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Abstract

Layered-type MnO, (8- or naturally occurring birnessite-related MnO,) electrodes that suffer capacity degradation during extended
cycling in Zn/ZnSO,/MnO, rechargeable cells are investigated. When the composite cathodes consisting of MnO, powder, carbon
additive and Teflon binder are galvanostatically cycled in the potential range of 1.0-1.9 V (vs. Zn/Zn?*) where a two-step, two-electron
charge/discharge reaction occurs, the cathodes lose their capacities within a few cycles. Such an abrupt capacity loss is found to be
caused partly by the formation of basic zinc sulfates (BZS, ZnSO, - 3Zn(OH), - nH ,0) on the cathode surface, and also by the Mn losses
due to the irreversible nature of the cathodic cell reaction: Mn?* ions, once produced during the discharge step, are not fully restored to
MnO, during the charging period. An addition of 0.1-0.5 M MnSQO, to 2 M ZnSO, electrolyte, however, greatly alleviates these failure
modes. With this addition, the Mn losses become insignificant as a result of facilitation in the charging reaction and BZS formation is
discouraged. Carbon additives loaded in the composite MnO,, cathodes also critically affect the cathode cyclabilities by controlling the
rate of charging reaction: the cathodes |oaded with acetylene blacks display superior cyclabilities to those containing furnace blacks. From
one observation whereby the acetylene blacks possess a lesser amount of surface oxygenic species than the furnace blacks and the other
whereby the charging reaction more readily occurs in the former cathodes, it is proposed that the charging (deposition) reaction is
significantly hindered by the presence of surface oxygenic species on carbon additives. Electron micrographs of cycled MnO, cathodes
revea that larger and porous MnO, deposits are well-grown on the acetylene-black-loaded cathodes whereas only irregular-shaped
smaller deposits are formed on the furnace-black-loaded cathodes. © 1998 Elsevier Science S.A.
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1. Introduction electrode surface [1,2]. Recently, aqueous ZnSO, solution
has been exploited as a replacement for conventional
alkaline electrolytes and has produced some promising
results [4—6]. The literature indicates that, in agueous
ZnSO, electrolyte, the charge/discharge reactions on both
the Zn anode and the MnO, cathode are reversible and the
MnO, cathodes can be charged/discharged up to two-
electron capacities.

Several MnO, phases have been tested as cathode
materials for Zn/MnO, rechargeable cells. Among these,
layered-type MnO, materials (8-MnO, or naturally occur-
ring birnessite-related MnO,) are considered to be attrac-
tive since they, with a relatively wide interlayer gap,
provide a favourable pathway for ionic diffusion during
the charge/discharge reactions. Several reports on their

The Zn/MnO, system, with features such as good
specific energy, good specific power, and the use of
relatively cheap and low-polluting electrode materials, has
traditionally provided one of the most popular primary
cells [1,2]. These advantageous characteristics, combined
with disposal problems encountered with primary cells, has
prompted considerable efforts to develop their secondary
counterparts. Until now, however, few successful products,
except the RENEWAL alkaline batteries of Rayovac [3],
have entered the market. It is known that this difficulty
arises from the problems of zinc corrosion and the forma-
tion of electrochemically inactive products on the MnO,
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preparation and cathodic performance in Zn/MnO, or
Li/MnO, cells have aready been documented [4,7-10].
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By contrast, details on the cathode failure mechanisms
encountered in Zn/ZnSO,/MnO, rechargeable cells have
not been reported. The first half of this paper deals with
this issue.

In the fabrication of composite electrodes for battery
applications, carbons are added to improve electrode con-
ductivity [1,2,11]. Here, carbons are mixed with active
materials and binder to form a plate. The role of carbon
additives is to provide an electron channel between the
current-collector and the less-conductive active materials.
On this basis, the physicochemical properties of carbon
additives in terms of surface area, particle size, and intrin-
sic conductivity, as well as their loading and dispersion,
are important variables since they determine electrode
resistivity [11,12]. In the selection of carbon additives,
however, the possibility of cell reactions and/or elec-
trolyte decomposition on the carbon surface should not be
ignored because carbons have such a substantially greater
surface area than any of the other cell components that the
exposed area to electrolyte solution is very large even if
the loading of the carbons is not high [13].

The cathodic discharge/charge reactions involved in
the present cell system proceed via a dissolution /deposi-
tion process. In the discharge reaction, the MnO, powders
loaded in the composite cathodes are dissolved to produce
Mn?* ions whereas as-generated Mn?* ions are re-de-
posited to MnO, during the charging period. Thus, it is
very likely that the earlier stage deposition reaction, the
nucleation and growth period, takes place on the carbon
surface since carbon additive can provide a greater number
of deposition sites for Mn?* ions. If this is the case, the
nature of loaded carbon additives, particularly their surface
states, will control the rate of the charging reaction which
will eventually affect the cathodic performance of MnO,
composite cathodes. With this in mind, we have employed
two different types of carbons which differ in the surface
polar group population, and have examined the influence
of carbons on the reversibility of cathodic cell reactions. In
order to gain a greater understanding of the effects of the
surface polar group, the carbons have been chemicaly
oxidized further with O; and HNO; or reduced with H,.
The amount of surface oxygenic groups is assessed utiliz-
ing a TPR (temperature-programmed reduction) technique.
The carbon-dependent cathodic performance of MnO,
electrodes is described in the second half of the paper.

2. Experimental
2.1. Materials

Layered-type MnO, powders were prepared via thermal
decomposition of KMnO,, as described in previous reports
[14,15].

The carbon additives used in this work are listed in
Table 1. Denka Black (Denki Kagaku Kogyo) and Gulf
Acetylene Black (Gulf Oil) belong to acetylene blacks,
whereas Ketjen Black ECP600JD (Armak) and Vulcan
XC-72 (Cabot) are furnace blacks. The additives were
washed with boiling toluene and acetone before use. To
control the surface oxygenic group population, Ketjen
Black was further treated with 30 wt.% nitric acid at 90°C
for 3 h, or contacted with O, under a flow rate of 150 cm?®
min~* for 30 min at 20°C. It was aso treated with H,, at
400°C.

To prepare the composite cathodes, MnO, powders
were mixed with carbon additive and Teflon binder in an
appropriate weight ratio. The mixtures were then dispersed
in 2-propanol, kneaded and spread on a piece of stainless-
steel Exmet (long width dimension =2 mm; short width
dimension =1 mm; apparent area= 1 cm?), followed by
pressing and drying at 120°C for 30 min. The Zn anodes
were prepared similarly with Zn metal powders (Aldrich,
325 mesh), Ketjen Black and Teflon binder (200:2:1 in
weight ratio). Both electrodes had the same area of 1 X 1
cm?.

Cell performances were tested in a three-electrode cell,
in which Zn foil (Aldrich) was used as the reference
electrode. In order for the Zn/MnO, cells tested in this
study to be cathode-limited such that the observed capaci-
ties represent those of MnO,, an excess amount of Zn
relative to MnO, was loaded in the anodes. Normally,
5-10 mg of MnO, powder (0.9-1.8 X 10~* equiv.) was
loaded in the cathodes while 80 mg of Zn powder (2.4 X
102 equiv.) was loaded in the anodes. 2 M agueous
ZnSO, solution, with or without a MnSO, addition, was
used as the electrolyte.

2.2. Instrumentation

Charge/discharge cycling was performed galvanostati-
caly at 0.1-1.2 C rate in the potentia range of 1.0-1.9 V

Table 1

Tested carbon blacks and their treatment conditions

Carbon black Type,/treatment conditions Surface area(m? g~ 1)
Denka Black Acetylene black (Denki Kagaku) /washed with boiling toluene and acetone 61

Gulf Acetylene Black Acetylene black (Gulf Oil) /washed with boiling toluene and acetone 67

Vulcan XC-72 Furnace black (Cabot) /washed with boiling toluene and acetone 180

Ketjen Black Furnace black (Armak) /washed with boiling toluene and acetone 1270

Ketjen Black—HNO; Treated with 30 wt.% HNO; at 90°C for 3 h 1060

Ketjen Black—O, Treated with O at 150 cm® min~* at 20°C for 0.5 h 1270

Ketjen Black—H , Treated with 50 vol.% H,, in N, at 400°C for 5 h 1300
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(vs. Zn/Zn?"). XRD studies were performed with a Rigaku
X-ray diffractometer (CuK a, 26 = 5-65°, 2 or 4° min™1).
The Mn and Zn contents were analyzed with the ICP
(inductively-coupled plasma) technique. The TPR mea
surements were taken under H, flow at 0—800°C. The
carbon surface area was analyzed by the BET (Brunavuer,
Emmett, and Teller) technique.

For electrochemical voltage spectroscopy (EVS) studies
[16,17], an EG& G PARC M362 potentiostat and a pro-
grammable voltage source were combined to control the
applied voltage step, and current was continuously moni-
tored until it decayed to a preset threshold value (1 esnolq
=13 pA). The potential was increased stepwise by dVv
(=10 mV). An Orion model 170 conductivity meter was
used to measure the electrolyte conductivity.

3. Results and discussion

3.1. Performance of Zn /MnO, cellsin 2 M ZnSO, elec-
trolyte

Table 2 summarizes the surface area, chemical compo-
sition, powder tap density and product yield of the result-
ing powders which were obtained by pyrolyzing KMnO,
powders at 250—-1000°C in air. From the chemical formu-
lae, the theoretical capacities based on two-electron reac-
tion were calculated and are listed in the last column of
Table 2. The surface area shows a tendency to decrease
from 18 to 2 m? g~ with increasing temperature from 250
to 1000°C. The powder density steadily increases with
temperature to reach 1.36 g cm 2 at 1000°C.

Fig. 1la shows the discharge capacities that were ob-
tained from Zn/2 M ZnSO,/MnO, cells in which the
400°C and 800°C samples were loaded in the composite
cathodes. The initial capacities are 40-50% of the theoreti-
cal values but the capacities decline drastically within a
few cycles. The same undesirable results are observed with
the other samples. Fig. 1b shows an EVS profile taken
with a composite MnO,, (800°C) cathode. As shown, the
discharge reactions take place in two steps at 1.43 and 1.34
V (vs. Zn/Zn?*") but in the reverse scan, the charging
reactions barely occur. From this, the immediate capacity
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Fig. 1. (a) Discharge capacities of Zn/2 M ZnSO, /MnO, cells as a
function of cycle number. Charge/discharge cycling was performed
galvanostatically at a current density 0.5 mA cm~2 (0.1 C) between
1.0-19 V (vs. Zn/Zn?*) in 2 M ZnSO, eectrolyte. The composite
cathodes consisted of layered MnO,, Denka Black and Teflon binder
(20:10:1 weight ratio). (b) EVS curve recorded with a zZn/2 M
ZnSO, /MnO, (cacined at 800°C) cell. A 10 mV potential step was
imposed and the threshold current was 13 wA. Other experimenta
conditions were the same as those of (a).

losses shown in Fig. 1a have been ascribed to an incom-
plete charging of the cathode materials.

In order to identify further the failure mechanisms
associated with the MnO, (800°C) cathode, its chemical
composition was analyzed with repeated charge/discharge
cycling. The Mn and Zn contents in the composite cathode
are plotted against cycle number in Fig. 2. As can be seen,
during the initial few cycles where a drastic capacity loss
is observed, the Zn content increases rapidly while, in turn,

Powder properties and theoretical capacities of layered MnO, pyrolyzed at different temperatures

Temperature Surface Total Mn Mn#+ K* Formula Powder Yield Capacity
area content density
0 (m?g™1) (Wt.%) (%) (Wt.%) (gecm™3)? (Mn %) (mA hg 1P
250 18.4 48.8 9.4 9.30 KooyMNO,,,-0.89H,0 056 66.6 467
400 16.6 485 %5 10.7 KozMnO,,;-076H,0 058 723 462
600 10.0 49.2 93.9 10.4 K3MnO, 4, - 0.61H,0  0.75 73.1 466
800 49 492 91.9 104 K 05oMnO, 4, - 0.60H,0  1.10 733 461
1000 23 50.1 85.3 10.6 K9.30MnO; o7 - 0.47H,0 1.36 78.6 453

#Powder tap density was measured according to ASTM Standard 527-93.

P Theoretical capacities based on a two-electron discharge,/ charge reaction.
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Fig. 2. Variation of discharge capacity of layered MnO, (800°C) cathode
(right axis) and normalized Mn and Zn contents (left axis) according to
cycle number. Cycling conditions were the same as those of Fig. la

the Mn content decreases sharply. The build-up of Zn
reaches up to 1.4 times of the initial Mn content, whereas
the Mn loss amounts to 30% of the initial value.

Manganese losses from the composite cathodes can be
explained in terms of the cell reactions which are involved
in MnO, electrodes. The discharge reaction proceeds in a
two-step, two-electron pathway [18,19], i.e.,

MnO,(s) + H" + e~

— MnOOH(s) (1st electron discharge) (1)
MnOOH(s) + 3H" + e~ —»Mn?* (aq)
+ 2H,0 (2nd electron discharge) (2)

In the first discharge reaction, MnO, is transformed to
MnOOH which is further reduced to Mn?* at the second
step. During the charging period, Mn?* ions are supposed
to be oxidized so as to produce a MnO, deposit via the
MnOOH intermediate. As indicated in Fig. 1b, however,
Mn?* jons that are once produced during the discharge
period are not fully restored to MnO,. Thus, it is likely
that this incomplete charging leads to a gradual Mn defi-
ciency in the cathode materials, and thereby causes a
progressive loss in capacity. With many manganese oxide
based cathode materials, Mn dissolution through a dispro-
portionation of Mn®* ions is well documented [20,21]. In
this context, a possible Mn dissolution through such a
reaction, (a non-faradaic process and thus not related with
the discharge reaction) cannot be totally ignored in the
present cell system.

The increase in the Zn fraction in the composite cath-
odes may be due either to Zn?* adsorption on the carbon
surface or to the formation of Zn-enriched new phases in
the cathodes. The former is not improbable because the
carbon additives have a larger surface area than the other

cell components, such as the active materials and the
current-collectors. The latter possibility is confirmed in
this study and also by others [4,22] through an XRD study
on once-cycled cathode materials. The XRD patterns taken
with a composite MnO, cathode are shown in Fig. 3.
Initially, only diffraction peaks that belong to the layered
MnO, appear. But after 10 cycles, new diffraction peaks
develop in the pattern. The new phase is identified as the
basic zinc sulfate (BZS, ZnSO, - 3Zn(OH), - 4H,0) after
comparing the diffraction pattern to that of separately
synthesized basic zinc sulfate powder.

3.2. Improvement of cell performance with MnSO, addi-
tion

A summary of the results presented so far suggests that
the rapid capacity loss is caused by an incomplete charging
of the cathodes and the formation of electrochemically
inactive BZS on the cathode surface. Therefore, it is very
likely that, in order to improve the cathode performance,
the cell system should be modified to achieve at least three
goals: (i) facilitation of the charging reaction; (ii) suppres-
sion of non-faradaic Mn dissolution; (iii) inhibition of BZS
formation. In order to accelerate the charging reaction and
to discourage Mn dissolution, the addition of Mn?* ions
into ZnSO, electrolyte was conceived to be a reasonable
approach. Lowering the solution pH was thought to be a
simple way to suppress the formation of BZS because the
latter are hardly formed at acidic conditions. The three
goas were accomplished in this study by adding small
amounts of MnSO, to the electrolyte. Table 3 lists the pH
and conductivity of 2 M ZnSO, solution as a function of
MnSO, addition. As listed, the MnSO, addition leads to a
decrease in both the solution pH and conductivity. Fig. 4a
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Fig. 3. XRD patterns of separately synthesized BZS powders and com-
posite cathodes in fresh state and after 10 cycles. Cycling conditions were
the same as those of Fig. la
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Table 3
Solution pH and conductivity of 2 M ZnSO, electrolytes with addition of
MnSO,

Added MnSO, pH Conductivity at 22°C
M) (mScm™Y)

0.0 4.32 50.5

0.1 3.06 50.0

0.2 2.74 494

0.5 231 47.0

1.0 1.94 415

2.0 1.48 26.4

shows the discharge capacity profiles of Zn/MnO, cells
that were obtained in 2 M ZnSO, electrolytes containing
different amounts of MnSO,. Clearly, the addition of
MnSO, improves the initial capacity and also the long-term
cyclability. With an increasing addition of MnSQO,, the
cyclability increases steadily to reach the optimum value at
0.1 M, but it declines thereafter. With 0.1 M MnSO,
addition, the initial capacity increases up to 300 mA hg?
(which amounts to 65% of the theoretical value) and it is
retained up to 120 cycles without significant losses. In the
meantime, the worse performances with an excessive addi-
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Fig. 4. (2 Discharge capacities of Zn/MnO, (800°C) cells according to
cycle number. Electrolyte composition is indicated. Charge/discharge
cycling was made galvanostatically at a current density of 1 mA cm~?2
(0.4 C) between 1.0-1.9 V (vs. Zn/Zn?*). Composite cathodes com-
posed of layered MnO,, Denka Black and Teflon binder (10:20:1 weight
ratio). (b) EVS curve of aZn/MnO, cell in 2 M ZnSO, +0.5 M MnSO,
electrolyte. Experimental conditions were the same as those of Fig. 1b.

tion (> 0.5 M) seem to be due to the lower solution
conductivity that presumably induces significant cell polar-
ization.

The addition of MnSO, seems to mitigate the three
failure modes. It improves the reversibility of cell reactions
by facilitating the charging reaction and discourages both
Mn dissolution and BZS formation. An enhancement in
reversibility can be noticed in the EVS profile that was
obtained in 0.5 M MnSO, + 2 M ZnSO, solution (Fig.
4b). In this electrolyte, the charging reaction, which barely
occurs without MnSO, as shown in Fig. 1b, is now greatly
facilitated. Two separate peaks corresponding to each
charging reaction appear at 1.48 and 1.57 V. Furthermore,
the coulombic efficiency (ratio of charging capacity /dis-
charging capacity) approaches unity. Fig. 5a shows the
XRD patterns of MnO, cathodes which were charge/dis-
charge cycled in different electrolyte solutions. Compared
with those cycled in pure ZnSO, solution, where a signifi-
cant amount of BZS was deposited, the composite cath-
odes cycled in the MnSO, added solutions contain a
reduced amount of BZS. The BZS formation is still appre-
ciable at pH 3.06, but becomes negligible at pH 2.31. The
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Fig. 5. (@ XRD patterns recorded with composite cathodes after 10
cycles. Electrolyte composition and solution pH is indicated. (b) Normal-
ized Mn and Zn contentsin composite cathodes cycledin2 M ZnSO, +0.1
M MnSO, electrolyte. Cycling conditions were the same as those of Fig.
da
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chemica composition of cycled MnO, cathodes was also
analyzed (Fig. 5b). As shown, the Mn contents do not
change much. This indicates that the non-faradaic Mn
dissolution is not appreciable, and that the cell reactions
become very reversible; once-produced, Mn?" ions are
largely restored to MnO, during the charging period.
Nevertheless, the composite cathodes still contain an ap-
preciable amount of Zn, which can be accounted for in
terms of BZS formation (Fig. 5a) and Zn?>* adsorption on
the carbon surface.

3.3. Effects of carbon additives on cathodic charging
reactions

It is found that carbon additives loaded in the composite
MnO, cathodes play an important role in influencing the
cathodic performance. For example, as shown in Fig. 6,
the initial discharge capacities of MnO, cathodes and their
long-term cyclahilities are critically dependent on the na-
ture of the employed carbon additives. A general trend is
noticed in Fig. 6a, whereby the composite cathodes loaded
with furnace blacks exhibit higher initial capacities than
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Fig. 6. Discharge capacities of Zn/0.1 M MnSO, +2 M ZnSO,IMnO,
cells according to cycle number. Loaded carbons are indicated. Compos-
ite cathodes composed of layered MnO, (800°C), carbon additive and
Teflon binder (10:20:1 weight ratio). Cycling conditions were the same as
those of Fig. 4a

T T T T T T T T
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(c) Ketjen Black - H,
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Hydrogen consumption (arb. unit)

0 200 400 600 800
Temperature / °C
Fig. 7. TPR (temperature-programmed reduction) profiles traced with

various carbons. H, consumption required to reduce surface oxygenic
species is plotted against temperature.

the acetylene black counterparts, but, in turn, their cycla-
bilities are somewhat poorer. In the case of a Ketjen Black
cathode, the initial capacity reaches 370 mA h g~! which
amounts to 80% of the theoretical value. The higher initial
capacities with furnace blacks are not surprising because
their surface area and intrinsic conductivity are both higher
than that of acetylene blacks and, consequently, the former
cathodes experience less severe cell polarization [12]. 1
The poorer cyclabilities observed with these cathodes can-
not, however, be explained in terms of cell polarization.
There should be more tenable factors. A clue to this can be
found in the results obtained from the chemically treated
carbons. As shown in Fig. 6b, the discharge capacities vary
significantly according to the surface treatment conditions.
For example, when the oxidized carbons are loaded in the
MnO, cathodes, both the initial capacity and the cyclabil-
ity are worse than those observed with the untreated
carbons. The reverse trend—a larger initia capacity and
better cyclability—is noticed with the H ,-treated carbon.
Given the above observation, it is concluded that the
cell performance is related closely to the surface states of
carbon additives. With this in mind, an analysis was
conducted of the surface polar group population on the
carbon additives. The TPR (temperature-programmed re-
duction) results are shown in Fig. 7 in which the H,
consumption required to reduce surface oxygenic species
is plotted against temperature. The H, consumption peaks
have been assigned on the basis of the results reported by
Donnet et a., who performed a similar study on carbons
and assigned the 200-300°C pesk to the surface car-
boxylic/lactonic groups and the peak at above 500°C to

! Ref. [11], Chap. 2.
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Fig. 8. Cyclic voltanmograms comparing the Mn2* oxidation/MnO,
reduction behaviour on various carbons. Carbon composite electrodes
consisted of carbon and Teflon binder (20:1 in weight ratio). Scan
rate= 0.1 mV s~ 1. Note the current scales.

the phenols/quinones. > The TPR profile obtained with
Denka Black, an acetylene black, indicates that this carbon
has a negligible amount of surface oxygenic groups, while
Ketjen Black, a furnace black, contains an appreciable
amount of carboxylic/lactonic groups. A similar differ-
ence is observed between Vulcan XC-72 (furnace black)
and Gulf Acetylene Black (acetylene black) whereby the
former displays a peak at 200—300°C but the latter does
not. This result is in good agreement with the previous
results that furnace blacks have a greater number of sur-
face polar groups compared with acetylene blacks 2. The
results in Fig. 7 also indicate that the population of surface
oxygenic groups, as expected, increases significantly with
chemical oxidation but are diminished after H, treatment.
Note, the chemical oxidation causes an increase in the
population of phenols/quinones so as to give an intense
H, consumption pesk in the range 400—-800°C.

A combination of the results shown in Figs. 6 and 7
makes it immediately apparent that the cathode perfor-
mance of MnO, composite electrodes is inversely related
to the amount of surface oxygenic groups on the carbon
additives. Acetylene blacks, on which the surface oxygenic
groups are depleted, give a better cyclability than the

2 Ref. [12], Chap. 4.

surface-group-enriched furnace blacks. Apparently, the
poorest cyclability is observed with those containing O,-
treated carbons.

It is now appropriate to explain how the surface oxy-
genic species on carbons affect the cathodic performance.
As described above, the cyclability of MnO, cathodes is
largely limited by the formation of BZS and also by the
sluggish charging reaction. The charging reaction (viz.,
oxidation of Mn?* ions to MnOOH and further to MnO,)
proceeds via a deposition step such that the highly exposed
carbon surface may provide the deposition sites for
MnOOH /MnO,, at least in the earlier stages of nucleation
and growth [23-25]. If this is the case, the carbon surface
states naturally have a crucial effect on the charging
reaction. Accordingly, cyclic voltammograms were
recorded to compare the Mn?* oxidation (the charging
reaction of the cathode in the present cells) behaviour on
various carbon composite electrodes which consist of only
carbon additive and Teflon binder (Fig. 8). On the Denka
Black (an acetylene black) electrode, Mn?* ions are oxi-
dized in two steps and in the reverse scan, the correspond-
ing reduction peaks appear at two separate potentials. A
comparison of the EVS profile in Fig. 4b and the voltam-
mograms in Fig. 8 reveal that the two current peaks in the
forward scan correspond to the two-step charging reaction
in the present cell system, whereas the reverse peaks are
related to the discharge reaction. This observation supports
the above premise that the charging reactions in the pre-
sent cell system take place on the carbon surface. This
carbon-dependent feature is more apparent in the other
voltammograms in Fig. 8. On the surface-group-enriched
Ketjen Black electrode, even if Mn?* oxidation occurs at
the identical potential, the oxidation currents and, conse-
quently, the MnO, reduction currents are less intense
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Fig. 9. Variation of Mn and Zn contents in composite MnO, cathodes
according to cycle number. The composition was normalized against
initial Mn contents. Cycling conditions were the same as those of Fig. 4a
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(about one-fifth) than those observed on the Denka Black
electrode. Moreover, Mn?* oxidation barely occurs on the
ozonized Ketjen Black and, consequently, gives rise to a
negligible reduction current.

The chemical composition of cycled MnO, composite
cathodes was analyzed to compare the reversibility of the
cell reactions (Fig. 9). The cells were disassembled after a
full charge up to 1.9V (vs. Zn/Zn?*). The amount (wt.%)
of Mn or Zn was normalized against the initial Mn content.
As shown, the Mn content does not decrease in the Denka
Black loaded cathode even after the cells had been sub-
jected to 70 cycles. Thisimplies that the charge/discharge
reaction is so reversible in this cathode that Mn?* ions,
once formed by the discharge reaction, are fully reoxidized

Denka Black

to MnO, during the charging period. In the case of the
Ketjen Black cathode, however, 20% of the initial Mn was
lost. Thus, the charging reaction in this cathode is much
hindered, presumably because high population of surface
oxygenic groups prevents the Mn?* ions from being fully
reoxidized to MnO, during the charging period. On the
other hand, both composite cathodes contain appreciable
amounts of Zn after cycling. This is due to the formation
of BZS or Zn?* adsorption on the carbon surface.
Electron micrographs of the surface region of two MnO,
composite cathodes in which two different carbons were
loaded are presented in Fig. 10. The photographs were
taken after the cathodes were charged to 1.9 V in order to
observe MnO, morphology. The micrograph of the fresh

Ketjen Black

oy A B

]m

Fig. 10. Electron micrographs of the surface region of composite MnO, cathodes. Left panel: Denka Black electrodes; right panel: Ketjen Black electrodes.
(a) and (d) before cycling; (b) and (e) after the 5th cycle; (c) and (f) after the 15th cycle. Cycling conditions were the same as those of Fig. 4a.
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state (i.e., before cell cycling) indicates that the larger
MnO, particles are embedded in the carbon /binder matrix
(Fig. 10a and d). The two micrographs essentially show
the same pattern, except for the size of the carbon parti-
cles. When the cells are cycled, however, different mor-
phological transitions develop between the two composite
cathodes. With the Denka Black cathode, well-grown gran-
ular-shaped MnO, deposits appear after the 5th cycle.
Even after the repeated dissolution and redeposition pro-
cess (discharge/charge reaction), the porous and granular
shape is maintained throughout the cell life (Fig. 10c).
This suggests that the cathodic cell reactions are very
reversible. In contrast, on the Ketjen Black cathode, irregu-
lar-shaped MnO, deposits appear after the 5th cycle (Fig.
10e). After 15 cycles, less porous deposits cover the whole
of the electrode surface (Fig. 10f). The MnO, grains
appear much smaller and the layer is much thinner than
that observed in the former electrode. Again, it is con-
cluded that the charging reaction does not readily occur on
surface-group-enriched furnace blacks.

4, Conclusions

In this report, we have presented the failure modes of
layered MnO,, cathodes in rechargeable Zn/ZnSO, /MnO,
cells. Sluggish charging reactions and basic zinc sulfate
(BZS) formation are the major degradation mechanisms. In
order to improve the cathodic performance, MnSO, addi-
tion to the eectrolyte and proper selection of carbon
additives are proposed. The following key observations are
made.

(1) Layered MnO, composite cathodes lose their initial
capacity within a few cycles in pure ZnSO, electrolyte.
This drastic decline in capacity is caused by incomplete
charging of the cathode materials and by the deposition of
basic zinc sulfate on the cathode surface.

(2) Addition of 0.1-0.5 M MnSO, to 2 M ZnSO,
electrolytes greatly improves the reversibility of the ca-
thodic reactions. In addition, BZS formation is suppressed
due to the rather low pH of the MnSO, added electrolyte.

(3) Cathodes loaded with acetylene black exhibit better
cyclability than furnace black cathodes. The differences
arise from the extent of charging reactions that is deter-
mined by the surface group population on the carbons.
Since acetylene blacks possess negligible amounts of sur-
face oxygenic species, Mn?* oxidation (the charging reac-
tion of the cathode in the present cell system) readily
occurs on them. By contrast, the charging reaction is
sluggish on furnace blacks where the surface oxygenic
species are enriched. From this and the further observation
that Mn?* oxidation is negligible on the O,-treated car-
bons, two conclusions are drawn: (i) the charging (deposi-
tion) reaction takes place on the carbon surface, at least in
the earlier nucleation and growth period; (ii) the surface

oxygenic species control the rate of the charging reaction.
MnO, deposits are well developed on acetylene blacks and
have a porous, granular shape. Moreover, this morphology
is maintained throughout cycling and thus demonstrates
the very reversible nature of the cathodic reactions on
these carbons. On the other hand, the deposition reaction is
so sufficiently retarded on the furnace black cathodes that
only an irregular-shaped, thin layer of MnO, forms on
these cathodes.
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