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Abstract The effect of sodium benzoate on the electro-

deposition of zinc on carbon steel electrode from acidic

chloride solution was studied by cyclic voltammetry (CV),

differential capacitance (DC), chronoamperometry (CA),

scanning electron microscopy (SEM), and X-ray diffrac-

tion (XRD). A dimensionless graph model was used to

analyze the nucleation process of zinc. It is found that the

sodium benzoate has a blocking effect on the zinc elec-

trodeposition when its concentration is higher than 0.03 M

but will accelerate the formation rate of zinc nuclei when

its concentration is lower than 0.03 M. Benzoate can be

adsorbed on the surface of the electrode, which reduces the

interface tension of electrode/solution and favors the for-

mation and growth of zinc nuclei when its concentration is

lower than 0.03 M, but forms a separated layer and retards

the formation and growth of zinc nuclei when its concen-

tration is higher than 0.03 M.

Keywords Zinc � Electrodeposition � Chloride �
Sodium benzoate

1 Introduction

Electrodeposited zinc coating has found widespread

application in the corrosion prevention of other metals such

as carbon steel. Several plating electrolytes for zinc

deposition have been used in industry, including cyanide,

alkaline non-cyanide, and acid chloride solution [1]. Cya-

nide process is being prohibited due to its health and

environmental pollution hazards as well as high effluent

treatment costs [2]. Alkaline non-cyanide process, in spite

of its non-toxicity, has several disadvantages such as low

efficiency and strong corrosive attack [1, 3]. Compara-

tively, chloride process is of less cost and more environ-

mental friendly and therefore is more attractive, especially

for use in a high plating rate with maximum current effi-

ciency [3, 4].

To obtain high quality plating, various organic additives

are necessary for zinc plating in chloride solution [5]. The

organic additives have been shown to affect the physical

and mechanical properties of plating such as grain size,

luster, uniformity, internal stress, and anti-corrosion [6, 7].

A number of organic additives have been reported for zinc

plating in chloride solution and the effects of most organic

additives on the zinc deposition have been well understood.

Tripathy et al. [8] found that the lauryl sulphate increased

current efficiency, reduced power consumption, and

improved the surface morphology for the zinc electrode-

position in acidic solution. Gomes et al. [9] showed the

effects of cetyl trimethyl ammonium bromide (CTAB),

sodium dodecyl sulphate (SDS), and octylphenolpoly(eth-

yleneglycolether)n (n = 10, Triton X-100) on the voltam-

metric behavior, structural, and morphological characteristics

of the zinc deposition. Trejo et al. [10, 11] showed the

effect of polyethoxylates and Mouanga et al. [12] showed

the effect of coumarin on zinc electrodeposition in acidic
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solution. It is found that most additives have a blocking

effect on the zinc electrodeposition and improve the cor-

rosion resistance of the deposited zinc. Moreover, there is a

synergetic effect between additives such as benzalacetone

and thiourea for the grain refinement of the deposited

zinc [13].

Many proprietary combinations of the additives have

been developed for zinc plating in chloride solution and

sodium benzoate is one of the necessary components

among these combinations [3, 14–16]. However, the effect

of sodium benzoate on the zinc electrodeposition is less

understood. In this study, the effect of sodium benzoate on

the nucleation and growth of zinc were understood by

cyclic voltammetry and chronoamperometry.

2 Experimental

The zinc plating bath was prepared by adding 0.37 M

ZnCl2 and a certain concentration (0–0.06 M) of sodium

benzoate in base solution of 0.57 M H3BO3 ? 2.7 M KCl

(pH 5.0). All reagents were of analytical grade. In this

article, the blank solution is 0.37 M ZnCl2 ? 0.57 M

H3BO3 ? 2.7 M KCl solution without additive.

The electrochemical experiments were carried out in a

three electrode glass cell with a carbon steel disc (A3

steel, 0.5 cm in diameter) as working electrode, a plati-

num plate as counter electrode, and a commercial satu-

rated calomel electrode (SCE) as reference electrode.

The carbon steel disc was prepared by connecting a

carbon steel rod electrically with copper wires, coating

the rod with a masking paint and embedding it in epoxy

resin, leaving the exposed working disc area. All the

potentials in this article are reported with respect to SCE

reference. Before each experiment, the working electrode

was polished with silicon waterproof carbide paper

(WESTEL), cleaned in deionized water ultrasonically for

3 min, and all the solutions were deaerated with N2 for

10 min.

All the electrochemical measurements were done at

room temperature on PGSTAT-30 (Autolab, Eco Echemie

B.V. Company). The cyclic voltammetry was carried out in

the potentials between -0.4 and -1.6 V. The differen-

tial capacitance was measured at between -0.6 and 1.1 V

under the 1000 Hz. The chronoamperometry was per-

formed immediately after the working electrode was

immersed in the solutions. The morphology of the elec-

trodeposited zinc was observed using a scanning electron

microscopy (JEOL, DSM-5400LV, JAPAN). The crystal-

linity of the electrodeposited zinc was characterized

by X-ray diffraction on RIGAKU (D-MAX2200 VPC,

JAPAN) with Cu-Ka radiation from 30� to 90� at the rate

of 0.1�/s.

3 Results and discussion

3.1 Voltammetric behavior of zinc in base solution

A typical cyclic voltammogram of A3 electrode in the base

solution (0.57 M H3BO3 ? 2.7 M KCl) containing 0.37 M

ZnCl2 is shown in Fig. 1. The voltammogram features the

cathodic peak A at -1.18 V, corresponding to the zinc

bulk deposition, and the wide anodic stripping peak B. The

anodic stripping peak current is larger than the cathodic

peak current, because zinc deposition takes place during

backward and forward potential scanning between -1.0

and -1.6 V. The overpotential is necessary to initiate the

formation of zinc nucleus on the A3 electrode, thus the

current is hardly recorded at the potentials more positive

than -1.0 V. As the potential becomes more negative, the

current increases quickly, corresponding to the fast zinc

deposition on the formed zinc nucleus. The involved

reaction is [17]:

ZnCl2�
4 þ 2e� ! Znþ 4Cl� ð1Þ

The zinc deposition process is inevitably accompanied

by the hydrogen evolution reaction:

2H3Oþ þ 2e� ! H2 þ 2H2O ð2Þ

Upon the sweep reversal, there appear two crossovers

between the cathodic and anodic currents at the potentials

of -1.09 V (Eg) and -1.06 V (Ec), as shown in the inset of

Fig. 1. The Eg is known as the nucleation overpotential

[18] and the Ec is known as the crossover potential, which

is equal to the reversible metal/ion potential [9]. The

measured Ec is very close to the calculated thermodynamic

potential (-1.07 V vs. SCE) [10]. The two current
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Fig. 1 Cyclic voltammogram of A3 electrode in 0.37 M

ZnCl2 ? 0.57 M H3BO3 ? 2.7 M KCl solution. Scan rate:

20 mV s-1
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crossovers are characteristic of nucleation processes. At the

potentials more positive than the potential of peak B, the

current approaches zero, indicating that the deposited zinc

is removed from the A3 electrode.

Figure 2 presents the cyclic voltammogram of the A3

electrode in the base solution without Zn2? ion. The

potential scanning begins and ends at -0.4 V. The reduc-

tion current can be observed at the potentials more negative

than -1.1 V and the oxidation current can be observed at

the potentials more positive than -0.5 V. The oxidation

current can be ascribed to the oxidation of iron in A3

electrode, because the open circuit potential of A3 elec-

trode in the base solution is -0.5 V. The reduction current

is mainly from hydrogen evolution and also includes the

deposition of iron ions generated from the iron oxidation.

The anodic peak C can be ascribed to the oxidation of the

deposited iron. When adding sodium benzoate in the

solution, the oxidation current of iron at the potentials more

positive than -0.5 V decreases significantly and the peak

C in Fig. 2 disappears, as shown in Fig. 3. This suggests

that the benzoate can be adsorbed on the surface of the A3

electrode and inhibits the iron dissolution.

3.2 Voltammetric behavior of zinc in the solutions

containing sodium benzoate

Figure 4 presents the voltammograms of A3 electrode in

the solutions containing different concentrations of sodium

benzoate. Table 1 lists Eg, Ec, and reduction peak potential

obtained from Fig. 4. It can be seen from Table 1 that Ec is

hardly affected by sodium benzoate while Eg (absolute

value) decreases in the solution containing 0.06 M sodium

benzoate, compared to that without sodium benzoate. Ec

reflects the thermodynamic property of zinc and is related

to the existing form for Zn2? ion in the solution. The

unchanged Ec suggests that sodium benzoate does not alter

the zinc deposition reaction (Eq. 1). Eg reflects the kinetics

of zinc deposition. The changed Eg indicates that the

kinetics of zinc deposition is affected by sodium benzoate.

As shown in Table 1, the reduction peak potential becomes

more negative and the reduction peak current becomes

smaller in the solution with 0.06 M sodium benzoate than

in the blank solution, confirming the blocking effect of

sodium benzoate on the zinc electrodeposition. However,

the reduction peak potential becomes more positive and the

reduction peak current becomes larger in the solution with

0.007 M sodium benzoate than in the blank solution, sug-

gesting that the zinc electrodeposition can be accelerated

by sodium benzoate when its concentration is low.

It can be seen from Fig. 4 that the oxidation process of

the deposited zinc in the solution containing sodium
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Fig. 2 Cyclic voltammogram of A3 electrode in 0.57 M H3BO3 ?

2.7 M KCl solution. Scanning rate: 20 mV s-1
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Fig. 3 Cyclic voltammogram of A3 electrode in 0.57 M H3BO3 ?

2.7 M KCl ? 0.06 M sodium benzoate solution. Scanning rate:

20 mV s-1
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Fig. 4 Cyclic voltammograms of A3 electrode in 0.37 M ZnCl2 ?

0.57 M H3BO3 ? 2.7 M KCl ? sodium benzoate solution. Scanning

rate: 20 mV s-1
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benzoate is different from that in the blank solution. There

are two peaks for the oxidation process of the deposited

zinc, wide peak E and peak F, instead of the only one peak

for that in the blank solution. This suggests that the crystal

phase or the composition of the deposited zinc is affected

by sodium benzoate, which can be ascribed to the combi-

nation of additives into zinc due to their adsorption [9, 10].

To confirm the adsorption of benzoate on electrode,

differential capacitance curves were obtained, as shown in

Fig. 5. It can be seen from Fig. 5 that the differential

capacitance curves are significantly affected by sodium

benzoate. The capacitance becomes smaller when sodium

benzoate is used and decreases with increasing the con-

centration of sodium benzoate, indicating that benzoate can

be adsorbed on the surface of the electrode. The adsorption

of benzoate on the electrode must change the interface

properties of electrode/solution and therefore affects the

zinc deposition process and the phase structure or com-

position of the deposited.

3.3 Chronoamerometric response

Figure 6 presents the chronoamperometric responses of A3

electrode in 0.37 M ZnCl2 ? 0.57 M H3BO3 ? 2.7 M

KCl solution. It can be seen from Fig. 6 that the chrono-

amperometric responses in all the cases (under different

potentials or in the solutions containing different sodium

benzoate concentrations) are characteristic of a nucleation

process [10, 19–24]. The currents rise at the beginning,

reach a maximum value (denoted as im) at certain time

(denoted as tm) and then decrease. The rise in current

reflects the formation and growth of zinc nuclei on A3

electrode and the decrease of the current reflects the dif-

fusion-controlled process for zinc deposition. It can be seen

from Fig. 6a that im increases but tm decreases as the

polarized potential becomes more negative. This phenom-

enon can be ascribed to the increase in formation and

growth rate of zinc nuclei due to larger polarized potential

[10, 25].

It can be noted from Fig. 6b that im is larger but tm is

shorter for the formation and growth of zinc nuclei in the

solution containing 0.007 and 0.013 M sodium benzoate

than in the blank solution, while im decreases and tm
increases as the concentration of sodium benzoate increa-

ses further. This suggests that the formation and growth

rate of zinc nuclei is accelerated in the solution containing

a low concentration of benzoate and is retarded in the

solution containing a high concentration of benzoate. This

result is in agreement with that obtained from cyclic vol-

tammograms (Fig. 4 and Table 1). The retardance is pre-

valent but the acceleration is not observed for the effect of

other additives on the metal electrodeposition [26].

The effect of sodium benzoate on the formation and

growth of zinc nuclei can be explained as follows. Based on

the analysis of differential capacitance curves (Fig. 5), the

benzoate can be adsorbed on the electrode. The adsorption of

benzoate reduces the interface tension of electrode/solution

and thus favors the formation and growth of zinc nuclei. On

the other hand, the adsorbed benzoate separates the electrode

from the solution, which retards the formation and growth of

zinc nuclei. In the solution containing a low concentration of

benzoate, the reduction of the interface tension dominates,

resulting in the accelerated formation and growth of zinc

nuclei. In the solution containing a high concentration of

benzoate, the separation dominates resulting in the retarded

formation and growth of zinc nuclei.

There are two models for the crystal nucleation and

growth during metal electrodeposition: instantaneous and

progressive [10, 25, 27, 28]. In the instantaneous nucleation

Table 1 Some parameters

obtained from Fig. 4
Concentration of

sodium benzoate (M)

Ec (V) Eg (V) Reduction peak

potential (V)

Reduction peak

current (A)

0 -1.06 -1.09 -1.18 -0.0140

0.007 -1.06 -1.09 -1.15 -0.0147

0.06 -1.07 -1.15 -1.21 -0.0137
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Fig. 5 Differential capacitance versus potential curves for A3

electrode in 0.37 M ZnCl2 ? 0.57 M H3BO3 ? 2.7 M KCl ?

sodium benzoate solution
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process, the number of nuclei is large and all the active

sites of electrode are covered instantaneously by nuclei, the

relation of current (i) with time (t) follows:

i

im

� �2

¼ 1:9542
t

tm

� ��1

1� exp �1:2564
t

tm

� �� �� �2

ð3Þ

In the progressive process, the number of nuclei is

assumed to be a time dependent function, the relation of

current with time follows:

i

im

� �2

¼ 1:2254
t

tm

� ��1

1� exp �2:3367
t

tm

� �2
" #( )2

ð4Þ

Figure 7 presents experimental relation of current with

time in dimensionless for the zinc deposition in three kinds

of solutions (free, low, and high concentrations of sodium

benzoate) along with the fitting results based on Eqs. 3 and

4. In the solution without sodium benzoate (Fig. 7a), the

experimental results can be well fitted by the instantaneous

nucleation model (Eq. 3), indicating that the formation and

growth of zinc nuclei in the solution without sodium

benzoate follows an instantaneous nucleation process.
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ZnCl2 ? 0.57 M H3BO3 ? 2.7 M KCl ? sodium benzoate solution,

a the effect of potential, 0.04 M sodium benzoate; b the effect of

sodium benzoate concentration at -1.14 V versus SCE
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However, different results are obtained in the solutions

containing sodium benzoate, as shown in Fig. 7b, c.

It can be seen from Fig. 7b that the relation of current

time can be well fitted by the instantaneous nucleation

model (Eq. 3) at the initial stage (t/tm \ 4) for the zinc

electrodeposition and approaches to the progressive model

(Eq. 4) at the latter stage. This suggests that the zinc

electrodeposition process can be affected by the low con-

centration of benzoate but the nucleation mechanism is the

same as that in the blank solution. Therefore, the nucleation

mechanism for the zinc electrodeposition is not affected by

the low concentration of benzoate. In the solution con-

taining the high concentration of benzoate, the relation of

current with time cannot be well fitted by the instantaneous

nucleation model (Eq. 3) or by the progressive model

(Eq. 4). This suggests that not only the nucleation of zinc

but also the progression of the deposited zinc are affected

by the high concentration of benzoate and confirms the

explanation that a separated layer of adsorbed benzoate

retards the formation and growth of zinc nuclei.

Fig. 8 SEM images of

electrodeposited zinc obtained

in 0.37 M ZnCl2 ? 0.57 M

H3BO3 ? 2.7 M KCl solutions

containing 0 M (a); 0.007 M

(b); 0.03 M (c); 0.04 M (d) at

-1.16 V versus SCE for 40 s
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Fig. 9 X-ray patterns of

electrodeposited zinc obtained

in 0.37 M ZnCl2 ? 0.57 M

H3BO3 ? 2.7 M KCl solutions

containing 0 M (a); 0.007 M

(b); 0.03 M (c); 0.04 M (d) at

-1.16 V versus SCE for 40 s
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3.4 Crystal structure of electrodeposited zinc

It is well known that the crystal structure of an electrode-

posited metal is usually affected by the application of an

organic additive [5, 10, 29]. To understand the effect of

sodium benzoate on the crystal structure of the electrode-

posited zinc, SEM and XRD characterization were per-

formed for the samples deposited on a carbon steel

substrate in the solutions containing different concentra-

tions of benzoate at -1.16 V versus SCE for 40 s.

Figure 8 presents the SEM images of the samples. It can

be seen from Fig. 8a that the zinc deposited in the solution

without sodium benzoate is composed of big hexagonal

crystals. When adding benzoate in the solution, the crystal

size of the deposited zinc becomes smaller, as shown by

Fig. 8b or c. In the solution containing 0.04 M benzoate,

the deposited zinc becomes smallest, as shown in Fig. 8d.

Figure 9 presents the XRD patterns of the samples.

Table 2 lists the full width at half maximum (FWHM) of

orientation from Fig. 9. All the samples have the diffrac-

tion of iron, which can be ascribed to the substrate. It can

be seen from Fig. 9a that the zinc deposited in the solution

without benzoate have the diffractions at the crystal planes

of (002), (100), (101), and (102), which are characteristic

of hexagonal crystal (JCPDS card No. 65-3358) and con-

firms the observation by SEM. When adding a low con-

centration (0.007 or 0.03 M) of benzoate, the diffraction

peak intensity of the deposited zinc increases at (002),

(100), (101), and (102) orientations, as shown by Fig. 9b or

c. This indicates that benzoate affects the preferred orien-

tation of zinc deposition. In the solution containing 0.04 M

benzoate, the diffraction peaks at (002), (100), and (112)

almost disappear, confirming that the deposited zinc tend to

be amorphous. Therefore, the morphology and crystal

structure of the electrodeposited zinc can be affected by

sodium benzoate.

4 Conclusions

Like other additives, sodium benzoate affects the zinc

electrodeposition process in chloride solution and the mor-

phology of the electrodeposited zinc through its adsorption

on electrode. However, different from the effects of other

additives, when sodium benzoate’s concentration is lower

than 0.03 M, it accelerates the formation rate of zinc nuclei.

This acceleration can be ascribed to the reduction of inter-

face tension between electrode/solution. When its concen-

tration is higher than 0.03 M, the sodium benzoate has a

blocking effect on the zinc electrodeposition.
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Concentration (M) (002) (100) (101) (102)
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0.03 0.190 0.189 0.168 0.196

0.04 0.206 0.235 0.247 0.342
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