J Appl Electrochem (2011) 41:39-49
DOI 10.1007/s10800-010-0205-8

ORIGINAL PAPER

Synergistic effect of additives on bright nanocrystalline zinc

electrodeposition

K. O. Nayana - T. V. Venkatesha - B. M. Praveen -
K. Vathsala

Received: 9 December 2009/ Accepted: 5 September 2010/ Published online: 19 September 2010

© Springer Science+Business Media B.V. 2010

Abstract The influence of additives like cetyltrimethyl-
ammonium bromide (CTAB) and Ethyl vanillin (EV) on
zinc electrodeposition from acid sulfate bath was system-
atically investigated by scanning electron microscopy,
X-ray diffraction, and voltammetric techniques. The result
shows the existence of interaction between CTAB and EV.
They exhibited synergistic effect to produce bright nano-
crystalline zinc coating on steel surface. The combined
effects of these two compounds on deposition overpoten-
tial, hydrogen evolution, zinc ion diffusion, and surface
coverage were discussed. The morphological and orienta-
tional changes occurred in electrodeposit were presented.
Also the nucleation mechanism exhibited by zinc during
electrodeposition in the presence of additive was examined.

Keywords Electrodeposition - Ethyl vanillin -
Nanocrystalline - Nucleation mechanism - Synergistic
effect

1 Introduction

Bright zinc coating on steel provides a sacrificial protection
against corrosion and is one of the major methods for
protecting steel in industries. On an industrial scale the
zinc electrodeposition is obtained from alkaline cyanide
baths. But due to high toxic nature of cyanide baths, other
baths like sulfate, chloride and sulphamate are gaining
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importance even though they have poor throwing power
[1-6]. The primary goal of all these baths is to generate
quality zinc deposit with good corrosion protection ability
to steel. The corrosion resistant property of zinc deposit
depends mainly on its fine grained nature, smoothness,
levelling and degree of brightness. All these potential
properties of zinc deposit are achieved through the use of
optimized and balanced amount of bath constituents. The
important constituents of plating baths are metal ions,
conducting salts, buffering agents and organic additives.
Among these only the additives play a prominent role in
producing bright deposit with improved quality. Examining
the earlier work on this subject revealed that all zinc
plating baths are associated with two or more additives and
their effect on bright deposition is more pronounced when
used in combination [7-13]. The primary role of these
additives is to influence the factors affecting deposition
process so as to get a bright coating on the substrate.
Numerous literatures are available on electroplating of pure
zinc. In most of the study, considerable attention has been
directed toward the development of effective additives/
brighteners to generate smooth and leveled bright deposit
capable of providing higher corrosion resistance. A few
researchers have attempted to explain the role, mechanism,
and functions of additives on parameters affecting elec-
trodeposition process of bright coating [14].

These additives are classified as primary and secondary,
which always in combination produce bright deposit on an
initially dull substrate or which maintains brightness on an
initially bright substrate [15]. Most of the primary additives
are surfactants (wetting agents, levellers, and grain refin-
ers) whereas secondary additives [brighteners] are organic
compounds like aromatic and aliphatic aldehydes, ketones,
sulfur containing compounds, and alkyl and aryl ammo-
nium salts [14-18].
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The primary additive imparts leveling and smoothness
to deposit. The typical examples are cationic (CTAB—
cetyltrimethylammonium bromide), anionic (SDS—
sodium dodecylsulfate), and nonionic (Triton X-100, poly
ethylene glycols PEG) surfactants [12-21]. Cationic sur-
factant-like CTAB with positively charged head group
interacts electrostatically with the electrode surface and
thus get adsorbed on the active sites, modifying the crystal
growth mode, tailors the morphology and refining grain
size of the deposit [18].

The secondary additives such as benzylideneacetone
[17], vanillin [14], furfuraldehyde [22], polyacrylamine
[23], etc. are reported as brighteners for zinc deposition.
These secondary additives interact synergistically with
primary additive giving mirror bright finishing. Synergistic
action exerted by mixture of additives enhances interaction
between them and their adsorption (or incorporation) in the
deposit [24].

Loshkare and co-workers investigated the combined
effect of thiourea and OP-10 (a polymeric species) and
showed that the combined effect is much higher than their
individual effect [7, 8]. Moucheng Li et al. in their study
concluded that a bright and compact zinc coating with a
grain size of 43 nm and (110)(100)(201) preferred orien-
tation are produced due to the co-existence of all four
compounds CTAB, PEG, benzalacetone, and thiourea [9].

The effect of benzoic acid (BA) and PEG on initial
stages of zinc electrodeposition on iron electrode was
investigated by cyclic voltammetric studies and concluded
that when both BA and PEGs are present, they interact
closely with each other and show an intermediate behavior
[10, 11]. The influence of nonionic surfactant and benzyl-
ideneacetone (BDA) on zinc electrodeposition is studied
and established that the BDA transformed into different
compounds at the cathode. These products associate and
occupy a larger area at the cathode surface than any of the
additives used alone and thus produce synergistic effect
[12]. Li et al. reported the synergistic effect of thiourea and
benzalacetone in reducing the grain size of zinc coating.
This is due to the combined effect which increased the
overpotential, retarded the continuous grain growth, and
increased nucleation rate [13, 25, 26]. All these earlier
studies revealed that the generation of a bright, compact
zinc deposition is possible only from electrolytes contain-
ing two or more specific additives. Reviewing these results
it is inferred that the additives are able to produce a bright
deposit only when (a) they are adsorbed on cathode sur-
face, (b) they block the active sites, (c) affect the preferred
orientation, (d) undergo electrochemical changes at the
cathode surface, (e) increase deposition overpotential, (f)
retard the grain growth, and (g) increase the nucleation
density. All these factors are fulfilled through the combined
application of two or more additives.
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Further, the detailed literature search indicated not much
work on explaining the synergistic effect of additives on
bright zinc deposition. This study is focused on the study of
synergistic effect of CTAB and ethyl vanillin (EV) mixture
on bright zinc deposition. Their influence on nucleation
mode, morphology, and texture of the deposit were investi-
gated by cyclic voltammetry, XRD, and SEM analysis.

2 Experimental

The analytical grade chemicals (s d-fine, Mumbai, India)
and Millipore water (US) were used to prepare bath solu-
tions. The mild steel panel of 4 x 4 cm? area was used as
cathode. The surface of mild steel panel was mechanically
polished, degreased by vapors of trichloroethylene in
degreaser plant, and immersed for 5 min in 10% HCI to
remove dust and rust. The panel was then washed in run-
ning water and transferred to plating bath solution. The
anode was zinc (99.9%) metal plate, and its surface was
activated each time by dipping in 10% HCI for few seconds
followed by water wash.

The composition of the bath solutions used for zinc
electrodeposition was given in Table 1. The deposit on
steel was obtained at 25 mA cm ™~ current density using
DC power supply (PS-618 potentiostat/galvanostat), and
the deposition time was 20 min (thickness 14 pm).

Morphology of the deposit in the presence and absence
of additives was analyzed by scanning electron microscope
(FESEM, LEO01530-VP) images. Also grain size and crystal
orientations were examined by X-ray diffraction (XRD)
studies. The average grain size was evaluated by Debye
Scherer’s equation D = k/ficos0. Where, k = 0.9, f3 is the
full width at half maximum, 6 is the reflectance angle, and
J = 1.546 A is the wavelength of radiations used [27].

The preferred orientations of the deposits were deter-
mined by using Muresan’s method by calculating the
texture coefficient (7¢) with the equation:

I(hkl) > Iy(hkl)
Tc(hkl) = S~ (kD) X To (kD) x 100 (1)
where I (hkl) is the peak intensity of zinc electrodeposits
and X/ is the sum of the intensities of independent peaks.

Table 1 Zinc plating bath

Components Bath (M)

| II I v
ZnS0O4-7H,0 0.68 0.68 0.68 0.68
Na,SO, 0.28 0.28 0.28 0.28
H3;BO;3 0.19 0.19 0.19 0.19
CTAB - 0.005 - 0.005
EV - - 0.004 0.004
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The index O refers to the intensities for the standard zinc
sample (JCPDS card number: 00-004-0831) [28].
Electrochemical studies were carried out in a conven-
tional three-electrode cell. The working electrode was
stainless steel (SS101) disk of surface area 0.0774 cm?
enclosed in a Teflon tube. The surface was polished to
mirror finish using emery paper (1200 grit) with 0.05 pm
alumina and activated in a solution of 30% hydrochloric
acid solution followed by water wash. The saturated
calomel electrode (SCE) and a Pt wire were employed as
reference and counter electrode, respectively. For all
electrochemical measurements CHI660C electrochemical
analyzer (USA) was used. Each curve in the cyclic vol-
tammogram was corrected for ohmic potential drop
obtained from the high-frequency electrode impedance.
Electro-active surface area of the SS101 stainless steel
electrode was determined to be 0.0719 cm” by using an
aqueous solution of 10 mM ZnSO,4-7H,0 in 1M KCI and

diffusion coefficient, D 1)z = 7.03 x 10°%cm?s~! [29].

The roughness factor (RF) of the electrode was calculated
by using relation RF = electro-active surface area/geo-
metric surface area. Here the geometric area of electrode
was 0.0774 cm? and RF value was 0.928. The measured
electro-active surface area was in good agreement with the
geometrical area.

For deposition and morphological studies, the plating
bath solutions given in Table 1 were used. The plating
conditions and bath constituents are optimized by Hull cell
studies.

For voltammetric analysis the electrolytes used were
So = 0.34M ZnSO,-7H,O, 1M Na,SO,4, 0.08M H;BO;,
Sc =S80+ 0.0025M CTAB, Sg=So+2mM EV,
Sce = So + 0.0025 M CTAB + 2 mM EV at temperature
300 K pH 2.8 adjusted with 1M H,SO, and NaHCO;.

3 Results and discussion
3.1 Morphology and crystal orientation

The SEM images recorded for zinc deposit, obtained from
baths I to IV, given in Table 1. For the bath-I, the SEM
image of the deposit in the form of stacks of hexagonal
platelets is distributed randomly as shown in Fig. 1a. The
Fig. 1b and c shows the SEM images for the deposit gen-
erated from the bath-II and III, respectively. There is a
greater refinement in grain size producing granules of
uniform size and shape. These SEM images recorded for
the deposit obtained in the presence of individual additives
showed greater reduction in zinc deposit crystallites. Here
the grains were distributed with higher degree of size
uniformity. In the presence of both CTAB and EV, the

deposit exhibits additional refinement in grain size with
increased brightness as shown in Fig. 1d. The analysis of
SEM images revealed that polycrystalline dull deposit
converted into fine-grained nanocrystalline bright deposit.

The zinc deposit obtained from the bath-I shows grain
size of 155.8 nm with 5% reflectance (dull deposit—
Table 2). The XRD pattern for the deposit is presented in
Fig. 2a and indicated (002) preferred orientation without
line broadening. The texture coefficient (T¢) for the deposit
is given in Table 3. The maximum 7¢ 43.1% for (002)
orientation inferred that in the absence of additive, the zinc
deposit crystallizes into (002) orientation [30]. These
observations are in accordance with the similar peak
intensities recorded by Gomes et al. [18] and Hsieh et al.
[30] for zinc deposition on steel surface.

The bath-II gave a semibright nano-sized crystalline zinc
coating with grain size of 72.9 nm and 22% reflectance. The
Fig. 2b represents the XRD pattern of zinc deposit. The
maximum 7 value of 55.5% obtained for (110) orientation
indicated that (110) is the preferred orientation of the deposit.
Hence zinc deposit in the presence of CTAB crystallizes into
(110) preferred orientation [11, 19].

Almost similar type of deposit was noticed from bath-III
with grain size of 70.07 nm and 68% reflectance. The XRD
pattern in Fig. 2c corresponds to zinc deposit obtained
from bath-III containing EV alone. The deposit is without
significant preferred orientation. Tc values are compara-
tively not higher for any of the orientations. In the presence
of EV, the deposit is semibright and nonuniform, which
shows an average reflectance of 68% and smaller grain size
(70.07 nm). The mixture of CTAB and EV in bath-IV
produced bright, smooth zinc deposit on steel with grain
size of 49.26 nm and 85% surface reflectance. The XRD
pattern for this deposit is presented in Fig. 2d, and the
peaks show line broadening. The Tc values which are
maximum for (100) and (110) orientation and about 39.23
and 29.89%, respectively, inferred that (100) (110) are the
preferred orientations of the deposit in the presence of both
the additives as shown in Table 3. These observed results
are in good agreement with the referred data in the litera-
ture [30]. The observed preferred orientation in deposit is
likely to be resulted from the influence of additives. The
crystals in the presence of additives adopt a preferred ori-
entation as indicated by X-ray diffraction analysis. This
preferred orientation arises due to different rates of growth
of different faces of the crystal because of additive
adsorption on cathode surface [31].

The observed crystal size of the deposit reduced from
155.8 nm (dull) to 49.26 nm (bright). Further the additives
CTAB and EV when present individually in the bath give
semi-bright deposit with grain size of 72.9 and 70.07 nm,
respectively. Further, reduction in grain size to 49.26 nm
(mirror bright) was noticed in the presence of both the
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Fig. 1 SEM images of deposit
obtained from bath a I, b II,
¢ III, and d IV

Table 2 Grain size, reflectance, and appearance of deposit

Solution I 11 I v
Average grain size (nm) 155.8 72.9 70.07 49.26
Reflectance (%) 05 22 68 85
Appearance Dull  Semibright Semibright Bright

additives. The deposit that is smooth and defect-free
implies the combined effect of addition agents.

The XRD and SEM studies of the zinc deposit revealed
that the additives influence the parameters of deposition
process thereby affecting the nature of the deposit. The
above morphological and orientation change arises due to
the presence of both additives, and hence, there exists some
interaction between CTAB and EV by which they influence
the electrodeposition process. In order to examine the
influence of additives on zinc deposition process, voltam-
metric studies were under taken.

3.2 Voltammetric studies
3.2.1 Voltammetric studies in the absence of additives
Voltammogram recorded for solution So in the potential

range from —0.5 to —1.4 V at scan rate of 50 mVs™!
mainly consisting of peaks I, I, and I, as shown in Fig. 3.
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Initial peak I. of very small magnitude is observed
between —0.5 and —1.0 V and is shown in Fig. 3b. The
similar peak is also observed in the voltammograms

recorded in the absence of Zn'2. The peak current

increased with fall in pH of Sp (voltammograms not
shown) indicated hydrogen evolution (2H,O + 2e~ =
H, 4+ 20H7), and the H, gas bubbles are observed visually
at the cathode surface [32-34]. In this peak region, the
formation of ZnH, ZnO, and ZnOH layers, which occurs
during zinc deposition from acid sulfate bath, was reported
in the literature [19]. Further, it reported that zinc deposit
occurs at more negative potential than calculated equilib-
rium potential due to zinc hydroxide layer formation. In the
present case also peak I’ corresponds to bulk zinc reduc-
tion at higher negative potential, i.e., —1.315 V.

On reversing the sweep direction, two current crossovers
appear in the cathodic region of voltammogram, which indi-
cated three-dimensional (3D) nucleation and subsequent
crystal growth [35]. The anodic peak (I,) centered at
—0.844 V is attributed to the oxidation of metallic Zn to Zn*".

The relation between cathodic peak current Ip (I'.) and
square root of scan rate (v'/?) is shown in Fig. 3c. The
linearity is noticed, and it inferred that the reduction pro-
cesses are under diffusion control. However, the intercept
higher than zero indicated an additional process other than
diffusion [36].
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Fig. 2 XRD pattern of zinc deposit at 25 mA cm™> obtained from
bath a I, b II, ¢ III, and d IV (*steel)

Table 3 Texture coefficient (7,) of Zn deposits

Plane (hkl) T, (hki)%
I il I v
(002) 43.1 0 17.5 0
(100) 0.6 18.4 12.91 39.23
(101) 0.3 55 17.97 2.99
(102) 0.6 1.2 10.0 0.54
(103) 0.7 0 0 0
(110) 122 55.5 9.5 29.89
(004) 25.5 0 0 0
(112) 9.2 7.4 13.7 9.0
(200) 0 73 18.3 10.89
(201) 78 4.9 0 7.46

To examine the type of kinetics control involved in
deposition of zinc, voltammetric studies were carried out at
different negative switching potential £, (>Eco), wherein
deposition process is not diffusion-controlled. Figure 4
shows that the crossover potential (Eco) remains constant
for different E, indicating that, in this condition, the elec-
trodeposition process is controlled by charge transfer and
follows Fletcher’s theory [37]. The Eco corresponding to

equilibrium potential of metal/metal ion system (Eco =
EI‘\’,I,,+/M) was found to be —1.095 V vs. Scg (Fig. 4). This

value is more negative than —1.024 V vs. Scg which was
calculated from Nernst equation for the system Zn®"/Zn

(E2n2+ = —1.01-0.03 pZn”, zinc reduction reaction is

Zn*t 4 2¢” = Zn). The slight difference of potential
arises due to crystallization overpotential related to stain-
less steel substrate.

The examination of the anodic part of Fig. 4 revealed
gradual reduction of anodic peak size when E; changes to
less negative and also associated with negative shift of the
peak potential indicating an easier dissolution of zinc
deposit. The negative shift of anodic potential may also be
due to smaller polarization of the electrode at less negative
potential [38].

3.2.2 Voltammetric studies in the presence of additives

To study the effect of interaction of additives CTAB and
EV on producing bright deposit the voltammetric studies
were carried out in potential range from —0.5 to —1.7 V
using electrolyte solutions Sc, Sg, and Scg. The voltam-
mograms were analyzed with reference to that of pure zinc
solution So.

Figure 5a represents the cyclic voltammograms for zinc
deposition from electrolyte in the presence and absence of
additives. The peak potential is always more negative in the
presence of additives for zinc deposition than their absence.
This negative shift in peak potential in the presence of
additive is due to the adsorption of additive on active sites.
The shift in peak potentials toward cathodic direction is more
pronounced for CTAB + EV mixture than they are present
alone. The peak potentials are given in Table 4.

Figure 5b represents the enlarged potential region from
—0.8 to —1.0 V. The CTAB and EV, individually and in
combination, showed higher peak current (Fig. 5b) in com-
parison with So, i.e., without additives. This increase in the
current density is due to higher rate of reduction of zinc ions
in comparison with the hydrogen evolution, which is in
accordance with the study reported by Gomes et al. [19].
Further in the presence of EV and EV + CTAB, the peak
potential shifted to negative direction with simultaneous
decrease in peak current when compared to CTAB alone.
The zinc reduction in the presence of mixture is relatively
less in the potential region from —0.8 to —1.0 V indicated
their combined effect on reduction reaction. The same trend
is noticed in peak current, for each additive, in the absence of
Zn’* in the same potential region, but the current is lower
and is arising out of hydrogen evolution.

The blockage of electrode surface by the additives
inhibits the zinc deposition process, which causes the
decrease of voltammetric current in their presence. The
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Fig. 3 Cyclic voltammograms for solution S on stainless steel electrode in the potential range (a) —0.5 to —1.4 V and (b) —0.5to —1.0 V,
Scanning rate 50 mV s~!. The arrows indicate scan directions of voltages, (c) variation of peak current density I’ with square root of sweep rate
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Fig. 4 Typical voltammograms obtained on SS101 stainless steel in
solution Sp, showing the crossover potential (Eco), at different
switching potentials (E;) (@) E, = —125, (b) E;, = -—131,
(©)E;=—=135V,(d) E; =—1V,andv=50mV s~}

degree of surface coverage (0) in the presence of additives
was estimated from the equation

o= )
i

where i and i are the current densities without and with

additive, respectively. The coverage values are obtained at

potentials £ = —1.316 V (0;) and —1.4 V (6,) during

cathodic scan of the cyclic voltammogram given in

Table 5.

The degree of surface coverage 6 values obtained at
—1.316 V in the presence (Table 5) of CTAB and EV are
0.754 and 0.825, respectively. At —1.4 V the 0 values for
CTAB and EV are 0.104 and 0.568, respectively,
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indicating larger surface area of electrode is available for
zinc reduction at higher negative potentials. Hence there is
a potential-dependent adsorption of additives. In the case of
additive mixture 0 values are 0.9 at —1.316 V and 0.883 at
—1.4 V, respectively. Larger 0 values in the presence of
mixture indicated higher degree of surface coverage, and
the additives showed synergistic effect on adsorption.

A linear relationship between I, (I'c) and W12 was
noticed in the presence of additives as shown in Fig. Sc.
This linearity indicates that in the presence of additives
reduction of zinc is diffusion-controlled that is under mass
transfer limit [39, 40].

Further it was noticed from Table 4 that the diffusion
coefficient (Randles—Sevcik equation) magnitude decreased
in the presence of additives and suggested that the additives
decreased the rate of diffusion of zinc ions to the electrode
surface. The decrease in value of diffusion coefficient might
be due to two reasons. First, the authors Lin and Lu [41] and
Wang et al. [42] reported the formation of mononuclear
complexes of Zn>" through lone pair of electrons on oxygen
atom present in OH and OCHj; groups of vanillin. Ethyl
vanillin has similar structure with C,Hs instead CH3 group,
and hence here also it is expected to form the complex with
Zn*" ion resulting in the reduction of diffusion coefficient
values. In the present case the formation of complex is not
possible because of small concentration of EV. The effect of
CTAB on zinc deposition is studied by Gomes et al. It is
concluded that CTAB gave lower value of diffusion coeffi-
cient and was explained by viscosity change and possible
formation of complex [11]. But the effect of complexation of
additive with Zn(+42) or a solution viscosity change on
decrease in diffusion coefficient is negligible due to rela-
tively lower concentrations of surfactants compared to zinc
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Fig. 5 (a) Cyclic
voltammograms in the absence
and presence of additive,

(b) hydrogen evolution region in
potential range from —0.5 to
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Table 4 Values of the crossover potential (Eco), cathodic peak
potential (Ey.), and overpotential (1), associated with the reduction of
zinc with and without additive on stainless steel electrode

Solutions  Eco vs. Scg (V) Epe vs. Sce (V) 5 pc (V) Ip (o)
So —1.095 —1.315 0.220 0.110
Sc —1.184 —1.495 0.311 0.104
Sg —1.118 —1.454 0.336 0.099
ScE —1.121 —1.589 0.468 0.086

Table 5 Values of degree of surface coverage 0 and diffusion
coefficient D,

Solutions 0,* 0, D, (107% cm?s7h)
So 2.230
Sc 0.754 0.104 1.103
SE 0.825 0.568 0.993
Sce 0.9 0.883 0.353

concentration in the solution. Second, the additive CTAB is
adsorbed on the electrode surface. This adsorption is
potential-dependent, and it desorbs from electrode surface at
more negative potential rendering large surface area avail-
able for zinc reduction. Due to adsorption of CTAB on
electrode surface the electro-active area available for zinc
reduction decreases. If the surface area remaining after
adsorption is about 0.0479 cm? (two-third) then the diffusion
coefficient of Zn>" in the presence of CTAB is 2.48 x
107¢ cm? s™'. This value is approximately same as that
obtained in the absence of additives. At —1.5 V the diffusion
coefficient value is found to be 2 x 107¢ cm? s~" which is
much higher than diffusion coefficients obtained at poten-
tials less than —1.5 V [39]. Hence decrease in diffusion
coefficient in the presence of CTAB is due to adsorption.
Similarly in the presence of EV and CTAB + EV, decrease

12 <14 16 -18
EvsSCE/V

0.15 0.20 0.25 0.30 0.35 040 045
V1/2 / (Vs-l)llz

in diffusion coefficient values is also due to adsorption.
The decrease in diffusion coefficient is appreciable in the
presence of mixture CTAB 4 EV and is about 0.353 x
107 cm? s™'. This inferred higher surface coverage
through adsorption of additives.

To know the influence of additives on Ecq, the vol-
tammograms are recorded for So, Sc, Sg, and Scg at dif-
ferent E;. Eco values remain constant at different E, and
are given in Table 4. It is more negative in the presence of
additives than in their absence. Decrease in Ecq is due to
lower concentration of Zn>" ion at the interface. Adsorp-
tion of additives on plating surface increases the activation
energy required for the Zn>" reduction [37]. Eco shift is
more pronounced in the presence of both the additives due
to their combined effect.

Table 4 also shows the overpotential values n = Eyc —
Eco, obtained for solutions with and without additives. A
higher overpotential value is noticed for Sc, Sg, and Scg,
and it is maximum for Scg. The lower peak current is
observed for Scg than So, Sc, and Sg [43]. This suggests
that all additives are effective at the interface. But higher
interaction at the interface is observed for the additives
mixture. These results indicate that the additive mixture
acts at the interface, creating barrier at the vicinity of the
electrode and blocking the discharge of metal ions. Owing
to this reason higher activation energy is required for
deposition of zinc thus exhibiting higher overpotential. The
bright deposition is always associated with refinement in its
crystal size. The grain refinement is a necessary condition
for bright deposition. Here the additives enhanced the
deposition overpotential thus responsible for the formation
of bright and smooth zinc deposit.

Cetyltrimethylammonium bromide, a cationic surfac-
tant, influences diffusion of zinc ions in aqueous medium,
and it gets adsorbed on the electrode surface during plating
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thereby causing higher overpotential for deposition. Thus,
CTAB generated leveled and fine-grained deposit. EV is
hydrophobic in nature, and its solubility in aqueous solu-
tion is lower. During plating it gets accumulated on the
electrode surface leading to nonuniform deposit. However,
the hydrophobic EV easily interacts with CTAB and thus
increased the solubility of EV in aqueous medium. These
precombined larger molecules effectively get adsorbed and
smoothen the deposit surface [30].

3.3 Combined effect of CTAB and EV
on the nucleation mechanisms

The primary factor leading to the generation of fine-grain
deposit is the formation of fresh nucleation sites and
their rate of growth. This information is obtained from
the chronoamperometric study. In this study, the poten-
tiostatic transients are recorded in the potential range
from —1.1 to —1.6 versus Scg. All the transients prop-
erties obtained are typical of a nucleation process, and
similar-shaped curves are observed for all solutions. All
the curves showed initial sharp rise in short time, and
the current reaches a maximum value (i,,,c). This sharp
rise in current is probably due to the growth and sta-
bilization of initial nuclei. The decay in current density
after reaching i,,,x of each transients converges almost to
a limiting current, and nucleation process is controlled
by diffusion of zinc ion [20].

The nucleation mechanism is identified by drawing
dimensionless curves and compared with those obtained
using the model of Schariker and Hills [44] for 3D
instantaneous and progressive nucleation processes which
are under diffusion control.

The model uses the following equations for identifying
3D instantaneous and progressive nucleation process.

N2
. i
Instantaneous Nucleation ()

Im

= 1.9542{1 — exp|~1.2564 (7, ] }2 (%) e

.\ 2
. . i
Progressive Nucleation (—)

Im

_ 1.254{1 —exp [—2.3367 (f/tm)z} }2 (f/,m)_l (4)

where i represents the current density at any instant of time
t and i, is the maximum current density with corre-
sponding time #,,.

Two limiting cases arise here, in the first case, based on
Eq. 3, all nuclei are formed immediately after potential step,
referred as instantaneous nucleation. In the second case,
Eq. 4, the number of nuclei increases during the entire
deposition process, referred as progressive nucleation.

@ Springer

The current transients obtained for solution So between
the potential —1.29 and —1.315 V and the corresponding
dimensionless graph are plotted. The experimental results
are in agreement with 3D instantaneous nucleation process
shown in Fig. 6. Further the transients are recorded at
different potentials selected between crossover and peak
potentials of solutions Sc, Sg, and Scg which contain
CTAB, EV, and their mixture, respectively. The Fig. 7i and
ii shows the resulting dimensionless graphs. In the presence
of EV, the nucleation process is 3D instantaneous where as
in the presence of CTAB, it is 3D progressive. However, in
the case of mixture of additives (Scg), the nucleation pro-
cess is neither instantaneous nor progressive but lies
between these two limiting cases.

The Scharifker and Hill model is largely used to discuss
the progressive or instantaneous mode of the nucleation
reaction, but in practices it is very difficult to extract useful
information on kinetic parameters from this model.
According to the model given by Scharifker and Mostany
[45], it is not necessary to classify the nucleation process in
order to obtain kinetic parameter. The following Eq. 5 of
Scharitker and Mostany can be employed to calculate the
nucleation rate constant per site ‘A’ and the number density
of active site ‘Np’ over the electrode surface using exper-
imental current transients.

= (e {1 -on o452
)

where k= (8nM/p)"?, zF is the molar charge of the
electrodepositing species, D is the diffusion coefficient in
cm s~2 (calculated from the falling part of the current
transients), ¢ is the bulk concentration, M is the atomic
weight of zinc, and p is the density of the deposited
material. The Tables 6 and 7 list the value of kinetic
parameters obtained for solutions S, Sc, Sg, and Scg by
the nonlinear fitting of Eq. 5. The nucleation rate (A) and
number density of active sites (Np) increase as the potential
was changed to more negative; this behavior is character-
istic of a diffusion-controlled 3D nucleation process.

The value of Ng and A indicated the influence of addi-
tive, either individual or in combination, on nucleation
process. The appreciable effect of additives on nucleation
parameter is noticed in the presence of mixture rather than
their individual presence.

Further, the nucleation rate A that is larger for S indi-
cates low number of active sites on the surface which
becomes exhausted at early stages of the process and
followed instantaneous nucleation. The same trend is
observed in the presence of EV. However, the presence
of CTAB (Sc) shows the nucleation parameters, smaller
A, and larger N, which closely followed the response
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Fig. 6 i Typical family of
potentiostatic current density
transients for the nucleation of
Zn for solution So on stainless
steel at different overpotentials,
ii nondimensional plots for 3D
nucleation

Fig. 7 i Typical family of
potentiostatic current density
transients for the nucleation of
Zn for solution Sc, Sg and Scg
on stainless steel at different
overpotentials and
nondimensional plots for

(3D nucleation) solutions, ii Sg,
iii Sc, and iv Scg
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Table 6 Kinetic parameters extracted from the nonlinear fitting of Eq. 5 to current transients obtained for solutions So and Sc

Solution So

Solution Sc

—Evs. Scg (V) 1 (8) im(MAcm™) No(10°cecm™) AG™YH —Evs.Scg (V) tn(s) im (mAcm™2) No (10°em™2) A (7Y
—1.27 21.79  1.44 0.78 0078 —14 1942 243 2.76 0.027
—1.28 1229 1.79 0.85 0.26 —143 16.04 2.85 3.35 0.033
—1.29 1033 1.92 0.95 0.37 —145 12.66 3.06 5.61 0.031
—1.300 6.45 239 1.39 0.68 —1.46 822 332 6.49 0.064
—1315 3.80 3.14 1.76 6.89

predicted for progressive nucleation wherein the number of
active sites increased. But in the mixture (EV + CTAB),
still higher value of Ng and smaller value of A are noticed.

This indicated blocking effect of additives, which con-
tributes to the existence of larger fraction of sites, becomes
active with increased cathodic overpotential [46].
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Table 7 Kinetic parameters extracted from the nonlinear fitting of Eq. 5 to current transients obtained for solutions Sg and Scg

Solution Sg Solution Scg

—Evs.Sce (V) tm(s) im(MAcm™? No(10°cm™2) A —Evs.Scg (V) fm(s) im (MAcm™>2) No(10°ecm™2) A (7Y

—1.42 1936 1.71 0.92 0.129  —1.45 28.86 1.30 3.54 0.026

—143 17.61 1.96 1.01 0.143  —1.49 11.67 1.57 6.14 0.0

—1.44 1521 223 1.17 0.165  —1.53 925 1.97 7.5 0.057

—145 1231 2.64 1.45 0204 —1.54 6.90 2.19 10.39 0.077
—1.55 5.65 244 12.68 0.094

4 Conclusion

The nanosized bright crystalline zinc deposit was obtained
from sulfate electrolyte containing both ethyl vanillin
and cetyltrimethylammonium bromide. The deposit trans-
formed from dull appearance (without additives) to smooth
fully bright appearance in the presence of both additives.
The zinc-preferred orientation also changed to (100) (110)
in the presence of additives. The additives when present
together produce good zinc deposit with high surface
reflectance of 85%.

The peak potential corresponding to zinc reduction is
always negative in the presence of additives than their
absence. Higher shift is observed for additive mixture and
accounts for fine-grained nature of bright deposit. The
additives adsorb on the steel surface (shift of Ecq toward
negative direction) and create diffusion condition. The
chronoamperometric study supports the combined effect
of CTAB and EV on nucleation mechanism. The addi-
tives increased the number of active sites and decreased
the rate of nucleation, which results in refinement of grain
size.

Acknowledgments The authors are grateful to University Grant
Commission, New Delhi, Govt. of India for providing financial
assistance (Project No. F. No. 32-220/2006(SR) Dated: 24/03/2007),
and Department of Chemistry, Kuvempu University for providing
laboratory facilities.

References

1. Arthoba Naik Y, Venkatesha TV (2005) Bull Mater Sci 28:495

2. Arthoba Naik Y, Venkatesha TV, Nayak PV (2002) Turk J Chem
26:725

3. Shanmugasigamani S, Pushpavanam M (2006) J Appl Electro-
chem 36:315

4. Muralidhara HB, Arthoba Naik Y (2006) Surf Coat Technol
202:3438

5. Kavith B, Santhosh P, Renukadevi M, Kalpana A, Shakkthivel P,
Vasudevan T (2006) Surf Coat Technol 201:3438

6. Schneider HS (1977) Plat Surf Finish 64:52

7. Loshkarev YuM, Livshits AB, Snetkova LP, Gorlova MS, Stu-
pakevich BV (1972) Issled Elektroosayhdeniyu Rastvoreniyu

@ Springer

10.

11.
12.
13.

14.

15.
16.
17.

18.
19.
20.

21.
22.
23.

24.
25.

26.

217.
28.
29.

30.
31.
32.
33.
34,
35.
. Trejo G, Ortega R, Meas Y, Ozil VP, Chainet E, Nguyen B

37.

38.

Metal ( Frumkin AN ed), 132, “Nauka”, Moscow (1972); Chem
Abstr 76:29975b

. Loshkarev MA, Boichenko LM, Nesterenko AF (1971) & (1972)

Khim Tekhnol (Kharkov) 18:33; Chem Abstr 76:8002j

. Li M, Luo S, Qian Y, Zhang W, Jiang L, Shen J (2007)

J Electrochem Soc 154(11):D567

Lee J-Y, Kim J-W, Lee M-K, Shin H-J, Kim H-T, Parka S-M
(2004) J Electrochem Soc 151(1):C25

Kim J-W, Lee J-Y, Park S-M (2004) Langmuir 20:9

Mockute D, Bernotiene G- (1997) J Appl Electrochem 27:691
Li MC, Jiang LL, Zhang WQ, Qian YH, Luo SZ, Shen JN (2007)
J Solid State Electrochem 11:549

Kim S-J, Kim H-T, Parka S-M (2004) J Electrochem Soc
151(12):C850

Kardos O Plating 61(1974),(2)129;(3)229: (4) 316

Boto K (1975) Electrodeposition Surf Treat 3:77

Diaz-Arista P, Meas Y, Ortega R, Trejo G (2005) J Appl Elect-
rochem 35:217

Gomes A, da Silva Pereira MI (2006) Electrochim Acta 52:863
Gomes A, da Silva Pereira MI (2006) Electrochim Acta 51:1342
Ballesteros JC, Diaz-Arista P, Meas Y, Ortega R, Trejo G (2007)
Electrochim Acta 52:3686

Oniciu L, Muresan L (1991) J Appl Electrochem 2:565
Ravindran V, Muralidharan VS (2000) Bull Electrochem 16:60
Youssef KhMS, Koch CC, Fedkiw PS (2004) J Electrochem Soc
151:C103

Mockute D, Bernotiene G (2000) Surf Coat Technol 135:42
Saber Kh, Koch CC, Fedkiw PS (2003) Mater Sci Eng A
341:174

Paunovic M, Schlesinger M (1998) Fundamentals of electro-
chemical deposition electrochemical society series. Wiley, New
York, p 53

Cullity BD (1978) Elements of X-ray diffraction, 2nd edn.
Addision-Wesley Publishing Company, Inc., Philippines
Mouanga M, Ricq L, Douglade J, Bercot P (2007) J Appl
Electrochem 37:283

Lide DR (2005) CRC handbook of chemistry and physics, 81st
edn. CRC Press, Boca Raton, LLC, pp 5-93

Hsieh J-C, Hu C-C, Lee T-C (2008) J Electrochem Soc 155:D675
Reddy AKN (1963) J Electroanal Chem 6:141

Casanova T, Soto F, Eyraud M, Crousier J (1997) Corr Sci 39:529
Cachet C, Wiart R (1994) J Electrochem Soc 141:131

de Oliveira EM, Carlos IA (2008) J Appl Electrochem 38:1203
Zhang Z (2001) Trans Nonferr Met Soc China 11(4):603

(1998) J Electrochem Soc 1:4090

Fletcher S, Halliday CS, Gates D, Westcott M, Lwin T, Nelson G
(1983) J Electroanal Chem 159:267

Kladekova D, Lova MG, Pikna LR (2005) Particulate Sci Tech-
nol 23:189



J Appl Electrochem (2011) 41:39-49

49

39. Barry FJ, Cunnane VJ (2002) J Electroanal Chem 537:151

40. Trejo G, Ruiz H, Ortega Bores R, Meas Y (2001) J Appl Elect-
rochem 31:685

41. Lin ZD, Lu JY (2005) Acta Cryst E61:743

42. Wang AD, Bi CF, Fan YH, Zou YN, Xu JK, Kan YH (2008) Russ
J Coord Chem 34(8):475

43.

44,
45.
46.

Pereira MS, Barbosa LL, Souza CAC, De Moraes ACM, Carlos
IA (2006) J Appl Electrochem 36:727

Scharitker BR, Hills G (1983) J Electochem Acta 28:879
Scharifker BR, Mostany J (1984) J Electroanal Chem 177:13
Alvarez AV, Salinas DR (2004) J Electroanal Chem 566:393

@ Springer



	Synergistic effect of additives on bright nanocrystalline zinc electrodeposition
	Abstract
	Introduction
	Experimental
	Results and discussion
	Morphology and crystal orientation
	Voltammetric studies
	Voltammetric studies in the absence of additives
	Voltammetric studies in the presence of additives

	Combined effect of CTAB and EV on the nucleation mechanisms

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


