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Abstract

The rechargeability of electrolytic manganese dioxide (EMD) cathodes in the presence of small amounts (<5 wt.%) of TiB, and TiS, additives has
been investigated in alkaline cells in the one electron regime and the data are compared with those obtained with the already known Bi, 05 additive.
Both the TiB, and TiS, additives are found to offer slightly better cyclability at higher number of cycles compared to the Bi,O; additive. However,
the incorporation of small amounts of TiB, or TiS, into the Bi,O; additive leads to a significant improvement in the cyclability compared to the
Bi,0; additive, possibly due to a synergistic effect. X-ray diffraction patterns recorded before and after 30 cycles as well as cyclic voltammograms
recorded after 3 and 30 cycles reveal that the better cyclability in the presence of TiB, and TiS, additives is due to the suppression of the formation
of unwanted, electrochemically inactive birnessite and hausmannite phases and a shifting of the second electron capacity of Mn to higher potentials.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Rechargeable alkaline batteries based on electrolytic man-
ganese dioxide (EMD) cathodes are appealing as they offer
a safe, environmentally benign, low cost system with high
capacity involving theoretically two electrons per Mn. EMD
(y-MnO») is composed of intergrowths of pyrolusite (3-MnQO,)
and ramsdellite domains that are characterized by, respectively,
1 x I and 1 x 2 tunnels [1]. However, EMD is plagued by poor
rechargeability [3—11]. An important breakthrough was made
by Wroblowa et al. [12-14] in the mid-1980s by incorporat-
ing significant amounts (>5 wt.%) of Bi»O3 into EMD, which
improved the rechargeability significantly. Recently, our group
[15-17] showed from an X-ray diffraction analysis of the cycled
EMD cathodes in the one electron regime that part of the capac-
ity fading is due to the formation of electrochemically inactive
phases such as birnessite and hausmannite (Mn3QO4). Designed
chemical reaction experiments indicated that the formation of
such electrochemically inactive phases is due to the chemical
instability of the reduced form (8-MnOOH) of EMD. The dis-
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solution and subsequent disproportionation of the Mn>** ions
are responsible for the formation of the unwanted birnessite and
hausmannite phases. Incorporation of Bi- or Ba-containing com-
pounds into the cathode was found to suppress the formation of
such inactive phases by keeping the Mn* ions in solution for
longer times without disproportionation.

Following the incorporation of the Bi** additive, several other
additives have been explored [18-22]. A potential candidate in
this regard has been Ti** ion [23]. The incorporation of Ti** ion
into EMD is usually carried out by an anodic deposition of EMD
from an acidic solution of manganese sulfate containing some
Ti** ions. We present here the incorporation of small amounts
(<2wt.%) of TiB; and TiS; additives into EMD by physical
mixing and an investigation of their electrochemical behavior.

2. Experimental

Commercially available EMD (from Chemmetals) and TiB,,
TiS,, and Bi; O3 (all from Alfa Aesar) were used in this study.
Thin film type electrodes containing 5-8 mg of the active mate-
rial were prepared by mixing 75 wt.% modified EMD consist-
ing of 0.5-5wt.% TiB,, TiS,, Bi,O3 + TiB;, or BiyO3 + TiS,
additive with 20 wt.% graphite (Timrex SFG-15) and 5 wt.%
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polytetrafluoroethylene (PTFE) binder in a mortar and pestle,
followed by rolling the mixture into thin sheets. The thin film
electrode was then mounted onto a nickel mesh current collec-
tor. The electrochemical measurements were carried out with a
three-electrode assembly using a Hg/HgO (in 9 M KOH) refer-
ence electrode, a porous nickel counter electrode consisting of
NiOOH/Ni(OH),, and 9 M KOH electrolyte. The cycling exper-
iments 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. The
slow-scan cyclic voltammograms were recorded in the range of
—1.0 to +0.35V versus Hg/HgO at a scan rate of 40 pV s~}
without leaving any rest period between cycles. Structural char-
acterizations of the cathodes before and after the electrochemical
tests was carried out with X-ray diffraction. The cycled cathodes
were washed with deionized water and dried under vacuum at
room temperature overnight before examining by X-ray diffrac-
tion.

3. Results and discussion
Fig. 1 compares the cyclabilities of EMD containing various

amounts of TiB; (0.5-5 wt.%) (Fig. 1a) and TiS; (0.5-2 wt.%)
(Fig. 1b) additives with those of plain EMD and EMD containing
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Fig. 1. Comparison of the cyclability of EMD in the presence of various amounts
of (a) TiB; (0.5-5 wt.%) and (b) TiS, (0.5-2 wt.%) additives with those of plain
EMD and EMD with 5 wt.% Bi, O3 additive.
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Fig. 2. Comparison of the cyclability of EMD in the presence of various
amounts/ratios of (a) BioO3 + TiB; and (b) Bi; O3 + TiS; additives with those of
plain EMD and EMD with 5 wt.% Bi»O3 additive.

5 wt.% Bi;O3. The TiB, and TiS; additives give slightly better
cyclability compared to the plain EMD or the Bi; O3 additive,
particularly at higher number of cycles, suggesting an important
benefit for long-term cycling. The capacity retention generally
increases with increasing amount of additives, but at the expense
of the capacity value. An optimum amount of 1 wt.% TiB, or
TiS, offers the best combination of cyclability and capacity.
Fig. 2 compares the cyclabilities of EMD containing various
amounts of mixed Bi O3 + TiB, and Bi» O3 + TiS, additives. The
data indicate that the addition of small amounts (0.5 wt.%) of
TiB; or TiS; along with the Bip O3 additive leads to a significant
improvement in cyclability compared to the individual Bi» O3,
TiB,, or TiS; additives, possibly due to a synergistic effect.
With an aim to understand the origin of the better cycla-
bility in the presence of TiB; and TiS, additives with and
without Bi» O3, we have focused on a comparison of the struc-
tural characterization of the cathodes before and after cycling.
Fig. 3 compares the X-ray diffraction patterns of the cathodes
with and without various additives before and after 30 cycles in
the one electron-region (cathodic cut-off potential: —0.4 V ver-
sus Hg/HgO). While reflections corresponding to birnessite (-
MnO») and hausmannite (Mn3O,) phases are found in the cycled
cathodes consisting of plain EMD (Fig. 3b) and EMD +5 wt.%
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Fig. 3. X-ray diffraction patterns recorded in the charged state before and after
30 cycles: (a) plain EMD before cycling, (b) plain EMD after 30 cycles, (c)
EMD with 5 wt.% Bi, O3 before cycling, (d) EMD with 5 wt.% Bi; O3 after 30
cycles, () EMD with 1 wt.% TiB, before cycling, (f) EMD with 1 wt.% TiB;
after 30 cycles, (g) EMD with 4.5 wt.% Biy O3 + 0.5 wt.% TiB, after 30 cycles,
(h) EMD with 1 wt.% TiS; before cycling, (i) EMD with 1 wt.% TiS, after 30
cycles, and (j) EMD with 4.5 wt.% Bi;O3 + 0.5 wt.% TiS, after 30 cycles. @,
O, A, x and O refer to graphite, PTFE, y-MnO, birnessite, and hausmannite,
respectively. The slight shift in the peak positions of y-MnO, observed in part
(), (2), (i), and (j) could be due to the partial incorporation of H* into the MnO,
lattice.

Bi,O3 (Fig. 3d), no such reflections are found in the cycled
cathodes consisting of EMD and small amounts (<1 wt.%) of
TiB; or TiS, additives in the absence (Fig. 3f and i) and pres-
ence (Fig. 3g and j) of Bi»O3. Thus the better cyclability in the
presence of TiB; or TiS, additives with and without the Bi;O3
additive at higher number of cycles is related to the effective
suppression of the formation of the electrochemically inactive
birnessite and hausmannite phases [15-22].

In order to understand the redox process, we have com-
pared the slow-scan cyclic voltammograms (CV) of the cath-
odes with and without the various additives after 3 and 30
discharge—charge cycles and the CV profiles are shown in Fig. 4.
The redox processes of plain EMD (Fig. 4a) and EMD in the
presence of BiO3 (Fig. 4c and d) are in general agreement with
that reported before in the literature [23—25]. The two cathodic
peaks C; and C; correspond, respectively, to the homogeneous
reduction of Mn** to Mn>* and the heterogeneous reduction of
Mn?* to Mn2* and the two anodic peaks A| (~—0.16 V) and A,

(~+0.17 V) correspond, respectively, to the oxidation of Mn2*
to Mn>* and Mn>* to Mn**. However, although the nature of
the CVs obtained in the presence of 1 wt.% TiB; (Fig. 4e and
f) and 1 wt.% TiS; (Fig. 4g and h) is similar to those of EMD
(Fig. 4a) and Bi»O3-modified EMD (Fig. 4c), the observed shift
in the cathodic (C1) and anodic (A and A;) peak potentials and
the characteristically narrow peaks may suggest slight changes
in the nature of the intermediates formed during the reduction
process in the presence of TiB, and TiS».

To develop a further understanding, we have also focused
on a comparison of the contribution of the percentage (%) two-
electron capacity based on the slow-scan cyclic voltammograms
in Fig. 4. The percentage (%) two-electron capacity is defined
as the ratio of charge associated with the cathodic peak C; (cor-
responds to the reduction of Mn** to Mn3*) and the anodic
peaks A1 and A, (correspond to the two-step oxidation of Mn>*
to Mn**). After three cycles, plain EMD has a % two-electron
capacity value of 50 (Fig. 4a) since all of the second electron
reduction (Mn** to Mn?* and peak C,) takes place at a far neg-
ative potential, viz., —0.5 to —0.8 V and its contribution at a
cut-off potential of >—0.4V is not available. On the other hand,
the cathode with 5 wt.% BiyO3 has a % two-electron capacity
value of 74 above a potential of >—0.6 V with a broad peak
for C; (Fig. 4c) after three cycles, indicating the availability
of part of the second electron capacity at cut-off potentials of
>—0.4 V. Thus the slightly higher discharge capacity value (bet-
ter cyclability) of the cathode containing BipO3 is due to the
shifting to and availability at a higher voltage of the second elec-
tron capacity, which is in agreement with the previous reports
[21-27].

The cathodes containing 1 wt.% TiB, (Fig. 4e) and TiS;
(Fig. 4g) show during cathodic sweep a shoulder peak at —0.45
to —0.5V along with the cathodic peak C; at —0.2 to —0.45V
after three cycles. With the peak C; and the shoulder peak, these
cathodes have % two-electron capacity values of 65 (1 wt.%
TiB;) and 57 (1 wt.% TiS,) after three cycles (Fig. 4e and g),
which are lower than that found with 5 wt.% Bi, O3 (Fig. 4c). The
difference as well as the lower initial capacity values observed
for the TiB; and TiS,; modified EMD in Figs. 1 and 2 could
be due to the availability of a lower percentage of the second
electron contribution at a potential >—0.4 V (cathodic cut-off
voltage: —0.4 V) compared to that with the Bi,O3 additive.

The cathodes (in the presence and absence of additives) after
subjecting to 30 discharge—charge cycles in the one electron
regime (cut-off voltage: —0.4 V) show CV behaviors signifi-
cantly different from those observed with the cathodes cycled
for 3 cycles (Fig. 4). For example, plain EMD shows lower cur-
rent for peak C; and lower % two-electron capacity after 30
cycles with a significant change in the shape and features of CV
(Fig. 4b) compared to that after 3 cycles, which could be due
to the formation of electrochemically inactive phases (Fig. 3),
resulting in a continuous capacity fade in Fig. 1. On the other
hand, in the presence of Bi; O3 additive, the unresolved cathodic
peak C; observed after 3 cycles (Fig. 4c) becomes resolved into
two peaks after 30 cycles (Fig. 4d), which is consistent with
the previous literature report [2]. Although the % two-electron
capacity value (72) above a potential of >—0.6V found after
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Fig. 4. Cyclic voltammograms (CV) recorded in 9 M KOH at a sweep rate of 4 x 107> Vs~! after cycling the electrodes galvanostatically in the one electron-region
(cut-off charge voltage: —0.4 V vs. Hg/HgO): (a) plain EMD after three cycles, (b) plain EMD after 30 cycles, (¢) EMD with 5 wt.% Bi,O3 after three cycles, (d)
EMD with 5 wt.% Bi O3 after 30 cycles, (¢) EMD with 1% TiB, after three cycles, (f) EMD with 1% TiB, after 30 cycles, (g) EMD with 1% TiS, after three cycles,

and (h) EMD with 1% TiS; after 30 cycles.

30 cycles does not change much compared to that found after 3
cycles (74), the formation of inactive birnessite and hausman-
nite phases decreases the reversible capacity. Thus the benefit
provided by the Bi; O3 additive decreases with cycling, resulting
in a continuous capacity fade on cycling the cathodes at >—0.4
as seen in Figs. 1 and 2.

In the presence of 1 wt.% TiB; and TiS; additives, the shoul-
der peaks observed at —0.45 to —0.5'V after 3 cycles (Fig. 4e
and g) become nearly unresolved by getting merged with the
cathodic peak at —0.4 'V after 30 cycles (Fig. 4f and h). This
shift in the second electron reduction potential may be due to
the surface modification of EMD or the changes in the nature of
the Mn3* intermediates formed in the presence of TiB; and TiS,
during the course of cycling. With the peak C; and the shoul-
der peak together, these cathodes have % two-electron capacity

values of 60 (1 wt.% TiB,) and 57 (1 wt.% TiS,) after 30 cycles
(Fig. 4f and h). In other words, the second electron capacity
can be utilized partly in the case of TiB, and TiS; modified
EMD at an almost single-valued potential, viz., —0.4 V versus
Hg/HgO after extended cycling unlike in the case of BioO3 mod-
ified EMD, resulting in good capacity retention at higher number
of cycles.

Fig. 5 compares the CV behaviors of the EMD cathodes con-
taining BioO3 + TiB» and Bi»O3 + TiS, additives after 3 and 30
galvanostatic cycles in the one electron regime (cut-off voltage:
—0.4V). In the presence of BipO3 + TiB», a shoulder peak at
—0.45 to —0.5V along with the cathodic peak C; at —0.2 to
—0.45V is observed during the cathodic sweep after 3 cycles
(Fig. 5a), while no such shoulder peak is observed in the case
of the cathode containing Bi; O3 + TiS; additive (Fig. 5c). How-
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Fig. 5. Cyclic voltammograms (CV) recorded in 9 M KOH at a sweep rate of 4 x 107 V s~! after cycling the electrodes galvanostatically in the one electron-region
(cut-off charge voltage: —0.4 V vs. Hg/HgO): (a) EMD with 4.5 wt.% Bi, O3 + 0.5 wt.% TiB; after three cycles, (b) EMD with 4.5 wt.% Biy O3 + 0.5 wt.% TiB, after
30 cycles, (c) EMD with 4.5 wt.% Bi2O3 + 0.5 wt.% TiS, after three cycles, and (d) EMD with 4.5 wt.% Bi,03 + 0.5 wt.% TiS, after 30 cycles.

ever, the % two-electron capacity values of 67 (BioO3 +TiB>)
and 60 (Bi;O3+TiS,) found after 3 cycles (Fig. 5a and c)
are lower than that found with 5wt.% Bi,O3 (72) (Fig. 4c),
which is consistent with the slightly lower initial capacity values
observed in the presence of BioO3 + TiB; and Bi; O3 + TiS; addi-
tives as seen in Fig. 2. After subjecting to 30 discharge—charge
cycles in the one electron regime, the resolved cathodic peak C;
observed in the presence of Bi;O3 + TiB, (Fig. 5a) after 3 cycles
becomes unresolved (Fig. 5b), while the unresolved peak C;
observed in the presence of Bi»O3 + TiS; (Fig. 5¢) after 3 cycles
remains unresolved (Fig. 5d). However, the cathodes have a %
two-electron capacity values of 72 and 67 in the presence of,
respectively, the Bi;O3 + TiB, and Biy O3 + TiS, additives after
30 cycles (Fig. 5b and d), indicating that the second electron
capacity is available even after extended cycling. The main-
tenance of the second electron capacity even after extended
cycling could be responsible for the observed enhancement in
the rechargeability (Fig. 2).

Furthermore, the observations made with the BipO3 + TiB,
and BiyO3 +TiS, additives is in contrast to that made with
the Bi; O3 additive alone, where the unresolved cathodic peak
C; observed after 3 cycles (Fig. 4c) becomes resolved into
two peaks after 30 cycles (Fig. 4d), resulting in a lowering
of the second electron capacity at higher potentials after 30
cycles and consequently a capacity fade on extended cycling.
The data thus reveal that the presence of TiB; or TiS; in the
mixed BipO3 +TiB; and Bi;O3+TiS; additives is essential
to shift the second electron capacity and make it available at
higher potentials, offering good cyclability in the one electron
regime.

4. Conclusions

The incorporation of small amounts (<5 wt.%) of TiB, and
TiS, additives into EMD is found to improve the rechargeabil-
ity slightly in the one electron regime, particularly at higher
number of cycles, compared to that found with the previously
known additive Bi; O3. On the other hand, incorporation of small
amounts of TiB, or TiS; into the Bi;O3 additive improves the
rechargeability significantly compared to the individual Bi> O3,
TiB,, or TiS, additives. The enhanced rechargeability is found
to be due to the suppression of the formation of unwanted, elec-
trochemically inactive birnessite and hausmannite phases and
the shifting of the second electron capacity to higher potentials
as the cathode is cycled. The study demonstrates that identifi-
cation of potential additives through a systematic investigation
could enhance the commercial feasibility of rechargeable alka-
line cells based on the inexpensive and environmentally benign
manganese oxide cathodes.
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