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Abstract 
The behavior of cuprous species at electrodes polarized in hydrochloric acid solutions has been investigated in order to obtain 
the fundamental knowledge of electrodeposition of copper from chloride media. The rest potentials of the cuprous/copper 
couple in hydrochloric acid solutions were determined by the activity of the  Cu+ aquo cuprous ions. It was found that the 
rest potential could be controlled by the concentration of chloride ions according to their correlation with the aquo species. 
Dissolution of metallic copper primarily yielded Cu(I) species in hydrochloric acid solutions, in contrast to the Cu(II) spe-
cies in sulfuric acid solutions. However, cuprous chloride precipitation may also appear in 1–2 mol dm−3 hydrochloric acid 
solutions and even cuprous oxide may be formed at the surface of the copper electrode at higher HCl concentrations. The 
experimental results suggested the possibility to produce a relatively dense and smooth deposited surface, while reducing 
the power consumption of copper electrowinning.

Graphic abstract
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1 Introduction

Copper is an outstandingly important base metal, widely 
used as conductive material. Extracting it from ores, either 
by pyro- or hydrometallurgical routes is becoming increas-
ingly difficult because of the deterioration of ore quality, 
environmental concerns, political instability, transporta-
tion costs, etc. However, a concept of urban mining—as an 
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alternative source of valuable materials—has been proposed 
by Nanjo [1] and it has received genuine attention. It also 
implies the need of developing novel extracting methods, 
corresponding to the various compositions of the waste 
materials.

The extracting route applying halide media may be advan-
tageous. The properties of halides (e.g. vapor pressures, 
solubilities, etc.) are quite specific. Utilizing these charac-
teristics, various attempts have been tested and reported. 
Among them, separation of copper and other valuable metals 
from printed circuit boards by chlorination or bromination 
followed by distillation has been investigated [2, 3]. The 
final step, however, should always be the recovery of the 
metal from the separated halides. Extraction by electrolysis 
can be a direct solution. It has been applied to the recycling 
of pure tin by the electrorefining of soldering waste materials 
in chloride media [4]. The major concern was related to the 
cathodic deposition with an acceptable surface morphology 
and current efficiency.

The authors have been investigating the purification pro-
cesses of base metals by anion-exchange separation in chlo-
ride media [5–9]. This approach has resulted in ultra-high 
purity copper extracted from the purified chloride solution 
by evaporation to dryness followed by hydrogen reduction 
implying the potential of contamination but no refining 
effect. Higher purity is expected to be attainable when it is 
substituted by electrowinning, which may have further refin-
ing effect and helps avoiding any contamination.

Electrodeposition from the Cu(II) species in  CuCl2–HCl 
solutions is difficult. Intermittent stirring of the electrolyte 
may facilitate the production of dense cathodes, but smooth 
surface was hardly obtained, while the current efficiency was 
usually found very low [10, 11]. Pure cupric chloride solu-
tions may not be practically applied as electrolytes because 
of the serious corrosion of the copper cathode. The corrod-
ing effect is provoked by the attack of cupric species on the 
metallic copper, caused by the com-proportionation reaction 
[12]:

where Kcomp. is the average equilibrium constant of the com-
proportionation reaction in the hydrochloric acid solutions 
applied. Conversely, electrodeposition from the Cu(I) spe-
cies can successfully result in the production of metallic 
copper at the cathode [13–15], but they did not use hydro-
chloric acid solutions. The process implies a further techni-
cal advantage of lower electric power consumption resulting 
from the single charge on the cuprous species to be neutral-
ized at the cathode. This may also be considered as a contri-
bution to a sustainable society.

However, electro crystallization from aqueous chloride 
solutions may often result in roughly dendritic or powdery 

(1)Cu(s) + Cu(II) = 2Cu(I) , logKcomp.= 1.15 × 106

deposits [10, 11, 16]. Jin et al. obtained denser surface 
from cupric chloride aqueous electrolyte by controlling 
mass transport of cupric species and  Cu2O was included 
in the deposit [11]. Park et al. investigated dendritic Cu 
deposits using chloride and sulfate aqueous electrolyte and 
it was found that a density of Cu dendrite from chloride 
aqueous electrolyte was the lowest [16]. Therefore, some 
investigations have been devoted also to the electrodeposi-
tion of cuprous species from alkaline halides or ammonia-
cal alkaline electrolytes [13–15], reporting denser, but also 
dendritic deposits too. Relatively smooth cathode surface 
has been obtained from ammoniacal electrolytes, and Oishi 
et al. have found that gelatin can be useful for reducing the 
surface roughness [15], however the application of any addi-
tives should be avoided if super pure copper is aimed to be 
deposited.

Due to the efficiency considerations, electrodeposition 
from cuprous species is preferable, and the presence of 
cupric species should be avoided in order to prevent com-
proportionation reaction in chloride solutions. Therefore, it 
is desired that cuprous species be anodically dissolved from 
copper electrode. A mechanism of anodic dissolution of cop-
per in chloride aqueous media was proposed [17–25], which 
however contains some ambiguity.

The purpose of this work is to clarify the polarization 
behavior of copper in chloride aqueous electrolytes involv-
ing the electrolytic deposition of cuprous species and the 
anodic dissolution of copper, in order to justify the con-
cept of an efficient electrolysis process in cuprous chloride 
media. Therefore, a detailed potentiodynamic investigation 
was carried out to expand the knowledge of electrolysis of 
copper in hydrochloric acid solutions. As a result, a model 
of anodic dissolution of copper in hydrochloric acid solution 
is proposed, in addition to the interpretation of the cathodic 
deposition from the complexing chloride electrolyte.

2  Experimental procedure

In order to interpret the characteristic phenomena of the 
copper electrode in cuprous chloride electrolyte solutions, 
potentiodynamic examination of the polarization behavior is 
the fundamentally required technique. The measured poten-
tials can be related to the activities of the electro active ions 
also influenced by the stabilities of the various chloro com-
plex species. The correlation of the computed and the meas-
ured values may reveal the nature of this particular system.

2.1  Electrolytic cell

Due to the simultaneous redox and chloro complex for-
mation and decomposition equilibria in the Cu–HCl–H2O 
system, coupled by the possibility of chloride precipitation 
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[10], stabilizing the examined conditions at the electrode 
required a special technical setup. The schematic diagram 
of the equipment is shown in Fig. 1. The cell of 350 cm3 
volume on the left was connected to a reducing reactor of 
1 dm3 on the right, both made of Pyrex™ glass and equipped 
with water jackets. The temperature during polarization was 
regulated at 20 °C by thermostated water circulation. Satu-
rated calomel electrode (S.C.E.) was used as the reference. 
The other two electrodes in the standard setup were made of 
high purity copper (∼ 99.999%). The working electrode was 
embedded in resin, allowing an active surface area of 1 cm2. 
Mechanical polishing was applied up to #1500 emery paper 
prior to installation. The distance between the working and 
counter electrodes was set at 5 cm. The reference electrode 
was connected to a Luggin-Haber capillary [26] with the 
tip positioned close to the central surface of the working 
electrode. These electrodes were connected to a potentiostat 
of the HAL-3001 and HB-305 models made by HOKUTO 
DENKO CORPORATION. As a special feature of the equip-
ment, the electrolyte was circulated by a peristaltic pump 
from the reducing reactor to the cell and the Luggin-Haber 
capillary. The electrolyte was agitated by a magnetic stirrer 
with a 30 mm long football shaped stirring bar.

2.2  Preparation of electrolyte

Three types of electrolytes were investigated in this series 
of experiments: cuprous or cupric species in hydrochloric 
acid solutions and cupric species in sulfuric acid solution. 

Solubility of cuprous species in hydrochloric acid solutions 
[27] is poor relative to cupric species in either hydrochlo-
ric [28] or sulfuric acid solutions [29]. Figure 2 shows the 
relevant solubilities in both acid media. The concentrations 
of cuprous species in the electrolytes were set within their 
solubilities at the lowest examined hydrochloric acid con-
centration. Hence, the compositions of electrolytes were 
determined as shown in Table 1 and enabled by the suf-
ficient solubilities as shown in Fig. 2. The electrolysis of 
cupric species in hydrochloric and sulfuric acid solutions 
were performed with the same copper and acid concentra-
tions for comparison.

For preparing the electrolyte, special grade  CuCl2·2H2O 
and  CuSO4·5H2O (Wako Pure Chemical Industries, Ltd.) 
were dissolved, in appropriate concentrations of hydrochlo-
ric and sulfuric acid solutions, respectively. Also, special 
grade hydrochloric and sulfuric acid solutions were used, 
diluted with deionized water whose resistivity was more 
than 18.2 MΩ cm.

Cupric species were reduced to the cuprous state using 
high purity copper wire chips as reagent in the reducing 
reactor on the right in Fig. 1, following the com-propor-
tionation reaction represented by Eq. (1). As cuprous spe-
cies are easily oxidized by oxygen from the atmosphere [5], 
special care was taken to maintain reduced conditions. Inert 
gas,  N2, purging eliminated atmospheric air from both of 
the electrolysis cell and the reducing reactor. Completion 
of reduction can be observed, as cuprous chloro complexes 
are colorless, thus the solution must be transparent. Then 

Fig. 1  The schematic diagram of the electrolysis apparatus
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cuprous species were transferred to the electrolysis cell on 
the left. The electrolyte was circulated during electrolysis to 
keep concentrations constant.

The concentrations of copper were analyzed by titration 
with ethylene-diamine-tetraacetic acid (EDTA) using murex-
ide as the indicator after neutralization with sodium hydrox-
ide using methyl orange as an indicator, respectively [30]. 
The following pretreatment was necessary for the analysis 
of cuprous concentration. One cm3 of 30 mass% hydrogen 
peroxide was added to the cuprous solution samples for oxi-
dation, followed by heating to dryness with a Bunsen burner, 
and finally dissolution in pure water.

Polarization was carried out from the rest potential in 
both cathodic and anodic directions, and the scanning speed 
was set at 0.001 V s−1. All data were recorded digitally, 
using LOGGER 220 made by Graphtec Corporation. The 

surface of working electrode was wiped after each run, also 
polishing was done if it appeared necessary.

3  Results and discussion

The potentiodynamic experiments were repeated at least 
three times with each setting of the parameters shown in 
Table 1, and the parallel results were averaged. Preliminary 
tests have shown that the electrolyte could be considered 
homogeneous if a stirring speed over 400 r.p.m. was applied. 
The first several points of the anodic and cathodic polariza-
tion curves were extrapolated and the least squares method 
was applied in determining the rest potential. The polariza-
tion curves of cuprous species in hydrochloric acid solu-
tions are shown in Fig. 3, whereas those of cupric species 
in hydrochloric and sulfuric acid solutions are compared 
in Fig. 4. The recorded potentials, η, are expressed directly 
relative to S.C.E., but they are also displayed relative to the 
standard hydrogen electrode (S.H.E.) by applying a 0.248 V 
shift at 20 °C [31]. Figure 3a also includes an embedded 
box, showing two of the anodic polarization curves in a 
separate diagram of logarithmic scale for the overpotentials. 
Arrows in Figs. 3 and 4 indicate the measured rest potentials, 
E, which correspond to the theoretical equilibrium electrode 
potentials. The first aspect of examining the polarization 
curves should be the interpretation of the rest potentials.

3.1  The effect of the electrolyte conditions 
on the rest potential

The rest potentials, as shown in Figs. 3 and 4, were found to 
vary from 0.002 to 0.264 V vs. S.H.E. The major steps of the 
electrode processes are described by the following electrode 
reactions [12],

and their equilibrium electrode potentials, corresponding to 
the “rest potentials”, E, are defined as follows:

(2)Cu+ + e
− = Cu(s), logKCu+∕Cu(s) = 8.80

(3)Cu2+ + 2e− = Cu(s), logKCu2+∕Cu(s) = 11.38

Fig. 2  The solubilities of cuprous and cupric species [27, 28] in 
hydrochloric acid and sulfuric acid [29] solutions

Table 1  The conditions of 
electrolytes applied in the 
present work

Media Acid  (H+) conc. 
(mol dm−3)

Copper concentration (g dm−3) Agitation (r.p.m)

Cuprous species Cupric species

HCl 1, 2, 4 5, 10, 20, 40 – 0 to 1000
HCl 2 – 5, 10
H2SO4 1, 2, 4 – 5, 10, 20, 40
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Fig. 3  Polarization curves of 5 g dm−3 Cu(I) in 1, 2, and 4 mol dm−3 
HCl solutions and of 5 g dm−3 Cu(I) in 2 and 4 mol dm−3 HCl solu-
tions (a) and of 5, 10, 20, and 40 g dm−3 Cu(I) in 4 mol dm−3 HCl 

solutions (b) at 20  °C at 400  r.p.m. Arrows indicate the rest poten-
tials, Eexp.. Scanning speed was set at 0.001 V s−1
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 where a is the activity of a subscripted electro active spe-
cies, T is the absolute temperature, R is the molar gas con-
stant and the F is the Faraday constant. As expressed by Eqs. 
(2)–(5), the electro active species are simple ions free of any 
coordinated ligands. In sulfuric acid solutions, any theoreti-
cally possible complex of cupric species virtually dissociate 
[32], and the concentration of the simple aquo cupric spe-
cies can be considered as equal to the concentration of the 
total dissolved copper. On the other hand, in hydrochloric 
acid solutions, cuprous and cupric chloro complex ions are 
formed in a series defined by the stepwise equilibria. These 
complex species—of various resultant electric charge—have 
to decompose before taking part in the charge transfer step 
at the cathode. Decomposition is though enhanced by the 
final step of the electrode process, implying the charge trans-
fer and the consumption of the electroactive ions. In turn, 
however, it influences the sequential equilibria of complex 
species:

(4)ECu+∕Cu(s) = 0.520 +
RT

F
ln

aCu+

aCu(s)

V vs. S.H.E.,

(5)ECu2+∕Cu(s) = 0.336 +
RT

2F
ln

aCu2+

aCu(s)

V vs. S.H.E.,

 supplying finally the electroactive ions, where ν is the 
valency of the copper ion and x is the coordination number 
of the chloro complex species. At the anode, on the other 
hand, the steps of chloro complexation can happen after the 
simple ion is initially generated. As a result of the com-
plex formation, the concentration of the electroactive aquo 
species must be effectively lower than that of the total dis-
solved copper concentration. Therefore, the distributions of 
the complex species in both the cuprous and cupric chlo-
ride solutions can be important for discussing electrode 
potentials.

Based on the total amount of the metal dissolved in the 
hydrochloric acid solutions, concentrations of the vari-
ous species—including the simple aquo and the series of 
chloro complex ions—in the available oxidation states 
could be determined from the basic collection of the rel-
evant stability constants and the redox-potentials [12], as 
earlier published by Kékesi et al. [6] for copper and cobalt. 
In a further approach, the cumulative formation constants 
of cuprous complexes were determined in LiCl aqueous 
solutions [33] and those of cupric chloro complexes in HCl 
aqueous solutions [34]. The conformity of these results is 

(6)
[

CuCl
x

]

�−x
+ Cl− =

[

CuCl
x+1

]

�−x−1
,

Fig. 4  Polarization curves of 5 g dm−3 Cu(I) and Cu(II) in hydrochloric and sulfuric acid solutions at 20 °C at 400 r.p.m. Arrows indicate the 
rest potentials, Eexp.. Scanning speed was set at 0.001 V s−1
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based on the application of the modified Debye-Hückel 
model [35, 36] for calculating the activity coefficients 
by both investigations [33, 34], just as the method in this 
work. The details of the assessment have been described 
in previous papers [34, 37, 38]. and the relevant results 
referring to cuprous and cupric species of 5 g dm−3 total 
concentration in HCl solutions are shown in Fig. 5.

A specific inconvenience of electrodeposition from 
cuprous chloride solution is the low solubility of CuCl at 
low HCl concentrations. However, increasing the acid con-
centration may result in excessive  H2 evolution at the cath-
ode. Therefore, the HCl concentration should be optimized 
for any technical implementation. Based on equilibrium 
redox potentials and complex ion stability data, Kékesi 
and Isshiki [10] have determined the limiting conditions 
expressed by the free chloride ion concentration and the 
redox potential where CuCl precipitation may arise. In 
Fig. 5, the grayed area indicates a range in which CuCl 
precipitates because of its solubility referred to Fig. 2. The 
rest potentials were calculated by Eqs. (4) and (5) using 
activities of the simple cuprous and cupric aquo species 
determined according to Fig. 5. In the case of sulfuric acid 
solutions, the total dissolved copper concentration corre-
sponds to the activities of the cupric species.

The equilibrium electrode potentials, Ecalc., calculated 
from the derived concentrations of the electro active ions 
for the experimental conditions resulting the experimen-
tally measured rest potentials, Eexp., are compared in 
Fig. 6. The observed ∼ 0.024 V standard deviation of the 
measured and the calculated values is indicated by the 
grayed area including the theoretical line of equivalence.

Most of the points—marked by filled symbols—of the 
calculated and measured rest potentials tend to fall on the 
ideal line. Only the rest potentials obtained in the electro-
lyte consisting of cupric species in hydrochloric acid solu-
tions were far from the expected line. This is because some 
cuprous species were inadvertently produced according to 
the reaction expressed by Eq. (1) as soon as the working 
electrode was immersed in the cupric electrolyte containing 

Fig. 5  Concentrations and 
activities of cuprous (a) [33] 
and cupric (b) [34] chloro 
complexes in hydrochloric acid 
solutions of varied concentra-
tions at 5 g dm−3 concentration 
of total copper

Fig. 6  The comparison of measured rest potentials, Eexp., and those 
calculated, Ecalc., as equilibrium potentials from the concentrations 
expressed for the aquo cuprous and cupric species
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hydrochloric acid. In this case, the equilibrium redox poten-
tials calculated assuming the following electrode reaction 
and an activity ratio of the cuprous to cupric species of 10 
near the electrode fell within the variance to the expected 
line [12].

On the other hand, the calculated and the measured rest 
potentials of cupric species in sulfuric acid solutions were in 
agreement within the limit of the standard deviation because 
of the virtual lack of cuprous species in sulfuric acid solu-
tions. Thus, it is demonstrated that the rest potential of the 
Cu(I)/Cu couple can also be controlled by the concentra-
tion of chloride ions. Conversely, the observed rest poten-
tials have confirmed the available stability constants of the 
chloro complex species, as well as the method of express-
ing the electrode potentials in a complexing media. Due to 
the different distributions among the various chloro com-
plex species, the concentrations of the electro active ions 
are different for any metal and oxidation state. Thus, the 
rest potentials of elements in hydrochloric and sulfuric acid 
solutions are different. It also implies that different refining 
efficiencies can be expected.

3.2  Anodic polarization behavior

The polarization curves in the anodic direction exhibited 
changing characteristics. As shown in Figs. 3 and 4, the cur-
rent densities started to increase rapidly and after reaching 
a peak, there was a remarkable decline, indicating a passi-
vating effect. At higher potentials it is followed by another 
increasing section with a final saturation. A tendency in the 
polarization curves in the chloride aqueous electrolytes simi-
lar to the present work was observed by Lee and Nobe [22, 
39] and Braun et al [21]. The embedded section in Fig. 3 a 
shows Tafel plots divided into three distinct regions follow-
ing the manner suggested by Lee and Nobe [22], namely, 
Apparent Tafel region, Peak region, and Plateau region. 
Dashed lines in Tafel plots are the extensions of the linear 
sections in the Apparent Tafel regions.

The polarization curve obtained with the electrolyte 
containing 5 g dm−3 Cu(I)–4 mol dm−3 HCl has a definite 
shoulder in the Apparent Tafel region, although it is gener-
ally considered to be linear. In addition, the shoulder was 
also observed in the polarization curve of the 10 g dm−3 
Cu(I)–4 mol dm−3 HCl electrolyte, but not at higher Cu(I) 
concentrations. Such a shoulder has not been reported yet.

The noticed shoulder indicates that the anodic dissolu-
tion was promoted. Higher coordination of cuprous chloro 

Cu2+ + e
− = Cu+, logK = 2.68

(7)ECu2+∕Cu+ = 0.156 +
RT

F
ln

aCu2+

aCu+
∕V vs. S.H.E.

complexes are formed at higher molarities of HCl, as shown 
in Fig. 5, and the solubility of CuCl also increases, as dem-
onstrated in Fig. 2. Furthermore, the activity of  Cl− increases 
exponentially as the molarity of HCl increases [38, 40]. 
Therefore, the formation of chloro complexes is promoted by 
higher HCl molarity which in turn promotes the anodic dis-
solution. The shoulder was not observed in the electrolytes 
containing 20 and 40 g dm−3 Cu(I) because of the relatively 
less available free chloride ions and the suppression of the 
dissolution due to the solubility.

The surface of the working electrode became reddish 
brown after the current started to decline in the 4 mol dm−3 

Fig. 7  The photographs of the typical surfaces after anodic polari-
zation in 20  g  dm−3 Cu(I)–4  mol  dm−3 HCl (a) and in 5  g  dm−3 
Cu(I)–1 mol dm−3 HCl (b)

Fig. 8  Dissolved amounts of copper in hydrochloric and sulfuric acid 
solutions during anodic polarization until the maximum current was 
reached
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HCl electrolyte as shown in Fig. 7a. Contrastingly, some 
white material was observed on the surface of the anodi-
cally polarized working electrode in the electrolyte of 1 
and 2 mol dm−3 HCl as shown in Fig. 7b. In order to better 
understand the transformations and reactions taking place 
during the anodic polarization of the copper electrode in the 
examined Cu(I)Cl–HCl electrolytes, it is worth determining 
also the materials balance. The amount of the anodically dis-
solved copper until the current declines is shown in Fig. 8, 
and it was estimated by integrating the recorded current 
with respect to the elapsed time and assuming the dissolved 
copper species to be cuprous in hydrochloric acid solutions 
and cupric in sulfuric acid solutions, respectively. The ten-
dencies of the amounts of dissolved copper in hydrochloric 
acid solutions were in agreement with the solubility of CuCl 
as shown in Fig. 2. The same tendency was observed in 
sulfuric acid solutions, although the dissolution produced 
cupric species there. It can be deduced that the anodic dis-
solution of copper may get interfered by the solubility of 
CuCl and  CuSO4 in hydrochloric and sulfuric acid solutions, 
respectively.

The white material having been observed was supposed to 
be CuCl(s) film in literature [20, 24, 39]. The current density 
declined in the Peak region because CuCl(s) is not conduc-
tive. The film is, however, porous [18, 24, 39], therefore 
the current was not blocked. Cooper suggested the reddish 
brown material was  Cu2O and a possible formation reac-
tion was also proposed by Eq. (8) [17]. However, a direct 
evidence of  Cu2O has not been acquired and its formation is 
still a possible assumption. Others suggested further oxida-
tion of cuprous species to the cupric state. However, accord-
ing to the current work, this may be doubted because no sign 
of blue or green color of cupric species was observed during 
anodic polarization, neither when the reddish brown material 
dissolved into the electrolyte. Knowing what substance is 
formed on the electrode under certain conditions may help 
understand the overall electrode reaction. The appearance of 
the precipitate showing the unique color of  Cu2O by in situ 
observation can be considered deserves further attention. It 
may justify the following chemical reaction:

This reaction may be induced by the anodic polarization 
if  OH− ions are attracted to the immediate vicinity of the 
electrode surface by the electrostatic force and the primary 
product of oxidation is the simple  Cu+ ion. Comparison of 
the rest potentials obtained by calculation and experiment 
shown in Fig. 6 suggests that the species contributing to the 
anodic reaction is the simple cuprous ion free of ligands.

Based on the indirect proof offered by the observation of 
the two distinctly different precipitates, an anodic dissolu-
tion model is proposed as shown in Fig. 9. In this model, 

(8)2Cu+ + 2OH− = Cu2O + H2O.

the reddish brown material is assumed to be  Cu2O. It may 
arise in the following mechanism: region (I) represents the 
anodic oxidation of metallic copper to simple cuprous spe-
cies on the electrode described by the reverse reaction of 
Eq. (2), region (II) involves the formation of various chloro 
complexes represented by Eq. (6), followed by dissolution, 
while region (III) is made up of the diffusion of the species 
to the bulk solution. Additionally, in range (IIIa) a precipita-
tion of CuCl(s) can occur due to the limited solubility in the 
low (≤ 2 mol dm−3, as found here) HCl electrolytes, which 
range can (IIIb) involve the possible formation of a  Cu2O 
film at higher (≥ 4 mol dm−3, as observed here) HCl range.

On the other hand, earlier literature of this subject [17–25, 
41] has suggested the following scheme for the anodic oxida-
tion in this system:

where the subscript “ads” indicates the species adsorbed on 
the electrode. It has been also claimed [17–24, 41] that the 
anodic oxidation represented by Eq. (9) was controlled by 
the diffusion of  Cl− ion from the bulk solution to the sur-
face of the anode. It is, however, hardly acceptable because 
 Cl− can even be concentrated near the anode by electrostatic 
attraction. Furthermore, if the electrode reaction was Eq. (9), 
dissolution would occur via  CuClads., and only CuCl(s) pre-
cipitate should be observed. However, either CuCl(s) or 
 Cu2O(s) films were formed as shown in Fig. 7, supposedly 
precipitated in a secondary step. As a consequence, simple 
cuprous species free from  Cl− ligands could be formed pri-
marily. This is followed in the normal anodic reaction by 
the formation of dissolved complexes according to the dis-
tribution shown in Fig. 5a. Whether the formation of either 
CuCl(s) or  Cu2O(s) occurs depends on the HCl molarity in 

(9)Cu(s) + Cl− = CuClads + e
−

Fig. 9  A model of anodic dissolution of copper in chloride electro-
lytes
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electrolyte. While the precipitation of CuCl is understand-
able at low concentrations of free HCl, the appearance of 
a  Cu2O precipitate at higher HCl concentrations may be 
caused by an indirect effect. If the primary formation of 
a CuCl precipitate can be assumed generally, higher HCl 
concentration helps its solubility, thus allowing the access 
of the  OH− ions—also attracted to the anode surface at high 
overpotentials—to more  Cu+ ions.

3.3  Cathodic polarization behavior

Extremely different deposit morphologies obtained by 
cathodic polarization at the working electrode surfaces in 
different electrolytes are shown in Fig. 10. As shown in 
Fig. 10 a, powdery deposits began to grow at more negative 
overpotentials than − 0.060 V in every cathodic polarization 
experiment. As powdery deposition occurred, the current 
densities had a tendency to become noisy.

Deposition was hindered at the center because of the 
tip of the Luggin-Haber capillary. As shown in Fig. 10b, a 
densely deposited base layer was revealed after wiping off 
the powdery deposit with a thin piece of paper cloth. It is 
obvious that the underlying layer represented the morphol-
ogy in the earlier stages of the process at lower overpoten-
tials. Thus, it is possible to obtain a smooth electrodeposited 
surface at the appropriate range of overpotentials.

Average cathodic current densities obtained with different 
compositions of the CuCl–HCl electrolytes at the preferred 
overpotential of − 0.100 ± 0.005 V are listed in Table 2. 
These conditions—except for the last line listed—were 
found to be suitable to produce practically dense depos-
its. Strict control of the cathodic overpotential may there-
fore allow obtaining smooth copper deposit surfaces from 
cuprous chloride aqueous solutions. In this way, the mor-
phology of the deposit and the polarization characteristics 
of the cathode can be made similar to those obtained with 
sulfuric acid solutions—examined for comparison—where 
powdery deposits were generally not observed.

3.4  Cell voltage and energy requirements

Some of the characteristic polarization curves are shown as 
Tafel plots in Fig. 11 for comparison. It is clearly seen that 
electrolytes consisting of cuprous species in hydrochloric 
acid solutions yielded higher currents than those consisting 
of cupric species in sulfuric acid solutions.

The cathodic current densities in the electrolytes consist-
ing of cuprous species in hydrochloric acid solutions reached 
the limiting values at the over potential of about − 0.050 V, 
while those from electrolytes consisting of cupric spe-
cies in sulfuric acid solutions were still gradually increas-
ing and reached their limiting values at overpotentials of 
about − 0.160  V to − 0.180  V, out of the plotted range. 
The limiting current densities at equal concentrations of 
the electroactive ions were, however, almost equivalent in 
hydrochloric and sulfuric acid solutions. Hence, the limiting 
current density is assumed to be determined by diffusion 
of copper species between the diffusion layer and the bulk 

Fig. 10  The photographs of the typical surfaces obtained in cathodic 
polarization experiments with 20  g  dm−3 Cu(I)–4  mol  dm−3 HCl, 
showing powdery deposition (a) and the densely deposited base layer 
after wiping off the powdery deposit (b)

Table 2  Average cathodic current densities of depositing cuprous 
species from hydrochloric acid solutions at overpotentials 
of − 0.100 ± 0.005 V at 20 °C at 400 r.p.m

HCl concentration, 
cHCl (mol dm−3)

Concentration of cuprous 
species, cCu(I) (mol dm−3)

Current density 
at − 0.1 V overpo-
tential, j (A cm−2)

1 5  ~ 0.015
2 5  ~ 0.016
2 10  ~ 0.026
4 5  ~ 0.015
4 10  ~ 0.026
4 20  ~ 0.053
4 40  ~ 0.12

Fig. 11  Tafel plots in Cu(I)–HCl and Cu(II)–H2SO4 solutions
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solution, but it is independent of the number of electrons 
involved in the electrode reaction.

Further, not just the overpotentials to generate the same 
current density can be lower, but also the conductivity of the 
chloride electrolyte is higher, thus the cell voltage can be 
reduced. This is an additional technical advantage beside the 
virtually half of the specific charge involved in the electrode 
process of the univalent cuprous species. Consequently, sig-
nificantly less electric energy may be required to obtain the 
same mass of copper from the cuprous chloride solution than 
from the cupric sulfate, provided the current efficiency is 
not significantly lower and the cathodic deposit is of accept-
able structure. This can be ensured by proper control of the 
electrolyte composition and the overpotentials, as suggested 
above. Therefore, application of cuprous–hydrochloric acid 
solutions can be considered prospective for developing the 
electrolytic copper technology.

It has to be noted that similar phenomena have been 
reported in the case of electrorefining tin in hydrochloric 
acid solutions [42]. The preference of stannous species over 
stannic ones in hydrochloric acid solutions was a clue for 
establishing stable conditions and high current efficiencies 
for cathodic tin deposition, although the difficulty of loose 
dendritic deposit structures could be practically handled only 
by mechanical interventions.

4  Summary

The electrolytic behavior of cuprous species at the elec-
trodes polarized in hydrochloric acid solutions was inves-
tigated and compared to those of cupric species in hydro-
chloric and in sulfuric acid solutions. The rest potentials in 
hydrochloric acid solutions were more negative than those 
in sulfuric acid solutions, and the difference was about 
0.150 V. This is interpreted as the activities of the simple 
aquo species directly involved in the electrode reactions are 
strongly decreased by the formation of chloro complexes. 
The interpretation is based on the computed concentrations 
and activities of the various species of dissolved copper. It 
was deduced that the rest potential could be controlled by 
the chlorine concentration.

The copper anode is dissolved in hydrochloric acid solu-
tions as cuprous species, while cupric species are negligible. 
Precipitated cuprous chloride was formed on the electrode at 
lower than 2 mol dm−3 HCl concentrations in the electrolyte 
and so was cuprous oxide at higher than 4 mol dm−3 HCl. 
This phenomenon can be interpreted basically in terms of 
the primary formation of CuCl and its solubility depend-
ing on HCl concentration. However, the appearance of the 
precipitate showing the characteristic color of  Cu2O could 
be used as a further indicator to other auxiliary processes. 
These findings could lead to the formulation of an assumed 

mechanism of the anodic dissolution of copper in CuCl–HCl 
electrolytes.

In the cathodic deposition of cuprous species from hydro-
chloric acid solutions, relatively dense and smooth structure 
was obtained if the overpotential was kept above − 0.100 V. 
Due to the lower specific charge required to neutralize 
cuprous ions, the lower overpotentials for the same current 
densities and the higher conductivity of chloride solutions, 
electrowinning and electrorefining of copper in CuCl–HCl 
media must be more economical than in  CuSO4–H2SO4 
solutions. The conclusions drawn from the results of the 
potentiodynamic studies and from the simulation of the 
chloro complex formation/decomposition equilibria can be 
justified by actual electrolysis tests of longer duration. If 
the conditions can be controlled within the optimum range, 
relatively dense deposits of copper should be produced with 
high energy efficiency. The fundamental characteristics of 
the examined system may apply to similar cases of extract-
ing other transition metals from chloride media. Electroly-
sis from hydrochloric acid solutions is expected to play an 
important role especially in the extraction of high purity 
metals from such solutions which may be even preliminarily 
purified by anion-exchange separations.
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