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Electrochemical reduction is an effective method to transform Cu2+ ions into metallic Cu in aqueous 

solutions. Herein, magnetic agitation and flowing bubbles were introduced into the electrowinning 

process of Cu2+ ions in a CuSO4-H2SO4 electrolyte. The influence of agitation and micron-sized bubbles 

on the nucleation and growth of Cu electrodeposits was systemically investigated. Additionally, the 

composition and microstructure of the Cu deposits were analyzed. The migration of Cu2+ ions towards 

the cathode was effectively accelerated by agitation and bubbles. Cu dendrites can be basically 

eliminated in the product. Primary nucleation and the subsequent growth of the Cu electrodeposits were 

effectively promoted, while secondary nucleation of Cu was suppressed. Finally, compact and 

homogeneous Cu electrodeposits were prepared by employing agitation and flowing bubbles to assist 

the electrowinning of Cu ions.  
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1. INTRODUCTION 

Metallic copper (Cu) presents many excellent properties, including good thermal and electrical 

conductivity, chemical stability and excellent creep resistance. Therefore, it is widely used in various 

fields such as construction and infrastructure materials, circuit boards and wires in the information, 

electronic component and electronic industries [1-5]. The properties of Cu (resistivity, mechanical 

properties, etc.) highly depend on the levels of purities inside (bismuth, antimony, arsenic and stannum, 

etc.) [2, 3, 6-8]. Thus, high-purity (more than 99.999 wt. %) Cu is often desired in some special 

applications, such as sputtering targets and electronic components.  

Electrochemical reduction is an essential procedure to transform Cu2+ ions into metallic Cu in 
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the pyrometallurgical or hydrometallurgical treatment of copper ores. Electrolytic Cu (more than 99 

wt. %) can be produced by electrowinning Cu2+ ions or electrorefining blister copper in aqueous 

solutions [2]. In addition, the electrowinning process is also utilized to produce high-purity Cu [9]. 

However, some challenges still exist to produce high-quality Cu electrodeposits. For example, Cu 

deposits produced from electrowinning or electrorefining processes often have a nodular and porous 

morphology [10]. This morphology induces the aggregation of impurities at the boundaries and the 

formation of voids in the deposits. Therefore, the concentration and distribution of impurities are closely 

related to the characteristics of Cu electrodeposits (morphology, microstructure, crystal orientation, etc.). 

Organic additives such as gelatin and thiourea are often added into the electrolyte to produce smooth 

deposits with finer grains [11-14]. Moreover, the inclusion of impurities from floating slime can be 

suppressed during the electrowinning process. However, the introduction of these additives has a 

negative effect on the purity of Cu deposit, which is especially obvious in the preparation of high-purity 

Cu. The quality of the Cu product is associated with the circumstance around the cathode, such as 

diffusion of Cu ions, thickness of diffusion layer and absorption of organic additives [13, 15]. The 

migration of Cu2+ ions is a key factor to improve the quality of Cu deposits. Several circulation modes 

of the electrolyte have been attempted to accelerate the diffusion of Cu2+ ions, including the use of a jet 

flow, a rotating cylinder electrode, and the Lorentz force as well as redesigning the electrolytic cells [13, 

15-19]. To date, the preparation of compact, smooth and dendrite-free Cu deposits is still a challenge in 

the recovery of Cu metal.  

The objective of this work is to prepare compact and smooth Cu deposits by electrowinning Cu2+ 

ions in a CuSO4-H2SO4 solution. The mass transfer of Cu ions and the growth of Cu grains were 

promoted dynamically by employing flowing bubbles and magnetic agitation during the electrowinning 

process. The microstructure and crystal orientation of the deposit were also modified. Organic additives 

were avoided to eliminate the contamination of Cu deposits. Furthermore, the reaction mechanism for 

the reduction of Cu2+ ions and the growth of Cu deposits was investigated.  

 

 

 

2. EXPERIMENTAL 

CuSO4·5H2O (Sinopharm Chemical Reagent Co., Ltd) and H2SO4 (2.04 mol·L-1) were dissolved 

in deionized water to prepare an acidic solution for electrowinning Cu2+ ions. The concentrations of Cu2+ 

ions and H2SO4 were 0.39 mol·L-1 and 1.74 mol·L-1, respectively. All chemicals used in this work were 

of analytical grade. A rectangular Ti sheet (1.5 cm × 2 cm × 0.1 cm) was polished mechanically and 

subsequently washed ultrasonically to obtain a mirror-like surface. The Ti sheet was connected to an 

electric wire as the cathode. A Cu plate (5 cm × 4 cm × 0.5 cm) was employed as the anode, which was 

also treated similarly to prepare a smooth surface. A cylindrical cell (diameter: 9 cm, height: 9 cm) was 

filled with 0.5 L of the acidic solution.  

Electrowinning of Cu2+ ions was carried out with a current density ranging from 5 to 40 mA·cm-

2. The temperature of the electrolyte was maintained at 32 °C. A rotor (diameter: 0.8 cm, length: 2 cm) 

was placed under the Ti cathode, which was approximately 4 cm under the cathode. The speed was 

adjusted magnetically in the electrowinning process. Alternatively, the rotor was replaced by a porous 
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ceramic sieve (size: 5 cm, average diameter of the holes: ~70 μm) to generate an upward flow of gas 

bubbles in the electrolytic cell. High-purity Ar and CO2 were used as the source of gas bubbles.  

Electrochemical behavior of Cu2+ ions was investigated in a three-electrode cell using a 

CHI1140C potentiostat. The concentration of CuSO4 in the solution was 0.01 mol·L-1 (pH=1). Na2SO4 

(concentration: 0.01 mol·L-1) was added into the solution as a supporting electrolyte. A glassy carbon 

rod embedded in a Teflon holder (exposed area: 0.071cm2) was utilized as the working electrode. A 

platinum plate (3 cm × 3 cm × 0.1 cm) and a saturated calomel electrode (SCE) were used as the counter 

electrode and the reference electrode, respectively. Cyclic voltammograms were measured to investigate 

reducing process of Cu2+ ions. Chronoamperometry was performed to study the nucleation and growth 

of Cu deposits.  

The phase composition of the samples prepared under various conditions was determined by a 

Rigaku D/Max-2500PC X-ray diffractometer (XRD, λ = 1.54059 Å). Morphological observation was 

conducted with a scanning electron microscope (SEM, FEI Quanta FEG 250). 

 

 

 

3. RESULTS AND DISCUSSION 

 
 

Figure 1. Cyclic voltammograms recorded (a) in a 0.01 M CuSO4 + 0.1 M Na2SO4 solution (pH = 1, 

scan rate: 100 mV·s-1); (b) at various scan rates in a static solution (0.01 M CuSO4 + 0.1 M 

Na2SO4, pH = 1); (c) in a solution magnetically agitated at various speeds (0.01 M CuSO4 + 0.1 

M Na2SO4, pH = 1, scan rate: 100 mV·s-1); (d) in a solution stirred with flowing bubbles as 

various rates (0.01 M CuSO4 + 0.1 M Na2SO4, pH = 1, scan rate: 100 mV·s-1). 
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Figure 1a shows a representative cyclic voltammogram (CV) of Cu2+ ions in an acidic sulfate 

solution (0.01 M CuSO4 + 0.1 M Na2SO4, pH = 1). The CV curve started negatively at 0.60 V (vs. SCE) 

and was reversed at -1.0 V for the anodic scan.  During the negative scan, a current peak (C1) centered 

at about -0.25 V (vs. SCE) can be observed, which corresponds to the reduction from Cu2+ to Cu (Eq. 1) 

[20-24]. Correspondingly, an anodic peak (A1) at approximately -0.1 V is related to the dissolution of 

deposited Cu to Cu2+ ions on the working electrode [23, 25]. The gap in potentials for the deposition and 

dissolution of Cu is in good agreement with the value in the literature [26]. The CV curve characterized 

as a crossover of the cathodic and anodic branches at about -0.1 V, which is a fingerprint of the formation 

of copper nuclei on the electrode [25-27]. This phenomenon is attributed to the dynamic characteristics 

of the deposition and oxidation of copper species. An overpotential is needed for the deposition of Cu 

due to the structural mismatch of glassy carbon and Cu, which is not a requisite for the reoxidation of 

Cu deposits [25, 27, 28]. Cathodic current (C2) starting at about -0.8 V is ascribed to the reduction of H+ 

ions (Eq. 2) [22]. This means that the release of H2 is less favorable since C2 is far more negative than 

the reduction of Cu2+ ions (C1). 
2+Cu 2e Cu                             (1) 

 
+

22H 2e H                             (2) 

2+Cu Cu 2e                             (3) 

Figure 1b shows CV curves measured at various scan rates from 20 to 100 mV·s-1. The intensity 

of A1 (Ipc) was plotted as a function of the square root of scan rates ( v 1/2) (the inset in Figure 1b). The 

linear relationship between Ipc and v 1/2 indicates that the reduction from Cu2+ to Cu is controlled by mass 

transfer [25, 28]. Moreover, the value of current at v 1/2 = 0 reveals the involvement of a nucleation 

process during the reduction. It is controlled by mass transport of electroactive species [25, 28]. 

The diffusion of Cu2+ ions deserves more attention during the electrowinning process. As 

reported by our previous work [29], a flow of gaseous bubbles is an effective method to accelerate the 

migration of Co2+ ions, so a flow of bubbles was introduced into the electrowinning of Cu2+ ions. In 

addition, magnetic agitation was also employed to promote mass transportation of Cu2+ ions. Figure 1c 

shows CV curves recorded with the assistance of magnetic agitation. The cathodic current obtained at 

40 rpm did not increase obviously from the current recorded in the static electrolyte since the rotating 

speed was not adequate to influence the diffusion of Cu2+ ions. Subsequently, a limiting cathodic current 

appeared from -0.25 V downwards when the rotating speed was higher than 80 rpm.This implies that 

Cu2+ ions consumed in the reduction can be simultaneously supplied by agitating the ions towards the 

substrate. The limiting current increased with the rotating speed of the rotor. Meanwhile, the oxidation 

peak of Cu deposit was also enhanced. The phenomenon is similar to the phenomenon of reducing tin  

ions on a rotating electrode [30]. Both magnetic agitation and a rotating electrode can accelerate the 

transport of electroactive species during the reduction processes. However, magnetic agitation may be 

more effective in driving Cu2+ ions towards the substrate by stirring the electrolyte. Similarly, a limiting 

cathodic current can be observed once a flow of Ar bubbles is introduced into the reduction process 

(Figure 1d). This means that the gaseous bubbles can also promote the transport of Cu2+ ions for 

electrowinning.  

Current transients were recorded by applying the potentials in the range of the descending branch 
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of C1 (Figure 2a). The current increased abruptly after the charging of the double layer within a short 

duration and decayed gradually after a maximum value. The evolution of current transients can be 

characterized by the typical mode proposed by Scharifker and Hill [3, 30, 31], in which a new phase was 

formed electrochemically by a diffusion-controlled process of depositing species from the bulk 

electrolyte. As a three-dimensional nucleation process controlled by hemispherical diffusion, it can be 

classified as instantaneous and progressive nucleation [3, 29, 31]. The models can be described by the 

nondimensional expressions in Eqs. (4) and (5), where I is the current and Im is the maximum value of 

the current. t represents time, and tm is the time corresponding to Im.  

 

 

 
 

Figure 2. (a) Current transients and (b) nondimensional (I/Im)2 vs. t/tm curves obtained for the reduction 

of Cu2+ ions in a static solution (0.01 M CuSO4 + 0.1 M Na2SO4, pH = 1); (c) current transients 

and (d) nondimensional (I/Im)2 vs. t/tm curves for the reduction of Cu2+ ions in a magnetically 

agitated solution (40 rpm, 0.01 M CuSO4 + 0.1 M Na2SO4, pH = 1). 

 

For instantaneous nucleation 
-22 -1

m m m

1.9542 1 exp -1.2564
I t t

I t t

        
        

        

           (4) 

and for progressive nucleation 
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          (5) 

The theoretical curves and the corresponding data were plotted together to determine the mode 

of nucleation that occurred in the electrochemical process (Figure 2b). Initially, the experimental data fit 

reasonably well to the instantaneous nucleation model. The nucleation model for Cu2+ reduction is 

predominantly instantaneous. However, the data deviate from the instantaneous nucleation model with 

the extension of t/tm, where the values of (I/Im)2
 are higher than the theoretical values predicted by the 

model. The deviation is related to several factors, such as the pH values, the concentration of Cu2+ and 

the geometry of copper nuclei [20, 27]. The current measured in a magnetically agitated solution is 

relatively higher than those in Figure 2a. Moreover, the decay of current following the maximal value is 

less apparent even though the measurements were conducted at the same potential. It indicates that the 

mass transfer of Cu2+ ions was promoted by magnetic agitation. Though the nucleation mode was not 

changed by the agitation (Figure 2d), the characteristics of Cu nuclei may change because the geometry 

of copper nuclei is related to the variation in (I/Im) from the theoretical mode [20, 27]. 

 

 

 
 

Figure 3. Digital photos of the samples prepared for various durations in a (a) static; (b) magnetically 

agitated (480 rpm); (c) bubbly stirred (150 mL·min-1) electrolyte. (Current density: at 10 mA·cm-

2, composition of electrolyte: 0.39 mol·L-1 Cu2SO4 and 1.74 mol·L-1 H2SO4, T = 32 °C) 

 

Electrowinning of Cu2+ ions was carried out in a 0.39 M CuSO4 + 1.74 M H2SO4 solution with a 

current density of 10 mA·cm-2. Figure 3a exhibits digital photos of the samples obtained for various 

durations in a static solution. The Cu deposit presents a smooth and compact surface at the initial stage 

of electrowinning (1 h and 3 h), which is consistent with the deposit obtained in the literature [1, 3]. The 

smooth surface may be attributed to the fine primary crystals formed on the substrate. Then some 
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dendrites appeared at the edge of the sample (5 h). This phenomenon is due to the inhomogeneous 

distribution of current on the substrate. After 24 h of electrowinning, most of the surface was covered by 

dendritic particles, generating a loose and porous microstructure. Then many crystals grew extendedly 

towards the electrolyte to form a spinous morphology when the duration was 72 h. In general, dendritic 

growth is a common phenomenon once electrowinning is carried out in a static solution. This 

phenomenon may quite differ from the results in previous work since organic additives were not utilized 

in this study [32].  The formation of dendrites involves the inclusion of impurities in Cu deposits, which 

severely influences the purity and quality of the product. Moreover, it was found that the CuSO4 

electrolyte tended to be entrapped in the porous deposit even if it was thoroughly rinsed with deionized 

water.  

 

 

 
 

Figure 4. XRD patterns of the samples prepared for various durations in a (a) static; (b) magnetically 

agitated (480 rpm); (c) bubbly stirred (150 mL·min-1) electrolyte. (Current density: at 10 mA·cm-

2, composition of electrolyte: 0.39 mol·L-1 Cu2SO4 and 1.74 mol·L-1 H2SO4, T = 32 °C) 

 

Subsequently, magnetic agitation (480 rpm) and flowing bubbles (150 ml·min-1) were employed 

for electrowinning of Cu2+ ions. The dendritic growth of the copper deposits basically disappeared once 

the solution was agitated magnetically by a rotor (Figure 3b). A compact Cu deposit was prepared, 

although some geological concavities and convexities existed on the surface. As well, Cu deposit without 

concavities and convexities can be produced once an upwards flow of bubbles is utilized in the 
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electrowinning process (Figure 3c). It can be concluded that both magnetic agitation and flowing bubbles 

can eliminate the growth of dendrites to produce compact deposits, in which a bubbly flow is more 

effective. This issue can be explained by the improvement of micron-sized bubbles for the diffusion of 

Cu2+ ions and the growth of Cu crystals in comparison to a rotating rotor. 

Figure 4a shows XRD patterns of the samples electrowon for various durations in a static solution. 

Three typical diffraction peaks were detected at approximately 43.3°, 50.4° and 74.1°, which can be 

assigned to the (111), (200) and (220) planes of Cu with a cubic structure (JCPDS#04-836), respectively. 

Initially, the (111) plane was the most preferred orientation (1 and 3 h). Then, the (220) plane started to 

grow preferentially with the extension of duration (24 h). After 48 h of electrowinning, the (220) 

diffraction peak became the most predominant, and the (111) diffraction peak changed to a low bump. 

This transition implies that the preferential growth of copper deposits changed at the electrowinning 

proceeded. The (200) plane is the most preferred once organic or inorganic impurities do not exist in the 

electrolyte [3, 33]. 

The transformation of preferential growth between the (111) and (220) planes also occurred when 

electrowinning was conducted in the magnetically agitated solution (480 rpm). The (111) plane grew 

preferentially during the initial electrowinning since the nucleation mode of Cu was not changed by 

employing magnetic agitation (Figure 4b). Nevertheless, the preferential growth of the (220) plane was 

obvious after 12 h of electrowinning. The diffraction peaks of the (220) plane are sharper and better 

defined than those in Figure 4a. These aspects prove that magnetic agitation of the electrolyte can 

promote the growth of copper crystals on the Ti substrate. This consequence can also be achieved by 

introducing upward flowing bubbles (150 ml·min-1) into the electrowinning process (Figure 4c). The full 

width half maximum (FWHM) of the (220) plane for the samples deposited for 48 h was measured to 

estimate the crystallinity of Cu deposits. The FWHM of the (220) plane for the deposit prepared by 

magnetic agitation (0.071°) or flowing bubbles (0.103°) is less than the value for the deposit obtained in 

a static electrolyte (0.116°). Correspondingly, the crystal sizes of the Cu deposit are 423.9, 292.2 and 

259.4 nm, according to the Debye-Scherrer formula. The agitation and flowing bubbles are available for 

the evolution of crystals of Cu deposits. In comparison, magnetic agitation is more effective in promoting 

the evolution of copper crystals. In addition, the size of Cu crystals is obviously larger than those reported 

in the literature [3, 34, 35].  

Figures 5a-5d show SEM images of the samples electrowon for 1, 3, 24 and 48 h in a static 

solution. The deposit after 1 h of electrowinning is composed of bulk particles less than 10 μm (Figure 

5a). The Cu particles are not uniform, which is in agreement with the results in the  literature [15, 33, 

36]. In addition, many particles less than 1 μm are present along the boundaries of the bulk particles (the 

inset in Figure 5a), forming an inhomogeneous morphology. This phenomenon proves that Cu nuclei 

were continuously formed in this period. Subsequently, both the bulks particles and the smaller particles 

evolved into larger particles when the duration was extended to 3 h (Figure 5b). A coarse and porous 

structure was formed once dendritic particles appeared on the substrate (Figures 5c and 5d). The dendritic 

deposit was easily detached from the substrate and aggregated at the bottom of the electrolytic cell. The 

coarse and porous structure will decrease the purity of the Cu deposits since the impurities and electrolyte 

can be trapped inside.  

The morphologies of the samples electrowon for 1, 3, 24 and 48 h in a magnetically agitated 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210416 

  

9 

solution are shown in Figures 5e-5h. The size of particles prepared for 1 h (Figure 5e) did not vary 

obviously in comparison with that prepared in a static solution (Figure 5a). However, Cu nuclei near the 

boundaries of bulk particles are less detectable (the insets in Figures 5e-5f). The particles deposited for 

longer durations (Figures 5f-5h) are more uniform than those in Figures 5b-5d. This morphological 

evolution of the Cu deposit is similar to that of the Cu deposit by introducing a jet flow into the 

electrowinning of Cu2+ ions [15]. Furthermore, dendritic growth of the Cu deposits did not appear on the 

substrate. The secondary nucleation of Cu along the boundaries of the deposits was effectively restrained 

with the assistance of agitation. The porous structure induced by dendritic growth was also avoided. As 

indicated by the inset in Figures 5f-5g, many small convexities can be observed on the surface of Cu 

particles. The reason for the formation of convexities is probably related to the direction of the agitation. 

This situation can be improved once the duration is extended to 48 h (Figure 5h).  

 

 

 
 

Figure 5. SEM and enlarged SEM images of the samples prepared at 10 mA·cm-2 for (a) 1; (b) 3; (c) 24; 

(d) 48 h in a static electrolyte; (e) 1; (f) 3; (g) 24; (h) 48 h in a magnetically agitated electrolyte 

(480 rpm); (e) 1; (f) 3; (g) 24; (h) 48 h in a bubbly stirred (150 mL·min-1) electrolyte. (Current 

density: at 10 mA·cm-2, composition of electrolyte: 0.39 mol·L-1 Cu2SO4 and 1.74 mol·L-1 H2SO4, 

T = 32 °C) 

 

Figures 5i-5l present SEM images of the samples deposited for 1, 3, 24 and 48 h after the 

introduction of flowing bubbles. The particles prepared for 1 h (Figure 5i) are relatively smaller and 

more uniform than those in Figures 5a and 5e. This means that the flowing bubbles are more beneficial 

for the nucleation of Cu at the initial stage of electrowinning. Then, the particles evolved into bigger 

crystals as the electrowinning proceeded (Figure 5j and 5k). The deposit produced for 48 h is compact 

and composed of Cu crystals larger than 50 μm (Figure 5l). Furthermore, secondary nucleation along the 

boundaries of Cu crystals was basically prevented (the insets in Figures 5i and 5j). The deposit consists 

of well-defined crystals with the assistance of flowing bubbles.  

The weight of the Cu deposits was measured, and the current efficiency was calculated by 

comparing the weight with the charges consumed during the electrowinning processes (Figure 6a). The 
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weight of Cu deposits gained in different processes is almost the same. Additionally, the current 

efficiency is generally maintained at more than 99 %. Figure 6b displays the variation in cell voltage 

after 24 h of electrowinning without and with the assistance of magnetic agitation/flowing bubbles. The 

cell voltages increased to some extent after the introduction of magnetic agitation or upward flowing 

bubbles. This may be attributed to the existence of whirlpools or micron-sized bubbles in the cell, which 

enhance the resistance between the anode and the cathode.  

 

 

 
 

Figure 6. (a) Weight of Cu deposit and current efficiency in various electrowinning processes; (b) 

variation in cell voltage recorded during 24 h of electrowinning. 

 

 

 
 

Figure 7. Digital photos of the samples obtained (a) at various current densities for 5 h (flow rate: 150 

ml·min-2, T = 32 °C); (b) at various flow rates of gas for 24 h (current density: 10 mA·cm-2, T = 

32 °C); (d) with the assistance of CO2 bubbles for 3 and 24 h (flow rate: 150 ml·min-2, current 

density: 10 mA·cm-2, T = 32 °C). 
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The upward-flowing bubbles are available for the development of compact deposits composed 

of uniform and well-defined crystals. To provide more evidence for this deduction, Cu samples were 

also prepared by varying the electrowinning parameters. Figure 7a shows digital photos of the samples 

prepared at current densities of 5, 20, 25 and 40 mA·cm-2 with the assistance of flowing bubbles (150 

ml·min-1). Uniform and compact samples were produced below 25 mA·cm-2. However, some nodular 

particles started to appear on the substrate when the current density was 40 mA·cm-2. It seems that the 

effect of flowing bubbles was limited since the growth of secondary nuclei and the uniform current 

distribution probably took place at higher current densities. Afterwards, the flow rate of bubbles was 

adjusted to 50, 100 and 400 ml·min-1 for 24 h (Figure 7b). The dendritic growth of Cu was relieved once 

the bubbly flow was introduced into electrowinning at a rate of 50 ml·min-1. This trend is more obvious 

by increasing the flow rate. Finally, the source of gaseous bubbles was replaced by CO2. Compact and 

smooth Cu deposits were also prepared with the assistance of CO2 bubbles (Figure 9c). Therefore, the 

positive effect of flowing bubbles may be derived from the interaction between the micron-sized bubbles 

and Cu nuclei instead of the type of molecules inside the bubbles.  

 

 

4. CONCLUSIONS 

Electrowinning of Cu2+ ions was conducted in a CuSO4-H2SO4 solution by employing magnetic 

agitation and upward flowing bubbles in the process. Mass transport of Cu2+ ions towards the cathode 

was effectively accelerated by agitation and micron-sized bubbles. Primary nucleation and the 

subsequent growth of Cu deposits can be promoted, though the instantaneous mode of nucleation was 

not altered. Moreover, the occurrence of secondary nucleation on the deposited Cu particles was hindered. 

The growth of dendritic particles that commonly occurs in static solution can also be eliminated. Both 

the morphology and the preferential growth of Cu deposits can be modified by magnetic agitation and 

flowing bubbles. Finally, a compact and smooth Cu deposit consisting of well-defined crystals can be 

achieved, which is beneficial for producing high-purity Cu. The positive effect of flowing bubbles is 

attributed to the dynamic interaction between the micron-sized bubbles and the Cu nuclei. 
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