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Abstract

The structural and electrochemical properties of various Li–Al–Mn–O–F spinels were studied. Li[LixAl yMn2−x−y]O4−zFz (x= 0, 0.05,
y= 0, 0.1, 0≤ z≤ 0.2) spinels were synthesized by a solid-state reaction method. Fluorine substitution in Li[LixAl yMn2−x−y]O4−zFz led to
well-developed crystallization with octahedral morphology. In addition, Li[LixAl yMn2−x−y]O4−zFz showed superior cycling performance and
better thermal stability than LiMn2O4 and LiAl0.1Mn1.9O4. Fluorine substitution also suppressed Mn dissolution which led to stable cycling
performance at 55◦C. The differential scanning calorimetry (DSC) results showed that the anion (F for O) and cation (Li, Al for Mn) substituted
spinel had better thermal stability than LiMn2O4, Li[Al yMn2−y]O4, or Li[Li xAl yMn2−x−y]O4.
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. Introduction

LiMn2O4 has been studied extensively as a cathode ma-
erial for lithium rechargeable batteries because of its low
ost, low toxicity and relatively elevated energy density[1–3].
espite such advantages, significant capacity fading during
ycling, especially at elevated temperatures, has frustrated
he commercial use of the LiMn2O4. Although the origin of
he poor cycling performance has not been fully understood,
everal possible mechanisms have been suggested, such as
ahn–Teller distortion[4,5], Mn dissolution at elevated tem-
erature originating from Mn3+/4+ redox[6,7] and changes

n the crystal lattice arrangement during cycling[8].
To overcome the problem of poor cycling performance at

levated temperature, many studies have focused on cation
ubstituted LiMn2−xMxO4 (M = Al, Mg, Ni, Co, Cr, etc.).
ome of these substituted spinel showed improved electro-
hemical performance at elevated temperature[9–12]. An-
ther work by Sun et al.[13] and Amatucci et al.[14,15]
ith anion doped spinels has shown that anion doped
pinels exhibit stable cyclability at elevated temperatures.

Among these anion doped spinels, the two-fold substit
LiAl yMn2−yO4−zFz showed improved electrochemical p
formance due to the combined positive effects of the rete
of small lattice parameters by Al substitution and redu
average Mn oxidation state by F substitution[15,16]. The
other work to improve the poor capacity and cyclability
the 4 V region of LiMn2O4, monovalent Li doping on 16
sites were also performed[4,17–20]. Because Li+ provides
a larger valence difference relative to Mn than divalen
trivalent cations, only a small amount of dopant was ef
tive [20].

This study focused on the Li–Al substitution for M
(16d sites) and F substitution for O (32e sites)
LiMn2O4. Li[Li xAlyMn2−x−y]O4−zFz (x= 0, 0.05,y= 0, 0.1,
0≤ z≤ 0.2) spinels were synthesized by a solid–state r
tion method, and their structure, electrochemical prope
and thermal properties were examined.

2. Experimental

Li[Li xAlyMn2−x−y]O4−zFz (x= 0, 0.05, y= 0, 0.1,
∗ Corresponding author. Tel.: +82 2 2290 0524; fax: +82 2 2282 7329.
E-mail address:yksun@hanyang.ac.kr (Y.-K. Sun).

0≤ z≤ 0.2) spinels were synthesized using LiOH, Mn3O4,
Al(OH)3 and LiF by a solid state method. The mixture of
starting materials was precalcined at 470 and 530◦C for 5 h
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Fig. 1. X-ray diffraction patterns of Li[LixAlyMn2−x−y]O4−zFz powders:
(a) x= 0, y= 0, z= 0; (b) x= 0, y= 0.1,z= 0; (c) x= 0.05,y= 0.1,z= 0; and
(d) x= 0.05,y= 0.1,z= 0.2.

in O2, respectively, and then post-calcined at 850◦C for 20 h
in air.

Powder X-ray diffraction (XRD, Rint-2000, Rigaku,
Japan) using a Cu K� radiation was employed to identify the
crystalline phase of the synthesized material. The collected
intensity data of the XRD patterns were analyzed by the Ri-
etveld refinement program,Fullprof 2000[21]. The thermal
stability of the sample was studied using differential scan-
ning calorimetry (DSC, NETZSCH-TA4, Germany). DSC
scans were conducted at a ramp rate of 2◦C min−1 from 50
to 350◦C. Galvanostatic charge/discharge cycling was per-
formed in a 2032-type coin cell. For the fabrication of the
positive electrode, 20 mg cathode active materials was mixed
with 5 mg of conductive binder (3.33 mg of teflonized acety-
lene black and 1.67 mg of graphite). The mixture was pressed
on 200 mm2 stainless steel mesh current collector and dried at
130◦C for 5 h in a vacuum oven. Lithium foil was used as the
negative electrode. The electrolyte solution was 1 M LiPF6 in
a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) in a 1:1 volume ratio (Merck, Germany). The cell was
assembled in an argon-filled glove box. To investigate the
manganese dissolution during capacity fading, the amount of
manganese concentration in the electrolyte solution was mea-
sured. After charging to 4.3 V, Li/Li[LixAlyMn2−x−y]O4−zFz
cells were disassembled, and the positive electrodes were im-
mersed in a specified amount of electrolyte solution at 55◦C.
T from
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Fig. 2. Rietveld refinement profiles of XRD data for Li1.05Al0.1Mn1.85O4.
Scanning electron micrographs for Li[LixAlyMn2−x−y]O4−zFz powders: (a)
x= 0, y= 0, z= 0; (b) x= 0, y= 0.1,z= 0; (c) x= 0.05,y= 0.1,z= 0; and (d)
x= 0.05,y= 0.1,z= 0.1.

lution of multiple elements. From the AAS analysis, it was
confirmed that the chemical compositions of the prepared
powders were stoichiometric except for the anion contents
which could not be determined by AAS.

The structure of Li[LixAlyMn2−x−y]O4−zFz spinels were
identified by Rietveld refinements using theFd3̄m space
group. The Rietveld refinement results indicated that the
atoms were located in the following sites: Li atoms in 8a sites,
Li, Al, Mn atoms in 16d sites, and O, F atoms in 32e sites.
The Rietveld refinement patterns of Li1.05Al0.1Mn1.85O4
are shown inFig. 2. During refinement, the sum of oc-
cupation factors for O and F anions was fixed at 1 to
avoid possible refinement errors.Table 1 shows the re-
fined results of Li[LixAlyMn2−x−y]O4−zFz. In stoichiomet-
ric LiAl 0.1Mn1.9O4, the oxidation state of Mn is +3.526,
which is higher than +3.5 in LiMn2O4. For this rea-
son, our LiAl0.1Mn1.9O4 sample showed smaller lattice pa-
rameter than that of LiMn2O4 because of the increased
amount of small Mn4+ (rMn4+ = 0.53Å) and Al3+ (rMn3+ =
0.535Å) ions compared to Mn3+ (rMn3+ = 0.645Å) [22].
Also, Li1.05Al0.1Mn1.85O4 with the Mn oxidation state of
+3.595 had a smaller lattice parameter of 8.2011 than that of
LiMn2O4 and LiAl0.1Mn1.9O4. In Li1.05Al0.1Mn1.85O4−zFz,
where F was substituted for O, lattice parameters increased
depending on F contents due to the decreasing oxidation state
of Mn. This suggests that F ions were successfully substituted
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he amount of dissolved manganese into the electrolyte
he cathode was determined with atomic absorption s
roscopy (Vario 6, Analyticjena, Germany).

. Results and discussion

The powder XRD patterns of Li[LixAlyMn2−x−y]O4−zFz
x= 0, 0.05,y= 0, 0.1, 0≤ z≤ 0.2) are shown inFig. 1. All
amples showed a single crystalline cubic spinel phase
space group ofFd3̄m showing a homogeneous solid
able 1
ietveld refinement results for Li[LixAlyMn2−x−y]O4−zFz based on a spa
roup ofFd3̄m

ample a (Å) Vol. (Å3) Rwp (%) RBragg (%)

iMn2O4 8.2496 561.428 14.4 3.06
iAl 0.1Mn1.9O4 8.2212 555.652 14.7 2.91
i1.05Al0.1Mn1.85O4 8.2011 551.594 12.5 2.69
i1.05Al0.1Mn1.85O3.95F0.05 8.2013 551.628 12.5 2.90
i1.05Al0.1Mn1.85O3.9F0.1 8.2015 551.667 13.0 2.75
i1.05Al0.1Mn1.85O3.85F0.15 8.2024 551.847 12.4 2.58
i1.05Al0.1Mn1.85O3.8F0.2 8.2032 552.022 12.2 1.94
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Fig. 3. Scanning electron micrographs for Li[LixAlyMn2−x−y]O4−zFz powders: (a)x= 0, y= 0, z= 0; (b)x= 0, y= 0.1,z= 0; (c)x= 0.05,y= 0.1,z= 0; and (d)
x= 0.05,y= 0.1,z= 0.1.

for O in LiAl 0.1Mn1.9O4 host structure although their quanti-
tative amount could not be defined. Amatucci et al.[23] also
observed that the substitution of oxygen by fluorine resulted
in an increase in the lattice parameter and a reduction in the
average Mn oxidation state.

The SEM images of LiMn2O4, LiAl 0.1Mn1.9O4,
Li1.05Al0.1Mn1.85O4, and Li1.05Al0.1Mn1.85O3.9F0.1 are
shown inFig. 3. The shape of the particles vary from spher-
ical to cubic octahedral depending on their composition.
The particle size of the LiMn2O4 and LiAl0.1Mn1.9O4
powders are less than∼0.5�m, and consist of irreg-
ularly polygonal shaped particles with obtuse edges.
Li1.05Al0.1Mn1.85O3.9F0.1 has an octahedral morphology
with well ordered [1 1 1] direction, and consists of larger
particles (1–2�m) than Li1.05Al0.1Mn1.85O4. This result
also suggests that F ions were successively substituted for O
in Li1.05Al0.1Mn1.85O4 host structure.

Electrochemical properties of Li/Li[LixAlyMn2−x−y]-
O4−zFz (x= 0, 0.05,y= 0, 0.1,z= 0, 0.1) cells were studied
at an elevated temperature of 55◦C. The operating cut-off
voltages were 3.5 and 4.3 V under a constant current den-
sity of 20 mA g−1. Fig. 4 shows the voltage profiles and
cycling performances of the Li/Li[LixAlyMn2−x−y]O4−zFz
(x= 0, 0.05,y= 0, 0.1,z= 0, 0.1) cells. The Li/LiMn2O4 cell
showed the highest initial capacity of 126 mAh g−1 but ex-
hibited poor cycling performance. The capacity retention
o he
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F
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t

Fig. 5 shows the amount of Mn dissolved from the
Li[Li xAlyMn2−x−y]O4−zFz electrode into the electrolyte so-
lution with increasing aging time. After 500 h, 198 ppm
of Mn was measured in the electrolyte for LiMn2O4.
For Li1.05Al0.1Mn1.85O4 electrode, significant improvement
about manganese dissolution was shown. Especially, the du-
ally substitution of anion (F for O) and cation (Li, Al for
Mn) resulted in much lower amount of Mn dissolution. For
Li1.05Al0.1Mn1.85O3.95F0.05 and Li1.05Al0.1Mn1.85O3.9F0.1,
the Mn concentration in electrolyte was less than 25 ppm af-
ter 500 h even at an elevated temperature of 55◦C. Because F
substitution lowers the average oxidation state of manganese,
it could be thought that manganese dissolution could be fa-
cilitated by F substitution. In our Li1.05Al0.1Mn1.85O4−zFz
sample (z= 0.05 and 0.1); however, Mn dissolution was sig-
nificantly suppressed by F substitution[23].

F t
5
a

f the Li/LiAl 0.1Mn1.9O4 cell was more improved than t
iMn2O4, however, it exhibited a decreased initial capa
f 117 mAh g−1 and significant capacity loss during cyclin
or Li/Li1.05Al0.1Mn1.9O4 and Li/Li1.05Al0.1Mn1.85O3.9F0.1
ells, their low initial capacities were offset by excellent
acity retention of 97.5% and 99.0% after 50 cycles, res

ively.
ig. 4. Charge/discharge curves of Li[LixAlyMn2−x−y]O4−zFz powders a
5◦C: (a)x= 0,y= 0,z= 0; (b)x= 0,y= 0.1,z= 0; (c)x= 0.05,y= 0.1,z= 0;
nd (d)x= 0.05,y= 0.1,z= 0.1.
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Fig. 5. Mn dissolution amount vs. storage time at 55oC of the
Li[Li xAlyMn2−x−y]O4−zFz powders: (a)x= 0, y= 0, z= 0; (b) x= 0.05,
y= 0.1,z= 0; (c)x= 0.05,y= 0.1,z= 0.05; and (d)x= 0.05,y= 0.1, z = 0.1.

Fig. 6 shows the DSC results for Li[LixAlyMn2−x−y]
O4−zFz (x= 0, 0.05, y= 0, 0.1, 0≤ z≤ 0.1) charged to
4.3 V. The onset temperature for thermal decomposition
is raised significantly and the total amount of the reac-
tion heat is reduced by Li–Al–F substitutions. For the
Li1.05Al0.1Mn1.85O3.95F0.05charged to 4.3 V, one major peak
is observed at 257◦C whereas for LiMn2O4 one peak was
observed at around 240◦C. Although the positions of the
exothermic peaks are similar in Li1.05Al0.1Mn1.85O4−zFz
(z= 0–0.1), the heat associated with each exothermic peak
is significantly decreased with increasing fluorine content:
99.631 W g−1 (z= 0), 79.489 W g−1 (z= 0.05), 49.815 W g−1

(z= 0.1), respectively. Though the reason is not fully un-
derstood, it is possible that well developed octahedral mor-
phology and particle size of Li[LixAlyMn2−x−y]O4−zFz
improves the thermal stability. Jouanneau et al.[24] re-
cently reported that thermal stability depends on morphol-
ogy, which means that larger particles have greater thermal
stability.

F V
c
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z

4. Conclusion

The anion and cation substituted spinel Li[LixAly
Mn2−x−y]O4−zFz (x= 0, 0.05,y= 0, 0.1, 0≤ z≤ 0.2) elec-
trode showed excellent cyclability at an elevated tempera-
ture. The capacity retentions of the anion and cation sub-
stituted spinel electrode after 50th cycles at 55◦C was 99%
of the initial capacity of 105 mAh g−1. The excellent cycla-
bility resulting from small Mn dissolution of the anion and
cation substituted spinel show that this material is an attrac-
tive cathode material for lithium secondary batteries. DSC
data showed that the anion and cation substituted spinel has
better thermal stability than LiMn2O4, Li[Al yMn2−y]O4, and
Li[Li xAlyMn2−x−y]O4 spinels.
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