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Recycling Application of Li–MnO2 Batteries as Rechargeable Lithium–
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Abstract: The ever-increasing consumption of a huge quantity
of lithium batteries, for example, Li–MnO2 cells, raises critical
concern about their recycling. We demonstrate herein that
decayed Li–MnO2 cells can be further utilized as rechargeable
lithium–air cells with admitted oxygen. We further investigated
the effects of lithiated manganese dioxide on the electro-
catalytic properties of oxygen-reduction and oxygen-evolution
reactions (ORR/OER). The catalytic activity was found to be
correlated with the composition of LixMnO2 electrodes (0<
x< 1) generated in situ in aprotic Li–MnO2 cells owing to
tuning of the Mn valence and electronic structure. In particular,
modestly lithiated Li0.50MnO2 exhibited superior performance
with enhanced round-trip efficiency (ca. 76 %), high cycling
ability (190 cycles), and high discharge capacity
(10 823 mAh gcarbon

¢1). The results indicate that the use of
depleted Li–MnO2 batteries can be prolonged by their
application as rechargeable lithium–air batteries.

Lithium batteries have widespread application and dominate
the current battery market.[1] Among them, Li–MnO2 bat-
teries are viable for large-scale deployment, for example, in
the areas of portable electronics and medical devices, owing
to their high capacity, nontoxicity, and high resource abun-
dance. As their annual production reaches hundreds of
millions, one can expect a huge amount of depleted cells,[2]

which require complex, costly, and energy-consuming meth-
ods for retrieval.[3] Meanwhile, conventional Li–MnO2 cells
(ca. 250 Whkg¢1) could hardly satisfy the increasing demand
of energy density; alternatively, rechargeable lithium–air or
Li–O2 batteries theoretically offer a several-fold higher
energy content (> 3500 Whkg¢1) but are impeded by critical
issues, such as sluggish oxygen-reduction/evolution reactions
(ORR/OER).[4] Manganese dioxide could act not only as the
cathode material in Li–MnO2 batteries, but also as a catalyst
to enhance the electrocatalytic activity of rechargeable Li–O2

cells.[5,6] The similar cell structure and components (cathode,
lithium anode, separator, and organic electrolyte) of aprotic

Li–MnO2 batteries and rechargeable Li–O2 batteries (with
a MnO2 electrode) encouraged us to investigate whether
decayed Li–MnO2 cells could be utilized directly as high-
capacity rechargeable Li–air batteries with an active mass of
admitted oxygen. To the best of our knowledge, the concept
of the direct and dual utilization of the depleted electrodes in
Li–MnO2 cells has not been reported previously. Further-
more, the discharge of manganese oxide electrodes in Li–
MnO2 cells enables in situ electrochemical tuning of manga-
nese oxide catalysts, which generally suffer from low catalytic
activity and poor electrical conductivity.[7] Recent studies
have shown that the delithiation of lithium–metal oxides (e.g.,
LiCoO2 or LiMn2O4) can adjust their electronic structures
and enhance their ORR/OER activity in aqueous electro-
lytes.[8, 9] However, such an effect remains unclear in the non-
aqueous media commonly employed in Li–O2 battery sys-
tems.

Herein, we demonstrate that after their depletion, sealed
Li–MnO2 cells with manganese oxides as the cathode can be
operated efficiently as rechargeable Li–air batteries when the
cathode is exposed to air or oxygen. Similar characteristics of
dual applicability were identified in other prevailing cathode
materials, such as LiCoO2 and LiFePO4. We further disclose
that the electrocatalytic properties for ORR/OER correlate
with the degree of lithiation of MnO2. As compared to the
pristine oxide, the lithiated electrode exhibits improved
catalytic activity, thus resulting in lower discharge/charge
overvoltage, larger capacity, and better rate capability. In
particular, Li0.50MnO2 delivers high energy efficiency (ca.
76%) and durable cyclability (over 190 cycles) in Li–O2

batteries.
Pristine MnO2 was synthesized by replicating mesoporous

silica[10] and featured interconnected nanosized pores and
a high surface area (see Figure S1 in the Supporting Informa-
tion). These properties should benefit electrolyte immersion,
Li+ transport, and gas diffusion for the oxygen electrode. We
coupled the prepared mesoporous MnO2 with an Li anode to
assemble Li–MnO2 cells with an organic electrolyte of 1m
lithium bis(trifluoromethanesufonyl)imide (LiTFSI) in tetra-
ethyleneglycol dimethyl ether (TEGDME). The positive side
of the cells was predrilled with homogenously distributed
holes. These holes were covered by a gas-impermeable
membrane and were exposed to O2 or air to create recharge-
able Li–O2 or Li–air batteries (Figure 1, inset). In the cathode,
MnO2 was mixed with carbon in a weight ratio of 1:2 to ensure
sufficient electrical conductivity.

Figure 1a displays the galvanostatic charge–discharge
profiles of the sealed Li–MnO2 cell. At a current density of
154 mAgMnO2

¢1 (equivalent to 77 mAgcarbon
¢1, corresponding

to 0.5 C), a capacity retention of 74 % was attained after
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50 cycles. The electrode was discharged to a cutoff capacity of
154 mAhgMnO2

¢1 (equivalent to 77 mAh gcarbon
¢1) to give

a nominal composition of Li0.50MnO2. After air was admitted
through the predrilled holes, the cell became a lithium–air
system. This cell could continuously operate for up to
50 cycles at a current density of 100 mAgcarbon

¢1 (Figure 1 b).
The results were encouraging despite a gradual polarization
increase in ambient air. As both Li–MnO2 and Li–air batteries
presented herein share the same cell structure and compo-
nents, dual application of the MnO2 electrodes is possible.
More importantly, the results confirm that cycled metal-
oxide-based lithium batteries can be subsequently utilized as
rechargeable lithium–air batteries to gain additional cycling
use. Notably, even at an intentionally high loading of the
active mass, the energy output of the total Li–O2 cell was 1.6-
fold that of the parent Li–MnO2 cell, although the harvested
energy density (160 Wh kg¢1) leaves much room for further
improvement (see Figure S2 and Table S1 in the Supporting
Information). The full cell energy/capacity ratio of Li–O2 to
Li–MnO2 increased as the mass loading was lowered (see
Table S2). Furthermore, our preliminary investigations indi-
cate that the recycling utilization of cycled electrodes can be

extended to other common cathode materials, such as LiCoO2

and LiFePO4. Both Li–LiCoO2 and Li–LiFePO4 cells could
deliver remarkably high capacities after 100 cycles when
oxygen was admitted (see Figures S3 and S4).

Next, it was important to study the lithium content in
LixMnO2. Thus, we evaluated the effect of electrochemical
lithiation on the catalytic performance of metal oxides in an
aprotic electrolyte. The mesoporous MnO2 electrode was
discharged to different ending states in Li–MnO2 cells (Fig-
ure 2a). By controlling the discharge capacity, five represen-
tative samples were obtained, namely, MnO2, Li0.25MnO2,
Li0.50MnO2, Li0.75MnO2, and Li0.92MnO2. Figure 2b shows the
X-ray diffraction (XRD) patterns of the synthesized LixMnO2

samples. In addition to peaks associated with the carbon
additive, there is a characteristic peak at around 2q = 3788,
which can be indexed to the (101) plane of b-MnO2 (JCPDS
card no. 24-735). No phase transformation occurred on
discharging MnO2. However, as the discharge proceeded,
the (101) peak shifted to a lower diffraction angle (Figure 2b,
inset), thus suggesting expansion of the interplanar spacing as
a result of Li insertion. Furthermore, the Mn 2p3/2 peak in the
X-ray photoelectron spectrum moved towards a lower bind-
ing-energy position upon gradual discharging of MnO2 (Fig-
ure 2c; see also Figure S5). This result confirms the expected
reduction of the Mn valence (from about 4 to about 3) owing
to Li uptake.[9a] The morphology and structure of LixMnO2

were further characterized by scanning/transmission electron
microscopy (SEM/TEM; Figure 2d–g; see also Figures S6 and
S7). Despite slight lattice dilation, the nanoporous structure
and crystallinity of the oxides were essentially preserved
during the lithiation process.

The electrochemical performance of LixMnO2 (x = 0, 0.25,
0.50, 0.75, and 0.92) electrodes generated in situ in Li–MnO2

cells was then investigated for rechargeable Li–O2 batteries.
The electrodes were simply exposed to oxygen for direct use,
without the need for complicated posttreatment (e.g., cell
disassembly and repeated washing[8]), which is normally
required in electrochemical synthesis. Figure 3a shows the
initial discharge/charge profiles of the cells based on LixMnO2

electrodes with a cutoff capacity of 1000 mA hgcarbon
¢1. The

voltage plateau varied with the composition of LixMnO2

(Figure 3b). For the charge process, the overpotentials on
the lithiated MnO2 were much lower than that on the pristine
MnO2, thus indicating significantly enhanced OER catalytic
activity as a result of lithiation. This enhancement increased
with increasing lithium content in LixMnO2. For the discharge
process, the overvoltage of the electrodes decreased in the
order Li0.50MnO2>Li0.75MnO2>Li0.25MnO2>Li0.92MnO2>

MnO2, thus implying superior ORR activity of lithiated
oxides. Remarkably, Li0.50MnO2 enables a voltage separation
of 0.87 V between the discharge and charge plateaus, which
results in a round-trip efficiency of approximately 76%. This
value is 13% higher than that of pristine MnO2 and is
comparable to the results reported for platinum-based
catalysts (see Table S3).[11] In the case of LiCoO2 and
LiFePO4 electrodes, we also found a composition-dependent
electrocatalytic effect. Half-delithiated cathodes resulted in
the lowest ORR/OER overpotentials (see Figure S4).

Figure 1. Discharge and charge curves of mesoporous MnO2-based
electrodes in a) a Li–MnO2 battery and b) a Li–air cell. The Li–MnO2

cell was cycled between 2.0 and 4.0 V for 50 cycles and ceased to
a discharged state of Li0.50MnO2. The same cell was then exposed to
air and was discharged/charged at a current density of 100 mAgcarbon

¢1.
Insets show photographs of the assembled batteries powering light-
emitting diodes.
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Figure 2. a) A typical discharge curve of MnO2. Points A, B, C, D, and E mark the representative LixMnO2 species (x = 0, 0.25, 0.50, 0.75, and
0.92). b) XRD patterns of the electrodes as collected at the discharged states of LixMnO2 (x = 0, 0.25, 0.50, 0.75, and 0.92). The inset shows an
enlargement the MnO2-related peaks. c) Mn 2p XPS spectra of LixMnO2 electrodes (x = 0, 0.25, 0.50, 0.75, 0.92). d) SEM and e) TEM images of
the pristine mesoporous MnO2. f,g) HRTEM images of LixMnO2 (x = 0 and 0.92).

Figure 3. a) First-cycle voltage profiles of the five LixMnO2-based Li–O2 batteries at a current density of 100 mAgcarbon
¢1. b) Comparison of the

discharge–charge overpotentials of the curves displayed in (a). The color coding is the same as in (d). c) Discharge capacities at 100 mAgcarbon
¢1

with a cutoff voltage of 2.2 V. d) Terminal discharge/charge voltage versus cycle number at 200 mAgcarbon
¢1 and a controlled capacity of

1000 mAhgcarbon
¢1. e) Rate capability of the Li0.50MnO2-based cell at different current densities.
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Figure 3c shows the capacities of the LixMnO2 cells
discharged to an ending voltage of 2.2 V. As compared with
the pristine oxide electrode, all lithiated electrodes delivered
much larger capacities. The highest value of
10823 mAh gcarbon

¢1 was observed for Li0.50MnO2. The cycling
stability of rechargeable Li–O2 cells is shown in Figure 3d.
The cell with the Li0.50MnO2 electrode operated for 197 cycles
with a stable terminal discharge voltage above 2 V and
a terminal charge voltage below 4.5 V, thus exceeding the
operating lifetime of other electrodes (i.e., 148, 90, 57, and 43
cycles for Li0.75MnO2, Li0.25MnO2, Li0.92MnO2, and MnO2,
respectively). Additionally, the Li0.50MnO2 cell exhibited
considerable rate capability, although the discharge/charge
polarization increased at higher current densities (Figure 3e).
In rate-performance tests, the ending charge capacities were
set to fit the discharge capacity to avoid overcharging. A
discharge capacity of about 4000 mAhgcarbon

¢1 was attained
even at a high current density of 2000 mAgcarbon

¢1. Moreover,
the open-circuit voltage of the Li–O2 cell based on the
Li0.50MnO2 cathode was quite stable in oxygen within an
ageing time of 390 h (see Figure S8a). The discharge capacity
of the aged electrode was 94 % that of the fresh electrode (see
Figure S8b). The results suggest that the cell undergoes self-
discharge but only to a small extent. Furthermore, the XRD
patterns of the electrodes (see Figure S9) indicate no
discernable formation of lithium oxides at the anode during
extended cycling in O2.

The Li0.50MnO2 electrode was dismantled from the Li–O2

cell and analyzed at different discharged/charged states. Both
Raman spectra and XRD patterns proved the efficient
formation of Li2O2 on discharging and the decomposition of
Li2O2 on charging (see Figure S10). Reversible generation
and oxidation of Li2O2 is generally viewed as the key to the
successful operation of a Li–O2 battery.[12, 13] The superior
ability of Li0.50MnO2 to promote the complete decomposition
of the insulating peroxide was evidenced by electrochemical
impedance spectroscopy (EIS), which showed good recovery
of charge–transfer resistance on recharge (see Figure S11).
Although Li0.50MnO2 is dischargeable at the tested working
voltage range even in an Ar atmosphere, this behavior
contributes negligibly to the overall capacity of the Li–O2 cell
(see Figure S12). A previous study also showed that dis-
charged electrode materials could be chemically oxidized in
the presence of oxygen.[14] Thus, the lithiated manganese
oxide itself could be electrochemically active; redox reactions
of 3d metal oxides have been suggested to mediate the
process of oxygen electrocatalysis.[9,15] Notably, the XRD
profile, the Mn 2p XPS spectrum, and the neighboring layer
distance in TEM images were almost unchanged after cycling
(see Figure S13), thus indicating respectable stability of the
Li0.50MnO2 catalyst.

To understand the enhanced catalytic performance of
lithiated MnO2, we performed density functional theory
(DFT) calculations, which are an effective tool for the study
of the electrochemical properties of manganese oxides.[16] Our
preliminary results reveal a change in electronic structure
after lithiation (see Figure S14). For pristine MnO2, there was
a clear band gap near the Fermi level in the density-of-state
(DOS) profile, in agreement with its typical semiconductive

nature.[16a] However, for Li0.50MnO2, the gap is significantly
smaller, which implies better electronic conduction and would
favor charge transfer during electrochemical reactions. Alter-
ation of the electron structure was also reported for other
LixMnO2 samples.[16c] A comparison of the calculated adsorp-
tion energy of Li (5.44 eV) and O2 (0.079 eV) on the MnO2

surface shows that Li is attached first to the surface. The result
coincides with those of previous DFT modeling, which
showed that the initial reduction of oxygen occurs more
favorably by the dissociative adsorption of O2 at the lithiated
MnO2 surface.[16d] O2 binds significantly more strongly and the
O¢O bond is elongated to a greater extent on the lithiated
oxide surface as compared to the lithium-free surface owing
to a different mode of adsorption and an extra Li–O
interaction (see Figure S15). The calculated energies of O2

absorption on MnO2, Li0.50MnO2, and LiMnO2 are 0.079,
1.171, and 3.279 eV, respectively. Since a good oxygen
electrocatalyst should not interact with O2 too weakly or
too strongly, Li0.50MnO2 with a modest oxygen-binding energy
showed the highest ORR activity. For the OER process,
previous studies have demonstrated that an MnIII oxide with
an eg occupancy near 1 is most favorable,[17] which could
explain the lowest charging overpotential of Li0.92MnO2 with
a nominal Mn valence of 3.08. Therefore, electrochemical
lithiation benefits the ORR/OER on manganese oxide by
tuning its electronic properties, surface structure, and oxida-
tion state. Further DFT studies on the reaction mechanism
with lithium superoxide/peroxide species are under way.

In conclusion, we have reported that a manganese oxide
cathode can first operate in a Li–MnO2 battery and sub-
sequently serve as efficient catalyst for a rechargeable Li–air
battery when oxygen is admitted. Mesoporous MnO2 lithiated
in situ in a Li–MnO2 cell shows composition-dependent
electrocatalytic performance for the ORR/OER in a non-
aqueous electrolyte. Remarkably, the Li0.50MnO2 electrode
exhibited higher capacity, lower charge–discharge overpoten-
tials, and better cyclability in comparison with the pristine
oxide. The present study not only indicates the promising
recycling use of depleted Li–MnO2 batteries as high-energy
rechargeable lithium–air batteries, but also sheds light on the
electrochemical tuning of transition-metal-oxide electrocata-
lysts.

Experimental Section
Pristine mesoporous MnO2 was synthesized by structure replication
by using silica KIT-6 as a template. In a typical synthesis, mesoporous
KIT-6 (0.5 g; JCNANO) was dispersed in an aqueous solution of
Mn(NO3)2 (6.0 g, 50 wt%; Aladdin). The mixture was stirred over-
night, and then filtered and dried at 80 88C. The obtained powder was
calcined at 400 88C for 3 h in air, and then treated with 2m aqueous
KOH at 60 88C to remove the KIT-6 silica template. The resulting
mixture was filtered and repeatedly washed with distilled water. The
mesoporous MnO2 was obtained after drying at 80 88C under vacuum
for 4 h.

Lithiated mesoporous MnO2 (LixMnO2) was prepared by an
in situ electrochemical discharge route. First, the synthesized pristine
mesoporous MnO2 was mixed with Super P carbon and poly(vinyli-
dene fluoride) (PVdF) binder in the solvent N-methyl-2-pyrrolidone
(NMP) in a weight ratio of 3:6:1. The mixture was pasted on a nickel-
foam current collector to form the working electrode, which was dried
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at 110 88C under vacuum for 6 h. The electrolyte was 1m LiTFSI in
TEGDME, and the separator was glass fiber. The prepared working
electrodes were coupled with lithium-foil counter electrodes to
assemble the CR-2032 coin-type lithium cells in an argon-filled
glove box (Mikrouna Universal 2440/750). The cathode cap was
predrilled with seven homogenously distributed holes, which would
be used to import oxygen later. For the synthesis of lithiated
mesoporous MnO2 (LixMnO2), the as-assembled cells were dis-
charged at a current density of 154 mAgMnO2

¢1 (equivalent to
77 mAgcarbon

¢1) to the desired ending states by controlling the
discharge capacity. The composition of MnO2, Li0.25MnO2,
Li0.50MnO2, Li0.75MnO2, and Li0.92MnO2 corresponds to discharging
to a cutoff capacity of 0, 77, 154, 231, and 283 mAhgMnO2

¢1 (equivalent
to 0, 38.5, 77, 115.5, and 141.5 mAhgcarbon

¢1), respectively.
The synthesized materials and cycled electrodes were character-

ized by SEM (JEOL JSM7500F, accelerating voltage 5 kV), TEM
(Philips Tecnai F20, accelerating voltage 200 kV), XRD (MiniFlex600
X-ray generator, copper source, Ka radiation), and confocal Raman
microscopy (DXR, ThermoFisher Scientific, excitation at 532 nm by
an argon-ion laser). X-ray photoelectron spectra were collected on
a PerkinElmer PHI 1600 ESCA system. The Brunauer–Emmett–
Teller (BET) specific surface area was measured by N2 adsorption–
desorption at 77 K with a BELSORP-Mini instrument. All tested
electrodes were dismantled, rinsed with electrolyte solvent, and dried
in a glove box before characterization.

Both Li–MnO2 batteries and Li–O2/lithium–air batteries were
assembled by similar procedures to that described above for the
synthesis of lithiated mesoporous MnO2. To test the Li–MnO2 cell
performance, the battery was transferred to a sealed container flushed
with argon. The Li–O2 cell performance was tested after filling the
container with oxygen. For dual applications of the cathode in Li–
MnO2 and lithium–air systems, the cell was first sealed with a gas-
impermeable membrane, which was subsequently wiped off to enable
air to enter the cell. The cell remained integrated during all these
processes. Galvanostatic discharge–charge tests were carried out on
a CT2001A battery-testing instrument (LAND Electronic Co.) at
room temperature. Electrochemical impedance spectroscopy (EIS)
was performed on a Parstat 2273 potentiostat/galvanostat work-
station (AMETEK) at different charge–discharge states (open-circuit
voltage: ca. 3.0 V, discharge voltage: ca. 2.4 V, recharge voltage: ca.
4.2 V) with an AC voltage of 10 mV in the frequency range of
100 kHz–100 mHz.

Keywords: electrocatalysis · Li–MnO2 batteries ·
lithium–air batteries · manganese oxide · recycling
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