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Abstract The synergistic effect of bismuth oxide (Bi,Os3) +
titanium disulphide (TiS,) additives in different proportions
into the MnO, cathode material is physically modified and
tested in a Zn-MnO, battery with aqueous LiOH electrolyte.
It is found that these foreign cations stabilized the MnO,
structure upon multiple cycling and the synergistic effect
between two additives enhanced the rechargeability. This
class of additive modified MnO, may be of interest for high-
energy density and safer batteries for applications such as
electric vehicles. The cyclability of the material suitable for
electric vehicle (EV) applications is established in this report.
The incorporation of BiO; (3 wt.%) and TiS, (2 wt.%)
additives into the MnO, cathode was found to improve the
cell performance, this is partly due to the suppression of
proton insertion. The results on cyclic voltammetric and
charge—discharge studies describing the redox mechanisms in
LiOH electrolyte and the role of additives on those redox
reactions are discussed and compared with that of traditional
KOH electrolyte.
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Introduction

With the rapid development of modern electronic devices
and the realization that fossil fuels are almost depleting, the
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demand for an alternative energy resource is rising [1]. In
this aspect, the electrochemical storage of energy by means
of rechargeable batteries and/or fuel cells shows a tremen-
dous potential of growth [2]. Issues such as the environ-
ment, the rapid increase in fossil fuel prices and its relative
scarcity, and the increased deployment of renewable energy
sources, provide a greater need for the development of
electrochemical energy storage, especially for electric
vehicle applications [1, 2]. Progress will strongly depend
on the development of new, improved materials suitable for
higher energy storage [3]. Thus, solid-state (materials)
research plays a key role in making further progress in the
field of energy storage. Various primary and secondary
batteries have been developed over the years. A major
concern is the environmental threat posed by the highly
toxic Pb, Ni and Cd type electrodes, and highly corrosive
H,SO,4 and KOH as the electrolytes with a meagre energy
density [4]. Lithium ion batteries have excellent energy
density of any of the commonly available rechargeable
batteries [5]. However, the chemical reactivity constraints
necessitated development of suitable non-aqueous (organic)
electrolytes. Organic electrolytes suffer from toxicity,
flammability and other safety issues [6, 7]. In addition,
due to a water-free fabrication environment and the high
costs of organic solvents, the manufacturing costs are also
high. As society is getting more aware of these issues, the
desire for environmentally friendly battery components is
required.

The zinc-manganese dioxide battery is the most com-
monly known primary (non rechargeable) battery that
dominates the primary battery segment [8]. Existing non-
rechargeable Zn/MnO, battery uses an alkaline KOH
electrolyte [9]. These cells are based on the insertion of
protons (H") into MnO, resulting in a non-reversible
process [9]. Our earlier work has shown that using LiOH
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as an electrolyte can result in the insertion of Li ions into
MnO, [10, 11]. This has the potential to lead to a new field
of rechargeable alkaline batteries sustaining hundreds of
cycles. Furthermore, lithium aqueous electrolytes have ion
conductivities about two orders of magnitude higher than
their non-aqueous counterparts, so thick electrodes can be
used in our system in order to increase power. Such high
power cells offer great potential in electric vehicles (EV)
applications. In continuation to this research, our studies
have shown that lithium intercalation can occur in the
electrodes immersed in aqueous lithium electrolytes and the
operating characteristics are desirable [10, 11]. During the
battery discharge, mechanism involves both lithium and
proton intercalation into the host MnO, compound. The
intake of proton insertion results in manganese oxy
hydroxide (MnOOH) as the discharged product. This
MnOOH is not reversible for multiple cycles, hence
resulted an unwanted discharged product. The correlation
between additives incorporated into the cathode and the
suppression of unwanted discharge products could improve
the rate capability of this battery. Interestingly, our earlier
studies showed that the incorporation of additives such as
TiB,, CeO,, MgO, B4C or Bi,O; compounds in a suitable
proportion into physically modified MnO, lead to an
enhanced battery performance [12—16]. These factors have
been identified as being the likely bottlenecks in developing
the Zn/MnO, aqueous rechargeable battery technology. In
this report, we have studied the individual effect of titanium
disulphide (TiS,) and bismuth oxide (Bi,O3) and the
synergistic effect of these additives in the MnO, cathode
using the potentiostatic and galvanostatic techniques.

Experimental

The EMD (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,05) and titanium disulphide (TiS,) was
obtained from Aldrich Chemical and Alfa Aesar, respec-
tively. For cyclic voltammetric (CV) experiments, a
standard three-electrode cell was used. For this purpose,
the y-MnO, working electrode was made as follows:
vY-MnO, powder (with 5 wt.% of additives [Bi,03, TiS,,
or Bi,O3 + TiS,]) was pressed on to a disc of Pt gauze. On
the other side of a disc, a layer of conductive carbon (A-99,
Asbury USA) was also pressed. The MnO, side of the disc
was exposed to the LiOH electrolyte through a Teflon
barrel. For making electrical connection of MnO, a Pt disc
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
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oxide (Hg/HgO) served as the reference electrode. Reported
potentials are relative to Hg/HgO. The electrolyte was 5 M
concentrations of aqueous lithium or potassium hydroxide
electrolytes. The working electrode 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 direction 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 5 wt.% of suitable additives (Bi,Os3,
TiS,, or Bi,O3 + TiS;), 15 wt.% of carbon black and with
10 wt.% of poly(vinylidene difluoride) (PVDF, Sigma
Aldrich) as a binder and then pressed into a disc shape
with a diameter of 12 mm. Each disk was 0.3 mm thick and
weighed approximately 20 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 analyser from Neware, China,
operated by a battery testing system (BTS). The cut-off
discharge and charge voltages were 1.0 and 1.9 V, respectively.
All electrochemical measurements were carried out under
ambient temperature.

Results and discussion

To understand the electrochemical behaviour of the -
MnO, in aqueous electrolytes, a slow scan cyclic voltam-
metry is deployed. The effect of replacing KOH with LiOH
electrolyte was determined by carrying out redox cycles on
two identical cells, one containing 5 M LiOH and other
5 M KOH. Figure 1 shows the first cyclic voltammogram
(CV) of v-MnO, in LiOH can be compared to that in KOH
under the conditions noted in the figure. It is evident that
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Fig. 1 Cyclic voltammogram for plain MnO, electrode in 5 M
concentrations of LiOH and KOH electrolytes. Voltage was swept
cathodically initially from +0.2 to —0.45 V and back at a scan rate of
25uVs’!
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the CVs of MnO, in the two electrolytes appear to be quite
different. This prompted us to study the redox mechanism
and electrochemical phenomenon involved in the different
aqueous electrolyte batteries that will enhance scientific
understanding of aqueous rechargeable batteries.

The CV for MnO, in LiOH electrolyte consists of a well
defined reduction peak C; at —0.28 V, which corresponds to
the mechanism of the intercalation of lithium. On reversing
the cycle, a corresponding anodic peak A; at —0.07 V of
identical behaviour represents that the electrochemical
process (Egs. 1 and 2) is reversible. A small shoulder at
0.03 V is also seen during scanning in the anodic direction,
implying that the oxidation occurs in two steps: formation
of MnO, (peak A1) and Mn;0, (peak A2). A CV for MnO,
in KOH electrolyte is superimposed in Fig. 1. Compared
with the voltammogram for LiOH electrolyte, the behaviour
of the cell with KOH electrolyte appears to have only an
oxidation peak A; (0.01 V) with an increase in area under
the peak and current but without a well defined reduction
peak C; (—0.3 V). This may be due to a mild concentration
of KOH, however, while sweeping to more negative
potential (—0.7 V vs. Hg/HgO) the electrochemical process
become irreversible. Hence, we have chosen between + 0.2
and —0.35 V as a safe voltage window for our continuous
cycling experiments. Based on what is reported in the
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Fig. 2 Cyclic voltammogram for plain MnO, electrode for the a initial
two and b multiple cycles in 5 M LiOH electrolyte. Voltage was swept
cathodically initially from +0.2 to —0.35 V and back at a scan rate of
25 uV s ', Cycle numbers are indicated in the figure for LiOH cell

literature [9, 17, 18], for KOH electrolyte the sharp drop in
current during the reduction process (at —0.4 V wvs.
Hg/HgO) corresponds to the proton intercalation. Protons
originating from the water of the KOH electrolyte are
inserted into the host MnO, pertaining to the formation of
MnOOH and Mn(OH), [19, 20]. On subsequent oxidation,
Mn(OH), is oxidised to a variety of Mn>" intermediates,
including, birnessite MnO, and Mn3O4 [20]. In contrast to
this fact, in one of our earlier reports, we noted [21] that
besides proton, K' insertion is also evidenced for KOH
electrolyte, corresponding to the tiny reduction peak Cl1
(0.3 V) seen in Fig. 1. The difference of 20 mV seen in the
reduction C1 peaks between the two electrolytes is
attributed to the Li" and K" intercalation mechanism. Either
proton or potassium-ion insertion in both the cases the redox
process is not reversible with KOH electrolyte [9, 21]. For
LiOH electrolyte the peak C; at —0.28 V, the reaction
mechanism suggested by our group earlier [12—16], corre-
sponds to the formation of lithium-intercalated MnO, phase
but the case is not that simple as observed from the
cyclability (in Fig. 2). The materials that are formed at the
end of the reduction process examined by XRD showed
[12, 16] a mixture of phases involving both lithium and
proton intercalation (as shown in Eq. 1).

Zn + 2MnO; + 2LiOH + 20H™ + H,O

— Zn(OH);” +LiMnO, + MnOOH + LiOH (1)

MnOOH + H* + e~ — mixture of [Mn,03 + Mn(OH),]  (2)

The MnOOH in the electrode undergoes a dissolution
reaction that releases Mn®" ions into the electrolyte. The
Mn*" species are further reduced to a soluble Mn®" that
subsequently precipitates to form the end products as Mn
(OH),. This product is then recharged to a variety of
products like MnO,, birnessite-type MnO, and Mn;0, [12].
From these results, it can be concluded that for KOH, the
reaction process K ion from the electrolyte into the MnO,
retards the usual protonation mechanism for reversibility,
while for LiOH the redox process is reversible and a new
class of cell is reported here.

Figure 2 shows the changes in the CV profile when the
MnO, material is subjected to continuous cycling (50
cycles) in the same potential region in LiOH electrolyte and
compared those with the first two cycles. The reduction
peak C; at —0.28 V in the second cycle (in Fig. 2a) is
shifted more negatively, changed in intensity and its shape
to that of the first cycle, illustrating that the electrochemical
processes is not fully reproducible. The peak area (in
Fig. 2a) for the intercalation mechanism is smaller than the
peak area of the first reduction peak at —0.28 V. The
cathodic and anodic peak currents decreased considerably,
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Fig. 3 Cyclic voltammogram for Bi,O; (5 wt.%) modified MnO,
electrode in 5 M LiOH electrolyte. Voltage was swept cathodically
initially from +0.2 to —0.45 V and back at a scan rate of 25 uV s '

suggesting that the MnO, material needs to be improved
while eliminating the inactive phases of MnOOH and Mn;0,4
during the redox process. To be suitable for any practical
applications, the electrochemical process needs to be
reproducible with acceptable efficiency over multiple cycling
for immediate appliances.

To improve the rechargeability while preventing the
formation of inactive phases (suppression of proton insertion)
during the redox processes, we have introduced a variety of
additives such as Bi and Ti cations, which is widely argued in
the literature [17, 18, 22, 23] against structure stabilizing
effects. However, the synergistic effect of these additives in a
right proportion in aqueous rechargeable battery with LiOH
electrolyte has never been reported. A CV for MnO, with a
5 wt.% Bi,0O5 additive is shown in Fig. 3. Compared with
the voltammogram for plain MnO, (Fig. 2), the peak currents
of the working electrode with Bi,O; added MnO, are
increased. The area of the reduction C; and oxidation A,
peaks are higher, suggesting that the reversibility of MnO, is
enhanced with the presence of Bi cations. The peak A;
corresponds to the reverse reaction of the lithium-intercalated
MnO,, whereas peak A, suggests the oxidation of Mn(OH)2
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Fig. 4 Cyclic voltammogram for TiS, (5 wt.%) modified MnO,
electrode in 5 M LiOH electrolyte. Voltage was swept cathodically
initially from +0.2 to —0.45 V and back at a scan rate of 25 uV s~
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Fig. 5 Cyclic voltammogram for multiple additives Bi,O; (3 wt.%) +
TiS, (2 wt.%) modified MnO, electrode in a 5 M LiOH and b KOH
electrolytes. Voltage was swept cathodically initially from +0.2 to —0.4 V
and back at a scan rate of 25 puV s !

leading to Mn30,4. The very important feature in Fig. 3 is
that the areas of the peaks are identical for multiple cycling.
This indicates that Bi cations have a substantial effect on
reversibility, stabilising the structure against the spinel
formation [24]; however, the formation of inactive phase
Mn;0y is not suppressed. Therefore, it can be concluded that
the Bi additive enhances the rechargeability but does not
prevent the formation of an inactive phase, showing that the
objective of this work is not fully achieved with this additive.
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Fig. 6 Constant current discharge—charge curves of Zn|LiOH/MnO,
battery in the presence and absence of additives. MnO, containing a
0 wt.%, b 5 wt.% Bi,03, ¢ 5 wt.% TiS;, d 3 wt.% Bi,O; + 2 wt.%
TiS, additives
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Fig. 7 Cyclability of Zn|LiOH|MnO, battery in the presence and
absence of additives. MnO, containing a 0 wt.%, b 5 wt.% Bi,03, ¢
5 wt.% TiS,, d 3 wt.% Bi,O; + 2 wt.% TiS, additives

Following the incorporation of Bi**, we tried with Ti*"
cations, and the observed CV for TiS, (5 wt.%) is shown in
Fig. 4. The area of the reduction peak C; is slightly
decreased and notably the oxidation peak A, almost
disappeared or at least not well defined to that of Bi added
MnO, in Fig. 3. The presence of TiS, additive is found to
prevent the formation of inactive phase Mn;0,, but the peak
currents are comparatively smaller to that of Bi added MnO,.
To evaluate the synergistic effect on the multiple additives
upon the rechargeability of MnO, cathode materials, Bi,O3
and TiS, (at 3 wt.% and 2 wt.%, respectively) have been
used and its behavior in LiOH is compared to that in KOH
electrolyte by referring to Fig. 5. Interestingly, the results for
LiOH electrolyte (Fig. 5a) showed that the incorporation
of multiple additives, i.e., TiS, or Bi,Os, in a suitable
proportion into the MnO, cathode retards the dissolution
reaction (Eqs. 1 and 2) of Mn>" by keeping the Mn®" ions in
the solution for a longer period, i.e., during the discharge
process, and thereby prevents the formation of unwanted
Mn;0Oy,. This leads to improved electrochemical performance
by the clear elimination of A, oxidation peak and the peak
currents of the MnQO, electrode are well increased in
intensity. The electrochemical redox process is found to be
reversible for multiple cycles. Hence, the synergistic effect of
these two additives played a crucial role in suppressing the
inactive phase and improving the rechargeability against the
MnO, lattice stability. However, the presence of the same
proportion of these multiple additives in the MnO, cathode
with KOH electrolyte does not appear to have a pronounced
effect (in Fig. 5b). The shape and size of the voltammogram
with KOH is very different to that of the LiOH electrolyte.
The reduction peak C1 is not well defined due to K' ion
insertion, and the presence of Mn;Oy is not readily observed
for the given 5 M concentration of KOH electrolyte. The
results reported by Raghuveer and Manthiram [25, 26]
demonstrated that the formation of Mn;O, and birnessite
MnO, phases and the role of additives in influencing the

suppression of these phases are viable only under the
conditions of using a strong base 9 M KOH electrolyte.

Identification of the mechanism of lithium intercalation
into the host MnO,-based oxide materials and its synergistic
effect of additives paved a way for environmental friendly
aqueous rechargeable batteries. To validate this material for a
battery application, we have carried out galvanostatic tests
for multiple cycles.

Figure 6 shows the first cycle discharge—charge charac-
teristics of the Zn/MnQO, battery compared in the absence
and presence of additives and the synergistic effect of these
additives with LiOH electrolyte. All the cells could be
reversibly discharged and charged. The plain MnO,
(without any additive) battery shows higher discharge and
charge voltage profiles than the additive containing MnO,
batteries, and this difference is 0.1 and 0.3 V for mid-
discharge and mid-charge voltages, respectively. The degree
of active material utilization is quite high for the battery
containing multiple additives. The discharge capacities for
the MnO, cathode containing 0 wt.% additive, 5 wt.%
Bi203, 5 wt.% TiSQ, and 3 wt.% BizOg +2 wt% TISZ arc
calculated to be 155, 170, 200 and 240 mA h/g,
respectively. The data indicate that the addition of small
amounts of multiple additive led to a significant improvement
in the energy storage capacity compared to the individual
Bi,05 or TiS, additives. The cyclability data (Fig. 7) shows
the Zn-MnO, battery with LiOH electrolyte is rechargeable
but the cathode containing multiple additives holds higher
capacity 200 mA h/g even after 25th cycle and retaining
excellent energy storage. This concludes that MnO, contain-
ing Bi,Os+ TiS, additives can be a potential candidate for
aqueous rechargeable batteries.

Conclusions

The electrochemical behaviour of manganese dioxide
with aqueous LiOH electrolyte demonstrated the inter-
calation of lithium ions into the host structure, and their
suitability as cathode material in energy storage is of
great interest in terms of their high discharge capacity.
In the presence of individual and multiple additives, the
battery capacity was substantially improved. The key
concept and strategy of this work showed the unique
property of transforming the primary battery into a high-
performance secondary battery while using aqueous lithium
hydroxide as an electrolyte. Additives such as Bi,O; are
shown to stabilise the MnO, structure for reversibility,
whereas TiS, suppresses the formation of inactive phases.
The traditional cell with KOH electrolyte behaves quite
differently from the Zn/MnO,-LiOH cell and the redox
mechanism varies in terms of lithium and potassium ion
intercalation.
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