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bstract

Electrolytic zinc powders were prepared in 12 M KOH, 4 wt.% zinc oxide solutions in the presence of different kinds of surfactant and
rganic additives using the galvanostatic technique. Then the electrochemical behavior of zinc was investigated using the sweep voltametry
echnique. Zinc samples electrolyzed in the presence of cationic cetyl trimethyl ammonium bromide (Zn-CTAB), have maximum corrosion
ate. Furthermore, scanning electron microscopy revealed the highest surface area. Zinc deposited with anionic surfactants, sodium dodecyl
enzene sulfonate (SDBS) and sodium dodecyl sulfate (SDS), have high dendritic and secondary growth. More zinc ions electrolyzed on
he cathode electrode in the presence of SDBS compared with SDS. We suppose the Benzene molecule in SDBS changes morphology,
hus effects of the benzene molecule is investigated by utilizing several organic compounds during zinc electrodeposition. Naphthalene with
0 pi electrons at two fused rings decreases corrosion rate and needle growth of zinc deposited, compared to benzyl chloride which has 6
i electrons. Enhanced delocalization of pi electrons by strongly activating group (–NH2) in the aniline molecule increases the corrosion
ate and dendrites compared with benzyl chloride, which has the weakly activating group (–CH2Cl). The addition of chloro benzene with
nactivating and electrodrawing group (–Cl) creates high surface area without any dendritic growth. The effects of electrolyte additives on the
lectrochemical capacity of AA-sized alkaline Zn-MnO batteries are verified. The addition of Triton X-100 in anode gel resulted in maximum
2

lectrical capacity. Anionic (SDBS and SDS) additives gave higher electrical capacity than cationic (CTAB). Also, the reaction mechanism
or zinc electrodeposition in alkaline electrolytes and its dependence upon the presence of organic additives are discussed in detail.

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

Different morphological and electrochemical properties
f electrolytic zinc are obtained under identical experimental
onditions except for the surfactant type and its concentra-
ions [1–3]. In 1907 Snowden reported that the addition of
mall amounts of formaldehyde into the zinc-plating bath

educed the grain size of deposit [4]. Today, a large vari-
ty of organic additives is used in zinc electroplating in
dvanced zinc secondary and primary batteries to obtain a

∗ Corresponding author. Tel.: +98 21 22547034; fax: +98 21 22582421.
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eneficial effect on zinc morphology [5–8]. This includes
uinine derivatives, water-soluble polymers, hetro-cyclic

ldehydes and aromatic compounds [9]. Also, surfactants
sed for different purposes, such as wetting, emulsifying, dis-
ersing, foaming, scouring or lubricity [10]. Different kinds
f surface-active agents (anionic, cationic and non-ionic)
nd fluoro-surfactants are used to modify the zinc electrode
11–14]. The aim of such investigations is to improve appear-
nces and physical–chemical properties of the deposit in

reas of corrosion resistance, brightness and grain size. In
ddition inducing a catalytic process and optimizing the oper-
ting parameters of the electroplating bath are of economical
nterest in industrial processes. Some of the additives in zinc
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Table 1
Name of zinc powders were deposited in electrolyte solution with different
amount of additives

Additives (g l−1) Name of electrolytic zinc

Sodium dodecyl benzene sulfonate
(SDBS)—0.1, anionic
surfactant

Zn-SDBS

Sodium dodecyl Sulfate
(SDS)—0.1, anionic surfactant

Zn-SDS

Triton X-100—0.1, non-ionic
surfactant

Zn-TX100

N-Cetyl N,N,N-trimethyl
ammonium bromide
(CTAB)—0.1, cationic
surfactant

Zn-CTAB

Naphthalin—0.4 Zn-naphthalene
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lectrodeposition are specifically adsorbed at rapid growth
ites (i.e. dendrites) on the surface of the electrode and restrict
urther growth at these locations [15,16]. These additives can
ave an effect on the shape change of the zinc electrode, as
ell as dendrite growth, cycleability [17], hydrogen evolu-

ion reaction, grain size, solubility of zincate product [18–20],
tc. Different mechanisms are presented and explained for
he interaction of surface-active solutes with the solid sub-
trates and/or ionic species. These are: ion exchange/pairing,
cid–base, electronic polarization of � electrons, dispersion
orces, hydrophobic/hydrophilic, electrostatic adsorption, or
hemisorption bonding [21,22].

Fransaer [23,24] described friction adhesion removal
orce balances and a modifying of the hydrophobicity of the
articles due to adsorption of surfactants. These could affect
he electro-osmotic and electro-phoretic forces, which results
n a particle co-deposition, especially in an organic/non-
rganic solution mixture. Kardos [25] gives the relation-
hip between the blocking effects of the adsorbed organic
ompound and the diffusion of electro-active species to the
lectrode microprofile. This theory states that the adsorbed
rganic compounds inhibit the metal deposition on sites,
hich occupied by the organic molecule. Juhel et al. also
roposed that, during cathodic polarization, the surface of
he zinc electrode is partially covered by adsorbed surfactant

olecules, which block some of active sites of the electrode
urface [26]. Perfluoro anionic surfactant (FC-129) induced
n increase in hydrogen potential, which may be adsorbed on
he surface of the zinc electrode via non-polar groups [27].

However, the reaction mechanism of zinc deposition in
lkaline electrolytes and its dependence upon the presence
f organic additives is not yet well understood. In battery
echnology, suppressing gas evolution through the anticorro-
ion effect of surfactants is of special interest. In this work,
he effects of surfactants on the morphology, dendrite growth
nd electrochemical behavior of the zinc electrode are investi-
ated by CV, SEM and Tafel plots. The reaction mechanism of
inc electrodeposition in alkaline electrolytes and its depen-
ence upon the presence of organic additives are discussed
n details. The purpose of this investigation, is to verify the
ffects of different kinds of surfactant (CTAB, TX100, SDS
nd SDBS) and several organic additives (e.g. naphthalene,
enzyl chloride, aniline and chloro benzene) on the electro-
hemical properties of zinc and to find a difference between
dsorptions positive and negative charge in zinc electrodepo-
ition.

. Experimental

.1. Zinc eletrodeposition with different additives and
ell tests
In order to produce zinc powder, a porous zinc deposit
as prepared from 12 M KOH solution and 4 wt.% ZnO
ith 12 A dm−2 in the presence various additives, all sam-

z
1
g
3

enzyl chloride—0.4 Zn-benzyl chloride
niline—0.4 Zn-aniline

les electrolyzed in the same time. The name of the different
lectrolytic zinc powders, with amount of additives used, are
resented in Table 1.

Anionic Zn-SDBS and Zn-SDS samples have higher a
ensity and finer porosity on electrode surface than the
ationic (Zn-CTAB) and non-ionic (Zn-TX100) samples,
hich have low density and compact form on the cathode.
uring air flow, the Zn-CTAB sample was flammable. Elec-

rolytic zinc deposited with naphthalene and benzyl chloride
ere spongy in form and Zn-benzyl chloride in air flowing

s more flammable. Zinc oxide films easily formed on Zn-
TAB and Zn-benzyl chloride surfaces. Anionic surfactants
nd aniline decreased the formation of a passive film on the
inc surface.

The effects of these additives on the electrochemical
apacity of alkaline AA-sized Zn/MnO2 batteries were inves-
igated. Zinc anode used to make the batteries were gelled by

ixing 30% electrolyte (12 M KOH, 0.1 g l−1 surfactant),
8% commercial zinc, 1% zinc oxide, 1% C.M.C. and the
ffects of organic additives on the discharge capacity were
ested by the addition of 0.1 g of these materials directly into
he anode gel.

.2. Potentio-dynamic studies

The working electrode was platinum rod of 3 mm
iameter. The platinum rod was sealed with Teflon (PTFE),
nd a larger platinum sheet was used as a counter electrode.
n Hg/HgO reference electrode with a Luggin capillary
as used in all experiments. Electrolytic zinc powders were
eposited with different additives onto the surface of the
orking electrode, from 12 M KOH solution containing
wt.% ZnO at room temperature using the galvanostatic
ethod. The current density for providing a suitable
inc cover with high stability was at a current density of
20 mA cm−2. This current density decreases dendritic
rowth in zinc electrodeposition [28]. Autolab PGSTAT
0 was used for the potentio-dynamic and galvanostatic
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Fig. 1. (a and b) Potentio-dynamic polarization in 12 M KOH for zinc layer
on working electrode that deposited from 12 M KOH + 4 wt.% ZnO + differ-
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easurements. Tafel plot curves were obtained in a positive
oing direction over the range −1550 to −1100 mV in
2 M KOH at a constant scan rate of 5 mV s−1. The cell
ssembly was the same as that in cyclic voltametry. The zinc
eposition was kept at −1800 mV versus Hg/HgO for 5 min
n 12 M KOH solution, then disconnected, shaken to free-off
dsorbed hydrogen bubbles and polarized from −1800 to
500 mV versus Hg/HgO at sweep rates 10 mV−1 [29].

. Results

.1. Corrosion studies of electrolytic zinc with different
dditives

Corrosion studies of electrolytic zinc in 12 M KOH at
can rate 5 mV s−1 that deposited from 12 M KOH containing
wt.% ZnO and various additives at 120 mA cm−2 were car-

ied out by linear sweep voltametry technique. The corrosion
ate, Rp (polarization resistance) and I0 (exchange current
ensity) were calculated from the Tafel plots as shown in
able 2a and b. Electrolytic zinc without additive have high
orrosion rate as compared with other samples, because of
eposition at low current density. The zinc sample, which
as prepared in the presence of cationic (Zn-CTAB,) had
higher corrosion rate than non-ionic Zn-TX100, anionic
n-SDBS or Zn-SDS samples, respectively. Corrosion cur-

ent decreases from cationic to non-ionic and anionic while
orrosion resistance approximately increases. Moreover, the
athodic Tafel slope is greater than the anodic slope. This
uggests that the reaction is under cathodic control.

Typical E–log I curves for zinc in 12 M KOH solution con-

aining 4 wt.% ZnO with different kinds of surfactant and
rganic additives are presented in Fig. 1a and b. Zn-CTAB has
lower cathodic current density for hydrogen evolution and
ore negative overpotential than the other samples. Also, Zn-

f
(
a
a

able 2
orrosion studies of zinc in 12 M KOH with different kinds of additives

a) Different kinds of surfactant

arameter Without additive CTAB 0.1 g l−1

corr (A cm−2) 0.11 0.157

c (V dec−1) 2.2 0.872

a (V dec−1) 0.24 0.446

corr (�) 21 20

obs (V) −1.398 −1.395
orrosion rate (mm year−1) 19 32.9

b) Organic additives

arameter Benzyl chloride 0.4 g l−1

corr (A cm−2) 0.048

c (V dec−1) 0.477

a (V dec−1) 0.223

corr (�) 19.4

obs (V) −1.344
orrosion rate (mm year−1) 8.46
nt kinds of additive. Potential ranges, −1.1 to −1.55 V. Scan rate, 5 mV s−1;
a) 0.1 g l−1 kinds of surfactant, scale of x-axis decrease for better clearness
nd (b) 0.4 g l−1 benzyl chloride and naphthalene.

DBS has a minimum passivity current in anodic branches
s shown in Fig. 1a. That is to say the surface area decrease

rom: cationic Zn-CTAB to non-ionic (Zn-TX100) to anionic
Zn-SDS, Zn-SDBS) samples. In addition, corrosion current
nd corrosion rate in the presence of benzyl chloride increase
s compared with Zn-naphthalene and Zn-aniline. Corrosion

TritonX-100, 0.1 g l−1 SDS, 0.1 g l−1 SDBS, 0.1 g l−1

0.065 0.0381 0.034
0.423 0.227 0.287
0.192 0.115 0.89

21.9 21.6 22.9
−1.384 −1.37 −1.36
11.4 6.66 6.07

Aniline 0.4 g l−1 Naphthalene 0.4 g l−1

0.016 0.024
0.377 0.254
0.176 0.145

47 24.5
−1.389 −1.381

6.7 4.1
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Fig. 2. (a and b) Cyclic voltametry curves recorded for zinc layer in 12 M
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OH that deposited from 12 M KOH + 4 wt.% ZnO and different kinds of
dditive. Potential ranges, −0.5 to −1.8 V. Scan rate, 10 mV s−1; (a) 0.1 g l−1

inds of surfactant and (b) 0.4 g l−1 benzyl chloride, naphthalene and aniline.

esistance of Zn-aniline is at a maximum value in line with
he results presented in Table 2b. Zn-benzyl chloride has the

inimum current passivity as are presented in Fig. 1b. It
eems that surface area decreases from Zn-benzyl chloride to
n-naphthalene and Zn-aniline.

.2. Cyclic voltametry

Fig. 2a and b gives the cyclic voltametry curves of
inc electrolytic at scan rate 10 mV s−1 in 12 M KOH

hat deposited at 120 mA cm−2 from 12 M KOH containing
wt.% ZnO and various additives. During anodic dissolution,

ignificant current peaks appear in −1.1 to −1 V. This corre-
ponds to the precipitation of the zinc oxide film. The anodic
eak of zinc dissolution is shifted towards a more positive
alue in the presence of Zn-CTAB and Zn-benzyl chloride.
n-CTAB and Zn without additives have a large peak area

Fig. 2a.). The cathodic peak appears around −1.390 V and
s related to the reduction of the accumulated Zn(OH)2 and
nO, formed during the backward cycle in a negative-going
irection. These compounds remains on the electrode surface
nd are not dissolved in the electrolyte [30]. Cathodic peak of

n-CTAB is noticeable due to the formation of a passive ZnO
lm on the zinc electrode that has a low electrical resistance
nd high surface area. However, in Zn-SDBS and Zn-SDS
ith low current passivity and surface area, decreased ZnO

s
i
t
p

er Sources 162 (2006) 893–899

lm on the zinc surface which causes cathodic peak, is not
bserved. Current peak and peak area from anodic dissolution
f Zn-benzyl chloride, as compared with Zn-naphthalene and
n-aniline, increase. That confirmed the reduction of parti-
le adhesion and high electrical resistance of Zn-naphthalene
nd Zn-aniline as shown in Fig. 3b.

.3. Deposit morphology

Scanning electron microscopy revealed non-uniform
hapes and dendritic growth increase from non-ionic Zn-
X100 to anionic Zn-SDBS, Zn-SDS.

Zn-CTAB has a higher surface area than other samples
ue to the increase in the adhesion of particles as shown in
ig. 3a. Dendrites and secondary growth in Zn-TX100 are
ot observed perfectly on the surface (Fig. 3b). By contrast,
econdary growth of Zn-SDS is more than Zn-SDBS (Fig. 3c
nd d). Therefore, the surface area of the zinc in the presence
f anionic surfactant decreases through dendrite growth.

Very thin needle-shapes of Zn-benzyl chloride and Zn-
aphthalene are shown in Fig. 3e and f. More zinc ions
eposited in the presence of Naphthalene in straight lines
nd in all direction (Fig. 3f) but the adhesion of particles
nhances in Zn-benzyl chloride according to Fig. 3e. There
s no needle or dendrite growth on surface of Zn-chloro ben-
ene (Fig. 3h) thus surface area is high but Zn-aniline has
endritic growth as shown in Fig. 3g.

.4. Discharge capacity in commercial cells

Several AA-sized Zn-MnO2 cells made with different
dditives in the anode gel were discharged continuously
nder a constant load of 3.9 �. The effects of electrolyte addi-
ives on electrical capacity were investigated by the addition
f 0.1 g of different surfactants to 12 M KOH electrolyte in
liter. Electrochemical capacity is calculated on the basis of

ctive zinc material in the anode gel that was 3.7 g. Fig. 4a
resents the discharge curves for different additives. Fig. 4b
hows that discharge capacity of zinc anode improves greatly
n the presence of non-ionic and anionic [31] surfactants
s compared with cationic and without additive. We sug-
est reduction of electrical capacity follows in this order:
on-ionic (TX100), anionic (SDS), anionic (SDBS), cationic
CTAB), without additive. Also, with 0.1 g of benzyl chlo-
ide, naphthalene and aniline added to the anode gel directly.
he discharge capacity in the presence of benzyl chloride is

ess than with the other cells.

. Discussion

In a plating process of zinc, the conditions of electrolysis,

uch as current density, concentration of ions and temperature
n the presence of each additive were constant. Concentra-
ion of surfactants is chosen below the C.M.C. point to avoid
ossible precipitation of surfactants in 12 M KOH. Dodecyl
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ig. 3. Electron micrographs of the surface morphology of electrolytic zin
dditives at 120 mA cm−2. (a) Zn-CTAB, (b) Zn-TX100, (c) Zn-SDS, (d) Zn-
enzene.

enzene sulfonate (SDBS) and dodecyl sulfate (SDS) have
imilar hydrophilic groups but they create a different mor-
hology. Fig. 3c and d shows that dendrites in Zn-SDBS are
ider, but greater secondary growth on Zn-SDS surface is
bserved. Microstructures of Zn-SDBS show more zinc ions
eposited on the same scale at 100 �m as compared with Zn-
DS, however secondary growth is complete. This difference

n morphology may be due to the presence of the benzene
olecule, which can be more effective than the difference

etween sulfonate and sulfate groups because benzene has a
laner ring of atoms where the electrons, in double bonds,
re delocalized over the ring. The pi electrons are thus spread
n a molecular orbital above and below the ring [32].
It is important to notice that in the electroplating pro-
ess, the growth of the crystals occurs by incorporation of
n individual metal atom into the crystal lattice. The newly
ncorporated metal atom is only likely to be stable when it

b
l
i
m

rs deposited in the presences of 0.1 g l−1 surfactants and 0.4 g l−1 organic
(e) Zn-benzyl Chloride, (f) Zn-naphthalene, (g) Zn-aniline and (h) Zn-chloro

nters the lattice at a site where it interacts with several other
toms already in the lattice. Clearly, the overall phase growth
s a sequence of at least three steps. (1) Mass transport in solu-
ion (this may be diffusion, convection or migration) of the

etal-bearing species to the electrode surface. (2) Electron
ransfer to form an adatom (one neighbour). (3) Diffusion of
he adatom across the surface into a position in the lattice.
he structure of the growing layer will be determined largely
y the rates of processes (2) and (3) [33].

However, according to the Stern phenomena [32], the solu-
ion side of the double layer is divided in two parts: (1) a layer
f strongly held counterions, in this case zinc ions adsorbed
lose to the charged surface on fixed sites (to correct the

asic defect of the Gouy-Chapman model) and (2) a diffuse
ayer of counterions. The electrical potential drops rapidly
n the fixed portion (Stern layer) of the double layer and

ore gradually in the diffuse portion. The fixed counterions
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ig. 4. (a and b) Discharge curves (a) and electrical capacity (b) for a
inc/manganese dioxide cells with different anode gels.

n the Stern plane may even change the sign of the poten-
ial, resulting from a charged surface, if counter ions have
egative charge, such as anionic surfactant. Thus, with the
xistence of SDBS in the diffuse layer, more zinc ions tend
o enter the stern layer because the zeta potential can increase
ia the delocalization of pi electrons in benzene molecule. It
eans the potential of the charged surface at the plane of

hear between the particle and the surrounding solution [33]
n the presence of SDBS increases compared with SDS. The
esults of this phenomenon are (1) more zinc ions deposited in
he same scale which have outward growth because adatoms
oes not have enough time to diffuse into the crystal lattice
2) dendrites in the presence of SDBS are wider. By con-
rast, secondary growth on dendrites in the presence of SDS
s complete, which is possible to be created from the volume
f micelles or the characteristic property of surfactant. This
roperty shows that they spontaneously aggregate in water
nd form well-defined structures, such as spherical, cylin-
ers, bilayers, etc. [34].

There are different ideas about crystal growth in the pres-
nce of cationic surfactant CTAB [35–37]. If CTAB were in
he diffusion layer, migration of zinc ions in the Stern plane is
ifficult because they have similar charge in sign. So zinc ions
ardly migrate towards cathode. The results are (1) zinc ions
eposited on the same scale at 100 �m should be decreased
ompared with anionic surfactant as shown in Fig. 1. (2)
dhesion of particles increases as adatom has enough time
or diffusing and finding a favoured position in crystal lattice.
3) Corrosion rate increases due to more adhesion of parti-
les and also the surface area is higher. Our observations in

s
z
z

ig. 5. (a and b) Comparison among of electrical capacity, corrosion rate
nd peak area for zinc electrodepositions in the presence of different kinds
f surfactant (a) and organic additives (b).

inc deposition, which were obtained by Tafel plots, cyclic
oltametry and scanning electron microscopy are explained
y this phenomena. The effect of additives on some parame-
ers, such as electrical capacity, corrosion rate and peak area
re compared in Fig. 5a and b. Peak area and peak width
ere suitable parameters from analysis of cyclic voltametry

nd these the parameters rise with the increase in anodic dis-
olution. It can be seen from Fig. 5a and b. corrosion rate
nd peak area in Zn-CTAB increases with the reduction of
ischarge capacity, while it is the opposite in anionic Zn-SDS
nd Zn-SDBS samples according to Fig. 5a. We suggest that
he positive head group of cationic surfactants promotes the
athodic current distribution, which may prevent dendritic
rowth. On the contrary, the negative group of anionic sur-
actants inhibits the diffusion of adatoms across the surface
nto the proper sites of the growing crystal lattice causing
ncreased dendritic growth.

In order to obtain the effects of delocalization of the
lectrons in the pi orbital of the benzene molecule and its
erivatives in the change of morphology and corrosion rates,
e examined three Merk materials, such as benzyl chloride,
aphthalene and Aniline where their solubility in water were

eported 0.46, 0.3 and 36 g l−1 at 20 ◦C. There is an impor-
ant difference between benzyl chloride and naphthalene

olecules, because naphthalene has 10 pi electrons which

peared in below and above on two fused rings, while ben-
yl chloride has 6 pi electrons. Usage of these materials in
inc electrodeposition shows: (1) corrosion rate in the pres-
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nce of benzyl chloride increases. (2) Naphthalene molecule
ncreases needle and volume growth in all directions on
traight line of zinc deposition compared with Zn-benzyl
hloride on the same scale at 10 �m (Fig. 3e and f). Therefore,
he diminution of pi electrons restricts the needle growth of
inc in the presence of benzyl chloride. Because the existence
f the Naphthalene molecule with 10 pi electrons in diffuse
ayer helps many zinc ions to migrate from bulk solution to
he electrode surface for deposition, although the surface dif-
usion is slow compared with electron transfer which creates
oral-shapes. In addition, the kind of substitution groups on
he benzene molecule is very important because nearly all
roups fall into one of two classes: activating groups, such
s –NH2, –OH groups and deactivating groups, such as –Cl,
NO2, –SO3H [38]. Also, we expect that aniline with strongly
ctivating groups (–NH2) on benzene compared to benzyl
hloride which have weakly activating group (–CH2Cl) to
ecrease corrosion rate and an increase in dendritic growth.
icrograph of Zn-benzyl chloride hasnot shown any den-

rite growth but the presence of aniline has shown many zinc
ons deposited on the surface with dendritic growth (Fig. 3g).
o complete the work, choloro benzene with inactivating
nd electrodrawing group (–Cl) showed that –Cl substitu-
ion decreases the delocalization of pi-electron in pi orbital. A

icrograph of Zn-chloro benzene did not reveal any needle or
endrite growth, thus this sample has the highest surface area.
t can be seen from Fig. 5b the decreasing of delocalization
f pi electrons by the inactivating group in benzyl chloride
ncreases corrosion rate and peak area, while decreasing elec-
rical capacity as compared with the other samples. That is
o say that some organic compounds affect local current den-
ities adjacent to the electrode and cause electron transfer to
ccurs faster than surface diffusion and further nuclei must
orm. The layer will be less ordered and depend upon: molec-
lar structure, number of atoms, non-bonding electron, pi
lectron and especially the presence of the benzene molecule
nd derivates.
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