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The preparation of solid solutions of the LIAJOLiICo0O, system in the complete composition range is described.
Powder X-ray diffraction gives direct information about the partial substitution of Co by Al atoms, together with
a fractional occupancy of tetracoordinated sites by aluminum atoms. EPR of impu¥itioNs andfLi and 27Al

MAS NMR spectroscopies are used to assess for cation distributlaNMR spectra show a single resonance

of lithium ions in octahedral sites2’Al NMR spectra show that the distribution of Al atoms in tetrahedral and
octahedral sites changes with composition. EPR spectra evidence #aimyiurity ions in the AJCo;—,O;

layers prefer mainly A" ions as first neighbors. The potential applicability of these materials as intercalation
electrodes is also evaluated in lithium anode cells. A poor lithium ion diffusivity, resulting from the presence of
aluminum in both tetrahedral and octahedral sites, may limit the applicability ofCoAlL,O, cathodes. The
partial substitution of Co by Ni leads to an improvement of the electrochemical performance.

Introduction layered structure. Until very recently, it was thought that
] . . values lower than 0.4 always lead to the collapse of the layered
Several ternary oxides of general formula Li@xhibit structure prior to the complete lithium extracti®h. The large

interesting properties and technological applications. The pntential required for the complete electrochemical extraction
catalytic propertles_of both the aC|d|c_: and ba_3|_c sites of LAIO ¢ Jithium from LiCoO, also made this process difficult to
was recently examined, and the unique activity of éhtorm observe due to the low stability of most common electrolytes
has been explained in terms of the formation df.LH™~ aductst under these conditions. However, the formation of an O1A£Cdl

Lithium ion replacement by protons m-LIAIO> was shown — type) jayered Co@phase was recently report&i.In addition,
to yield “HAIO", > which after calcination showed active basic  gther complex structural transitions occur fovalues in the

sites for acetone aldol condensation reactions. For LICO® 1 0-0.4 range. A strong first-order transition takes place at
lithium ion replacement by protons to give the isostructural g 75 < x < 0.93, which may also limit the reversibility of the
HCoQ; has also been reportéd. intercalation-deintercalation process. The occurrence of a
On the other hand, the structure and electrochemical proper-monoclinic modification takes place near= 0.5 by ordering
ties of LiNiO,*°and LiCoQ57 oxides and their solid solutioh$ of the lithium ions. Finally, a third structural modification is
have been studied in detail in the last decade, due to their interesfound in the 0.3< x < 0.5 rang€. The changes in lattice
as positive electrodes in lithium and lithium ion cells. One of dimensions during the insertierextraction processes induce
the most important limitations associated with the use @f Li  internal strains due to the mismatch between the zones with a
CoQ; cathodes comes from the thermodynamic instability of different degree of intercalation in the solid. These in turn lead
the fully deintercalated solid with CgOstoichiometry and  to a highly stressed solid, which develops cracks followed by
particle fragmentation, which destroys the crystallinity of the
@ Abstract published irAdvance ACS Abstractfecember 15, 1997.  matrix solid and hence the cyclability of the cell. In order to

@ Ii’é“clé%k' D. C.; Allen, J. L.; Poeppelmeier, K. R.Catal 1994 overcome this effect different approaches have been followed.
) Poeppelheier, K. R.: Kipp, D. Gnorg. Chem 1988 27, 767. One of them_ consists of t_h_e introduction of o_ther_ ions |n_to the
(3) Ferrimdez, J. M.; Herfia, L.; Morales, J.; Tirado, J. LMater. Res. strupt.ure_wh!ch may stabilize the layered solid with or wnhout
Bull. 1988 23, 899. participating in the redox processes. For these purposes different
(4) Dahn, J. R.; von Sacken, U.; Juzkow, M. W.; Al-Janaby, H. jsostructural oxides may provide appropriate solid solutions with
Electrochem. Soc991, 138 2207. LiCoO
(5) Ohzuku, T.; Ueda, A.; Nagayama, Nl.Electrochem. S0d993 140, I 9 2 ) o .
1862. LiCrO,, LiCo0O,, LiNiO2, anda-LiAlO » possess the layered
(6) Mizushima, K.; Jones, P. C.; Wiseman, P. J.; Goodenough Mater. structure ofa-NaFeQ which results from monovalent and
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(7) Reimers, J. N.; Dahn, J. R. Electrochem. S0d 992 139, 2091.
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interlayers defined by oxygen anions in a nearly cubic closest T T T T
packing. The resulting trigonal space groupRdm with Li, & g
M, and O atoms at equivalent sites 3b, 3a, and 3c, respectively. g =1
Poeppelmeier and Thofgsynthesized LiCr@-LiAlIO , solid
solutions in which thex-structure was preserved for Al/(At -
Cr) = 0.6. Recently, Zhong and von Sack&and Ohzuku et E
al.13studied the compound with composition LiANiz40; and 2 y=0.7
R3m structure. In the present work, the formation of LiAKO =~ - 8 .
LiCoO, solid solutions is studied. g | S8 %g:.ag
§| g S5===ts2
Experimental Section g g% F g@igé
Powder samples of nominal composition LjBb,-,O, were prepared ; =1 } l o
by the following procedure. Solutions (1 M) of Al(NR-9H,O 5 _
(Panreac), Co(C¥OO), and LIOH (Merck) were mixed in the desired “ y=05
proportions, and the solvent was evaporated at ca. 373 K. The solid BN W W
residue was thermally treated for a 24-h period at 673 K. The product =04
was then pressed into 7 mm diameter pellets at ca. 4 tons and then el m AyL o
heated at 973 K for 7 days. Attempts to obtain this material by the
careful mixture and homogenization of LiCe@nda-LiAlO , powders ﬂ y=03
followed by pelletization and thermal treatment at 673 (24 h), 773 (24 T N T
h), and 973 K (30 h) were unsuccessful. LiGoghda-LIAIO , were _
prepared according to previously reported procedtifed. sample of Jl y=02
LiAl 0.16Nio.71C 140, stoichiometry was prepared as follows. Stoichio- TV VB —
metric amounts of Ni(OH) CoCQ, and AI(NG:); (Merck) were _
dissolved in a 0.5 M aqueous solution of citric acid, reaching a#Ni | “ { 31: OIL
Co+ Al)/citric = 1:1 molar ratio. LiOH (Merck) was added, reaching 10 60 110
a Li/citric = 1:1 molar ratio. The resulting solution was freeze-dried degrees 2-theta

in an Alpha-Crist freeze-dryer apparatus. The solid residue was _ . . .
thermally treated at 773 K for 1 h. The product was then heated at Figure 1. Powder X-ray diffraction data of LiACo.-,O, samples.

973 K under oxygen flow for two 24-h periods, with intermediate Table 1. Unit Cell Parameters of LiACo.,0; Samples

grinding.

Room temperaturéLi and 27Al MAS NMR spectra were recorded y a(d) c@® cla
on a Bruker ACP-400 spectrometer working at 58.89 and 104.26 MHz 0.10 2.8125(2) 14.088(1) 5.009
resonance frequencies, respectively (9.400 T), and at a 5-kHz spinning  0.20 2.8134(1) 14.0685(5) 5.001
rate. The aluminum spectra were referenced to an acidified 1 M 0.30 2.8108(3) 14.137(1) 5.030
solution of AI(NOs)s. The lithium spectra were referencesia 1 M 0.50 2.8000(2) 14.178(1) 5.064
LiCl agueous solution. 0.70 2.8008(2) 14.1960(7) 5.069

EPR spectra were registered as the first derivative of the absorption
signal with an ERS-220/Q spectrometer (ex-GDR) within the temper- reached. Intensiostatic cycling was performed in the as-prepared cells
ature range between 90 and 400 K. Tdéactors were established ~ at C/50 (i.e., allowing a\x = 1 in LixCoQ; in 50 h).
with respect to a M#/ZnS standard. The signal intensity was
determined by double integration of the experimental EPR spectrum. Results and Discussion

Recordings at different microwave power were used to distinguish the .
g P g The XPD patterns of powdered Liglo,-yO, were all

EPR signals. . . . .
indexable in the LiCo@or a-LiAIO », rhombohedral structure

X-ray powder diffraction data (XPD) were obtained with a Siemens X ) .
D5000 apparatus provided with CuoKradiation and a graphite (Figure 1). The values of the unit cell parameters are included

monochromator. Stepscan recordings for structure refinement by the in Table 1. For the limiting compositiong,= 0 andy = 1,
Rietveld method were carried out by using 0.0 steps of 6-s the unit cell parameters were coincident with those previously

duration. The computer program DBWS9000 was used in the reported in the literature for similar preparation temperatéifes.
calculations It should be noted that the unit cell parameters of lwethHAIO ,

The electrochemical performance of Li/LiCJ®C + EC)/mixed and LiCoQ are highly coincident, which is consistent with the
oxide test cells was studied in galvanostatic and potentiostatic modessimnarity of the trivalent metal ionic radfi ra3*cn=¢ = 68 pm,
by using alternatively an Amel apparatus and a multichannel MacPile rC03+CN:61LS = 69 pm for Cétina low-spin configuration and
system:® Cell cathodes were prepared by pressing, at ca. 5 tons, a o|3+ The resulting changes of lattice parameters for intermedi-
mixture of 40% graphite and mixed _oxnde. St_ep potential electrochemi- ate Li AIyColfyOZ compositions are small and make it difficult
cal spectroscopy (SPES) was carried out with 10 mV/h steps after 840 discern a clear trend that could be indicative of a simple metal
initial relaxation of the cell until the conditioAV/At < 1 mV/h was o : - . .

substitution phenomenon in these solid solutions. This result

contrasts with the findings for other related systems such as

D ggfppelme'er’ K.R. Thong, S. Bl. Less-Common Met989 156 the LiCrO,—LiAlO , solid solutionsi! in which the end members
(12) zhong, Q.; von Sacken, U. Power Source$995 54, 221. differ significantly in their unit cell parameters and the
(13) Ohzuku, T.; Ueda, A.; Kouguchi, M. Electrochem. Sod995 142, intermediate compositions showed a linear change, in agreement
(14) L\l(%i?'\g R. A.; Wiles, D. BJ. Appl. Crystallogr 1982 15, 430. W.ith_ Ve_gard’s Iavy. In order FO discern the true cation
(15) (a) Chabre, YJ. Electrochem. Sod991, 138 329. (b) Chabre, Y.; distribution, the Rietveld analysis of selected powder X-ray
Djurado, D.; Armand, M.; Romanow, W. R.; Coustel, N.; McCauley, diffraction patterns was carried out in tf8m space group.
J. P.; Fischer, J. E.; Smith, A. B. Am. Chem. S0d992 114, 764. By using hexagonal axes, the unit cell origin was fixed at center

(c) Morales, J.; Stoyanova, R.; Tirado, J. L.; Zhecheva).ESolid
State Chem1994 113 182. (d) Alcatara, R.; Morales, J.; Tirado, J.
L.; Stoyanova, R.; Zhecheva, E.Electrochem. Sod995 142 3997. (16) Shannon, R. DActa Crystallogr 1976 A32 751.
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Table 2. Results of the Rietveld Refinement of Powder X-ray

Diffraction Data for LiAly 2C 02 @
formula LiAl 2C0n 602 @
space group R3m
hezagonal axes c
a, 2.8134(1)
c, A 14.0685(5) L-——~—~
temp, K 298 b
radiation Cu kx J\__—J
26 limits, deg 16-110
Rs 3.71
S(Rv/Re) 0.35 .
fractional coordinate A A A d
atom site X y z occupancy . : S
Li 3b 00 00 05 1 S VL
Co 3a 0.0 0.0 0.0 0.8
Al(2) 3a 0.0 0.0 0.0 0.139 180 . — c
Al(2) 6¢c 0.0 0.0 0.1383(2) 0.061 o
o 6¢c 0.0 0.0 0.2594(1) 2.0 .
:JN: 160 | 1
3m, with Li and O at 3b and 6¢ sitez & 0.25-0.26), il o b
respectively. In a first approach, Al and Co ions were E 140 |- 1
statistically distributed in 3a sites. The results obtained for )
LiAl,Co,-yO, compositions in they = 0.1-0.3 range never 5 120 & . a
allowed acceptabl®gagq Values to be reached by using this
simple model. Thus, the possible changes in coordination of , . L
aluminum were tested by allowing a partial occupancy of 6¢ 0.0 02 04 06 08 1.0 200 100 0  -100
sites by Al atoms in the Rietveld refinement. The refined y in LiCo,_ AL O, PeM

parameters an® _values obtained by this procedure_ fy)r=_ Figure 2. (A) 5Li MAS NMR spectra of (a) LiCo@, (b) LiAl ¢.5C0.7Oz,

0.2 are included in Table 2. The occupancy of 6c sites with 5,4 (¢) LiAIO,. (B) Line width of the main resonanégi peak versus
~ 0.14 by aluminum atoms is significant. The location of ajuminum content in LiAJCo,-,Os. (C) 27Al MAS NMR spectra of
aluminum ions in pseudotetrahedral coordination is not surpris- LiAl ,Co,-,0; solid solutions with (ay = 0.2, (b)y = 0.3, (c)y = 0.5,

ing, as other lithium aluminum mixed oxides with structures and (d)y = 0.7 and (e) LIAIQ.

derived from a cubic closest packing of oxygen atoms, such as

LiAl s0g,17 have tetrahedrally coordinated Al. Aluminum The parameter that only changes in #eNMR spectra is

contents larger than 0.3 resulted in a poorer fitting according mgrelg]s?n Wflg;niﬂtjrilhgo:t]::: urefggggimpga'éalgzgsu;emiﬁzé d
to the latter model, probably due to a significantly lower increase%theline width SLi regonance eakowhile a further
proportion of aluminum in pseudotetrahedral sites. The comple- . . . peax, .

increase in the aluminum content produces a narrowing of the

mentary information about the local environment of the SLi resonance peak. In addition, the line width°bf resonance
aluminum obtained from spectroscopic measurements for these . : ' : .
P P eak is nearly the same for the pure LiGoghd LIAIO,. The

materials is in good agreement with the interpretation given to P : :
the X-ray diffraction results, as shown below. line broadening observed féfAl-doped LiCoQ suggests that

The 6Li and 27Al MAS NMR spectra of the solid solutions the lithium ions reside in unequivalent octahedral sites which
are shown in Figure 2A,C ForE[)he end members, Ligaad are distinguished by the slightly dissimilar degree of distortion
LIAIO », and the solid solutions LiACo, 0, the bLi spectra resulting from the different occupancy of neighbor sites by

. X cobalt and aluminum.
showed a single resonance line at ca. 0 ppm as referred to ! 7 . .
aqueos 1 M LiCl solutions and the corresponding spinning The analysis 912 Al NMR data was carried out to obtain
side bands (Figure 2A). This means that the lithium atoms complementary information about the local environment of
occupy the six-coordinated crystal sites and the chemical shift aluminum atoms. The presence of Al@nd AIG;, and more
is not sensitive to the interactions Eifi with 27Al and %°Co recently aluminum pentacoordinated by oxygen, has been
nuclei. It should be noted that Marichal et’dlave found that resolved in crystalline and amorphous materials and mirigrafs.

lithium MAS NMR spectra in the-80—0 ppm region provided However, the interpretation 8fAl NMR spectra is complicated

) : . s
relevant structural information on LilNi,Co,0O solid solutions, K)/IyAtgerr?::sdl:Eepr?]Er: tlsm(?;cg?:r rea?/lél:le?gefrgf:‘?c;tr?tlsp?i:rrst/-z(.)r der
as a result of the interactions 8ifi nuclei with the N#* ions y 9 y

in the second coordination sphere. The diamagnefic Ahd

(18) Dec, S. F.; Maciel, G. E.; Fitzgerald, J.JJ.Am. Chem. Sod99Q

Co*" ions do not allow a similar effect, and thus the spectra 112, 9069.
cannot be used to obtain information about site distribution (19) Weller, M.IT.; Brenchley, M. E.; Apperley, D. C.; Davies, N. 3olid
iliti i i State Nucl. Magn. Resof994 3, 103.
prObI?'7b|“|tles'hThéLl Sp(_actlia of LIAEOs repﬁ.rtﬁd by Stewgrt (20) Simon, S.; van der Pol, A.; Reijerse, E. J.; Kentgens, A. P. M.; van
et al*’ also showed a single resonance which was considered™ ™~ voorsel G. J.; de Boer, Bl Chem. Soc., Faraday Trank994 90,
the result of the same oxygen coordination number of lithium, 2663.

irrespective of the presence of aluminum in tetrahedral and (21) Chee, K. S.; Cheng, Y. B.; Smith, M. Ehem. Mater1995 7, 982.
octahedral sites (22) shi, J.; Anderson, M. A.; Carr, S. \WChem. Mater1996 8, 369.

(23) Lippmaa, E.; Samoson, A.; da M. J. Am. Chem. Sod 986 108,
1730.

(17) Stewart, F. F.; Stebbins, J. F.; Peterson, E. S.; Farnan, Y.; Dunham,(24) Smith, M. E.; Steuernagel, Solid State Nucl. Magn. Resot992
S. O.; Adams, E.; Jennings, P. \hem. Mater1995 7, 363. 1, 175.
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broadening effects. Second-order effe@ahanced broadening @ g I
of the resonances and shift of peak position from the isotropic -
chemical shift-are present, yielding poorer resolution and e

asymmetric lines with a tail to negative shift. Nevertheless, __/\\/\ﬁ d/\ :yﬁ
Stewart et al’ have shown that th&’Al MAS NMR spectra y=0.s 0.5 mw

¢
oy
"

provided more structural information than the or 7Li spectra 5 /\\/f 3

of LiAl sOg. In the analysis reported by Weller et'8lon the S | y-04 g

correlation between the chemical shift of th@l resonance 3 —J\’\/—/‘ g somw

frequency and the ALO—AI angle of the distorted tetrahedra, g |y=03 a ]

a 75-80 ppm window was observed. The resonances— 0 03 mw

ppm and 58-64 ppm are unambiguously accepted to originate y=02

from hexa- and tetracoordinated Al, respectively, while reso- ‘J./\/_p LV

nances at ca. 30 ppm can be ascribed to pentacoordinated Al. y=0l 8 i 280 290 300 310 320 330
Taking into account the trigonal structure of LiAl(ne can e 8.mt

expect that the second-order quadrupole effects will only perturb 280 2% 303,3%“ 320 %30

the_27A| spectru_m. T_he_27A| MAS_ NMR_ spe_ctrum of pure Figure 3. (A) EPR spectra at 113 K of impurity Rfi in LiAl \Co,-,O,
a-LIAIO 2 or a-LIAIO ; intimately mixed with LiCoQ powders  samples. (B) Microwave power dependence of the EPR spectrum of
consists of one broad signal at 15 ppm with a pair of spinning impurity Ni3* for (a) y = 0.30 and (b)y = 0.70.

side bands (Figure 2Ce), which is typical for hexacoordinated
Al. Drastic changes in th&Al spectrum are observed for Al-
substituted LiCo@ The Al MAS NMR spectra of

LiAl yCo;-yO, show complex center bands including several
equidistant Gaussians with line widths of-6 ppm (Figure
2Ca-d). The distribution of the band intensities depends on
the aluminum content. At 20% of Al, the most intensive band
is located at about 65 ppm. As the aluminum content increases,
the position of the intensive peak is located from 65 to 15 ppm.
This peak displacement reflects the changes in the local structure
of Al. The shape of the complex profile of the intensive peak
was found to be unaffected by the spinning rate. The appearance
of the bands between 15 and 65 ppm can be interpreted not

m7T

3
©
Q.

AH,,

h=l
-
fas]
=l

I I
260 300 340 380

@
53_/\\/‘/'

T.K
only by the second-order quadrupole effects but also by the |
coupling between Al in hexa- and tetracoordination. In addition, 280 290 300 315 390 33
the spinning side bands are inside the range of the two bands 20 B, mT 0 30
at 15 and 65 pm (Figure 2C). From the analysis of 4l Figure 4. (A) Temperature evolution of the EPR spectrum of impurity

NMR spectra, it can be inferred that aluminum occupies both Ni3+ in LiAl g 7dC0s¢02. (B) Temperature dependence of the EPR
the tetra- and hexacoordinated sites, the ratio between themLorentzian line width for LiA}Co,-,O, samples.

depending on the total aluminum content. For Al-poor com- | B o

positions, aluminum prefers tetra- instead of hexacoordination, IN the EPR spectrum of the Kiimpurity ions. Already at 100
while for Al-rich compositions, aluminum tends to fill the K. the EPR spectrum of R impurity atoms in aluminum-rich
hexacoordinated sites. The appearance of tetracoordinated APXides is a superposition of two kinds of signals: a single
in trigonal LiAl,Co,-,O, is not consistent with the Rietveld Gaussian line witly = 2.140 and an axially symmetrical doublet

refinement data concerning the statistical distribution of Co and With 9o = 2.146 andg, = 2.137 (Figure 3A). When the
Al in octahedral 3b sites. This result is not surprising if we &luminum content decreases, the additional Lorentzian line,
consider the different scattering factors for Al and Co. This SuPerimposed on the two kinds of EPR signals, grows in

indicates that the amount of Al is not enough to induce the Intensity (Figure 3A). These signals are distinguished by the
corresponding changes in XRD patterns. microwave power (Figure 3B), as their intensities are affected

Owing to the close chemical properties of cobalt and nickel, t© different extents. o ,
the main impurity in cobalt salts is usually nickel in concentra- O heating, the EPR spectrum, consisting of a singlet and a
tions of 0.3-0.5 atom %. Attempting to explore the bond doublet, merges into a single Lorentzian line wifh= 2.142
character and cationic distribution in Al-substituted LiGpO  (Figure 4A), the averaging temperature, that is, the temperature
EPR of low/spin Ni* ions used as tracers was undertaken. As at which the singlet and the doublet signals coalesce, being
was shown in previous studigsbetween 30 and 400 K the dependent on the amount of aluminum. The line width of the
EPR spectrum of Ni impurity atoms in LiCoQ consists of a Lorentzian curve depends on the recording temperature and the
single Lorentzian line witly = 2.142. Due to the JakfTeller aluminum ci)r]ten'.[ (Figure 4B). In agreement with the EPR
effect, below 30 K the Lorentzian line is transformed into a Study of NP* in LiCoOy, '_[3h+e singlet and the doublet can be
singlet with a Gaussian shape and a doublet, corresponding to?SSigned to JahrTeller Ni** species in a trigonally distorted
the transitions in the ground vibronic double state o¥NP octahedral field: the doublet corresponds to transitions occurring
The addition of aluminum to LiCocauses essential changes " the ground vibronic doublet state, while the singlet is the
relaxation-averaged part of the doublet. The difference between
(25) (a) Angelov, S.; Friebel, C.; Zhecheva, E.; Stoyanova).RPhys. the values ofjy = 2.146 andy, = 2.136 for N#* in Al-doped
Chem. Solid4992 53, 443. (b) Stoyanova, R.; Zhecheva, E.; Friebel, oxides is larger than that for fi in pure LiCoQ (go = 2.141,
(IE:"JArTgth(s)l\/Cgt-}Sn(])'lidSOS“tiltﬁglinsigﬁ%Q(;)Sgt?Ly?an(?j\)/as’tf)eyaﬁgsghg'a’ g = 2.138), which is associated with the higher degree of
Zhecheva, E.: Alcatara, R.; Lavela, P.: Tirado, J. 1Solid State  trigonal unit cell distortion. In addition, the temperature of
Commun 1997 102 457. averaging the complex EPR spectrum drastically rises with Al-
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Figure 5. Step potential electrochemical spectroscopy (SPES) results (cell currelplot and V vs composition plot) of (A) Li/LiICIQPC +
EC)/LixAl2C0p 60, test cells and (B) Li/LICIQ(PC + EC)/LixAl.1dNio.71C0.140; test cells.

containing samples: from 30 K for pure LiCe@ 270 K for steps of an electrolyte decomposition process. However, the
LiAl yCo,-yO,. This clear distinction in the averaging temper- interference of this process on the evaluation of the maximum
ature can be explained in terms of covalency of th& N0~ lithium extraction (minimunx value) is not high (Figure 5A).

bond changed by Al substitution. It is to be pointed out that Thus it can be concluded that the presence of aluminum in the
when the g tensor of an axially symmetrical doublet is composition of the solid stabilizes the rhombohedral structure,
independent of the aluminum amount, the degree of trigonal thus allowing a more extended lithium extraction than in pure
distortion increases smoothly. From this it can be inferred that LiCoO,.
Ni3* impurity ions in the AjCoy-,O; layers prefer mainly At On the other hand, the reversibility of the lithium extraction
ions as first neighbors. If a distribution of Al with respect to intercalation process is poor, as evidenced by the enhanced
Co similar to that around the Ni probe atom ions is assumed, polarization found for the first cycle of chargeischarge
the nonuniform distribution could affect the entire,8b;—,O, (Figure 5A). This effect is more marked in this solid than in
layers. In addition, the nonuniform distribution of Al in the stoichiometric LiCoQ prepared at the same temperature and
vicinity of Ni3* causes a slight dependence of the Lorentzian can be considered as a consequence of a poorer lithium ion
line on the recording temperature (Figure 4B) but does not result diffusivity, resulting from the presence of aluminum in both
in selective broadening of the X-ray diffraction lines. Hence, tetrahedral and octahedral sites, as discussed above. In turn,
the clustering of Al in LiCoQ covers the microscale regions these effects may limit the applicability of LifCo—,O,
around N#* ions. cathodes. In order to overcome this problem, it was taken into
Although a detailed characterization of battery performance account that pure LiNi@commonly displays a more extended
is not the main objective of this work, the preliminary results reversible deintercalation than LiCeOMoreover, Ohzuku et
on the electrochemical performance of Li&b;-,O, solids as al3 recently reported a partial improvement of the electro-
active cathode material in lithium anode cells are summarized chemical performance of LiNiQcathodes by aluminum sub-
below. The performance of LijCo;-yO, was evaluated for  stitution in LiAl,Ni;—yO, solid solutions. With these results in
low y values ¢ < 0.5), as larger aluminum contents are not mind, nickel was incorporated in the stoichiometry of the-Li
interesting in terms of cell capacity, as compared wit{CbiO, Al—Co—0 solid solutions by using the preparative procedure
electrodes. The SPES data fpr= 0.2 are shown in Figure  described in the Experimental Section, which uses amorphous
5A, in which the maximum extraction of lithium is almost citrate precursors. Similar procedures have been successfully
equivalent to the complete oxidation of €aoto Co*t, simul- applied to LiCoGQ?6 and LiNiO,.2” Thus, the quaternary system
taneous to the extraction of ca. 0.8 lithium ions, provided that with LiAl g.1dNig.71C0y 140, stoichiometry was prepared at 973
no other side reaction is admitted. The intensity vs voltage dataK and studied in lithium anode cells. Unfortunately, due to
reveals a main oxidation peak located at 4.05 V during cell the high content in paramagnetic3Niions, the NMR spectra
charge which can be ascribed to the first-order transition from of the quaternary phase did not allow a clear assessment on the
LiAl ,Co,-O5 to LixAl,Co1-,O; as found for pure LiCo@’ The location of Al atoms. Nevertheless, the unit cell parameters (
occurrence of a low-intensity peak at ca. 4.5 V may be indicative = 2.8596 A, ¢ = 14.168 A) reveal a less marked trigonal
of the order-disorder transformations previously found in the distortion ¢/a = 4.950) as compared with the results in Table
electrochemical performance of 00O, cathode cells forx 1. The similarity between the unit cell parameters of Lif#
close to 0.5. However, the position of the peak at ca. 4.5V is
significantly higher than that reported for purgCoQ;, which (26) Alcantara, R.; Gorova, M.; Morales, J.; Stoyanova, R.; Tirado, J. L.;
may be indicative of a slow kinetics of lithium ordering in the Zhecheva, EChem. Mater 1996 8, 182.
interlayer space which polarizes the cell, as discussed below.(27) Alcantara, R.; Lavela, P.; Tirado, J. L.; Stoyanova, R.; Gorova, M;
. . . . . . Kuzmanova, E.; Zhecheva, E. Batteries for Portable Applications
The increase in cell current which is evident in Figure 5A for and Electric Vehicles Holmes, C. F., Landgrebe, A. R., Eds.:
voltage values higher than 4.6 V may be ascribed to the first Electrochemical Society: Pennington, NJ, 1997; p 109.
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Figure 6. Intensiostatic cycling of Li/LICIQ(PC+ EC)/LiAlg1Nig.7r-
Cay140; test cells recorded at C/50.

Nio.71C.140, and those reported for LigiNi;—,O,*is probably
indicative of a cation distribution closer to the latter solid, that
is, having AF* ions in octahedral coordination almost exclu-
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sively. This in turn should affect the electrochemical behavior.
Figures 5B and 6 show the results of the SPES measurements
and galvanostatic cycling of lithium anode cells using this
sample as cathode material, respectively. The first potentiostatic
cycle in Figure 5B evidences a better reversibility of the lithium
extraction-insertion process of LiAlidNio.71C0.140,, as com-
pared with the LjAlgCoygO, electrode (Figure 5A). The
galvanostatic capacity after the first discharge takes a value of
155 mA h g? for LiAlo1eNio71C0.1402 (Figure 6). An
excellent capacity retention is also observed for this material
during the first cycles. Thus a capacity of ca. 134 mAhig
observed after cycle 5, which suffers little change in the
following cycles recorded in Figure 6.
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