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Abstract

Aseries of LiM, Crp 5 ,Mn1 504 compositions, where M is either Fe or Al, was synthesized by a conventional solid-state fusion method.
Phase-pure materials were obtained for all the Fe-substituted compositions, while at Al stoichiometries of 0.3 and 0.4 the Al-substituted
compositions hady—LiAlIO, as an impurity phase. An increase in the amount of Fe or Al increased the lattice parameters as well as
the propensity of these co-dopants to occupy thditBium sites. Electrochemical activity was noted in the 4 and 5-V regions. Fe
as a co-substituent increased the currents associated with the high-voltage peaks, while Al as a co-substituent enhanced the high-voltage
capability of the spinel. Irrespective of whether the co-substituent was a transition metal or non-transition metal, it altered the electrochemica
characteristics of both the Mh/Mn3t and the CH/Cr3t couples, the effect being more pronounced in the 5-V region. Although increased
amounts of Fe or Al rendered the spinels high-voltage active, both the deliverable capacity and capacity retention were lowered. The
cumulative capacity obtained with Al-substituted materials was less than with Fe-substituted materials. At a 0.1 C rate between 3.3 and
5.1V, the Fe co-substituted spinel & 0.1) gave a first-cycle capacity of 117 mAh'y while that with Al was 112mAhg'. The
corresponding values in the 40th cycle were 88 and 82 mAh g
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction cycling, especially at elevated temperatures, results in a ca-
pacity fade[5-7]. Attempts have been made to improve the
LiMn20O4 has a cubic structure dfd3m symmetry in cyclability of the spinel in the 4-V region by partially sub-
which the Li* and the MAT/Mn**+ are located in the 8 stituting manganese with transition metals like chromium,
tetrahedral and Iboctahedral sites, respectively, in a cubic cobalt, iron, nickel, titanium and zinc, and non-transition
closely packed array of © ions, which occupy the 22 metals such as aluminum, gallium, germanium and mag-
sites[1,2]. The & sites share a face with the vacant b@- nesium. Substituting part of the manganese with another
tahedral sites, providing three-dimensional channels for the metal may increase the stability of the spinel struc{r8]
reversible intercalation of lithium ions. Lithium extraction Or may raise the operating voltage of the sys{éf], often
from the & sites occurs at 4.1V versusiLi, yielding at the expense of the deliverable capaf®y10]. Although
A-MnO, upon complete lithium extraction. The cyclability ~such substitutions often result in enhanced stability of the
of this cathode is related to the structural integrity of the spinel, the first discharge capacity is found to be consid-
host lattice during the charge—discharge procef3esAl- erably lower than the parent compound. The reduction in
though the charge—discharge processes in the 4-V region ar€apacity is due to the fact that the substituent ions do not get
accompanied by a 7.6% volume change in the unit cell, the oxidized or reduced in the 4-V region. According to Sigala
change is so gradual and isotropic that the cubic symmetry ofet al.[11] and Zhang et a[12], the capacity loss in the 4-V
the material is usually maintaingd]. However, prolonged  region for LiMyMn;_,04, where M is a transition metal
ion like chromium or nickel, reappears at a higher voltage
(4.7V for nickel and 4.9V for chromium), which gives
their discharges a two-step profile. Therefore, charging of
fax: +886-3-425-7325.
E-mail address: gfey@cc.ncu.edu.tw (G.T.-K. Fey). such systems mus_t be done at voIFages _above 5-V.
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Karaikudi 630006, TN, India. of groups[8,13—20] Chromium has been shown to form
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solid solutions of the form LiGMn,_, 04 [13]. With an in- by a solid-state fusion method from oxide, carbonate and
crease in chromium content, the 4-V capacity decreases, buhydroxide precursors. Stoichiometric amounts ofQ®3
additional capacity may be tapped at about 48\ 1,21] (Ferax), MnQ (Aldrich) and CpO3 (Merck) and the de-
The higher stabilization energy of &r for octahedral coor-  sired substituent compound, & (Ferax) or Al(OH} (J.T.
dinations is well knowr{22]. Chromium incorporation has  Baker), were thoroughly ground in an agate mortar and pel-
been shown to stabilize the spinel structure by enhancingletized. The pellets were then fired in a muffle furnace at
Mn—O covalency, removing manganese from the tetrahedral800°C for 24 h in air. The heating rate was 4@min~!
sites, and reducing the Jahn-Teller effgct]. Similarly, and the cooling rate to room temperature wa€anin1.
Fe* has also been investigated as a substituent in Libn After cooling to room temperature, the pellets were ground
[23-25] Substitution with iron is believed to result in a again. The chemical compositions of the products were an-
disordered structure, which lessens the Jahn-Teller distor-alyzed by an inductively coupled plasma-mass spectrome-
tion, resulting in better cyclability of the spinel in the 3-V  ter (PE-Sciex Elan Model 6100 DRC). They are listed in
region [23]. Song et al[24] reported that iron decreased Table Jand were found to be close to the targeted formulae.
the 4-V capacity, but improved the cycling performance. The changes in the local structure of the parent compound as
Ohzuku et al.[25] reported the formation of a series of a result of the substitution were studied by a Siemens D5000
solid solutions of the general formula Lifdn;_,O4 X-ray diffractometer with nickel-filtered Cu & radiation
and discussed the electrochemical lithium intercalation in between scattering angles 5 and &8increments of 0.05
these materials based on the results of their Mossbauer Charge—discharge studies were carried out with coin
spectroscopic studies. Aluminum as a non-transition metal cells assembled in standard 2032 cell hardware. Lithium
substituent reduces strain in LiM@®, during repeated cy- metal was used as the anode and a 1 M solution of §.iRF
cling [26,27] and facilitates a higher discharge capacity EC:DEC (1:1 v/v) (Tomiyama Chemicals) was used as the
retention[27]. However, Lee et al[28] observed a unique electrolyte. The cathode was prepared by blade-coating a
effect with aluminum-substituted LiMi®,4 prepared by a  slurry of 85wt.% active material with 10wt.% conductive
melt-impregnation method: while the substituent led to ex- carbon black and 5wt.% poly(vinylidene fluoride) binder
cellent cycling performance in the 4-V region, it produced in N-methyl-2-pyrrolidone on an aluminum foil, drying
an abrupt capacity loss in the 3-V region. The autijagj overnight at 120C in an oven, roller-pressing the dried
attributed this effect to the formation of mixed cubic and coated foil, and punching out circular discs. Cell assembly
tetragonal phases after some initial cycling. was done in an argon-filled glove box (VAC, MO 40-1)
In this paper, we report the results of our study on the that contained less than 2 ppm oxygen and moisture. The
effect of co-substituting LiGrsMny.504 with iron or alu- cells were cycled at a 0.1C rate between 3.3 and 5.2V in a
minum. While the stoichiometry of the manganese was multi-channel battery tester (Maccor 4000).
maintained at the molar ratio of 1.5, the chromium was par- A slow scan cyclic voltammetric (SSCV) experiment was
tially substituted with iron or aluminum. The molar ratios performed in a three-electrode glass cell placed inside the
of the co-substituents were 0.0, 0.1, 0.2, 0.3 and 0.4. Theirglove box. The working electrodes were prepared with the
effects on the structural and electrochemical properties of cathode powders as described above, but coated on both
the spinel are discussed and correlations are drawn. sides of the aluminum foil. The cells for SSCV studies were
assembled inside the glove box with lithium metal foil serv-
ing as both counter and reference electrodes. The electrolyte
used was the same as the one used for the coin cell. Cyclic
voltammograms were run on a Solartron 1287 Electrochem-
The substituted compounds, Lirp5_,MnO4 (M = Fe ical Interface at a scan rate of 0.1 mWsbetween 3.0 and
or Al; y = 0.0, 0.1, 0.2, 0.3 and 0.4), were synthesized 5.1V.

2. Experimental

Table 1
ICP-MS and XRD data for LiMCros_,Mn1504 (M = Fe or Al; y = 0.0, 0.1, 0.2, 0.3 and 0.4)

Composition ICP-MS analysis a (A 400/l 312 l220/1 312 Unit Cell Volume (AY
LiMn 204 Lig.970Mn1.08203.977 8.2000 1.036 * 551
LiCrgsMny504 Li0.973Cro.478Mn1 48903 951 8.1528 1.069 * 542
LiFeo.1Cro.4Mny 504 Li0.984Cro.386F€0.008MN1.48303.933 8.1616 1.038 * 544
LiFep 2Crg3Mny 504 Li0.954Cro.200F€0.106MN1.43003.810 8.1932 1.027 * 550
LiFeo_3Cro,2Mn1,5O4 Li0_948CI’0.183FQ).305Mn1_45003v340 8.1968 1.010 0.037 551
LiFeg 4Crg1Mn; 504 Li0.943Cr0.104F€.410MN1.46203.903 8.2144 0.964 0.042 554
LiAl 9.1Cro.4Mn1.504 Li0.084Crp,391Al 0.0905MN1.48503.943 8.1616 1.071 * 543
LiAl 0.2Crg3Mny 504 Li0.972Cro.294Al 0.188MN1.47903.921 8.1720 1.035 * 546
LiAl 9.3Cro.2Mn1.504 Li0.968Cr0.191Al0.203MN1 48203927 8.1832 0.980 * 548
LiAl 0.4Crg.1Mny 504 Li0.952Cr0.101Al 0.308MN1.46703.942 8.1932 0.920 * 550
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Fig. 1. Powder X-ray diffraction patterns of the Lif&ros_,Mn; 504 compositions.
3. Results and discussion few extra peaks could be observed, especially at the higher
substituent concentrations & 0.3 and 0.4), indicating the
3.1. X-ray diffraction presence of mixed phases. The additional peaks in these

diffractograms are ascribed tgLiAIO » [27]. It is gener-
Typical powder X-ray diffraction patterns recorded for ally known that replacing the transition metal with Al is
the Fe- and Al-substituted LiggMn1 504 compositions are  not easy because extraneous phases such #3; AP9],
shown inFigs. 1 and 2respectively. All the Fe-substituted B-LIAIO 2 [30] andy—LiAIO, [31], can easily form at cal-
compositions were found to be phase-pure, with all the cination temperatures above 60D. The lattice parameters
peaks indexable in th&d3m space group with a cubic for the Fe- and Al-substituted systems, calculated by a least
lattice. However, with the Al-substituted compositions a square method, are listed Wrable 1 For both the Fe- and
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Fig. 2. Powder X-ray diffraction patterns of the LiAlros_,Mny 504 compositions.

Al-substituted systems, the lattice paramegeimcreased content {) was increased, the Cr content§6- y) was cor-
linearly with an increase in the substituent content. This is respondingly decreased. The decrease in Cr content should
a characteristic feature of solid solutions that obey Vegard’s have led to an increase in the values of the lattice parameters
law, according to which some material parameters, such because in the same oxidation states, chromium ions have
as lattice constants, vary linearly with the mole fraction of smaller ionic radii than manganese ions:3Gr0.615 A;

the substituent species. The fact that Fe forms completeMn3t, 0.68A; CAt, 0.58A; and MA*, 0.60A [32]. In-

solid solutions of the general formula Lifdn,_, 04 was deed, the values ad and the unit cell volume were found
demonstrated by Ohzuku et §25]. Despite the presence of to decrease with an increase in the Cr cont@able J).

an extraneous-LiAlO » phase, the linear increasearwith An important consideration in substitutional studies is
Al content is interesting. It must be noted as the Al (or Fe) the site occupancy of the substituent ions in the host matrix.
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Ohzuku et al.[25] used the integrated intensity ratios of
close-lying peaks in the X-ray diffractogram to determine
the extent of substituent ion occupancy. In order to ensure

desirable electrochemical performance, it is necessary that

the substituent ions replace the Mn ions in thel Déta-
hedral sites of the LiMgO4 matrix. Any occupancy of the
substituent ions in theaBtetrahedral lithium sites will lead

to unfavorable electrochemical characteristics. According
to Ohzuku et al[25], the integrated intensity ratios of the
(400)/(311) and (220)/(311) peaks are indices of the
extent of substituent ion occupancy in tha I[Bhium sites.

In the case of the LiFe&Crgs_,Mn; 504 samples, the inte-
grated intensity ratio (4 00)/(3 1 1) showed a decrease when
the Fe content was increased. However, the (220)/(311)
increased with an increase in the Fe content. The (220)
peak could be deciphered only at = 0.3 and 0.4. Its
intensity increased with the Fe content. Such an increase
in the intensity of the (220) peak and the corresponding
increase in the (22 0)/(3 1 1) intensity ratio signifies the par-
tial occupancy of the Fe in the lithiuna8attice sites at the
higher values ofy. This was complemented by a decrease
in the (400)/(311) intensity ratios. However, in the case of
the Al-substituted compositions, no peaks corresponding to
the (220) reflections could be seen, but the (400)/(311)
intensity ratio was found to decrease with an increase in
Al content, which suggests that Al showed a propensity to
occupy the & lithium sites in LiAl,Crg5_,Mn1504.

3.2. Cyclic voltammetry

The cyclic voltammograms were recorded between
3.00 and 5.10V. Although electrolyte decomposition was
a possibility at the higher voltage, no evidence for any
decomposition could be seen in the voltammograms. In
fact, LiPRg-based electrolytes, such as the one used in
this study, are fairly tolerant to high-voltagg33]. The
cyclic voltammograms recorded for the doped systems
(Figs. 3 and % show two regions of electrochemical ac-
tivity: one around 4.0V, corresponding to the lithium in-
tercalation/deintercalation into/from the &trahedral sites
and associated with the Mh/Mn3* couple, and the other
above 4.5V, corresponding to the oxidation/reduction of
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the substituent ion. In these samples, besides the common

Cr ion, the other substituent ion was either the transition
metal ion (Fe) or the non-transition metal ion (Al). Hence,
the electrochemical characteristics of the materials must
reflect the redox reactions of Mn and Cr, as well as those
of the additional substituent species. They must essentially
represent any differences between doping with a transi-
tion metal cation and doping with a non-transition metal
cation.

Fig. 3a and hllustrate the effect of increasing the amount
of Fe with a simultaneous decrease in the Cr content.
LiFeg.1Crp4Mn1 504 showed an oxidation peak at 4.15V
corresponding to the oxidation of Mh to Mn*t, and a
broad peak at 5.04V with a prominent shoulder at 4.85V.

Fig. 3. Cyclic voltammograms of (a) Lig@Croi1Mnis0a4; (b)

LiFeg 1CroaMny 504. Scan rate: 0.1 mVg.

While the peak at 5.04V is attributable to the oxidation of
Fe*t to Fé* [25], the reaction corresponding to the shoul-
der at 4.85V is due to the €r/Cr3+ couple[8,11,21] At
lower Cr levels, such as in LibQCrg1Mny 504 (Fig. 39,

the shoulder at 4.85V apparently vanishes, indicating that
the contribution from the CGr/Cr3t couple is not signif-
icant. However, the 5-V peak shifts to 5.09V. The corre-
sponding reduction peak also shifts from 4.80 to 4.90 V. It
is also seen fronfrig. 3a and kthat an increase in the Fe
content from 0.1 to 0.4 resulted not only in a shift of the
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LiCr ¢1Aly4Mn; 504 4.07V (reduction). Moreover, the shoulder at 4.86V and
the peak at 4.99V merge into a single peak at 5.10V as
the Al stoichiometry is increased from 0.1 to 0.4. Con-

411V versely, the large-area peak at the 5-V region shrinks to

a narrow peak as the Cr content is decreased. According

to Shao-Horn and MiddaugB7], who investigated the

Li/LiAl osMn1 504 system, the 5-V oxidation peak has

limited reversibility. In fact, the 5-V peak observed with

LiAl g5Mn150;, is totally unexpected given that there is

no conventional-type redox couple corresponding to this

potential region in LiA}sMn1504. The small reduction
current seen around 4.81V in our samples must have arisen
mainly from the conventional reduction reaction of the

small amounts of Gr. According to Shao-Horn and Mid-

daugh[37], the electrochemical reactions in the 5-V region

of substituted LiMaO,4 spinels may have more to do with
the redox reactions of the oxygen lattice, brought about by

2.0 7

Current (Amp)

2.0 | l | l | such substitutions in the spinel framework, than with the
3.0 3.5 4.0 4.5 5.0 5.5 conventional redox reactions of the transition metal species.
@ Voltage (V vs. Li*/Li) In such a scenario, the split peak around the 5-V region

requires further analysis. It is hypothesized that an increase
in Mn*+ concentration in the spinel due to substitution or
extensive lithium de-intercalation is a prerequisite for the
LiCr ¢4Alp1Mn; 504 occurrence of electrochemical processes around[37.
2.0 — For all the compositions, irrespective of whether they had
Fe or Al as the co-substituent, the average Mn valency was
3.67. Significantly, there was no shift in the redox peaks

411V
49V corresponding to the Mr/Mn3t+ couple (4.11V/3.92V).
1.0 — 4.86 V Thus, co-substitution with Al seems to shift only the oxi-
'Y dation peak of the Gr/Cr*t couple to higher potentials.

Substitution with non-transition metals has been known to
shift the potential of the operating electrochemical couple
0.0 to higher values. However, Al-substitution does not seem
to enhance the currents for the redox proces&és. @a
480V and B. Ceder et al.’438] ab initio calculations show that
the 5-V activity is strongly influenced by the oxygen lat-
tice. However, it looks unlikely that any reversibility in the

Current (mA)

-1.0 —

392V 5-V region can be attained without a transition metal ion
compensating for the charge imbalance created by lithium
20 intercalation/deintercalation.

' ' ' ' ' ' From the above studly, it is clear that the 5-V redox couple

30 33 40 4 50 >3 is to be attributed to the Cr, and that its potential is tailored by

(b) Voltage (V vs. Li "/Li) varying the co-substituent concentration. Although tapping
the full capacities from these doped materials requires a
Fig. 4. Cyclic voltammograms of (a) LifkCroiMny504; (b) stable electrolyte, they do represent a class of materials for

LiAl 01Cro4Mn1 504. Scan rate: 0.1mV's. high energy density lithium batteries.

From the foregoing, it is clear that co-substitution with
redox potential of the Mht/Mn3+t couple, but also in anin-  the cation of a transition metal (Fe) alters the electrochem-
crease in the currents associated with the redox peaks. Thusical behavior of both Mfit/Mn3+ and Cf+/Cr** couples.

Fe as a substituent seems to influence the electrochemicalrrespective of whether it is Fe or Al, the effect is more
characteristics of the M /Mn3* couple. pronounced in the 5-V region than in the 4-V region. Al-
However, an examination of the effect of co-substituting though Al, as a non-transition metal, is not expected to
with Al (Fig. 4a and p shows that at high Al-substituent contribute to capacity through a redox couple, its presence
levels, the characteristic pairs of peaks for the*¥ivin3+ led to a shift in the redox potential of the couple in the
electrochemical couplgl,34-36]become more prominent, 5-V region. The shift increased with an increase in Al con-
with new shoulders appearing at 4.21V (oxidation) and at tent. Thus, although electrochemically inert, non-transition
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Fig. 5. Typical discharge profiles of LiMCro5-,Mny1504: (a) M = Fe;
(b) M = Al. Charge—discharge rate: 0.1 C.

metal substituent ions can play a role in enhancing the
high-voltage capability of the system.

3.3. Charge—discharge studies

315

voltammograms. The most striking aspect of the plots is
that as the Cr content was increased the capacity in the 5-V
region increased. In other words, the capacity in the 4-V
region is determined by the Mh/Mn3t couple and the ca-
pacity in the 5-V region by the ¢r/Cr3t couple. Similar
observations have been reported with Cr-doped LiGIn
[8,11,18,19,21,39However, the capacity in the 4-V region
was always higher than the corresponding theoretical ca-
pacity, and that in the 5-V region was much less than the
theoretical value for that regiofgble 2 the 4-V capacity is

the integral capacity between 3.3 and 4.5V, whereas the 5-V
capacity is that between 4.5 and 5.2 V). The replacement of
half the number of trivalent Mn by Cr would mean that the
total capacity of the material gets equally shared between the
4 and 5-V regions. Thus, the theoretical 4-V capacity would
be 74.7mAh gl. Curiously, the observed 4-V capacity was
75.1 mAh g%, which is higher than the theoretical value. On
the other hand, the 5-V capacity was a lower 38.9 maAh g
Since the redox potentials of the ¥irfMn3t and Cf+/Cr3t

are far apart, at 4.1 and 4.9V versusllii, respectively,

an immediate explanation for this abnormal behavior is
not forthcoming. Any synergistic effect of the electroactive
couples, although it may seem hypothetical at this juncture,
should not be discounted. It can also be seen that while the
4-V capacity decreased with an increase in the Cr content, it
increased as the Fe content was increased. In the 5-V region,
the trend reverses: as the Cr content was increased, the 5-V
capacity increased, but decreased as the Fe content was in-
creased. However, the cumulative capacities in all the cases
remained in the 103-117 mAh§ bracket. The two metals
seem to have different roles in the two voltage regions stud-
ied. Sigala et al[8,11] and Hong et alj40] found that Cr as

a dopant reduced the 4-V capacity and increased the 5-V ca-
pacity. Some authors suggest that the 5-V plateau could be
ascribed to the Mh™ <> Mn®* reactions or to the removal

of lithium from the octahedral sites in the LiM®,4 struc-

ture [8,41]. According to Hong et al[40], the oxidation of
Mn*t to Mn®t is a distinct possibility because it involves a
change in the electronic configuration froftd i, as in the
oxidation of CP+ to Cr**. Our observations that increased
amounts of Fe led to an increase in the 4-V capacity and a
reduction in the 5-V capacity run counter to the findings of
Song et al[24] and Ohzuku et al[39], who investigated
LiFe,Mn;_,04 compositions as cathode materials. Song
et al.[24] further reported that as the Fe content increased in
LiFe,Mn2_, 04, the intercalation-deintercalation potentials
shifted to higher voltage regions. Ohzuku et [89], who
studied the individual effects of Fe and Cr as substituents in
the LiMn,O4 spinel, found that the charge—discharge pro-
files of the two doped systems were indistinguishably sim-
ilar. Obviously, the effect of simultaneous substitution with

Galvanostatic charge—discharge studies were performedrFe and Cr differs from the effect of individual substitution.

between 3.3 and 5.2V at a @lrate. Fig. 5a and b

show the two-step discharge profiles of cells with the Fe-
and Al-substituted compositions, respectively, reflecting
the 4 and 5-V redox processes observed in our cyclic

The occurrence of reversible reactions in the 5-V re-
gion for substituted LiMpO4 has been attributed solely to
the redox behavior of the substituted transition metal ion
[8,11,12,21,42—-44]However, if a change in the valence
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Table 2

Theoretical and observed first-cycle capacities of the various substituted materials

Composition 4-V capacity (mAhd) 5-V capacity (mAhg?) Cumulative capacity (mAh})
Theoretical Observed Theoretical Observed Observed

LiMn 204 148.2 108.0 — — 108.0

LiCrosMn1.504 74.7 75.1 74.7 38.9 114.0

LiFep.1Cro.4Mn1 504 74.6 81.0 74.6 36.0 117.0

LiFeg2Cro3Mny504 74.4 83.0 74.4 32.0 115.0

LiFep 3Cro2Mn1 504 74.2 83.4 74.2 30.7 1141

LiFeg.4Cro.1Mny 504 74.1 85.5 74.1 235 109.0

LiAl 9.1Cro.4Mn1.504 74.7 77.2 60.6 37.8 115.0

LiAl 9.2Crg3Mn1504 76.9 86.2 46.1 25.8 112.0

LiAl 9.3Cro.2Mn1 504 77.5 87.9 31.0 21.1 109.0

LiAl 0.4Crg1Mn1 504 78.6 88.9 15.7 14.1 103.0

state of a metal ion is an essential criterion for electro- been reported by several grouf13-21] The stronger
chemical activity, no such activity should arise from the Cr-O bonds in the delithiated state (compare the binding
Al-substituent. Nevertheless, the Al-substituted spinels ex- energy of 1142 kJmofé for CrO, with 946 kImole?
hibited added electrochemical activity. The electrochemi- for a—MnQO;, [11]) is a factor in the greater stability of
cal activity due to Al incorporation is akin to that reported Cr-containing spinels. We have noted earlier that Cr sub-
with Al-substituted LiCoQ [45]. Ab initio pseudo-potential stitution in the LiMnOy4 spinel reduces unit cell volume,
calculations show substantial charge transfer to the oxygenwhich should increase the stability of the spinel framework
layer[45,46] FromTable 2 it can be seen that the 4-V ca- during the lithium intercalation/deintercalation processes
pacity of the compounds was always higher than the the-[11,38,47] Table 1shows that as more Cr is replaced with
oretical values. This suggests a synergistic role for one or Fe or Al, the unit cell volume increases, contributing to
more of the substituents in the 4-V activity of the lithium decreased stability for the spinel structure.

manganese oxide spinel. Similarly, in the case of LIAICrgs_,Mn;504, a grad-

For comparison, the cycling performance of the unsub- ual decrease in the first-cycle capacity was observed as
stituted LiMnp,O4 sample was also studied. The charging more Cr was substituted with Al. It can be seen from
and discharging in this case were carried out between 3.0Fig. 6b that as the Al stoichiometry was increased from
and 4.2V at a 0.1 C rate. The first discharge capacity of the 0.1 to 0.4, the first-cycle capacity decreased from 112 to
unsubstituted compound was 108 mAh-gwhile the cor- 103mAhg L. However, these values were lower than the
responding value in the 4-V region for the LigMn1504 corresponding values obtained with Fe as a co-substituent.
sample was 75 mAhd. The capacity of LiMaO,4 faded Obviously, Fe being a transition metal lends itself to
from 108 to 90 mAh g in 25 cycles, registering charge re-  oxidation-reduction reactions, accounting for part of the ca-
tention of 83.3%. Upon substitution with 0.5 atom/molecule pacity. The discharge capacities recorded in the 40th cycle
of Cr, the cumulative first-cycle capacity was 115 mAf g with LiAl ,Crg5_,Mny 504 were 82 and 67 mAhgt for
In the 25th cycle, the capacity was 101 mAh'gand the y = 0.1 and 0.4, respectively. The corresponding values for
capacity retention jumped to 87.8%. Thus, Cr substitution charge retention were 73 and 66%. Al-substitution in the
not only increased the capacity, but also resulted in higher 16d octahedral sites of LiMgO4 has been shown to bestow
charge retentiorfig. 6a and ldepict the cycling behavior of  relatively good cycling performang¢é8-50], but our results
cells with the Fe- and Al-substituted LiNCrgs_,Mn; 504 with simultaneous substitution of LiM®4 with Cr and Al
compositions. It can be seen froRig. 6athat when 0.1 show that an increase in Al content reduces both discharge
atom/molecule of Fe was introduced, the first-cycle capac- capacity and cycling stability.
ity rose to 117 mAhgl. However, an increase in the Fe The first-cycle irreversible capacity for LiMD4 was just
content from 0.1 to 0.4 in LiKe&Crgs_,Mny504 reduced 9mAhg 1 and for LiCpsMny 504 it was slightly higher at
the first-cycle discharge capacity from 117 to 109 mAh.g 11 mAhgL. The irreversible capacity values were consider-
The corresponding values at the 40th cycle were 88 andably higher for the Fe and Al-doped samples. For example,
70mAh g1, with charge retentions of 75 and 64%, respec- they rose to 40 and 37 mAhg for LiFeg1Cro4Mn150;
tively. Thus, as the Fe content was decreased, not only wasand LiAlg 1Crp4Mn1 504, respectively. However, the irre-
there a decrease in the deliverable capacity, there was alsversible capacity values were generally found to decrease
diminished charge retention. In other words, the replace- with the incorporation of more Fe or Al. The role of the sub-
ment of the octahedral site-stabilizing Cr with Fe resulted in stituent in the irreversible capacity is not immediately clear.
decreased stability of the spinel framework. The beneficial In conclusion, despite the fact that the reversible capacities
effect of Cr in stabilizing the LiMpO, spinel structure has  in the 4-V region for the doped compositions were lower
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Fig. 6. Cycling performance of LiMCrgs_,Mn1504: (@) M = Fe; (b) M= Al. Charge—-discharge rate: 0.1 C.

than that for the undoped LiMI®4 (Table 2, the loss in Fe as a co-substitutent increased the currents associated

capacity in the 4-V region is more than made up in the 5-V with the high-voltage peaks. Fe also influenced the elec-

region. Therefore, the cumulative capacity was higher than trochemical behavior of the Mrii/Mn3t couple. Although

the capacity of undoped compound. Additionally, the capac- Al, as a non-transition metal cannot be expected to enter

ities around the higher voltage region represent the higherinto redox processes, it gave rise to a peak in the 5-V re-

specific energy of the spinel materials. gion, which is attributed to the higher average oxidation
state of Mn in the spinel due to doping. Al also enhanced
the high-voltage capability of the spinel. Irrespective of

4. Conclusions whether the co-substituent was a transition metal ion or a
non-transition metal ion, it altered the electrochemical char-

Simultaneous substitution of Cr and Fe, or Cr and Al acteristics of both the M /Mn3* and the Ct/Cr3t cou-

for Mn in the LiMn2O4 spinel was attempted with the aim  ples. However, the effect was more pronounced in the 5-V

of developing stable, high-voltage cathode materials of the region. Although increased amounts of Fe or Al rendered

general formula LiIMCrgs_,Mn; 504 (M = Fe or Al y = the spinels high-voltage active, both the deliverable capacity

0.1, 0.2, 0.3 and 0.4) for lithium-ion batteries. X-ray diffrac- and capacity retention were lowered. The cumulative capac-

tion studies showed that Fe formed phase-pure compoundsties obtainable with Al-substituted materials were less than

in the compositional range studied. However, at Al stoi- those with Fe-substituted materials.

chiometries of 0.3 and 0.4 the Al-substituted materials had

v-LiAlO, as an impure phase. Both Fe and Al led to an

increase in the lattice parameters. It was surmised that asAcknowledgements

their concentrations increased, tha &trahedral propen-

sity of Fe and Al increased. Cyclic voltammograms showed  Financial support by the National Science Council of the

two regions of electrochemical activity: one around 4-V Republic of China under contract NSC-90-2214-E-008-003
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