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Electrolytic manganese dioxide (EMD) recovered from a simulated leaching solution of spent alkaline
batteries using a modified cyclone cell is tested as a cathode material for Li secondary batteries. An
EMD/C(Super P) composite heat-treated at 400°C after high-energy mechanical milling shows better
electrochemical performance than that of pure EMD in terms of cycleability and capacity fading. The
electrochemical characteristics of the EMD/C(Super P) composite are investigated by various analytical
techniques. The irreversible capacity during the first cycle is mainly due to the formation of a Li;MnO3
phase. The carbon composite also retards the dissolution of Mn during cycling.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The demand for a secondary battery with high-specific energy
increases with the advancement of electronic devices. Accordingly,
the research and development of secondary lithium batteries has
intensified. The lithium-ion battery is relatively safe and has a long
cycle-life. At present, LiCoO, is used as the cathode material in
commercial Li-ion batteries. However, it still suffers from some
disadvantages such as high cost, toxicity and limited sources of
cobalt ore. Among the candidates for the cathode, one of the most
attractive materials to replace LiCoO, is a layered-structured man-
ganese oxide including the spinel type since the cost of manganese
oxide is inexpensive, non-toxic, high-voltage material and offers
various polymorphic modifications [1-3]. In view of these respects,
manganese dioxide-based materials have been studied intensively
as alternative cathodes for lithium-ion batteries. Spinel LiMn, 04
exhibits low capacity and the capacity decreases rather rapidly with
cycling, especially when cells are subjected to deep discharge cycles
[4]. Various layer compounds have been examined with regard to
their electrochemical characteristics, crystal structures, physical
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properties [5,6]. Also the effect of carbon additives on the extent
of solvent oxidation, spinel dissolution and capacity fading have
been investigated in a Li/LixMn,04 cell [7,8]. Lithium-manganese
dioxide (Li/MnO,) batteries have used MnO, as a cathode active
material, and MnO, has already been employed in alkaline man-
ganese batteries [9,10].

Industrially, MnO,, is obtained by anodic oxidation of manganese
sulfate on an inert anodic substrate in hot sulfuric acid [11]. In this
work, using electrolytic manganese dioxide (EMD) recovered from
a simulated leaching solution of spent alkaline batteries using a
modified cyclone cell is investigated as the positive material for
a high-voltage, inexpensive lithium secondary battery. In order to
improve the cycleability of EMD, an EMD/C(Super P) composite has
been formulated and investigated.

2. Experimental

An electrochemical reactor, utilizing the principal features of
the well-known hydrocyclone, was employed for the recovery of
manganese dioxide from dilute acidic solution. In our previous
studies [12,13], Pd and Pt were recovered much more effectively
using a modified cyclone reactor compared with the existing facili-
ties, and the cell was described in detail. Reagent grade, manganese
sulfate powder (MnSO4-H,0, >98%, Aldrich) was dissolved in
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Fig. 1. XRD patterns for EMD heat-treated at various temperatures: (a) raw, (b)
300°C, (c) 350°C, (d) 400°C, (e) 450°C, and (f) 500°C.

distilled water and the pH was adjusted with sulfuric acid. All the
experiments were performed at 95°C, [Mn2*]=5kgm=3, pH 3.5,
flow rate=0.000265m3 s~! and under galvanostatic conditions at
an applied current of 1A.
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The manganese dioxide was recovered, washed with distilled
water, and then dried under vacuum for 12h at 120°C. An
EMD/C(Super P) composite with a weight ratio of 95:5 was pre-
pared via the following two steps. For high-energy mechanical
milling, a vial was assembled in an argon-filled glove-box and
mounted on a SPEX-8000 vibratory mill. The mixture was milled
at 500rpm for 1h to synthesize nanocomposite particles of car-
bon dispersed in the MnO, matrix followed by heat-treatment in
air between 350 and 500 °C. The characteristics of powder samples
were identified by X-ray diffraction (XRD; Rigaku, D/MAX 2500/PC
series). X-ray photoelectron spectroscopy (XPS; Kratos, Axis) with
monochromatic Al Ka (1486.6eV) radiation was used to analyze
the chemical binding energies of the samples. The concentration of
metal ions in the electrolyte was quantified in a inductively cou-
pled plasma-emission spectrometer (Shimadzu, JP/ICPS-7500). A
high-resolution transmission electron microscope (HR-TEM; JEOL,
JEM-3010) was employed to identify the phases formed during
cycling.

The electrodes were prepared by coating slurries of active mate-
rial powders (80 wt%), Super P (10 wt%) and polyvinylidine fluoride
(PVDF, 10 wt%) dissolved in N-methyl pyrrolidinone (NMP) on alu-
minum foil substrates. After coating, the electrodes were pressed
anddried for4 hat 120°C. The electrodes were cut into discs (10 mm
in diameter and about 200 wm in thickness). Coin-type test cells
were assembled in an argon-filled glove-box and used Celgard 2400
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Fig. 3. (a) DCP of B-MnO,/C composite; (b) ex situ XRD patterns of 3-MnO,/C composite electrode.
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Fig. 4. HR-TEM images of (a) raw 3-MnO,/C, (b) at 2.5V during first discharge, (c) at 2.0V during first discharge, and (d) at 4.0V during first charge.

as a separator, 1M LiPFg in ethylene carbonate (EC)/diethyl car-
bonate (DEC) (1:1 volume ratio, Cheil Industries) as an electrolyte,
and Li foil as a counter electrode. Discharge (Li insertion)/charge
(Li extraction) experiments were performed galvanostatistically
within a voltage window of 2.0-4.0V (vs. Li/Li*) and at a current
density of 20mAg-1.

3. Results and discussion

The XRD patterns of EMD powder samples recovered from the
modified cyclone cell and from samples heat-treated at various

temperatures are shown in Fig. 1. The as-recovered samples show
the typical characteristics of EMD (Fig. 1a) which is y-MnO,. A
phase change from y-MnO; to 3-MnO, (P4,/mnm) is observed,
as expected, when the samples are heat-treated above 300°C
[14]. The diffraction peaks become sharp with temperature up
to 450°C (Fig. 1b-e). Finally, the sample heat-treated at 500°C
(Fig. 1f) corresponds to the Mn,03 phase, into which Li cannot be
inserted.

Preliminary tests were performed and the 3-MnO,/C composite
heat-treated at 400 °C shows the best electrochemical performance
compared with composites heat-treated between 300 and 450°C
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Fig. 5. XPS spectra of Mn 2p for 3-MnO,/C electrode during first cycle. (a) and (b) indicate different locations.

in terms of capacity and cycleability. The voltage profiles and
the specific discharge and charge capacities of pure y-MnO, and
the 3-MnO,/C composite heat-treated at 400 °C at various stages
of cycling are shown in Fig. 2. During the discharge reaction, Li
ions are inserted into y-MnO, which has a tunnel structure. The
hexagonally close-packed arrangement is distorted during lithium
insertion, and capacity fades rapidly upon cycling, as evidenced in
Fig. 2(a) [15]. For B-MnO,/C composite heat-treated at 400°C, a
long plateau at 2.83 V (vs. Li/Li*) is observed and indicates a phase
change during the first discharge reaction. Although the first dis-
charge capacity is almost the same as that of y-MnO,, capacity
retention is better. The 3-MnO, active material tested here can be
considered to have a low crystallinity since it shows rather broad
X-ray diffraction patterns, as can be seen in Fig. 1e. It has been
reported [16] that 3-MnO, active material with a low crystallinity
yields more discharge capacity than that with a well-developed
crystalline structure.

A differential capacity plot (DCP) of the 3-MnO,/C compos-
ite heat-treated at 400°C is presented in Fig. 3(a). In addition, ex
situ X-ray diffraction patterns at various potentials during the first
cycle are given in Fig. 3(b). The plateau shown in Fig. 2(b) corre-
sponds to a sharp peak at 2.83V in the DCP. When the potential
is lowered to 2.5V, 3-MnO, disappears and Li;MnOs appears, fol-
lowed by the formation of LiMnO, at 2.0V as shown in Fig. 4(b).
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Fig. 6. Comparison of cycle performances of y-MnO, and 3-MnO,/C composite.

During the first charge, Li is extracted and the (3-MnO, phase
appears again with the remaining Li,MnO3; phase, which is con-
sidered to be inactive [17,18]. After the second discharge, LiMnO, is
the dominant phase and co-exists with the LiMnO3 phase formed
previously.

HR-TEM analyses (Fig. 4) support the above results. The results
for the B-MnO,/C composite before Li insertion are given in
Fig. 4(a), whereas Fig. 4(b) shows that the Li;MnOj3 phase is formed
when lithium is inserted at 2.5 V during the first discharge reaction.
At 2.0V, the LiMnO, phase appears and co-exists with Li;MnOs
phase, as shown in Fig. 4(c). When Li is extracted at 4.0V, LiMnO,
returns to 3-MnO, and the Li;MnO3 formed during the first dis-
charge remains (Fig. 4(d)).

XPS spectra recorded at two different locations on the electrode
(Fig. 5) shows that two oxidation states of Mn, i.e., Mn**/Mn3"*, exist
at 2.0 V during the first discharge, from which both Li; MnO3 (Mn**)
and LiMnO, (Mn3*) phases co-exist as the final products. When Li
is extracted (4.0V) during the first charge, the spectra show that
only the Mn** state is present since the valence of Mn is tetravalent
for both remaining Li;MnO3 and MnO, phases. Based on the above
analyses, the irreversible capacity is mainly due to the formation of
the Li,MnOs3 phase during the first cycle.

The cycleability of y-MnO, and the (B-MnO,/C composite
between 2.0 and 4.0V is presented in Fig. 6. The discharge capacity
of y-MnO, falls from an initial 181 to 140 mAh g~ with a Coulombic
efficiency of 78% for the first cycle and then declines to 77 mAh g~!
after 30 cycles. The y-MnO,/C composite with a discharge capac-
ity of 1990 mAh g1 initially and 121 mAh g1 after 30 cycles shows
better capacity retention. One mechanism of capacity fading is the
dissolution of Mn in the electrolyte during cycling [5,19]. The dis-
solution of Mn is generally attributed to the existence of HF, which
is easily formed when using LiPFg as the electrolyte salt. The cor-
relation between HF formation and dissolution of Mn has been

Table 1
ICP analyses of Mn in electrolyte? after 30 cycles

Test sample

EMD (raw)
EMD/C compositeP

Mn concentration (ppm)

1.6016
0.4199

3 EC:DEC (1:1, vol.) with 1 M LiPFg.
b HTT at 400 °C after mechanical alloying.
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reported [20], and LiPFg itself contains a small amount of HF dur-
ing the manufacturing process [21]. The amounts of Mn dissolved in
the electrolyte after 30 cycles were measured and are summarized
in Table 1. It shows that the carbon composite effectively retards
the dissolution of Mn from the electrode during cycling to give
improved capacity retention.

4. Conclusions

In this study, B-MnO,/C composites are prepared by mechani-
cal milling followed by heat-treatment, and then tested as cathodes
for Li secondary batteries. Through ex situ XRD, XPS and HR-TEM
analyses, it is found that the irreversibility after the first discharge
reaction is mainly due to the formation of an inactive Li,MnO3
phase. The composite displays better electrochemical performance
compared with that of pure y-MnO, recovered from a simulated
leaching solution. This behaviour is due to the composite effectively
retarding the dissolution of Mn into the electrolyte.
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