International Journal of Chemistry; Vol. 8, No. 1; 2016
ISSN 1916-9698
E-ISSN 1916-9701
Published by Canadian Center of Science and Education

Reciprocal Potential Oscillations across the Electrolytic Cells Connected
in Series
Chetansing K. Rajput
Correspondence: Dr. Chetansing K. Rajput, M.B.B.S., T.N.M.C., Mumbai University, ACST, 306, Vikrikar Bhavan,
Nashik-422010, India. Tel: +91 07057521129. E-mail: chetansingkrajput@gmail.com
Received: November 21, 2015
doi:10.5539/ijc.v8n1p32

Accepted: December 7, 2015

Online Published: December 10, 2015

URL: http://dx.doi.org/10.5539/ijc.v8n1p32

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-, CuCl32-, 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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Cu + Cl- → CuCl + e…………
…
(1)
This CuCl fillm has poor aadhesion to coopper surface and in presennce of Cl ionss, it is transfoormed into the
e soluble
cuprous chloriide complex.
→ CuCl2……
………
CuCl + Cl(2)
It is also welll known that, at higher concentration of C
Cl [~ 1mol L
L-1], the higheer cuprous – cchloride compllexes are
formed.
CuCl2-+ Cl2-

→ CuCl32-

………
……

(3)

3-

→ CuCl4
……
………
CuCl3 + Cl
(4)
m
at elevaated concentraation of dissollved CuCl2- sppecies, the equuilibrium of fo
ollowing
In neutral or alkaline pH media,
a cuprous oxxide is precipitaated by hydrollysis of CuCl2-- (Kear et al. 20004).
reaction (5) shhifts to right, and
2CuuCl 2-+ 2 OHCu2O(s) + H2O + 4C
Cl……
………
Moreover, cupprous oxide is also formed byy the oxidationn of anodic coppper, through following reacction (6)

(5)

2Cu+ 2 OH→
Cu2O(s) + H2O + 2e……
………
(6)
There is conseensus among thhe investigatorrs, about the exxistence of Cuu2O at neutral oor alkaline pH values (Troma
ans et al.
1991). Cuprouus oxide, form
med by reactionn (5) & (6), is rresponsible for the passivation of copper aanode. Howeve
er, under
continuous atttack of aggresssive Cl- ions, thhis passivatingg Cu2O layer iss converted intto CuCl phase, by reaction 7.
7
C
Cu2O + 2 Cl+ 2 H+
2 CuCl + H2O
……
………
(7)
It is well knoown that, a sinngle electrolyttic cell, having copper anodde in chloridee media, exhibbits very smalll current
oscillations. U
Under potentiostatic conditions, a typical thhree electrodess cell, with coppper as workinng electrode in chloride
electrolyte, is long known to
t produce these tiny currentt fluctuations, which are gennerally attributted to the form
mation of
the CuCl film on surface of anode (Lee et al. 1985; Bassset et al. 1990)).
However, suchh single cell iss not found to pproduce obvioous potential osscillations. Alsso, the role of Cu2O in the no
on-linear
behaviour of Cu│acidic chhloride system
m has not beenn recognized yet, since thee Pourbaix diaagrams of Cu
u-Cl-H2O
system do nott permit the exxistence of Cuu2O in acidic chloride media (Tromans et aal. 1991), as shhown in figure
e 2. And
hence, the oxiide formation by
b reactions (55), (6) and (7) iis considered tto be implausibble, in acidic eenvironment.

Figure 2. Pottential-pH diaggram for Cu-Cl-H2O system at 250C
3.3 Origin andd Mechanism of
o Reciprocal P
Potential Osciillations
Now it has beeen observed that,
t
if such m
multiple electroolytic cells havving copper annode and acidiic chloride ele
ectrolyte,
are connectedd in series, the competitive addsorption of C
Cl- and OH- species on coppeer anodes, andd subsequent fo
ormation
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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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Figurre 4. SEM micrrographs and E
EDS spectra off the anodic fillms during (a) passive, and ((b) active state
FT-IR spectruum is recordedd over the range of 400-40000cm-1. The FT-IR spectrum
m of the passivvating layer on
n anodic
surface, durinng high voltagge state, indiccates the pressence of Cu2O
O. The peak at 654.86 cm
m-1 corresponds to the
vibrational moode of Cu─O functional
f
grouup in Cu2O phhase.

654.86

678.97

1627.03

Also, the XRD
D measuremennts, during thee passive statee of anode, revveal the presennce of Cu2O oon anodic surfface. The
characteristic Cu2O peak ceentred at 2θ of 36.490 is obseerved and it corresponds to thhe lattice plannes (111) of Cu
u2O. This
peak for Cu2O
O is consistent with the JCPD
DS – PDF Filee No. 05-0667.

Figure 5.Thee FT-IR Spectrrum of the passsivating layer on anode, duriing high voltagge state
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F
Figure
6. The X
XRD patterns of the anodic surfaces durinng the passive sstate
These results indicate the roole of Cu2O in passivation off copper anodee, even in acidiic electrolyte. And hence, it signifies
that, the perioodic formationn and dissolution of cuprouss oxide layer oon anodic surfa
face is responssible for the no
on-linear
temporal behaaviour of Cu│cchloride system
m.
3.5 Influence oof Chloride Ions Concentrattion on the Ampplitude of R.P.O.s
The amplitudee of these RPO
Os is found to sshow strong deependence upoon the Cl- conccentration in ellectrolyte. At about
a
0.5
M concentratiion of HCl elecctrolyte, the cooupled cells deemonstrate R.P
P.O.s of maxim
mum range (1v to 29v) and maximum
m
amplitude (288v). The rangee and amplitudde of R.P.O.s are found to bbe sequentiallyy decreasing w
with higher ass well as
lower concenttrations of HCll, as shown in figure 7.
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The dependennce of the ampplitude of RPO
Os on Cl- conccentration cann be explainedd on basis of thhe varying sta
ability of
Cu2O at diffferent Cl conncentrations. A
At very low concentration of aggressivve chloride annions, the stab
bility of
passivating cuuprous oxide layer is veryy high. The deeficient chloriide concentrattion is incapaable of the su
ubstantial
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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 Clconcentration 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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