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bstract

Inhibiting properties of two kinds of surfactant, cationic cetyl trimethyl ammonium bromide (CTAB) and anionic sodium dodecyl benzene
ulfonate (SDBS) with three different concentrations, in relation to zinc passivation have been explained in the primary Zn/MnO2 alkaline batteries.
ischarge performance of alkaline cell affected by utilization of surfactant in anodic gel. Therefore, electrochemical properties of anodic zinc
ave been investigated by cyclic voltammetry, X-ray diffraction, scanning electron microscopy (SEM) and ac impedance techniques. The results
how that alkaline cell with 0.01 g l−1 of anionic SDBS surfactant decreased effectively the rate of zinc-passivation reaction. Also, it exhibited ZnO
orphology with smaller grain size, causing longer service life gradually, step by step.
By contrast, 0.01 g l−1 of cationic CTAB surfactant remarkably increased the rate of charge transfer and mass transfer in the alkaline cell,

n impedance data. Consequently, more volumetric energy density obtained in first discharge step due to more activated zinc surface area.
urthermore, scanning electron microscopy (SEM) has shown non-homogenous morphology with coarse ZnO growth. This was confirmed by

-ray diffractograms showing the highest intensity of ZnO peak. When the concentration of these surfactants (CTAB and SDBS) increased, more

nhibiting properties were observed. This property was stronger in the cells with anionic SDBS surfactant. Our study is mainly focused on the
nderstanding the mechanism of zinc passivation in the presence of the surfactants.

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

Since its introduction in the early 1960s, the Zn/MnO2 alka-
ine battery has become the dominate battery system in portable
attery market. Zinc has a wide variety of applications as a neg-
tive electrode material in Zn–Mn, Zn–Ag, Zn–Ni and Zn–air
atteries. The zinc based batteries are noted for its low equi-
ibrium potential, good reversibility, high specific energy, and
olumetric energy density, low cost and low toxicity. Hence,
dvances in rechargeable zinc batteries have included the use of
dditives and modified charging methods to obtain a beneficial
ffect on considering problems of zinc electrode like dendritic

rowth, hydrogen evolution, shape change and high dissolution
1–6].

∗ Corresponding author. Tel.: +98 21 22547034; fax: +98 21 22582421.
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; Electrochemical capacity

Huot and Malservisi [7] have studied the high rate capabil-
ty of zinc electrodes in a primary alkaline Zn–MnO2 cell in
erms of zinc anode formulation, including zinc alloy compo-
ition and the particles size-distribution. It was concluded that
he utilization of metallic zinc was very low under the high rate
ischarge condition. For an LR6 cell (AA size) containing 3.6 g
inc powder, the actual zinc material utilization is only 25%
nder 1 A continuous discharge experiment. Furthermore, one
f the most successful approaches to study battery electrodes
s applying suitable surfactants to overcome these problems,
ecause the mechanism of zinc dissolution changes with the
ypes of additives such as organic [8,9] or inorganic compounds
10] on composition of electrolyte solution. In practice, it is well
nown that the introduction of small amounts of some surfac-
ants affects on the growth of zinc moss and dendrites through

he control of the electrode passivation [11,12]. Also Yang et
l. improved discharge capacity and suppressed surface passi-
ation of zinc anode in dilute alkaline solution using surfactant
dditives [13].

mailto:star_khayat@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2006.10.084
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Table 1
The name of cells was fabricated with various amounts of two kinds of surfactant
which added in anodic portion

Additives Amount of additives (g l−1) Name of batteries

CTAB 0.01 0.01 CT cell
CTAB 0.05 0.05 CT cell
CTAB 0.1 0.1 CT cell
SDBS 0.01 0.01 SD cell
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Surfactants are organic compounds consisting of two parts:
water-loving (hydrophilic) portion and a water-hating

hydrophobic) portion. Today such substances are used for these
urposes: improving the wetting ability, emulsifying, increasing
he inhibiting properties of electrodeposition process, etc. [14].

The specific activity of the surfactants is generally understood
n terms of adsorption at the anode surface during electro-
hemical reaction and depends on the concentration of the
urfactant molecules. When the concentration approaches the
ritical micelle concentration (cmc), the formation of bilayers
r multilayer at the electrode interface occurs [15]. The adsorp-
ion of surfactant aggregates on the electrodes can have large
ffects not only on the kinetics of the electron transfer, which
nclude blocking of active sites and consequently on the high rate
ischarge capability. But also it affects on electrostatic inter-
ction between electroactive species and adsorbed surfactants
16]. According to these effects, it is possible to modify the
rowth mode of the crystals and tailor the morphology and struc-
ure of the product such as the modification of ZnO growth by
pplication of suitable amount of specific surfactants. So the
odified electrode is expected to supply superior mass transfer

roperties through regular mesoporous networks as a result of
odified growth on the surface of adsorbed organic surfactant

ayers. Consequently, such modifications affect the morphology,
rystallinity, mechanical properties and electrochemical activity
f materials [17]. Therefore, surfactants and non-soluble oily
aterials can form micelles with diverse shapes [18], which can

ontrol the kinetics of electron transfer and the electrode mor-
hology. This control can lead to high porosity in electrode and
aximum energy density in batteries due to very interesting and

nique properties of these materials.
In the present study, the effects of two surfactants, cationic

etyl trimethyl ammonium bromide (CTAB) and anionic sodium
odecyl benzene solfonate (SDBS), at three different con-
entrations have been investigated. Also it have been tried
ystematically to understand the basic mechanism of the zinc
issolution in Zn–MnO2 batteries because the reaction mecha-
ism of zinc dissolution and its dependence upon the presence
f surfactants additives is not well understood yet and it could
e special interest. The logical aims of this study is investiga-
ion zinc dissolution–passivation processes in the presence of
urfactant in discharge process and optimize anode composition
f Zn–MnO2 alkaline batteries. In such a way, the electrode will
ave the minimum shape change, the longest service life and
uperior mass transfer property by studying results of discharge
xperiment, X-ray diffraction, scanning electron microscopy
SEM) and ac impedance techniques.

. Experimental

The AA-size Zn/MnO2 cells with similar cathodic rings, sep-
rators and steel cans (taken from commercial AA-size alkaline
n/MnO2 cells) were used to study of anode gel whose compo-

ition was changed by using different amounts of two kinds of
urfactant. The anodes were gelled by mixing 30% electrolyte
9 M KOH + surfactant), 68% commercial zinc, 1% zinc oxide,
% C.M.C. (carboxylic methyl cellulose).

o

M

M

DBS 0.05 0.05 SD cell
DBS 0.1 0.1 SD cell

Different amounts (0.01, 0.05 and 0.1 g) of surfactants,
ationic (CTAB) and anionic (SDBS) were added to a liter of
lectrolyte solutions. The cells, which were fabricated with these
ifferent anode gels, are called with different names and listed
n Table 1.

Cyclic voltammograms for zinc electrode were obtained in
M KOH with different amount of given both surfactants.
olarization experiments were performed by means of Auto-

ab PGSTAT 30 in the range −1800 to −0.5 at a constant scan
ate of 10 mV s−1.

ac impedance measurements were carried out by using an
lectrochemical impedance analyzer (Potentiostat/Galvanostat,
I1260, Solarton Inst., UK) and Zplot & Zview software.

The ac excitation signal was 5 mV at open circuit conditions
f the cell and the frequencies range was between 100 kHz and
0 mHz. All experiments were carried out in an air-conditioned
oom at 20 ◦C.

All the fresh cells were discharged under 500 mA constant
urrent. The discharge of each cell was stopped at 0.1 V and
ells were put on rest for 60 min. After discharge, the cell was
llowed to equilibrate at OCV conditions. The value of SOC was
aken as 0 when the cell voltage reached 0.1 V during discharge.
he ac impedance measurements were carried out at SOC100
nd SOC0.

The morphology of the ZnO grown films was investigated in
he discharged cells by scanning electron microscopy (Philips
L30) and XRD diffraction. Powder X-ray diffraction (XRD)
atterns were recorded by using a Philips Xpert diffractometer
nd Cu K� radiation (λ = 0.15418 nm).

. Results and discussions

.1. Reactions of the alkaline Zn–MnO2 cell

A Zn–MnO2 cell consists of a positive electrode mainly made
f EMD (electrolytic manganese dioxide) and a negative elec-
rode almost made of Zn in 9 M KOH solution as electrolyte.
he electrode reactions are reversible in nature, even though the
ycle–life of the primary alkaline Zn–MnO2 cell is generally
eported to be rather limited. During discharge of an alkaline
n–MnO2 cell, the following reactions take place. At the cath-

de, the reduction of MnO2 occurs in two steps:

nO2 + H2O + e− ⇔ MnOOH + OH− (1)

nOOH + H2O + e− ⇔ Mn(OH)2 + OH− (2)
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The first reaction represents a homogenous reduction of
nO2 to MnOOH, and the second reaction indicates reduction

f MnOOH to Mn(OH)2 in a heterogeneous mechanism involv-
ng Mn3+ ions in the electrolyte. The second reaction depends
n KOH concentration and current density [19].

The electrochemical reaction of the zinc electrode in a neg-
tive electrode proceeds via dissolution–precipitation reaction
20]. The reaction mechanism involves the formation of super-
aturated zincate solution through the following electron transfer
eaction:

n + 4OH− ⇔ Zn(OH)4
2− + 2e− (3)

From Zn(OH)4
2−, the formation of porous ZnO on the elec-

rode surface takes place by the following chemical reaction:

n(OH)4
2− ⇔ ZnO + 2OH− + H2O (4)

The high solubility of zincate in KOH solution leads into
on-uniform deposition of ZnO, shape change, formation of
endrites and the development of inter-electrode short-circuits
21].
The capacity of alkaline cell is limited by the Zn anode
ecause the potential of the Zn anode shows a reduction at the
nd of discharge of the alkaline cell, while the potential of the
nO2 cathode remains constant during discharge cell. Also,

a
p
fl

Fig. 1. Discharge curves and electrochemical capacity: (a) without s
r Sources 164 (2007) 934–946

he magnitude of the impedance of the MnO2 cathode is sev-
ral times smaller than the alkaline cell or the Zn anode. This
bservation suggests that the cell impedance is dominated by
he anode [22,23].

.2. Electrochemical performance

All the fresh cells (listed in Table 1) were discharged to 0.1 V
nder 500 mA constant current at the room temperature. The
ischarge curves of CT and SD cells are given in Fig. 1a and b,
espectively. Also, each Figure includes the discharge curve of
ithout surfactant. Fig. 1a compares two types of curve for dis-

harged cells: flat curves; including 0.01 CT and 0.05 CT cells,
ith longer discharge time, and sloping curves; containing with-
ut surfactant cell and 0.1 CT cell, with shorter discharge time.
n 0.01 CT and 0.05 CT cells, the voltage is started above 1.5 V
nd decreased rapidly. It can be related to the non-homogeneous
hase discharge of zinc. Moreover, the discharge time of CT cells
ere longer than without surfactant cell. Also, Fig. 1a shows

he improvement of electrochemical capacity through increasing
rder: without surfactant < 0.1 CT < 0.05 CT < 0.01 CT.
Fig. 1b represents discharge curves of without surfactant cell
nd SD cells. It is clear that the cell with the flat discharge
rofile gives the longer service life because 0.01 SD cell with the
at discharge curve represents the longest discharge time. Also,

urfactant and CT cells and (b) without surfactant and SD cells.
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Fig. 2. The profile used for testing all cells.

ig. 1b shows the reduction of electrochemical capacity with the
ollowing order: 0.1 SD < 0.05 SD < without surfactant < 0.01
D.

The comparison of both figures (Fig. 1a and b) shows that
T cells with the flat discharge curves indicate longer service

ife than SD cells. Since, CT cells could operate to wider voltage
ange than SD cells.

The cells were then subjected of the profile shown in Fig. 2.
he profile is composed of several constant current (0.5 A) steps
nd resting steps (24 h). In each step, all alkaline cells were
ischarged under 500 mA constant current. The discharge of
ach cell was stopped at 0.1 V and cells were put on rest for
4 h.

After the first resting step, the results show that, 0.01 CT,
.05 CT and without surfactant cells were not discharged again
hile 0.1 CT cell was discharged for a short time. But SD cells
ere discharged more than three times according to Fig. 3a. Also
ig. 3b shows the corresponding total electrochemical capacity
f these cells.

In Fig. 3a, the electrochemical capacity of SD cells decreased
fter the each discharge step. During the second and third dis-
harge steps, 0.01 SD cell caused a higher capacity loss per cycle,
ompared to 0.1 and 0.05 SD cells. Apparently, the high con-

entration of anionic SDBS surfactant has the beneficial effect
f increasing gradually service life during the discharge steps.
he high electrochemical capacity of 0.01 SD cell can arise from
ore zinc utilization at the first discharge step.

g
e
p
o

Fig. 3. Discharge capacity of SD cells at first, second and third discharge
r Sources 164 (2007) 934–946 937

It is to say, if the cells are dischargeable for several times,
he service life of the cell will be longer. According to the
bove, the service life of SD cells especially 0.05 SD and
.1 SD with sloping discharge curves could be extended and
xceeded in comparison with CT cells and without surfactant
ell, which have the flat discharge profile. Therefore, SD cells
xhibit higher service life. Inhibiting effect of anionic SDBS
urfactant especially in the high concentration caused the high
nergy storing. By contrast, cationic CTAB surfactant increases
he rate of passivation reaction because these cells released all
he electrochemical energy just in the once discharge step.

A comparison of the discharge performance for the fabricated
A-size alkaline Zn/MnO2 cells showed that: The percentage
f capacity retention depends on the kind and concentration of
urfactants, since the 0.1 and 0.05 SD cells with sloping dis-
harge curve cause the high capacity retention during discharge
rocess.

In addition, in the presence of anionic SDBS surfactant, the
inc anode reaction was restricted due to inhibiting effect. Proba-
ly, the inhibiting properties of anionic SDBS surfactant makes
he anode reaction more reversible, while cationic CTAB sur-
actant leads to further discharge of zinc even more than in the
bsence of surfactant molecules. Thus, more zincate produce
n CT cells, especially 0.01 CT. Also, when the concentra-
ion of both surfactants increases the discharge performance of
hese cells decreases, showing more inhibiting effect on disso-
ution reaction and zinc passivation, especially in the presence
f anionic SDBS surfactant.

.3. Cyclic voltammetry

The working electrode was prepared from high purity zinc
anal. 99.9%, Merck product) and made into a cylindrical rod
ith a diameter of 1 cm2. The rod was embedded in a Teflon

asket and fitted with a suitable electrical connection. Prior to
ach experiment, the zinc electrode was first polished with emery
apers (1000, 2000, 3000 and 4000), until a mirror surface was
btained. A platinum sheet was used as a counter electrode.

(a), and its total electrochemical capacity obtained of SD cells (b).
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Fig. 4. Cyclic voltammograms for zinc dissolution in

n Hg/HgO with a Luggin capillary was used as a reference
lectrode.

Fig. 4a and b shows the electrochemical spectrum for a solid
inc electrode in 9 M KOH solution. The electrolyte composition
as changed by various amount of surfactant. Fig. 4a corre-

ponds to utilization of cationic CTAB surfactant and Fig. 4b
epresents anionic SDBS surfactant spectrums, at different con-
entration. On starting from −1800 mV, anodic peaks appear
n the potential range −900 to −1100 mV at 10 mV s−1 scan
ate.

The cathodic current density, for hydrogen evolution in the
resence of anionic SDBS surfactant, were lower than the mea-
ured current densities in an alkaline medium without surfactant

nd cationic CTAB surfactant, as shown in Fig. 4a and b. It
s obvious that the increase of over potential is correlated to
he decrease of the rate of hydrogen evolution. The hydrogen
verpotential rises to some degrees in the presence of anionic

t
h
a
d

KOH. (a) CTAB surfactant and (b) SDBS surfactant.

DBS surfactant. Thus, the addition of SDBS surfactant can
ake the rate of hydrogen evolution slow. Also, higher over-

otential on the zinc surface obtained for hydrogen evolution,
hen concentration of SDBS surfactant increased (Fig. 4a).
By contrast, adding of 0.01 g l−1 cationic CTAB surfactant

ncreased the rate of hydrogen evolution, compared to alka-
ine medium without surfactant. When the concentration of
TAB surfactant increased, the hydrogen evolution decreased,
s shown in Fig. 4b. It seems that the high concentration of
TAB surfactant (0.05, 0.1 g l−1) impede hydrogen evolution.

n addition, many studies have confirmed that this overpotential
an be raised by the presence of certain surfactant [11,24].

Moreover, the anodic peak is attributed to the zinc dissolution

hat forms a transiently soluble Zn2+ species [25]. Subsequent
indrance to zinc oxidation results through the formation of
film depends on Zn(OH)2/ZnO. The formation of this film

epends on the extent to which Zn(OH)2 dissolves in KOH to
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Table 2
Measured anodic charge for Zn electrode during potentiodynamic cycle
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ontent of 9 M KOH Without 0.01 CT 0.05

harge (C) 13.03 14 12.9

orm zincate. Also, the zinc oxidation reaction mainly involves
diffusion controlled process [26].

During anodic cycle, the charge electrodes were measured.
he charge values for all experiments are presented in Table 2.
he measured charge of zinc electrode in the absence of surfac-

ant was more than anionic SDBS surfactant solution. While it
as lower than cationic CTAB surfactant solution.
When the concentrations of the both CTAB and SDBS sur-

actant (0.05, 0.1 g l−1) increased in alkali media, the anodic
harges decreased. Thus, the charge under the peaks increases
ith the decrease of surfactant concentration. Consequently, the
igh concentration of SDBS surfactant can decrease the rate of
inc passivation in 9 M KOH solution. So, Zn2+ ions are formed
ifficultly when the concentration of anionic SDBS surfactant
ncreases.

In the presence of cationic CTAB surfactant, the charge under
he anodic peaks was greater than the others. Also the large
ncrease of the charge electrode is observed in the presence of
.01 g l−1 cationic CTAB surfactant, which can be arisen from
igh surface area, causing high dissolution-rate (as observed in
ig. 4a).

By contrast, in the presence of 0.1 g l−1 anionic SDBS sur-
actant the solubility of zincate is restricted via the reduction of
he anodic peak surface area. Thus, less charge value obtained,
howing inhibiting properties. The results of performed exper-
ments point out a various passivation effects depending on the
ind and quantity of surfactants.

.4. SEM
The electrochemical studies have shown that the addition
f small amounts of surfactant modify the ZnO formation. In
rder to determine whether these changes were reflected in the
inc morphology and composition, SEMs (scanning electron

S
n
c
c

Fig. 5. Electron micrographs of the anode gel in the absence of surfa
0.1 CT 0.01 SD 0.05 SD 0.1 SD

12 12.5 10.5 10

icroscopy) studies were done. The morphology of ZnO crys-
als was established with SEM at the end of the first discharge
tep. The discharged anode gel of without surfactant cell, SD and
T cells were used to determine SEMs as shown in Figs. 5–7.
he data show that the surface morphology and the crystal shape
nd size are remarkably affected by the presence and nature of
urfactants.

Before discharging, in the absence of surfactant molecules,
he morphology displays the amorphous zinc, composed of
val-shaped, cylindrical, non-porous particles (Fig. 5a). The
orphology of applied commercial zinc was similar in all cells.
he effect of the surfactants is reported, on zinc morphology
fter discharge as follows.

In the absence of surfactant molecules, the coarse growth of
nO was observed on zinc surface (Fig. 5b). In 0.01 CT cell

Fig. 6a), two different shapes were seen in the form of nee-
le and granular. In this case heterogeneous growth of crystals
n the form of large needle-like was observed on zinc surface,
onstituted by cauliflower type agglomerates. This morphol-
gy indicates increasing of competition between nucleation and
rystal growth due to more crystal growth.

In 0.05 CT cell (Fig. 6b), the crystals shape was well-
istributed. They had uniform tubular and rod growth. More ZnO
rystal growth was observed in 0.01 CT and 0.05 CT cells. Thus,
urfactants have a strong influence on the ZnO crystal growth.
he regular ZnO crystal with needle growth existed in 0.1 CT
ell (Fig. 6c), but the grain size was relatively smaller. It seems
hat the rate of crystal growth is restricted at high concentration
f surfactant.

The observed ZnO crystals in the presence of 0.05 anionic

DBS surfactant were granular in smaller size (Fig. 7b). Less
eedle growth was formed in 0.1 SD cell (Fig. 7c). The needle
rystals in 0.1 SD cell were smaller than 0.01 SD cell (Fig. 7a and
). In comparison with CT cells, the grain size was smaller and

ctant molecules. (a) Before discharge and (b) after discharge.
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Fig. 6. Electron micrographs of the discharged anode gel in the presence of cationic CTAB surfactant. (a) 0.01 CT, (b) 0.05 CT and (c) 0.1 CT cells.

Fig. 7. Electron micrographs of the discharged anode gel in the presence of anionic SDBS surfactant. (a) 0.01 SD, (b) 0.05 SD and (c) 0.1 SD cells.
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he crystal growth was more restricted to zinc surface. Therefore,
he morphology change can be associated to a strong blocking
ffect of the anionic surfactant on zinc surface especially at the
igh concentration of surfactant.

.5. X-ray diffraction

Fig. 6 displays the diffractograms of the obtained hexagonal
nO crystal in all cells. It is clear that the presence of the sur-

actant in the anode gels, affects the crystallographic orientation
nd crystallinity.

In 0.01 CT and 0.05 CT cells, only diffraction peaks of ZnO
ere observed (Fig. 6a). While in the other cells (0.1 CT, 0.05
D and 0.01 SD cells and without surfactant cell), the zinc and
inc oxide diffraction peaks were appeared, too. The position of
ppeared zinc texture lines is determined only on the without
urfactant diffractogram (Fig. 8a). The most intensity of zinc
iffraction line (1 0 1) is shown on the all diffractograms, except
or 0.01 and 0.05 CT cells.

For the obtained ZnO from all cells (Fig. 8a–c), the lines
ith the most intensity diffraction are (1 0 1) and (1 0 3), respec-

ively. In addition, a marked decrease on the (1 0 3) and (1 0 1)
nO diffraction lines are found with the change of the surfactant
inds from cationic CTAB to anionic SDBS surfactant. Thus,
he ZnO peak intensity strongly has affected by the kinds and
oncentration of surfactant (Fig. 8a and b).

According to Li and Szpunar [27], the development of dif-
erent textures is possible during the growth of metal coating.
his is a consequence of surface energy differences, which is

esponsible for the selective growth of the grain that has the
owest surface free energy. This process can take place in bat-
ery system because the conversion of zinc to zinc ions is an
lectrochemical reaction, affected by surfactant molecules due
o change of electrochemical capacity of these cells. The differ-
nces among of intensity on X-ray diffraction lines show that
he preferred growth of the grains occurs in the presence of sur-
actant. Hence, the crystallographic orientation can be changed
ecause the metal surface energy is modified by the surfactant
bsorption [28]. The variation on the crystallographic orienta-
ion in the presence of the surfactant can be attributed by having
ifferent crystal planes, with their various specific interactions.
he low rate of the zinc discharge has been originated by the
nionic SDBS surfactant, which has an inhibiting effect on the
nO growth, showing less intensity. Furthermore, the increase of
nO intensity diffraction line in the presence of cationic CTAB
urfactant can be the other reason for high rate discharge reaction
n these cells, causing more passivation.

.6. Impedance parameters of the alkaline Zn/MnO2 cell

.6.1. Equivalent circuit modeling of Zn/MnO2 cell
A useful and standard method for non-destructive investiga-

ion of electrochemical systems is electrochemical impedance

pectroscopy (EIS) technique. EIS is generally used for the
etermination of the performance and the evaluation of kinetic
arameters of battery electrodes and analysis of the kinetics of
orous electrodes [29,30]. Cachet et al. [31] found that the fluo-

W
S
o
i

r Sources 164 (2007) 934–946 941

inated surfactant (F1110) remarkably reduce the rate of charge
ransfer in zinc deposition, on impedance data. Also, the pres-
nce of F1110 surfactant, in zincate electrolyte, prevents the
rowth of zinc dendrite. Then, it is interesting that we verify
he inhibiting effect of surfactants in anodic portion by using the
mpedance technique. Since, the adsorption of organic inhibitors
nto the zinc surface can increase the impedance of the undis-
harged cell.

In this paper, we took the EIS measurements on fresh pri-
ary alkaline AA-size Zn/MnO2 cells at two different SOCs,

iz., 0 and 100 and at 61 discrete frequencies in the range of
.01–100,000 Hz using Solarton SI 1260B. The fitting of exper-
mental data to the proposed theoretical models was done by

eans of Z-view software.
At SOC100, the Nyquist plots of CT and SD cells are repre-

ented in Fig. 9a and b, respectively. Also Fig. 10a and b shows
he impedance spectra for these cells at SOC0. Moreover, the
yquist plots of without surfactant cell are given in these figures.
In Fig. 9a, the transition and diffusion regions were con-

picuous in CT cells at SOC100. The slope of diffusion line
ncreased at low frequencies as follows: 0.05 CT < 0.1 CT < 0.01
T cells (Fig. 9a). Hence, the slop of the imaginary verses real
lot in 0.01 CT cell goes more to infinity, so the dc-impedance of
he electrochemical 0.01 CT cell would be more infinite at low
requencies. Furthermore, the impedance of without surfactant
ell shows capacitive loop plus transition and diffusion regions.
t should be said that the straight line in low frequencies has
een adjusted by using a transmission line between the numer-
us zinc particles which are involved in process of ZnO film
ormation.

Fig. 9b presents the Nyquist plots of without surfactant cell
nd SD cells, consequently, the slop of the transition and diffu-
ion lines increased in this order: 0.1 SD < 0.05 SD < without
urfactant < 0.01 SD cell. The Nyquist plots of 0.1 SD and
.05 SD cells contain capacitive loops at SOC100 in the high
requencies. Therefore, such consideration shows that the elec-
rochemical reactions take place not only under charge transfer
ontrol at the high frequencies but also occurred under diffusion
ontrol at the low frequencies. By contrast, in 0.01 SD cell, the
hortest transition and diffusion line is appeared. It is to say, the
ons transport may be occurred in short space on reaction sites
lose to the surface. It seems that the reaction-rate is controlled
y anionic SDBS surfactant. Also, the charge transfer limitation
ncreases at its high concentration, causing higher hindrance for
he electrochemical reaction.

The low frequencies tail of the complex plane plots in charged
ells at SOC100 (Fig. 9a and b) was converted into significant
ower angles at SOC0 (Fig. 10a and b), this shape change is more
pparent especially in SD cells. It is clear that in the low frequen-
ies, at SOC100, the linear spike behavior is converted gradually
nto an additional semicircle one at SOC0 (Fig. 10a and b). The
iffusion impedance bends more onto real axis at low frequen-
ies. It becomes more similar to distorted semicircle at finite

arburg. This transition behavior is more observable in 0.05

D and 0.1 SD cell, respectively. It could be said that decreasing
f second semicircle diameter is resulted from stronger block-
ng effect and more preventing properties for electrochemical
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F cells.
a

r
a

a

ig. 8. Typical X-ray diffraction for discharged anode of the spent Zn–MnO2

mounts in Table 2.
eaction at its high concentration, causing less ZnO formation
t SOC0.

The equivalent circuit is able to model the impedance values
t SOC100 as shown in Fig. 11a. But at SOC0, we needed to

m
c
(
t

(a) Without surfactant, (b) CT anode cells and (c) SD anode cells, with given
odify the equivalent circuit, using RC section at high frequen-
ies and a ZZARC impedance involving a constant phase element
CPE) at low frequencies (Fig. 11b) [32]. It should be said that
he Warburg response has unit slope in a Nyquist plane. We can
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Fig. 9. Impedance diagrams at the SOC100. (a) Without surfactant and CT cells and (b) without surfactant and SD cells.
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Fig. 10. Impedance diagrams at the SOC0. (a) Without su

ee that it is an especial case of CPE element whose impedance
s in the form of A0(jw)−n, with “n” closed to 0.5, so we can use
he CPE to describe such systems.

The ohmic resistance is represented by R� and inductance
ehavior is shown at the high frequencies end by L. They are
epresented in two equivalent circuits. Good correlations were
btained with the proposed equivalent circuits during experi-
ental EIS curves and fitting procedure happened. The extracted

alues of the two circuit elements were calculated from EIS
urves, listed in Table 3.

.6.2. Variation of L, R�, and Cdl
Inductive components usually arise from the porous nature of

he electrodes. The battery electrodes are usually porous and the
orosity of the electrodes leads to impedance becoming induc-
ive at high frequencies [33]. Therefore, L refers to inductors

ssociated with the anode and the cathode that it was deter-
ined by data fitting for all cells, reported in Table 3. The data

how that the Inductive values in the presence of cationic CTAB
urfactant were higher than the others.

ig. 11. Two circuits configurations are chosen to fit EIS data using Solarton SI
260 over the frequencies band 0.01–10,000 Hz at discrete 61 frequencies.

c
n
m
c
a
G
[
b
c
a
o

a
c
w

nt and CT cells and (b) without surfactant and SD cells.

The high frequencies intercept of the semicircle on the real
xis is taken as ohmic resistance (R�) of the cell, which includes
he resistance of the electrolyte, separator and current collector,
tc. [34]. Also, Yang and Lin [35] found that the impedance
f Zn/MnO2 alkaline cells was affected by anodic composi-
ion because the impedance of the cell decreased when the
lectrolytic zinc powder was used in anodic gel.

In Table 3, R� progressively rose with the increase of CTAB
nd SDBS surfactant concentration at both SOC (Table 3). In
ddition, the ohmic resistance in CT cells was higher than SD
ells. As a result, R� increases in the presence of cationic CTAB
urfactant, while anionic SDBS surfactant declines ohmic resis-
ance. Therefore, increasing of surfactant concentration causes
igher ohmic resistance.

The double layer capacitance (Cdl), which related to the inter-
ace between the surface films and the active mass, can be
loser to values of the capacity which related to adsorption phe-
omena. The value of the double layer capacitance depends on
any variables including electrode potential, temperature, ionic

oncentration, types of ion, oxide layers, electrode roughness
nd impurity adsorption, etc. [36,37]. Helmoholtz in 1879 [38],
ouy in 1910 [39], Chapman in1913 [40] and Stern in 1924

41] discovered that charges can be separated and form a dou-
le layer across a conductor and liquid electrolyte. The stored
apacitance in the double layer is proportional to the surface
rea of the electrode and inversely proportional to the thickness
f the double layer.
In Table 3, the comparison of the double layer capacitance for
ll cells at SOC100 shows that Cdl increased in the presence of
ationic CTAB and it decreased when anionic SDBS surfactant
as added to anodic gel. Also, the double layer capacitance of
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Table 3
Values of the elements with two suggested circuits, 11a and 11b

Equivalent circuit 11a SDBS SOC100 Without surfactant CTAB SOC100

Concentration (g l−1) 0.01 0.05 0.1 0.01 0.05 0.1
L1 6.40E−07 8.89E−07 1.01E−06 1.19E−06 1.20E−06 1.17E−06 1.32E−06
R� 0.123 0.156 0.181 0.174 0.197 0.215 0.288
Rct 0.0098 0.023 0.036 0.0216 0.009 0.0118 0.0111
Cdl 0.0024 0.0027 0.0029 0.0024 0.0041 0.0034 0.0028
CPE-P 0.311 0.271 0.257 0.28 0.281 0.262 0.263
CPE-T 18.74 10.45 7.22 9.28 13.27 12.43 6.28

Equivalent circuit 11b SDB SSOC0 Without surfactant CTAB SOC0

Concentration (g l−1) 0.01 0.05 0.1 0.01 0.05 0.1
L1 6.69E−07 8.34E−07 1.02E−06 9.28E−07 7.30E−07 1.22E−06 1.24E−06
R� 0.155 0.201 0.232 0.222 0.207 0.287 0.291
Cdl 0.008 0.007 0.01 0.006 0.0098 0.011 0.0094
Rct1 0.0181 0.018 0.019 0.023 0.021 0.016 0.0236
Rct2 1.035 0.514 0.513 0.93 1.42 0.807 0.798
C
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PE-P 0.345 0.399 0.432
PE-T 6.228 6.461 6.356

.01 CT and 0.05 CT cell was higher than the others. It is to say,
dl of the undischarged cells increased by cationic CTAB surfac-

ant absorption, affected by their concentration ranges, causing
igh surface area. Thus, cationic CTAB surfactant can increase
ischarge-rate, causing more activity on zinc surface and high
issolution-rate especially at low concentration.

In addition, with increasing surfactant concentration, less
inc utilization and less surface area resulted from inhibiting
roperties. Thus this behavior is mainly affected by kinds and
mount of surfactant. As mentioned, higher surface area related
o greater double layer capacitance at low concentration, so the
inc passivation occurs rapidly due to more activity on zinc
urface.

.6.3. Variation of Rct

Rct is determined by data fitting at SOC100 that is mainly
elated to the contact of impedances between zinc particles that
as affected by surfactant. It was found that the charge transfer

esistance and the Warburg coefficient of high surface area of

nO2 cathode were very small and the corresponding double

ayer capacitance was very large. As a result, the impedance of
he zinc anode was the essential constituent of the measured cell
mpedance [42].

f
p
s
r

Fig. 12. Variations of charge transfer resistance.
0.407 0.331 0.378 0.375
5.5 5.98 5.43 5.69

Fig. 12a shows variation of charge transfer (Rct1) for SD and
T cells at SOC100. It is obvious that the reduction of Rct in
T cells is corresponded to easier charge transfer especially at

he low surfactant concentration. It seems that electrical conduc-
ance of undischarged CT cells between the electrolyte solution
nd the metallic substrate improved in the presence of cationic
TAB surfactant. So such conductance causes higher surface
rea, more zinc dissolution, and flat discharge curve with higher
apacity just in the first discharge step especially in 0.01 CT.

Moreover, increasing of Rct is observed in this order: 0.01
D < 0.05 SD < 0.1 SD cell (Fig. 12a). Thus, anionic SDBS sur-
actant can prevent dissolution reaction at undischarged SD cells
hrough increasing charge transfer resistance, showing more
nhibiting properties at high concentration.

We found that Rct increases when anionic SDBS surfactant is
dded to anodic gel and it decreases in the presence of cationic
TAB surfactant cell, causing more activity on reaction sites for
olarization, compared with free surfactant cell.

The resistance and capacitance of ZnO are reflected in the

orm of a semicircle in the low frequencies region of Nyquist
lot at SOC0 [22], which were attributed to the size of the second
emicircle. Fig. 12b shows the comparison of charge transfer
esistance (Rct2) in the discharged alkaline cells at SOC0. Rct2

(a) Rct1 at SOC100 and (b) Rct2 at SOC0.
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ig. 13. Nyquist impedance plots of 0.01 SD cell during ageing time at SOC0.
ell on ageing time (b).

ncreased in the presence of cationic CTAB while it decreased
n SD cells. The high charge transfer resistance in discharged
T cells can be arisen from numerous zinc oxide particles or

arge inactive ZnO crystals formation. By contrast, in discharged
D cells, the decrease of the charge transfer resistance can take
lace through the formation of fine ZnO semiconductor on the
inc surface.

In addition, with increasing of surfactant concentration, Rct2
ecreased. It can be related to less inactive zinc oxide formation
uring discharge process.

.6.4. Nyquist plot at SOC0 on ageing time
On ageing time, we investigated the shape changes of Nyquist

lots in the discharged 0.01 SD cell as shown in Fig. 13a. As
entioned, the Nyquist plot contains two semicircles at SOC0:
he middle frequencies semicircle is due to charge transfer resis-

ance in the presence of ZnO film (Rct) and constant phase
lement (CPE), the low frequencies semicircle is due to dif-
usional impedance (Zd). On ageing, the hump was gradually
rowing into a semicircle (as seen in Fig. 13a). The shape change
f Nyquist plot mostly took place between 1 h and 7 days after
hat it was getting constant.

According to Fig. 13a, the charge transfer resistance in the
ischarged 0.01 SD cells, which was appeared by second semi-
ircle diameter in the middle frequencies, decreases after 24 h
est step. It is to say, that the condition for subsequent discharge
s provided on aging time. It seems that the condition for ions
iffusion has improved on aging time. Therefore, the structure of
nO layer plays an important role in the mass transport of ions
nd its activity. Also its OCV variation has been approximately
onstant after 24 h (Fig. 13b).

However, the high stored energy in SD cells can be logical
eason for decreasing of second semicircle due to formation of
nO passive film with active character and its capacity recovery.

.7. Mechanism of zinc oxide formation in the anode gel

The reaction of ZnO formation was mentioned in Section 3.1.

uring discharge process, the conversion of zinc powder to zinc
xide proceeds via two steps: First, the zinc at the anode reacts
ith OH− to form Zn(OH)4

2− i.e., the so-called “dissolution
rocess” (reaction (3)). Then, zincate ions convert to zinc oxide

u
h
t
f

sponding ageing time is indicated (a). Variation of OCV in discharged 0.01 SD

.e., the so-called “deposition process” or “precipitation process”
reaction (4)). The first step is an electrochemical reaction and
hus involves electron transfer, such transfer of electrons takes
lace only on the conductive sites of the fresh zinc. The rate of
he electrochemical reaction is therefore dependent on diffusion
f ions and effective surface area of zinc.

The second step is a chemical reaction and proceeds at a rate
hich is zincate ions-dependent. The solubility of zincate ions
etermines the reaction-rate (4).

In discharge process, in the presence of anionic SDBS surfac-
ant especially low concentration, the dissolution-rate of Zn2+

s slow from each zinc crystal, and therefore, the accompa-
ying consumption of OH− in the interior of the anode gel
s likely to be counterbalanced by the diffusion of OH−. Fur-
hermore, the subsequent reaction of Zn(OH)4

2− to ZnO also
ccurs slowly because of low supersaturation of Zn(OH)4

2− in
he vicinity of each parent zinc crystal. Since the rate of deposi-
ion (reaction (4)) is slow, newly formed ZnO tends to participate
referentially on the already deposited ZnO crystal, i.e., growth
ate < nucleation rate. Thus, the fine zinc oxide layers develop on
he anode surface in the presence of anionic SDBS surfactant. In
he high concentration of surfactant, a regular crystal growth of
nO with less needle morphology affects the penetration of elec-

rolyte into micropores and ultimately decreases proton mobility
n the zinc surface and restricts ions diffusion. This phenomenon
ffects on discharge performance of these cells, improving the
otal service life of SD cells, step by step.

Moreover, the formed passive film on the zinc electrode in
D cells has an active character, i.e., anionic SDBS surfactant
ecreases the dissolution-rate, especially when they consist of
he semiconducting films of the fine ZnO crystal.

In discharge process, the formation of ZnO proceeds dif-
erently in the presence of cationic CTAB surfactant. The
lectrochemical reaction (i.e., reaction (3)) now proceeds so
apidly, zincate is mainly formed. As a result, the zinc tends
o high solubility. Then, more zincate is generated especially
n 0.01 CT cell. The zincate will therefore precipitate on any
vailable surface, i.e., nucleation rate < growth rate. Thus, a non-

niform of zinc oxide is deposited on the surface through the
igh solubility of zincate in 0.01 CT cell. The results confirmed
hat the higher surface area and much easier electron trans-
er are provided in the presence of cationic CTAB surfactant
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specially 0.01 CT cell. Therefore, it seems that the super sat-
ration of zincate occurs in this order: CT 0.1 < CT 0.05 < CT
.01. Therefore, increasing of cationic CTAB surfactant con-
entration hinders the zinc electrode shape change and ZnO
on-homogenous deposition because of more inhibiting prop-
rty. Also, the ZnO non-homogenous deposition affected on the
evelopment of inter-electrode short-circuit, causing premature
apacity loss due to more passivation.

However, in CT cells, the passivation can proceed irreversibly
hrough the formation of inactive coarse ZnO, having compact
tructure with high electrical resistance. Such a dense film com-
letely blocks the anodic dissolution of zinc especially in 0.01
T cell.

On the other hand, the enhancement of the zinc electrode
erformance depends mainly on solubility of formed zincate
roducts during the anodic dissolution. Hence, the quality of
inc surface is depended on inhibiting performance.

. Conclusion

The interest has been focused on the relationship between
haracteristic of surfactant additives in alkaline batteries and
he chemistry involved in dissolution and passivation of zinc
lectrodes. It is to say that these processes are greatly influenced
y the type and quantity of surfactant on the composition of the
sed electrolyte.

Surfactants are combined with an electrochemical zinc reac-
ion. Then, anodic compartment containing surfactant and zinc

etal operate as a substrate. When required potential for the
inc substrate reduction lies within the applied current (0.5 A),
he zinc ions species will be deposited as organized morphol-
gy on the zinc surface by surfactant. As a result, the formation
f certain templates with specified capacity induces individual
lectrochemical properties.

In the presence of cationic 0.01 g l−1 CTAB surfactant, the
ositively charged head groups of CTAB (C19H42N+) cannot
trongly organize Zn2+ species and form ZnO with larger size
n the electrode surface. The smaller size and the well-shaped
orphology of the particles at the high concentration is due

o more adsorption of CTAB on the growing surface of ZnO,
hich affects crystal growth pattern and zinc passivation man-
er, causing inhibiting effect on zinc passivation. We found that
he positively charged head groups of CTAB induce the more
assivation on zinc surface, compared to without surfactant cell.

However, the formed ZnO film in the presence of anionic
DBS surfactant shows dramatic changes in shapes of crystals.
he results indicate that the negative charged head groups of
DBS (C19H31SO−

3) cooperation interacts the Zn surface to
orm in situ templates on the electrode. These templates decrease
he zinc electrode passivation and increase charge transfer resis-

ance on zinc electrode before discharging especially at high
oncentration. Thus, higher total service life was gradually
btained (step by step) in the corresponded cells, which revealed
maller grain size with less ZnO intensity on diffraction line.
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