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Abstract. Cathodic plasma electrolysis is a novel technique to form nanostructured layers on metallic surfaces by
application of high voltage in a suitable aqueous electrolyte. In the present study, copper is treated by plasma electrolysis in 50 vol% ethanol electrolyte and coatings comprising carbon nanostructure and copper oxide are formed
on the copper. The effect of some process parameters such as electrical conductivity, volume and temperature of
electrolyte and ratio of anode to cathode surface area on current–voltage behaviour and subsequently coating compositions are investigated at 150 V deposition voltage. The composition and morphology of these coatings are characterized by X-ray diffraction, Raman spectroscopy and scanning electron microscopy. Different current–voltage
behaviours, temperatures of substrate and the contents and energies of radicals and ions around the substrate by
changes in the mentioned parameters cause different compositions from 100 vol% copper oxide to different ratios
of copper oxide to carbon, the structure changing from amorphous to graphitic structure in carbon and amorphous
to cubic morphology in copper oxide on the substrate. Therefore, the understanding of cathodic plasma electrolysis
can be developed.
Keywords. Plasma electrolytic deposition; current density; current–voltage behaviour; copper oxide ﬁlm; carbon
nanostructure ﬁlm.

1.

Introduction

Plasma electrolysis is an atmospheric pressure plasma treatment that has recently attracted the attention of researchers
working on surface modiﬁcation [1]. This electrochemical
method is realized by the application of high voltage between
the electrodes that are introduced into an electrolyte that possesses the species that has the ability to modify the surface
[2]. Depending on the polarity of the working electrode, the
plasma electrolysis process can be categorized to anodic or
cathodic treatments [3]. For the anodic plasma process, surface passivation of the working electrode can lead to the
growth of oxide ﬁlm and it can be named micro-arc oxidation (MAO) or plasma electrolytic oxidation (PEO) [4]. On
the other hand, when the substrate is cathodically polarized
(cathodic plasma electrolysis, CPE [5]) it becomes possible
to produce complex coating such as carbon structures, oxides
[6,7], titanium, molybdenum, zinc and zinc–aluminium on
metallic substrates [8]. Although the PEO process has been
the subject of numerous studies and found industrial applications, the CPE process is relatively new and not well established when compared with PEO. The results of the studies
have shown that the composition of the electrolyte [9], electrolyte concentration [10], voltage [11], mode of applied
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current, current density, electric ﬁeld, solution temperature,
treatment time [12], ratio of anode to cathode surface area
and distance between electrodes [13] are the parameters to
be controlled for the production of high-quality coatings.
Current density is one of the most important parameters
both in CPE [5] and PEO [14] processes because of its direct
relation to the surface temperature. Therefore, changes in
coating structure, composition and morphology are possible by controlling the current density of the substrate. It is
known that in the CPE process, higher current density indicates movement of more particles from the electrolyte to the
high-temperature cathode and increases the growth rate of
the ﬁlm [10,15]. The current density is not only a function
of applied potential but also electrical conductivity, volume
and temperature of electrolyte and ratio of anode to cathode
surface area.
In the literature there are no systematic studies that investigate the combined role of the aforestated parameters on
the coating structure. The aim of this study is to systematically investigate the effect of the aforestated parameters
on the structure and morphology of the CPE-modiﬁed surface of copper. To achieve this aim, the copper–ethanol system has been selected (ethanol was selected as electrolyte
because of its clearness and copper was selected as substrate since carbon does not have any solubility in copper and
does not form any compounds with copper) and the processparameter-dependent current–voltage behaviours have been
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investigated. Due to the effect of current density and voltage variations on both substrate temperature and transferring
ions and radicals content from electrolyte to the substrate,
the changes of coating composition have been studied from
100 vol% copper oxide coating to a coating comprising
different ratios of copper oxide to amorphous carbon.
2.

Experimental

The electrical conductivity, volume and temperature of electrolyte and also ratio of anode to cathode surface area (by
increasing cathode surface area) were selected as the CPE
process variables for investigating their effect on current density and coating structure. Figure 1 illustrates a schematic of
the test design. Voltage was applied to the electrodes gradually (dV /dt ∼ 1 V s−1 ) up to 150 V and a thin ﬁlm was
formed on the cathode under the condition of 150 V for
10 min in an aqueous solution containing 50 vol% ethanol.
The current ﬂuctuation was monitored during the rise of
voltage. Sodium hydroxide was added to increase the electrical conductivity of the solution. Rectangular specimens

of copper were used as substrate with 1 cm distance to the
counter electrode (the Cu exposure surface area is presented
in table 1). The Cu plate was mechanically polished with a
1200-grit abrasive paper. The average roughness of the substrates was about 250 nm. The anode was graphite plate, to
avoid any deposition of anodic metal on the cathode, with
an exposure surface area of 20 cm2 . The temperature of the
solution increased rapidly by applied voltage up to boiling
temperature. Thus, fresh electrolyte was added during the
process to keep the same solution volume. Table 1 shows
other experimental conditions for evaluating the current density in the CPE process.
The surface morphology and roughness of the deposited
ﬁlms were characterized by employing scanning electron
microscopy (SEM) and ﬁeld emission scanning electron
microscopy (FESEM) at 15 kV and an optical proﬁlometer
(Wyko NT1100, Vecco, Switzerland), respectively. Raman
spectra were acquired using a 632.8 nm He–Ne laser with
3 mW laser power (LabRam 800, Horiba Scientiﬁc, Jobin
Yvon, France). The phase composition of the deposited ﬁlms
was investigated by X-ray diffraction (XRD) with a Cu Kα
radiation source and grazing angle of 0.5◦ over a 2θ range of
20–80◦ .
3.

Results and discussion

The plasma electrolytic deposition (PED) process has been
described by many researchers. The time-dependent current–
voltage behaviour during this process has been presented
for both of the PEO and CPE processes [4]. The physicochemical analysis of the CPE process was described theoretically and experimentally by Gupta et al [1] and Paulmier et al
[16]. The understanding of the CPE process can be developed by the study of some process parameters on current–
voltage behaviour and subsequently coating composition in
this paper.
3.1 Effect of electrical conductivity of the electrolyte
Figure 1. Schematic illustration of the CPE system. The cathode
size is smaller than the anode to concentrate the current density and
create the arc discharge around the cathode.

The effect of electrolyte conductivity was studied using three
different concentrations of NaOH in ethanol. Figure 2 shows

Table 1. Experimental condition for evaluating current density in the
CPE process.
Sample
number
Cu 1
Cu 2
Cu 3
Cu 4
Cu 5
Cu 6
Cu 7
∗ Cooled

NaOH content
(wt%)

Electrolyte
volume (cm3 )

Electrolyte
temperature (◦ C)

Cathode
surface (cm2 )

0.005
0.010
0.020
0.020
0.020
0.020
0.020

150
150
150
300
300
300
150

RT
RT
RT
RT
60
5∗
RT

0.25
0.25
0.25
0.25
0.25
0.25
1.5

electrolyte during the CPE process.
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Figure 2. The effect of electrolyte conductivity on current variation with rising
voltage. The breakdown current and voltage of each sample are shown by symbols.

the current–voltage behaviour of the three samples labelled
as Cu 1–3 in table 1. It can be seen that the current increases
linearly with voltage in the ﬁrst stage for all samples. Then,
the current saturates and reduces to about 0.5 A at 150 V.
According to Ohm’s law, in the ﬁrst stage, an increase of
electrical conductivity of the solution leads to a higher value
of the current and consequently, according to the Joule effect,
the temperature of the cathode and electrolyte at this speciﬁc voltage range increases with increasing NaOH content. Therefore, bubbling starts at the lower voltages. Thus,
a higher value of the saturated current is observed at a
lower voltage range for Cu 3. Hence, it can be stated that
at this stage, the current density of the substrate is increased
by using the electrolyte with higher electrical conductivity.
After this stage, the bubble envelope gets thicker with an
increase in voltage, and the current reduces because of the
high electrical resistance of this gas envelope. The breakdown voltage and current of each sample are shown by symbols in ﬁgure 2. Thus, the start of breakdown occurred at a
lower voltage and higher current in the sample labelled Cu 3.
The current density of all samples has approximately the
same value during the deposition at 150 V. Our observations
showed that the current density of Cu 1 and Cu 2 reduced
slightly for voltage higher than 150 V, whereas it presented a
constant value for Cu 3.
The breakdown in the gas envelope leads to an acceleration of positive ions and transfer of their kinetic energy to the

cathode surface [1]. This energy can be increased by a more
intense breakdown due to a higher voltage interval between
the deposition voltage (Vd ) and breakdown voltage (Vb ).
These intense discharges continued on the substrate during
deposition time. Thus, in spite of the same constant coating
voltage and current density in all of the three samples, more
positive ions and radicals were transferred to the substrate
of Cu 3 and increased the substrate temperature by transferring more kinetic energy. Figure 3 shows the Raman spectra
of these samples. The Gaussian ﬁtting of the broad band in
the frequency range of 400–700 cm−1 shows three bands at
about 410, 530 and 580 cm−1 , which are related to cuprous
oxide (Cu2 O) [17,18], and another band at 620 cm−1 , which
is related to cupric oxide (CuO) [19].
Although the presence of hydrogen in the vicinity of the
cathode reduces the oxide production on the Cu substrate
[20], the metal oxide and hydroxide ﬁlm precipitates on cathode surface from decomposition products of the electrolyte
by current heating or bubbling formation around the cathode
[21]. Therefore, some parts of this oxide layer are formed
before breakdown on the cathode surface. When the breakdown in the gas envelope results in plasma discharges,
ethanol is further decomposed into more radials and ions [22]:
CH3 CH2 OH → CH3 CH•2 + OH•
CH3 CH2 OH → • CH2 CH2 OH + H•
CH3 CH2 OH → • CH3 + • CH2 OH
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Figure 3. The effect of different CPE process parameters on Raman spectra of the Cu 1–7 samples and the Gaussian ﬁtting of D and G
bands. The detailed experimental conditions of each sample are presented in table 1.

Hydrocarbon radicals form carbon coating on cathode surface, active hydrogen ions saturate the dangling bonds of carbon, and oxygen and hydroxide ions form copper oxides and
hydroxide on the cathode surface [23]. The copper hydroxides
can be transformed into oxides at a local high temperature
by discharges [6]. Therefore, a composite ﬁlm of amorphous

carbon, CuO and Cu2 O is prepared (oxide production before
and after breakdown was proven by studying the two sample coatings without breakdown and with applied voltage in
this process, respectively). At higher voltage, this oxide layer
is partly removed by chemical reaction with hydrogen and
mechanical energy of breakdown [1]. Therefore, the intensity

Effect of process parameters on CPE-treated copper
of the oxide bands in the Raman spectrum is reduced in Cu
3 with a higher Vb and Vd interval. As a result of intense
discharges in the higher NaOH content electrolyte, more carbon radicals are transferred from the electrolyte to Cu substrate for producing carbon coating. The observation of the
Gaussian-ﬁtted Raman bands in the wavenumber range of
1300–1700 cm−1 conﬁrmed the presence of carbon on the
substrate (ﬁgure 3). Calculated ﬁtting parameters of D and
G bands of Cu 2, 3 samples are listed in table 2. Therefore, electrical conductivity of the electrolyte can be effective on the coating structure by changing the content and
energy of transferring ions and radicals to the substrate. The
Table 2. Gaussian ﬁtting results of Raman spectra of the Cu 2–6
samples. The detailed experimental conditions of each sample are
presented in table 1.

Sample
Cu 2
Cu 3
Cu 4
Cu 5
Cu 6

G position D position
FWHMG
(cm−1 )
(cm−1 ) ID /IG (cm−1 ) Ioxide /Icarbon
1551
1562
1582
1554
1559

1330
1355
1351
1384
1360

1.02
0.90
1.04
0.92
0.57

190
187
139
142
150

1.5
0.86
1.32
0.1
0.57
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composition ratio of copper oxide to amorphous carbon on
Cu substrate can be measured by its Raman bands intensity.
The Raman results (table 2) show that the copper oxide content reduces from 100 vol% on Cu 1 to 60 and 45 vol% on Cu
2 and Cu 3, respectively.
The XRD patterns of Cu 1 are shown in ﬁgure 4. Three
peaks located at 43.2, 50.4 and 74.1◦ are related to the Cu
substrate. Two weak peaks at 36.3 and 42.3◦ show the formation of Cu2 O and CuO on the Cu substrate, respectively.
Figure 5a–c shows the SEM images of these samples.
More uniform morphology and smaller voids are obvious on
the surface of Cu 3. Smaller sparks on the surface and higher
temperature of the substrate (because of intense discharges)
lead to spot melting of the substrate and a slight decrease in
roughness of the surface. The surface roughness shows an
approximately similar value in samples Cu 1–3 (table 3).
3.2 Effect of electrolyte volume
Using a higher volume of electrolyte with a constant
inter-electrode distance can be effective on current–voltage
behaviour in the CPE process. The variations of the current
with an increase in voltage on using 150 and 300 cm3 of electrolyte are shown in ﬁgure 6. These samples are labelled Cu
3 and 4, respectively. According to Ohm’s law, for the same

Figure 4. The XRD patterns of Cu 1, 4, 5 and 7 deposited ﬁlms on Cu substrate: Gr
(graphite), D (diamond), Cu2 O (cuprous oxide), CuO (cupric oxide) and Cu (copper).
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Figure 5. The SEM images of (a) Cu 1, (b) Cu 2, (c) Cu 3, (d) Cu 4, (e) Cu 5 and (f) Cu 6 surface by changes of the
CPE process parameters. The detailed experimental conditions of each sample are presented in table 1. Scale bars: 5 μm.

Table 3.

The roughness results of the Cu 1–7 coatings.

Sample
Cu 1 Cu 2 Cu 3 Cu 4 Cu 5 Cu 6 Cu 7
Roughness (μm) 0.60 0.58 0.57 0.40 0.52 0.55 0.42

electrolyte with similar electrical conductivity, the current–
voltage curves of these samples match in the ﬁrst stage. The
bulk electrolyte temperature reaches the vapourization temperature and makes the bubble envelope in shorter time using

a lower volume of electrolyte. Thus, the insulating bubbles
around the cathode do not allow a further rise of the current and as in ﬁgure 6, Cu 3 shows that the current peak
is observed at a lower voltage on using the lower volume
of the electrolyte. The temperature increment of a higher
volume electrolyte needs a higher current, which occurs at
a higher voltage value. Thus, the breakdown around the
cathode occurs at a higher current and voltage for Cu 4 and
shows a higher value of current density at 150 V. With a
higher current density, the bulk temperature of substrate rises

Effect of process parameters on CPE-treated copper
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Figure 6. The effect of electrolyte volume on current variation with rising voltage.
The breakdown current and voltage of each sample are shown by symbols.

in Cu 4, and causes formation of graphitic carbon coating on
Cu substrate.
Figure 3 shows the Raman results of these sample
coatings. The Raman observations suggest that the D
(1351 cm−1 ) and G (1582 cm−1 ) bands of Cu 4, which are
related to carbon structures, are detected separately. The separate D and G bands and reduction of FWHMG are the signs
of conversion of amorphous carbon to the crystallite graphite
structure [24]. According to the three-stage ‘ordering trajectory’ of Ferrari and Robertson [25], an increase in the G band
position and ID /IG of Cu 4 over those of Cu 3 shows an
increase in the sp2 bonds for changes in the carbon structure
from amorphous carbon to nanocrystallite graphite (stage 2
of ordering trajectory). As the Vd and Vb interval is almost
the same, the energy and amounts of the transferring radicals
and ions to the substrate are approximately the same in both
samples. Thus, using a higher volume of electrolyte is effective in the coating structure by increasing the current density and substrate temperature. The concomitant increase of
substrate temperature by current density and high amount of
radicals and ions causes the graphite (43 vol%) and copper
oxides (57 vol%) structures coating formation.
The XRD pattern of Cu 4 is shown in ﬁgure 4. The
evidence of graphite and Cu2 O peak at 26.8 and 36.1◦ ,
respectively, conﬁrms the Raman spectroscopy results. The
SEM image of Cu 4 (ﬁgure 5d) shows different morphologies
and smoother coating on the surface of this sample (table 3).

The thicker coating with ﬂaky morphology on Cu surface can
cover the rough surface of CPE-processed copper.
3.3 Effect of electrolyte temperature
As revealed in Section 3.2, the importance of electrolyte
temperature and, consequently, the cooling of electrolyte
are seen in the CPE process. The effect of electrolyte temperature has been studied for the PEO process by some
researchers [26]. It is obvious that the coating formation is
affected by the electrolyte temperature during the plasma
electrolytic deposition. Despite the more rapid increment of
the current by a rise in voltage in the ﬁrst stage on heating the
electrolyte up to 60◦ C, ﬁgure 7 shows a lower saturated current for Cu 5. The vapourization and bubbling around the substrate occur at the lower voltage on using electrolyte at higher
temperature. Thus, the trend of rising current is stopped by
rapid formation of the electrically resistant vapour envelope
around copper. At a lower voltage of the plateau current, the
breakdown is observed at a lower voltage for Cu 5. According to the equation that is presented by Paulmier et al [16],
the breakdown voltage strongly depends on the pressure and
bubble diameter. When the cathode is covered by bubbles
with smaller diameter, the breakdown occurs sooner. Lower
thermal gradient in bulk electrolyte and vicinity of the cathode leads to formation of bigger bubbles. This bubble size
decreases the rate of voltage rise from bubbling to breakdown
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Figure 7. The effect of electrolyte temperature on current variation by rising voltage.
The breakdown current and voltage of each sample are shown by symbols.

Figure 8. The effect of anode to cathode surface area on current density variation by
rising voltage. The breakdown current and voltage of each sample are shown by symbols.

Effect of process parameters on CPE-treated copper
on Cu 5 [27]. Low current density at coating voltage (150 V)
and suitable interval of Vb –Vd cause formation of diamondlike carbon (99.9 vol%) and a slight copper oxide (0.09 vol%)
coating on Cu 5. The rate of oxidation reduces because of
temperature reduction of the substrate (lower current density)
[28] and mechanical energy of intense discharges on copper surface. The Raman results show more intense D and G
bands than oxide bands. Compared with Cu 4, the sp2 bands
of carbon coating are reduced in Cu 5 (according to amorphization trajectory of Ferrari and Robertson [25,29]). The
XRD pattern of Cu 5 is presented in ﬁgure 4 and shows two
weak peaks at 44.2 and 75.1◦ , which can be related to the
diamond structure. The SEM image of this coating is shown
in ﬁgure 5e.
Unlike electrolyte heating, the peak of the current is
observed at a higher voltage in cooling electrolyte during the
process, which leads to further rise of current density. The
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electrolyte can be cooled by circulating the cooling liquid
around the process cell, which is a preferred way to cool the
electrolyte [5]. Figure 7 shows a higher voltage of breakdown and current density of the substrate at 150 V for Cu
6. The cooling of electrolyte during the CPE process causes
higher current requirement of the system for bubbling around
copper. Thus, the saturation current will be increased. The
intensities of both carbon and oxide bands in the Raman
spectrum of the Cu 6 coating are lower than those of Cu 4,
which is related to coating thickness. The current density and
substrate temperature of Cu 6 are suitable for graphitic structure forming on the Cu substrate, but reduction in the Vb –Vd
interval causes movement of the lower content of ions and
radicals with lower energy to the substrate. Amorphous carbon formation is more dominant than that of the graphitic
structure because of the low concentration of carbon ions on
the Cu 6 surface. The measured composition ratio of copper

Figure 9. (a) SEM and (b) FESEM images of Cu 7. The EDS results of (c, e) cubic structure and (d, f) uniform background indicate the
presence of copper oxide on the Cu surface.
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oxide to amorphous carbon on Cu substrate is 0.57 using
Raman bands intensity. Gaussian ﬁtting of the Raman spectra between 1300 and 1700 cm−1 shows an extra band at
around 1450 cm−1 , which is a sign of trans-polyacetylene
and can appear only in grain boundaries of nanostructured
carbon coatings [30]. The presence of this band in Cu 6 can
be a witness to the smaller grain structure of coating than
in other samples (ﬁgure 5f). The high thermal gradient in
bulk electrolyte and vicinity of the cathode during the cooling process leads to formation of smaller bubbles, which
causes smaller discharges and nanostructured coating [27].
Thus, it is deduced that for conversion of amorphous carbon
to graphitic structure, the substrate temperature and ions and
radicals energy and concentration parameters are important.
With a greater rise of coating voltage, the carbon structure of
coating in Cu 6 can be similar to that in Cu 4. Thus, lower
electrolyte temperature is more suitable for the development
of a uniform and nanostructured CPE coating. Habazaki et al
[31] have studied the effects of electrolyte temperatures for
the PEO process and concluded that a uniform and dense
coating was developed at lower electrolyte temperature.
3.4 Effect of anode to cathode surface area
The effect of anode to cathode surface area on current–
voltage behaviour in the CPE process is studied here by a
variation of cathode size while keeping the anode counterpart ﬁxed. Current density vs. voltage is plotted in ﬁgure 8
for more accuracy. The bigger substrate surface decreased the
current density whereas the voltage at the saturated current
is similar for both samples. The smaller size of the cathode
leads to a more intense electric ﬁeld, which results in stronger
discharges [12]. The equation reported by Paulmier et al [16]
shows the relation between the electric ﬁeld and anode to
cathode size ratio. The stronger discharges increase the local
temperature of the substrate. Despite the similar breakdown
voltages of both samples, a signiﬁcantly lower current density of Cu 7 causes the formation of only copper oxide coating, which is conﬁrmed by the absence of D and G bands in
the Raman spectrum (ﬁgure 3).
The XRD pattern of this sample shows the presence of
copper oxide ﬁlm on the Cu substrate. Thus, formation of
carbon structure on substrate is negligible by reduction of
electric ﬁeld around the cathode. The SEM image of Cu 7
shows a cubic morphology of coating (ﬁgure 9). The energy
dispersive spectroscopy (EDS) composition analysis of this
cubic structure and its background conﬁrms formation of the
Cu2 O and CuO on the Cu surface, respectively. The morphology of Cu2 O deposited from solution can be controlled by
the temperature and solution composition [32,33]. Previous
research has shown that the increase of the hydroxide anions
concentration in the deposition solution causes cubic morphology of Cu2 O at lower temperature [34]. The hydroxide
anions transfer to cathode surface can be reduced by discharges reduction on the surface using larger cathode. The
observation of an extra Raman band around 1800 cm−1 and
the pinnacle of Raman bands are two differences between Cu 7

and other samples. The 1800 cm−1 band can be related to formation of the carbonyl groups on the surface [35] because
of the presence of carbon, which was shown by the EDS.
The pinnacle of Raman bands can be related to copper oxide
morphology.
4.

Conclusions

The cathodic plasma electrolysis process was applied successfully to modify copper surface. The effect of some process parameters such as electrical conductivity, volume and
temperature of electrolyte and ratio of anode to cathode surface area on current–voltage variations and subsequently formation of carbon and copper oxide on substrate and also their
structure was studied using 50 vol% ethanol as electrolyte
and coating voltage of 150 V. The following conclusions
are drawn.
• The reduction of copper oxide content on the Cu surface
from 100 to 45 vol% and formation of amorphous carbon
were observed during an increase of the Vb –Vd interval by
electrical conductivity of electrolyte.
• Using a higher electrolyte volume led to an increase of
current density from 2 to 4.4 A cm−2 by postponing the
bubbling phenomenon around the cathode and caused formation of graphitic carbon on the Cu substrate. The signiﬁcant decrease of current density led to just oxidation of
Cu substrate in cubic morphology, even at suitable voltage
of coating.
• An increase of thermal gradient in bulk electrolyte and
vicinity of the cathode during the cooling process of electrolyte led to formation of smaller bubbles, which caused
smaller discharges and nanostructured coating.
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