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Abstract

The capacity utilization of zinc anode is usually very low in dilute alkaline solution or at high rate discharge because of the passivation
of zinc surface. This problem can be considerably overcome by use of surfactant additive in electrolyte. In this work, it is found that
with addition of 2% sodium dodecyl benzene sulfonate (SDBS) in 20% KOH solution, the discharge capacity of zinc anode increases
from 360 to 490 mAh/g at moderate discharge rate of 40 mA/g, corresponding to a 35% increase in the capacity utilization. Based on the
electrochemical and morphological observation of the anodic passivation behaviors of zinc electrode, this effect is revealed that due to the
SDBS adsorption, the passive layer formed on the zinc surface has a loose and porous structure rather than a dense and compact film. This
type of surface layer facilitates the diffusive exchange of the solution reactant and discharged product through the surface deposit layer
and therefore effectively suppresses the surface passivation of zinc anode.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc is widely used as a high capacity anodic material
for primary and secondary alkaline batteries because of its
high specific energy, low cost and non-toxicity. However,
the high capacity of zinc anode can only be obtained in very
concentrated alkaline solution. In dilute alkaline solutions,
the discharge capacity and power capability of zinc anode
decrease dramatically with decreasing OH− concentrations
due to the passivation of zinc surface.

The passivation of zinc anode in dilute alkaline solution
is known to result from the formation of passive film on zinc
surface. In past decades, numerous works have been under-
taken to evaluate the anodic passivation mechanism and the
properties of the passive film of zinc electrode in alkaline
solution [1–5]. It is now well agreed that the passivation
of zinc takes place by a dissolution–precipitation mech-
anism and the dissolution of zinc is the rate-determining
step[4,5]. The passive film formed at the surface of zinc
anode was postulated to consist of two layers: the outer
layer is white and flocculent, formed by precipitation of
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the supersaturated zincate in the vicinity of the electrode
surface. The inner layer is a dense ZnO film adhered on
zinc surface and formed from the dehydration of the dis-
charge product Zn(OH)2, behaving as a barrier for further
dissolution of zinc when it is formed[2]. To suppress
the anodic passivation and improve the utilization of zinc,
one usually use very concentrated alkaline solution to in-
crease the solubility of ZnO or use electrolyte additives
to modify the electrode surface to depress the blocking
effects of the passive film on the diffusion of discharged
zinc ions into bulk solution[6–8]. However, most research
works on the electrolyte additives were focused on the
inhibition of zinc corrosion[9–11] and dendritic forma-
tion in secondary zinc batteries[12–14], the effects of
surfactant additives on the utilization and discharge per-
formances of zinc in dilute alkaline solution are rarely
reported.

In the studies of the effects of electrolyte additives on
the anodic passivation of zinc, we found that sodium do-
decyl benzene sulfonate (SDBS) in alkaline electrolyte as
a surfactant additive can effectively depress the surface
passivation and greatly improve the discharge capacity of
zinc anode, particularly in dilute alkaline solution. Here
we report the results of electrochemical behaviors of zinc
in dilute alkaline solution containing SDBS molecules and
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discuss the working mechanism of the additive on the
improvement of discharge capacity of zinc.

2. Experimental

2.1. Preparation of materials and test cells

Zinc anode used for discharge measurements was a gelled
zinc slurry and prepared by mixing 66.3% zinc powder (Mi-
core Corp. Belgium), 0.67% polyacrylate and 33.3% (by
weight) ZnO-saturated alkaline solution, which is similar to
those used in commercial alkaline manganese battery. The
surfactant additive was added in the zinc slurry by mixing
together with zinc powder.

The discharge performances of zinc anode with or without
electrolyte additives were examined by gavanostatic method
using AA-sized zinc-air test cells. The test cells were con-
structed in laboratory with air electrode as cathode and
gelled zinc slurry as anode. The air electrode was a U-shaped
container fabricated by mould pressing a powder mixture of
70 wt.% carbon black and 30 wt.% polyethylene. The cata-
lyst for the air cathode was manganese dioxide loaded on
activated carbon, coated in the inner wall of the air electrode
tube by hot spraying method. The separator was non-woven
fabric of nylon usually used in alkaline Zn-MnO2 batteries.
In general, a laboratory zinc-air battery of AA size contained
7.0 g of zinc slurry (ca. 4.6 g zinc powder) in the experi-
ments.

2.2. Electrochemical characterization

All the electrochemical measurements of the anodic disso-
lution and passivation behaviors of zinc electrode were per-
formed using three electrode cells. Working electrode was a
zinc rod of 5 mm diameter (99.9% purity). The zinc rod was
sealed with epoxy resin with one end exposed to electrolyte.
The exposed surface of the zinc rod was firstly polished with
fine grade emery papers, then degreased with acetone and
finally washed with the twice-distilled water. The reference
electrode and counter electrode were an Hg/HgO electrode
and a larger platinum sheet, respectively. The electrolyte
used in the experiments was ZnO-saturated 20% KOH solu-
tion. The linear voltammometric measurements were carried
out using a CHI 660 type electrochemical system (Shanghai,
China). The impedance spectra measurements were carried
out on an impedance spectroscopy system (EG&G PARC
model 273) coupled with M398 software and the frequency
range typically used was from 100 KHz to 8 Hz with an ac
amplitude of±10 mV.

2.3. SEM measurements

The samples of discharged zinc anode for the surface
morphological examinations were taken from the fully

discharged zinc-air cells and directly sent for SEM analysis
using a SEM ISI-SX-40.

3. Results and discussion

3.1. Effects of electrolyte additives on the discharge
capacity of zinc

Since air cathode is inexhaustible and the capacity limit of
Zn-air cells depends uniquely on the amount of zinc added,
we used zinc-air test cells to calibrate the discharge capacity
of zinc and the effects of electrolyte additives on the capacity
utilization.

It is well known that the zinc utilization decreases very
rapidly with decreasing OH− concentration. The reason for
the very poor utilization of zinc is due to the lower solu-
bility of the discharged product Zn(OH)2 in diluted KOH
concentration, which leads to a supersaturation of zincate
ions and the formation of the surface passive film. In order
to suppress the passivation of zinc anode in dilute alkaline
solution, we tried to use various types of anionic additives
to modify the surface morphology and structure of the pas-
sive film in 20% KOH solution and found that the existence
of a small amount of SDBS had dramatic influence on the
discharge capacity of zinc in dilute KOH solutions. Typi-
cal results are shown inFig. 1. It can be seen from the fig-
ure that the discharge capacities of the zinc-air batteries are
all increased with addition of the surfactant SDBS except
for excessive addition of 7% SDBS. The highest capacity
of the batteries appears in the 2% SDBS content. In the
zinc-air battery with addition of 2% SDBS, the discharge ca-
pacity increases from 1690 mAh (360 mAh/g) to 2280 mAh
(490 mAh/g), nearly 35% higher than that of the battery in
the absence of the surfactant, suggesting an effective de-
pression of the surface passivation of zinc anode. Lower
or higher SDBS addition does not show distinct capacity
improvement. This effect could be understood that due to
the very limited dissolution of SDBS in the alkaline solu-
tion, very low content of the additive in electrolyte cannot

Fig. 1. Discharge curves of zinc/air batteries at constant current of 200 mA
in 20% KOH solution with addition of: 1.0, 2.1, 3.2, 4.5 and 5.7% SDBS.
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Fig. 2. Anodic polarization curves of a zinc anode in 20% KOH solution
with addition of 1. Zero and 2.2% SDBS. Sweep rate of 10 mV/s.

provide an adequate surface coverage of SDBS adsorption
and hence gives a limited influence on the formation of the
surface passive film. When the SDBS content exceeds much
more than the saturated concentration as in the case of >2%
SDBS addition, the aggregate of insoluble molecules in the
surface region of zinc would also impose a inhibiting effect
for the discharged Zn2+ to diffuse into bulk solution and
therefore the discharge capacity of zinc no longer increase
with further addition of the additive.

3.2. Electrochemical characterization

The anodic passivation of zinc can usually be visual-
ized by measurements of the passivation polarization curves.
Fig. 2 gives the potentiostatic anodic polarization curves of
zinc electrode in 20% KOH with and without the SDBS.
During anodic sweep, two anodic current peaks appear at
−1.1 and−1.0 V for zinc anode in blank solution, which is
similar to those previously reported in[15,16]. According
to previous assignments of the two peaks, the first anodic
peak at−1.1 V is due to the anodic dissolution of zinc to
form Zn(OH)4

2− and the second current peak at−1.0 V is
attributed to the anodic diffusion current peak. When the po-
tential rises to a more positive value of−0.97 V, a sudden
decrease of anodic current appears, which is characteristic
of zinc passivation process. If we compare the passivation
curves inFig. 2, some marked differences are observed in
the anodic dissolution current and the passivation potential
for the zinc anode in the electrolyte with and without the
additive. Firstly, the active dissolution current peak of zinc
in the presence of SDBS shifts to a more positive potential,
indicating a surface inhabitation for normal anodic dissolu-
tion of zinc, possibly due to the adsorption of the surfactant
SDBS. Besides, the zinc electrode in the presence of SDBS
shows a larger anodic diffusion current peak and a delayed
passivation potential than that in the absence of the surfac-
tant. These phenomena indicate that the anodic passivation
of zinc is postponed by SDBS adsorption.

Fig. 3. Complex impedance spectra for a zinc disk electrode in 20% KOH
solution with addition of 0 (�) and SDBS (�) at potential of−0.9 V
vs. Hg/HgO.

The SDBS absorption can also be seen from the
impedance measurements.Fig. 3 shows the complex
impedance plots obtained from the passivated zinc anode in
20% KOH solution with or without addition of SDBS. In
both cases, the impedance spectra exhibit a high frequency
semicircle and a low frequency sloping line. The low fre-
quency sloping line, namely Warburg impedance, is only
apparently observable from the zinc anode at the potential
region of passivation, and it indicates that the electrode re-
action is controlled by the diffusion of zinc ions and OH−
ions through the passive film on zinc surface. The high
frequency semicircle observed in this work is analogous to
that reported previously and has been already assigned to
the charge transfer behavior of zinc electrode in literature
[17]. In comparison, the semicircle for zinc anode in the
SDBS-containing electrolyte shows a much larger diameter
semicircle than that obtained in blank solution, reflecting
that the addition of SDBS in electrolyte increases the charge
transfer resistance of zinc-electrolyte interface. This is true
since the surface of zinc electrode is occupied by absorbed
SDBS and therefore the interfacial charge transfer must be
impeded to some extent. The sluggish kinetics of interfa-
cial reaction and increased diffusion current for zinc in the
SDBS containing electrolyte seem to be conflict, but this
could be explained by the formation of a loose and porous
passive film on the zinc surface in the existence of SDBS.
Although the SDBS adsorption can reduce the active surface
area and the anodic dissolution rate of zinc, this could be
compensated by the enhanced diffusion rate for the reactant
and discharged product through the less compact passive
film brought about by the adsorption of SDBS.

3.3. Effects of SDBS addition on the surface morphology
of zinc anode

Fig. 4 compares the surface morphologies of the zinc
anode discharged in solution with and without addition of
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Fig. 4. SEM micrographs of zinc electrodes discharged in 20% KOH solution with addition of: (a) 0 and (b) 2% SDBS; (c) and (d) the amplified images
from (a) and (b), respectively.

SDBS. The zinc electrode in blank electrolyte shows a stack
of large zinc grains and each grain comprises densely packed
small zinc particles. Assumedly, as long as the dense surface
layer is formed during the anodic dissolution, the surfaces
of zinc granules must be blocked for the diffusion of zinc
ions into bulk solution or the migration of OH− ions into
the zinc surface. In this case, only parts of the zinc surface
are utilized for anodic reaction, as shown as whiter edges in
amplified SEM images inFig. 4c. The effects of SDBS on
the surface morphology of discharge zinc anode are shown
in Fig. 4b and d. In this case, the zinc surface shows a
distribution of smaller particles and each particle consists

of needle-like crystallites loosely packed together to form
a porous structure. Undoubtedly, such a porous structure of
deposit layer facilitates the zinc ions to diffuse into bulk
solution and the OH− ions to penetrate into zinc surface.
As a result, the anodic dissolution of zinc could proceed
continuously until zinc is consumed up or the zinc surface is
fully inhibited. Based on these results, it could be concluded
that the suppressed passivation of zinc anode is mainly due
to the morphological modification of the surface layer of
discharged product.

Detailed interaction of SDBS with zinc surface to
produce a loose passive layer is difficult to explain. In
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previous studies of the passivation mechanisms of zinc
anode, it was suggested that electrochemical dissolution
of zinc anode take place at first step to produce Zn(OH)2
which dissolves immediately in alkaline solution to form
zincate ions. When the zincate ions reaches to saturation
concentration, the precipitation of solid zincate occurs to
form a loosely adherent porous film in the vicinity of zinc
surface. When the electrochemical oxidation continues to
proceed, a dense film is formed on the zinc surface due to
the depletion of OH− ions at surface region[2,18,19].

In the solution containing SDBS, zinc surface must be oc-
cupied to some extent by SDBS adsorption. Since the surface
of metallic zinc is positively charged during anodic polariza-
tion, SDBS molecules preferably adsorb with their non-polar
groups bonded to the surface and the polar groups oriented
towards bulk solution[20]. Moreover, due to the electro-
static repulsion between the anionic type SDBS molecules
and OH− ions, the OH− ions are more or less excluded away
from the surface. During anodic dissolution, zinc ions pro-
duced at the surface may coordinate with SDBS anions to
form the surface complexes and then zinc ions are brought
into solution to combine with OH− ions to form Zn(OH)2
deposits. Apparently, the occupation of SDBS at the zinc
surface may also be an important cause for spatial inhibition
of the formation of dense passive film.

4. Conclusions

The passivation properties of zinc anode in alkaline so-
lution containing the surfactant additive SDBS were inves-
tigated by measurements of discharge capacity, passivation
polarization curves and impedance spectra in combination
with SEM observation of surface morphology. It was found
that the addition of SDBS molecules in the dilute alkaline
electrolyte can effectively depress the passivation of zinc
surface during the electrochemical dissolution of zinc and
therefore improve the discharge capacity of zinc anode up
to more than 35%. The suppression effect is suggested to
result from the adsorption of the electrolyte additive, which

produce a loose and porous passive film at the zinc surface.
Such a morphological modification of the surface structure
greatly facilitates the diffusive transportation of discharged
product and solution reactant, and therefore improves the
anodic utilization of zinc anode.
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