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Abstract: In this study, we conducted an electrochemical analysis of the electrodeposition of Zn onto a highly oriented pyrolytic graphite (HOPG)
electrode from an aqueous solution containing 0.01 M ZnSO4 and 1 M (NH4),SO04 at pH 8 and 25 °C. Voltammetric studies indicate that, under
our experimental conditions, Zn electrodeposition is an irreversible diffusion-controlled process. Potentiostatic study was used to determine
kinetic parameters such as the number of active nucleation sites (No), and the nucleation rate (A), which exhibited a dependence on the applied
potential. The morphology of the Zn deposits was examined using scanning electron microscopy (SEM). The results show that electrodeposition
at lower potentials leads to rougher surfaces, likely due to increased hydrogen evolution, which interferes with the uniformity of Zn growth. In
contrast, at more positive potentials, Zn deposits appeared more homogeneous, suggesting a more controlled nucleation and growth process

with reduced proton reduction process.
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INTRODUCTION

INC-based coatings effectively prevent corrosion in

materials like steel and iron, making them vital in

industries such as automotive, construction, and
infrastructure.[!! Beyond anticorrosive uses, zinc coatings
show potential in optoelectronics,?3 solar cells,!
sensors,[® and batteries, 612! due to their conductive and
protective properties, enhancing device performance and
longevity. Specifically, the pH and chemical composition of
the electrolyte solution are crucial in determining the final
properties of the zinc deposit.[!3-13] Acidic baths, commonly
used for their high efficiency and faster deposition rates,[12]
generally involves hydrogen embrittlement, leading to
cracking.[*6] Alkaline zinc plating, with higher pH, offers
smoother deposition, better ductility, and corrosion
resistance.l'’-21] However, conventional alkaline baths
often use toxic cyanide, creating high wastewater
treatment costs.[22-26] This has spurred the search for
cyanide-free alternatives, though non-cyanide baths may

have lower cathode efficiency or produce poor-quality
deposits.[27:28] Efforts are underway to develop non-cyanide
alkaline zinc electrolytes with complexing agents to
improve plating quality, efficiency, and adhesion.[27-351 On
the other hand, the nature of the substrate plays a
fundamental role in the electrodeposition of zinc,
influencing adhesion, morphology, deposition rate among
others.[36-38]

Specifically, the electrodeposition of zinc onto car-
bon substrates has gained significant attention, particularly
in the production of zinc-carbon composites for battery
applications.[712] However, relatively few studies have in-
vestigated the nucleation parameters associated with zinc
electrodeposition on carbon substrates,[6:10.1639-46] from
neutral,[64%] acidic, 1394042461 and alkaline plating baths.[43.44]
The available results suggest that zinc electrodeposition on
glassy carbon electrodes (GCE) transitions from instantane-
ous to progressive as the concentration of zinc ions in the
bath increases, with the nucleation rate being governed by
charge transfer.l4¢! Also, it was reported an instantaneous
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nucleation from acetate baths on GCE, which shifted to pro-
gressive nucleation when the applied potential was
increased.[*5! Similarly, Torrent et al. observed instantane-
ous nucleation and hemispherical 3D growth on GCE.% In
contrast, zinc electrodeposition on highly oriented pyrolytic
graphite (HOPG) electrodes has been less extensively stud-
ied,[64244] and the results suggest a predominance of pro-
gressive nucleation. Thus, based on our literature review,
there is a notable gap in the determination of the kinetic
parameters associated with the nucleation and growth pro-
cesses of zinc electrodeposition from ammoniacal sulfate
baths onto HOPG under alkaline conditions. Therefore, this
study aims to address this gap by investigating zinc electro-
deposition on HOPG from sulfate solutions under alkaline
conditions. Techniques such as cyclic voltammetry, chron-
oamperometry, and scanning electron microscopy (SEM)
are employed to examine the process. The main goal of this
work is to explore the kinetics of zinc electrodeposition on
HOPG without the use of organic additives, using an elec-
trolyte bath consisting of 0.01 M ZnSO4 and 1 M (NH4),S04
at pH =8, to obtain detailed insights into the characteristics
of the deposits formed under alkaline conditions.

METHODOLOGY

Zinc electrodeposition on Highly Oriented Pyrolytic
Graphite (HOPG) electrodes was carried out using an aque-
ous solution of 0.01 M ZnSO,4 and 1 M (NH,),S0,, maintain-
ing a pH of 8 at atemperature of 25 °C. The pH of the plating
solution was adjusted using a 1 M NaOH solution. All solu-
tions were prepared with analytical-grade chemicals and
ultrapure water from a Millipore-Q system. Prior to the
experiments, the solutions were deoxygenated by bubbling
nitrogen gas for 15 minutes. HOPG electrodes (grade ZYA)
were supplied by MikroMasch (Watsonville, CA, USA).
Freshly cleaved HOPG surfaces with an area of 0.25 cm?
were used as working electrodes. A graphite bar with a sur-
face area larger than that of the working electrode served
as the counter electrode. A saturated calomel electrode
(SCE) was used as the reference electrode, and all meas-
ured potentials were reported relative to this reference.
Electrochemical experiments were conducted using a BAS
potentiostat connected to a computer running BAS100W
software, which allowed experiment control and data
acquisition. To characterize the electrochemical behavior
of the electrode in the deposition bath, cyclic voltammetry
was performed within a potential range of —-0.600 to
—1.600 V at scan rates between 10 and 300 mV s™. The
kinetics of zinc deposition on HOPG were investigated
under potentiostatic conditions by analyzing current den-
sity transients using the potential step method. The pertur-
bation potential started at—0.600 V, with potential steps
applied at different values specified in this study.

The microstructural features of the deposited layers
were examined using a scanning electron microscope (SEM;
JEOL 6300).

RESULTS AND DISCUSSION

Voltammetric Study

In all the experiments, the scan started in the zero-current
region at —0.6 V in the cathodic direction. Around —1.28 V,
a current drop was recorded, associated with the beginning
of an electrocrystallization process (Ecris). Continuing in the
cathodic direction, peak A was observed at —1.32 V. Here,
it is important to mention that, at pH = 8, the predominant
zinc chemical species is the complex [Zn(NH3)4(H20),],16]
and the zinc electrodeposition occurs according to the
following reaction:

[Zn(NH3)a(H0)2 " +2e” & Zn® +4NH; +2H,0 (1)

The scan was reversed to the anodic direction at
-1.6 V, and around -1.3 V, a crossover (E.) was observed,
associated with an electrocatalytic point. A second
crossover (Eeq) was recorded at —=1.21 V and is associated
with the coexistence of the predominant redox pair under
the working conditions. Peak B, recorded in the anodic
region at —1.04 V, is associated with the oxidation process
of the previously electrodeposited zinc.

Figure 2 shows a set of voltammograms obtained at
different potential scan rates. In all cases, a rapid increase in
cathodic current is observed at £ < —1.28V, indicating that
favorable kinetic conditions for zinc electrodeposition on the
substrate surface have been reached. Furthermore, as the
scan rate increases, the cathodic current associated with

Jj/ mAcm?

1 0.8 -0.6

E/V
Figure 1. A cyclic voltammogram recorded from the
HOPG/1072 M ZnSQ4 + 1 M (NH4)2S04 system. The potential

scan began at —0.600 V in the negative direction with a scan
rate of 20 mV s
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peak A shifts to more negative potentials, while peak B shifts
to more positive values. This behavior suggests an increase
in the system's irreversibility.[47]

To determine the limiting control of zinc electro-
deposition associated with peak B, the current density
corresponding to peak A was plotted against v1/2 (where v
is the scan rate), as shown in Figure 3,148

jo =367 n32 Co DY2 y112 (2)

A clear linear relationship between j, and v/2 was
observed, indicating diffusion control of the zinc
electrodeposition process on the HOPG electrode. The
slope's value allowed for the calculation of the diffusion
coefficient, determined to be 2.6 x 1076 cm? s,

It is well established that plotting the logarithm of
peak current versus the logarithm of scan rate provides de-
tailed information about electrochemical mechanisms.[*7]
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Figure 2. A set of cyclic voltammograms recorded from the
HOPG/1072 M ZnSO4 + 1 M (NH4),S04 system at different
scan rates.
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Figure 3. Plot of the experimental cathodic peak current
density (jp) as a function of the square root of the scan rate
for peak A (see Figure 2). The dashed line represents the
linear fit of the experimental data.

Therefore, we plotted log ji, vs. log v (see Figure 4) for ca-
thodic peak A. The equation for peak A is log joa = 0.42log v
—2.14. Note that the slope of the graph for cathodic peak A
is close to 0.5, indicating diffusion-controlled electrochem-
ical behavior without the influence of additional adsorption
processes.[47]

Additionally, the behavior of cathodic peak potential
of peak A against log v was plotted, as shown in Figure 5,
revealing that E, exhibited a linear increase with log v.
The derived equation for the reduction process is E, =
—0.0473 log v—1.2564. Here it is important to consider that
an irreversible process governed by diffusion can be
represented by the following equation, 49

2. RT
Ep :&Iogv+c (3)
anF

in which R represents the gas constant, T signifies the
absolute temperature in Kelvin, F denotes the Faraday

. 1.3 1.8
log (v/Vs1)

Figure 4. Plot of the log of the experimental cathodic peak
current density (o) as a function of the log of the scan rate
for peak A. The dashed line represents the linear fit of the
experimental data.
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Figure 5. Plot of the cathodic peak potential of peak A vs. log v.
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constant, a indicates the charge transfer coefficient, and ¢
is a constant. Thus, from Eqg. (3), the value of a for the
reduction of Zn is calculated as 0.62, aligning well with
values found in existing literature regarding Zn deposition
on carbon substrates.[1

Chronoamperometry

Current density transients provide valuable insights into
the kinetics of the electrodeposition process.5% In this
study, chronoamperometry was used to determine the
kinetic parameters related to the nucleation and growth of
zinc on highly oriented pyrolytic graphite (HOPG) at pH 8.
Figure 6 shows a series of current density transients rec-
orded at various potential values using the step potential
technique. Initially, a potential of —=0.600 V was applied to
the HOPG electrode surface, where Zn deposition had not
yet begun. A subsequent negative potential step was then
applied within the range of —1.29 to —1.39 V. This potential
range was chosen based on the voltammetric study, start-
ing from the potential where the Zn reduction process be-
gins and extending to the point where the current peak
appears. From Figure 6, note that each current density tran-
sient curve (j vs. t) reaches a current density maximum
before approaching to the limiting diffusion current. This
behavior is characteristic of three-dimensional nucleation
and growth processes controlled by mass transfer.[51-53]
These results, along with the voltammetric data, suggest
that Zn electrodeposition onto HOPG is diffusion-con-
trolled.

Based on the transients shown in Figure 6, nuclea-
tion can be classified as either instantaneous or progressive
using the Sharifker-Hills equations.l>y To determine this,
we compared the experimental transients of non-dimen-
sional form, j2 / j4 vs t/tm, with the theoretical curves
generated from the instantaneous and progressive
nucleation models, described by Eq. (4) and Eq. (5), respec-
tively (see Figure 7).
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Figure 6. Current density transients obtained from the
HOPG/1072 M ZnSOy4 + 1 M (NH4),S04 system.
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It is important to note that the current density
transients fall within the validity range of the model
proposed by Sharifker and Hills. After reaching their
maxima, the transients exhibit behavior consistent with
progressive nucleation, which could lead to the formation
of Zn particles of varying sizes on the HOPG surface.
Additionally, it is crucial to consider that the Zn nuclei
formed during electrodeposition may act as catalytic
centers for the proton reduction process.>s Therefore, the
current density transients shown in Figure 6 can be
explained by the following equation.[5¢!

Jap-rr(t) :{ P+ Pt 2 }X

{l—exp{—%[t—l_exr’(—%ﬂH} (6)
Ps

where j3p_pr(t) represents the current density associated
with the zinc nucleation and growth process, which occurs
concurrently with the proton reduction reaction on the
electrode surface. In Eq. (6)
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Figure 7. Non-dimensional experimental transients

compared with the theoretical ones generated from
equations (4) (3D instantaneous nucleation) and (5) (3D
progressive nucleation).
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p=A (9) charging remains approximately constant, averaging

2 around 1.5 %. In contrast, the proton reduction process

) = ZFDlTC (10) accounts for about 23.2 %, while the nucleation and growth
T

zpris the number of electrons transferred during the proton
reduction reaction, and kpgr is the rate constant of the
proton reduction process. The nucleation rate and the
number of active nucleation sites are represented as A, and
No respectively. All the other parameters used in Egs. (6)—
(10) have their electrochemical conventional meanings.
Furthermore, if we take into account the contribution of
the double layer to the initial recorded current, the total
current density contribution to the transient may be
calculated as follows:

JT = ja + jap-pr (11)
where
Jailt) = kie7kt (12)

where jq(t) is the current density for a Langmuir type
adsorption process with k1 = k2 Qg and Qg is the charge
density due to the adsorption process.[5”]

Figure 8 presents a comparison between the
experimental current transients and the theoretical ones
obtained through nonlinear fitting of the experimental data
to Eqg. (11). The model described by Eqg. (11) accurately
reproduces the behavior of all experimental transients,
demonstrating its suitability for describing the system. The
physical parameters extracted from the fitting process are
summarized in Table 1. An increase in the nucleation rate
and the number density of active sites was observed with
higher applied overpotentials, indicating that the
electrodeposition process becomes more favorable under
these conditions. The average diffusion coefficient
obtained from the fitting is 3 x 10" cm?s™1, which compares
well with the value obtained from voltammetric studies and
with previously reported in the literature,[®42] further
supporting the reliability of the present results.
Additionally, nonlinear fitting enabled the separation of
current density contributions corresponding to each of the
processes under study: double-layer charging, proton
reduction, and nucleation and growth. For each process,
the corresponding current—time curves were plotted, and
the area under each curve (electric charge associated with
that specific process) was quantified. The percentage
contributions of each process to the total charge at
different applied potentials are presented in Figure 9. As
shown in Figure 9, the charge associated with double-layer

(electrodeposition) process contributes approximately
75.3 % of the total charge. However, as the applied
potential becomes more negative, the contribution from

45

j/ mAcm?

t/s

Figure 8. Comparison between the experimental current
density transients (=) recorded during Zn electrodeposition
obtained from the HOPG/102 M ZnSO4 + 1 M (NH4),S04
system. system at different applied potentials and the
corresponding theoretical transient (@) generated by non-
linear fitting of Eq. (11) to the experimental data.

Table 1. Potential dependence for the nucleation
parameters during Zn electrodeposition on a HOPG
electrode from the HOPG/1072 M ZnSO4 + 1 M (NH4)2S04
system. The values were obtained from the best-fit
parameters found through the fitting process of the
experimental j-t plots using Eq. (13).

E/V A/st Nox 1077/ cm™
-1.29 0.26 0.002
-1.30 0.30 1.207
-1.31 0.42 2.467
-1.32 0.40 6.230
-1.33 0.48 9.535
-1.34 0.72 12.094
-1.35 0.76 20.804
-1.36 1.68 19.558
-1.37 2.52 29.110
-1.38 2.66 37.147
-1.39 3.03 42.005
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% electric charge contribution

E/V

Figure 9. Percentage of electric charge contribution from
the different processes at various applied potentials. Qg =
charge associated with double-layer charging, Quer = charge
from the proton reduction (hydrogen evolution) reaction,
Qsp = charge associated with the zinc electrodeposition
process.

proton reduction increases, reducing the charge available
for nucleation and growth. Probably, it is due to the
increase in electrocatalytic activity, as shown by the
increase in surface area as the electrodeposition process
occurs.l’8  Also, this trend suggests a competitive
interaction  between proton
nucleation/growth at more cathodic potentials, which can
influence the morphology of Zn electrodeposits.
Furthermore, an overall deposition efficiency of 75.3 % was
achieved, which is higher than values reported in previous
studies.!9

reduction and Zn

Analysis of the Kinetical Parameters

Also, it is possible to calculate the saturation nuclear
number (Ns) using Eq. (13):[54

1/2
AN
Ns = 13
: [sk,Dj (13)
where
4 8ncom \?
k'=(°J (14)
3 P

In Eq. (13), A, No, and D are defined as follows: A
represents the nucleation rate, No is the number of active
nucleation sites, and D is the diffusion coefficient. In
Eq. (14), co denotes the initial concentration in the plating
bath, M is the molecular weight of zinc, and p is the density
of zinc. The values of N; are reported in Table 2. Note that
these values increase as the applied potential becomes
more negative. This behavior is attributed to the increase
in the nucleation rate at more negative potentials. This
reduction is attributed to the depletion of concentration
around the growing centers influenced by mass transfer,

Table 2. N values calculated from physical constants
reported in Table 1 according to Eq. (13).

E/V Nsx 107/ cm™2
-1.29 0.003
-1.30 1.108
-1.31 1.718
-1.32 2.492
-1.33 3.261
-1.34 4.472
-1.35 5.895
-1.36 8.213
-1.37 13.949
-1.38 15.794
-1.39 18.284

which decreases the likelihood of nucleation occurring near
existing nuclei.

Furthermore, under the principles of atomistic
theory regarding electrolytic nucleation, the critical nuclei
size of the Zn nucleus (n.) was determined by considering
the liner relationship between A with the applied potential,
utilizing the Eq. (13).15%

nc:(m](dlnAj—a (15)
zeg dn

where a is the transfer coefficient for Zn reduction. The
plots of In A vs n in Figure 10 exhibited a linear trend, and
the critical cluster size calculated using Eq. (15) was n. =0,
indicating that each atom on the surface acts as an active
site. This value is similar to the number of nuclei (n.)
obtained when Zn is electrodeposited on GCE and HOPG
substrates.[®

1.00 + ®‘~Q 9
- 1 \.\Q
&
< 0.00 + S
~ 1 O O'\\
o N
= O™,
-1.00 + O Q
| o
-2.00 } } t } t } t f t
-1.40 -1.38 -1.35 -1.33 -1.30
E/V

Figure 10. In A vs E plot. The dashed straight line corre-
sponds to the linear fit of the experimental data to Eq. (15).
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Morphological Study
The morphology of the Zn deposits was examined using a
JEOL 6300 scanning electron microscope (SEM). Figure 11
shows SEM images of the Zn deposits formed potentiostat-
ically at —1.290 V and —1.370 V. Note from Figure 11 that

— irm F1
X4,08080 1S5Smm

UAEH 28KV

UREH 20KV

1Mm
K UgEH‘ 20KUw X106, 000

Figure 11. SEM images of the Zn electrodeposits obtained at
—1.29V (a) and (b); and at =1.39 V (c) and (d).

the deposit formed at —1.290 V exhibits a homogeneous
structure, while at —1.370 V the deposit shows increased
roughness. This change in morphology can be attributed to
the more negative potential, which is close to the hydrogen
evolution reduction (HER) potential. The hydrogen bubbles
generated during the electrodeposition process may inter-
fere with the deposit formation, promoting the appearance
of large clusters on the electrode surface. This phenome-
non is more pronounced at more negative potentials,
where hydrogen evolution is more favored. Therefore, the
roughness observed at —1.370 V could be a direct result of
the competition between the Zn electrodeposition process
and hydrogen reduction.

CONCLUSIONS

Zinc was electrodeposited onto Highly Oriented Pyrolytic
Graphite (HOPG) electrodes from an aqueous alkaline
solution at pH 8. Voltammetric analysis indicates that,
under our experimental conditions, Zn electrodeposition is
diffusion-controlled, with a charge transfer coefficient of
0.62. Nondimensional current density transients suggest
the occurrence of progressive nucleation. Kinetic studies
reveal that nucleation and growth parameters, such as the
nucleation rate constant (A), depend on the applied
potential, increasing as the potential becomes more
negative. Additionally, the results suggest that hydrogen
evolution at more negative potentials contributes to the
formation of rough Zn electrodeposits, in contrast to the
smoother deposits obtained at more positive potentials.
This effect can be attributed to the competitive reduction
of hydrogen at active nucleation sites, which may influence
the nucleation and growth process of Zn.
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