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The influence of two additives—poly(ethylene glycéW 200) (PEGq) alone and a mixture of
PEGoo and benzylideneacetol®EGo/BDA)—on the mechanism of Zn electroreduction and th
morphological characteristics of the coatings ot®di was studied. A study of the adsorption of
additive molecules onto a Fe electrode surfackeabpen circuit potential dgp) using a quartz crystal
microbalance (QCM) disclosed that both Be&nd PEGyBDA were adsorbed on the electrode,
with a higher mass increase being observed forsyiséem with PEGyBDA. Cyclic voltammetry
showed that the adsorption of PRE@BDA partially inhibited the electroreduction of Z0 E = -1.12 V
vs. SCE. This inhibition caused an increase in dfierpotential for the discharge of Zn(ll) ions,
resulting in two reduction processes with differenergies. A study of the reduction kinetics regdal
that for both the PE£ and PEGy/BDA systems, the adsorption of additive molecudego the
electrode surface caused a decrease in the exchangeat densityi¢), which made the kinetics of the
process slower. When PEkfgor PEGo/BDA was present in the electrolytic bath, the eslwfa,
were slightly lower; this effect is associated wdifferences in the morphologies of coatings grown
the presence of additive molecules. The coatingsvigrin the presence of the PR@BDA additive
mixture were compact, smooth and shiny materialspresed of flakes grouped in hemispherical
clusters of uniform size.
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1. INTRODUCTION

Zinc electrodeposits are of practical and indulsimgortance due to their proven ability to
protect ferrous substrates against corrosion [1r5§fforts to achieve better corrosion protectiooih
alkaline [6,7] and acid electrochemical processegtbeen developed. Each of these approaches has
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advantages and disadvantages. In general, acid &sltiibit higher cathode current efficiencies lret a
characterized by poor deposit distribution on thlestrate. The higher cathode current efficiencies o
such baths afford the added advantage of allowiating over hardened steel and cast iron. Alkaline
processes tend to have lower cathode currentesiices but exhibit very good plate distribution and
contain complexes that effect waste treatmentahtiqular, the acidic process for the electrodepsi

of Zn can use sulfate [8,9,10,11] or chloride etdgtic baths [12,13,14,15,16].

Diverse factors influence the mechanism of Zn etel®position, including the morphology of
the coating that is formed. Recent work by Raegssil. [17] showed that temperature, pH, and ctirren
density affect the morphology, texture, and nuadamechanism of Zn deposits. Yu et al. observed
that increasing the temperature increased the ammte density and modified the nucleation
mechanism of Zn electrodeposits [18]. In additibias been shown that the concentration of Zn(Il)
ions [19], complexing agents [20], anions [21,224 arganic additives [23] play fundamental roles in
Zn electrodeposition. The use of additives in e@dgtic baths is very important due to their infioe
on the growth and structure of the deposits obthifre particular, organic additives block part bét
electrode surface, thereby reducing the numberctivea sites for nucleus formation and hence
decreasing the nucleation rate. The adsorptiomaddditive can decrease the rate of nucleation for
two reasons. First, additive molecules may bloak ¢lectrode surface and reduce the frequency of
appearance of sub-critical clusters. Second, thay bilock the surface of the critical nuclei and
impede the incorporation of single ions [16]. Tyllg, additives are added to the electrolytic baith
concentrations on the order of parts per millidwirt presence in the bath promotes the formation of
soft and shiny coatings. In addition, additives canse modifications of other physical charactesgst
of the coatings; for example, Mirkova et al. [2éuhd that hydrogenation of a steel substrate was
strongly reduced in the presence of an additivetunixcomposed of PEG, Na—benzoate, ethanol
and benzalacetone and Song et al. [25] showedatthdition of poly(ethylene glycol) (PEG) and
gelatin to the electrolytic bath inhibits hydrogadsorption on the deposited Zn. In recent years,
benzoic acid (BA), BDA [26-28] and PEG [29-32] halveen increasingly used as additives in the
electrodeposition of Zn and Zn-Co alloys [33] indabaths. The superior quality of the coatings
obtained in the presence of these additives haerge growing interest in the effects of these
compounds on the morphology and physical propeotighe coatings. Recent studies by Su-Moon et
al. [34,35] have shown that BA controls the rougisnef Zn coatings, an effect that was attributed to
the adsorption of BA onto active sites on the swaltst -Danciu et al. [36] reported similar reswitsen
BDA was used as a primary brightener in the eleleposition of Zn coatings. They showed that
addition of a range of brighteners, including BDéaused a significant displacement of the
potentiodynamic curves toward more negative paéntin other work in this area, Juhos et al. [37]
showed that addition of BDA increases the capac#aof the double layer, and Bernotiene and
Mockute. [27,38] found that addition of BA into ath containing BDA caused a decrease in the rate
of BDA consumption. However, PEG molecules raise alierpotentials for reduction of both Zn(ll)
ions and protons by effectively blocking the eled& surface. In studies on the electrodepositiafnof
in the presence of PEG, Kim et al. [39] found tR&G molecules adsorbed on an iron surface form
ordered structures and appear to desorb in therpoidatial deposition region of Zn(ll) ions. In
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addition, using the quartz crystal microbalance Q)Qechnique, Mendez et al. [40] showed that
PEGoooomolecules adsorb on a Pt surface at the openitgratential.

Traditionally, PEG is classified as a throwing povenhancer in metal electrodeposition.
However, in the present study we use Rig@ot only as an additive, but also as a solveutigeolve
BDA, which is normally dissolved in methanol.

A detailed literature search indicated that fewd&s have sought to explain the synergetic
effect of additives on the deposition of bright @ratings. The present study focused on the effeat o
mixture of PEGg, and BDA on bright Zn deposition. The influencetbé additive mixture on the
reduction kinetics and morphology was investigatisthg voltammetry in the stationary diffusion
regime, X-ray diffraction (XRD) and scanning electrmicroscopy (SEM).

2. EXPERIMENTAL PART

The electrochemical study of the reduction of Zn idns in the presence of Pkfg and a
PEGo/BDA additive mixture was performed in a conven#bthree-electrode cell using solutions S
(=0.1 M ZnC} + 0.32 M HBOs + 2.8 M KCI, pH = 5.0), 8(= S with 1 mM PEGgg and S (= S
with 1 mM PEGg + 0.1 mM BDA). The solutions were prepared immeslja prior to each
experiment using deionized water (18AMMtm) and analytical-grade reagents (Aldrich). Befeach
experiment, the solutions were deoxygenated fom80 with ultrapure nitrogen (Praxair), and a
nitrogen atmosphere was maintained during the @xpets. The working electrode was an AlISI 1018
steel disc of surface area 0.07°@nclosed in Teflon, and the steel surface was fpedigo a mirror
finish with 0.05nm alumina powder (Buehler). The real area of th8IAI018 steel electrode (A =
0.101 cri) was calculated from additional experiments on réduction of Zn(ll) ions in a base
solution (%) of composition 0.1 M ZnGl+ 2.8 M KCI + 0.32 M HBOs, pH = 5.0, using rotating disk
electrode (RDE) voltammetry, taking the value d tiffusion coefficient (By)) to be 8.06 x 18
cn? s* [19] and using the Levich equation. A saturatetbroal electrode (SCE) was used as the
reference electrode, and a Pt rod was used asoth@er electrode. All potentials reported here are
expressed with respect to the SCE. The electrodamxperiments were carried out with an EG &G
Princeton Applied Research Potentiostat/Galvangdtatd. 273A) coupled to a personal computer
equipped with EG&G M270 software for data acquositi

The adsorption study was performed using a QCM (deaMod. 710). An AT-cut quartz
crystal o = 5 MHz) covered with an iron film (Maxtek) wasaalsas the working electrode (Fe-QCM)
(geometrical area 1.37 én A new Fe-QCM electrode was used for each expmrimBefore each
experiment, the electrode was cleaned with degrgasalution. A spectroscopy-grade graphite rod,
mounted inside a separate compartment, was ushe asunter electrode, and a SCE was used as the
reference electrode. To minimize iR-drop effectd,umgin capillary was employed to connect the
reference electrode compartment to the workingiielde compartment.

The QCM signal was registered Bsxp (Hz) (=f-f), the experimental frequency change, which
can be related to the total mass change at thee@lecsurfaceldm) using theSauerbrey equation [41]:
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I:]:exp == Cf (DT]) (1)

whereC; ((Hz cnf) ng?) is the sensitivity factor of the quartz crystaipoyed in the measurements.
In the present workC; was calculated to be 0.056 (Hz3¥mg" using the equation:

2f2

VTl q

wherefy is the natural frequency of the quartz crysta=5 MHz), i3 is the shear modulus of the
quartz crystal £ = 2.94 x 18 g (cm $)™* and rq is the density of the quartz crystal, € 2.65 g crh

3.

Cf = (2)

The surface morphology of the deposits was evaduasing a scanning electron microscope
(Jeol, Mod. DSM-5400LV), and the crystal structumesre determined by XRD using a Bruker
diffractometer (Mod. D8 Advance).

3. RESULTS AND DISCUSSION

3.1. Quartz crystal microbalance (QCM) measuremduntsg additive adsorption at the open circuit
potential (Focp).

Prior to performing the electrochemical study @& teduction of Zn(ll) ions in the presence of
PEGqoo or the PEGy/BDA mixture, the adsorption of each additive orte surface of the Fe
substrate at the open circuit potentialodk = -0.7 V vs. SCE) was analyzed in independent
experiments. Each additive was diluted in a 2.8 ® Bolution and then injected into solution (8.1
M ZnCl, + 0.32 M HBO3 + 2.8 M KCI) such that the final concentrationtbé solution was 1 mM
PEGo (solution §) or 1 mM PEGgo+ 0.1 mM BDA (solution §.

In each experiment, the additive was added to isolu§ after the frequency of the
microbalance had remained stabef 0) for 2 min in solution Salone (with constant agitation).
The change in the resonant frequency of the quamtztal was recorded for 4 min following the
addition of the polymer, to monitor the adsorptiodrthe additive (agitation was continued througs th
4-min period). Figure 1 shows the changes in measylated using the Sauerbrey equation) observed
after PEGgo (curve a, Fig. 1) or PE&BDA (curve b, Fig. 1) was injected into solution. S
Immediately after addition of the additive, the sias the electrode surface increased rapidly and
reached a stationary state. After 4 min at the @penit potential, the change in mass was 3.18mg
2 (DmEG&=Feer) for the solution containing PEG and 4.93 ng cif for the PEGo/BDA
system@m:&='BPAFcr ) n a previous study using EQCM and EC-STM, Kitral. [39] showed that

after the initial rapid rise in the mass of polynaeisorbed on the quartz crystal surface, the addorb
polymer layer enters a stabilization phase in whiehadsorbed PEG molecules rearrange into more
ordered structures.
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Figure 1. Change in mas®Xn) as a function of time, after addition of the i#islds to solution §(=
0.1 M ZnC} + 0.32 M BBO3 + 2.8 M KCI): (a) 1 mM PE&y, (b) 1 mM PEGg,+ 0.1 mM BDA.

3.2. Voltammetric study of the electroreductioZiofil) ions

The electroreduction of Zn(ll) ions on an AISI 10dt8el electrode was studied in solutiogs S
S: and S using cyclic voltammetry. The potential scan wasated in the cathodic direction from the
open circuit potential (&zp).

3.2.1.Without additives

Figure 2 shows a typical voltammogram obtainedstwution $(0.1 M ZnC} + 0.32 M HBO3
+ 2.8 M KCI, pH = 5.0; i.e., without additives). this system, the reduction proceeds in a singlp st
(peak Ic at -1.12 V vs. SCE) associated with tlticgon of Zn(ll) ions to Zn(0). On switching the
potential scan at -1.55 V vs. SCE and scanningpenpositive direction, an anodic peak (la) appears,
which is associated with the oxidation of Zn(O)fed during the scan in the negative direction.
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Figure 2. Typical voltammogram obtained using an AISI 1018ektelectrode in a solution of
composition § v=20 mV §, T = 25 °C. Inset: variation in the cathodic emtrdensity peak with the
square root of the scan rate.

In previous studies [19] we have demonstrated ttieatreduction of Zn(ll) ions in solutiony S
involves the species Zn&1 which is reduced to Zn metal via the followingegon:

ZnClZ + 2e ® Zn(0) + 4CI

The conditional potential associated with this teac (E'zczzn0) can be evaluated using
Equation 3, which is valid in the pH range from @ (.04 [19].

ZnCIZ /zn(0

)(V vs.SCE)=-1.01+0.12pCI- 0.03pzZn' (3)

Under the experimental conditions used in this ﬁtLEiZ

SCE.
Study of the behavior of peak Ic, associated vighreduction of Zn(ll) to Zn(0), disclosed that
the peak of the current density increased lineaitly the square root of the sweep potential rgtevs.

nGEF 120(0) has a value of -1.097 V vs.
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v (Inset of Fig.2). When this graph is extrapolates = 0, it is found that the intercept is greater
than zero. This result indicates that an additigmalkcess other than diffusion occurs; this behavior
may be attributed to the nucleation phenomena waeblas reported by Hills et al. [42].

3.2.2. In the presence of Pfgand PEGy/BDA.

Immediately after the adsorption of the additivésEgcp, a study of the electrochemical
behavior was performed. The influence of Begg®@r PEGo/BDA on the electrodeposition of Zn was
studied in the potential range -0.5 to -1.55 VSGE using solutions:§= $ + 1 mM PEGy) and $
(=S +1mMPEGg+ 0.1 mM BDA).

Figure 3 shows the voltammograms obtained for gwlatS (curveb, Fig. 3) and $(curvec,

Fig. 3). For comparison, the voltammogram for ttditve-free solution, & is also showicurvea,
Fig. 3); the behavior of this system was discusd®xle in relation to Fig. 2.

The voltammogram obtained in the presence of BEEurve b, Fig. 3) resembles that
obtained for solution S(curvea, Fig. 3). Specifically, the voltammogram exhib&scathodic peak
('c) associated with the reduction of Zn(ll) iots Zn(0); the potential at which this peak appears
(Eprc = -1.12 V vs. SCE) is similar to that observed gofution $ (curvea, Fig. 3) (Eic=Errc). In
addition, the cathodic current density of peaki$dess than that of peak Ic. This behavior can be
attributed to the adsorption of PRfgmolecules on the active sites of the electrodeaddition, the
behavior of the voltammogram obtained in the preseaf PEGq, indicates that the hydrogen
evolution reaction is inhibited by the presencehef additive, a finding similar to that reported by
Song et al. [25]. Additional experiments (data sledwn) showed that the peak of the current density
increases linearly with the square root of the pmpetential ratei{yrc vs. v?) indicating that the
reduction of Zn(ll) ions in the presence of PkfGs diffusion-controlled. When this graph was
extrapolated to*? = 0, it was found that the intercept is greatanthero. This result indicates that an
additional process other than diffusion occurs.

During the potential scan in the positive directian anodic peak (I'a) is observed at -0.6 V vs.
SCE, associated with the oxidation of the Zn(0)od#pd during the potential scan in the negative
direction.

The presence of PEg&/BDA in the solution (solution 5 curve c, Fig. 3) induces significant
changes in the voltammogram. Two reduction peak<lmarly observed: a small peak, 1"ce(E = -
1.12 V vs. SCE); and a much larger peak (peak)lBtmore negative potential {lzc = -1.22 V vs.
SCE). The potential value at which peak I"co(E) appears is the same as that obtained during the
reduction of Zn(ll) ions in the absence of BDA (kée, curvea, Fig.3) (thus, Bic= Eprc = Eprc). In
addition, the cathodic current density of peak ienuch less than that of peak Ic. Thus, the ftiona
of peak I"c in the solution containing both PEfand BDA can be attributed to the electrodeposition
of Zn onto the actives sites on the electrode sarthat are not blocked by adsorbed RizGr BDA
molecules. At potentials more cathodic thand:the second reduction peak, associated with the bu
deposition of Zn, is observed (peak 11”c). The beior observed during the reduction of Zn(ll) ians
solution $ (PEGoy/BDA) is associated with the adsorption of the &des onto the electrode surface.
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The adsorbed additives form an adlayer that almostipletely inhibits the discharge of the Zn(ll)
ions, and blocks most of the active sites at whiwh first reduction process (peak I"c) occurs.
Subsequently, an increase in the overpotentiaédgsiired for desorption of the additives from the
electrode surface, allowing the reduction of Zni@h)s to take place (peak II"c) at the active sithat
are liberated by the desorption of additive molesullhe desorption behavior of the additives PEG
and BDA in electrolytic baths has been examinegdrevious studies. Mockute at al. [38] found that
during the reduction of Zn(ll) in baths containiBPA, the additive decomposes into diverse
compounds. In a study of an electrolytic solutidrr@mposition 0.32 M EBO; + 2.8 M KCI + 1 mM
PEGuoooa Ballesteros et al. [32] found that the desorptdPEGoggo from a Fe electrode occurred in
the potential interval -0.6 to -1.6 V vs. SCE.

When the potential scan was switched to the pestikection from -1.55 V vs. SCE, an anodic
peak (I'"a) was observed, which corresponds todissolution of Zn deposited during the scan in the
negative direction.
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Figure 3. Typical voltammograms for the electroreduction Zf(ll) ions on an AISI 1018 steel
electrode, obtained from the following solutiore} $olution & (b) solution $(= $ + 1 mM PEGq),
) S (ES+1mMPEGy+ 0.1 mM BDA). (d) The supporting electrolyte 0.82H;BOs; + 2.8 M
KCl + 1 mM PEGoo + 0.1 mM BDA is also show.= 20 mV §".
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Table 1 shows the values of the anodg)(and cathodic@.) charge densities obtained by
integrating the voltammograms in Fig.3 over theregponding potential intervals. When Pk{Gvas
added to solution ¢S a lower value of the cathodic charge density anbigher efficiency were
obtained. This behavior is associated with the lotarof active sites by additive molecules adsorbed
on the electrode surface and with the inhibitiothef hydrogen evolution reaction (see curve b 3fig.

Among the systems studied, the highest value ofcdtbodic charge density was obtained
when both PEGy and BDA were present in the solution. This behagin be attributed to the fact
that during the reduction process, the cathodiceotirdensity has contributions from the current
density associated with the reduction of Zn(ll) Soand from the decomposition of BDA via a
reduction mechanism into diverse compounds, inomdphenylbutanol, phenylbutanone and
phenylbutane [26]. Due to the decomposition of BQW#e cathodic efficiency is lower than that
obtained when only PEf& was used as an additive, although it is slight@jhér than that obtained in
the absence of additives.

Table 1. The total cathodic chargeQ¢) and total anodic chargeQ&), obtained from the
voltammograms in Fig. 3.

Solution Cc Qu Qa Qc
{mC cm?) (mC cm?)
Sy 616.81 535.04 0.86
S 599 .97 566.45 0.94
S, 623.88 559.38 0.89

To analyze the reduction processes associatedpedks 1”c and II”c in the voltammogram
(curve c, Fig.3), we used the switching potentethiique. In these experiments, the switching
potential (k) was fixed at the foot of reduction peak I"c d'd (e.g9. E < Epyc, Epre > B > Boie)
and the potential scan was switched to the poditirextion at . The results obtained revealed that

the current density of peak I'a depends on bothegon peaks (Fig. 4).

A study of the reduction overpotentid € Eprcire, - E )) (Epreire, corresponding to

ZnCIZ /Zn(0
the potential of peak I'c or II'c in the presendeadditives) for the different solutions was cadrigut;
the results are listed in Table 2. The overpoteasaociated with peak It () is independent of the
presence of additives, whereas the overpotentialileéed for peak I1”c, observed in the presente o
PEGod/BDA, is 100 mV more negative.

These results show that the presence of bothiEGd BDA in the electrolytic bath modifies
the mechanism of zinc deposition from a reductioechanism that involves only one reduction
process to a mechanism that involves two redugti@tesses (peaks I”c and II"c). All of these
processes involve the reduction of Zn(ll) ions, tidely in the ZnCI; complex form [19]. The

overpotential is different for each stage, howewadicating the possible existence of active growth
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sites with different energies (I”c and II”c). Ithis way, the PEgy/BDA mixture not only adsorbs
over the electrode surface, but also modifies thehanism of Zn deposition.

120 - I"a
’ ——E =-1.12V vs. SCE
100 4 ——E =-1.13Vvs. SCE
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Figure 4. Voltammograms obtained using an AISI 1018 steealtedee in a solution of composition
S,, at different values of the switching potentiat 20 mV §".

Table 2. Overpotential of the reduction of Zn(ll) ions on AlSl 1018 steel electrode, obtained from
different solutions.

Solution Ep;. Epppe, 7 n:
(Vvs.SCE)  (Vvs.SCE)  (Epre E'Znel@zny)  (Epppre - EZnCl3/Zn@) }
Sq -1.12 — -0.023 —
S, -1.12 — -0.023 —

S, -1.12 -1.22 -0.023 -0.123
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Figure 5. Typical linear voltammograms recorded using an Ra&lEained during the electroreduction
of Zn(ll) ions in different solutions: (a) solutidh, (b) solution $, (c) solution S w = 1400 rpmy =
3mvV s

3.3. Electrodeposition of Zn in the stationarywukfon regime

The electrochemical reduction of Zn in the statigndiffusion regime was studied using the
rotating disk electrode (RDE) voltammetry technigfeconstant potential scan rate (3 mV) svas
imposed and the electrode rotation rate \as varied from 1000 to 2000 rpm. Before each audn
predeposit was prepared in situ on the disk Ali8l$teel electrode by applying 28 mA€ifor 20 s.

Figure 5 shows the curvesiofs. E obtained under these conditions for the redoaiazn(Il)
ions from solutions $S(no additives, curva), S (with PEGg, curveb) and $ (with PEGoo/BDA,
curvec). The data show the following characteristicstha presence of PEgs (curveb, Fig. 5) and
PEGod/BDA (curvec, Fig. 5), the cathodic polarization in the curwesreases with respect to that
observed in the absence of additives (cumyewith the effect being greater in the system with
PEGo/BDA. This increase in cathodic polarization is@sated with the adsorption of the additives
on the electrode surface [36,38], a fact refledigdhe progressive decrease of the cathodic current
density for potential values greater than -1.25sV SCE. When the potential is close to -1.25 V vs.
SCE, the current densities associated with thectemtuof Zn(ll) ions in the absence and presence of
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PEGq are similar, indicating that in this potential ieythe active sites for the reduction of Zn(ll)
ions that had been blocked by adsorbed BE@olecules are now unoccupied. In addition, in the
same potential region, the cathodic current densitygher when the PEG/BDA additive mixture is
present in the solution (curee Fig. 5), suggesting that the presence of bothJgE®Bd BDA in the
electrolytic solution leads to an increase in tlensity of nucleation sites of Zn. This enhanced
nucleation rate results in fine-grained zinc dejsosi

For each of the three solutions, the limiting cotrdensity {im) exhibited a linear variation
with w2, as can be seen in Figure 6. This behavior dematestthat, both in the absence and presence
of the additives, the reduction of Zn(ll) ions mnited by mass transfer of the electroactive sggecie
Extrapolating the curveg,, vs. ¥2 to  ¥2 =0 yields a nonzero current density for all threeeys,

indicating that the current density is additionahhanced by other phenomena coupled to the charger
transfer process.
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Figure 6. Variation in the cathodic limiting current densityith agitation, obtained from different
solutions: (a) solutiongS(b) solution g (c) solution &
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To evaluate the kinetic parameters, the currensites free from diffusional effects, were
evaluated by plotting* vs. "¥? for several constant overpotentials and extrapglab ** =0,
according to the equation:

“i, nFDYCu “

1 1 1617"°
D
where F is the Faraday constamts the kinematic viscosity) is the number of exchanged electrams (
= 2) andC is the Zn(ll) concentration.
Figure 7 shows typicai™ vs. w'? curves obtained for solutions,SS; and $ at several
overpotentials. The values Qfwere obtained from the intercepts.
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Figure 7. Typical plots of i vs. w*? recorded at various potentials in different solnsi (a) solution
S, (b) solution g (c) solution &
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Using the pure kinetic current density) for each overpotential, it was possible to edtimbe
kinetic parameters by means of the rate equatiaterkto a cathodic process under activation cgntro
that is, the Tafel equation:

- a,nF

I, =i,exp BT

h (5)

where a¢ is the charge transfer coefficiett, is the overpotential, antgy is the exchange current
density.

The Tafel plots obtained for the three solutiores sltown in Figure 8. For each system, a well
defined linear region is obtained in plots Iog\ik\ against the overpotenti@ From the slope and

intercept of the plot for each electrolytic solutiat is possible to obtain the values of the cditio
charge transfer coefficierd{) andio, respectively.
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Figure 8. Tafel plot for the reduction of Zn in different stibns: (a) solution & (b) solution &, (c)
solution .
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The calculated values of the electrochemical kinptirameters. andip are listed in Table 3.
The value ofiy decreases from 22.7 to 16.9 mAtmvhen PEGyo is added to the solution, and then
shows a further decrease to 11.7 mA%cwhen both PEGo and BDA are used as additives. These
findings indicate that the reduction kinetics atlewer in the presence of the additives, with the
solution containing PE£/BDA showing the lowest rate of Zn(ll) reductiorhds, less crystal growth
is expected in solutions containing the BRMBDA additive mixture.

In addition, the value of the charge transfer doiefiit (&) decreases from 0.28 for solutiof S
to 0.24 for solutions Sand $. This decrease ia. is associated with differences in the morpholdgica
characteristics of the deposits obtained from ffierdnt solutions.

Table 3.Kinetic parameters for the electroreduction reactd Zn obtained from different solutions,
determined using the Tafel method.

Solution Tranfer Exchange
coefficient (« )™ current density (7p)*
(A c?y
So 028+ 0014 227+ 033
S O0.24+0.015 GO+ 025
S 0240010 I ~+= 035

W ith standard deviation
3.4. Characterization of the Zn coatings

The zinc coatings obtained from solutions § and $ were analyzed using SEM and XRD to
determine the influence of the Pk and PEGy/BDA additives on the morphology and
crystallographic orientation of the deposits. Thepakbits were grown potentiostatically at different
potential values, &y = -1.17 V vs. SCE for &-1.26 V vs. SCE for Sand -1.28 V vs. SCE for,S
until a charge equivalent to a thickness ofhb® was obtained.

The results show that both the morphology and gsaie are affected by the presence of the
additives. In the absence of additives (Fig. 9,Zh coating is comprised of hexagonal plates (figu
9a) (typical of pure Zn coatings [1,43]) of similsize 100 nm?) that grow in multilayers. XRD
analysis (Fig. 9b) of this coating showed that tigstals grow predominantly with a (101)
crystallographic orientation. These characteristensse the Zn coatings to have a dark appearadce an
to be poorly adherent.

In contrast to the morphology of the Zn coatingsrfed in the absence of additives, the
coatings formed in the presence of Bg@re composed of flakes grouped in hemisphericedtets
(Fig. 10a) with various sizes (400 to 19807). XRD analysis of this coating (Fig. 10b) reveatbat
the coatings that formed in the presence of RE@ew in various orientations, principally (101)tbu
with considerable amounts of (002), (100) and (10hus, the addition of PEg to the electrolytic
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solution induces significant changes in the morpgpland crystallographic orientation of the Zn
coatings. The deposits formed in the presence @.REvere gray in color and exhibited moderate
adherence.

b
| Zn (101)
12000 —
10000
8000
6000
40004
1 7n (102) Zn (112)
2000 zn (100) I 7n (103) F (201)
' 8 N
o bl A .
T T T T T T T T T T 1

. —
20 30 40 50 60 70 80 90 100
2 Q(CuKa)

Figure 9. (a) X-ray diffraction (XRD) pattern and (b) a SEiMage of a Zn coating electrodeposited at
E =-1.17 Vvs. SCE, t = 13 min from solutiop S
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Figure 10.(a) X-ray diffraction (XRD) pattern and (b) an SkiMage of a Zn coating electrodeposited
at E=-1.26 V vs. SCE, t = 13 min from solution S

The coatings formed in the presence of the REEBDA additive mixture exhibited a
morphology and crystallographic orientation similarthose of the coatings obtained in the presence



Int. J. Electrochem. Sci., Vol. 4, 2009 1751

of PEGyqo alone. However, a greater number of similarly-diz&isters €200 nm?) was observed in
the Zn coatings formed in the presence of REBDA compared to PEfg, alone. This finding
suggests that in the presence of the additive maxtthe nucleation rate is higher and the crystal
growth rate is lower, as predicted on the basighef calculated values a§. This effect can be
attributed principally to the adsorption of the tidds on the electrode surface. Previously, weehav
shown that the additives PEG [31] and BDA [44] @ form complexes with Zn(ll) ions, indicating
that they influence the electrolytic process pritgahrough their effect on the electrode surfatiee
coatings that formed in the presence of the RFEDA additive mixture were metallic gray in color,
smooth, compact and adherent.
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Figure 11.(a) X-ray diffraction (XRD) pattern and (b) an SkiMage of a Zn coating electrodeposited
at E=-1.28 Vvs. SCE, t = 13 min from solution S

4. CONCLUSIONS

In the present study of Zn electrodeposition, tffeces of adding PEgo or a mixture of
PEGoo and BDA to a slightly acidic electrolytic chloride@th were investigated. The following effects
were found:

Both PEGg and the PE&@¢/BDA mixture adsorbed on the Fe surface at the opeuit
potential. In addition, the mass adsorbed ontatintace was greater when the solution contained bot
PEGoo and BDA compared to PEg alone. The adsorption of the PR@BDA induced important
changes in the electroreduction mechanism of Zn@i)s, as well as in the morphology and
crystallographic structure of the Zn coatings aimdi Specifically, in the absence of additives end
the presence of Pk, the electroreduction mechanism of Zn(ll) ionsisilar: a single reduction
process, corresponding to massive Zn depositiolk @@@position), was detected atE -1.12 V vs.
SCE.
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Different behavior was observed, however, when B, and BDA were present in the
electrolytic bath. In this case two reduction pssas were observed: one of low intensity at -1.12 V
vs. SCE (peak I"c) and another of greater intgngiteak 11”c) at -1.22 V vs. SCE, where the latter
feature is associated with the bulk deposition nf Zhe reduction process I”c occurs at the same
potential as the single process observed in themsgswithout additives and with Pefgalone (peaks
Ic and I'c respectively). The low intensity of tweduction process I”c is associated with the
adsorption of PE&o and BDA molecules on the electrode surface. Tisordbeéd additive molecules
form an adlayer that blocks the active sites resglifor the first reduction process (peak I”’c). iden
an increase in the overpotential is required far tlesorption or decomposition of the additive
molecules adsorbed on the electrode surface, aptiie reduction of Zn(ll) ions (bulk deposition) t
occur (peak II"c) on the liberated active sites.

The adsorption of the additives on the electrodéase additionally induced a decrease in the
exchange current densitig)( resulting in a slowing of the reduction kinetits addition,a. decreased
slightly; this decrease can be attributed to thigerdint morphological characteristics of the defsosi
obtained in the presence of the additives.

Finally, the SEM and XRD studies showed that thesence of the additives in the electrolytic
bath induced significant changes in the morphokdgibaracteristics of the Zn coatings. In the absen
of additives, the Zn coating was comprised of heradjclusters (as is typically observed for pure Zn
coatings) of similar size~<L00 mm?) with a (101) preferential orientation. When Znsideposited in
the presence of PEgp alone, the resulting coating was comprised ofeffagrouped in hemispherical
clusters, with sizes ranging from 400 to 19607, and exhibited different crystallographic orierias
(e.g. (101), (002), (100)). Similar behavior innesr of morphology and crystallographic orientation
was observed for coatings grown in the presenabe@PEGy/BDA additive mixture. However, an
important difference was that in the Zn coatingaoted in the presence of the PE@BDA mixture,
the hemispherical clusters had similar siz€200 nm?). The Zn coating obtained in the presence of
the PEGoo/BDA mixture was metallic gray in color, smoothhgoact and shiny.

The present findings thus indicate that the Rlz&dditive not only acts as a solvent for BDA
but also has an important positive influence omtleephological characteristics of the Zn coating.
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