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Abstract
In this work, a kinetic study of cobalt electrodeposition onto Au(111) was carried out from a solution containing 0.005 M CoCl2
in 1 M NH4Cl (pH 9.5), by means of cyclic voltammetry and potential step methods to assess the influence of temperature. An
increase in temperature led to higher kinetic and nucleation parameters, facilitating cobalt reduction onto the Au(111) surface.
Nondimensional plots of the current-time transients revealed that the overpotential deposition followed a three-dimensional
progressive nucleation model. Analysis of the transients obtained at various applied potentials enabled the determination of the
nucleation rate constant and the density of active nucleation sites, both of which increased with more cathodic potentials and
elevated temperatures. The temperature dependence of the nucleation and diffusion processes was satisfactorily described by an
Arrhenius-type relationship. Apparent activation energies ranging from 24 to 42 kJ·mol−1 were calculated for nucleation, while
a value of 32.6 kJ·mol−1 was obtained for diffusion, indicating that at low overpotentials, cobalt electrodeposition is mainly
governed by interfacial nucleation and growth phenomena.
Keywords: kinetic, cobalt, electrodeposition, Au(111), activation energy.

Resumen
En este trabajo, se llevó a cabo un estudio cinético de la electrodeposición de cobalto sobre Au(111) a partir de una solución que
contenía 0.005 M CoCl2 en 1 M NH4Cl (pH 9.5), mediante voltametría cíclica y métodos de escalón de potencial, con el fin
de evaluar la influencia de la temperatura. El aumento de la temperatura condujo a valores mayores de los parámetros cinéticos
y de nucleación, facilitando la reducción de cobalto en la superficie de Au(111). El trazado adimensional de los transitorios
de corriente-tiempo reveló que la deposición por sobrepotencial seguía un modelo de nucleación progresiva tridimensional.
El análisis de los transitorios obtenidos a distintos potenciales aplicados permitió determinar la constante de velocidad de
nucleación y la densidad de sitios activos de nucleación, ambos incrementándose a potenciales más catódicos y a temperaturas
elevadas. La dependencia de la temperatura de los procesos de nucleación y difusión se describió satisfactoriamente mediante
un comportamiento tipo Arrhenius. Se calcularon energías de activación aparentes que oscilaron entre 24 y 42 kJ·mol−1 para la
nucleación, mientras que para la difusión se obtuvo un valor de 32.6 kJ·mol−1, lo que indica que, a bajos sobrepotenciales, la
electrodeposición de cobalto está principalmente influenciada por fenómenos de nucleación y crecimiento en la interfaz.
Palabras clave: cinética, cobalto, electrodeposición, Au(111), energía de activación.
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1 Introduction

Cobalt electrodeposits on gold substrates are of
particular interest due to the strong perpendicular
magnetic anisotropy that arises at the Co/Au interface,
enabling potential applications in magnetically
functional coatings and nanoscale magnetic systems
( Szmaja et al., 2012). This interfacial effect
has motivated significant scientific attention,
as understanding and controlling the growth
mechanisms, structural properties, and magnetic
behavior of cobalt layers is essential for optimizing
their performance in such applications (Chen, Wang,
Pradel, Ribes, & Record, 2014; de Abril, Mandler,
& Unwin, 2004; Graciano, Bertocci, & Stafford,
2019; Hamulić, Milos̆ev, & Lützenkirchen-Hecht,
2018; Krause, Uhlemann, Gebert, & Schultz, 2004;
Lin, Yan, Wang, Fu, & Mao, 2006; Mendoza-Huizar,
Robles, & Palomar-Pardavé, 2003; Mendoza-Huizar,
Robles, & Palomar-Pardavé, 2002; Wu, Zei, & Yau,
2010). Consequently, cobalt electrodeposition on
gold substrates has been extensively investigated
in the literature, addressing aspects ranging from
electrochemical kinetics and morphology evolution to
magnetic and crystallographic properties (Allongue,
Cagnon, Gomes, Gündel, & Costa, 2004; Bubendorff,
Beaurepaire, Mény, & Bucher, 1998; Chen et al.,
2014; Cruz-Martínez, Rivera-Hernández, Álvarez-
Romero, Nieto-Velázquez, & Mendoza-Huizar, 2021;
de Abril et al., 2004; Flis-kabulska, 2006; Graciano
et al., 2019; Hamulić et al., 2018; Krause et al.,
2004; Landa-Castro, Sebastián, Giannotti, Serrà, &
Gómez, 2020; Lin et al., 2006; Mendoza-Huizar
& Rios-Reyes, 2013; Mendoza-Huizar, Robles, &
Palomar-Pardave, 2005; Mendoza-Huizar et al., 2003;
Mendoza-Huizar et al., 2002; Szmaja et al., 2012; Wu
et al., 2010).

Cobalt can be electrodeposited onto gold
substrates under both underpotential deposition (UPD)
(Allongue et al., 2004; Cagnon et al., 2000; Chen et
al., 2014; Flis-kabulska, 2006; Marsh et al., 2013;
Mendoza-Huizar et al., 2002) and overpotential
deposition (OPD) conditions (Allongue et al., 2004;
Chen et al., 2014; Flis-kabulska, 2006; Mech,
Zabiński, Kowalik, & Fitzner, 2012; Mendoza-Huizar
et al., 2003). During the initial stages of UPD, cobalt
deposition often proceeds through the formation of a
monolayer governed by combined adsorption and two-
dimensional nucleation processes, frequently under
diffusion control ( Mendoza-Huizar et al., 2002).
In some cases, a transition from 2D to 3D growth
is observed as the applied overpotential increases
(L. H. Mendoza-Huizar et al., 2005, 2003). Under
OPD conditions, the morphology and electrochemical
behavior of cobalt deposits are strongly influenced
by the composition of the electrodeposition bath

and experimental parameters such as pH, applied
potential, temperature, and the presence of magnetic
fields, or complexing agents. Since these factors
affect reduction kinetics and the density of active
nucleation sites on the substrate (Armyanov, 2000;
Cortés et al., 2011; Hamulić et al., 2018; Hsieh,
Lai, Huang, & Sun, 2014; Kołodziejczyk et al.,
2018; Wei et al., 2009), precise control of these
parameters is essential for tailoring structural and
functional characteristics of the deposits. Cobalt
electrodeposition on gold has been done mainly from
electrolytes containing sulfates (Di, Damian, Maroun,
& Allongue, 2016; Flis-kabulska, 2006; Graciano et
al., 2019; Hamulić et al., 2018; Krause et al., 2004;
Montes-Rojas, Torres-Rodríguez, & Nieto-Delgado,
2007; Nemtoi, Chiriac, Dragos, Apostu, & Lutic,
2009; W. Szmaja et al., 2012), chlorides (Chen et
al., 2014; Cruz-Martínez et al., 2021; Lützenkirchen-
Hecht, Hamulić, Wagner, & Milos̆ev, 2020; Mendoza-
Huizar & Rios-Reyes, 2013), nitrates (Hamulić et al.,
2018), perchlorates (Fayette, Bertocci, & Stafford,
2016), ionic liquids (Lin et al., 2006), and deep
eutectic solvents (Landa-Castro et al., 2020), all of
which markedly influence deposition kinetics and film
architecture (Allongue et al., 2004) Additionally, the
presence of different ionic species in solution can
modify the surface structure and atomic ordering of the
deposits, thereby influencing their final electrical and
magnetic properties (García-Torres, Gómez, & Vallés,
2009; Hamulić et al., 2018; Krause et al., 2004).
Futhermore, previous studies have demonstrated that
cobalt nucleation on gold is strongly dependent on the
crystallographic orientation of the gold substrate as
well as on the electrochemical conditions employed
(Flis-kabulska, 2006; Mendoza-Huizar et al., 2005).

Electrodeposition is affected by several critical
variables, such as temperature, which plays a
decisive role by directly influencing ionic mobility,
charge-transfer rates, and diffusion coefficients. These
factors dictate how metal ions behave, impacting
both nucleation rates and the growth of nuclei
on the electrode surface (Costa, Portela, & de
Almeida Neto, 2020; Paunovic & Schlesinger,
2006). Current research highlights that increasing
the temperature generally enhances reduction kinetics
and modifies charge-transfer coefficients, leading to
changes in metal layer formation (Costa et al., 2020;
Gamburg & Zangari, 2011; Paunovic & Schlesinger,
2006). Despite the continued interest in cobalt
electrodeposition and the recognized importance of
parameters such as pH and electrolyte composition,
the effect of temperature on the nucleation and
growth dynamics of cobalt on well-defined crystalline
gold surfaces, such as Au(111), remains insufficiently
explored (Di et al., 2016; Fayette et al., 2016; Flis-
kabulska, 2006; Lin et al., 2006; Mendoza-Huizar
et al., 2005; Montes-Rojas et al., 2007). This is
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particularly true for quantitative kinetic models that
integrate UPD, OPD, and mass transport effects
over a range of temperatures. Accordingly, in this
work, the electrodeposition of cobalt on Au(111) is
investigated using cyclic voltammetry and potential
step techniques to gain a deeper insight into the kinetic
processes governing cobalt layer formation. The study
focuses on diffusion-controlled deposition under both
underpotential and overpotential conditions, as well as
on the influence of temperature on these mechanisms.

2 Methodology

Cobalt electrodeposition onto a monocrystalline
Au(111) electrode, was carried out from an aqueous
electrolyte containing 0.005 M CoCl2 and 1 M
NH4Cl, adjusted to pH 9.5 using NaOH. Experiments
were performed at temperatures of 298.15, 303.15,
308.15, and 313.15 K. All solutions were prepared
with analytical-grade reagents and ultrapure water
(Millipore-Q system, 18.2Ω cm) and were deaerated
by nitrogen bubbling for 15 min prior to each
experiment. The working electrode consisted of
a commercial Au(111) single-crystal substrate
(ArrandeeT M) with an exposed geometric area of 1.21
cm2. A graphite rod served as the counter electrode,
while an Ag/AgCl (sat. KCl) electrode, connected via
a Luggin capillary, was employed as the reference
electrode. All measurements were conducted in
unstirred solutions. Electrochemical experiments were
performed using a BAS potentiostat controlled by
BAS100W software. The electrochemical response of
the Au(111) electrode in the deposition bath was first
evaluated by cyclic voltammetry within a potential
range from 0.400 to -1.100 V at scan rates between
10 and 200 mV s−1. Cobalt nucleation kinetics
were investigated under potentiostatic conditions by
analyzing the current-time (j-t) transients obtained via
the potential step technique. In all experiments, the
initial potential was fixed at 0.400 V, and potential
steps ranging -0.86 to -0.96 V were applied in 10
mV increments for 32 s. The electrolyte temperature
was maintained using a Techne Tempette TE-8D
controller.

3 Results and discussion

3.1 Pourbaix diagram

To identify the chemical species present and
evaluate the equilibrium potentials of the system,
a thermodynamic analysis was performed using
multicomponent Pourbaix diagrams (Rojas-
Hernández, Ramírez, Ibáñez, & González, 1991).

Cobalt(II) speciation was determined using the
Hydra–Medusa software with stability constants
obtained from the literature (Dean, J, 1999; Martell
& Smith, 1976). Under the experimental conditions
(0.005 M CoCl2, 1 M NH4Cl, pH 9.5), the free
ammonia concentration favors the formation of
the pentaammine complex [Co(NH3)5]2+, which
constitutes the predominant species in solution.
Consequently, the relevant electrochemical process
corresponds to the reduction of this complex,
described by the half-reaction in equation (1):

Co (NH3)2+
5 + 2e↔Co+ 5NH3 (1)

Due to strong complexation, the total analytical cobalt
concentration cannot be directly used in the Nernst
equation. The system must, therefore, be described
in terms of a conditional potential (E0), which
accounts for the overall stability constant (β5) of the
[Co(NH3)5]2+ complex.

E′ = ECo2+/Co0 −
RT
2F

ln
(
aCo2+

)
(2)

Activity coefficients were not explicitly considered;
therefore, activities were approximated by
concentrations, aCo2+ ≈

[
Co2+

]
, where the

concentration of the free Co2+ ion is determined by
equation (3):

[
Co2+

]
=

CCo,total

1+
∑
βn [NH3]n (3)

The high formation constant significantly decreases
the concentration of the free ion, shifting the
equilibrium potential toward more negative values.
This shift arises from the logarithmic term in the
Nernst equation associated with complexation. Under
the studied conditions, this shift is -0.216 V relative
to the aqueous Co2+/Co0 couple. Considering that
the standard potential of the Co2+/Co0 system is -
0.28 V vs SHE, the effect of complexation leads
to a conditional potential of -0.496 V vs SHE.
Accounting for the conversion factor of -0.197 V
for the Ag/AgCl (sat. KCl) electrode, the conditional
potential is equivalent to -0.693 V vs. Ag/AgCl.
This result is directly reflected in the multicomponent
Pourbaix diagram (Fig. 1), constructed using the
algorithm implemented in Hydra-Medusa software
(Puigdomenech, 2004), where at pH 9.5, the
equilibrium boundary between [Co(NH3)5]2+ and
Co0 is located precisely at -0.693 V vs Ag/AgCl.
The agreement between the calculated value and the
equilibrium line in the diagram confirms that the
shift toward more negative potentials arises from
the thermodynamic stabilization of the cation by the
ammonia coordination sphere.
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Fig. 1. Pourbaix-type diagram of the Co(II)/Co0 systems at pCo(II)’’=2.3 and pNH3’=0.0. 172 

1.2. Voltammetric study 173 

Figure 2 presents a cyclic voltammogram recorded for the Au(111)/0.005 M CoCl₂ system 174 

in 1 M NH₄Cl at pH 9.5 and 298 K (solid line). During the cathodic scan, four distinct current 175 

peaks, labeled A, B, C, and D, are observed at approximately 0.140, −0.12, −0.26, and −1.00 176 

V, respectively. To confirm that these signals originate from cobalt deposition, a control 177 

voltammetric experiment was performed using the Au(111) electrode in an electrolyte 178 

containing only NH4Cl. Figure 2 also includes a comparison between voltammograms 179 

recorded in the presence and absence of Co(II) ions. The absence of these electrochemical 180 

signals in the cobalt-free solution demonstrates that peaks A–D are directly associated with 181 

cobalt electrodeposition. Under the experimental conditions employed, the dominant cobalt 182 

species in solution is the [Co(NH₃)₅]²⁺ complex, and the conditional equilibrium potential of 183 

the [Co(NH₃)₅]²⁺/Co⁰ redox couple is -0.693 V vs. Ag/AgCl at 298.15 K. This potential value 184 

is provided as a reference to indicate the potential region where bulk cobalt deposition 185 

becomes thermodynamically favorable and to delineate the boundaries between UPD and 186 

OPD regimes. Accordingly, peaks A, B, and C, which appear at potentials more positive than 187 

Fig. 1. Pourbaix-type diagram of the Co(II)/Co0

systems at pCo(II)’ ’=2.3 and pNH3’=0.0.

3.2 Voltammetric study

Figure 2 presents a cyclic voltammogram recorded for
the Au(111)/0.005 M CoCl2 system in 1 M NH4Cl at
pH 9.5 and 298 K (solid line). During the cathodic
scan, four distinct current peaks, labeled A, B, C,
and D, are observed at approximately 0.140, -0.12, -
0.26, and -1.00 V, respectively. To confirm that these
signals originate from cobalt deposition, a control
voltammetric experiment was performed using the
Au(111) electrode in an electrolyte containing only
NH4Cl. Figure 2 also includes a comparison between
voltammograms recorded in the presence and absence
of Co(II) ions. The absence of these electrochemical
signals in the cobalt-free solution demonstrates that
peaks A–D are directly associated with cobalt
electrodeposition. Under the experimental conditions
employed, the dominant cobalt species in solution
is the [Co(NH3)5]2+ complex, and the conditional
equilibrium potential of the [Co(NH3)5]2+/Co0 redox
couple is -0.693 V vs. Ag/AgCl at 298.15 K.
This potential value is provided as a reference
to indicate the potential region where bulk cobalt
deposition becomes thermodynamically favorable and
to delineate the boundaries between UPD and
OPD regimes. Accordingly, peaks A, B, and C,
which appear at potentials more positive than this
equilibrium potential for bulk cobalt deposition, are
attributed to UPD. In this region, cobalt adatoms are
stabilized by strong metal–substrate interactions with
the Au(111) surface, enabling deposition at potentials
more positive than the Nernst potential for bulk Co. In
contrast, peak D, located at significantly more negative
potentials (≈ -1.00 V), corresponds to OPD, where
three-dimensional nucleation and growth of bulk
cobalt occur. Thus, peaks A–D are governed not only
by thermodynamic considerations but also by kinetic
and interfacial factors, including electron-transfer
kinetics, surface diffusion of adatoms, nucleation
mechanisms, and possible structural transitions within
the cobalt adlayer. The multiplicity of UPD peaks (A–
C) suggests the formation of different surface phases
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this equilibrium potential for bulk cobalt deposition, are attributed to UPD. In this region, 188 
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During the anodic scan, three oxidation peaks, labeled E, F, and G, are observed at 198 

approximately −0.620, −0.410, and 0.240 V, respectively. These peaks are assigned to the 199 
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Specifically, the anodic peaks at more negative potentials are typically associated with the 201 

dissolution of the bulk deposit (OPD), while those at more positive potentials correspond to 202 

the stripping of the UPD layers. 203 
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Fig. 2. Cyclic voltammograms of the Au(111)/0.005
M CoCl2 + 1 M NH4Cl (pH 9.5) and Au(111)/1 M
NH4Cl (pH 9.5) systems at 298.15 K. The potential
scan was initiated at 0.400 V and swept in the negative
direction to -1.1 V at a scan rate of 20 mV s−1.

or coverage-dependent structural rearrangements prior
to the onset of bulk cobalt growth. During the anodic
scan, three oxidation peaks, labeled E, F, and G,
are observed at approximately -0.620, -0.410, and
0.240 V, respectively. These peaks are assigned to the
electrochemical dissolution of the cobalt previously
deposited during the cathodic scan. Specifically,
the anodic peaks at more negative potentials are
typically associated with the dissolution of the bulk
deposit (OPD), while those at more positive potentials
correspond to the stripping of the UPD layers.

Analysis of the cyclic voltammograms recorded at
298.15 K and at different inversion potentials (Figure
3) reveals a clear correlation between anodic peaks
E and F and the dissolution of the cobalt deposited
at peak D. These oxidation peaks appear exclusively
when the cathodic scan is extended to potentials more
negative than -1.0 V, where overpotential deposition of
bulk cobalt occurs. Their relatively negative stripping
potentials are indicative of the dissolution of three-
dimensional cobalt deposits that interact more weakly
with the Au(111) surface compared to the UPD
layers. In contrast, peak G is observed even when
the inversion potential is limited to the underpotential
deposition region, where cobalt deposition is restricted
to the submonolayer coverage associated with peaks
A–C. The more positive potential of peak G reflects
the higher thermodynamic stability of cobalt atoms
deposited under UPD conditions, which are strongly
bound to the gold substrate through strong Co–Au
interactions. This behavior is characteristic of UPD
systems and is consistent with reports for other
transition metals on noble metal surfaces, where
the stripping of UPD layers occurs at significantly
more positive potentials than that of bulk metal
deposits (Bockris, Reddy, & Gamboa-Aldeco, 2002).
Accordingly, the correlation between the inversion
potential and the position of the dissolution peaks
confirms the presence of at least two distinct cobalt
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Fig. 3. Cyclic voltammograms obtained in the system Au(111)/0.005 M CoCl₂ + 1 M NH₄Cl 228 

(pH 9.5) at 298.15 K and at different inversion potentials. In all cases, the potential scan 229 

started at 0.400 V towards the negative direction with a potential scan rate of 20 mV s-1. 230 

Cathodic and anodic density peak currents are indicated. 231 

Figure 4 shows a set of cyclic voltammograms recorded for the Au(111)/0.005 M CoCl₂ 232 

system in 1 M NH₄Cl at pH 9.5 and 298.15 K at different potential scan rates. During the 233 

cathodic scan, the same reduction peaks previously identified in Fig. 2 are observed. The 234 

peak potentials corresponding to A, B, and C remain essentially invariant with increasing 235 

scan rate, indicating that these processes exhibit the quasi-equilibrium surface-controlled 236 

behavior characteristic of cobalt underpotential deposition (UPD) on Au(111), rather than 237 

being strictly thermodynamically controlled. In contrast, peak D shifts systematically toward 238 

more negative potentials as the scan rate increases, suggesting that cobalt deposition under 239 

overpotential conditions is governed by kinetic limitations and mass transport. The increasing 240 

cathodic overpotential reflects a higher energetic barrier for the nucleation and growth of 241 

bulk cobalt at faster potential scans, consistent with a three-dimensional (3D) growth 242 

mechanism. During the anodic scan, peak E appears at a nearly constant potential over the 243 

range of scan rates examined, indicating a comparatively reversible dissolution process 244 

associated with a well-defined cobalt phase. By contrast, peaks F and G exhibit progressive 245 

Fig. 3. Cyclic voltammograms obtained in the system
Au(111)/0.005 M CoCl2 + 1 M NH4Cl (pH 9.5) at
298.15 K and at different inversion potentials. In all
cases, the potential scan started at 0.400 V towards
the negative direction with a potential scan rate of 20
mV s-1. Cathodic and anodic density peak currents are
indicated.

phases on Au(111): a strongly adsorbed UPD layer
and a bulk-like OPD deposit, each exhibiting a
characteristic anodic response.

Figure 4 shows a set of cyclic voltammograms
recorded for the Au(111)/0.005 M CoCl2 system in
1 M NH4Cl at pH 9.5 and 298.15 K at different
potential scan rates. During the cathodic scan, the
same reduction peaks previously identified in Fig. 2
are observed. The peak potentials corresponding to A,
B, and C remain essentially invariant with increasing
scan rate, indicating that these processes exhibit
the quasi-equilibrium surface-controlled behavior
characteristic of cobalt underpotential deposition
(UPD) on Au(111), rather than being strictly
thermodynamically controlled. In contrast, peak D
shifts systematically toward more negative potentials
as the scan rate increases, suggesting that cobalt
deposition under overpotential conditions is governed
by kinetic limitations and mass transport. The
increasing cathodic overpotential reflects a higher
energetic barrier for the nucleation and growth of
bulk cobalt at faster potential scans, consistent with
a three-dimensional (3D) growth mechanism. During
the anodic scan, peak E appears at a nearly constant
potential over the range of scan rates examined,
indicating a comparatively reversible dissolution
process associated with a well-defined cobalt phase.
By contrast, peaks F and G exhibit progressive
shifts toward more positive potentials with increasing
scan rate. This behavior is consistent with kinetic
polarization effects associated with the stripping of
the cobalt deposits. At higher scan rates, a larger
overpotential is required to sustain the dissolution
current, leading to the observed anodic shift. The
dependence of these anodic features on scan rate
supports their assignment to the oxidation of cobalt
deposits formed under kinetically influenced, quasi-
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shifts toward more positive potentials with increasing scan rate. This behavior is consistent 246 

with kinetic polarization effects associated with the stripping of the cobalt deposits. At higher 247 
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observed anodic shift. The dependence of these anodic features on scan rate supports their 249 

assignment to the oxidation of cobalt deposits formed under kinetically influenced, quasi-250 

reversible conditions, rather than to changes in the thermodynamic stability of the deposits.251 

 252 

Fig. 4. Cyclic voltammograms recorded from the Au(111)/0.005 M CoCl₂ + 1 M NH₄Cl (pH 253 

9.5) system at 298.15 K and different scan rates as is indicated in the figure. In all cases, the 254 

potential rate started at 0.400 V towards the negative direction with a potential scan rate of 255 

20 mV s-1.  256 

 257 

The effect of temperature on the voltammetric peak potentials is shown in Figure 5. An 258 

overall increase in current density is observed as temperature increases, which can be 259 

attributed to enhanced ionic mobility in the electrode/electrolyte and faster charge-transfer 260 

kinetics at the electrode–electrolyte interface (Costa et al., 2020; Gamburg & Zangari, 2011; 261 

Paunovic & Schlesinger, 2006). The peak potentials associated with the UPD processes 262 

Fig. 4. Cyclic voltammograms recorded from the
Au(111)/0.005 M CoCl2 + 1 M NH4Cl (pH 9.5)
system at 298.15 K and different scan rates as is
indicated in the figure. In all cases, the potential rate
started at 0.400 V towards the negative direction with
a potential scan rate of 20 mV s-1.
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Fig. 5. Typical cyclic voltammogram plots obtained from the Au(111)/0.005 M CoCl₂ + 1 M 281 

NH₄Cl (pH 9.5) at different temperatures as is indicated in the figure. In all cases, the 282 

potential rate started at 0.400 V towards the negative direction with a potential scan rate of 283 

20 mV s-1. 284 

To elucidate the controlling mechanism of cobalt electrodeposition associated with peak D, 285 

the peak current density (jp) was plotted as a function of the square root of the potential scan 286 

rate (ν1/2) according to the Berzins–Delahay equation (Berzins & Delahay, 1953): 287 

𝑗2 = 0.6105 <*
+

()
=
,
! 𝑛

+
!𝐷

,
!𝐶3𝑣

,
!         (4) 288 

where jp is the peak current density (in A cm-2), n is the number of electrons transferred, C0 289 

is the bulk cobalt concentration (mol·cm⁻³), D is the diffusion coefficient (cm²·s⁻¹), and ν is 290 

the scan rate (V·s⁻¹). A linear relationship between jp and ν1/2 was observed across all scan 291 

rates examined (Figure 6), indicating that the deposition of cobalt under these conditions is 292 

Fig. 5. Typical cyclic voltammogram plots obtained
from the Au(111)/0.005 M CoCl2 + 1 M NH4Cl (pH
9.5) at different temperatures as is indicated in the
figure. In all cases, the potential rate started at 0.400
V towards the negative direction with a potential scan
rate of 20 mV s-1.

reversible conditions, rather than to changes in the
thermodynamic stability of the deposits.

The effect of temperature on the voltammetric
peak potentials is shown in Figure 5. An overall
increase in current density is observed as temperature
increases, which can be attributed to enhanced ionic
mobility in the electrode/electrolyte and faster charge-
transfer kinetics at the electrode–electrolyte interface
(Costa et al., 2020; Gamburg & Zangari, 2011;
Paunovic & Schlesinger, 2006). The peak potentials
associated with the UPD processes (peaks A, B, and
C) remain essentially constant over the investigated
temperature range. This temperature invariance
is consistent with fast interfacial electron-transfer
kinetics and surface-limited deposition occurring
under quasi-equilibrium conditions, driven by strong
Co–Au interactions. Under these circumstances,
the peak positions exhibit only minor sensitivity
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a diffusion-controlled process, governed by the transport of cobalt species from the bulk 293 

solution to the electrode surface (Berzins & Delahay, 1953). 294 

 295 

Fig. 6. Plot of the experimental cathodic peak current density D (jp) as a function of scan rate 296 
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pH 9.5 across a range of temperatures. Figure 7 presents a series of current density transients 302 

recorded under OPD conditions ( at -0.960 V) using the potential-step method, where the 303 

applied potential was held constant while varying only the temperature. Initially, the Au(111) 304 

electrode was polarized at 0.400 V, a potential at which cobalt reduction does not occur, 305 

ensuring well-defined and reproducible initial conditions. Additionally, current density 306 

transients were recorded by applying negative potential steps in the range of −0.860 to −0.960 307 

V. This range was selected based on the prior voltammetric analysis, covering potentials from 308 

the onset of cobalt reduction under overpotential conditions to the region of the cathodic 309 

current peak. As shown in Figure 7, all current transients (j vs. t) exhibit an initial sharp 310 

Fig. 6. Plot of the experimental cathodic peak current
density D (jp) as a function of scan rate (ν1/2) for
different temperatures.

to temperature variations. In contrast, the potential
corresponding to peak D shifts systematically toward
more positive values with increasing temperature. This
behavior indicates that cobalt deposition in the OPD
region is thermally activated (Black, Zhang, Noori,
Reid, & Bartlett, 2023; Motobayashi, Nakagawa,
Shibamura, & Ikeda, 2023). The positive shift reflects
accelerated charge-transfer kinetics and a reduced
activation barrier for the nucleation and growth of
bulk cobalt at elevated temperatures (Motobayashi
et al., 2023). Therefore, the OPD process is
predominantly governed by kinetic factors associated
with the activation energy and three-dimensional
growth dynamics.

To elucidate the controlling mechanism of cobalt
electrodeposition associated with peak D, the peak
current density (jp) was plotted as a function of the
square root of the potential scan rate (ν1/2) according
to the Berzins–Delahay equation (Berzins & Delahay,
1953):

jp = 0.6105
(

F3

RT

) 1
2

n
3
2 D

1
2 C0v

1
2 (4)

where jp is the peak current density (in A cm-2), n
is the number of electrons transferred, C0 is the bulk
cobalt concentration (mol·cm−3), D is the diffusion
coefficient (cm2·s−1), and ν is the scan rate (V·s−1).
A linear relationship between jp and ν1/2 was observed
across all scan rates examined (Figure 6), indicating
that the deposition of cobalt under these conditions
is a diffusion-controlled process, governed by the
transport of cobalt species from the bulk solution to
the electrode surface (Berzins & Delahay, 1953).

3.3 Potentiostatic study

Current-time density transients obtained via
chronoamperometry provide critical insight into
the kinetics of nucleation and growth during
electrodeposition. In this study, the technique was
applied to determine the kinetic parameters of cobalt
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decay, commonly attributed to the discharge of the electrical double layer and, in some cases, 311 

to instantaneous two-dimensional nucleation. This stage is followed by a rise in current to a 312 

maximum value (jm), at a characteristic time (tm), after which the current gradually decreases 313 

toward a diffusion-limited regime. Such behavior is characteristic of three-dimensional 314 

nucleation and growth under mass-transfer control (Scharifker & Hills, 1983). The consistent 315 

presence of a current maximum, along with the subsequent time-dependent decay typical of 316 

diffusion-controlled processes, indicates that cobalt electrodeposition on Au(111) is 317 

predominantly governed by the transport of electroactive species from the bulk solution to 318 

the electrode surface (Scharifker & Hills, 1983). These observations align with the 319 

voltammetric data and reinforce the conclusion that the electrodeposition process proceeds 320 

under diffusion-controlled conditions. 321 

 322 

Fig. 7. Experimental current transients recorded from the Au(111)/0.005 M CoCl₂ + 1 M 323 

NH₄Cl (pH 9.5) system at -0.960 V. In all cases, a starting potential of 0.600 V was applied 324 

to the Au(111) electrode surface. 325 

 326 

 327 

Fig. 7. Experimental current transients recorded from
the Au(111)/0.005 M CoCl2 + 1 M NH4Cl (pH 9.5)
system at -0.960 V. In all cases, a starting potential of
0.600 V was applied to the Au(111) electrode surface.

electrodeposition on Au(111) at pH 9.5 across a range
of temperatures. Figure 7 presents a series of current
density transients recorded under OPD conditions (
at -0.960 V) using the potential-step method, where
the applied potential was held constant while varying
only the temperature. Initially, the Au(111) electrode
was polarized at 0.400 V, a potential at which cobalt
reduction does not occur, ensuring well-defined and
reproducible initial conditions. Additionally, current
density transients were recorded by applying negative
potential steps in the range of -0.860 to -0.960 V. This
range was selected based on the prior voltammetric
analysis, covering potentials from the onset of cobalt
reduction under overpotential conditions to the region
of the cathodic current peak. As shown in Figure
7, all current transients (j vs. t) exhibit an initial
sharp decay, commonly attributed to the discharge
of the electrical double layer and, in some cases, to
instantaneous two-dimensional nucleation. This stage
is followed by a rise in current to a maximum
value (jm), at a characteristic time (tm), after which
the current gradually decreases toward a diffusion-
limited regime. Such behavior is characteristic
of three-dimensional nucleation and growth under
mass-transfer control (Scharifker & Hills, 1983).
The consistent presence of a current maximum,
along with the subsequent time-dependent decay
typical of diffusion-controlled processes, indicates that
cobalt electrodeposition on Au(111) is predominantly
governed by the transport of electroactive species from
the bulk solution to the electrode surface (Scharifker
& Hills, 1983). These observations align with the
voltammetric data and reinforce the conclusion
that the electrodeposition process proceeds under
diffusion-controlled conditions.

Based on the current density transients shown in
Figure 7, the nucleation mechanism was analyzed
using the Scharifker–Hills model (Scharifker & Hills,
1983). For this purpose, the experimental transients
were normalized and represented in a non-dimensional
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Based on the current density transients shown in Figure 7, the nucleation mechanism was 328 

analyzed using the Scharifker–Hills model (Scharifker & Hills, 1983). For this purpose, the 329 

experimental transients were normalized and represented in a non-dimensional form as j2/jm2 330 

versus t/tm and compared with the theoretical curves for instantaneous and progressive 331 

nucleation described by equations. (5) and (6),, respectively (Figure 8). The comparison 332 

indicates that, across all applied potentials and temperatures, the electrodeposition of cobalt 333 

on Au(111) follows a progressive nucleation mechanism. 334 

                 (5) 335 

                 (6) 336 
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Fig. 8. Comparison of experimental transients
normalized (through the coordinates of its respective
local maximum (tm, jm), with the theoretical
nondimensional curves corresponding to 3D
instantaneous nucleation (Eq. (5)) and 3D progressive
nucleation (Eq. (6)).

form as j2/jm2 versus t/tm and compared with the
theoretical curves for instantaneous and progressive
nucleation described by equations. (5) and (6),
respectively (Figure 8). The comparison indicates
that, across all applied potentials and temperatures,
the electrodeposition of cobalt on Au(111) follows a
progressive nucleation mechanism.

j
j2m
= 1.9542

(
t

tm

)−1 {
1− exp

[
−1.2564

t
tm

]}2

(5)

j2

j2m
= 1.2254

(
t

tm

)−1
1− exp

−2.3367
(

t
tm

)2


2

(6)

Here, it is important to note that the current decay
observed in the transients reported in Figure 7
cannot be adequately explained solely by the double-
layer charging process. The incorporation of a 2D
instantaneous nucleation (2D-i) model is necessary,
taking into account the formation of a monolayer in the
UPD region. Further details regarding the equations
and the applicability of the model are provided in
the Supplementary Material. Accordingly, it has been
reported in the literature that transients such as those
shown in Figure 7 can be predicted using the following
equation (Mendoza-Huizar et al., 2002):

j(t) = j2D−i + jdl + j3D−dc (7)

where the instantaneous 2D nucleation current is given
by (Armstrong & Harrison, 1969):

j2D−i = k1 exp(−k2t) (8)

the charge of the double layer is represented by:

jdl = k3 exp(−k4t) (9)
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Fig. 9. Comparison between experimental current density transients (straight line) recorded 384 

at different temperatures and potentials during the Co electrodeposition on Au(111) with its 385 

theoretical transient (OOO) generated by nonlinear fitting of Eq. (7) to the experimental data 386 

Table 1. Potential dependence observed for the nucleation rate during cobalt deposition from 387 

the Au(111)/0.005 M CoCl₂ + 1 M NH₄Cl (pH 9.5) system. The values were obtained from 388 

best-fit parameters of the experimental j-t plots using Eq. (7) 389 

Potential  

/ V 

A (298.15 K) 

/ s-1 

A (303.15 K) 

/ s-1 

A (308.15 K) 

/ s-1 

A (313.15 K) / 

s-1 

-0.96 0.333 0.358 0.482 0.511 

-0.95 0.222 0.337 0.295 0.444 

-0.94 0.185 0.310 0.290 0.412 

-0.93 0.180 0.246 0.282 0.350 

Fig. 9. Comparison between experimental current
density transients (straight line) recorded at
different temperatures and potentials during the Co
electrodeposition on Au(111) with its theoretical
transient (OOO) generated by nonlinear fitting of Eq.
(7) to the experimental data.

and j3D corresponds to the 3D nucleation and
growth under OPD conditions, which is expressed by
the following equation (Heerman & Tarallo, 1998):

j3D−dc =
nFDC0

(πDt)1/2 •
∅

θ
•
{
1− exp

[
−αS N0(πDt)1/2t1/2θ

]}
(10)

where

∅ = 1−
exp(−At)

(At)
1
2

∫ (At)
1
2

0
exp

(
λ2

)
dλ

= 1−
1

(At)
1
2

 0.051314213+ 0.47910725(At)
1
2

1− 1.2068142(At)
1
2 + 1.185724(At)


(11)

In this model, j3D-dc represents the current density and
αS=2[2VmDC0]1/2, where Vm is the molar volume of
the deposit, A is the nucleation rate, and N0 is the
density of active nucleation sites. All other parameters
retain their conventional meanings. The analysis of
the current density transients obtained in the UPD
region is presented in the supplementary material; this
analysis shows that the current decay is associated
with double-layer charging and two-dimensional
instantaneous nucleation processes. Figure 9 compares
the experimental current transients with the theoretical
curves obtained by nonlinear fitting of the data to
equation (7). The model accurately reproduces the
behavior of all experimental transients. The kinetic
and physical parameters derived from these fits are
summarized in Tables 1 and 2. The results show that
both the nucleation rate and the density of active
sites increase as the applied potential becomes more
negative.

The nucleation rate rises systematically with
temperature at all potentials, indicating a thermally
activated nucleation process.
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Table 1. Potential dependence observed for the nucleation rate during cobalt deposition from the Au(111)/0.005 M
CoCl2 + 1 M NH4Cl (pH 9.5) system. The values were obtained from best-fit parameters of the experimental j-t

plots using Eq. (7).

Potential / V A (298.15 K) / s−1 A (303.15 K) / s−1 A (308.15 K) / s−1 A (313.15 K) / s−1

-0.96 0.333 0.358 0.482 0.511
-0.95 0.222 0.337 0.295 0.444
-0.94 0.185 0.310 0.290 0.412
-0.93 0.180 0.246 0.282 0.350
-0.92 0.122 0.128 0.154 0.260
-0.91 0.120 0.100 0.189 0.227
-0.90 0.091 0.090 0.139 0.208
-0.89 0.091 0.093 0.103 0.214
-0.88 0.068 0.078 0.096 0.171
-0.87 0.067 0.050 0.063 0.153
-0.86 0.065 0.033 0.064 0.132

Table 2. Potential dependence observed for the number of active nucleation sites during cobalt deposition from the
Au(111)/0.005 M CoCl2 + 1 M NH4Cl (pH 9.5) system. The values were obtained from best-fit parameters of the

experimental j-t plots using Eq. (7).

Potential N0 × 10−7 (298.15 K) N0 × 10−7 (303.15 K) N0 × 10−7 (308.15 K) N0 × 10−7 (313.15 K)
/ V / cm−2 / cm−2 / cm−2 / cm−2

–0.96 1.327 1.266 1.873 2.495
–0.95 0.96 2.154 2.822 2.590
–0.94 0.862 1.637 1.86 2.268
–0.93 0.869 0.779 1.964 2.339
–0.92 0.638 1.829 2.036 1.956
–0.91 0.356 2.169 2.09 1.891
–0.9 0.649 0.703 0.962 1.726

–0.89 0.876 1.588 1.903 1.522
–0.88 0.134 1.152 1.456 1.545
–0.87 0.52 0.634 0.264 1.394
–0.86 0.153 0.141 0.425 1.130

This effect is particularly pronounced at higher
overpotentials, where the increased driving force
lowers the energy barrier for stable nucleus formation.
Furthermore, N0 increases exponentially with the
applied potential. Although higher temperatures also
lead to an increase in N0, no linear relationship was
observed between ln N0 and 1/T. This indicates that
the number density of active sites is predominantly
governed by the applied potential rather than by
thermal activation. The average diffusion coefficients
were determined to be 1.7×10–6, 1.9×10–6, 2.3×10–6

and 3.4×10–6 cm2 s-1 for 298.15, 303.15, 308.15 and
313.15 K, respectively. These values are consistent
with those reported for similar cobalt plating baths
(Mendoza-Huizar & Rios-Reyes, 2013). The increase
of the diffusion coefficient with temperature further
confirms that mass transport in this system is thermally
activated.

Due to the temperature dependence of the
nucleation rate constant, it was analyzed using an
Arrhenius-type relationship:

A = A0e
(
−

Ea
RT

)
(12)

where A0 is the pre-exponential factor and Ea is
the apparent activation energy for nucleation. Linear
fits of ln A as a function of 1/T were observed
for all potentials. The corresponding activation
energies derived from the slopes of these plots are
summarized in Table 3. These activation energies
are consistent with those reported in the literature
for nucleation processes (Li & Jun, 2018; Medina-
Galván, Quintana-Hernández, Reyes-Valadez, &
Fuentes-Cortés, 2020; Tan, He, Gao, Peng, & Dai,
2021; Vazquez-Arenas, Cruz, & Mendoza-Huizar,
2006). Notably, the activation energy decreases as
the applied potential is more negative, which suggests
that the nucleation process is favored at more negative
potential and favored by an increase in temperature,
which confirms that cobalt nucleus formation
is a thermally activated process, where kinetic
contributions dominate over purely thermodynamic
effects. Notably, the activation energy decreases as the
applied potential becomes more negative. This trend
suggests that the nucleation process is energetically
favored at higher overpotentials, where the increased
driving force lowers the energy barrier for stable
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Table 3. Activation energy values of the nucleation
rate (Ea) obtained at each potential value.

E / V Ea/kJ mol−1

–0.96 24.49
–0.95 30.19
–0.94 36.45
–0.93 33.16
–0.92 37.62
–0.91 39.34
–0.90 45.17
–0.89 41.03
–0.88 45.87
–0.87 41.20
–0.86 42.48

nucleus formation. Furthermore, the fact that the
rate increases with temperature confirms that cobalt
nucleus formation is a thermally activated process,
where kinetic contributions dominate over purely
thermodynamic effects.

Similarly, the temperature dependence of
the diffusion coefficients obtained at different
temperatures was analyzed using the Arrhenius
equation (Eq. 13).

D = D0 exp
(
−
∆HD

RT

)
(13)

In this equation D0 corresponds to the pre-
exponential factor, while ∆HD represents to the
activation energy for the diffusion process. From the
plot of ln D versus 1/T, the linear relationship is
expressed as:

ln D = ln D0 −
∆HD

R
1
T

(14)

The diffusion coefficient shows a clear Arrhenius-
type dependence on temperature, with an activation
energy of approximately 36 kJ·mol−1. This value
is typical for ionic diffusion in aqueous media
(Matsumiya, Terazono, & Tokuraku, 2006; Ramos
Lora, Mendoza Huizar, Rios-Reyes, & Galán-Vidal,
2014), and is lower than the activation energy
determined for nucleation, confirming that cobalt
electrodeposition is primarily governed by interfacial
kinetic processes rather than being strictly limited by
mass transport under the studied temperature range.
A direct comparison of the temperature dependencies
of A and D shows that, although both nucleation and
diffusion are enhanced at higher temperatures, the
overall electrodeposition kinetics are dominated by
nucleation and growth at the electrode interface.

Additionally, the critical size of the cobalt nucleus
(nc) was evaluated from the relationship between the
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Fig. 10. ln A vs E plot, used to calculate the critical size of the Co nucleus according to Eq. 451 

(15). The broken straight line corresponds to the linear fit of the experimental data. 452 
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Conclusions 454 

Under our experimental conditions, the voltammetric study confirms the coexistence of two 455 

cobalt phases on Au(111): a strongly adsorbed underpotential deposition layer stabilized by 456 

strong Co–Au interactions, and a three-dimensional bulk-like cobalt deposit formed under 457 

overpotential conditions. The OPD process is mainly controlled by 3D progressive nucleation 458 

and growth kinetics. Both the nucleation rate (A) and the diffusion coefficient (D) exhibit 459 

Arrhenius-type temperature dependence, confirming that cobalt nucleation is a thermally 460 

activated process. The increase of A with temperature reflects a reduction in the energy 461 

barrier for stable nucleus formation. Furthermore, the activation energy for diffusion (DHD= 462 

Fig. 10. ln A vs E plot, used to calculate the critical
size of the Co nucleus according to Eq. (15). The
broken straight line corresponds to the linear fit of the
experimental data.

potential dependence of A and the applied potential
using the following equation (Milchev, 1991):

nc =

(
kBT
ze0

)(
d ln A
dE

)
−αCo (15)

where αCo is the transfer coefficient for cobalt
reduction, k is the Boltzmann constant, T is the
absolute temperature, z is the valence of the metal
ion, and e0 is the elementary charge. The αCo value
calculated in this work is 0.86 at 298.15 K, and
similar values were obtained at the other temperatures.
The plot of ln A versus the applied potential (E)
shows linear behavior (Figure 10). Using Eq. (15), the
critical cluster size calculated at the four investigated
temperatures was found to be zero (nc=0). This value
implies that a single cobalt atom on an active site
constitutes a stable nucleus, indicating that every Co
atom deposited on Au(111) is thermodynamically
stable (Mendoza-Huizar & Rios-Reyes, 2012). This
result is consistent with the high adatom-substrate
interaction energy typical of UPD-preceded systems.

Conclusions

Under our experimental conditions, the voltammetric
study confirms the coexistence of two cobalt phases
on Au(111): a strongly adsorbed underpotential
deposition layer stabilized by strong Co–Au
interactions, and a three-dimensional bulk-like cobalt
deposit formed under overpotential conditions. The
OPD process is mainly controlled by 3D progressive
nucleation and growth kinetics. Both the nucleation
rate (A) and the diffusion coefficient (D) exhibit
Arrhenius-type temperature dependence, confirming
that cobalt nucleation is a thermally activated process.
The increase of A with temperature reflects a reduction
in the energy barrier for stable nucleus formation.
Furthermore, the activation energy for diffusion
(∆HD= 36 kJ·mol−1) was found to be lower than the
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activation energy for nucleation (Ea). This comparison
indicates that the overall electrodeposition kinetics
are primarily determined by interfacial nucleation and
growth rather than by mass transport limitations within
the studied temperature range. Finally, the calculation
of a zero critical nucleus size (nc =0) suggests that
a single cobalt atom on an active site is sufficient to
form a stable nucleus, highlighting the high affinity of
the Au(111) substrate for cobalt adatoms.
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E. (2012). Study of the morphological
and magnetic structures of nanocrystalline
cobalt films obtained by electrodeposition.
Materials Chemistry and Physics, 132(2–3),
1060–1064. https://doi.org/10.1016/J.
MATCHEMPHYS.2011.12.065

Tan, W., He, H., Gao, Y., Peng, Y., & Dai, X.
(2021). Nucleation and growth mechanisms of
an electrodeposited Ni–Se–Cu coating on nickel
foam. Journal of Colloid and Interface Science,
600, 492–502. https://doi.org/10.1016/
J.JCIS.2021.05.002

Vazquez-Arenas, J., Cruz, R., & Mendoza-Huizar, L.
H. (2006). The role of temperature in copper
electrocrystallization in ammonia-chloride
solutions. Electrochimica Acta, 52(3), 892–903.
https://doi.org/10.1016/j.electacta.
2006.06.022

Wei, G., Ge, H., Wu, Q., Yu, Y., Wang, X., &
Chen, C. (2009). Co – Pt – W thin films
electrodeposited from sulphate – gluconate
baths. Materials Chemistry and Physics 118,
118, 57–62. https://doi.org/10.1016/j.
matchemphys.2009.07.003

Wu, H., Zei, M., & Yau, S. (2010). Reflection high-
energy electron diffraction characterization of
cobalt clusters electrodeposited on a Au(100)
electrode. Journal of Physical Chemistry C,
114(47), 20062–20067. https://doi.org/
10.1021/jp1065924

www.rmiq.org 13

https://doi.org/10.4028/www.scientific.net/AMR.976.144
https://doi.org/10.4028/www.scientific.net/AMR.976.144
https://doi.org/10.1149/1.2085590
https://doi.org/10.1016/0013-4686(83)85163-9
https://doi.org/10.1016/0013-4686(83)85163-9
https://doi.org/10.1016/J.MATCHEMPHYS.2011.12.065
https://doi.org/10.1016/J.MATCHEMPHYS.2011.12.065
https://doi.org/10.1016/J.JCIS.2021.05.002
https://doi.org/10.1016/J.JCIS.2021.05.002
https://doi.org/10.1016/j.electacta.2006.06.022
https://doi.org/10.1016/j.electacta.2006.06.022
https://doi.org/10.1016/j.matchemphys.2009.07.003
https://doi.org/10.1016/j.matchemphys.2009.07.003
https://doi.org/10.1021/jp1065924
https://doi.org/10.1021/jp1065924

	Introduction
	Methodology
	Results and discussion
	Pourbaix diagram
	Voltammetric study
	Potentiostatic study


