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Abstract

A new Se-doped spinel material, LiAlg 135¢g 0oMn; 3§O4 powder with a phase-pure polycrystalline was synthesized by
a sol-gel method. The material in the 3 V region (2.4 ~ 3.5 V) and both the 3 and 4 V region (2.4 ~ 4.4 V) initially

deliver a discharge capacity of 81 and 178 mA h g™

which increase with cycling to reach 110 and 204 after 50

cycles, respectively. The material shows excellent cycleability in the 4 V region (3.0 ~ 4.4 V) with almost no
capacity loss. The structural integrity of the Se-doped spinel was characterized by charge—discharge cycling tests and

X-ray diffraction.

1. Introduction

Spinel LiMn,O4 and its derivatives have generated great
interest as promising cathode materials (positive elec-
trodes) for lithium secondary batteries due to their low
cost, abundance, and nontoxicity compared with the
layered oxides such as LiCoO, and LiNiO, [I-4].
However, a capacity loss of the spinel LiMn,0,4 during
cycling prevents its wider use as cathode material for
lithium secondary batteries [5-8], especially in the 3 V
region.

Li,Mn,O4 (x=1) has a cubic spinel structure with
space group symmetry Fd3m in which lithium ions are
located at the 8a tetrahedral sites and the manganese
ions at the 16d octahedral sites of the cubic unit cell. In
Li/Li,Mn,Oy4 cells, when 0 < x < 1, the cell discharges
at 4 V (4 V region) vs Li/Li", whereas when 1 < x < 2,
the cell discharges at 3 V (3 V region) vs Li/Li™ [9, 10].
Although the unit cell contracts and expands by 7.6%, it
does so gradually and isotropically so that the cubic
symmetry of the spinel Li,Mn,O, is maintained while
Li" ions is reversibly inserted into 8a tetrahedral sites in
the 4 V region [9, 10]. However, capacity still slowly
fades during cycling in this voltage region. The main
cause of the capacity loss in the 4 V region has been
reported to be the solubility of the spinel electrode in the
electrolyte due to the formation of HF resulting from
reaction of fluorinated anions with residual H,O [11—
13]. Recently, we reported that the formation of rock
salt Li,MnOj; at the surface of a spinel electrode was
responsible for the structural degradation of the spinel
host which, in turn, resulted in capacity loss in the 4 V

region [14]. To date, efforts have been made to improve
the 4 V cycleability, and some of these efforts have been
successful in improving the cycleability in the Li/
Li,Mn,Oy cell in the 4 V region [15-19]. However, there
have been few reports on stabilizing the Jahn-Teller
distortion in the 3 V region, and no research groups
have overcome the Jahn—Teller distortion in the spinel
LiMn,04 phase [6, 20, 21].

Recently, the author reported that sulfur-doped spinel
materials synthesized by a sol-gel method such as LiAlj»4-
Mn 7603.9850.02, Li1.02Alo.25sMn1.7503.97S0.03, and Lij g3-
AlyoMn; g03.96S0.04, Showed excellent cycleability in the
3 V region as well as the 4 V region, which was ascribed
to the effects of Al and S substitution for Mn and O in
the spinel LiMn,0y, host, respectively [19, 22-24].

Here we synthesize a new Se-doped spinel material,
LiAlj 18Sep.0oMn; gO4 using a sol-gel method and eval-
uate its electrochemical performance. The structure of
LiAlg 15Sep.0oMn; 304 powders was investigated before
and after charge—discharge cycling. The charge—dis-
charge behaviour was evaluated in the operating voltage
ranges 3.0-4.4V (4 V region) and 2.4-3.5V (3V re-
gion), and 2.4-4.4 V (both the 3 and 4 V region) (vs Li/
Li"). The electrochemical and structural characteristics
of LiAlolen1_804 Compared with LiAlo_lgseolonnl.go4
spinel are also discussed.

2. Experimental details

LiAlg 18Seg.0oMn; sO4 powders were prepared by a sol-
gel method using glycolic acid as a chelating agent
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Fig. 1. Flowsheet of the procedure preparing polycrystalline LiAly ;g Seg.0oMn; gO4 powders by a sol-gel method.

according to the procedure shown in Figure 1. LiAlj g
Sep.0oMn; 3Oy is the composition for calculating the ratio
of starting material. Li(CH;COO) - 2H,0 (Kanto Chem-
ical Co.), Mn(CH;COOQO), - 4H,O (Acros Organics),
AI(NO3)3 - 9H,O (Aldrich Chemical Co.), and SeO,
(AldrichChemical Co.) (cationic ratio of Li:Mn:Al:Se =
1.06:1.8:0.18:0.2) were dissolved in distilled water, and
added dropwise to a continuously stirred aqueous solu-
tion of glycolic acid (Kanto Chemical Co.). The pH of
the solution was adjusted to 3 ~ 4 using nitric acid. The
resultant solution was evaporated at 70 ~ 80 °C until a
transparent sol and gel was obtained. The resulting gel
precursors were decomposed at 500 °C for 10 h in air,
calcined at 800 °C in air for 10 h, and then in flowing
oxygen for 12 h. For the preparation of LiAly,Mn; gO4
powders, the same procedure with different cationic
molar ratio (Li(CH3;COO) - H,O:AI(NOs); - 9H,0:
Mn(CH;COO), - 4H,O = 1.06:0.2:1.8) was repeated.
Powder X-ray diffraction (Rigaku, Rint-2000) using
CuK, radiation was used to identify the crystalline phase
of the as-prepared powders and cycled electrodes.
Rietveld refinement was then performed on the X-ray
diffraction data to obtain lattice constants. The contents
of lithium, aluminum, selenium and manganese were
measured with an inductively coupled plasma (ICP) by
dissolving the powders in dilute nitric acid.
Electrochemical properties of the Se-doped spinel,
LiAlg 13Sep.0oMn; gO4 were evaluated with a two-elec-
trode cells using the spinel electrode, a Li metal anode, a

microporous separator and an electrolyte (Cheil Indus-
tries Inc., battery grade) consisting of a 1:1 mixture of
ethylene carbonate (EC) and propylene carbonate (PC)
containing 1 M LiClO4 by volume. The cathode was
fabricated by mixing the LiAlg 15Seg 0oMn; sO4 powders
with 12 wt % of carbon black and 8 wt % of polytet-
rafluorocthylene (PTFE), the mixture was pressed onto
aluminum Exmet, and then dried in a vacuum at 120 °C
for 12 h. The charge—discharge cycle was performed
galvanostatically at a current density of 0.2 mA cm™ at
room temperature.

3. Results and discussion

The chemical analysis data show the Lij g¢Alg 13S€g -
MH1.804 and Li1_06A10.2M1'11_8O4 to be LiAlo_lgsCO.oz-
Mn; 3O4 and LiAly,Mn; g0y, respectively. Figure 2
shows X-ray diffraction (XRD) patterns of LiAlj g.
SC0.0zMn1_804 (Figure 2(3)) and LiAlo_zMn1_804 (Flg-
ure 2(b)). It is observed that the two spinel powders are
confirmed to be the well-defined spinel phase with space
group Fd3m. The lattice constant (a) of the LiAly g
Seo_onnl_SOO4 and LiAly,Mn; 3O, powders are 8.195
and 8.1775 A, respectively which are much lower than
that of stoichiometric spinel [10, 11]. It is reported that
the lattice constant of metal-doped LiM .Mn,_, O, spinel
structures decreases with increasing the amount of
doped metal due to an increasing concentration of
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Fig. 2. X-ray diffraction patterns of the LiAlj 5Se0,Mn; 304 and
LiAly,Mn; gO4 powders.

Mn*" ions in the spinel structure [17], which increases
cycleability in the 4 V region.

Figure 3 represents the charge—discharge curves in
three different voltage ranges (4.4 ~ 3.0 V,24 ~ 35V,
and 2.4 ~ 4.4 V) as a function of cycle number at a
constant current density of 0.2 mA cm™> in room tem-
perature. The Li/LiAlj 13Sep0oMn; gOy4 cell in the 4 V
region exhibits only one plateau, delivers an initial
capacity of 111 mA h g™', and shows excellent capacity
retention with very low capacity decrease. The capacity
loss in this voltage region could be ascribed to the
appearance of rock salt Li,MnOj; phase at the surface of
the spinel electrode resulting from MnO dissolution via the
disproportionation reaction (Li;Mn,O4 — Li;MnOj3+
MnO) though a small amount of Li,MnO; was not
detected in the XRD patterns [14]. The electrochemical
cycleability of the LiAlg 13Sep0>Mn; g0, clectrode was
examined in the 3 V region cycled between 3.5and 2.4 V
since spinel LiMn,O4 loses capacity in this voltage region
due to the Jahn—Teller distortion. It is interesting to see
that the Li/LiAlg 15Seq.0oMn; Oy cell initially delivers a
discharge capacity of 81 mA h g~! gradually increases
with cycling to reach 110 mA h g™' after 50 cycles as
shown in Figure 2(b). This unusual cycling behavior,
similar to the S-doped spinel materials, is unique feature,
different from those of the spinel LiMn,O4 and its
derivatives [20, 21, 25]. It is well known that spinel suffers
from severe capacity loss in the 3 V region. The voltage
plateau occurring at about 2.85 V is mainly due to the
intercalation of Li" ions into cubic LiMn,O, to form
tetragonal Li,Mn,Oy4 [5, 9, 10]. This structural distortion
cause the 16% increase in the ¢/a ratio, and the imposed
volume change is too great for the individual spinel
particles to maintain structural integrity, thereby result-
ing in a rapid capacity loss [9, 10]. Although a small
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Fig. 3. Cycling charge—discharge curves for Li/LiAlj 5Sep.02Mn; gO4
cell in the voltage range of (a) 4.4-3.0, (b) 2.4-3.5, (c) and 2.4-4.4 V.

amounts of Se and S was detected in the Se-doped and S-
doped spinel materials, respectively, the Se and S ions in
the spinel structure play an important role in the unusual
cycling behaviour in the 3V region [19, 24]. It is
speculated that this behavior may be due to the rear-
rangement of Li™ ions by intercalating the empty 16¢
octahedral sites in the LiAly 15Seq.0oMn; 3O4 host struc-
ture during cycling. At this point, it is not clear why the
capacity in the 3 V region increases with the cycle
number. Shown in Figure 3(c) are the charge—discharge
curves of the material in the voltage range of 2.4 ~ 4.4 V.
Whereas the discharge capacity in the 4 V region remains
almost constant, that in the 3 V region increases rapidly
up to 10 cycles and subsequently stabilizes on further
cycling. The LiAlg1sSeq.0oMn; gO4 electrode initially
delivers capacity of 178 mA h g™' and reaches to
204 mA h g! after 25 cycles. Although the Se-doped
spinel material exhibits a larger voltage drop between the
4 and 3 V plateaus, it delivers a large capacity with
excellent cycleability, and therefore it could be used as a
promising cathode material for lithium secondary bat-
teries.
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Fig. 4. Cycling charge—discharge curves for Li/LiAly>,Mn; gOy4 cell in
the voltage range of (a) 4.4-3.0 and (b) 2.4-3.5 V.

To compare the electrochemical properties of the
Se-doped spinel, LiAlj sSeq.0oMn; sO, with that of
LiAly»,Mn; gO4 spinel, we measured the charge—dis-
charge behavior of LiAly,Mn; gOy4 spinel in the 4 and
3 V region and the results are shown in Figure 4. The
LiAly,Mn, gO, electrode in the 4 V region delivers an
initial discharge capacity of 115 mA h g~' without any
capacity loss up to the 30th cycle. On the other hand, the
discharge capacity in the 3 V region rapidly decreases
from 139 to 119 mA h g~' within the first 10 cycles and
then steadily decreases on further cycling. At the 30th
cycle the electrode delivers 109 mA h g~ which is 78%
of the initial capacity of 139 mA h g~'. The cycling
behavior of the LiAly,Mn,; 3O, electrode in the 4 and
3V region is similar to the stoichiometric and its
derivatives [10]. These results imply that the substitution
Se for Mn is very effective improving the cycleability in
the 3 V region.

It is believed that the excellent cycleability of the Se-
doped spinel, LiAly13Seg0oMn;gO4 in the 3V, 4V,
both 3 and 4 V region may be associated with to the
structural stability of the host structure. To understand
possible structural stability of the unusual cycling
behavior of the material, the electrodes obtained from
the material shown in Figure 3 were characterized by
XRD. Figure 5 shows the XRD patterns for the
electrodes after 50 cycles in the 4 V, 3 V, and both 3
and 4 V regions. The LiAlj 3Seq0oMn; O, electrode
was allowed to equilibrate for 5 h at fully discharged
state (2.4 and 3.0 V in the 3V and the 4 V region,
respectively) and then the electrode was dried for 1 day
after removal from the cell in a glove box. When
comparing XRD patterns for the cycled electrodes at
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Fig. 5. X-ray diffraction patterns for the cycled LiAly 5Sep.0oMn; sO4
electrodes after 50 cycles in the voltage range of (a) 4.4-3.0, (b) 2.4-3.5,
and (c) 4424 V.

various voltage ranges (Figure 5(a)—(c)) with that of as-
prepared powders (Figure 2(a)), we are unable to find
any difference in the positions of the characteristic peaks
for the typical spinel phase. Although there are some
variation of the peak intensities, no tetragonal phases
were appeared. This result indicates that the electrode
structure retains its original cubic spinel phase even after
cycling in the 3 V region. This sort of XRD data was
observed in the previously reported papers in which
LiAlj 24Mn; 7605 .985¢.02 electrode was cycled in the 3 V
region [19, 22-24].

Figure 6 shows the XRD patterns for the LiAl,-
Mn; 3O, electrodes after 30 cycles in the 3 and 4 V
region. The sample for the XRD analysis were prepared
in the same way described above. For the LiAlg,-
Mn; 3Oy electrode cycled in the 4 V region, the XRD
patterns exhibits typical characteristic peaks for the
spinel structure compared with the as-prepared powders
(Figure 2(b)). As shown in Figure 6(b), however, the
XRD patterns for the LiAly ,Mn; gO4 electrode cycled in
the 3 V region, showing serious capacity loss in Fig-
ure 4(b), exhibits the emergence of peaks relating to
tetragonal Li,Mn,O4 phase due to the occurrence of
Jahn-Teller distortion. Similar results already reported
in LiAlg»>4Mn; 7604 electrode cycled in the 3 V region
[22, 24]. Therefore, it is concluded that the excellent
cycleability of LiAlj gSeq0oMn; 3Oy electrode in the 3
and 4 V region is due to the substitution Se and Al for
Mn, respectively. The preservation of the cubic spinel
phase of the cycled electrodes results in the enhancement
of the electrochemical cycleability during cycling. This
result encourages us to believe that the LiAlg15Seg o-
Mn; 3O, could overcome the Jahn—Teller distortion.
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Fig. 6. X-ray diffraction patterns for the cycled LiAly,Mn;gOy4
electrodes after 50 cycles in the voltage range of (a) 4.4-3.0 and (b)
24-3.5V.

At this stage, though it is hard to explain why the
Se-doped spinel LiAly 3Seg.0oMn; 3O, exhibits no ca-
pacity loss in the 3 V region, the substitution of Se for
Mn is very effective in impeding the formation of
tetragonal Li,Mn,O4 structure on the LiMn»Oy4 host in
the lower voltage range [19, 22-24]. To explore no
capacity-loss phenomena in the 3 V region, more
systematic experiments and characterization are under
way.

4. Conclusion

A new Se-doped spinel, LiAlg 13Seg0oMn; 304 was syn-
thesized by a sol-gel method using glycolic acid as a
chelating agent. The LiAlg15Seg0oMn; 3Oy electrode
shows excellent cycleability with no capacity loss in the
4 V region and the discharge capacity of the electrode
during cycling increases in the 3 V region, both 3and 4 V
region. It exhibits capacities of 110, 100, and
204 mA h g’l in the 4V, 3V, and both the 3 V and
4V regions. XRD results show that the LiAlg 15Seg o-
Mn, 3O, electrodes after cycling retain their original
cubic spinel structure at all the operating voltage regions.
This result encourages us to believe that the Se-doped
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spinel overcomes the Jahn-Teller distortion. Further
crystallographic study is necessary to clarify the reason
why the material maintains its original structure even
after 50 cycles in wide voltage ranges.
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