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Abstract: In the present work, it was conducted an electrochemical and kinetic study of Pd electrodeposition onto a 7 μm diameter CF (carbon 
fiber) ultramicroelectrode from an aqueous solution containing 1 mM of PdCl2 and 1 M NH4Cl as supporting electrolyte, at 25 °C and pH = 4.5. 
The voltammetric study suggests that at slow scan rates, radial diffusion is favored. The experimental current density transients obtained from 
the potentiostatic study were well predicted by an instantaneous nucleation and growth mathematical model, that considers the formation of 
separated hemispherical nuclei. The number of nuclei formed on the electrode surface is potential dependent, and increases as the applied 
potential diminishes. 
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INTRODUCTION 
ALLADIUM materials have found several applications 
in hydrogen storage,[1,2] in the manufacture of anodes 

used in fuel cells,[3–7] in redox reactions,[8,9] and catalysis.[9] 
However, due to the high price of these materials, much 
effort has been focused on reducing their cost by 
generating extended active areas with a small amount of 
this metal. This has been accomplished by electro-
depositing palladium on carbonaceous substrates, which 
allows for the formation of a large electroactive area on an 
inexpensive substrate. In this sense, palladium has been 
electrodeposited on carbonaceous surfaces such as glassy 
carbon electrode (GCE),[10–13] Highly Ordered Pyrolytic 
Graphite (HOPG),[11,14–16] graphene,[17] pencil graphite 
substrates,[18,19] activated carbon felts,[20] carbon fibers 
(CF),[21,22] carbon nanotubes,[23–28] and nanofibers[23] 
electrodes. Specifically, palladium electrodeposited on 
carbon fiber electrodes has found applications as a flow-
through anode for a microfluidic direct formate,[7] direct 
formic acid[4] and direct ethanol[5,6] fuel cells. It has also 
been used as a non-enzymatic sensor capable of 

quantifying peroxide,[22] in the electro-oxidation of small 
organic molecules,[4,29] and as potential materials for 
hydrogen storage applications.[30] 
 Pd has been electrodeposited onto carbon fibers 
employing potentiodynamic,[5–7] and potentiostatic[4,22,30] 
methods. The preferred plating baths have been acid 
chloride plating baths. Pd was also electrodeposited from 
acid chloride ammoniacal solutions to keep the plating bath 
pH at 9.5 and ensure the formation of the Pd(NH3)4Cl2 
complex.[28] They found that Pd is electrodeposited at 
potentials ranging from –0.2 to –0.8 V, and that the scan 
rate used for cyclic voltammetry electrodeposition 
influences not only the rate of Pd electrodeposition but also 
the microscopic morphology of Pd on the substrate.[7] Pei 
et al carried out the electrodeposition of Pd onto CF by CV 
from a solution containing 2 mM K2PdCl4 at various pH 
values (pH 2.9, 5.0, 5.8, 7.0 and 8.0) in a potential range 
from −0.5 V to +0.9 V and they concluded that Pd 
electrodeposited at pH = 5.8 allowed the synthesis of a 
layer of Pd nanoparticles with an average size of about 10 
nm.[5] Sawangphruk et al., on the other hand, used cyclic 
voltammetry to cycle potential from 0 to –0.75 V vs. 
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Ag/AgCl in a plating bath containing 1 mM palladium(II) 
nitrate in 0.5 M H2SO4 at a scan rate of 0.01 V s–1 for 10 
cycles, yielding Pd nanorods with an average size of about 
20 nm.[6] However, to the best of our knowledge, there are 
no kinetic studies related to the palladium electrodeposit-
ion process from ammoniacal solutions onto carbon fiber 
ultramicroelectrodes. We consider that this kinetic infor-
mation is necessary to understanding and controlling the 
formation of palladium clusters on these kinds of surfaces. 
Therefore, the purpose of the present study is to determine 
and analyze some kinetic parameters related to the Pd 
electrodeposition on CF electrodes. 
 

EXPERIMENTAL SECTION 
At 25 °C and pH = 4.5, Pd electrodeposits on CF were 
obtained from an aqueous solution containing 1 mM PdCl2 
and 1 M NH4Cl as the supporting electrolyte. All solutions 
were prepared using analytical-grade reagents and 
ultrapure water (Millipore-Q system). The working 
electrode was a 7 μm-diameter carbon fiber that was 
manually separated with tweezers. After separation, the 
bunch was bound to a copper wire, approximately 5 cm 
long, using epoxy-silver conductive ink. This set was air-
dried for 30 minutes before being placed into a glass 
capillary and the ends sealed with polyester resin. The 
ultramicroelectrodes were then exposed to an ethanolic 
solution before each experiment to eliminate the 
possibility of contaminants.[31] A platinum wire was used as 
the counter electrode. All potentials are reported against 
an Ag/AgCl reference electrode. All electrochemical 
experiments were performed on a UNISCAN bipotentiostat 
connected to a personal computer running M370 software 
to allow experiment control and data acquisition. A 
potentiostatic study was carried out to analyze the 
nucleation and growth processes on the CF electrode. The 
behavior of the transients was analyzed by performing 
nonlinear adjustments using mathematical models 
reported in the literature. From these fits, kinetic 
parameters such as the diffusion coefficient and the 
number of nuclei were determined. 
 

RESULTS AND DISCUSION 

Voltamperometric Study  
Figure 1 shows cyclic voltammograms obtained from the 
CF/ 0.001 M PdCl2 + 1 M NH4Cl (solid line) and CF/ 1 M 
NH4Cl (broken line) systems, at 25 °C and pH = 4.5 at a scan 
rate of 20 mV s–1. A comparison between both voltam-
mograms indicates that the changes in the current density 
are related to the Pd present in the plating bath. For the 
system containing Pd, note that the scanning potential 

started at 0.80 V and proceeds towards the negative zone, 
at –0.07 V, the current density starts to diminish, and this 
potential value, Ecrist, is related to the beginning of the Pd 
electrocrystallization process. At –0.23 V a cathodic peak A 
was recorded, the potential scan was inverted at –0.6 V and 
two cathodic peaks B and C were recorded at –0.2 V and 
0.021 V, respectively. As the scan potential continued into 
the anodic zone, it is clear the formation of a crossover 
potential at null current at 0.18 V (Equia), which may be 
associated with a conditional equilibrium potential.[32] Also, 
observe the formation of an anodic peak D at –0.53 V, 
related to the oxidation of Pd electrodeposited at the direct 
scan. It is important to note here that the chemically 
dominant species under our experimental conditions is 
PdCl42–,[17] and that the Pd reduction process is related to 
the following equation: 

 − − −→+ +2 0
4PdC Pd2l e 4Cl  (1) 

 From Figure 1, it is possible to note that the potential 
reduction of the last reaction may be related to 0.18 V 
(Equia). However, it has been reported that the reduction 
potential related to equation (1) is 0.28 V.[17] It is worth 
noting here that different potential values for equation (1) 
have been reported in the literature and explained in terms 
of different degrees of palladium metal dispersed on the 
electrode surface.[33] 
 In order to analyze the correspondence among peaks 
A, B, and C with peak D, it was recorded cyclic 
voltammograms at different inversion potentials at a 
constant scan rate of 20 mV s–1, as shown in Figure 2. Note 
that when the inversion potential was –0.35 V, no anodic 
signal was recorded, but when the inversion potential was 

 

Figure 1. Typical cyclic voltammogram obtained in the  
CF / 0.001 M PdCl2 + 1 M NH4Cl system at 25 °C and pH = 4.5. 
The potential scan was started at 0.8 V toward the negative 
direction with a scan potential rate of 20 mV s–1. Arrows 
indicate the potential scan direction. 
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–0.45 V, the peak D appeared; at more negative inversion 
potential, this peak increased in function of inversion 
potential. These results suggest that the anodic peak D is 
related to peaks A, B, and C and corresponds to the Pd 
electrodeposited at the direct scan. 

Potentiostatic Study 
The kinetics and mechanism of Pd electrodeposition onto a 
carbon fiber electrode were measured by the potentio-
static technique. In all cases, the experiments involved the 
application of an initial potential (E0) of 0.800 V on the CF 
surface. Under this potential condition, Pd deposition had 
not yet started, as could be easily noted from the previous 

voltammetric study. After application of this initial potential, 
a second negative potential step (Ec) was applied onto the CF 
electrode surface for 10 s within the range of –0.23 – 0.58 V. 
Figure 4 shows the family of transients obtained at different 
applied potentials; note that at shorter times there is a falling 
current transient that, in the Pd electrodeposition case, may 
be associated with a double layer charge process.[36] After 
this falling current, the j / t plot increases in each case 
without passing through a maximum. This behavior has been 
associated with a nucleation and growth process of 
separated hemispherical nuclei, which may be described for 
the instantaneous case by:[37] 

 
3 1 1
2 2 2

1
2

0(2 )( ) z F π D c N M tt
ρ

i =  (2) 
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 In these equations, F is the Faraday’s constant  
(C mol–1), D is the diffusion coefficient (cm2 s–1), c is the 
concentration (mol cm–3), z is the charge of ion, 0N  is the 
number of nuclei per unit area (cm–2), ρ  is the metal 
density (g cm–3 ) and nk  is the rate constant for the nuclei 
formation. 
 According to equation (2), if one plots the current 
density associated with the nucleation process vs t1/2, a 
linear behavior is obtained in the instantaneous case, while 
that for a progressive nucleation, the current density 
plotted vs t3/2 is linear. The experimental current transients 
depicted in Figure 4 exhibited a linear behavior when the 
current density was plotted vs. t1/2, see Figure 5, which 
indicates an instantaneous process with a nucleation and 

 

Figure 2. Cyclic voltammograms obtained in the CF / 0.001 M 
PdCl2 + 1 M NH4Cl system at 25 °C and pH = 4.5, and 
different inversion potentials indicated in the Figure. In all 
cases, the potential scan started at 0.800 V towards the 
negative direction with a potential scan rate of 20 mV s–1. 

 
Figure 3. Cyclic voltammograms obtained in the CF / 0.001 M 
PdCl2 + 1 M NH4Cl system, at 25 °C and pH = 4.5, and 
different scan potential rates indicated in the figure. In all 
cases, the potential scan was started at 0.800 V towards the 
negative direction. Cathodic current density peaks (A, B, and 
C) and anodic peaks (D) are also indicated. 

 

Figure 4. Set of experimental current transients recorded 
from the CF/ 0.001 M PdCl2 + 1 M NH4Cl system, at 25 °C 
and pH = 4.5. In all cases, the starting potential of 0.800 V 
was applied to the CF electrode surface and t = 10 s. 
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growth process of separated hemispherical nuclei.[38] No 
linear tendency was obtained when the current density was 
plotted vs. t3/2 (not shown). 
 From the slope of the straight lines shown in Figure 5 
and equation (2), it was possible to calculate the value of 
the diffusion coefficient and the number of nuclei formed 
at each applied potential at the electrode surface. The calc-
ulated average diffusion coefficient is 5.12 × 10–5 cm2 s–1. 
This value is greater than the 1.1 × 10–6 cm2 s–1 obtained by 
using the same electrolytic bath solution on a glassy carbon 
disc electrode of 0.0707 cm2.[39] It should be noted that the 
diffusion coefficient evaluated in this study is nearly 46 
times greater than that obtained on a conventional glassy 
carbon electrode.[39] This is because near the surfaces of 
microdisk electrodes, radial diffusion becomes important. 
The latter causes the flux of the electroactive species 
towards the electrode surface to increase compared to 
conventional electrodes, where planar diffusion pre-
dominates. This results in an increase of the current density 
signal as the disk radius becomes smaller.[40] Thus, the 
diffusion coefficient calculated in ultramicroelectrodes may 
be considered an apparent diffusion coefficient.[41] 
 On the other hand, from the data reported in Table 1, 
observe that the number of nuclei is potential dependent, 
and they are increasing as the applied potential dimin-
ishes. Here, it is important to mention that in an 
instantaneous nucleation, the formation of nuclei on the 
electrode surface occurs in a single instant, they growth, 
and no more nuclei appear after this initial time. Then, the 
total current for the instantaneous case is given by the 
following equation: 

 
0

0
1

( ) ( ) ( )
N

T i i
i

i t i t N i t
=

= =∑  (4) 

where ( )Ti t  is the total current in the time given, ( )ii t  is the 
current associated with each nucleus, which may be 
obtained as 0( ) ( )i Ti t i t N=  in each instant. Also, it is 
possible to evaluate the radius of the nucleus in each 
instant, considering the formation of a hemispherical 
nucleus and employing the well-known Faraday’s 
electrolysis law as follows: 

 
32

3( )
( ) ( )

f

i

t
ih

i i
t

ρ π r z FρV z F
Q t i t dt

M M
= = =∫  (5) 

 

1 1
3 33

( ) ( )
2

f

i

t

i i
t

M
r t i t dt

π z F ρ

 
 =


 







∫  (6) 

 In these equations ( )iQ t  is the electric charge 
related to the formation of a single nucleus in the range of 
time [ ],i ft t−  hV  and ( )ir t  are the volume and radius of a 
hemispheric nucleus, respectively. Figure 6 shows the plot 
of the variation of the radius nuclei, according to equation (6), 
in function of the time at each applied overpotential onto 
the CF electrode surface. In all cases, the integral into 
equation (6) was evaluated numerically, employing the 
experimental data reported in Figure 4. The calculation was 
started at 1 s,it =  where the nucleation process and the 
influence of the double layer have finished. In addition, for 
clarity, Figure 7a shows a graphical representation of how 
the Pd nucleus radius changes as a function of time and the 
specific case of a Pd nucleus obtained at –0.58 V is 

 

Figure 5. Plot of the experimental j vs t1/2 according to 
equation (2). The experimental transients were recorded 
from the CF/ 0.001 M PdCl2 + 1 M NH4Cl system, at 25 °C 
and pH = 4.5. 
 

Table 1. Number of nuclei formed from the system CF/ 
0.001 M PdCl2 + 1 M NH4Cl system, at 25 °C and pH = 4.5, 
and different applied potentials, according to equation (2). 

E / V N0 × 10–8 / cm–2 

–0.58 1.523 

–0.55 1.542 

–0.53 1.534 

–0.5 1.497 

–0.48 1.496 

–0.45 1.434 

–0.43 1.397 

–0.40 1.378 

–0.38 1.361 

–0.35 1.343 

–0.33 1.343 

–0.30 1.224 

–0.28 1.204 

–0.25 1.219 

–0.23 1.189 
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analyzed. Note that the nucleus radius increases rapidly in 
the first 3 seconds and then decreases, most likely due to 
increased competition for metal ions by the growing nuclei 
and a significant amount of material needed to increase the 
radius of the hemisphere as time increases, see Figure 7b. 
 Also, with the data reported in Table 1, it is possible 
to predict the distribution of the nuclei formed on the 
carbon fiber substrate, considering that equation (2) was 
derived using a random distribution law of nuclei points.[42] 

Figure 8 shows a simulation considering the formation of 
separated hemispherical nuclei and a random distribution 
of nuclei onto a disc electrode of 7 μm2 in diameter when a 
–0.58 V potential is applied onto the carbon fiber electrode. 
At this potential value, there are formed 59 nuclei in an 
area of 39 μm2. This image was generated through the 

 

Figure 6. Variation of the nucleus radius as a function of 
time, obtained using equation (6) and experimental data 
from the system CF / 0.001 M PdCl2 + 1 M NH4Cl system, at 
25 °C and pH = 4.5, and at various applied potentials onto 
the CF electrode. 
 

 

Figure 7. I) Graphical representation of an Pd hemispherical nucleus radius, obtained by using equation (6) and experimental 
data from the system CF/0.001 M PdCl2 + 1 M NH4Cl system, at 25 °C the pH = 4.5, at –0.58 V, I) at different times a=1.1 s,  
b = 1.15 s, c = 1.2 s, d = 1.3 s, e = 1.4 s, f = 1.5 s, g = 1.6 s, h = 2 s, i= 3 s, j =4 s, k = 5 s, l = 6 s, m = 7 s, n = 8 s, o = 9 s, and p = 10 s. 
and II) A depiction of the radial diffusion in the growth of a Pd hemispherical nucleus. 

 

Figure 8. Graphical representation for random distribution 
of nuclei obtained at –0.58 V onto a CF electrode, 
considering the data reported in Table 1. 
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Gnuplot software,[43] its comparison with microscopic and 
morphological studies is beyond the scope of this work and 
it will be carried out at next works to evaluate the ability of 
the nucleation model employed to predict the distribution 
of the Pd nuclei onto the CF electrode surface at different 
times and with different applied overpotentials. 
 

CONCLUSIONS 
An electrochemical study about the Pd electrodeposition 
onto a CF of 7 μm of critical diameter from an aqueous 
solution containing PdCl2 at 0.001 M with 1 M NH4Cl as the 
supporting electrolyte, was conducted at overpotential 
conditions through voltamperometric and potentiostatic 
studies. The analysis of the electric charge involved and the 
number of nuclei formed in function of time allows us to 
predict the evolution of the nucleus radius in function of 
time. Also, the value of the diffusion coefficient obtained 
on the CF electrode, which is 5.12 × 10–5 cm2 s–1, may be 
considered an apparent diffusion coefficient because its 
value is increased in comparison to that obtained with 
conventional electrodes due to the influence of radial 
diffusion. 
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