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Potentiostatic current and galvanostatic potential oscillations 

during electrodeposition of cadmium  

D. A. López-Sauri, L. Veleva* and G. Pérez-Ángel
 

Cathodic current and potential oscillations were observed during electrodeposition of cadmium from a cyanide electrolyte 

on a vertical platinum electrode, in potentiostatic and galvanostatic experiments. Electrochemical impedance 

spectroscopy experiments revealed a region of negative real impedance in a range of non-zero frequencies, in the second 

descending branch with positive slope of the N-Shape current-potential curve. This kind of dynamical behaviour is 

characteristics of the HN-NDR oscillators (oscillators with N-Shape current-potential curve and Hidden Negative 

Differential Resistance). The oscillations could be mainly attributed to the changes on the real active cathodic area, due to 

the adsoption of hydrogen molecules and their detachment from the surface. The instabilities of the electrochemical 

processes were characterized by time series, Fast Fourier Transforms and 2-D phase portraits showing quasi-periodic 

oscillations. 

 Introduction 

 

The phenomenon of spontaneous potential or current 

oscillations in electrochemical processes can be dated back to 

1828.1 The majority of electrochemical systems, for which 

oscillations and other interesting dynamics have been 

reported, involve the anodic dissolutions of various metals2-13 

or oxidations of molecules.14-17 Only a few papers report on 

oscillations during electrodeposition processes and most of 

them are focused on galvanostatic potential oscillations.18-21 

Potentiostatic current oscillations have been found during 

electrodeposition of Cu22-23 and Cu-Sn alloys from electrolyte 

solutions containing surfactants.24 In fact, there are probably 

more examples of oscillating systems in electrochemistry than 

in any other branch of chemistry.
25-28

 

The theoretical behaviour and classification strategies for 

oscillating electrochemical processes are described in several 

papers by Koper et al.,
29-39

 which are based on impedance 

spectroscopy and the kinetic nature of negative faradaic 

impedance. The electrochemical oscillations were classified 

depending on whether the steady-state current-voltage 

exhibits (i) a negative slope with a negative impedance, or (ii) a 

positive slope with a "hidden" negative impedance. Even a 

negative impedance is not apparently indispensable for the 

onset of the oscillations.
35

 The distinction of the four principal 

oscillator categories refers to the mechanistic role of the 

double layer potential in the presence of at least one 

autocatalytic variable, that is, either a chemical species or an 

electrical quantity:
38-39

 

-Class I is strictly potentiostatic oscillators, where the potential 

is non essential, while both the autocatalysis and the slow 

species are purely chemical.
 

-Class II has S-shaped voltammetric curves, where the 

potential is the essential slow variable with the autocatalysis 

still chemical. 

-Class III and IV, where the potential is autocatalytic, with a 

chemical species forming the slow, negative feedback. Despite 

the common features both categories exhibit distinct 

dynamical behaviour. Class III exhibits a negative real 

impedance in combination with a region of negative slope in 

their steady-state current-voltage curve, and it is referred to as 

"NDR oscillators", because of the indispensable presence of 

the negative differential resistance. Class IV has a "hidden" 

negative impedance, coupling with a positive slope in the 

steady-state current-voltage curve, and they are called "H-NDR 

oscillators". 

Even if these principal four classes represent a complete 

classification scheme, it is not excluded that the introduction 

of further subcategories may become appropriate in the 

future. 

The model based on the concept of additional current carrier 

originated an interesting discussion in the literature on the 

role of convection in the onset of electrochemical instabilities.  

For example, iodate reduction with N-shape current-potential 

relationship, due to a Frumkin repulsive effect and hydrogen 

evolution, as an additional current carrier (current given rise to 

a reaction involving charge transfer), are emphasized in the 

NDR-based model, without considering the convection mass 

transfer.
37

 An alternative explanation also involves hydrogen 
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evolution as a process crucial for the onset of instabilities, as a 

source of convection. 

Li et al.
18

 have suggested that electroreduction of Fe(CN)6
3-

 on 

a Pt electrode presents bistability coupled with convection 

feedback induced by hydrogen evolution, which accounts for 

the potential oscillations. The authors have elaborated a 

mechanism of galvanostatic potential oscillations, which 

should operate in the region of diffusion-limited current 

plateau.
40-43

 As long as the current originating from a primary 

electrode process equals the imposed current, the electrode 

potential is stable. However, continuous depletion of the 

diffusion layer, caused by the electrode process and relatively 

slow diffusion, is the reason for a continuous decrease of a 

faradaic current, shifting the electrode to a more negative 

potential (for cathodic processes), at which the additional 

process, that is hydrogen evolution, takes place. The resulting 

detached bubbles of hydrogen cause the sudden convection, 

which replenishes the surface concentration of the primary 

reactant, and the current again rises above the diffusion-

limited plateau, causing the return of the electrode potential 

to less negative values. 

Galvanostatic potential oscillations have been also reported by 

Kaneko et al.19 during electrodeposition of cadmium from 

alkaline cyanide electrolytes. When the electrolysis was carried 

out at current densities above the limiting one, hydrogen 

evolution occurs, acting as a source of convection. 

Vishomirskis44 suggested that the reason for the galvanostatic 

potential oscillations is the formation/destruction of some 

passive film, formed on the surface of the electrode, and that 

hydrogen evolution does not play the main role originating the 

oscillations. 

In our previous study, galvanostatic potential and 

potentiostatic current oscillations during the electrodeposition 

of cadmium from cyanide electrolytes on a Pt electrode were 

reported,.21 XPS investigations confirmed the existence of 

passive films at potentials corresponding to the onset of 

oscillations, which, besides the hydrogen evolutions under 

limiting current density, could be an additional promoter of 

the oscillatory behaviour of the system. 

This study presents a detailed investigation of cathodic 

potential and current oscillations observed during the 

electrodeposition of cadmium from a cyanide electrolyte on a 

platinum electrode. Steady-state current-potential curves 

were recorded. The time series of the oscillations at 

glavanostatic and potentiostatic conditions were analyzed by 

the Fast Fourier Transform (FFT) and space phase projections. 

Electrochemical Impedance Spectroscopy (EIS), was used as an 

additional source of information to discuss the results. The 

goal of this study is to classify the oscillator behaviour. 

 Experimental 

 

Cadmium was deposited from a solution containing 0 .14 M Cd 

as CdSO4 
. 

8/3 H2O + 0.583 M KCN. The electrolyte was 

prepared using chemicals of pro analysis purity and distilled 

water. The electrochemical experiments were performed in a 

100 cm
3
 three-electrode glass cell at room temperature. The 

vertical working electrode (area 1 cm
2
), and the mesh counter 

electrode were made from platinum. A calomel reference 

electrode (EHg/Hg2Cl2=0.2444 V vs SHE) was used. Preliminary 

preparation of the platinum working electrode includes 

pickling in a 50% solution of nitric acid, followed by polishing 

with 0.3 micron micropolish powder and cleaning with distilled 

water in a Branson ultrasonic cleaner equipment. 

The current-potential curves, potentiostatic and galvanostatic 

time series experiments were carried out by means of a 

computerized potentiostat/galvanostat Series G 750 (Gamry 

Instruments Inc.) using the software PHE 200, and the 

Electrochemical Impedance Spectroscopy (EIS) from the 

software EIS 300. All potentials are referred to a saturate 

calomel electrode (SCE). The time series of the potentiostatic 

and galvanostatic curves were recorded with a sampling period 

of 0.001 s, and because of this, the time register was limited to 

260 s. The selected sampling period was chosen because of the 

shape of the recorded curves depends on the number of 

obtained data. 

 Results and discussion 

 

The voltammetric characteristics 

 

The cathodic current-potential curves for Cd electrodeposition 

on a vertical platinum electrode, under potential (a) or current 

(b) scanning, are shown in Fig. 1. 

The polarization curve obtained by potential sweep (Fig. 1(a)) 

shows a small current density plateau between -1.38 V and       

-1.47 V, which corresponds to the limiting current density for 

Cd electrodeposition (-22 mA cm
-2

), where hydrogen 

production starts. At the potential of -1.75 V current 

oscillations appear accompanied by continuous hydrogen 

evolution from the surface of the electrode. However, current 

oscillations disappear at potentials more negative than -2.0 V, 

where intensive hydrogen evolution can be observed. 

Fig. 1 Cathodic polarization curves for deposition of Cd on a Pt 

electrode: (a) under potential sweep at 10 mV s
-1

, and (b) 

under current sweep at 0.1 mA cm
-2 

s
-1

. 
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Figure 1(b) shows the cathodic polarization curve for Cd 

electrodeposition obtained by current scanning, when 

cathodic potential oscillations can be observed. The onset of 

the potential oscillations occurs at a current density of -22 mA 

cm
-2

, which corresponds to the limiting one. These potential 

oscillations are accompanied by pulsating hydrogen evolution. 

At current densities higher than -57 mA cm
-2

, the oscillations 

stop and intensive hydrogen evolution is observed. In both 

cases, the oscillations increase their amplitude, because of the 

imposed potential or current, respectively. 

 

Electrochemical impedance spectroscopy 

 

Figure 2 presents the collection of impedance spectra 

recorded for Cd electrodeposition from a cyanide solution at 

potentials (-1.21 V, -1.35 V and -1.65 V), chosen from the 

potentiodynamic current-potential curve (Fig. 2 (a)). In the first 

descending branch (positive slope in the polarization curve), 

only positive real impedance was observed in each potential 

value (Fig. 2 (b)), as well as in the range of the current density 

plateau (Fig. 2(c)). The electrochemical impedance spectrum 

presented in Fig. 2 (d) shows that the electrodeposition of Cd  

from a cyanide electrolyte has even more complex 

characteristics. It can be seen (Fig. 2 (d)) that the impedance 

spectrum enters in the region of negative real impedance in a 

range of non-zero frequencies. This behaviour corresponds to 

the second descending branch of the current-potential curve 

(Fig. 2 (a)), where its slope is positive. This fact suggests the 

presence of a hidden negative resistance under dc conditions 

during Cd electrodeposition, belonging to Class IV (H-NDR 

oscillator), proposed in the classification for Strasser et al.
39

  

Because the attempts to measure the impedance spectra at 

frequencies lowers than those indicated in Fig. 2 were 

unsuccessful, the EIS spectrum presented in Fig. 2 (d) does not 

reveal the whole shape expected for the H-NDR oscillator. It is 

expected that the loop beginning and ending must have 

positive real impedance, for both zero and infinite frequencies, 

with the negative real impedance manifesting itself only for its 

intermediate regions. Based on the present results, it could be 

proposed that the electrodeposition of cadmium from a 

cyanide electrolyte on a vertical Pt electrode belongs to the 

HN-NDR type: an oscillator with a negative impedance 

spectrum in a region of positive slope in the N-Shape current-

potential curve, which oscillatory behaviour is observed not 

only under potentiostatic conditions, but also under 

galvanostatic conditions (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 (a) Potentiodynamic current-potential curve for the electrodeposition of cadmium. (b-d) Impedance spectra at different 

potentials: (b) -1.21 V, (c) -1.35 V and (d) -1.65 V.  

 

Potentiostatic current oscillations 

 

Figure 3 shows the current oscillations observed during the 

electrodeposition of Cd. The onset of oscillations with small 

amplitude was registered at -1.7 V (Fig. 3 (a)). At more positive 

potentials no current oscillations were observed. The 

amplitude of the oscillations increases with time, in the range 

between 2 mA cm
-2

 to 10 mA cm
-2

. At a more negative 

potential, -1.8 V (Fig. 3 (b)), an increase of the range in the 

oscillation amplitude (50 mA cm
-2

 to 100 mA cm
-2

), is 

observed. Increasing the applied potential up to -1.9 V (Fig. 3 

(c)), the oscillation amplitude reaches the 120 mA cm
-2

. At 

sufficient high potential (Fig. 3(d)), the current oscillations live 

for a short time. During potentiostatic electrodeposition, a 

simultaneous continuous hydrogen evolution was observed 

from the cathode surface by naked eyes. At more negative 

potential, the hydrogen evolution is faster. The current 

oscillations can be observed for hours under appropriately 

controlled conditions. 

It should be noted that even though there is continuous 

hydrogen evolution, the surface of the electrode is always 

covered by bubbles of hydrogen. The convection induced by 

the hydrogen evolution is always present causing a continuous 

replenishment of the Cd concentration. The changes on the 

electrode surface, due to the adsorbed hydrogen bubbles on 

said surface and their continuous evolution, or the formation 

of some passive layer,
21

 could be the reason of the current 

oscillations. 
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Fig. 3 Time series at different voltage registered during the 

cathodic electrodeposition of cadmium: (a) -1.7 V; (b) -1.8 V; 

(c) -1.9 V, and (d) -2.1 V. 

 

Figure 4 ((a)-(c)) presents a zoomed time scale of the 

behaviour of the first three time series (Fig. 3) and their 

respective Fast Fourier Transforms (Fig. 4 (d)-(f)). At the lowest 

potential (Fig. 4 (a)), only broadened peaks with high noisy 

background can be discerned (Fig. 4 (d)), which is characteristic 

of a chaotic behaviour. For periodic or quasi-periodic 

behaviour, a sharp fundamental frequency and a few 

harmonics can be clearly seen (Fig. 4 (e)-(f)). The frequency of 

the current oscillations diminishes with the increase of the 

applied potential. 

Nonlinear analysis has been an useful tool for the study of 

instabilities in electrochemical systems.
45-48

 The two-

dimensional phase portraits, done with the delay method, for  

Fig. 4 Zoomed time scale of the behaviour of the current 

oscillations during the electrodeposition of Cd for different 

potentiostatic conditions (a-b), and their corresponding Fast 

Fourier Transform spectra (d-f). 

 

the time series obtained for electrodeposition of Cd at 

potentiostatic conditions, are presented in Fig. 5. A strange 

attractor can be seen (Fig. 5 (a)), which means chaotic 

behaviour. A torus attractor, characteristic for quasi-periodic 

behaviour, is shown in Fig. 5 (b), (d). Parts of the Fig. 5 (b), (d) 

are zoomed in Fig. 5 (c), (e), respectively, which show that two 

cycles of oscillations are present in the dynamical oscillatory 

behaviour. Those cycles, of small amplitude in the signal, 

correspond to those observed in Fig 4 (b), (c). The broadened 

band in Fig. 5 (b), (d), appeared because of a little variance in 

width and height of the oscillation peaks, due to the depletion 

of the reactants near the cathode during Cd electrodeposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5 Two-dimensional phase portraits of the time series obtained for the electrodeposition of Cd at different potentials: (a) -1.7 
V and Δt= 0.2 s, (b) -1.8 V and Δt=0.005 s and (d) -1.9 V and Δt=0.005  
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Gavanostatic potential oscillations 

 

The time series of the cathodic potential oscillations registered 

during the electrodeposition of Cd on a vertical Pt electrode at 

different current densities are show in Fig. 6. At current 

densities lower than -22 mA cm-2 potential oscillations were 

not observed. Before the start of the oscillatory phase, 

different induction periods of several seconds are observed for 

the range of current densities between -22 mA cm-2 and -60 

mA cm-2 (Figs. 6 (a)-(d)). At this point the potential falls to 

more negative values. It can be seen that the increase of the 

current density causes a reduction in the induction and 

oscillation periods, as a consequence of the higher rate 

(current density) of the Cd electrodeposition process and 

hydrogen production. During the potential oscillations 

pulsating simultaneous hydrogen evolution was observed. 

At the limiting current density (-22 mA cm-2, Fig. 6 (a)), the 

potential oscillations appear with an amplitude of about 400 

mV, increasing in time up to 600 mV. At higher current 

densities the amplitude of the oscillations goes from 400 mV 

to 900 mV (Figs. 6 (b)-(c)). 

Fig. 6 Time series at different current densities registered 

during the cathodic galvanostatic electrodeposition of 

cadmium: (a) -22 mA cm
-2

; (b) -26 mA cm
-2

; (c) -35 mA cm
-2

;
 

and (d) -60 mA cm
-2

. 

 

At a higher current density, the potential oscillations live for a 

short time (-60 mA cm
-2

, Fig. 6 (d)), and they are no longer 

observable with the increase of current density. At this stage 

intensive hydrogen evolution occurs. The potential oscillations 

can be observed for a long time at the adequate conditions. 

The cathodic potential fluctuations are characterized by an 

abrupt shift to more negative values, when hydrogen bubbles 

detach from the surface of the electrode, and then return 

immediately to less negative (noble) potential. At this point 

the electrode surface starts to be covered by hydrogen 

bubbles, diminishing the active surface area, and as a 

consequence the potential again tends slowly to more 

negatives values, followed by an abrupt shift to the most 

negative value, when the hydrogen bubbles detach, returning 

the cathodic potential to a less negative value. 

Figures 7(a)-(c) present an zoomed time scale of the potential 

oscillatory behaviour during galvanostatic conditions (Fig. 6) 

and their respective Fast Fourier Transform (Fig. 7 (d)-(f)). It 

can be noted that the frequency increases when the applied 

current density is longer. However, the frequency diminishes 

in time. 

Fig. 7 Zoomed time scale of the behaviour of the potential 

oscillations during the electrodeposition of Cd under different 

galvanostatic conditions (a-c), and their corresponding Fast 

Fourier Transform spectra (d-f). 

 

The two-dimensional phase portraits, constructed with the 

delay method, for the time series of Cd electrodeposition at 

galvanostatic conditions, are presented in Fig. 8. At the studied 

conditions only torus atractors were observed, characteristic 

for quasi-periodic behaviour. The broadened band, similarly as 

in the case of potentiostatic current oscillations, appeared 

because of the variance in width and height of the oscillation 

peaks with time, due to of the depletion of the reactants in the 

electrochemical solution 

Fig. 8 Two-dimensional phase portraits of the time series of Cd 

electrodeposition at different current densities: (a)-22 mA cm-2 

and Δt=0.005 s, (b) -26 mA cm-2 and Δt=0.01 s and (c) -35 mA 

cm-2 and Δt=0.01 s. 
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Conclusions 

Cathodic current and potential oscillations were observed 

during electrodeposition of Cd from a cyanide electrolyte on a 

vertical Pt electrode, under potentiostatic and galvanostatic 

control, respectively. 

The current-potential curve showed a typical (N-Shape) 

behaviour of electrochemical oscillators, in which a broad 

limiting current plateau exists. In the second descending 

branch with positive slope of the current-potential curve, the 

EIS experiments revealed a region of negative real impedance 

at high frequencies. This fact suggests the presence of a 

hidden negative differential resistance under dc conditions. 

The existence of current and potential oscillations, and the 

hidden negative differential resistance, allowed us to classify 

the cadmium electrodeposition process as an HN-NDR 

oscillator. 

The observed oscillations could be mainly attributed to the 

changes on the real active cathodic area, due to the adsorption 

of the hydrogen molecule. The hydrogen ion reduction is a 

simultaneous process, which occurs always during the 

observed oscillations, replenishing de Cd ion concentration at 

the metal-electrolyte interface. 

FFT revealed that the frequency of the current and potential 

oscillations increase at the higher potential and current density 

conditions, respectively. 

The two dimensional phase portraits of the time series showed 

almost a quasi-periodic oscillation behaviour. 

The complexity of the electrochemical behaviour makes the 

system an interesting subject for numerical simulations to 

obtain the mechanism of the oscillations, to reproduce the 

reported instabilities.  
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