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Abstract Information about the copper electrodeposition

mechanism at different pH values was obtained using an

electrochemical quartz crystal microbalance (EQCM)

technique, as well as potentiodynamic, potentiostatic, and

electrochemical impedance spectroscopy (EIS) techniques.

In agreement with the measurements obtained from the

EQCM and potentiostatic experiments, an intermediate

Cu? species and a CuO layer are formed. Simultaneous

mechanism of direct reduction of Cu2? and copper oxide

(CuO) reduction at pH 2.0 and 4.5 occur. The EIS exper-

iment shows a diffusion-controlled process by the presence

of a Warburg element, a CPE related to the irregular

metallic copper electrodeposition, and a resistance of the

electrodeposit.
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1 Introduction

Li-ion batteries are currently gaining good market partici-

pation due to having a higher power density than either

Ni–Cd or Ni–MH batteries [1]. Between 2000 and 2008,

the annual production of these batteries increased by 800%

and it is predicted to increase even more next years [2]. The

composition of Li-ion batteries presents the cathode

formed by LiCoO2 on a current collector of aluminum. The

electrolyte of these batteries is an inorganic salt of Li

dissolved in a solvent or a mixture of organic solvents. The

anode is usually formed by carbon materials on a current

collector composed of copper [3]. Li-ion battery recycling

has great importance for environmental protection; how-

ever, economic factors should also be considered. In the

USA, Japan, France, Germany, and Sweden, battery recy-

cling is a successful practice. For these regions, it is useful

to study the established recycling processes of Li-ion bat-

teries [4]. The spent batteries can be recycled by pyro-

metallurgical or hydrometallurgical processes. The

pyrometallurgical process is undesirable due to the emis-

sion of toxic gases into the environment. The hydromet-

allurgical process is thus more favorable from an

environmental conservation viewpoint. In the hydrometal-

lurgical process, after battery dismantling occurs, the

electrodes are dissolved in concentrated acids. After this

stage, the metal ions in the resultant solution can be

recovered by one of three methods: precipitation, extrac-

tion, or electrodeposition. Electrochemical recycling is a

viable process for the production of copper metallic films,

alloys, and multilayer deposits with controlled structure

and morphology. For this reason, part of copper electro-

chemical recycling is the study of its electrodeposition

mechanism. To study electrochemical recycling, it is nec-

essary to analyze the mechanism of copper electrodepos-

ition at different solution pHs. The production of metallic

copper is accomplished predominantly via electrodeposit-

ion in aqueous solution [5].

The EQCM technique is very effective in the study of

the mechanism of metal electrodeposition for thin films. In

EQCM technique, the mass variation is calculated by the

Sauerbrey equation (Eq. 1),
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where f0 is the resonance frequency of the quartz crystal, A

is the piezoelectric active area, li is the quartz shear

modulus, K is the experimental mass coefficient, and qi is

the density of quartz.

Some authors [5–8] have studied electrodeposition per-

formed with the aid of the EQCM and have also observed

that, in acidic solutions, copper electrodeposition can be

performed by direct deposition (DD), which is related to

the direct reduction of Cu2? to Cu, as seen in Eq. 2:

Cu2þ
aqð Þ þ 2e� ! Cu sð Þ ð2Þ

The theoretical mass/charge (m/z) value for reaction (2) is

equal to 31.81 g mol-1 (MCu
2?/2e-).

Copper electrodeposition can be performed by a two-

step deposition, from Cu2? to Cu? and then to Cu, as seen

in Eqs. 3 and 4. The theoretical m/z values for reactions (3)

and (4) are both equal to 63.6 g mol-1 (MCu
n?/1e-).

Cu2þ
aqð Þ þ e� ! Cuþaqð Þ ð3Þ

Cuþaqð Þ þ e� ! Cuþsð Þ ð4Þ

In the copper electrodeposition process, the interface

electrode solution becomes alkaline due to water reduction.

The local alkalization that occurs in the interface electrode

solution can provoke the precipitation of CuO and Cu2O,

as shown in the Pourbaix diagram for copper in an

aqueous system (Fig. 1). Copper electrodeposition can be

performed by the reduction of copper oxide with an

increase in pH at the interface, as seen in Eqs. 5 and 6.

Cu sð Þ þ 2H2O lð Þ ! Cu2þ
aqð Þ þ H2 gð Þ þ 2OH�aqð Þ þ 4e� ð5Þ

2Cu2þ
aqð Þ þ H2O lð Þ þ 2e� ! Cu2O sð Þ þ H2Oþaqð Þ ð6Þ

Gabás and Bijani [9] studied the process of formation of

thin films for nanostructural copper. The authors demon-

strated that copper electrodeposition could be performed

with the formation of Cu2O layers, related to the increase

in the interface pH value, in accordance with Eq. 7.

2Cu2þ
aqð Þ þ 2e� þ 2OH�aqð Þ ! Cu2O sð Þ þ H2O lð Þ ð7Þ

Electrochemical impedance spectroscopy (EIS) has great

effectiveness in the study of interfacial processes and the

characterization of porous electrodes. When used in

electrochemical systems, EIS can provide information

about the kinetics of electrode processes and the structure

of the electric double layer. Hence, it has been employed

in the study of corrosion, batteries, electrodeposition,

and electro-synthesis. Previous research in copper electro-

deposition found that, in EIS, the copper electrodeposits

showed two interfaces: one related to a metallic copper layer

and another to an oxide layer, normally Cu2O [8, 10–12].

In this study, the EQCM technique was used together

with impedance spectroscopy, and potentiodynamic and

potentiostatic techniques to obtain information about the

electrodeposition mechanism for copper from the anodes of

spent Li-ion batteries.

2 Experimental procedure

2.1 Preparation of electrodeposition solutions

Spent Li-ion batteries were physically dismantled and

separated into their different parts: anode, cathode,

organic separators, steel compartment, and current col-

lectors. The negative electrode (copper ? carbon mate-

rial) was separated. This material was dried in air at

120 �C for 24 h to evaporate organic compounds present

in the electrolyte solution, such as ethylene carbonate and

propylene carbonate. The current collector was also sep-

arated from the active material. The copper current col-

lector was then washed with distilled water at 40 �C to

eliminate lithium salts also present in the electrolyte. A

mass of 9.21 g of current collector was dissolved in a

solution containing 470.00 mL of 3.00 mol L-1 H2SO4,

and 30.00 mL of 30% v/v H2O2, and the system was kept

under magnetic stirring at 60 �C for 2 h. The addition

of H2O2 is necessary to increase the efficiency of copper

dissolution, since copper is partially insoluble in H2SO4

solutions. The carbon active material was separated by

filtration from the leaching solution. All experimental

procedures can be seen in Fig. 2. Equation 8 shows the

entire process:

Cu sð Þ þ H2SO4 aqð Þ þ H2O2 aqð Þ ! CuSO4 aqð Þ þ 2H2O lð Þ

ð8Þ
The pH of the leaching solution was adjusted with KOH

pellets to 2.0 or 4.5. The solutions were buffered with

0.10 mol L-1 H3BO3, and 0.5 mol L-1 K2SO4 was addedFig. 1 Pourbaix diagram for copper in aqueous solutions
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as a supporting electrolyte. The ionic copper concentration

in the baths was equal to 0.00098 mol L-1, as measured by

inductively coupled plasma mass spectroscopy. The copper

solution was submitted to a nitrogen flux for 30 min to

eliminate the presence of oxygen.

2.2 Electrochemical measurements

Potentiostatic and EQCM studies were performed in an

E.G & G PAR 263A with a SEIKO QC A917 frequenci-

meter. The fundamental frequency of the quartz crystal

was 8.996 MHz (SEIKO). The working and auxiliary

electrodes were made of platinum and the reference

electrode was Ag/AgCl/KCl saturated. Potentiostatic

experiments were performed by applying potentials of

-0.20, -0.30, and -0.40 V for 30 s for copper reduction.

Potentiodynamic experiments were performed with an

initial potential range of 0.00 to -0.80 V, a reverse scan

to ?1.00 V, and a return to the initial potential. The scan

rate was equal to 20.00 mV s-1. EIS was performed in an

AUTOLAB PGSTAT 100 with an EIS module, in the

frequency range of 1.0 MHz to 0.1 mHz with an ampli-

tude of 10 mV in 0.5 mol L-1 H2SO4 to avoid possible

copper spontaneous deposition. The working electrode

was Pt (0.07 cm2). The counter electrode was made of

graphite (3.00 cm2) and the reference electrode was

Ag/AgCl/KCl saturated.

3 Results and discussion

3.1 Potentiostatic and EQCM measurements

Figure 3a shows the voltammogram for copper electrode-

position at pH 2.0. After an applied potential of -0.3 V,

the current density remained constant until reaching a

potential of -0.5 V. The non-dependence between the

current and the potential observed in Fig. 3a can be

attributed to a diffusion-controlled process or to copper

oxide film formation. For the dissolution process, in the

range of ?0.6 to ?0.8 V, the results show two regions due

to the formation of an intermediary Cu? compound, and

the formation of a copper oxide. The voltammogram curve

obtained for copper electrodeposition at pH 4.5 presents

similar behavior (Fig. 3b). In this case, two peaks can be

seen at -0.4 and -0.5 V, due to the reduction of Cu2? to

Cu? and Cu. At potentials from -0.5 to -0.75 V, the

current density remained constant. This behavior can be

attributed to a diffusion-controlled process or to copper

oxide film formation. Again, in the anodic region, there are

two peaks for dissolution, suggesting a two-step process for

dissolution of this electrodeposit.

Potentiostatic and EQCM measurements were per-

formed. Figure 4a, b shows typical chronoamperometric

plots for Cu2? electrodeposition in acidic solution. In the

copper electrodeposition, a transient current was observed

as soon as the potential was turned on. The transient

Fig. 2 Experimental procedure

scheme for the preparation of

copper solutions
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current density reaches its maximum value, due to the

nucleation and growth of the electrodeposit. The current

density decreased with the increase in deposit surface area.

As a result, the current led to lower cathodic values with

increasing electrodeposition time [13].

The variations of m/z as functions of time for the

chronoamperogram plots are shown in Fig. 5. Experimen-

tal m/z values were compared with theoretical values

obtained for mechanisms of more probable reactions. The

m/z values for this process, as seen in Fig. 5a, b, show the

presence of Cu? species (63.03 g mol-1) in an initial stage,

quickly turning to DD. In Fig. 5a, b, the presence of a m/z

values equals to 39.05 and 39.55 g mol-1, respectively, is

an indicative of the presence of a CuO layer close to the

value of the theoretical m/z (39.75 g mol-1). As shown in

Fig. 5, it was observed that experimental m/z values

obtained during copper electrodeposition in solutions at pH

2.0 and 4.5 moved toward a value of 36.00 g mol-1 as the

deposition advanced. This result suggests that deposition is

occurring in agreement with the mechanism of DD of

metallic copper, as described by Eq. 2, and with an

increase in pH at the interface, which leads to a reduction

of the CuO layer.

The electrodeposition process that occurs with ionic

copper can be analyzed in different stages. In the first stage,

the reduction mechanism of the ionic copper is represented

by Eqs. 3 and 4. Equations 9–11 describe the electrode-

position process through formation of a copper oxide

intermediate. The DD that occurs simultaneously with

copper oxide deposition, which is related to the direct

reduction of Cu2? to Cu, is represented by Eq. 2.

2H2O lð Þ þ 2e� ! H2 gð Þ þ 2OH�aqð Þ ð9Þ

Cu2þ
aqð Þ þ 2OH�aqð Þ ! CuO sð Þ þ H2O lð Þ ð10Þ

CuO sð Þ þ 2Hþaqð Þ þ 2e� ! Cu sð Þ þ H2O lð Þ ð11Þ

EQCM curves for copper electrodissolution at both pH

values were made to explain the anodic peaks observed in the

voltammogram (Fig. 2), which is shown in Fig. 6a, b. The
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Fig. 3 Cyclic voltammogram curves obtained at a copper concen-

tration of 0.001 mol L-1, with 2.7, H3BO3 0.10 mol L-1 as buffer.

The potential scan rate was 20.00 mV s-1, a pH = 2.0, b pH = 4.5
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Fig. 4 Chronopotentiometry for copper electrodeposition at E =

- 0.3 V with [Cu2?] = 0.001 mol L-1, t = 30 s and H3BO3 as a

buffer at a pH = 2.0, b pH = 4.5
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electrodes were polarized at ?1.00 V. At pH 2.0, the m/z

values equal to 64.34 g mol-1 obtained in the initial process

turned to 32.21 g mol-1 (Fig. 6a). This result indicates that

metallic Cu dissolution occurs through the formation of an

intermediate Cu1? in the solution. This fact can also suggest

that the presence of an intermediate Cu? species is fast,

leading to direct dissolution [13–15]. At pH 4.5, the m/z

value encountered was 61.67 g mol-1 for as long as

electrodissolution was performed (Fig. 6b). This value was

equal to 27.25 g mol-1 in the final steps. The copper

deposited is not totally dissolved. This indicates that at pH

4.5 the copper oxide layer is a more resistive electrodeposit

than at pH 2.0. Experimental m/z values were lower than the

theoretical values owing to the oxygen reaction, which

decreases the efficiency for copper electrodissolution.

3.2 EIS measurements

The Nyquist and Bode plots of the EIS experiments for

copper electrodeposited at pH 2.0 (Fig. 7a) and 4.5

(Fig. 7b) onto a Pt working electrode (0.07 cm2) are shown

in Fig. 7. The open-circuit potential (Eoc) at which the

experiment was performed was equal to 0.020 V

(pH = 2.0) and 0.019 V (pH = 4.5). A semi-circle aspect

is first observed in the Nyquist plot, followed by a straight

line whose tangent to the real axis is 45�. The straight line

whose tangent to the real axis is 45� is related to a Warburg

diffusion process. From the Bode Plot, it can be seen that

the phase angles change slightly with frequency, and that

no characteristic frequency can be identified in the 1.0–

10 Hz interval at pH 2.0 or the 0.10–1.0 Hz interval at pH

4.5. This is a characteristic of the capacitance dispersions

represented by the constant phase element (CPE). The CPE

is related to the irregular metallic copper electrodeposition.

This process occurs by the change in electrode surface,

where nuclei are formed and deposits appear in a non-

homogeneous form. When the kinetic process is not the

determinant in the electrodeposition process, Warburg

impedance occurs, leading to a diffusion process [16, 17].

Warburg impedance represents the diffusion of H? ions
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Fig. 5 EQCM results for copper electrodeposition with [Cu2?] =

0.001 mol L-1, with v = 20 mV s-1 and H3BO3 as a buffer at a
pH = 2.0, b pH = 4.5
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Fig. 6 Potentiostatic electrodissolution of copper deposits under

E = ? 1.00 V with [Cu2?] = 0.001 mol L-1, t = 30 s and H3BO3

as a buffer at a pH = 2.0, b pH = 4.5
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from the electrolyte to the pores of copper and the copper

oxide porous layer.

The simulation of the circuit performed in FRA software

can be seen in Fig. 8, where Rs is the solution resistance, Rp

is the polarization resistance, Q is the CPE, and W is the

Warburg impedance.

Tables 1 and 2 show the circuit element values associ-

ated with the electrodeposition of copper at pH 2.0 and 4.5.

Table 1 shows the circuit element values for copper elec-

trodeposited onto Pt at an applied charge density of

3.0 C cm-2 in both pH cases. The value of the polarization

resistance (Rp) is higher for copper electrodeposited at pH

4.5 than at pH 2.0. The increase in the polarization resis-

tance at pH 4.5 occurs due to the formation a resistive layer

of CuO. The EIS are totally compatible with the EQCM

measurements (Fig. 6). By monitoring the increase in
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Fig. 7 Nyquist and Bode plots for copper electrodeposition with an

amplitude of 10 mV and a frequency range of 1.0 MHz to 0.1 mHz

on a Pt substrate (0.07 cm2). a pH = 2.0, b pH = 4.5

Fig. 8 Equivalent circuit for copper electrodeposition in the EIS

experiment

Table 1 Circuit-element values of EIS of copper electrodeposition

for q = 3.0 C cm-2, at pH = 2.0 and 4.5

Element pH = 2.0 pH = 4.5

Value Error (%) Value Error (%)

Rs (X cm-2) 1.82 6.03 1.555 8.41

Rp (X cm-2) 12.4 6.08 104.3 3.09

Q (lF)n 3.94 9 10-4 11.1 6.09 9 10-4 9.40

n 0.7834 2.77 0.678 2.03

Wo - R 29.9 12.1 31.1 3.21

Table 2 Circuit-element values of EIS experiment of copper elec-

trodeposition for q = 5.0 C cm-2, at pH = 2.0 and 4.5

Element pH = 2.0 pH = 4.5

Value Error (%) Value Error (%)

Rs (X cm-2) 1.909 6.483 1.554 8.825

Rp (X cm-2) 23.89 10.512 60.25 3.120

Q (lF)n 0.0004506 12.109 0.0008372 11.278

n 0.75367 3.7011 0.65473 2.5131

Wo - R 42.15 7.1329 45.12 7.996
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charge density from 3.0 to 5.0 C cm-2, and maintaining a

constant pH at 2.0, we have verified that the polarization

resistance increases due to the increase in the CuO layer.

This result was also expected at pH 4.5. However, with the

increase in charge density, the Rp value decreases (104.3–

60.25 C cm-2). The decrease in the polarization resistance

is indicative that a more porous electrodeposit is formed at

pH 4.5 with the increase in the charge density. The n values

do not approach those of an ideal capacitor (1.0). This

deviation is related to a heterogeneous surface [8, 18, 19].

The EIS resulted in measurements compatible with

those obtained from the potentiodynamic and EQCM

experiments.

4 Conclusions

Using an EQCM, we have verified the mechanism for

copper electrodeposition and correlated it with solution pH,

electrochemical conditions, and EIS. EQCM and poten-

tiostatic experiments show that the intermediate Cu? and a

CuO layer are present in the mechanism of copper elec-

trodeposition. Copper potentiostatic electrodeposition at

pH 2.0 and 4.5 occurs via simultaneous mechanisms of

direct reduction and copper oxide reduction. The poten-

tiostatic dissolution of copper shows that, at pH 2.0, almost

100% of the electrodeposit was dissolved, and whereas at

pH 4.5, there is a resistive layer of CuO that does not

dissolve. EIS experiments show a diffusion-controlled

process by the presence of a Warburg element, a CPE

related to the irregular metallic copper electrodeposition,

and a resistive CuO layer.
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