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Abstract. In this article, we have reported the electrochemical deposition behaviour of copper and copper oxides on
aluminium substrate from ionic liquids (ILs) and for the first time from deep eutectic solvents (DESs) based lithium. The
electrodeposition tests were performed using pyrrolidinium acetate ([pyrr][CH3COO]) and pyrrolidinium hydrogen sulphate ([Pyrr][HSO4]) ILs and two DES based on N-methylacetamide (NMA) and lithium salt LiX imide (X = bis
[(trifluoromethyl) sulphonyl] imide (TFSI) and nitrate (NO3)). The electrochemical behaviour of copper and copper
oxides were investigated by cyclic sweep voltammetries. All the experimental tests were carried out at 50°C and a
concentration of 0.02 M of copper acetate. The related samples were analysed by scanning electron microscopy, energy
dispersive X-ray spectroscopy, X-ray diffraction and Raman spectroscopy. The experimental results showed that the
copper can be electrochemically reduced in solid state in either Ls or DES. For IL of [Pyrr][HSO4], structural characterization showed the formation of CuO films as an effect of annealing (in air at 600°C for 30 min). In the deep eutectic
melt, a mechanism for this reduction process has been proposed based on the formation of unstable copper oxide.
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Introduction

Copper electrodeposition was for a long time an important
topic due to the interest that copper coatings have a wide
range of applications. This has been reinforced yet more by
the massive use of copper in the electronics industry.
However, this electrodeposition in aqueous solvents is
limited by reactions that control the potential window, i.e.,
those involving the oxidation and reduction of the solvent
[1,2].
In the last decade, in electrochemistry, ionic liquids (ILs)
are considered as new solvents for electrodeposition of
metals due to their low vapor pressure and because in most
cases they are a less environmentally hazardous option
[3,4].
Ionic liquids are liquid at low temperature, typically
consisting of an organic cation with an inorganic or organic
anion. ILs are considered as promising solvents to replace
the traditional organic solvents because of their properties,
so they have been increasingly investigated in electrochemical applications. A novel class of liquids have been

founded, named deep eutectic solvents (DES), based on
mixtures of choline chloride and hydrogen bond donors.
These liquids can solvate many different metal salts and
metal oxides, hence they are being an important solvent for
electrodeposition processes [4,5].
The DES solvents are good electrolytes for electrochemical applications, having many number of same
properties of room temperature ILs, especially the good
solvation of many metal salts and the high ionic conductivity. The electrochemical potential windows of DESs are
remarkably larger than that of aqueous electrolytes. So these
solvents can be used for the electrodeposition of metals,
which cannot be deposited from aqueous solutions with
absence of the drawbacks caused by the simultaneous
electrolysis of water [6].
So, in this study and for the first time the preparation and
the use of these solvents (two ILs ([pyrr][CH3COO] and
[Pyrr][HSO4]) and two DES solvents (LiTFSI/NMA and
LiNO3/NMA)) as baths for electrodeposition. Following the
electrochemical behaviour, we examined if copper or its
oxides could be effectively deposited in those baths.
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Figure 1. Cyclic voltammogram of electrodeposition of copper
acetate in bath solution containing ionic liquid [Pyrr][CH3COO] at
50°C and [Cu2?] = 0.02 M.

2.
2.1

Experimental
Substrate preparation

Aluminium is used as the substrate in the study; its surface
preparation is necessary to make a reproducible deposit, and
it is described as follows:
This electrode was subjected to mechanical and chemical
polishing before electrodeposition process with abrasive
paper and ethanol, respectively. It is recommended to start
with a grain coarse paper then with the medium, and we
move to a more fine-grained paper. The polished sample is
submerged in ethanol in an ultrasonic bath followed by
rinsing with distilled water.

2.2

Materials

Cupric acetate monohydrate ([98%), pyrrolidine and all
organic acids (acetic acid and sulphuric acid) were used
without further purification, lithium bis [(trifluoromethyl)
sulphonyl] imide, (LiTFSI, C99.0%), anhydrous N-methylacetamide (NMA, 99.8%), lithium nitrate (LiNO3,
[99.0%). All these products were purchased from SigmaAldrich.

2.3

Preparation of electrodeposition bath

In each bath, the electrolyte composition is prepared by the
dissolution of an amount of the copper salt (copper (II)
acetate monohydrate) in a selected solvent (IL or DES).
Preparation of ILs: [Pyrr][CH3COO] and [Pyrr][HSO4]
ILs were prepared according to a reported procedure by
Anouti et al [7].
Preparation of DES: DESs solutions were prepared
according to a reported procedure by Zaidi et al [8].

(2021) 44:286

Instrumentation

Electrochemical measurements were carried out on a
Biologic (VMP et MPG2) Potentiostat/galvanostat piloted
by the EC-lab.
The scanning electron microscopy (SEM) images coupled to an energy dispersive spectrometer (EDX) were
performed using ZEISS Ultra Plus Scanning Electron
Microscope (High-vacuum system), piloted by the SAMx
software with tungsten-zircon field-emission filament
(Schottky type) using an acceleration voltage of 30 kV.
The Raman spectra were obtained with Renishaw inVia
Reflex Micro-Raman Spectrometer.
The apparatus has three source lasers of wavelength 457
nm (Ar?, blue), 514 nm (Ar?, green) and 633 nm (HeNe,
red) of maximum power of 10 mW, with a Notch filter. The
detection is made with a high-definition CCD camera.
The composition of the deposit was analysed via X-ray
diffraction (XRD) using a Bruker D8 diffractometer (type
Bragg-Brentano). The FullPROF software was used for
peak identification.
All solutions were freshly prepared prior to electrochemical testing. Cyclic voltammograms were collected in
a three-electrode cell with a platinum wire as counter
electrode and a saturated calomel electrode (SCE) as a
reference electrode. The working electrode is in aluminium,
which was freshly polished mechanically and chemically. In
all cases, the potentials reported were recorded beginning
from the abandon potential.

3.

Results and discussion

The preparation and characterization of the deposits of
copper or its oxides by electrodeposition in different ILs are
described for a planar aluminium electrode. The operating
conditions are the same as those in aqueous bath working
(T = 50°C, [Cu]2? = 0.02 M).

3.1

Electrochemical behaviour of copper ions in ILs bath

3.1a Electrodeposition
of
copper
ions
in
[Pyrr][CH3COO]: Electrochemical study was based on
the analysis of cyclic voltammetry. All electrochemical
measurements were carried out in a three-electrode
electrochemical cell with a platinum as counter electrode
and SCE as the reference electrode.
Figure 1 shows the voltammogram of electrodeposition
of copper acetate in the bath solution containing IL
[Pyrr][CH3COO] with an aluminium planar working electrode. The potential was scanned in the cathodic direction
starting from abandon potential.
One large reduction peak is clearly evident around -0.8 V,
indicating the reduction of Cu2? ions to Cu metallic under
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Figure 2. SEM and EDX of thin films deposited in solution containing ionic liquid [Pyrr][CH3COO] at temperature of 50°C and
concentration of 0.02 M of copper acetate. (a) SEM of deposit at different magnifications and (b) EDX analysis at different points
mentioned on the SEM figure.

the conditions adopted in this work. In the reverse scan, no
oxidation waves was observed.
We can propose the same mechanism given by Zhang
et al [9] and Navathe et al [10], which is as follows:
For copper electrodeposition, the following reaction
represents the redox process in the cell:
Cu2þ þ e ! Cuþ

ð1Þ

The Cu? ions formed are then reduced to Cu according to
the following reactions:

Cuþ þ ½Pyrr½CH3 COO $ ½Cu  ½PyrrCH3 COOþ
ads
ð2Þ
½Cu 

½PyrrCH3 COOþ
ads

þ e ! Cu þ ½Pyrr½CH3 COO
ð3Þ

We believe that this large peak is the result of the coalescence of two peaks relative to the reduction reactions of
equations (1 and 3) of which potentials are close in this
medium.
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Figure 3. Cyclic voltammograms of electrodeposition of copper
acetate in bath solution containing ionic liquid [Pyrr][HSO4] at
50°C and [Cu2?] = 0.02 M at different proportions of water.

The atoms of the pyrrolidinium ring can form a large
p bond in the structure of the ð½Pyrro½CH3 COO). Then, the
p electrons of pyrrolidinium base enter the unoccupied
orbitals of copper and the p* orbital can accept the electrons
of d orbitals of copper to form feedback bonds. The molecules can adsorb at the cathodic surface and interact with
the Cu? when ½Pyrro½CH3 COO is in the electrolyte.
A SEM microscope equipped with EDX was used to
investigate the surface morphology of the deposit products
and to obtain information on the elemental composition of
the deposited layers. Figure 2a and b shows the SEM
micrographs and the corresponding EDX analyses for the
sample obtained after electrodeposition of copper acetate in
IL [Pyrr][CH3COO] at 50°C and [Cu2?] = 0.02 M. The
SEM images illustrate the surface features of deposit with
manifestation of white bright and non-white areas. The
EDX analysis for the white bright areas (points (1) and (2))
and non-white bright areas (point (3)) demonstrate that only
copper was deposited with this solvent (with the presence of
some impurities from IL solvent).
3.1b Electrodeposition
of
copper
ions
in
[Pyrr][HSO4]: The IL [Pyrr][HSO4] is tested as an
electrolyte for the electrodeposition of copper or copper
oxides on aluminium substrate under the conditions of
[Cu2?] = 0.02 M, T = 50°C, pH = 4.
This electrolyte is viscous, and we proposed to dilute it
with fractions of water. In a first step, a composition of 25%
water and 75% [Pyrr][HSO4] was undertaken. According to
the cyclic voltammetry (figure 3), no deposits were
observed; this could probably be explained by the high
viscosity of the IL, which blocks the active sites. However,
the increase of water proportion to 50 and 75% leads to the
formation of a homogeneous and uniform red deposit of
copper.

Bull. Mater. Sci.

(2021) 44:286

The addition of water fractions to [Pyrr][HSO4] is according
to Anouti et al [11], because the viscosity of the water is much
lower than that of pure [Pyrr][HSO4]. So the addition of fractions of water to [Pyrr][HSO4] can reduce the viscosity, and the
mobility of charge or ions carriers is reinforced when the
concentration is increased due to the viscosity reduction,
finally, the solution becomes more conductive.
On the other hand, Deng et al [12] explained this phenomenon by the increase of concentration of IL, which
leads to the increase in cations adsorbed at the surface and
became well-ordered. The gauche defect decreased due to
the chain–chain interaction at higher concentrations. With
changing the alkyl chain length of the cation or the size of
the anion, one could adjust the hydrophobicity of the ILs
and observe different aggregation behaviours of ILs in
water. So we can say that the presence of water increases
the adsorption of copper on aluminium and therefore the
quality of the deposit is improved.
Other morphology verification of flat surface nature of the
films could be seen clearly by the top-down SEMs. The SEM
images of sample obtained with 75% water and 25%
[Pyrr][HSO4] at different magnifications are presented in
figure 4a.
As shown in figure 4a, at low magnifications, the
micrographs show a uniform and homogeneous deposit over
the entire surface of the substrate, but at higher magnifications, irregular shapes crystallites embedded in the matrix
are observed on the surface of the sample.
The chemical compositions of thin films were determined
by EDX. The EDX spectra of deposit film is illustrated in
figure 4b and show that copper is detected in majority. The
absence of peaks from other elements in the EDX spectrum
indicate the purity of the final deposit.
3.1c Calcination of obtained deposits: Given the pure
quality of the copper deposit obtained in the mixture of 75%
water and 25% [Pyrr][HSO4] and the fact that in ILs we only
obtained copper deposits not copper oxides, we have proceeded
to a calcination of the obtained deposit at temperature of 600°C
during 30 min to convert them to CuO [13].
We found that the red deposit film turns into a black
deposit (not presented here), which confirms that metallic
copper turns into CuO according to the following calcination reaction:
2Cu þ O2 ! 2CuO

ð4Þ

Notable changes in the morphology of the deposited
material was observed by SEM after annealing (figure 5a,
with two different magnifications). Here, the annealing is
effective to convert Cu to CuO. The morphology of CuO
brings roughness and shows that the deposit film is dense
with small grains covering almost the entire substrate
surface (some pores are still visible).
EDX spectra (figure 5b) shows the presence of important
quantities of copper and oxygen, which confirm the
formation of oxide components.
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Figure 4. SEM and EDX of thin films deposited in solution containing ionic liquid [Pyrr][HSO4] at temperature of 50°C and
concentration of 0.02 M of copper acetate. (a) SEM of deposit at different magnification and (b) EDX analysis.

A comparative XRD characterization of the as-deposited
and annealed films was performed using XRD technique
(figure 6). XRD pattern (figure 6a) of the deposited sample
obtained in [Pyrr][HSO4] for annealing shows three metallic
Cu peaks (at 2h = 43°, 50° and 73°) with the most intense
peak observed around 2h = 43°. While after annealing in air
at 600°C for 30 min, the XRD pattern (figure 6b) reveals the
formation of CuO cristalline phase (around 2h = 35°). No
traces of metallic Cu or other oxides of copper like Cu2O,
Cu3O4 were found, which indicate the complete conversion
of copper to copper oxide (CuO) by annealing and hence the
purity of the product film was achieved.

Figure 7 shows the Raman spectra of the deposits
obtained in [Pyrr][HSO4] IL bath before and after annealing. No peaks were shown with unannealed deposit, which
could be explained by the absence of oxides. However, the
analysis of annealed deposit shows three peaks at 295, 345,
632 cm–1, corresponding to CuO according to the literature
[14,15].
It is reported previously that copper can be deposited
directly from ILs and the calcination allows us to obtain
the desired copper oxide. Later, we were encouraged to
work with solvents based on lithium, maybe for better
deposit.
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Figure 5. SEM images and EDX of thin films deposited after annealing at temperature of 600°C during 30 min. (a) SEM of
deposit at two different magnifications and (b) EDX analysis.

3.2 Electrochemical behaviour of copper ions in DESs
bath
3.2a Electrodeposition of copper ions in DES (LiTFSI/
NMA): The DESs based on LiTFSI and acetamide are
electrolytes potentially promising for electrochemical
devices due to their excellent broad electrochemical
stability and Li? cations coordinate with the C=O group
of the acetamide (or urea) structure. This interaction leads
to the weakening of the bonds corresponding and in fact
improves the cations and anions dissociation [16].

Only the anion (TFSI-) contribute to the structural
disorderliness in the matrix, whereas the cation (Li?) will
move along the polar functional group [17].
Last two decades, copper electrodeposition in DESs is
widely studied; Sebastián et al [4] have studied the copper
electrodeposition in eutectic mixture of choline chloride and
urea 1:2. Pollet et al [2] have observed the effects of
ultrasound at different frequencies and powers upon the
electrodeposition of copper(II) chloride in aqueous potassium chloride and in glyceline 200 (as DES). Abbott et al
[18] have worked on the electrolytic deposition of copper

Bull. Mater. Sci.

(2021) 44:286

Al

Page 7 of 11
(a)

Al
Cu

Al

Al

Intensity/ (a.u)

Cu

30

40

286

Cu

50

60

70

80

(b)
Al

Al

Al

Al
CuO

30

40

50

2θ (°)

60

70

80

Figure 6. XRD pattern of thin films deposited in solution
containing ionic liquid [Pyrr][HSO4]. (a) Before and (b) after
annealing.

and copper composites from solution of metal chloride salt
in either urea–choline chloride or ethylene glycol–choline
chloride based eutectics.
The electrochemical behaviour of copper oxide on
aluminium electrode in solution containing copper acetate
(0.02 M) and DES (LiTFSI/NMA) at 50°C is shown in
figure 8.
From cyclic voltammogram (figure 8) two distinct zones
can be observed, according to Abbott et al [18]. These two

Figure 8. Cyclic voltammogram of electrodeposition of copper
acetate in bath solution containing DES (LiTFSI/NMA) at 50°C
and [Cu2?] = 0.02 M.

zones were related to the reduction of Cu (II) to Cu (I) at a
potential around –0.75 V/ECS and to the reduction of Cu
(I) to Cu (0) at a potential around –1.7 V/ECS. These
electrochemical reactions are slow due to the high viscosity
of the electrolytes (low diffusion coefficient), which reduces
the mass transfer.
According to Zhang et al [19], during the electrodeposition, an intermediate copper oxide is formed, and it is
soluble in the DES solution when the cell voltage is
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Figure 7. Raman spectra of thin films deposited in solution containing ionic liquid [Pyrr][HSO4]. (a) Before and
(b) after annealing.
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Figure 9. (a) SEM images and (b) EDX at different points mentioned on the SEM figure of thin films deposited in solution
containing DES (LiTFSI/NMA) at temperature of 50°C and concentration of 0.02 M of copper acetate.

increased cathodically. Then the oxide is completely
reduced to pure metallic Cu, so CuO is formed in this solvent. Under these conditions, the relation can be reduced as:
CuO þ 2e ! Cu þ O2

ð5Þ

It seems to us that the short shoulder recorded in figure 8
at the potential of –0.6 V/ECS correspond to the formation
of this oxide.
The morphological analysis by SEM of the deposit is
shows in figure 9a with different magnifications. SEM
images shows thin and small shapes of deposit (copper

particles) that appeared as suspensions on the aluminium
substrate.
The elementary composition of the deposit, as shown by
the EDX analysis (figure 9b) on the small particles and on
the outside of particles, reveals that the Cu content is predominant for the particles and aluminium in the analysis is
outside the particles. Elements of the DES solvent such as
S, F, O or N are also detected, but in small quantities to be
taken into consideration for deposit composition
The kinetic analysis of copper reduction in DES
solution (LiTFSI ? NMA) is carried out by a
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Figure 10. Chronoamperometric of copper acetate in bath
solution containing DES (LiTFSI/NMA) at 50°C and [Cu2?] =
0.02 M.
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Figure 11. XRD pattern of thin films deposited in solution
containing DES (LiTFSI/NMA) at temperature of 50°C and
concentration of 0.02 M of copper acetate with applied potentials
at –0.75 V and –1.7 V/SCE.

chronoamperometric study, shown in figure 10. Two
potentials were applied corresponding to the reduction
of the Cu (II)–Cu (I)–Cu system (based on the studies
mentioned above).
At the first potential applied (–0.75 V/ECS), the reduction from Cu (II) to Cu (I) could take place because of the
reaction:
CuðIIÞ þ e ! CuðIÞ

ð6Þ

The second potential applied at –1.7 V/ECS, corresponding to the reduction from Cu (I) to metallic Cu:
CuðIÞ þ e ! Cu

ð7Þ

The two curves progression seem to be identical with a
rapid decrease followed by an increase from the first few
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Figure 12. Cyclic voltammogram of electrodeposition of copper
acetate in bath solution containing DES (LiNO3/NMA) at 50°C
and [Cu2?] = 0.02 M.

seconds, indicating that the charging of the electrical double
layer and the formation and growth of germs takes place
rapidly due to mass transport controlled by kinetic diffusion
[1].
XRD characterization was performed in order to determine the nature of the products obtained from chronopotentimetry. XRD patterns of copper deposits in a DES
electrolyte (LiTFSI/NMA) at potentials applied at –0.75 and
–1.7 V respectively, is shown in figure 11. Both patterns
show the appearance of copper peaks (around 2h = 43°) but
the diffractogram at potential –0.75 V/ECS revealed the
presence of an intermediate copper oxide with small peak of
CuO (around 2h = 53°). When the cell voltage is increased
cathodically (at E = –1.7 V/SCE), the oxide is completely
reduced to pure metallic Cu.
3.2b Electrodeposition of copper ions in DES (LiNO3/
NMA): The polarizing power of C=O and NH2 can
separate the two ions by breaking the bonds between Li?
cations and X anions of a lithium salt (X = TFSI or NO3)
[8].
The current/potential curve recorded for copper acetate
electrodeposition on aluminium substrate in DES (LiNO3 ?
NMA) under temperature of 50°C and concentration of 0.02
M of copper acetate, is shown in figure 12. The curve shows
the presence of several peaks, but there are two most intense
peaks corresponding to the reduction of copper Cu (II)–Cu
(I)–Cu. Both peaks have almost the same potential (–1.3
V/ECS) but the first is registered during the forward sweep
and the second in the return sweep.
LiNO3 is successfully decomposed into LiNxOy and Li3N
by electrochemical reduction during the discharge process.
Besides, the remaining peaks can be attributed to the formation of weak CuO and nitrides during the charge process
according to the following reaction [21–22]:
Li2 O þ Cu ! CuO þ 2Liþ þ 2e

ð8Þ
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Figure 13. SEM and EDX of thin films deposited in solution containing DES (LiNO3/NMA) at temperature of 50°C and
concentration of 0.02 M of copper acetate. (a) SEM of deposit at different magnifications and (b) EDX analysis.

The enlarged SEM images of the deposit obtained from
DES electrolyte (LiNO3/NMA), with 0.02 M copper acetate
at 50°C, are presented in figure 13a. The micrographs show
numerous heterogeneities in morphologies, and it seems that
the deposit does not cover the entire surface of Al substrate.

The formed aggregate have faceted structures within relatively small diameters sizes range close to 200 and 300 nm.
The predominance of copper is observed on the EDX
spectrum. There is a small peak of oxygen and also traces of
nitrogen (figure 13b).
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electrochemists and to promote the use of other solvents
unlike aqueous solvents.
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