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Abstract Many attempts have been made to make the zinc-
manganese dioxide (Zn-MnO,) alkaline cell rechargeable,
but all investigations are pertained to the proton insertion
mechanism into MnO,. In this paper, a new class of
rechargeable bismuth oxide-doped MnO, electrode in
lithium hydroxide (LiOH) electrolyte is described. The
doping and the appropriate pH selection of the aqueous
electrolyte improved the electrochemical performance of
the aqueous cell. Hence, with an aim to understand the role
of bismuth oxide (Bi,O3) during the discharge process,
doped MnO, cathodes are characterized by various techni-
ques like secondary ion mass spectrometry, X-ray diffrac-
tion, Fourier transform infra-red spectroscopy, and
transmission electron microscopy analysis. The results
suggest that the influence of the large radius of the cation
(Bi,O5; Bi (III) ion (0.96 A)) cannot be integrated into the
spinel structure, thereby, improving the rechargeability. The
electrode reaction of doped MnO, in LiOH electrolyte is
shown to be lithium insertion while preventing the
formation of a spinel structure that leads to a major
formation of manganese oxy hydroxides.
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Introduction

The development of inexpensive and safe cathode materials
for the battery systems is currently a major focus in battery
research. In this regard, manganese oxides have a long
history of serving as a cathode in charged storage
applications. The desirable features of manganese dioxide
(MnO,) materials are: abundantly available inexpensive
transition metal, increased safety margin to overcharge
conditions compared to cobalt- and nickel-based batteries
[1-3]. These features made MnO, cathode materials more
attractive for large energy storage applications like electric
vehicles. Currently, MnO, is used in products ranging from
alkaline to lithium batteries and to even super capacitors.
This is because, as said above, MnO, is regarded as
nontoxic and a common transition metal.

Rechargeable MnO, alkaline cells involving two elec-
trons per manganese between Mn*" and Mn>" are appealing
as they can provide high energy densities exceeding that of
currently available lithium ion cells [4]. Additionally, with
the use of aqueous electrolytes, the alkaline cells offer
better safety characteristics, less expensive compared to
their nonaqueous counterparts. However, the poor rechar-
geability of manganese dioxides in alkaline cells has
hampered their use to mainly primary batteries. The
formation of nonrechargeable products like Mn(OH),,
Mn,03, and Mn;04 have been regarded as a reason for
poor rechargeability [4—6].

Many efforts have been made to achieve better recharge-
ability with the alkaline manganese dioxide cells using
potassium hydroxide as electrolyte [4—6]. In all these
studies, it is commonly believed in the literature that
alkaline cells are based on the proton insertion into MnO,
[7-10] and that under certain conditions, the insertion of
protons is reversible. Recently, we demonstrated that good
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rechargeability could be obtained by using aqueous lithium
hydroxide (LiOH) as electrolyte [11]. This involved lithium
intercalation into the MnQO, lattice.

In our previous papers [12, 13], we assessed the
influence of Bi,O3; doped MnO, on the electrochemical
performance of MnO,/LiOH batteries. Although the effect
of Bi,O3 doping into MnO, structure and its lithium
insertion mechanism is reported by Bach et al. [14], it is
investigated using nonaqueous solvents. The Bi-doped
MnO, cathode is shown to endow an improved recharge-
ability regardless of the amount of Bi,O; using LiOH as
electrolyte [12]. However, the stability window of an
aqueous electrolyte is very narrow than using nonaqueous
counterparts. In the current paper, we have extended this
Bi-doped study in more detail, choosing 10 wt.% of Bi,Os.
The Bi-doped (10 wt.%) cathode showed a limited
discharge capacity of 150 mAh/g in a LiOH electrolyte
having a pH=12.0 [12] but not in an electrolyte having
pH=10.5 in the present study. Hence, the pH selection in
the aqueous electrolyte is also described here.

Experimental

The MnO, (IBA sample 32) material used in this work was
obtained from Kerr McGee Chemical Corporation. Bismuth
oxide (Bi,O3;) was obtained from Aldrich Chemical
Company. For the electrochemical test, a pellet (30 mg) of
cathode mixture was prepared by mixing 65 wt.% MnO,,
10 wt.% Bi,05, 15 wt.% acetylene black (A-99, Asbury,
USA) and 10 wt.% poly(vinylidene difluoride) (PVDF,
Sigma Aldrich) as binder in a mortar and pestle. An
electrochemical cell was constructed with the disk-like
pellet (of 8 mm diameter and 0.5 mm in thickness) as the
cathode, Zn metal (99.9%) as the anode, and filter paper
(Whatman filters 12) as the separator. The electrolyte used
was a 5-M solution of LiOH containing 1 mol L™" zinc
sulfate with saturated lithium carbonate present in it. The
optimum pH selection for the electrolyte was 10.5. The
galvanostatic discharge, charge conditions, and other
experimental details were identical to those reported in
[11-13].

For X-ray analysis, a Siemens X-ray diffractometer
using Philips Co-Ko radiation was used. The Fourier
transform infrared (FTIR) spectra were recorded by using
a Nicolet Magna-IR spectrometer. For each sample, an
average of 16 scans were recorded. The morphology and
elemental analysis of the products formed before and after
discharge were characterized by transmission electron
microscopy (TEM) and energy dispersive X-ray spectros-
copy (EDS) using a JEOL 2010F TEM model operated at
200 kV. TEM specimens were prepared by scraping a small
fragment scraped from the pressed pellet and lightly
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grinding under methanol and dispersing on to a holey
carbon support film. Specimens were examined at liquid
nitrogen temperature in a cooling stage to reduce beam
damage and contamination effects. Secondary ion mass
spectra (SIMS) were collected on a Cameca ims 5f instrument
at the Australian Nuclear Science and Technology Organiza-
tion, Lucas Heights, Sydney, Australia. An O," primary ion
source (12.5 kV) was used to generate secondary ions. A
primary beam of 50 nA rastered over an area of 250
250 um was used in all experiments. The SIMS positive ion
signals corresponding to 'Li was recorded.

Results and discussion

1. Galvanostatic discharge—charge characteristics of Zn-
(Biz03) MnO,-LiOH cell

The galvanostatic discharge—charge profiles of the Zn-
MnO, cells were carried out initially by discharging and
then charging the cells at a constant current density of
0.5 mA/cm® to a cutoff voltage of 1.0 and 1.8 V,
respectively. The first cycle discharge—charge voltage
profiles of the Bi,O3-free electrodes (undoped MnO,) and
Bi,03-containing (Bi,Os-doped MnO,) are compared in
Fig. 1. The Bi,Os-doped sample (Fig. 1) shows a higher
discharge capacity of 215 mAh/g than the undoped MnO,
which is 140 mAh/g. However, the differences in discharge
voltage of these two materials are not significant, i.e., only
40 mV. Both the cells could be reversibly charged with the
coulombic efficiencies of 91% and 86% for undoped and
doped MnO, materials, respectively. Although the general
characteristics of the discharge curves were similar for both
materials, the discharge capacity for Bi,Oz-doped (Fig. 1)
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Fig. 1 The first discharge—charge behavior of undoped MnO, and
Bi,03-doped MnO, cathode with the pH selection of an aqueous
electrolyte 10.5
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was higher and a long plateau-like region is seen before
undergoing a drop in potential at 1.2 V. The observed
difference in the material utilization could be due to the
presence of Bi,O3. But, on the other hand, the identical
Bi,0s-doped sample showed a limited discharge capacity
of 150 mAh/g [12]. Initially, the mechanism was unclear
but then it is understood that, besides doping, the difference
is also due to the stability range of electrolyte. This is the
downside of employing an aqueous electrolyte in a system.
While having a pH of the electrolyte=12.0, the discharge
capacity is only 150 mAh/g [12]; this could be either due to
dissolution of the electrode itself into the electrolyte or poor
reduction process. The preferred pH value for our electro-
lyte in the current study of Bi-doped material is found to be
10.5, achieving a maximum discharge capacity of
215 mAbh/g (in Fig. 1). This electrolyte met the conditions
of high ionic conductivity and sufficient salt concentration
to prevent starvation of electrolyte during the operation of
the battery. Nevertheless, in both doped and undoped
samples, it should be noted that the discharge capacity is
also limited by the zinc anodes as the dissolved zincate ions
combine with the manganese ions to give inactive zinc-
manganese species and zinc precipitation on the electrode
that inhibits the reduction of MnO, [15].

Role of Bi,O3; The role of Bi,O3 in MnO, is to enhance the
rechargeability and lithium insertion mechanism. As the
size of Bi (III) ion is sufficiently large compared to Mn (IV)
and Mn (III) ions, it is a beneficial effect that Bi (II) ions
prevents the formation of spinel lattice (y-Mn,O3) which
normally occurs in the aqueous solutions [16, 17]. The
spinel lattice is well known to be a poor electroactive
compound. Hence, the presence of large Bi (III) ions in the
interlayer spacing of MnO, compound prevents the major
structural changes (as shown in the X-ray diffraction (XRD)
pattern in Fig. 3) and promotes the rechargeability.

Figure 2 shows the cyclability data of undoped and
doped MnO, cathodes. The data demonstrates that good
cycling performance can be achieved with the doped MnO,
cathode. The undoped and doped cathodes retain more than
80% and 75% of their initial capacity, respectively, over 10
cycles. The good cycling and discharge characteristics
achieved with the doped MnO, motivated to further
characterize its product of the discharged and charged
material.

2. Characterization of the BiyOz-doped MnO, cathode
material

With an objective to understand the influence of Bi,O3
in MnO, during the electrochemical processes, the dis-
charged and charged cathode was subjected to SIMS, XRD,
FTIR, and TEM characterization.
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Fig. 2 Variation of discharge capacity as a function of cycle number
for undoped and Bi,Os-doped MnO, cathode

In order to understand the discharge mechanism, the
undoped and doped MnO, were subjected to SIMS depth
profile analysis. The Li" ions insertion into the MnO,
structure is confirmed from the SIMS analysis. The Fig. 3a,
b shows the depth profile analysis in the Li" ion counts as
obtained by SIMS technique of the undoped and Bi,O3-
doped MnO, after its first discharge. The data show that
25 um below the surface of the discharged MnO, (in the
bulk), the Li" ion concentration is present. However, the
concentration of lithium ions in the Bi,O3-doped cathode is
higher than that undoped MnO, material. This explains the
difference in discharge capacity observed for doped
material in Fig. 1 and, hence, its improved rechargeability.

3.0x10°
2 4
& 2.5x10*
P doped
T
3
o 4
5 2.0x10*-
1.5X104 T T T T T

5 10 15 20 25
Depth / microns

Fig. 3 SIMS depth profile analysis for lithium species on the (a)
undoped and (b) Bi,Os-doped MnO, cathode. It shows consistently a
higher amount of Li" ions in the Bi,03-doped MnO,
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The discharged and charged products of doped MnO,
cathodes have been investigated by X-ray diffraction. An
analysis of the XRD data (Fig. 4a) of the Bi,Os;-doped
MnO, before discharge shows a characteristic peaks of
MnO, (+) (JCPDS card 24-0735) in addition to peaks
corresponding to Bi,O; (B) and a main Bragg reflection
corresponding to graphite (acetylene black) at 20=26° (C).
A noticeable change occurs in the XRD pattern after 50%
discharge (Fig. 4b) referred to as “mid-discharge.” The new
reflections with sharp peaks (filled circle) and a few
shoulder peaks (empty circle, asterisk, empty square) are
seen in Fig. 4b. As indexed in the XRD pattern (Fig. 4b),
these reflections were in good agreement with those
reported for the mineral of formula Li,MnO,, i.e., lithium-
intercalated MnO, (JCPDS cards 44-0143, 35-0749, and
44-0147). This could be interpreted as lithium ions from the
electrolyte having been inserted into the host MnO, [12].
Minor reflections are identified as Mn,0Oj (asterisk), MnO
(empty square), and MnOOH (empty circle) in the mid
discharged cathode. These secondary compounds are
reported to be commonly formed when aqueous based Zn/
MnO, cells are discharged [18]. It is well known that these
compounds are electrochemically inactive. During this
“mid-discharge” reduction process, the cell voltage
decreases continuously from 1.7 to 1.45 V as seen in
Fig. 1. On further discharge to 100% (referred to as “full
discharged”), the reflections (Fig. 4c) corresponding to
lithium-intercalated manganese oxide (filled circle) peaks
becomes sharper while the peaks corresponding to MnOOH
(empty circle) disappears. During the long discharge

°LiyMnO, OMnOOH OMnO *Mny03 B Bi03

process, lithium ions are further intercalated so that the
Mn*" ions are further reduced to Mn’". This process
corresponds to the potential region (1.4—-1.2 V) as seen in
Fig. 1. During this process, the Bi’*" acts as a pillar in the
interlayer spacing of MnO, structure and preventing the
formation of spinel lattice and dissolution of Mn®" ions
from the solid MnO, [16]. This result reveals that Bi,O;
doping are effective in suppressing the formation of
unwanted discharge products such as birnessite (6-MnQO,)
and hausmannite (Mn30,4) and y-Mn,O5 spinel lattices [18,
19] while forming lithium intercalated MnO,. This is also
evident from FTIR spectra shown in Fig. 5. Figure 4d also
shows the XRD pattern of the cathode material after
recharging the fully discharged battery. A decrease in
intensity of the peaks corresponding to Li,MnO, (filled
circle) occurs. Hence, we infer that the lithium intercalation
process is electrochemically reversible.

The FTIR spectra of doped MnO, materials are shown in
Fig. 5. The material before discharged had three peaks
labeled A, B, and C. The peaks below the region of
800 cm ' (Fig. 5) are assigned to fundamental vibrations of
MnOg octahedra. The peaks “B” and “C” at 1,200 and
875 cm™ ' are the fundamental O—H bending mode [20, 21]
and C-O bond in Li,CO3 [22]. A noticeable thing in the
spectra (Fig. 5c¢) is that on long discharge, additional peaks
A, and B, are seen. The peak at A; could suggest the
formation of lithium intercalated MnQO, in which the Mn is
in the Mn (IIT) oxidation state. The peak at By is due to the
formation of manganese oxide species. The spectra
obtained for the charged material (Fig. 5d) shows that the
process is reversible. The results obtained from the XRD
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Fig. 4 XRD pattern of MnO, mixed with Bi,O3 and AB (Acetylene
black) and PVDF (binder) a before discharged, » mid-discharged, ¢
full discharged, and d charged after discharge in LiOH electrolyte
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Fig. 5 Infrared spectra of BiOs;-doped MnO, cathode a before
discharge b mid-discharged ¢ full discharged, and d charged after
discharge in LiOH electrolyte
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Fig. 6 TEM images of Bi,Os-
doped MnO, cathodes a before
and b after discharge

Bi203

a

and FTIR spectroscopy confirms that stabilizing effect of
the Bi*" ions in the MnO, structure enhances the lithium
insertion-extraction mechanism.

In order to gain insight into the distribution of Bi,O3 on
MnO, cathode and its role on discharge mechanism, we
have used TEM and SIMS analysis to study this. Figure 6a,
b shows TEM images of doped MnO, before and after
discharge. From Fig. 6a, it can be seen that Bi,O; particles
form like a cluster on the MnO, cathode. For the same
material after discharge (Fig. 6b), no presence of BiyO;
particles is observed through EDS; otherwise, it could be
unevenly distributed in the cathode. This suggests that
while discharging, Bi-containing particles are in intimate
contact with manganese [23, 24]. Figure 7 represents the
depth profile results for a bismuth species of the Bi,O3-

200

150 Before discharge
2
()
~
[7]
' 100
=]
o
Q
m

50
W\me
0 T T T T T T T T T
5 10 15 20 25

Depth / microns

Fig. 7 SIMS depth profile analysis for bismuth species on the Bi,O5
doped MnO, cathode (a) before and (b) after discharge. 1t shows
relatively a lower amount of Bi ions in the after discharged cathode

doped MnO, cathode. It can be seen that the counts for
bismuth is low for the discharged cathode. These results
indicate that bismuth involved in the electrochemical
process and thus renders a good rechargeability. However,
the exact mechanism of bismuth participation needs to be
established.

Conclusions

The discharge—charge behavior of a Bi,O; doped MnO, in
a zinc alkaline battery containing aqueous LiOH battery has
been investigated. The doped MnO, cathode with an
electrolyte selection pH=10.5 has been shown to exhibit a
discharge capacity of 215 mAh/g as compared to 150 mAh/g
with pH=12.0 (reported in ref. 12) using a 1-V cutoff
voltage for both the cells. The doped cathode retains more
than 80% of its initial capacity after 10 cycles. With
optimum electrolyte selection, better cycling performance is
seen. The SIMS depth profile analysis showed that the
lithium insertion mechanism is involved during discharge
process. The X-ray diffraction and the infrared spectrosco-
py results confirm that the presence of Bi,O5; enhances the
lithium intercalation mechanism while preventing the
formation of nonrechargeable products. The energy disper-
sive analysis associated with transmission electron micros-
copy and SIMS techniques showed that Bi,O; is involved
while discharge although the exact participation is unclear.
The doped MnO, material with appropriate pH selection
has been proved to given higher electrochemical perfor-
mance a suitable cathode for a secondary battery.
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