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AbstractThe passivation of pure zinc surface can be considered a problem of Zn utilization as an anode in alkaline
batteries due to its small capacity. Therefore, to improve the discharge capacity of the Zn anode, minor Sb alloying with
Zn was investigated. The impact of trace Sb alloyed with Zn on the passivity and the breakdown of the colloidal pas-
sive film on the surface was studied in concentrated KOH solution utilizing galvanostatic, electrochemical impedance
spectroscopy (EIS), and galvanostatic charge-discharge measurements at the passivated area. The galvanostatic data
show that the required time of passivation (tpass.) is greater with increasing small Sb content in the alloy. The obtained
results from electrochemical impedance spectroscopy (EIS) reveal that magnitudes of both resistivities of charge trans-
fer (Rct.) and the impedance of Warburg (Zw) decrease, while the magnitude of capacitance of double layer (Cdl.)
increases gradually with the increase in addition of small Sb to zinc metal. The evaluated data from the charging-dis-
charging process show that the greatest value of potential height (V) is for Zn-0.5%Sb alloy. Therefore, 0.5%Sb alloy-
ing with Zn can increase energy efficiency to a large extent than Zn and alloy II.
Keywords: Anodic Behavior, Passivity Breakdown, Antimony Alloyed with Zinc, EIS, Charge-discharge Process, Alka-

line Batteries

INTRODUCTION

Zinc is used in electrical rechargeable Zn-air batteries due to its
low cost, high safety, and high specific energy [1,2]. Bi-functional
electrocatalysts for air-cathode electrodes have been focused on in
many published papers [3-6]. On the other hand, the susceptibil-
ity of Zn as an anode electrode to physical deformation, dendrite
formation, and corrosion processes has been studied [7-9]. Also,
the use of Zn as an anode electrode in the battery has exhibited
much influence on the behavior of the battery as a cathode elec-
trode catalyst [10,11]. Zn electrode has a reversibility process, low
equilibrium potential, and compatibility with an aqueous electro-
lyte. Accordingly, Zn has been used as an anode electrode in bat-
teries on a large scale. However, the electrode of Zn reveals limited
use in secondary alkaline batteries [12]. This problem can be ascribed
to the shorting cycle life of Zn during the charging-discharging pro-
cess [13]. This problem can be ascribed to the formation of den-
drites and the change of electrode shape during the recharge process
[14]. This indicates that the formation of Zn(OH)2 on the surface
(discharge product) in the concentrated alkaline electrolyte leads to
shape change and dendrite formation [15]. Therefore, the change
of shape can be ascribed to the continuous decrease of the active
surface area of the zinc electrode during the repeated cycling of the
battery. Hence, Zn alloyed with both Ni and In has the ability to
retard the formation of dendrite significantly. Consequently, the

Zn anode becomes more reversible [16]. Jo et al. [17] revealed that
adding Bi to Zn has a great influence on inhibiting corrosion and
hence promises to be utilized as an anode in Zn-air batteries.

Zn-air batteries have many applications, such as in the military,
hearing aids, and railway signals [18,19]. Although Zn-air batteries
have great potential, some problems observed during the anodic pro-
cess, such as passivation, should be solved [1,7]. As a result of the
anodic dissolution process of zinc in an alkaline solution, [Zn(OH)4]2

is formed near the surface of the electrode. Hence, insoluble Zn(OH)2

and ZnO are adsorbed on the surface of the zinc electrode when
the solution becomes saturated with [Zn(OH)4]2 [20]. Thus, the
zinc electrode surface becomes passive. Stamm et al. [21] stated that
passivation was formed on the surface of zinc as a result of the gener-
ation of ZnO and Zn(OH)2. Thus, poor conductivity occurs, leading
to a sharp decrease in the lifetime of alkaline-air batteries. Conse-
quently, suppressing both passive films formed throughout the pro-
cess of discharging and the hydrogen evolution on the Zn electrode
surface leads to improvement in alkaline Zn battery performance.
In our previous works [22], minor In alloyed with Zn has been stud-
ied on both cathodic and anodic processes in the active region, and
other publications [23,24] on the anodic dissolution at different posi-
tive potentials have investigated. The results show that small alloy-
ing of In with Zn has a good effect on charge reliability, capacitance,
and hydrogen evolution reaction attenuation. These publications
(under anodic studies) show that the indium metal alloyed with
zinc metal significantly improves impedance behavior, lifetime, charge
efficiency, and capacitance in the passive region.

According to a survey of relevant literature, there is no published
research on the anodic behavior of the alloy of Zn-Sb produced in
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our laboratory through the fusing process. Our previous work [25]
was devoted to the characterization of the prepared alloy with two
different Sb contents (as a novel alloy), and the electrochemical
behavior was studied in the range of Tafel plots only (active region).
The 1% Sb as an alloying element with Zn results in a high corro-
sion protection efficiency (98.5%). This suggests that increasing the
amount of minor Sb in alkaline batteries improves hydrogen evo-
lution suppression, charge efficiency, durability, and capacitance.
After the development of the passive film, the current study com-
plements the prior work of part I, which used several electrochemi-
cal methods such as galvanostatic impedance spectra (EIS), and
charge-discharge investigations. The present work is devoted to
examining the effect of small content of Sb alloyed with Zn on its
passivation and passivity breakdown in the basic electrolyte. The
inclusion of Sb in the alloy is predicted to slow passivation and facili-
tate passivity breakdown at higher positive potentials. As a result of
the increased conductivity on the alloy surface, alkaline Zn battery
charge efficiency, longevity, and specific capacitance will enhance
in the passivity zone.

EXPERIMENTAL

1. Materials
A stock electrolyte of 6 M KOH was obtained by dissolution of

the evaluated weight from KOH (analytical grade) in doubly dis-
tilled water. Metals of zinc and antimony with high purity grade
(99.99%) were obtained from Jonson Matthey Chemicals Ltd. The
two metals were utilized in the preparation of zinc-antimony alloy
with two Sb contents (0.5% Sb and 1% Sb by weight) by the fusion
method [26-28]. The estimated amounts of the two mentioned met-
als were mixed and introduced into closed, evacuated silica tubes.
Afterward, the tubes were fused in a muffle furnace (Gallenkam)
at 750 oC for 24 hr. To obtain molten homogeneity, shaking every
six hours of the tubes in the same used muffle furnace was done.
Hence, as reported, this fusion was quenched in cooled water [29].
The prepared alloys were cut as rods, and each sample had a sur-
face area of about 0.196 cm2. Those electrodes were produced using
the rods mentioned above of pure zinc and Zn-Sb alloys and were
individually placed into a Teflon rod and sealed with epoxy glue.
The exposed surface area of the fabricated electrodes in the solu-
tion was 0.196cm2. In a prior study, we used XRD and SEM to char-
acterize the produced alloys and identify the phases generated on
the alloy surface [25].
2. Electrochemical Examinations

Versastat 4 Potentiostat/Galvanostat was utilized in all electro-
chemical experiments under investigation. The volume capacity of
the electrolytic cell, which was utilized in the electrochemical mea-
surements, about 250 ml, and the cell is of a three-electrode system.
The design of the cell was reported in the previous work [30]. The
surface of each studied electrode was manually cleaned using con-
secutive emery paper grades (1,000-1,200m) before each investi-
gation. Then, they were rinsed and washed with pure ethyl alcohol
and double-distilled water, respectively, before being inserted into
the electrolytic cell. A reference and counter electrodes of saturated
calomel and Pt sheet, respectively, were used in all electrochemi-
cal measurements. Each investigated specimen surface was fixed at

2.0 V for five minutes in the investigated alkaline electrolyte to
eliminate any oxides generated on the electrode surface. After that,
the polarization of the electrode was disconnected by shaking the
cell to remove the hydrogen gas which was adsorbed on the sur-
face of the electrode. Then, the electrochemical performance of each
electrode was examined. The galvanostatic technique should be
utilized to get more precise data about the anodic dissolution and
passivation of the examined electrodes in the studied electrolyte.
The effect of small Sb alloyed with Zn was studied on the poten-
tial/time transients at various current densities (50 to 80 mA·cm2)
and 25 oC. Before starting EIS experiments, a passive layer was
formed on each specimen surface at three different positive poten-
tials (+0.5, +0.8, and +2.0 V). The amplitude of AC potential was
10 mV, and the frequency range started from 10 kHz to 1 Hz. Before
the measurements of the charge-discharge process, a passivated
layer was produced at an applied certain value of potential equal to
+0.8 V in the studied electrolyte for 20 min by the potentiostatic
test. Then, the discharge process using galvanostatic measurements
was examined at various densities of current (40, 50, 60, 70,
and 90 mA·cm2).

RESULTS AND DISCUSSION

1. Anodic Behavior Using Galvanostatic Measurements
The galvanostatic technique was used to get more knowledge

about the effect of small antimony alloyed with zinc on its passiva-
tion and passivity breakdown in the concentrated alkaline solution
(6 M KOH). The anodic polarization of potential-time transient of
Zn specimen and Zn-Sb alloy (0.5 and 1%Sb) electrodes at vari-
ous densities of current (50 up to 80 mA cm2) is exhibited in Fig.
1. Those curves exhibit that the potential of anodic polarization in
the region AB can be nearly stable (the behavior of active region).
Thus, beginning from point B up to C (BC region), the potential
starts to rapidly rise to higher potential values, with mainly linear
changing. This trend can be ascribed to a decrease of hydrogen over-
potential and, in addition to the electrical double layer between the
surface of metal and electrolyte interface, is charged [31]. Moreover,
the density of the current value, which is used in the polarization
in addition to the concentration of the solution, plays an import-
ant role in in this process [32]. Thus, when this behavior reaches
the maximum value, the change in the potential of the zinc elec-
trode becomes slower with time. This reveals that the surface of
the electrode is not completely covered by the oxide film. Conse-
quently, the dissolution of Zn to Zn2+ ions continues through the
porous layer [33].

Therefore, the AB region means that the rate of Zn dissolution
on the surface is approximately equivalent to the rate of formation
for the oxide layer. Consequently, when the formation of insoluble
oxide or hydroxide of Zn on its surface is predominant (BC region),
passivation process occurs. This means that the OH ion diffusion
to the electrode surface is retarded, preventing the formation of zin-
cate ions. Thus, Zn metal is oxidized directly to ZnO. Accordingly,
the potential region of BC can be attributed to the following reac-
tions [24]:

ZnZn2++2e (1)
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Zn2++2OH

Zn(OH)2 (2)

Zn(OH)2ZnO+H2O (3)

Therefore, the dissolution of the anodic oxide film produced on
the zinc electrode surface is lower than its formation [34].

After that, the voltage at part C tends to arrive at the steady-state
value of passivation. The passing current density in this region can
thus be assigned to the insoluble corrosion products formed on
the specimen surface of Zn [30]. But, the curves of Zn in the CD
region exhibit a very high oscillation in the potential-time behav-
ior. This trend can be ascribed to the competition between the
process of dissolution of the passivated layer generated on the sur-
face and its formation [24]. And this can be attributed to the con-
centrated KOH solution’s high dissolving power. On the other
hand, all passive regions (at CD) at various imposed current den-
sities seem to be similar. This indicates that the variation in the
current density does not influence the process of passive film for-
mation in this region. Generally, the nature and thickness of the
passivation layer precipitated on the surface of the specimen are
unaffected by variations in the imposed current density. This is
demonstrated by the fact that the rate of passive layer growth on
the specimen surface of Zn increases due to increasing current
density. Consequently, the variation rate in potential increases rap-
idly with the increase of the applied current, up to reaching the

potential to a certain steady-state value. Accordingly, the passiva-
tion time value (tpass.) decreases as a result of increasing the imposed
density of current. However, the steady state of potential is still
nearly without change.

The data also in Fig. 1 (curves (b) and (c)) exhibited the poten-
tial-time behavior of the two investigated alloys (0.5 and 1% Sb)
under the same conditions for the Zn electrode. Generally, there is
no significant change in the general trend of the mentioned curves.
But, it is worth seeing that a drop in the passivation potential is
observed at arrest C of the two examined alloy samples. This rep-
resents that some collapse of the passivation film on the alloy oc-
curred [35]. Due to Sb alloying, the assigned trend could be ascribed
to the dissolution of the oxide film formed on the specimen. Gileket
et al. [36] stated that the formation of Sb2O3 or Sb2O5 on the sur-
face is easily dissolved in NaOH solution. This trend is consistent
with the data of both potentiodynamic and potentiostatic mea-
surements (part I). It is interesting that the great vibration in the
potential, which is noticed in the curves of pure Zn specimen (CD
region), is not observed in alloy specimens due to Sb alloying with
Zn metal. This observation could be discussed on the premise that
the breakdown of the passivated film at C arrest leads to a contin-
uous dissolution process on the alloy surface more than its forma-
tion [24]. The mentioned graphs of the zinc specimen and alloyed
zinc with minor antimony content in the investigated basic elec-

Fig. 1. Anodic polarization of potential-time curves of Zn (a) and its alloys I (b), and II (c) in the basic solution at various densities of cur-
rent and at 25 oC.



 Validation of the passivity breakdown of zinc-antimony alloy for alkaline batteries 575

Korean J. Chem. Eng.(Vol. 40, No. 3)

trolyte at 50 mA cm2 and 25 oC are compared (Fig. 2). It is inter-
esting that the passivation time (tpass.) is prolonged with the increase
of trace alloyed Sb with Zn. This trend is illustrated on the basis
that minor Sb alloying with Zn metal promotes the dissociation of
Zn and passivity breakdown.

By comparing the data of the studied alloy with that of the pre-
vious work [24] of Zn-In alloy in the same investigated solution,
the opposite behavior was observed. This behavior shows that In
alloying with Zn decreases the passivation time (tpass.), indicating
the poor electron conductance of the passive film [37]. This trend
proves the diminishing of tpass. (as a result of adding indium to zinc)
in comparison to that of zinc, which can be attributed to the for-
mation of more stable In2O3 in addition to ZnO on the surface.
This confirms that Zn-In alloy tends to be more passivated than
Zn-Sb alloy in the same investigated electrolyte solution. Accord-
ingly, the reactions of the electrochemical dissolution process on
the alloy surface can be indicated as follows:

Zn+2OH

Zn(OH)2 (2)

Zn(OH)2+2OH

[Zn(OH)4]2 (4)

At the same moment, Sb also dissolves as [Sb(OH)4] or [Sb(OH)6]3

as shown in the following reactions:

Sb+OH

(SbOH)ads+e (5)

(SbOH)ads+OH

(SbO)ads.+H2O+e (6)

(SbO)ads.+OH

HSbO2+e (7)

These reactions are followed by chemical dissolution to give
[Sb(OH)4] or [Sb(OH)6]3 complex ions:

HSbO2+OH+H2O[Sb(OH)4] (8)

and/or

HSbO2+3OH+H2O[Sb(OH)6]3 (9)

Therefore, in the active region Sb is dissolved as [Sb(OH)4] or
[Sb(OH)6]3. But, in the region of BC, the potential of anodic polar-
ization begins to increase very quickly. This observation can be
ascribed to the precipitation of ZnO in addition to Sb oxides on the
surface. Consequently, these oxides are significantly retarding the
dissolution process.

The generation mechanism of the oxide film on the surface of
the alloy can be explained according to the production of saturated
solutions from [Zn(OH)4]2 and [Sb(OH)4] around the electrode
surface. Therefore, the mechanism of dissolution-precipitation can
be applied to the passive film formed according to the equilibrium
reactions as follows:

[Zn(OH)4]2
Zn(OH)2+2OH (10)

[Sb(OH)4]Sb(OH)3+OH (11)

Then, dehydration of these hydroxides takes place; consequently,
more stable oxides of both Zn and Sb are formed [38]:

Zn(OH)2ZnO+H2O (3)

and/or

2 Sb(OH)3Sb2O3+3H2O (12)

A similar mechanism of dissolution-precipitation of Sb-Sn alloy in
KOH solution was reported by El-Sayed et al. [29], who showed
that a layer from Sb2O3, in addition to SnO, was formed on the alloy
surface. Therefore, the potential rises significantly with time in the
anodic direction, and the active dissolution on the surface is sup-
pressed.

The data in Fig. 3 reveal the relation between the arrest (Ear.) of
the initial potential and the current density of the Zn specimen and
its studied alloy specimens as electrodes in the mentioned basic
electrolyte. The curves in Fig. 3 show that the arrest Ear. of the initial
potential moves to more positive values with the increase of the
applied density of current (I), as shown in the following equation
[20,39].

Ear.=Ei=0+ZI (13)

where the measured potential is Ear. of each electrode sample, while
the potential at a current density equal to zero is Ei=0 and the con-
stant is Z.

It is interesting to observe that a straight line (curves in Fig. 3)
of the mentioned relation is obtained. A high correlation coefficient
(R2>0.997) was obtained from the statistical analysis data of both
Zn and alloy electrodes. Note that the value of Ei=0 can be evalu-
ated from the intersection of the mentioned lines (Fig. 3) with the
axis of potential, and the estimated values equal to 1.40, 1.480,
and 1.520 V vs. SCE of the Zn, alloy specimens I and II, respec-
tively. Therefore, the arrest of the estimated potentials was com-
pared with the experimental values of ZnO and found to be nearly
the same [40]. However, the more negative shifting in the potential
with increasing Sb quantity in the alloy indicates that the surface is
activated. Finally, one can conclude that the mentioned potential
range is required for ZnO formation.

On the other hand, the formation of Sb2O3 occurs after the pre-

Fig. 2. Relation between anodic polarization potential and time of
Zn specimen (a), and its alloys I (b) and II (c) in the concen-
trated basic electrolyte at 50 mA cm2 and 25 oC.
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cipitation of zinc oxide on the mentioned alloy surface.
Fig. 4 exhibits the influence of applied current density variation

on the duration time of the passivated layer generated on the sur-
face. It is fascinating to observe that the required time for the anodic
process arrest is gradually decreased as the imposed current in-
creases. This pattern could be described by OH ions diffusion
from the solution bulk into the surface of the electrode, which
decreases the distance of the induction period time [41]. There-
fore, the diffusion of OH ions into the surface increases gradually
with increasing the applied current. The potential under the anodic
process begins to grow linearly with time after reaching passiva-
tion time. At this step, a sufficient passivated film has been pro-
duced on the surface of the electrode. Consequently, the formation
rate of the passivity layer will be greater than that of its dissolution
[31]. Hany et al. [41] revealed that ionic conduction causes contin-
uous oxide growth on the surface. The value of (dE/dt)i is the rise
in the steady-state potential at the fixed current density. This value
is ascribed to the formation of an amorphous film. Consequently,
a barrier to the dissolving process occurs under anodic polariza-
tion using the galvanostatic technique. The following equation can
be considered the relation between (dE/dt)i values and the applied
densities of current [42].

(dEldt)i=a(i)b (14)

log(dEldt)i=loga+b log i (15)

Fig. 3. Variation of the initial potential of arrest, Ear., with the applied current density of Zn specimen (a) and its alloys I (b) and II (c), in con-
centrated alkaline electrolyte and at 25 oC.

Fig. 4. Effect of imposed current density on passivation time (t) of
Zn specimen (a), Zn-0.5% Sb (b), and Zn-1% Sb specimens
(c) in concentrated basic media and at 25 oC.
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where the constant values are a and b, which are characterized by the
metal/electrolyte interface [31]. According to the above-mentioned
equation (Eq. (15)), the variation of log (dE/dt)I with log i exhibits
a linear relationship (Fig. 5). However, the constant b value (the slope
of the straight line in Fig. 5) was found to be higher than 1.0. This
indicates that the part from the imposed density of current was con-
sumed in the dissolution of the passive film [24]. Wittman et al. [20]
stated that the slope magnitude (b constant) should not exceed unity,
which means that all applied current densities are not used com-
pletely in oxide film formation. Accordingly, the present data in Fig.
5 show that the efficiency of the ionic process is less than 100%.

The curves in Fig. 6 show the impact of the Sb percentage on
the polarization arrest of duration time at different imposed cur-
rent values. It can be noted that the duration time (t) increases
gradually as a result of increasing the Sb percentage in the alloy. This
implies that the rate of oxide generation on the surface of the alloy
specimen decreases with increasing small Sb alloying. In other
words, Zn-Sb alloy has the ability to become less passive with the
addition of Sb to Zn compared with that of the Zn specimen.
Along with a gradual increase in the tpass. with increasing small Sb
alloyed with Zn can be ascribed to that a part of Sb ions was intro-
duced in the ZnO lattice [43].

Therefore, the zinc ion diffusion rate from the interface between
metal and film into the interface between film and solution is en-
hanced, and for this reason, vacancies of cations are formed. Accord-

Fig. 5. A logarithmic relationship between the rate of oxide film generation (dE/dt)i and the imposed current density for Zn specimen (a),
alloy I, and II (c) in the concentrated basic solution and at 25 oC.

Fig. 6. Variation of duration time (t) of anodic polarization in the
concentrated basic solution at various current densities as a
function of Sb percentage in the alloy.
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ingly, some parts from the passive layer are broken, which proves
that the surface of the alloy is refreshed in the passivity area. This
means that the layer produced on the zinc electrode (including ZnO
and Zn(OH)2) is thicker and more protective than that of ZnO
with Sb oxides together on the alloy surface.

Fig. 7. Comparison between the experimental data of Nyquist plots of the Zn specimen and its alloys I and II in a concentrated alkaline solu-
tion of the passive film formed at various positive values of the potential of +0.5 V (a), +0.8 V (b), and +2.0 V (c), at 25 oC.

Table 1. Impedance characteristics for corrosion of Zn and its alloys tested at various potentials, the frequencies ranging from 10 kHz to 1 Hz
in 6 M KOH at 25 oC
Parameters Zw (1 S1/2cm2) Cdl (F) Rp Rs

At applied potential +0.5 V
Zn - 1.17×106 13.5 2.2
Zn-0.5% Sb alloy 0.190 02.5×106 06.3 2.5
Zn-1% Sb alloy 0.147 03.1×106 05.2 2.5

At applied potential +0.8 V
Zn - 1.47×106 10.8 2.5
Zn-0.5% Sb alloy 0.176 02.6×106 06.1 2.5
Zn-1% Sb alloy 0.123 03.4×106 04.7 1.7

At applied potential +2.0 V
Zn - 1.56×106 10.2 2.5
Zn-0.5% Sb alloy 0.150 03.2×106 04.9 2.0
Zn-1% Sb alloy 0.110 05.0×106 03.2 0.4

2. Electrochemical Measurements on the Passivity Layer Pro-
duced on the Electrode Using the EIS Technique

Prior to the impedance spectra (EIS) measurements, a fixed poten-
tial was imposed on the investigated electrodes for 20 minutes in
the alkaline solution at various potentials of the passive region
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(+0.5, +0.8, and +2.0V vs. SCE) and 25 oC using potentiostatic tech-
nique. The electrolytic cell was then opened in the same investi-
gated solution for 30 minutes (without polarization) to establish a
constant potential (steady-state) before initiating the EIS measure-
ments. The experimental measurements of EIS of the studied elec-
trodes in the mentioned electrolyte on the passive film formed at
different potentials (+0.5, +0.8, +2.0 V vs. SCE) are displayed in
Fig. 7 as Nyquist plots. Also, the plots of Bode curves are shown in
Fig. 8. The parameters of EIS experiments such as Rct. and Cdl were
estimated using the spectrum of impedance from Nyquist and Bode
plots, respectively, and cited in Table 1. However, the value of the
Warburg impedance (Zw) was calculated utilizing the equations as
follows [44]:

(16)

(17)

The following slope was used in the evaluation of  (Warburg co-

efficient). Accordingly, Warburg impedance was estimated from
Eq. (18):

(18)

The data in Fig. 7(a), (b), (c) exhibit the experimental EIS as
Nyquist plots for Zn and Zn-Sb alloy. EIS data reveal that the semi-
circle plots are not ideal, which may be due to the roughness on the
surface, leading to the dispersion process. Consequently, the dou-
ble layer of the studied electrodes deviates from the pure capaci-
tance [45]. It is interesting that, at higher frequencies (HF), nearly
semicircle plots are observed, which can be attributed to charge
transfer resistance (Rct.), after that a Warburg tail (Zw) appears at
the low frequencies (LF) for Sb alloyed with Zn at all examined
potentials. However, the Warburg line is not observable in the pas-
sive zone at lower frequencies when using a pure Zn electrode. This
indicates that the passivation process occurs as a consequence of
Zn(OH)2 and ZnO formation; consequently, its dissolution pro-
cess is retarded [21]. Therefore, the passive film generated on the
zinc specimen’s surface acts as a barrier of OH ions diffusion. For

Z\
   

1


-------   i 1


-------

Z\
  

2


------

Zw  
1

 2
----------

Fig. 8. Comparison between experimental data of Bode plots Zn specimen and its alloys I and II of the passive film formed at various posi-
tive potentials of +0.5 V (a), +0.8 V (b), and +2.0 V (c), at 25 oC.
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this reason, the interaction between the bulk of the surface and
OH ions is suppressed. The appearance of a Warburg tail occurs
as a consequence addition of Sb to Zn. This trend can be attributed
to the diffusion of dissolving ions through pores that are formed
on the alloy surface to the main bulk of the electrolyte [46]. This
implies that the passivated film generated on the surface of the alloy
is electron-conducting [47], which means that the conductivity can
be assigned to the presence of Sb as ions in the passivated film [48].
Due to dissolving Sb oxides present on the surface and diffusing
to the bulk of the solution, pores in the passive film are generated.
Therefore, new reactions start on the surface of alloy specimens as
a result of easily reaching OH ions to the electrode surface. Also,
the addition of Sb as an alloying element can improve the capac-
ity and efficiency of the Zn anode in alkaline batteries [49]. The
impedance results were simulated using the equivalent circuit, as
shown in Fig. 9(a) and (b) [50]. Rct. and Cdl values are simulated using
the equivalent circuit for Zn electrode only at different potentials
in the passive region (Fig. 9(a)). But, Fig. 9(b) shows the equivalent
circuit which is used in analyzing the results of impedance for Zn-
Sb alloy (0.5% Sb and 1% Sb). This equivalent circuit includes the
solution resistance (Rs), Rct., and Cdl. in addition to Zw (Warburg
impedance). The calculated impedance parameters of both zinc
metal and its investigated alloy specimens (I and II) are cited in
Table 1. The data in this table reveal that the Rct. and Zw decrease,
while the value of Cdl. rises gradually as Sb amount increases at all
examined values of potential in the passive area. This phenomenon
may be explained by the fact that adding tiny quantities of Sb to
Zn increases the porosity of the passivated film that forms on the
alloy [33]. Therefore, the passive layer becomes less protective, and
OH ions easily reach the surface. Accordingly, the reaction kinet-
ics is controlled by OH ions diffusion, and the products of the
oxidation reaction through the pores in the passive layer go away
from the surface [51]. Then, new reactions start on the surface of
the alloy specimen, which is due to easily reaching OH ions. Con-
sequently, the oxide layer on the alloy becomes easily attacked by
the OH ions diffusion [44], and the breakdown of some parts from
the passive film occurs.

The results also in Table 1 exhibit that the anodic passive film
formed at various applied potentials shows the value of Rct. is less,
while the value of Cdl. is greater at high positive voltage than that
of a low positive one. This indicates that the oxide layer formed at
a more positive volt is less protective due to the high dissolution of
this film. On the other hand, the values of Zw are estimated only

for the two investigated alloys at the different mentioned poten-
tials. The data of Zw values reveal that the value also decreases with
the shifting potential to a more positive direction, which is used for
oxide film formation. It can be noted that the Zw of the Zn-1%Sb
specimen is lower in comparison to that of Zn-0.5%Sb one at all
investigated potentials. This trend of the low Zw values with increas-
ing Sb amount in the alloy specimen can be ascribed to the fast
process of diffusion for the dissociated species [49]. Thus, when the
Rct. value decreases, the electrochemical polarization decreases, but
the surface activity increases, resulting in high electronic conduc-
tivity. The data obtained from impedance measurements are con-
firmed by the results obtained from the galvanostatic measurements.
3. Measurements of Charge-discharge Performance Using the
Galvanostatic Technique

To examine the effect of a small Sb amount alloyed with zinc
metal on its behavior as an anode electrode in the cells of an alka-
line battery on the passive layer, which was formed before the ex-
periments, galvanostatic charging-discharging measurements were
studied. Before these measurements, the oxide layer was produced
on each surface of the sample in the mentioned alkaline electro-
lyte at +0.8 V vs. SCE for 20 min using the potentiostatic tech-
nique. The data obtained from the galvanostatic charge-discharge
of the studied electrodes (Zn metal and its alloys) in the exam-
ined solution are displayed in Fig. 10. The current density used in
this investigation was ±0.09 A·cm2. Note that the charge-discharge
cycling of the minimal Sb alloyed with Zn is greater than that of
the Zn anode. The behavior shows that adding Sb to Zn improves
life duration, ion mobility, and conductivity [52]. According to the
obtained measurements, the difference in potential (V) of Zn
and alloys I and II is 0.38, 2.47, and 1.1 V, respectively. This implies
that V values of investigated alloy specimens were greater than
that of the Zn electrode at a fixed period (t). It is fascinating to
observe that alloy I revealed the highest value compared with that
of both Zn and alloy II. This means that the passivated film pro-
duced on the alloy surface gets increasingly electron conducting.
Therefore, 0.5% Sb alloyed with Zn has the ability to increase the

Fig. 9. Equivalent circuit models designed to evaluate the obtained
practical data at various positive values of the potential of
Zn specimen (a) and its alloys (b).

Fig. 10. Galvanostatic charge-discharge curves of zinc and its alloy I
and II electrodes in the concentrated basic electrolyte at
±0.09 A·cm2 as applied current density and at 25 oC.
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efficiency of energy to a larger extent than that of Zn and alloy II.
Accordingly, minor Sb alloyed with Zn has a positive influence on
increasing the capacity of the zinc electrode, and the optimal per-
centage of Sb in the alloy is 0.5%.

The obtained results could be illustrated based on the reaction
of hydrogen liberation on the surface of the alloy being significantly
suppressed, in addition to Zn ions which are near from the alloy
surface and are easily reduced [25]. The lower potential value ob-
served of the zinc electrode compared to that of the Zn-Sb alloy
can be ascribed to the production of ZnO and Zn(OH)2 during the
discharge process. Consequently, the generation of a thick layer on
the zinc specimen surface occurs, leading to a barrier of diffusion
of OH ions [21]. Thus, adding a small quantity of Sb to zinc metal
inhibits the generation of Zn(OH)2 and reduces the amount of
ZnO generated on the alloy surface by breaking down the passive
layer. This observation can be interpreted on the basis that adding
small Sb to zinc metal can enhance the conductivity of the passivity
film. Consequently, the discharge performance and charging effi-
ciency are improved [53].

The results obtained from galvanostatic and EIS measurements
confirm this illustration that the impedance of the charge transfer
process is retarded with the addition of Sb. The stability of the prac-
tical discharge of the studied electrodes has been done for 100 cycles
(Fig. 11). The data clearly show that the discharge capacity seems
to be unchanged (stable) with a cycling process up to 100 cycles at
0.09 A·cm2 as the applied current of pure Zn electrode and its
investigated alloys.

The obtained data reveal that the examined electrodes have high
stability. However, the discharge capacity of Zn-0.5% Sb is higher
than that of pure Zn and Zn-1%Sb alloy electrodes. This implies
that the little addition of 0.5%Sb to Zn has a significant impact on
enhancing the electrical conductivity. Consequently, the charge trans-
fer on the alloy surface is also improved, leading to the improve-
ment of the charge/discharge process [45]. The specific capacitance
of the investigated anodes in the examined electrolyte at different
current densities was evaluated (Fig. 12).

It can be noted that the specific capacitance was raised with a
small addition of Sb (0.5%) to Zn and also with increasing current
density [24]. However, this capacitance slightly decreased at 1% Sb
alloyed with Zn compared to the pristine Zn. This tendency may
be explained by the fact that a larger Sb (1%) proportion in the alloy
causes a passivity breakdown on the alloy surface. Consequently,
higher dissolution occurs compared with that of lower content
(0.5%Sb). This phenomenon may be traced back to the surface
exposed to KOH solution more directly.

More specifically, a 1% Sb alloyed with Zn results in a reduction
in discharge-specific capacitance, which may be attributed to traces
from Sb being oxidized to Sb oxides, lowering the mass ratio of
Zn [47]. In addition, 1%Sb alloying leads to the film’s structure on
the surface becoming disordered, leading to less electrochemical
activity. Accordingly, the mentioned alloy (particularly at 0.5% Sb)
exhibited a lower corrosion process, longer discharge time, and greater
capacitance than the Zn electrode.

CONCLUSIONS

The influence of small Sb alloyed with Zn on its passivity and
passive breakdown in the basic solution of 6 M KOH (which is
used in alkaline batteries) was investigated utilizing different meth-
ods, such as galvanostatic, EIS, and charge-discharge. The obtained
results of the galvanostatic measurements reveal anodic polariza-
tion curves of the relationship between the potential and time of
the zinc electrode and Zn-Sb specimen (including two percent con-
tents by weight of Sb) in the electrolyte at different values of cur-
rent. Alloyed Zn with minor Sb element shows a prolonged time
in tpass. This implies that a small quantity added of Sb to Zn pro-
motes its dissolution in the active region, in addition to the passiv-
ation film being destroyed at more positive potentials. This reveals
that the dissolution process of the alloy was enhanced compared
with that of the Zn electrode. This demonstrates that the passive
layer on the surface of the alloy is less compact and more porous.
Also, adding minor Sb to Zn influences to suppress the great oscil-

Fig. 11. The relation between discharge capacity and cycle number
of Zn and its alloys I and II electrodes in the concentrated
basic electrolyte at the generation of the passive layer at
+0.8 V and -0.09 A·cm2 as current density.

Fig. 12. Variation of specific capacitance for Zn specimen and its
alloys I and II with the imposed current density in the con-
centrated basic electrolyte of the passive layer formed at
+0.8 V and 25 oC.
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lation in potential, which is noticed in the Zn electrode at high
positive potential. This observation can be assigned to the continu-
ous dissolution process on the alloy surface more than the passive
layer formed on its surface. The data obtained from EIS on the pas-
sive layer formed on each surface at various potentials show that
the magnitudes of Rct. and Zw diminish, while the magnitude of Cdl.

enhances with increasing the Sb amount in the alloy at all studied
potentials. However, the magnitudes of Rct. and Zw decrease, while
Cdl. magnitude increases of the passive film generated at the more
positive potential in comparison to these at the less positive one.
The data of the charge-discharge process reveal that the difference
in potential (V) of the studied electrodes is 0.38, 2.47, and 1.1
volt of zinc and alloy specimens I and II, respectively. This behav-
ior shows that the energy density and charge efficiency are signifi-
cantly enhanced by including a small quantity of Sb to Zn, and the
highest values are obtained of alloy I. Along with this, the specific
capacitance becomes more promoted with the presence of 0.5% Sb
in the alloy specimen. Finally, small Sb alloyed with Zn has a favor-
able effect on improving the capacity of the Zn electrode, with 0.5
percent Sb in the alloy being the recommended proportion.
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