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Abstract: A kinetic study of the Ag electrodeposition onto Pt ultramicroelectrodes of 10, 15 and 25 µm of diameter from an aqueous solution 
containing AgNO3 1 mM + NH4NO3 0.1 M was conducted at overpotential conditions through potentiostatic studies. The analysis of the current 
density transients indicates the existence of two 2D nucleation and growth processes previous to the 3D nucleation and growth process. 
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INTRODUCTION 
ILVER coatings exhibit excellent electrical conductivity 
and good anti-wear property in bearings and electronic 

components, as well as resistance to high temperatures 
and corrosion.[1–3] These coatings are widely used on an 
industrial scale in high-performance technological fields 
belonging to electronics, electrical engineering, aeronautics, 
as well as in the food industry or in the artistic design of 
jewelery and art objects.[1]Ag coatings can be obtained by 
electrodeposition, since this technique allows obtaining 
uniform coatings with excellent quality at low-cost, and 
easily scalable at the industrial level.[2] Silver has been 
electrodeposited on Pt,[4–12] Cu,[1,2,13–17] GCE,[5,16,18–21] 
Au,[5,22] Si,[19,23] HOPG,[21,24] and graphene,[4] among others 
substrates. Plating baths based on nitrates,[7–13,20,23,24] 
cyanides,[1,4,9,15–18,22] chloride,[5,9,17,19] bromide,[13] and 
sulfates[22] are the most employed. In general, it has been 
found that the silver electrodeposition process is controlled 
by mass transfer and follows a progressive nucleation 
process. [7,15–22] However, if the electroplating bath has 
chloride ions, the nucleation process of the electro-
deposited silver changes to instantaneous.[5,9,17,19] Similarly, 
the silver electrodeposition on silicon substrate electrodes 

shows a clear change on the deposition mechanism from 
progressive to instantaneous nucleation.[19,23] In addition, 
silver nitrate plating baths are able to decrease the current 
density necessary to carry out silver electrodeposition. 
Moreover, a change in nitrates concentration in the solution 
allows to control the roughness of the deposit.[10,12,13,15,23] In 
cyanide silver plating baths, a higher concentration of these 
anions causes a major energy requirement to electro-
deposit silver. However, if the silver ions concentration is 
increased, the silver electrodeposition potential value 
moves to potentials that are more positive.[1,12,14,16] For a 
low silver concentration it has been reported a transition 
2D-2D and 2D-3D on GCE substrates, while that at higher 
concentration it is possible to get a 3D growth. Also, Nevers 
and others have reported that the use of ultrasound during 
silver plating can change significantly the microstructure 
and morphology of the silver deposits without the use of 
chemical additives.[8] Typically, silver electrodeposition 
involves working electrodes with a diameter higher than 1 
mm. On this kind of electrodes different kinetic controls 
and different system behavior have been reported.[1–24] 
 On the other hand, microelectrodes or ultramicro-
electrodes (UMEs), offer unique electrochemical charac-
teristics. These include, in addition to their extreme small 

S 

http://creativecommons.org/licenses/by/4.0/
mailto:hhuizar@uaeh.edu.mx
https://orcid.org/0000-0001-8163-7924
https://orcid.org/0000-0002-9525-3937
http://orcid.org/0000-0001-7701-437X
https://orcid.org/0000-0003-4532-7675
https://orcid.org/0000-0003-2373-4624


 
 
 
238 J. A. CORONA-CASTRO et al.: A Kinetic Study of Silver Electrodeposition … 
 

Croat. Chem. Acta 2020, 93(3), 237–243 DOI: 10.5562/cca3771 

 

 

 

size, minimization of solution resistance effects and rapid 
response times. The electrochemical behavior of micro-
electrodes can appear markedly different from that observed 
at conventionally sized electrodes. UMEs have proven to be 
a convenient tool for electrodepositing studies, since their 
use allows obtaining a process controlled by diffusion. Thus, 
their small dimensions allow the formation and growth of a 
small number of nuclei or even individual nuclei, reducing the 
interference between them. In addition, the effects of small 
changes on the surface state of the substrate can be detected 
in electrochemical measurements easily.[25,26] However, only 
a few number of electrodeposition studies have been carried 
out using UMEs, despite the reported advantages compared 
to conventional electrodes.[25–29] Peña et al.[25] conducted a 
study of the electrochemical nucleation and growth of Ag on 
polycrystalline Pt microelectrodes and carbon fibers by using 
voltammetric and potentiostatic techniques in aqueous 
solutions with and without supporting electrolyte. They 
reported different Ag electrocrystallization modes, which are 
easily detected by voltammetric and potentiostatic methods 
by using microelectrodes. Additionally, they found that 
parameters, such as overpotential and the kind of supporting 
electrolyte, modify the morphology of the silver electro-
deposits. In other work reported by Duo et al. the Ag 
electrodeposition on carbon microelectrodes showed that 
the electrochemical treatment of the electrode, the absence 
of supporting electrolyte and a particular range of higher 
potentials affect the growth process.[26] To the best our 
knowledge, there are few reports studying the electro-
deposition process of silver onto platinum UMEs. There-
fore, the purpose of the present study is determining the 
influence of the Pt-UME diameter in the kinetic parameters 
values related to the silver electrodeposition process from 
ammoniacal solutions. 

 

METHODOLOGY 
Ag electrodeposits were obtained from an aqueous 
solution containing 1 mM AgNO3 + 0.1 M NH4NO3. All 
solutions were prepared using analytic grade reagents with 
ultra pure water (Millipore-Q system) and were deoxygen-
ated by bubbling N2 for 15 minutes before each exper-
iment. A 3-compartment electrochemical cell was used in 
the electrochemical experiments. An Ag/AgCl and graphite 
bar served as the reference and counter electrode, 
respectively. Platinum ultramicroelectrodes (Pt-UMEs) of 
10 (Pt-UME-10), 15 (Pt-UME-15) and 25 (Pt-UME-25) µm de 
diameter were used as working electrode and polished and 
ultrasonicated cleaned before each experiment. The 
control of the experiments was carried out through an 
Epsilon potentiostat connected to a personal computer, 
through the BASi Epsilon EC software. 

RESULTS AND DISCUSSION 
Figure 1. shows typical cyclic voltammograms obtained 
from the 1 mM AgNO3 + 0.1 M NH4NO3 system onto  
Pt-UMEs with different diameter. Note that the voltam-
mogram recorded onto the Pt-UME-10 exhibits a higher 
current density, in comparison to the Pt-UME-15 and Pt-
UME-25 electrodes. This is because the radial diffusion 
greatly enhances mass transport to and from the electrode 
surface as the UME size diminishes. As a result, the current 
density recorded onto this ultramicroelectrode is related to 
a bigger radial diffusion in comparison to the other 
electrodes. 
 Figure 2. shows a set of typical cyclic voltammograms 
obtained from the Pt-UME-10/1 mM AgNO3 + 0.1 M NH4NO3 
system at different scan rates. During the direct scan, it is 
possible to note the formation of a peak A. Also, it is 
reported a cyclic voltammogram obtained from the Pt-
UME-10/0.1 M NH4NO3 system. The comparison between 
the cyclic voltammograms obtained from these systems 
indicates that peak A can be associated with the silver 
electrodeposition. Similar results were found for the cyclic 
voltammograms recorded onto the Pt UMEs of 15 and 25 
µm of diameters, not shown. In order to find the type of 
control limiting, of the electrodeposition process, related 
to peak A in the different systems; the maximum current 
density ( jp) value associated with each peak was plotted as 
a function of ν1/2, see Figure 3. A linear relationship was 
found indicating a diffusional-controlled process [12,13]. The 
diffusion coefficient values were evaluated from Berzins–
Delahay’s equation[30] 

 ( )=
1/2

3/2 1/2 1/2
p 0

30.6105j n D C vF
RT  (1) 

 From the slope of the jp vs v1/2 plot it is possible to 
evaluate the diffusion coefficient values, these values were  

 

Figure 1. Cyclic voltammograms obtained from the plating 
bath 1 mM AgNO3 + 0.1 M NH4NO3 at 80 mV s–1 onto 
platinum ultra microelectrodes of different diameter. 



 
 
 
 J. A. CORONA-CASTRO et al.: A Kinetic Study of Silver Electrodeposition … 239 
 

DOI: 10.5562/cca3771 Croat. Chem. Acta 2020, 93(3), 237–243 

 

 

 

8.01 × 10–5 ± 5.96 × 10–7, 1.21 × 10–6 ± 1.24 × 10–8 and  
0.6 × 10–6 ± 1.81 × 10–9 cm2 s–1, for Pt-UME-10, Pt-UME-15 
and Pt-UME-25, respectively. Here, it is interesting to 
mention that at an inlaid disk microelectrode the steady 
state current is defined by the Saito’s equation as  
Iss =4nFS C0 D/ r0, where the electrode surface is S = πr02 
and r0 is the radius of the microelectrode.[31] Thus, it is 
possible to define Iss =4n FC0 (D / r0), where (D/ r0) may be 
considered as an apparent diffusion coefficient and Dapp r0 =D. 
However, note that the values of the diffusion coefficient 
for Pt-UME-15 and Pt-UME-25 are 1.5 % and 0.75 % in 
comparison to the obtained for Pt-UME-10; but the 
difference between the radii electrodes of Pt-UME-15 and 
Pt-UME-25 are 1.5 and 2.5 times, respectively, in com-
parison to Pt-UME-10. Thus, the apparent diffusion coef-
ficients values, calculated in the present work, does not 
follow the relationship D= Dapp r0. In this sense, it has been 
reported that as the electrode size is decreased there is an 
inequality and Iss <4 FC0 Dr0. Thus, there is a systematic 
dependence of the currents on radii.[32] This is probably due 
to that at the micro-disk electrode, enhancement of the 
current signal results from the fact that radial diffusion 
becomes important, as the disk radius gets smaller.[34] Thus, 
it is possible to achieve and maintain steady state currents 
in a relatively short experimental time.[33] Moreover, during 
an electrodeposition process the microelectrode shape is 
changing. Thus, the expanding surface area of the growing 
deposit diminishes the current density on the stationary 
approximation, thereby providing additional depolarization, 
which is more significant when the electrode size is smaller. 
Also, as the electrode potential is cathodically scanned, 
there are variations on the chemical transport and electric 
fields during voltammetric measurements, which causes 
dynamic current density profiles during deposition onto a 
microelectrode.[34] Thus, the above mentioned indicates 
that the concentration of the electroactive species on the 
surface is time dependent;[35] which may cause variations 

on the Iss values. Thus, the relationship D =Dapp r0 fails to 
evaluate the diffusion coefficient value, when microelec-
trodes with different size are used during the electro-
deposition process. On the other hand, observe that the 
values of the diffusion coefficients obtained for Pt-UME-15 
and Pt-UME-25 are close to those obtained at macro-
electrodes, which suggests that a planar microelectrode 
diffusion is reached instead of radial diffusion.[36,37] 

Kinetic Analysis of the 3D Nucleation 
and Growth Process 

Formation of new phases generally occurs through nucl-
eation and growth mechanisms and the corresponding 
current density transients may provide valuable information 
about the kinetics of electrodeposition. A set of current 
density transient recorded at different potentials by a 
double pulse potential technique were obtained by 
applying an initial potential of 0.200 V onto the surface of 
the Pt-UMEs. At this potential value, the silver deposition 
had still not begun. After the application of this initial 
potential, a step of negative potential was varied on the 
electrode surface, in the range [–0.340 to –0.600] V. Figure 4. 
shows a comparison of the transients obtained at –0.440 V 
onto the Pt-UME-10, Pt-UME-15 and Pt-UME-25 electrodes. 
Note that in all cases may be observed the formation of 
three peaks I, II and III, which may be related to different 
growth processes onto the electrode surface. 
 Observe that the current associated with peak I and 
II decays to zero, see inset in Figure 4., this behavior has 
been related to 2D dimensional and nucleation processes. 
On the other hand, the current associated with the third 
process (III) passes through a maximum and then 
approaches to the planar microelectrode limiting diffusion 
current. This behavior has been associated with 3D 
nucleation and growth processes controlled by a mass 
transfer reaction.[38,39]. Here, it is important to comment 
that the nucleation mechanism may proceed either 

 
Figure 3. Plot of the experimental cathodic peak current 
density (jp) as a function of scan rate (v1/2) for Peak A (see 
Figure 2.) at different scan rates on Pt-UMEs of 10, 15 and 
25 µm. 

 

Figure 2. Cyclic voltammograms obtained from the system 
Pt-UME-10/ 1 mM AgNO3 + 0.1 M NH4NO3 at different scan 
rates indicated in the Figure.  
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instantaneously or progressively.[40,41] The theoretical des-
cription of potentiostatic current density transients assoc-
iated with 2D dimensional and nucleation processes for the 
instantaneous case is given by:[40,42] 

 − = − 2
2D i 1 2( ) ( )j t k t exp k t  (2) 

 =
2

0
1

2 gπ z F M hN K
k

ρ
 (3) 

 =
2

2

2
0

2
gπ M N k

ρ
k  (4) 

 =1 2 nucl2k k q  (5) 

while that for the progressive case is: 

 − = −2 3
2D p 3 4( ) ( )j t k t exp k t  (6) 

where 

 =
2
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ρ
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ρ
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 In these equations z is the number of electrons 
transferred, F is Faraday constant, M the molecular weight, 
kg and a are constant controlled by the potential, h is the 
height, qnucl is the charge density associated with formation 

of the 2D deposit, and N0 is the number density of active 
sites. Similarly, in a 3D nucleation and growth process 
controlled by a mass transfer reaction onto an UME, the 
current density for the instantaneous case is given by:[27] 
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while that for the progressive case is:[27] 
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where D is the diffusion coefficient of the metal ion, c is the 
silver concentration and r0 is the radius of the Pt-UME. 
Thus, considering the existence of two 2D dimensional and 
nucleation and growth processes and a 3D process. The 
total current density should be predicted by the sum of 
these three contributions. In this work, the transients 
depicted in Figure 4. were well described by: 

 − − − − − −= + +2D p I 2D p II 3D i III( ) ( ) ( )Tj j t j t j t  (14) 

where − −2D p I( )j t  and − −2D p II( )j t  are the 2D progressive 
nucleation and growth processes due to peak I and II, 
respectively, and − −3D i III( )j t  is the 3D instantaneous 
nucleation and growth related to peak III. Figure 5. shows a 

 
Figure 4. Experimental current density transient recorded at 
–0.440 V, during the silver electrodeposition from the 
plating bath 1 mM AgNO3 + 0.1 M NH4NO3 system onto a) 
Pt-UME-10, b) Pt-UME-15 and c) Pt-UME-25. In all cases, the 
starting potential of 0.200 V was applied to the platinum 
electrode surface and t = 5 ms. The insets show a close up 
of the full transients in two regions, at short times (0 ≤ t ≤ 
0.4 s) and at t ≥ 0.4 s. 
 

 

Figure 5. Comparison of an experimental current density trans-
ient (—) recorded during silver electrodeposition at –440 mV 
from the Pt-UME-10/1 mM AgNO3 + 0.1 M NH4NO3 system 
and a theoretical transient (•••) obtained by non-linear fit of 
Eq. (14). The insets show a close up of the full transients in 
two regions, at short times ( 0 ≤ t ≤ 0.6 s) and at t ≥ 0.4 s. 
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comparison of an experimental current density transient 
with a theoretical current transient generated by a non-
linear fitting to the experimental data by using Eq. (13). It is 
clear that the proposed model adequately describes the 
experimental current transient behavior. Similar fittings 
were obtained for the other experimental transients. 
Through these nonlinear fittings, it was possible the 
deconvolution and the evaluation of the charge associated 
with each process and the values are reported in Table 1. 
Note that in all cases the charges related to peaks I, II and 
III are larger when the Pt-UME-10 is used, which suggests a 
major diffusion coefficient in this system, which agrees with 
the results obtained from the voltammetric study. 

 Also, it was possible to evaluate the number of active 
nucleation sites for 3D process, see Table 2., In the potential 
range analyzed the N values for Pt-UME-10 and Pt-UME-15 
remain approximately constants, but for the Pt-UME-25,  
N increase exponentially with the diminishing of the 
applied potential. Thus, considering the behavior of D and 
N values, it is possible to suggest that for the systems 
analyzed in the present work, there is an important 
contribution of radial diffusion onto the Pt-UME-10, while 
that Pt-UME-25 exhibits a planar microelectrode diffusion 
during the silver electrodeposition. 

 

CONCLUSIONS 
An electrochemical study about the silver electrodeposition 
onto Pt ultramicroelectrodes of 10, 15 and 25 µm of dia-
meters from an aqueous solution containing AgNO3 1 mM + 
NH4NO3 0.1 M was conducted at overpotential conditions 
through voltamperometric and potentiostatic studies. The 
voltamperometric study indicates that the silver electro-
deposition process is diffusional controlled. Also, the 
current density transients indicate the existence of two 2D 
nucleation and growth processes previous to the 3D 
nucleation and growth process. 
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Table 1. Charge values associated with the processes I, II and III for the silver electrodeposition from the Pt-UME-x / 1 mM AgNO3 + 
0.1 M NH4NO3 system (where x = 10, 15, and 25 µm) 

 Pt-UME-10 Pt-UME-15 Pt-UME-25 

E / V 
Q2D-p-I /  
μC cm–2 

Q2D-p-II /  
μC cm–2 

Q3D-i-III /  
μC cm–2 

Q2D-p-I /  
μC cm–2 

Q2D-p-II /  
μC cm–2 

Q3D-i-III /  
μC cm–2 

Q2D-p-I /  
μC cm–2 

Q2D-p-II /  
μC cm–2 

Q3D-i-III /  
μC cm–2 

–0.340 0.155 0.882 0.188 0.121 0.632 0.194 0.125 0.248 0.035 

–0.360 0.172 0.649 0.174 0.123 0.578 0.256 0.171 0.190 0.053 

–0.380 0.180 1.433 0.192 0.126 0.552 0.372 0.102 0.255 0.084 

–0.420 0.170 1.433 0.511 0.124 0.657 0.409 0.099 0.274 0.246 

–0.440 0.170 1.433 0.640 0.125 0.662 0.452 0.154 0.216 0.325 

–0.480 0.142 1.375 0.934 0.124 0.673 0.565 0.162 0.161 0.436 

–0.520 0.140 1.273 1.114 0.124 0.698 1.096 0.123 0.179 0.823 

–0.540 0.155 1.380 1.146 0.128 0.637 1.096 0.121 0.201 0.974 

–0.580 0.126 1.540 1.400 0.130 0.639 1.635 0.125 0.213 1.052 

–0.600 0.120 1.531 1.662 0.130 0.644 1.635 0.123 0.289 1.204 

 

Table 2. Potential dependence observed for the number of 
active nucleation sites related to the process III to the silver 
electrodeposition from the Pt-UME-x / 1 mM AgNO3 +  
0.1 M NH4NO3 system (where x = 10, 15, and 25 µm) 

 N0 × 107 / cm–2 

E / V Pt-UME-10 Pt-UME-15 Pt-UME-25 

–0.340 0.0113 0.5893 1.0116 

–0.360 0.0091 0.8178 1.4126 

–0.380 0.0137 0.8835 2.1279 

–0.420 0.0104 0.2798 6.6887 

–0.440 0.0093 0.2989 9.0613 

–0.480 0.0085 0.7957 8.2000 

–0.540 0.0057 0.2150 8.5079 

–0.580 0.0038 0.7371 8.7724 

–0.600 0.0049 0.2516 8.9897 
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