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Effects of Electrolyte pH on the Electrodeposition of Nickel on
Zincated Aluminium Surfaces
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Aluminium is the material of choice for many
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A nickel coating was successfully deposited on zincated aluminium by electrodeposition. A detailed
study was made on the effect of the pH of electrolytes containing 0.1 M nickel sulphate (NiSO4) by
cyclic voltammetry (CV). A constant potential of -0.8 V (pH 2), -1.1 V (pH 6) and -1.5V (pH 10)
was chosen from different regions of each CV for the deposition of nickel using chronoamperometry
(CA). The surface morphology, chemical composition and crystallographic structure of the nickel
coating were investigated by field emission scanning electron microscopy (FESEM), energy
dispersive spectroscopy (EDAX) and X-ray diffraction (XRD), respectively. The adhesion strength
of the nickel coating was analysed using Scotch® tape. It was found that the nucleation potential for
nickel deposition on zincated aluminium increased with increasing electrolyte pH. Notably, pH 2
produced the highest current during the deposition of nickel as compared to pH 6 and pH 10, due to
the simultaneous hydrogen evolution reaction (HER). Because of HER, a lot of pits were present on
the zincated aluminium surface and only a few nickel particles were formed, as shown in FESEM
images. Meanwhile, deposition using a pH 6 solution (without HER) produced an almost fully-
covered nickel coating with uniform nodular morphology. However, when the pH 10 solution was
used, the coating morphology appeared as cauliflower-like agglomerates with less surface coverage.
EDAX analysis showed that the nickel coating deposited at pH 6 had the highest nickel content with
73.63 wt%. XRD analysis indicated that all nickel deposits had a cubic crystalline structure. Nickel
deposited with the pH 6 solution was the most well-adhered coating. Thus, electrolyte pH has a
strong influence on the deposition of nickel on a zincated aluminium surface.
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functional and decorative nickel finishes [6].
applications, such as aerospace,

automotive and light rail, as well as for decorative
purposes because of its light weight, excellent
workability, corrosion resistance, good appearance and
recyclability [1-4]. However, the relatively poor surface
properties of this material represent a serious barrier to
its wider application. Therefore, it is necessary to
improve its surface properties using suitable functional
surface coatings which can provide adequate protection
against wear and corrosion. To overcome this problem,
nickel may be used as an underlayer coating on zincated
aluminium surfaces to enhance corrosion resistance and
increase the adhesion of other coatings [5] to the
aluminium substrate. A general formulated nickel
electrolyte solution such as nickel sulphate or nickel
chloride was proposed in 1916 [2] and this nickel
electrolyte solution is still used today because it is easy
to control, cheap to operate and can produce a range of

The technique used for nickel coating in this
work was electrodeposition. The electrodeposition
technique is of interest to industry because it boasts a
faster deposition rate and requires less maintenance
compared to other methods. The nature of electrode
reactions, nucleation mechanisms and growth of the
coatings can be determined by investigating cyclic
voltammetric behaviour [6,7]. There is a great interest in
understanding the electrochemical process of nickel
nucleation mechanisms on zincated aluminium surfaces
by studying the current density-potential peak as it
appears in a cyclic voltammogram. It is important to
identify the nickel electrodeposition mechanisms from
electrochemical information recorded by the cyclic
voltammogram in order to produce the desired nickel
coating.  Although the literature on  nickel
electrodeposition is voluminous, this study focuses on
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the effect of the pH of nickel electrolyte solutions on the
production of nickel coatings.

EXPERIMENTAL
Chemicals and Materials

A zincated aluminium substrate (2 cm x 2 cm with 0.1
cm) [8], nickel sulphate (NiSQ.), sulfuric acid (H2SO4),
sodium hydroxide (NaOH) and sodium citrate (CsHs
Na307.2H,0) were supplied by R&M Chemicals. A
silver-silver chloride (Ag/AgCl) electrode and a
platinum rod (Pt) electrode were procured from
Metrohm (Malaysia). All chemicals were of analytical
grade and used as received.

Preparation of Nickel Underlayer Coating from
Electrolytes at Different pH

The substrate for nickel deposition was zincated
aluminium, measuring 2 cm x 2 cm with 0.1 cm
thickness. Prior to deposition, 0.1 M nickel sulphate
(NiSQg) electrolyte solutions of different pH (2, 6 and
10) were prepared. The pH 2 solution was adjusted by
adding diluted sulfuric acid, H,SO4, while a small
amount of diluted 0.01 M sodium hydroxide, NaOH was
added to adjust the solution to pH 6, and the pH was
adjusted to 10 by adding 0.1 M NaOH solution with the
presence of 0.1 M sodium citrate (CsHs NazO7.2H,0).
The sodium citrate was used as a complexing agent for
stabilizing nickel ions in alkaline solution.

A standard three-electrode cell was set up with
the zincated aluminium sample as the working
electrode, Ag/AgCI as the reference electrode and a
platinum rod as the counter electrode. All three
electrodes were immersed in a glass cell containing
electrolyte solution with an exposed area of 2 cm?on
the upward-facing treated zincated aluminium
sample. Electrochemical experiments were controlled
using a Autolab Potentiostat (Aut302 FRA?2) interface
with a PC running NOVA software. All experiments
were conducted at 25 °C.

Characterization of Nickel Underlayer Coatings

The surface morphology, elemental composition and
crystallographic structure of the deposited nickel
films were examined by field emission scanning
electron microscopy (FESEM Carls Zeiss SMT Supro
40VP), Energy Dispersive X-Ray spectroscopy
(EDX) and Thin Film X-Ray diffraction (TF-XRD),
respectively. Additionally, the adhesion of nickel
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coatings to the substrate was analysed using the
Scotch® tape test.

RESULTS AND DISCUSSION

Electrodeposition of Nickel Underlayer on Zincated
Aluminium

Initially, cyclic voltammetry (CV) experiments were
conducted in order to evaluate the deposition and
dissolution processes of nickel on the zincated
aluminium surface. The CV analysis was performed
with the three-electrode electrochemical cell over a
range of 0 V to -2.0 V with a 100 mV/s scanning rate at
25 °C. The value of the vertex potential was limited to -
2.0 V in order to reduce the HER which occurred
predominantly. These CV studies were performed using
a 0.1 M NiSOs electrolyte solution followed by
chronoamperometric experiments for nickel deposition.
The effects of the pH (at pH 2, 6 and 10) of the
electrolyte solutions on the formation of the nickel
coating were investigated.

The effects of pH on the cyclic voltammetry
analysis of zincated aluminium substrate in Ni (1)
solutions are shown in Figure 1. From the
voltammograms, it was observed that the shapes and
patterns of the CVs were not similar. The reduction or
nucleation of nickel ion species in the pH 2 electrolyte
solution occurred at about -0.6 V, while for the pH 6 and
pH 10 solutions it occurred at about -0.9 V and -1.2 V,
respectively. A higher applied potential was needed for
the reduction of nickel ions from the pH 10 electrolyte
solution compared to the pH 2 and pH 6 solutions due to
the large current or energy required to break down the
complex bonding between nickel and citrate before
nickel ions may be reduced. The current density slowly
increased between -0.6 VV to -0.7 V for pH 2, -0.9 V to -
1.0 V for pH 6 and -1.2 V to -1.4 V for the pH 10
solution, indicating the nucleation of electroactive
species (nickel) on the working electrode. This process
is known as electron transfer. The cathodic current
density increased during the forward scan toward
negative potentials. The drastic increases of cathodic
current density between -0.7 Vt0 -0.9 V (pH 2), -1.0 V
to-1.2V (pH6) and -1.4 V to -1.6 V (pH 10) correspond
to the further nucleation and growth of stable nickel
nuclei on the zincated aluminium electrode. All these
processes were controlled by electron transfer and mass
transport. The reaction responsible for cathodic
current is:

Ni%* 4+ 2e~ - Ni 1)
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Figure 1. Cyclic voltammograms of zincated aluminium su

bstrates in solutions containing 0.1 M NiSO4 + diluted

H2S04 solution (pH 2), 0.1 M NiSO. + 0.01 M NaOH + CgHs Naz0O7.2H,0 solution (pH 6) and in 0.1 M NiSO4 + 0.1
M NaOH + CgHs NasO7.2H,0 solution (pH 10) at 25 °C. Scan Rate: 100 mV/s. The arrows indicate the direction of
the scan cycle.

However, when the applied potential was more
than -1.4 V for pH 2, a lot of bubbles were observed at
the zincated aluminium surface indicating the HER. On
the other hand, from -1.8 V to 2.0 V for the pH 6 and pH
10 solutions, HER dominated the reaction as in (2).

2H* +2e¢” > H, )

On the reverse scan, nucleation and growth of
electroactive species still occurred when the current
density was in the cathodic direction. However, when
the potential became less negative at -1.0 V, the current
(above 0 mA/cm?) gradually became anodic. In the
anodic direction, the oxidation of deposited nickel
results in a potential close to the Ni/Ni%* equilibrium
potential. During the anodic scan, it was possible to
observe that one stripping peak (a dissolution peak) was
detected at -0.5 V for the pH 10 reaction. The stripping
peak formed was low because the dissolution charge was
very low, where nickel was oxidized back to nickel ions
during the reverse scan [5,6,7] according to reaction (3).
Besides that, with the presence of a complexing agent
(sodium citrate) in the bath solution, the voltametric
profile showed a more complex form with the anodic
peak [8].

Ni - Ni?* + 2e~ 3

Since the focus of this study was the
electrodeposition of nickel, we only look at the cathodic

reaction of nickel (I1). A potential at different regions in
the CVs (i.e.: -0.8 V (pH 2); -1.1 V (pH 6) and -1.5V
(pH 10)) was selected for each pH solution for nickel
deposition.

During electrodeposition, the current flow results
from faradaic and non-faradaic processes. A faradaic
process involves the transfer of electrons across the
electrode-electrolyte interface, while a non-faradaic
process involves charging current at the interface where
the species in the electrolyte may adsorb or desorb
on/from the electrode surface, an example being a
double layer without the transfer of electrons. Figure 2
shows the current-time (I-t) transients or
chronoamperometric curves for the electrodeposition
process of nickel for 900 s.

From the figure, it was found that the current time
transient trends varied in current density. The
chronoamperometric (CA) curve of the
electrodeposition process for nickel at pH 2 shows that
a non-faradaic process occurred rapidly at a current
density of —~0.005 A/cm? to -0.006 A/cm? for the first 250
s. After that, a faradaic process occurred constantly at -
0.007 A/cm? until the end of the electrodeposition
process. The current density for the CA curve for pH 2
was higher; this may be due to other simultaneous
reactions that occurred, such as the HER. Meanwhile,
the CA curve for pH 6 using an applied potential of -1.1
V showed a non-faradaic process starting to occur from
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-0.005 A/cm? to -0.0055 A/cm? for the first 10 s. After
that, it was observed that the current density rose almost
to -0.006 A/cm?, indicating a faradaic process. For
longer deposition times until 900 s, the current density
tended to be a steady-state value when the cathodic
surface was saturated with nickel [9]. The reactions
occurring on the surface of the coating showed a certain
state of equilibrium. After the system reached an
equilibrium state, the current density was maintained at
a constant value. Thus, this phenomenon confirmed that
nickel underlayer electrodeposition on zincated
aluminium displayed a typical three-dimensional
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nucleation process [10]. At pH 10, it was observed that
the current density of the electrodeposition process at -
1.5 V was very low and a non-uniform CA curve was
observed. This was because the charge transfer
process was not enough to complete the coating
within the 900 s deposition time. It can be seen that
the increase of pH in electrolyte solutions leads to a
shift of the current density to lower values. This
action may be due to the blocking of the cathode
surface by hydroxides that form as a result of strong
alkalization of the electrolyte near the cathode
surface.
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Figure 2. Chronoamperometric curves of the electrodeposition process of nickel on zincated aluminium surface with
different electrolyte solutions, pH 2, pH 6 and pH 10 at 25 °C for 900 s.

Characterization of Nickel Coatings on Zincated
Aluminium

Figure 3 shows the morphology of the nickel coating
after electrodeposition from 0.1 M NiSO4 solution at 900
s with various electrolyte pH solutions [deposited at -0.8
V (pH 2); -1.1 V (pH 6) and -1.5 V (pH 10)].

From these images, it was found that the surface
morphologies of nickel-coated zincated aluminium
prepared under different pH conditions were
significantly different. White spots of nickel particles
were less common on the surface and round pits as well
as non-homogeneously small nuclei were formed with
pH 2 nickel solution. The reverse zincated aluminium
surface was found to be the original etched aluminium.

This is due to dissolution of zinc from the aluminium
surface as this deposition was done in acidic solution
[11]. However, the nucleation behaviour of the
microstructure was totally different at pH 6 where
nodular morphology with a uniform coating was formed
on the zincated aluminium surface, with almost 90%
coverage. With a bath solution of pH 10, the nodular
morphology changed to cauliflower-like agglomerates
on the zincated aluminium surface, as shown in Figure
3(c), in agreement with a previous study by Khorsand et
al. [12]. It is also explicitly observed that the deposition
coverage was discontinued and underneath zincated
aluminium surface as can be seen between the
deposition of nickel (Figure 3(c)). This might because
Ni2*ions were in competition with hydroxide ions (OH-
) during the reduction when the pH 10 solution was used.
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Figure 3. FESEM images of nickel coated on zincated aluminium substrates from (a) 0.1 M NiSO4 + H,SO4 solution
(pH 2), (b) 0.1 M NiSO4 + 0.01 M NaOH + CgHs Nas07.2H,0 solution (pH 6) and (c) 0.1 M NiSO4 + 0.1 M NaOH
+ CgHs Naz07.2H,0 solution (pH 10) at 25 “C. Magnification: 5000x and 10000x (insert images)

In this study, the growth of nickel particles on
zincated aluminium was measured manually based on
the FESEM micrographs in Figure 3. Therefore, in order
to observe the effect of pH on the growth of nickel
particles, the length of one side of the coating particles
was measured. From Figure 3, the FESEM micrographs
were divided into four quadrants and in each quadrant,
ten nickel particles were selected [13]. The lengths of the
selected nickel particles were then measured, and the
average length of the nickel particles from each quadrant
were recorded. Figure 4 shows a graph of the size of the
nickel particles deposited with electrolytes at different
pH. The result showed an increase in the nickel particle
size from 0.09 um to 0.8 um to 1.7 um as the electrolyte
pH increased from pH 2 to pH 6 to pH 10, respectively.

Figure 5 shows EDAX spectra of the nickel
coatings as a function of the pH of the electrolyte
solutions, while the elemental compositions of the nickel
coatings by EDAX analysis are summarized in Table 1.

The highest percentage of nickel (Ni) deposited
on a zincated aluminium surface was obtained with the
pH 6 solution at -1.1 V deposition potential with 73.63
wt.%. The zinc (Zn) peak was also detected with 2.34
wt. % for pH 6 and 1.53 wt.% for pH 10, which comes
from the zincated aluminium surface itself. The wt. %
for aluminium (Al) was very high at pH 2 with 94.99
wt.% and only a small Ni peak was observed, indicating
only a small amount of Ni was present while Zn was not
detected, perhaps due to dissolution. The lower wt. % of
Ni and Zn on the zincated aluminium surface due to the
HER occurring in competition with the reduction of
nickel and dissolution of Zn metal to Zn?* ions during
electrodeposition. Besides this, oxygen was still
detected by EDAX for all nickel coatings. The
remaining oxygen cannot be excluded because nickel
itself can oxidize by air in the presence of moisture and
it is also due to reaction with hydroxide ions, OH". The
highest oxygen content was found to be 5.04 wt.% for
deposition at pH 10.
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Figure 4. Analysis of the size of nickel particles deposited on zincated aluminium substrates with (a) 0.1 M NiSO4 +
H,>SO4 solution (pH 2), (b) 0.1 M NiSO4 + 0.01 M NaOH + CsHs Naz07.2H-,0 solution (pH 6) and (c) 0.1 M NiSO4
+0.1 M NaOH + C¢Hs NazO7.2H,0 solution (pH 10) at 25 °C.
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Figure 5. EDAX spectra of nickel coatings prepared with various electrolyte solutions at (a) pH 2, (b) pH 6 and (c)
pH 10.
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Table 1. The elemental compositions of nickel underlayers on treated zincated aluminium surfaces with different
electrolyte solutions

Nickel Surface Composition (Weight%o)
underlayer Ni Zn Al o) C
pH 2 2.04 0.00 94.99 0.62 2.35
pH 6 73.63 2.34 19.99 3.03 1.01
pH 10 66.16 1.53 23.52 5.04 3.75
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Figure 6. XRD patterns of nickel coated on zincated aluminium substrate after electrodeposition for 900 s from (a)
0.1 M NiSO4 + H,S04 solution (pH 2) at -0.8 V, (b) 0.1 M NiSO4 + 0.01 M NaOH + CgHs Naz07.2H,0 solution (pH
6)at-1.1V, (c) 0.1 M NiSO4 + 0.1 M NaOH + CgHs Nas07.2H,0 solution (pH 10) at -1.5 V with Bare Al for
comparison.

Figure 6 depicts typical X-ray diffraction patterns
for nickel coatings formed on zincated aluminium
surfaces after 900 s of electrodeposition at 25 °C. The
results revealed that nickel had a cubic crystalline
structure, with a strong (111) diffraction that overlay
with the aluminium peak, in addition to (200) and (220)
peaks with relatively low intensities for pH 6 and pH 10
only. This means that most of the nickel crystallites were
oriented parallel to the (111) plane. Two major peaks
were observed for pH 6 and 10, which were attributed to
the (111), (200) and (220) planes of nickel. The position
of 20 values was compared with the database reference
pattern for nickel (reference code: 00-004-0850) and
these nickel values matched the standard reference
pattern at 44.05°, 51.84° and 76.37°. Meanwhile, nickel
crystallite structure was not detected by XRD at pH 2
probably due to the fairly low content of nickel present,

and thus only aluminium peaks were observed at 44.74°,
65.14° and 78.23°.

The nickel coating formed on zincated
aluminium was observed visually, as shown in Figure 7.
It is clear that there was no coating on the zincated
aluminium surface used with the pH 2 solution. The
exposed zincated aluminium surface (2 cm? in solution
during the electrodeposition process) was the same as
the original bare aluminium surface with no coating
apparent. However, a very bright light-yellow coating
uniformly covered the zincated aluminium surface used
with the pH 6 solution (Figure 6 (b)). The nickel coating
obtained from the pH 10 solution showed a dark-brown
colour coating that covered the entire exposed surface.
Nevertheless, the nickel coating obtained with the pH 10
solution had not adhered very well to the substrate
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Figure 7: Visual observation of nickel coatings prepared from (a) 0.1 M NiSO4 + H,SO4 solution (pH 2) at -0.8 V,
(b) 0.1 M NiSO4 + 0.01 M NaOH + CgHs Naz07.2H,0 solution (pH 6) at -1.1 V and (c) 0.1 M NiSO4 + 0.1 M NaOH
+ CgHs Naz07.2H,0 solution (pH 10) at -1.5 V.
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Figure 8: Visual observations of nickel coatings prepared from (a) pH 2, (b) pH 6 and (c) pH 10 solutions for before
and after removal by Scotch® tape.
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compared to the coating obtained with the pH 6 solution.
This might be due to the formation of loose nickel
hydroxide (Ni(OH).) deposits due to the highly alkaline
bath solution.

The adhesion properties of nickel coatings are critical
as they greatly affect long-term performance. A nickel
coating as an underlayer or a top coating must be well-
adhered to the substrate for any application. Figure 8
shows the nickel coatings prepared from various
electrolyte solutions at different pH before and after
the adhesion tape test. There was no pulled-off area
observed for the nickel coating prepared using pH 2
solution as shown in Figure 8(a)after the adhesion test
using Scotch® tape on the exposed zincated
aluminium surface. This is because the sample itself
had returned to its original bare aluminium surface
due to the dissolution process of metals in strong
acidic environments. This is strongly supported by the
FESEM and EDAX analysis results. However, for the
nickel coating formed using the pH 6 solution
(Figure8(b)), the Scotch® tape was clear, indicating
the nickel coating had strongly adhered to the
zincated aluminium surface, and thus had passed the
adhesion test. Besides this, the nickel coating on the
zincated aluminium surface was not removed even by
rubbing the coating with tissue after the
electrodeposition process. In contrast, the nickel
coating prepared from the pH 10 solution was easily
flaked off from the zincated aluminium surface when
the Scotch® tape was pulled off as shown in Figure
8(c), which implied a weak adhesion of the coating to
the substrate. A large area of the coating was removed
by the tape and only a small part remained intact on
the electrode surface.

CONCLUSION

Nickel coatings were successfully produced on zincated
aluminium surfaces by electrodeposition using a pH 6
solution containing Ni(ll) by applying a constant
potential of -1.1 V for 900 s. The pH of the electrolyte
solution significantly affected the formation of the
nickel coating on the zincated aluminium surface. From
the results obtained, it can be summarized that the nickel
coating deposited on the zincated aluminium surface at
pH 6 was highly adherent and compact compared to the
coating formed using pH 2 and pH 10 solutions, as it was
strongly bound to the zincated aluminium surface. This
coating also had a good appearance with uniform surface
morphology and the highest nickel composition at 73.63
wt. %.

ACKNOWLEDGEMENTS
This work was financially supported by the Ministry of

Education (Malaysia) through the Fundamental Grant
Scheme (FRGS) 600-RMI/FRGS 5/3 (094/2019). The

Effects of Electrolyte pH on the Electrodeposition of
Nickel on Zincated Aluminium Surfaces

authors would like to thank the Faculty of Applied
Sciences, Universiti Teknologi MARA (UiTM) Shah
Alam, Selangor for the facilities provided.

Conflict of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

REFERENCES

1. Murugan, V. K, Jia, Z., Syaranamual, G. J., Gan,
C. L., Huang, Y. & Chen, Z. (2016) An
investigation into different nickel and nickel—
phosphorus stacked thin coatings for the corrosion
protection of electrical contacts. Surface and
Coatings Technology, 300, 95-103.

2. Watts, O. P. (1916) Transactions of the American
Electrochemical Society, 29, 395.

3. Gryjicic, D. & Pesic, B. (2006) Electrochemical
and AFM study of nickel nucleation mechanisms
on vitreous carbon from ammonium sulfate
solutions. Electrochimica Acta, 51(13), 2678-
2690.

4. Majidi, M. R., Asadpour-Zeynali, K. & Hafezi, B.
(2009) Reaction and nucleation mechanisms of
copper electrodeposition on disposable pencil
graphite electrode. Electrochimica Acta, 54(3),
1119-1126.

5. Gruyjicic, D. & Pesic, B. (2005) Reaction and
nucleation mechanisms of copper
electrodeposition from ammoniacal solutions on

vitreous carbon. FElectrochimica Acta, 50(22),
4426-4443.

6. Isa, N. N. C, Mohd, Y., Zaki, M. H M. &
Mohamad, S. A. S. (2017) Characterization of
Copper Coating Electrodeposited on Stainless
Steel Substrate. Int. J. Electrochem. Sci., 12, 6010—
6021.

7. Hosseini, M. G., Mahmoodi, R. & Amjadi, M. S.
(2017) Carbon supported Ni 1 Pt 1 nanocatalyst as
superior electrocatalyst with increased power
density in direct borohydride-hydrogen peroxide
and investigation of cell impedance at different
temperatures and discharging currents. Energy,
131, 137-148.

8.  Grujicic, D. & Pesic, B. (2002) Electrodeposition
of copper: the nucleation mechanisms.
Electrochimica Acta, 47(18), 2901-2912.

9. Taguchi, A. D. S., Bento, F. R. and Mascaro, L. H.
(2008) Nucleation and growth of tin-zinc



147 Mohammad Hafizudden Mohd Zaki,

10.

11.

Yusairie Mohd and Nik Norziehana Che Isa

electrodeposits on a polycrystalline platinum
electrode in tartaric acid. Journal of the Brazilian
Chemical Society, 19(4), 727-733.

Ibrahim, M. A. M. &Bakdash, R. S. (2015) New
non-cyanide acidic copper electroplating bath
based on glutamate complexing agent. Surface and
Coatings Technology, 282, 139-148.

Khorsand, S., Raeissi, K., Ashrafizadeh, F. &
Arenas, M. A. (2015) Super-hydrophobic nickel—
cobalt alloy coating with micro-nano flower-like
structure. Chemical Engineering Journal, 273,

12.

13.

Effects of Electrolyte pH on the Electrodeposition of
Nickel on Zincated Aluminium Surfaces

638-646.

Othman, 1. (2016) Electrodeposition of nickel
coatings on aluminium alloy 7075 through a
modified single zincating process (Doctoral
dissertation, University of Southampton).

Mohajeri, S., Dolati, A. & Ghorbani, M. (2015)
The influence of pulse plating parameters on the
electrocodeposition of Ni-TiO 2 nanocomposite
single layer and multilayer structures on copper
substrates. Surface and Coatings Technology, 262,
173-183.



