from thefluorinated electrolyte salts to totally overcome manganese dissolu-

spinel L[ V,]0O, (space groug-d3m) is accompanied, at a critical
composition Lj ,[V5,]O, (x ~ 0.3) and potential, by the migration
of vanadium ions from an octahedral 16d site, through a face-shared
tetrahedron(probably a 48f site which is energetically more favor-
able than an 8b sitelnto an octahedral 16¢ site to yield a defect
rocksalt structure similar to delithiated ,Li, VO, .3* This reaction
occurs despite the fact that each 48f tetrahedron in the spinel stru
ture shares two of its faces with neighboring 16d octahedra that ar%
occupied by transition metal ions.

Using the argument above, it therefore seems plausible that, du
ing the acid attack of LiMpO, electrodes, which drives the dispro-
portionation reaction at the crystal surface, the manganese ion
would migrate from an octahedral 16d site through a tetrahedral 48f

tion and the capacity loss effects of LiMD, spinel electrodes in
lithium-ion cells with carbon negative electrodes.
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site in which it adopts a divalent state, and thereby into the 8a-16cthis article.

8a-16c¢-network of the spinel structure, each 16¢ octahedron sharing
six of its eight faces with neighboring 48f tetrahedra.

It should be borne in mind that dissolution of manganese from 1.
LiMn,0, is accompanied by the loss of lithium and oxygen accord- )
ing to the reaction )

2LiMn,0, — 3\-MnO, + MnO + Li,O 3

[4]
4.

Reaction 4 suggests that the migration of the manganese ions fromnp.
the 16d sites and the dissolution of MNnO andQ@ifrom the struc-
ture take place simultaneously and that the Li i¢esd the oxygen 7.
ions with which they are associajeare dissolved from the proxim-
ity of the 8a-16c-8a-16¢-channels. From pH and steric viewpoints, 8-
any residual(surplus)ions, particularly those ions forming acid-
resistant oxides, occupying tetrahedral 8a sites at the surface olfg'_
highly delithiated spinel electrodes may be expected to lower the
surface potential, retard the disproportionation reaction, block Mn11.
diffusion from the 16d sites and slow the dissolution process.
The lithium-substituted spinels, Li,Mn,_,O,, may seem ideal
for stabilizing LiMn,O, spinel electrodes because lithium substitu-
tion for manganese does not disturb thé-ion diffusion in the 3-D
8a-16c-8a-16¢- network of face-shared tetrahedra and octahedra i,
the spinel structure. However, because lithium is so mobile within
the interstitial space of the spinel framework, it may not be as ef-
fective as a multivalent substituent cation such as trivalertivich
is not as mobile as lithiuimin blocking Mn diffusion into neighbor-
ing tetrahedral sites at high potentidls4 V) at the electrode sur-
face and in suppressing Mn dissolution into the electrolyte. If the Al
ions had occupied the octahedral B sites at a 2.5% lga#ier than
the tetrahedral sites at a 5% leyele., with only Li in the 8a-16¢c- 19,
8a-16¢c- network, then our hypothesis is that the electrochemical
cycling stability of Al-substituted spinel electrodes would not have 20.
been so significantly different to Li-substituted electrodes. The sam
argument holds for Zn- and Mg-substituted electrodes. The signifi-
cantly lower solubility of aluminum oxides in acidic media com- 22.
pared to LyO, as well as the recent interest in Al-substituted spinel 23-
electrodes by the lithium battery industry, lend support to this,,
hypothesis.

13.

16.

17.

25.
Conclusions

This study has demonstrated that the presence of residual, su®
stituent ions in the tetrahedral A sites at the surface of substitutech7.
spinel LiM,Mn,_,0, electrodes may play a critical role in the sta-
bilization of the electrodes at room temperature as well as at 50°C*
However, increasing the amount of residual cations in these sites gig.
the top of charge compromises the capacity of the electrode. Al-3o.
though low concentrations of stabilizing M cations can make a sig-31
nificant contribution to improving the stability of spinel electrodes, 32'
it is likely that this procedure will have to be coupled with alterna-
tive approachese.g., coating techniques or the use of non- 34
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