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Abstract 

The series arrangement of identical electrolytic cells having copper anodes and chloride electrolyte is found to 
demonstrate an extremely asymmetric and reciprocally oscillating voltage drop across the series of these coupled cells. 
The origin of this phenomenon is attributed to the presence of different extents of cuprous oxide phase on surfaces of 
the anodes of different cells, in the series. Such series arrangement of multiple electrolytic cells introduces a novel 
phenomenon of the non-linear temporal behaviour of coupled cells. Most importantly, such configuration proves the 
very existence of adsorbed Cu2O on surface of copper anode, in acidic chloride media. And hence, it signifies the 
important role of Cu2O in the electro-dissolution mechanism of copper anode, even at lower pH values. 

Keywords: reciprocal potential oscillations, copper anode, chloride electrolyte, potential oscillations, electrochemical 
oscillations 

1. Introduction 

Electro-dissolution of copper anode in acidic chloride media has always been the area of research interest of many 
investigators. As per general acceptance, the anodic dissolution of copper, in acidic chloride electrolyte, proceeds via 
formation of CuCl phase and soluble cuprous chloride complexes, like CuCl2

-, CuCl3
2-, etc. (Lee et al. 1986; Kear et al. 

2004; Crundwell et al. 1992; Nobe et al. 1979). However, there are arguments regarding the formation of Cu2O phase in 
acidic environment. The potential–pH diagrams do not permit the presence of copper oxide in acidic chloride electrolyte. 
Also, according to previous studies, oxide is hard to form in the bulk electrolyte, at lower pH values (Tromans et al. 
1991; Sourisseau et al. 2005).  

However, this does not exclude the existence of Cu2O as an adsorbed layer on anodic surface. What happens in the thin 
surface film at electrode-electrolyte interface, where mass transport and electron transfer is limited to a small space, is a 
different scenario than what happens in bulk electrolyte.  

This paper describes the phenomenon of potential oscillations between the electrolytic cells, connected in series. The 
rise in voltage across one of the coupled cells, is accompanied by the fall of voltages across other cells in the series. 
Hence, such kind of electrochemical oscillations can be termed as ‘Reciprocal Potential Oscillations’ (R.P.O.s), between 
the connected cells. Also, the amplitude of these R.P.O.s is found to show strong dependence upon Cl- concentration in 
electrolyte. Hence, this phenomenon can be successfully exploited for the detection of chloride ions and determination 
of their concentration in the electrolyte. This phenomenon can also be used to assemble an electrochemical clock, to 
demonstrate the exact aetiology and mechanism of the electrochemical oscillations, etc.  

Also, the aim of present study is to reveal the mechanism of this new type of temporal behaviour in electrochemistry. 
The interpretation of its mechanism is presented on basis of the periodic formation and dissolution of the passivating 
cuprous oxide layer on anodic surface. The non-linear dynamics of Cu│Chloride system can be resolved with such 
series configuration of electrolytic cells. Also, such coupled cells enable the detection of adsorbed Cu2O in acidic 
environment, with usual characterization techniques. 

2. Experimental 

2.1 Instrumentation 

The observed phenomenon of R.P.O.s can be demonstrated with the series arrangement of a couple of identical 
electrolytic cells, each cell having a copper anode,1.01millimeter in diameter and 55 millimetre long (minimum purity 
of copper = 99.9%) and 100 millilitre of 0.5M HCl (Fisher Scientific), as electrolyte. All solutions are prepared in 
double distilled water.  
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A digital voltmeter is connected in parallel to each of the two electrolytic cells. A DC supply is used for external voltage 
application. (The phenomenon of RPOs can be well demonstrated with application of any smaller external voltage 
across the series of these cells. However, in these experiments, 30 volts DC is applied for getting the potential 
oscillations of larger amplitudes, which enable the clearer differentiation between the active and passive anodes.) All 
experiments are performed at 250C. 

2.2 Characterization 

Fourier transform infrared (FT-IR) spectroscopy, Scanning electron microscopy, Energy dispersive X-ray analysis and 
X-Ray diffractometry are introduced for the characterization of anodic films. The FT-IR measurements are performed 
with Shimadzu IR Affinity spectrophotometer, over the range of 400-4000 cm-1. Scanning electron microscopy (SEM) 
measurements are carried out with FESEM ULTRA PLUS instrument by ZEISS Co. SEM – coupled energy dispersive 
X-ray spectroscopy (EDS) is performed for elemental analysis. The XRD measurements are performed with 
PANalytical X’Pert Pro X Ray diffractometer, with Cu-Kα radiation over angular range 100≤ 2θ ≤ 900

, in 0.0167 step 
size (λ=1.5418 Å). 

3. Results and Discussion 

3.1 Reciprocal Potential Oscillations 

Upon applying the voltage of 30 volts across the series of these electrolytic cells, the voltage across each of the two 
individual cells rises and falls, periodically and reciprocally, from as high as 29 volts to as low as 1 volt (i.e. the average 
amplitude of oscillations = 28v), with frequency of about 1/240 Hz, which signifies that the anode of each cell attains 
the similar state of activity / passivity after around every 240 seconds of electrolysis. The reciprocal potential 
oscillations between the coupled cells can be graphically represented, as shown in figure 1. 
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Figure 1.Chrono- Potentiograms of the two described cells, connected in series 

3.2 Electro-dissolution Mechanism and the Passivation of Copper Anode 

As per general acceptance, the electro-dissolution of copper anode in chloride media proceeds via following two steps 
reaction mechanism (Lee et al. 1986; Kear et al. 2004; Crundwell et al. 1992; Nobe et al. 1979). 

Initial step is the adsorption of Cl- on Cu surface, followed by the formation of adsorbed CuCl by reaction (1)  
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of cuprous chloride (CuCl) and cuprous oxide (Cu2O) accordingly, produce the interesting phenomenon of reciprocally 
oscillating voltage drop, across the series of these cells. Modestov et al had proposed that, in 0.5M chloride solution, at 
pH 8.5 or higher, Cu2O is formed first, whereas, at pH 5.7 and lower, CuCl is formed initially on copper surface, which 
is followed by Cu2O formation under the CuCl layer. (Modestov et al.1995). 

Hence, the activity/passivity status of anode can be attributed to the relative extents of two anodic partial reactions viz. 
formation of porous CuCl film and formation of passivating Cu2O layer under the CuCl film. The formation of Cu2O 
passivates the copper anode and hinders copper dissolution as CuCl and CuCl2

-, which results in the rise of potential 
difference across the cell. Cu2O layer is clearly protective and passivating in nature, since the current falls significantly 
following Cu2O film formation. Hence, it commences the trans-passive dissolution of copper anode, possibly as Cu++ 

species. However, this Cu2O layer is under continuous attack of aggressive Cl- anions and the stability of Cu2O is 
inversely proportional to the concentration of chloride ions (Bianchi et al 1978). The aggressiveness of Cl- causes the 
localized breakdown of this oxide film and pitting commences by nucleation of precipitated CuCl at week points in this 
underlying Cu2O film. This causes the thinning of Cu2O layer, by formation of the outer porous layer rich in chloride 
species and finally the dissolution of Cu2O layer from copper anode, in form of copper chloride complex (reaction 
5)/cuprous chloride salt film (reaction 7). The attack of aggressive chloride ions replaces Cu2O in the passivating layer, 
forming CuCl phase by reaction (7). This poorly adherent, porous CuCl film permits the diffusion of Cl- ions, and hence, 
the generalized active dissolution of copper anode, by reactions (1) & (2), commences. It leads to the transition of 
copper anode to active state i.e. low voltage state, which is indicated by the fall of voltage drop across that cell.  

This mechanism of R.P.O.s can be schematically represented, as shown here in figure 3. 
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Figure 3. Schematic representation of the mechanism of Reciprocal Potential Oscillations 
Thus, at any given time, the relative extent of Cu2O phase, adsorbed on anodic surface, decides the passivity / activity 
status of that anode, which in turn, determines the voltage drop across that particular electrolytic cell. The potential 
oscillations across the coupled cells accompany the dynamic film processes and the changing Cu2O:CuCl ratios on the 
anodes. The active-passive transitions of anodes in the different cells in series are synchronized to produce an integrated 
and harmonious pattern, which manifests as the R.P.O.s between the coupled cells. Hence, such series arrangement of 
electrolytic cells clearly differentiates between the anodes in active and passive states, and also enables the detection of 
Cu2O on passive anodic surface, in acidic chloride media. 

3.4 Characterization of Anodic Films 

FT-IR, SEM, EDS and XRD measurements are introduced for characterization of the anodic films, during active and 
passive states. The SEM images of anodic surfaces, and the chemical composition of anodic films revealed by EDS 
spectra signify the presence of cuprous oxide on anodic surface during passive state, while only cuprous chloride is 
detected during the active state of anode, as shown here, in figure 4. 
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dissolution of oxide from anode surface. Hence, the anodes of both the coupled cells tend to be passive. With increasing 
Cl- concentration in electrolyte, an equilibrium is established between the formation of passivating Cu2O layer and its 
leaching from the anodic surface, in form of copper (I) chloride salt film / soluble cuprous chloride complexes. At such 
optimum concentration (≈ 0.5MHCl), the cells connected in series demonstrate the voltage asymmetry and R.P.O.s at 
maximum amplitude. However, with HCl concentration higher than 0.5M and so, the anodes cannot sustain passivity, 
since the abundance of aggressive chloride anions diminish the stability of Cu2O layer, which is now incapable of 
passivating the anodes up to optimum level. Both the anodes tend to be active and hence, amplitude of R.P.O.s is found 
to be decreasing again, with increasing concentration of Cl-. The dependence of amplitude of R.P.O.s on Cl- 
concentration gives a typical bell shaped curve, as shown in figure 7(a). Hence, this phenomenon can be successfully 
exploited for the detection of chloride ions and determination of their concentration in the electrolyte.  

Aqueous solutions of all chloride electrolytes, including KCl, NaCl, CuCl2, etc. demonstrate this effect, very well.  
Most importantly, this effect is well demonstrated by HCl electrolyte, with the concentrations ranging from ~ 0.005 M 
to ~ 2.5 M. Thus, contrary to common belief and potential–pH diagrams for Cu–acidic chloride electrolytic system, this 
phenomenon of R.P.O.s, observed with HCl electrolyte signifies the very existence of adsorbed Cu2O on copper anode, 
in acidic chloride media.)Cu2O formation in acidic environment can be explained on basis of local pH changes. Copper 
cation abundance causes the electro-migration of H+ ions from vicinity of anode to bulk solution, resulting in the rise of 
local pH, which facilitates the formation of Cu2O on anodic surface. 

Lastly, it has also been observed that the occurrence of R.P.O.s is independent of the composition of cathode and 
catholyte. The cathode composed of any metal is not found to affect the occurrence of this phenomenon. Also, if 
salt-bridges are introduced to separate the anolyte and the catholyte, it is observed that the occurrence of R.P.O.s is not 
affected by the constitution of catholyte. 

4. Conclusions 

Two identical electrolytic cells with copper anodes and certain concentrations of HCl electrolyte were connected in 
series and the voltages across the individual cells were plotted against time. This work demonstrated an extremely 
asymmetric voltage drop and reciprocal potential oscillations between the two coupled cells. SEM-EDS, FT-IR 
spectroscopy and XRD measurements are introduced for characterization of the anodic films. The characterization data 
revealed the presence of cuprous oxide on anodic surface, remarkably only during the passive state of anode. Hence, the 
origin of these R.P.O.s is attributed to the presence of different extents Cu2O phase, on surfaces of the anodes of 
different cells in series.  Also, the amplitude of R.P.O.s is found to show strong dependence upon Cl- concentration in 
electrolyte. Most importantly, such series configuration of electrolytic cells enabled to prove the very existence of Cu2O, 
adsorbed on the surface of the passive copper anode, in acidic chloride electrolyte. And hence, this work signified the 
important role of Cu2O, in both, the electro-dissolution of copper anode in acidic chloride media, and the non-linear 
temporal behaviour of the Cu│chloride system. 
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