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Abstract

With an aim to understand the role of recently reported Ti-containing additives like TiB, on the rechargeability of manganese oxide cathodes
in alkaline cells, a redox reaction involving the chemical oxidation of Mn(OH), with H,O, in KOH solution and a non-redox reaction involving
the reaction of Mn(III) acetate with KOH have been carried out in the presence and absence of 1 wt% TiB, and 0.5 wt% TiB, +4.5 wt% Bi,0;
additives. The solid products formed during the reactions have been analyzed by X-ray diffraction and a redox titration to determine the oxidation
state of manganese while the filtrate has been analyzed to determine the amount of dissolved manganese with reaction time. The results suggest
that irreversible reactions that follow the disproportionation reaction of dissolved Mn**, which leads to the formation of electrochemically inactive
phases like birnessite (8-MnO,) and hausmannite (Mn;O,) and a consequent decline in capacity retention, are suppressed in the presence of the

TiB, additive, with the suppression being more effective when Bi,Os is present along with TiB,.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Rechargeable batteries based on electrolytic manganese diox-
ide (EMD) cathodes are attractive as manganese is abun-
dant, inexpensive, and environmentally benign. EMD, which
is referred to as y-MnO», has a tunnel structure formed by an
intergrowth of pyrolusite (3-MnO;) and ramsdellite domains.
However, the commercialization of rechargeable alkaline cells
has been hampered by the poor rechargeability of EMD cath-
odes. Kordeschetal. [ 1-3] made significant progress and devised
a rechargeable manganese dioxide (RAM™) cell involving
one electron per manganese. The one-electron transfer process
involves discharging y-MnO; to 8-MnOOH by proton interca-
lation into the tunnels [4-7]. Although the one-electron pro-
cess is reversible to some extent at lower depth of discharge
(<0.5 e/Mn), a slow but steady capacity fade was found to occur
at deep discharge (>0.5 e/Mn) that limits the service life of the
cells [1-8].
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Interestingly, incorporation of Bi- and Ba-containing addi-
tives into EMD has been found to enhance the rechargeability
considerably [8—13]. Our group [14-17] showed from an X-ray
diffraction analysis of the cycled manganese oxide cathodes in
the one-electron regime that the formation of electrochemically
inactive phases such as birnessite (8-MnQO;) and hausmannite
(Mn30y4) is partly responsible for the capacity fade. With a
number of chemical reaction experiments to simulate the elec-
trochemical reactions, our group also showed that the formation
of the unwanted electrochemically inactive phases is due to the
chemical instability of the discharged form (3-MnOOH) of EMD
[16]. The dissolution from the lattice and subsequent dispropor-
tionation of the Mn>* ions are responsible for the formation of
unwanted birnessite and hausmannite phases. The incorporation
of Bi- or Ba-containing compounds into the cathode delays the
disproportionation reaction of Mn** by keeping the Mn>* ions
in solution for longer time and thereby suppresses the formation
of the electrochemically inactive phases.

Recently, we reported that Ti-containing additives such as
TiB; improves the cyclability of EMD significantly [18] com-
pared to the previously known Bi» O3 additive. Structural char-
acterization with X-ray diffraction of the cycled electrodes and
an analysis of the manganese redox process with slow-scan
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cyclic voltammetry revealed that the better cyclability in the
presence of TiB; is due to a suppression of the formation of the
electrochemically inactive phases (birnessite and hausmannite)
and a shifting of the second-electron capacity of Mn to higher
potentials. With an aim to understand the role of Ti-containing
additives in suppressing the formation of the electrochemically
inactive phases and compare the results with those of the pre-
viously known Bi;O3 additive, we present here the results of
some designed chemical reaction experiments that simulate the
electrochemical reactions. Specifically, the oxidation reactions
of Mn(OH); with HyO;, in KOH solution (a redox reaction)
and the reaction of Mn(IIl) acetate with KOH (a non-redox
reaction) in the presence and absence of three additive composi-
tions (1 wt% TiB,, 0.5wt% TiB, +4.5 wt% Bi,O3, or 5wt%
Bi,03), followed by an analysis of the solid and filtrate are
presented.

2. Experimental
2.1. Materials

Electrolytic manganese dioxide was supplied by Chem-
metals, Inc. Manganese(Il) acetate tetrahydrate (99%, Acros
Organic), manganese(IIl) acetate dihydrate (Alfa Aesar), tita-
nium boride (Alfa Aesar), potassium hydroxide (99%, Fisher),
and Bi; O3 (Alfa Aesar) were used as received. All other chem-
icals were purchased from commercial sources and were used
without further purification.

2.2. Electrochemical measurements

Thin film type electrodes of about 5-8 mg weight were
prepared by mixing the modified EMD (75 wt%) consist-
ing of small amounts of the additives (1 wt% TiBj, 0.5 wt%
TiB, +4.5 wt% Biy03, or 5 wt% BiO3) with graphite (Timrex
SFG-15, 20 wt%), and polytetrafluoroethylene (PTFE) binder
(5 wt%) in a mortar and pestle, followed by rolling into thin
sheets. The thin film electrode was then mounted onto a nickel
mesh current collector. The discharge/charge measurements
were carried out with a three-electrode assembly using Hg/HgO
(in 9M KOH) as reference electrode, a porous nickel counter
electrode consisting of NiOOH/Ni(OH);, and 9M KOH as
the aqueous electrolyte. The cycling experiments were carried
out under constant current discharge/charge conditions between
—0.4 and +0.35V versus Hg/HgO with discharge and charge
rates of, respectively, C/2 and C/4, with no rest period between
discharge and charge measurements.

2.3. Chemical oxidation and non-redox reactions

The chemical oxidation reactions (redox reaction) of
Mn(OH), with HyO, were carried out as follows: 1.23 g of
manganese(Il) acetate tetrahydrate was dissolved in 70 mL of
deionized water. 0.0123 g of TiB, (in the case of 1 wt% TiB,
additive) or 0.0062 g of TiB, + 0.0554 g of Bi» O3 (in the case of
0.5 wt% TiB; + 4.5 wt% Bi; O3 additive) was then dispersed into
the manganese(II) acetate solution thus prepared. The Mn(OH),

suspension in 7 M KOH was generated by adding an appropriate
amount of KOH pellets into the above solution within 15s. To
the suspension, 0.283 g of HyO, was added in order to get the
final average oxidation state of manganese to be +3, and the mix-
ture was stirred with a magnetic stirrer. After a specific length of
time, the solid was filtered, washed thoroughly, dried, and ana-
lyzed by X-ray diffraction. The oxidation state of manganese
in the solid was analyzed with a redox titration employing the
sodium oxalate method. The amount of Mn in the filtrate was
determined by atomic absorption spectroscopy after diluting a
fixed volume (2 mL) of filtrate to 100 mL and carrying out the
measurement within 30 min of filtration to suppress any error
arising from further precipitation.

The experiments with the non-redox type reactions were
also carried out in a manner similar to that described in
the previous paragraph. First, 0.2 g of manganese(IIl) acetate
and 0.002 g of TiB, (in the case of 1wt% TiB, additive) or
0.001 g of TiB+0.009 g of BiyO3 (in the case of 0.5 wt%
TiB, +4.5 wt% BiyO3 additive) were dispersed in 70 mL of
deionized water. Then, an appropriate amount of KOH pellets
were added to make the solution to have a net concentration
of 7M KOH. After a specific length of time, the solid and fil-
trate were separated and analyzed as described in the previous
paragraph.

3. Results and discussion
3.1. Cyclability

The effect of various amounts of TiB; additive on the cycla-
bility of EMD has been reported elsewhere [18]. Fig. 1 com-
pares the cyclabilities of the EMD cathodes in the presence
and absence of 0.5 wt% TiB», 1 wt% TiB,, 5 wt% Bi»,O3, and
0.5 wt% TiBj + 4.5 wt% Bi; O3 in the one-electron regime. Both
the additions of TiB; alone and Bi,O3 alone improve the cycla-
bility compared to plain EMD, but the combined addition of
0.5 wt% TiB, and 4.5 wt% BiyO3 provides the best cyclability
among the different additives presented in Fig. 1.
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Fig. 1. Comparison of the cyclability of EMD in the absence and presence of
TiB,, Bi» O3, and TiB; + Bi, O3 additives. The capacity values are per gram of
the active material MnQO,.
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Fig. 2. Evolution with reaction time of the X-ray diffraction patterns of the solid
products obtained by oxidizing Mn(OH), with H,O; in 7M KOH without any
additives. The reflections marked with * and O refer, respectively, to birnessite
(8-MnO,) and hausmannite (Mn3QO4) phases.

3.2. Chemical oxidation reaction with H>O»

The color of the reaction mixture turned into black on adding
H>0; to the Mn(OH); suspension in KOH that was prepared
as described in Section 2, indicating the oxidation of Mn?* into
Mn3*. Figs. 2—4 compare the X-ray diffraction patterns of the
solid products obtained in the absence (Fig. 2) and presence of
1 wt% TiB; (Fig. 3) and 0.5 wt% TiB; + 4.5 wt% Bi, 03 (Fig. 4)
additives. In the absence of additives, well-defined reflections
corresponding to birnessite and hausmannite are readily devel-
oped within a short reaction time of as low as 5 min (Fig. 2).
With increasing reaction time, no significant changes in the X-
ray patterns are observed up to 8 h excepting a gradual growth
of the birnessite reflections, indicating aging [19,20]. On the
other hand, in the presence of 1 wt% TiB, additive, the X-ray
diffraction patterns are not well defined even after 8 h of reaction
time (Fig. 3), possibly due to the effect of TiB, in prevent-
ing the formation of well crystalline manganese oxide phases.
However, weak reflections corresponding to the hausmannite
phase could be seen even after 5 min, which grow with further
increase in reaction time. In the presence of a mixture of 0.5 wt%
TiB; and 4.5 wt% BiyO3 (Fig. 4), a broad reflection observed
around 20 =19° might correspond to those of Mn(OH); and
B-MnOOH. This is similar to that found with the electrochemi-
cal oxidation of Mn(OH);, in which 3-MnOOH is a transitional
oxidation product. Interestingly, the reflections corresponding to
the hausmannite phase are much weaker in the case of 0.5 wt%
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Fig. 3. Evolution with reaction time of the X-ray diffraction patterns of the solid
products obtained by oxidizing Mn(OH), with H,O; in 7M KOH with 1 wt%
TiB, additive. The reflections marked with O refer to hausmannite (MnzOj).

TiB; + 4.5 wt% Bi; O3 additive compared to that in the presence
of 1 wt% TiB; additive. Moreover, no reflections corresponding
to birnessite are observed even after 8 h in the case of both 1 wt%
TiB, and 0.5 wt% TiB, + 4.5 wt% Bi, O3 additives. These results
reveal that both TiB, and Bi; O3 are effective in suppressing the
formation of the unwanted, electrochemically inactive phases,
but the mixture of TiB, and BiyO3 is more effective than the
individual TiB, or Bip O3 additives.

The variations of the average oxidation state of manganese
in the solid products with reaction time are shown in Fig. 5.
In the absence of additives, the average oxidation state of man-
ganese during the initial stages of the reaction remains close
to +3.0. On the other hand, oxidation state values greater than
+3.0 are found in the presence of both 1 wt% TiB; additive and
0.5 wt% TiB, + 4.5 wt% Bip O3 additive. These observations are
similar to those found before with the Bi- and Ba-containing
additives [16]. The constancy of the oxidation state with time in
the absence of additive could be due to the formation of stable
phases such as birnessite and hausmannite at the early stages
of the reaction, while the increase in oxidation state with time
could be due to the aerial oxidation of manganese hydroxide
with time. These observations are consistent with the X-ray data
in Figs. 2—4.

Fig. 6 compares the variations in the concentration of man-
ganese in the filtrate with reaction time. In the absence of
additives, the concentration of manganese in the filtrate is low,
indicating a quick formation of solid phases as expected from
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Fig. 4. Evolution with reaction time of the X-ray diffraction patterns of the solid
products obtained by oxidizing Mn(OH), with H,O, in 7M KOH with 0.5 wt%
TiB; +4.5 wt% Biy O3 additive. The reflections marked with A and (O refer,
respectively, to Mn(OH), or -MnOOH and hausmannite (Mn30y).

the X-ray diffraction data in Fig. 2. In the presence of additives,
the concentration of manganese in the filtrate is higher compared
to that in the absence of additives, but the difference is larger
in the presence of 0.5% TiB; +4.5% BiyO3 additive than that
in the presence of 1 wt% TiB, additive. The results suggest that
the additives are effective in preventing the dissolved species
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Fig. 5. Variations with reaction time of the average oxidation state of manganese
in the solid product obtained by oxidizing Mn(OH), with HO, in 7M KOH
solution in the absence and presence of additives.
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Fig. 6. Variations with reaction time of the concentration of manganese in the
filtrate obtained by oxidizing Mn(OH), with H,O; in 7M KOH solution in the
absence and presence of additives.

from forming solid phases, but the mixture of TiB; and Bi,O3 is
much more effective than individual TiB,. It is known that Mn?*
has a tendency to stay in solution, and higher concentration of
manganese may mean more Mn?* species in solution. Thus, one
would expect more Mn** ions in the solid to account for the total
charge, which is in accordance with the oxidation state data in
Fig. 5. The decrease in the concentration of manganese with
time in Fig. 6 is partially due to an aerial oxidation to give Mn**
in the solid as indicated by the increase in manganese valence
in the solid in Fig. 5.

3.3. Non-redox reaction in KOH

The results in the previous section indicate that the dissolved
manganese ions have a tendency to form solid phases and the
rate of such reactions could be delayed by the incorporation of
additives like TiB; into the reaction medium, which is similar
to the observation made with Bi- and Ba-containing additives
before by our group [16]. With the chemical oxidation method,
only the total number of electron change can be controlled
with some Mn>* being oxidized further to Mn** on reacting
with HyO, while some Mn?* remain unchanged because of the
concentration depletion of the oxidizing agent. With an aim to
investigate the stability of Mn>* species in the absence of oxi-
dizing agents, we carried out a non-redox reaction, in which a
well-known Mn?* salt, manganese(IIl) acetate, was employed
as the starting material. The addition of KOH to Mn(III) acetate
would generate [Mn(OH)s]3~ complex, and any detection of
Mn?* or Mn** would confirm the occurrence of the dispropor-
tionation reaction of Mn3* to Mn** and Mn?*. Figs. 7 and 8
compare, respectively, the variations of the average oxidation
state of manganese in the solid and the concentration of man-
ganese in the filtrate. Although the magnitude of the values
are different from those obtained with the oxidation reaction
with HyO,, the trends observed in Figs. 7 and 8 are similar to
those in Figs. 5 and 6, validating the discussion in the previous
section.
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Fig. 7. Variations with reaction time of the average oxidation state of manganese
in the solid product obtained by reacting manganese(I1I) acetate with 7M KOH
solution in the absence and presence of additives.

3.4. Role of TiB> and TiB> + Bi; O3 additives on the
cyclability of y-MnO;

Based on our results in the previous sections and some earlier
studies in the literature [6,13,15,21], the reaction mechanism
suggested by our group before [16] for the formation of bir-
nessite and hausmannite phases with the Bi- and Ba-containing
additives could also be applicable in the case of the TiB, additive
as discussed below. The pertinent reactions are:

Dissolution of Mn3* from oxides or oxyhydroxides in alkaline
medium

MnOOH < [Mn(OH)e]>~ )

Disproportionation of Mn** ions in solution

[Mn(OH)]’~ <> [Mn(OH)s]*~ + [MnO,]* )
_ 16
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Fig. 8. Variations with reaction time of the concentration of manganese in the
filtrate obtained by reacting manganese(IlI) acetate with 7M KOH solution in
the absence and presence of additives.

Irreversible formation of birnessite from Mn** containing solid
[MnO>]* — §-MnO, 3)

Irreversible formation of hausmannite by the reaction between
Mn?* and Mn>* complexes

2[Mn(OH)6]*~ + [Mn(OH)g]*~ — Mn304 )

It is known that Mn3* ions are soluble in strongly alkaline
solution to some extent by forming a Mn** complex as shown
in reaction (1). Hence, a solid containing Mn3* would be in
equilibrium with Mn** complex in the solution and the solubil-
ity will be determined by the solubility product, which in turn
depends on the differences in the Gibbs free energies between
the solid phase and the complex ion. Earlier studies indicate that
manganese ions are dissolved out from the reduced y-MnO»
in alkaline solutions. The detection of manganese ions in the
filtrate solution irrespective of the additives suggests that the
TiB, additives do not prevent the dissolution of Mn3* from the
solid, which is similar to that found before with the Bi- and Ba-
containing additives [16]. The [MnO,1*, which is an en route to
birnessite formation (reaction (3)), is the transitional oxide with
short-range order or small crystallite size that is produced imme-
diately after the disproportionation reaction (2). The absence of
reflections corresponding to Mn** oxides in the X-ray diffrac-
tion pattern (Figs. 3 and 4) and average oxidation state greater
than +3 (Figs. 5 and 7) in the presence of TiB; or TiB, + Biy O3
additive confirm the formation of transitional oxides.

However, the immediate formation of birnessite (Fig. 2) and
the increase in the intensity of its reflection around 26 = 12° with-
outan increase in the oxidation state (Figs. 5 and 7) in the absence
of additives seem to suggest that the rate of formation of birnes-
site from the transitional oxide, [MnO»]*, is quite rapid in the
absence of additives. While the increase in the average oxidation
state with reaction time in the presence of 1 wt% TiB, and 0.5%
TiB; +4.5% Bi,03 additives (Figs. 5 and 7) suggests that the
additives affect the formation reactions of birnessite (reaction
(3)) and hausmannite (reaction (4)) rather than the dispropor-
tionation reaction (2). The absence of reflections corresponding
to birnessite in Figs. 3 and 4 indicates the effective suppression of
the irreversible reaction (3) by the TiB» and TiB; + Bi, O3 addi-
tives. It is well known that hausmannite is formed irreversibly
through a solution path (reaction (4)) because of its high chemi-
cal stability. The weak reflections corresponding to hausmannite
in the presence of the TiB, + Bi; O3 additive (Fig. 4) compared to
that in the presence of individual TiB; additive (Fig. 3) indicate
that the irreversible hausmannite formation reaction (4) is being
suppressed effectively by the mixture of TiB; and Bi;O3. The
results thus indicate that TiB, with and without Bi; O3 effectively
suppresses the reaction that leads to the formation of electro-
chemically inactive phases (birnessite and hausmannite) rather
than the disproportionation reaction, which is consistent with
the improved cyclability data in Fig. 1. However, further work
is essential to understand the nature of the species or complexes
formed by the interaction of Mn with Ti in the absence and pres-
ence of Bi that is responsible for the enhanced cyclability of the
EMD cathodes.
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4. Conclusions

The incorporation of a small amount (0.5-1 wt%) of TiB,
with and without BipO3 into EMD improves the cyclability of
EMD in the one-electron regime after an initial drop in capac-
ity between the first and second cycles compared to that found
with the previously known additive Bi»O3. The enhanced cycla-
bility is due to the suppression of the formation of unwanted,
electrochemically inactive birnessite and hausmannite phases
[18]. Results of some designed redox and non-redox chemi-
cal reactions indicate that the incorporation of TiB; additives
with and without Bi;O3 helps to keep the manganese ions in
solution for a longer time, thereby suppressing the irreversible
formation of stable phases such as birnessite and hausmannite,
with TiB; + BioO3 being more effective than TiB, alone. Opti-
mization of the amount of additives could further improve the
cyclability of manganese oxides and have an impact on the com-
mercialization feasibility of rechargeable alkaline cells based on
manganese oxide cathodes.
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