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Abstract Rechargeable lithium batteries that use non-
aqueous electrolytes may not be suitable for electric vehicle
applications, which require safe, inexpensive, and high en-
ergy density. In this paper, we showed that reversible lithi-
um intercalation can occur in MnO, cathode coupled with
Zn anode while using LiOH aqueous electrolyte. This new
Zn|LiOHMnO, aqueous rechargeable cell could operate
around 1.5 V for multiple cycles and possibly be used in
battery packs, are of low cost, and environmentally benign.
However, higher energy density, power density, and cycling
life of the Zn|LiOH|MnO, system are required for exploiting
this technology to better compete with the lithium battery
counterparts. Serendipitously, high energy density (270 Wh/
Kg) that was achieved with physically mixed additives
(Bi,05 and TiB,) on MnO; is reported. Physically modified
cathode containing multiple additives is shown to be supe-
rior in energy density and capacity retention compared to
that of the additive-free MnO, or carbon-coated MnO, using
polyvinylpyrrolidone as the source. The role of the additives
(Bi,03 and Bi,03+TiB,) in the MnO, electrode is found to
avoid the formation of unwanted (non-rechargeable) prod-
ucts and to decrease the polarization of the electrode.
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Introduction

Today, nickel-metal hydride (Ni-MH) technology is the
principal battery used in hybrid electric vehicles [1, 2] but
it can be displaced by the higher-energy lithium-ion tech-
nology if the latter’s lifetime, high cost of manufacture, and
safety issues can be sizeably tailored. Although numerous
progresses have been achieved in the development of
lithium-ion technology both in terms of electrode materials
and of electrolytes, problems posed on capacity fading upon
cycling due to the formation of solid-electrolyte interphase
by electrolyte degradation still remain [3, 4]. This implies a
decrease in the lifetime of the batteries. Alternate cathodes
and electrolytes for Li-ion technologies are being investi-
gated for high energy density, safer, and cheaper batteries
worldwide [5-9] but improvements in safety have in general
further lowered battery capacity. Researchers at Murdoch
University have been conducting research into an alternative
secondary battery system based upon the existing alkaline
Zn/MnO, primary system [10—12]. This new aqueous re-
chargeable battery technology developed successfully by the
author (M. Minakshi) at Murdoch University is low cost,
environmentally friendly, and inherently safe. This recharge-
able battery chemistry appears to meet the energy and power
demands of household consumer devices and their charac-
teristics are compared in Table 1 with other types of batteries
currently used in hybrid electric vehicles.

Among promising candidates for cathode materials in
aqueous batteries, manganese-dioxide-based systems have
been extensively investigated due to their attractive charac-
teristics that include low cost, low toxic, available in plenty,
and safe to handle [13, 14]. Manganese dioxide (MnO5,) is
recognized as a potentially high energy cathode, but long-
term attempts to develop this alkaline primary system into a
rechargeable battery has failed [15, 16]. Existing non-
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Table 1 Battery types currently used in hybrid electric vehicles and their common characteristics compared with Zn|LiOH/MnO, aqueous

rechargeable battery [35]

Battery types Energy density (Wh/kg)

Power density (W/kg)

Lead acid 25-35 75-130
Nickel-metal hydride 50-80 150-250
Lithium ion (LiFePO,)  80-100 375-475
Zn|LiOHMnO, 270 65-75

Safety Current cost ($/kWh)
Environmentally not good otherwise OK 100 to 125

Not safe 525 to 540

Not safe About 1,000

Safe 100 to 125

rechargeable alkaline Zn/MnO, batteries use an aqueous
KOH celectrolyte [15, 17]. These cells are based on the
insertion of protons (H") into MnO,, a non-reversible pro-
cess. It was widely believed that all aqueous electrolytic
systems similarly resulted in only proton insertion. Howev-
er, our work at Murdoch based on an aqueous lithium
hydroxide (LiOH) electrolyte has succeeded in showing that
it can result in the insertion of lithium ions into MnO, [18].
This battery has been tested in the lab and has demonstrated
the potential to lead to a new field of rechargeable alkaline
batteries. Improvements to energy density are not only
possible through the use of MnO,, but furthermore as
lithium aqueous electrolytes have ion conductivities about
two orders of magnitude higher than their non-aqueous
counterparts [19].

Bottlenecks in developing this technology include im-
proving the suppression of unwanted discharge products to
improve the rate capability and energy density of this bat-
tery. Additives such as bismuth oxide (Bi,O3) or titanium
disulphide (TiS,) incorporated into the cathode [20, 21]
have resulted in improvements and another set of additives
(alkaline earth oxides, i.e., BaO, MgO, and CaO) [22]
trialed have resulted in further improved recharge capacity
and cycle performance. The set of additives based on alka-
line earth oxides resulted in a patent cooperation treaty
application [23].

In aqueous rechargeable battery system, during the cell
discharge, mechanism involves both lithium and proton
intercalation into the host MnO, compound [20, 21]. The
intake of proton insertion resulted in manganese oxy hy-
droxide (MnOOH) as the discharged product [15]. The
MnOOH in the electrode undergoes a dissolution reaction
that releases Mn®" ions into the electrolyte [24]. The Mn**
species are further reduced to a soluble Mn** that subse-
quently precipitates to form the end products such as Mn,0O;
and Mn(OH),. Interestingly, our preliminary studies [20-22]
showed that the incorporation of additives such as CeO,,
MgO, TiS,, or Bi,O; compounds in a suitable proportion
into the MnO, cathode retard this disproportionation reac-
tion of Mn>* by keeping the Mn>" ions in the solution for a
longer time, i.e., during the discharge process and thereby
prevent the formation of unwanted non-rechargeable prod-
ucts like Mn,03, Mn(OH),, and Mn30,4. This mechanism is
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quite similar to that proposed by Manthiram et al. [25]. This
leads to improved energy density in the MnO, cathode.
These fundamental studies on incorporating additives in
Zn-MnO, aqueous rechargeable system will offer, for the
first time, a database of knowledge that can be used by
battery technologists in identifying suitable materials for
designing new positive electrodes for an aqueous recharge-
able battery. The key concept and strategy lies in transform-
ing the primary (non-rechargeable) battery into a high-
performance secondary (rechargeable) battery while using
aqueous lithium hydroxide as an electrolyte with Zn as the
negative electrode.

In this study, two approaches have been pursued to render
higher energy density to Zn-MnO, rechargeable battery.
One approach is we have tried a unique synthetic method
to carbon coat the MnO, particles using polyvinylpyrroli-
done (PVP) as a source. This enhances the conductivity and
lithium intercalation mechanism during discharge but
reduces the working voltage of MnO, cathode. The second
approach is the incorporation of small amounts of TiB,
additive through physical mixing that found to enhance the
capacity without any decrement of voltage. On the other
hand, the extension of second approach to multiple additives
consisting TiB, and Bi,O; further improves the capacity
(energy density) and cycling life. In this paper, we have
reported the synthetic method and potential additives could
make the rechargeable alkaline batteries suitable for vehic-
ular applications.

Experimental

The electrolytic manganese dioxide of y-MnO, type (IBA
sample 32) material used in this work was purchased from
the Kerr McGee Chemical Corporation. Bismuth oxide
(Bi,03), polyvinylpyrrolidone was obtained from Aldrich
chemical company and titanium diboride (TiB,) from Alfa
Aesar. For PVP-assisted MnO,, metal oxide powder
(MnO,) was dissolved in water at 80 °C with an effective
stirring to obtain a homogenous solution. Then the PVP was
added in 1:1 weight ratio to the metal ions. The process of
stirring and heating was continued until thick transparent gel
was obtained. Then, the gel was dried at 110 °C in hot oven
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for 10 h. Finally, the product was heated at 275 °C for 3 h in
air to get the PVP decomposed.

For cyclic voltammetric (CV) experiments, a standard
three-electrode cell was used. For this purpose, the y-
MnO, working electrode was made as follows: y-MnO,
powder (with 0 and 5 wt.% of additives (TiB,, or Bi,O3 +
TiB,)) or PVP-assisted MnO, powder was pressed on to a
disk of Pt gauze. On the other side of a disk, a layer of
conductive carbon (A-99, Asbury USA) was also pressed.
The MnO, side of the disk was exposed to the LiOH
electrolyte through a Teflon barrel. The schematic diagram
is shown in Fig. 1. For making electrical connection of
MnO, a Pt disk was inserted into the barrel on top of the
carbon side which contacted a stainless steel plunger. The
counter electrode was a zinc foil, which was separated from
the main electrolyte by means of a porous frit. A mercury—
mercuric oxide (Hg/HgO) served as the reference electrode.
The standard concentration of the electrode filling solution
is 4.2 M KOH. Reported potentials are relative to Hg/HgO.
The electrolyte used for battery experiments was a saturated
amount of aqueous lithium hydroxide. The working elec-
trode was cycled between 0.2 and —0.45 V at a slow-scan
rate of 25 uV s~! scan rate. On each occasion the potential
scan started at 0.2 V, moving initially in the cathodic direc-
tion and then reversed back anodically to the starting point.

For battery (galvanostatic) experiments, a Swagelok-type
two-cell electrode was used. The y-MnO, active material
was first mixed with ((0 and 5 wt.% of suitable additives
(TiB,, or Bi,O5 + TiB,) or PVP-assisted MnO, powder)),
along with 15 wt.% of carbon black and 10 wt.% of poly
(vinylidene difluoride) (PVDF, Sigma Aldrich) as a binder
and then pressed into a disk shape with a diameter of
12 mm. Each disk was 0.3 mm thick and the active mass
weighed approximately 25 mg. An electrochemical test cell
was constructed with the disk as the cathode, Zn metal as the
anode, and filter paper (Whatman filters 12) as the separator.
The cell was discharged/charged galvanostatically using
an eight channel battery analyzer from Neware, China,

Reference Working
Electrode Electrode

Counter
; Electrode

Ptdisk ===
Carbon black milim
Ptgauze
MnO, Powder ——

Fig. 1 Schematic diagram of a potentiostatic (three-cell) configuration
[36]

operated by a battery testing system. The cut-off discharge
and charge voltages were 1.0 and 1.9 V, respectively. All
electrochemical measurements were carried out at ambient
temperature. For all experiments, a constant charge/dis-
charge current of 0.2 mA on mass density (8 mA/g) was
used.

Results and discussion

Figure 2 shows a typical slow-scan cyclic voltammetric
behavior of MnO, in aqueous LiOH electrolyte. The scan
was initiated at 200 mV going in the cathodic direction to
—350 mV and then reversing it to the starting potential.
During the first cathodic sweep, a reduction peak C; is seen
at a potential =280 mV. During the reverse anodic sweep, an
oxidation peak A; is seen at —69 mV. Thus the material
MnO, undergoes electro-reduction/oxidation corresponding
to lithium (LiMnO,) [10] and proton (6-MnOOH) [26]
insertion during reduction and extraction of lithium (Li;
~MnQO,) during oxidation of Mn atom in MnO,. On repeat-
ed cycling, the position of the reduction peak C; shifted
more negatively (—315 mV), changed in current intensity
and its shape while comparing to that of the first cycle.
These observations suggest that the electro-reduction pro-
cesses of MnO, on repeated cycling is not fully reversible.
However, the oxidation peak (A;) position was not altered.
A shoulder of anodic peak (A, at 30 mV) is also seen
corresponding to 6-MnOOH. The y-MnO, (an inter growth
of pyrolusite and ramsdellite) after electro-reduction
becomes 8-MnOOH by the intercalation of protons into
the tunnels and the un-reacted amount of 5-MnOOH is seen
during the anodic scan [26]. A typical galvanostatic (dis-
charge—charge) curve of the Zn-MnO, aqueous LiOH cell is
shown in Fig. 3. The initial open-circuit voltage (OCV) was
1.8 V. On discharge at a current of 0.2 mA the cell voltage
dropped slightly lower to 1.65 V and then had a plateau-like

0.002

Plain MnO,

0.001 - A \
AN
0.000 - f
1
c1

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Potential vs. Hg/HgO / V

Current/A

-0.001 +

Fig. 2 Cyclic voltammogram for plain MnO, electrode (0 wt.% addi-
tive) in saturated LiOH electrolyte. Voltage was swept cathodically
initially from +0.2 V to —0.35 V and back at a scan rate of 25 uV s .
Cycle numbers are indicated in the figure
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Fig. 3 Constant current discharge—charge curves of plain MnO, (0 wt.
% additive) cathode in Zn|LiOH[MnO, battery

curve at 1.55 V corresponding to Mn**/" redox couple

before it fell down to 1.0 V. The cell discharge capacity
was calculated to be about 140 mAh g '. As can be seen
from Fig. 2, the cell could be fully charged back to 1.8 V
with a 100% material utilization back to parent MnO,.
Figure 4 shows the cyclability of the MnO, cathode material
in the presence and absence of additives. After multiple
cycling, at the 25th cycle, the available capacity for MnO,
(0 wt.% additive) was found to be just 100 mAh g~ (30%
loss in Fig. 4 (a)) suggesting that the material was degrading
to a larger extent.

To enhance the cyclability of the MnO, aqueous re-
chargeable system, unique polymer-assisted synthetic meth-
od is chosen to coat the MnO, active material. A polymer, i.
e., polyvinylpyrrolidone is added to the MnO, colloid dis-
persion as explained in the Experimental section. In solu-
tion, PVP is soluble and has excellent wetting properties,
thus making it as a good candidate for carbon coating on the
surface of MnO, cathode [27]. PVP contains nitrogen and
oxygen atoms in their molecular structure. The nitrogen
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Fig. 4 Cyclability of Zn|LiOHMnO, battery in the presence and
absence of additives. MnO, cathode containing () 0 wt.%, (b) PVP,
(¢) 5 wt.% TiB,, and (d) 3 wt.% TiB, + 2 wt.% Bi,0; additives
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dioxide interaction with polymers containing imide groups
in the main chains of PVP establishes strong affinity to a
single unit of MnO, colloid. This imide and metal bonding
stabilize the particle size and prevent particle aggregation
that is the characteristic of PVP [28]. Finally, heating the
MnO, containing PVP mixture melts the PVP and decom-
poses. The decomposed product was a unique carbon-coated
[29] manganese dioxide. Figure 5 shows a typical cyclic
voltammetric behavior of PVP-assisted MnO, used in this
study. During the first cycle, one reduction (C;) and one
oxidation peak (A;) at =310 and —88 mV, respectively, are
seen. On repeated cycling, two reduction peaks C; and C,,
at potentials —340 and —265 mV, respectively, are seen.
However, on the reverse anodic sweep only one peak A
at =50 mV was observed. The well resolved reduction peaks
C, and C, corresponds to lithium and proton insertion
respectively. The polymer layer is active only after an initial
oxidation and hence the appearance of peak C, from the
second cycle onwards. The absence of peak A, (in Fig. 5)
indicates the system is fully reversible with the aid of PVP-
added MnO,. The coated PVP on the MnO, layer facilitate
the reduction reaction mechanism leading to an increase in
discharge capacity and well-defined redox peaks. Although
the motivation is achieved, in terms of multiple cycling and
efficiency of the battery, the area under the peaks is still
marginal and may not be suffice for vehicular applications
as energy density is a pre-requisite. This is further supported
by the discharge—charge behavior of the Zn-PVP-added
MnO, battery. A typical behavior of the aqueous cell is
shown in Fig. 6. The initial OCV was 1.5 V, which is
0.3 V lower than the plain MnO, (containing no additive).
The flat discharge voltage of this battery is around 1.2 V,
comprising a total discharge capacity of 200 mAh g~'. The
carbon-coated MnO, material enhanced the battery storage
capacity to 30% but the synthetic manipulations (MnO,

0.002
PVP assisted MnO,
Aq
0.001
/
= —
§ 0.000 / _,’:.—————//
3 1
5
- 4 C
0.001 < 2

T T T T
-04 -03 -02 -0 0.0 0.1 0.2
Potential vs. Hg/HgO / vV

Fig. 5 Cyclic voltammogram for PVP-assisted MnO, electrode in
saturated LiOH electrolyte. Voltage was swept cathodically initially
from +0.2 V to —0.45 V and back at a scan rate of 25 uV s '. Cycle
numbers are indicated in the figure
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Fig. 6 Constant current discharge—charge curves of PVP-assisted
MnO, cathode in Zn|LiOH|MnO, battery

colloidal dispersions with PVP and further heating) de-
creased the open-circuit voltage of the raw MnO, material
to 0.3 V and hence the shape in the discharge curve. The
lower discharge voltage of 1.2 V is a drawback for PVP as a
source which may be difficult to compete with the current
battery benchmark. Although a large capacity loss (as what
observed for plain MnO,) is not seen in the multiple cycles
(Fig. 4 (b)), but a steady fade is found to continue and at the
end of 25th cycle the discharge capacity was found to be
175 mAh g ', loss of 13% efficiency.

As detailed in the Introduction section, small amount of
an incorporation of additives through physical mixing in the
MnO, cathode provided an important advantage in terms of
energy density. An early development in this approach was
initiated at the Ford Motor Company [30, 31]. Subsequent to
this, several other researchers [15, 16, 24, 25] have focused
on additives in the MnO, cathode material but all their work
was mainly restricted to primary batteries. Our group
showed a range of additives as listed in the Introduction
section for aqueous secondary batteries. Here, in this study
we have used titanium diboride (TiB,) and bismuth oxide
(Bi,0O3) as an additive source in MnO, active material.
Addition of a small amount of TiB, (3 wt.%) physically
mixed into MnO, produces a typical cyclic voltammetric
and galvanostatic behavior as shown in Figs. 7 and 8. The
redox behavior seen from the CV (Fig. 7) illustrates one
reduction (C,) and oxidation peak (A;) at =490 and 100 mV,
respectively. The wide potential between the reduction and
oxidation potentials is because of the high overpotential of
the reduction/oxidation reactions. This is not surprising
given the similar potential difference seen through the dis-
charge—charge curve in Fig. 8. A very similar electrochem-
ical performance is also observed by Manthiram et al. [25]
for the TiB, additive. The area under the curve is signifi-
cantly lowered than the polymer-added MnO,, however, due
to the presence of titanium (an excellent conductor of
electricity [32]) that enhanced the voltage profile and the

0.002

TiBy added MnO,

b

0.001 +

0.000

Current/A

-0.001

—

-0.6 -0.4 0.2 0.0 0.2
Potential vs.Hg/HgO / V

Fig. 7 Cyclic voltammogram for TiB, (5 wt.%) added MnO, electrode
in saturated LiOH electrolyte. Voltage was swept cathodically initially
from +0.2 V to —0.6 V and back at a scan rate of 25 uV s . Cycle
numbers are indicated in the figure

storage capacity. The observed shift in the reduction
peaks may be due to the changes in the nature of
electro-reduced material formed during the reduction pro-
cess in the presence of TiB, as an additive. The cell is
found to be fully reversible with a capacity of 180 mAh g .
After 25 cycles, the discharge capacity was lowered to
150 mAh g ', with a loss of 17% efficiency as seen in
Fig. 4 (c).

With an objective of understanding the role of bismuth
(Bi,05) as additive in the presence of TiB,, the following
experiment was performed. The MnO, active material was
physically mixed with multiple additives (Bi,O3 2 wt.% +
TiB, 3 wt.%) and subjected to redox reactions and dis-
charge—charge processes. The choice of Bi,O5 stems from
the fact that bismuth acts as a pillaring effect in stabilizing
the host MnO, structure [33] and to reduce the activation
energy (overpotential) of the charge and discharge processes
involving Mn®" [34]. The combination of these two addi-
tives is more likely to provide the multiple services required

2.0
Charge

1.5+ TiB, added MnO,
>
<
P R epu i
o
8
o 1.0+ Discharge
>
-
o

0.5

0.0 -

0 50 100 150 200
Cell Capacity / mAh g1

Fig. 8 Constant current discharge—charge curves of TiB, (5 wt.%)
added MnO, cathode in Zn|LiOH|MnO, battery
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Fig. 9 Cyclic voltammogram for TiB, (3 wt.%) + Bi,O5 (2 wt.%)
added MnO, electrode in saturated LiOH electrolyte. Voltage was
swept cathodically initially from +0.2 V to —0.6 V and back at a scan
rate of 25 uV s '. Cycle numbers are indicated in the figure

for higher energy density. The CV profile of the multiple
additives (in Fig. 9) consists of a well-defined reduction
peak at C; —450 mV and a corresponding anodic peak A
at 50 mV. The ratio of the charge under the peaks C; and A,
was 90% reversible. The presence of these multiple addi-
tives suggests to block/delay the dissolution of Mn>" ions
thereby inhibiting the formation of unwanted rechargeable
products (like MnOOH, Mn(OH), or 8-MnOOH) during
reduction. In other words, redox couple Mn*"** stays longer
when bismuth and titanium diboride additives are present and
hence the capacity. Serendipitously, the effect of Bi,O5 in the
presence of TiB, is more effective than the carbon-coated
MnO, using PVP as a source or TiB, by itself. The success
of this multiple additive is also seen through discharge—charge
cycle experiment in Fig. 10. The mid-discharge voltage and
the available discharge capacity are competitive providing
1.25 V and 215 mAh g_l, respectively. After 25 cycles, the
discharge capacity was just lowered only to 195 mAh g ',
with a loss of 10% efficiency as displayed in Fig. 4 (d). The

2.0
Charge
1.5 TiB, + Bi,O,
added MnOy

Discharge

Cell Voltage / V
5
!

e
o
1

0.0 T T T T
0 50 100 150 200

Cell Capacity / mAh g'1
Fig. 10 Constant current discharge—charge curves of TiB, (3 wt.%) +
Bi,03 (2 wt.%) added MnO, cathode in Zn|LiOH|MnO, battery
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battery with multiple additives is fully rechargeable while
suppressing the non-rechargeable products, possessing excel-
lent efficiency and minimal capacity fading. The aqueous
rechargeable (Zn|LiOHMnO,) cell in the presence of
mixed additives is characterized by an enhanced recharge-
ability with good capacity retention (as seen in Fig. 4) and
coulombic efficiency (discharge/charge time ratio) even at
100% depth of discharge at C/5 rate. This will lead to the
development low cost and low toxicity battery materials
for potential applications in electric vehicles or household
devices. Nevertheless, the Zn|LiOHMnO, cell operating
just above 1 V may restrict its application as a single
module, but it could have advantages in battery packs that
will enhance the power and find a market niche. An
extensive cycling test using different C rates at various
depth of discharge is required to warrant for commercial
application

Conclusions

The objective to identify “eco-benign” and economically
viable cathode materials that can be used in aqueous re-
chargeable batteries has been achieved successfully with
high energy density. The behavior of MnO, in aqueous
LiOH illustrated that both the lithium and proton are inter-
calated into the MnO, and the electrochemical process is not
fully reversible. The discharge capacity of 140 mAh g to
1 V cut-off voltage could be achieved and there was a quick
fade in capacity, losing up to 30% efficiency after 25th
cycle. The carbon-coated MnO, (with unique polymer as a
source) enhanced the conductivity and lithium intercalation
mechanism leading to a well-resolved reduction peaks C,
and C, with a discharge capacity of 200 mAh g' and the
capacity fade is minimized to 13%. However, the working
voltage was low (1.2 V) as the raw MnO, material was
altered during colloidal dispersion and not readily suitable
for potential applications. The addition of small amounts of
TiB, was found to improve the open-circuit voltage but the
rechargeability and working voltage was not up to the
benchmark. Whereas, serendipitously, the presence of
Bi,05 in TiB, (multiple additives) performed well providing
a good storage capacity (215 mAh g ' or270 Wh/Kg) and
capacity retention (to 10% loss). The presence of these
multiple additives suppresses the formation of non-
rechargeable products while enhancing the lithium insertion
into MnO, structure. Bi,O3+TiB, additives are more effec-
tive than PVP-assisted MnO,.
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