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Abstract Cu-TiO2 nanocomposites were prepared by elec-
trodeposition method onto copper substrate using an acid
copper plating bath containing dispersed nanosized TiO2.
The composition of codeposited TiO2 nanoparticles in the
composite coatings was controlled by the addition of
different concentrations of TiO2 nanoparticles in the bath
solution. The average crystallite size was calculated by
using X-ray diffraction analysis and it was ~32 nm for
electrodeposited copper and ~33 nm for Cu-TiO2 composite
coatings. The crystallite structure was fcc for electro-
deposited copper and Cu-TiO2 nanocomposite coatings.
The surface morphology and composition of the nano-
composites were examined by scanning electron microsco-
py and energy dispersive X-ray spectroscopy analysis. The
effect of TiO2 content on the corrosion and wear resistance
properties of the nanocomposite coatings was also pre-
sented. The codeposited TiO2 nanoparticles in the deposit
increased the corrosion and wear resistance, which were
closely related with TiO2 content in the nanocomposites.
The wear resistance and microhardness of the Cu-TiO2

nanocomposite coatings were higher than electrodeposited
copper. The corrosion resistance property of the electro-
deposited copper and Cu-TiO2 nanocomposite coatings was
evaluated by electrochemical impedance and Tafel polari-
zation studies. Cu-TiO2 composite coatings were more
corrosion resistant than electrodeposited copper.
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Introduction

Nanocomposite coatings refer to electrolysis in which
nanosized particles are suspended in an electrolyte and are
embedded in the electroformed solid phase, imparting
special properties depending on the degree and type of
nanoparticle incorporation in the deposit. Electrodeposited
composite coatings exhibit enhanced materials properties
such as microhardness, wear resistance, and corrosion
resistance than the electrodeposited metal coatings [1, 2].
These enhanced properties depend mainly on the nature of
the codeposited particles, as well as the distribution of the
particles in the metallic matrix [3]. Electrodeposition
technique is one of the methods used to fabricate nano-
composite coatings. Many literatures have demonstrated
electrodeposited copper- or copper alloy-based nanocom-
posite materials [4–10]. TiO2 has many potential applica-
tions in various industrial and domestic fields including
metallic and organic coatings, catalysis as catalyst support,
photovoltaic cells, and wastewater treatment. TiO2 has also
been used to reinforce metallic coatings and it improves
wear resistance, hardness, and other properties such as
corrosion resistance [11, 12]. TiO2 codeposition was carried
out with Ni, Zn, Ag, and Cu as the metallic components
[13–20]. The interest in copper composite coatings has
been increased for their potential engineering applications
resulting from the outstanding properties of wear resistance,
anticorrosion, and self-lubrication. To achieve these prop-
erties, various inert particles such as SiC, SiO2, graphite,
Al2O3, MoS2, TiO2, PTFE, etc. are tried so far [4, 21–27].
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Celis et al. reported the kinetics and mechanism of
copper-Al2O3 nanocomposite coatings [25, 28, 29].
Lozano-Morales et al. studied the effect of Al2O3 nano-
powder on copper electrodeposition [30]. Benea et al.
reported the corrosion behavior of copper and copper
matrix composite coatings, with ZrO2 particles embedded
by electrodeposition from an acid copper sulfate plating
bath [31]. Yang et al. reported the preparation of single-
walled carbon nanotube-reinforced copper composite coat-
ings by electrochemical deposition method [32]. Guo et al.
reported the pulse plating of copper-ZrB2 composite
coatings [33].

In this present work, a novel nanostructure metallic
composite coatings consisting of nanocrystalline copper
matrix (average crystallite size=32 nm) and dispersed
titania nanoparticles (average crystallite size=25 nm) have
been electrodeposited onto copper substrates from an acid
copper sulfate bath. The crystallite size and structure of the
electrodeposits were calculated by using X-ray diffraction
(XRD) analysis. The surface morphology and composition
of copper and Cu-TiO2 nanocomposite coatings were
examined by scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDAX) analysis.
The microhardness and the wear resistance of Cu-TiO2

nanocomposite coatings were measured by Vickers micro-
hardness tester and Taber abrader tester, respectively.
Finally, the corrosion resistance behavior of electrodepos-
ited copper and Cu-TiO2 nanocomposite coatings was
evaluated by electrochemical impedance and Tafel polari-
zation studies.

Experimental methods

Electrodeposition of Cu-TiO2 nanocomposites

Cu-TiO2 nanocomposite coatings were electrodeposited
from a suspension of TiO2 nanoparticles in a copper sulfate
bath. The optimized bath composition for Cu-TiO2 com-
posite plating bath was copper sulfate (0.3 M) and sulfuric
acid (1.3 M). The TiO2 nanoparticles (25 nm) were added
to the plating bath solution from 25 to 100 g/L with
continuous agitation for 4–6 h to ensure uniform dispersion
of the nanoparticles in the plating bath [34]. Electro-
composite coatings were carried out using a copper bar of
high purity as the anode and polished copper plates of
4.0 cm2 area as the cathode materials for composite plating.
Gelatin (1.0 g/L) was used as an additive in the bath
solution. The electroplating parameters such as the current
density and pH of the bath were fixed as 5.0 A/dm2 and 0.2,
respectively, at 30 °C. Electrodeposited copper was also
obtained under the same condition from an electrolyte
without TiO2 nanoparticles.

Characterizations of Cu-TiO2 nanocomposites

The crystallite size and structure of the electrodeposited
copper and Cu-TiO2 nanocomposite coatings were mea-
sured by XRD analysis. Surface morphology of electro-
deposited copper and Cu-TiO2 nanocomposite coatings was
examined by SEM. The composition of the Cu-TiO2

nanocomposite coatings were measured by EDAX analysis.
The microhardness of the mechanically polished electro-

deposited copper and Cu-TiO2 nanocomposite coatings was
measured by Vickers microhardness tester using a load of
50 g for the duration of 15 s. The wear test was conducted
on a sliding wear machine of Taber abrader tester with a
rotation rate of 1,000 cycles under an applied load of 1 kg.

The corrosion resistance behavior of the electrodeposited
copper and Cu-TiO2 nanocomposite coatings was evaluated
by electrochemical impedance spectroscopy. The coated
specimen of 1.0 cm2 area was used as working electrode,
the standard calomel electrode (SCE) was used as reference
electrode, and the Pt foil acted as a counter electrode. These
three electrodes were immersed in 3.5% NaCl solution in a
three-electrode cell assembly. The time interval of 10 min
was given to attain a steady-state open-circuit potential
(OCP) and then the impedance measurements were carried
out at the OCP. A sine wave voltage of 10 mV was
superimposed on the rest potential. The real part (Z′) and
the imaginary part (Z″) were measured in the frequency
range of 100 kHz to 10 mHz. From the Nyquist plots, the
value of charge transfer resistance (Rct) and double layer
capacitance (Cdl) were measured.

The corrosion resistance behavior of the electrodeposited
copper and Cu-TiO2 nanocomposite coatings of 1.0 cm2

area was evaluated by Tafel polarization studies. The cell
configuration used for this study was same as that used in
the impedance measurements. The coated specimen of
1.0 cm2 area was immersed in 3.5% NaCl solution for the
duration of 10 min to attain a steady-state potential. The
electrode was then polarized cathodic to anodic direction in
the potential range of Ecorr±250 mV from the OCP at a
scan rate of 1 mV/s. The corrosion current densities (icorr)
were determined by extrapolating the linear portion of the
anodic and cathodic polarization curves. The polarization
curves were recorded at least twice to prove the reproduc-
ibility of the results. The corrosion rate (CR) was calculated
from the corrosion current by using the following equation
[35]:

CR ¼kðicorr
r

ÞEW

where CR is given in millimeters per year, k=3.27×
10−3 mm g/µA cm year, ρ=8.96 g/cm3 is the density of
Cu, and EW=31.77 is the equivalent weight of Cu.
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Results and discussion

Effect of particle concentration

The relationship between the amount of codeposited TiO2

and the concentration of TiO2 nanoparticles in the plating
bath at the fixed current density of 5.0 A/dm2 at 30 °C is
shown in Fig. 1. The amount of codeposited TiO2 nano-
particles in the composite coating increased with TiO2

concentration in the plating bath [2, 3]. The maximum
amount of codeposited TiO2 nanoparticles was achieved at

the concentration of 100 g/L of TiO2. This was confirmed
by EDAX compositional analysis. The curve is quite
similar to the well-known Langmuir adsorption isotherms,
supporting a mechanism based on an adsorption effect. The
codeposition of TiO2 nanoparticles on the cathode surface
was suggested by Guglielmi’s two-step adsorption model
[36, 37]. Once the particles are adsorbed, metal begins
building around the cathode slowly, encapsulating, and
incorporating the particles. The highest concentration of
TiO2 nanoparticles on the codeposit was due to saturation
in adsorption on the cathode surface.

EDAX analysis

A representative EDAX diagram for the Cu-TiO2 nano-
composite coating obtained by the addition of 50 g/L of
TiO2 nanoparticles is shown in Fig. 2. The EDAX analysis
of Cu-TiO2 nanocomposite coatings gives the average
elemental percentage of Ti and Cu as 7.32% and 92.68%,
respectively. It confirms the presence of codeposited TiO2

nanoparticles on the copper matrix (Table 1).
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Fig. 1 Effect of amount of TiO2 in the bath (in grams per liter) on the
weight percentage of TiO2 in the nanocomposite coatings

Fig. 2 EDAX analysis spectrum of electrodeposited Cu-TiO2 nano-
composite coating

Table 1 EDAX analysis of Cu-TiO2 (7.3 wt.%) nanocomposite
coating obtained from 50 g/L of TiO2 in the bath

Element Element % Average %

First spot Second spot Third spot

Ti (as TiO2) 7.30 7.32 7.34 7.32

Cu 92.70 92.68 92.66 92.68
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Fig. 3 XRD patterns of both electrodeposited copper and Cu-TiO2

nanocomposite coatings. a Electrodeposited copper, b Cu-TiO2 nano-
composite coating
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X-ray diffraction analysis

The crystallite size and structure of the electrodeposited
copper and Cu-TiO2 nanocomposite coatings were calcu-
lated by using XRD analysis (Fig. 3). Its corresponding

XRD data is given in Table 2. The average crystallite size
calculated from the XRD pattern using the Scherrer
equation was ~32 nm for copper and ~33 nm for Cu-TiO2

nanocomposite electrodeposits. The structure of electro-
deposited copper and Cu-TiO2 nanocomposite coatings
were crystalline fcc which was confirmed from the JCPDS
standards [38], but only noticeable differences in the
intensity of (111), (200), and (220) peaks were observed
for the Cu-TiO2 nanocomposite coating compared to
electrodeposited copper. The effect of the inclusion of
TiO2 nanoparticles in the copper matrix had only negligible
influence on the internal stress, which is evident from the
XRD results.

SEM studies

SEM micrographs of the electrodeposited copper and
Cu-TiO2 nanocomposite coatings are shown as Fig. 4.
Both the coatings were electrodeposited at a current
density of 5.0 A/dm2 and layer thickness of about

Table 2 XRD parameters for electrodeposited copper and Cu-TiO2 nanocomposite coatings

Electro deposits d-spacing (A°) Miller indices
(h k l)

Lattice parameter (a) Str./phase Average crystallite size
(nm)

Observed Standard Observed Standard

Copper 2.0794 2.0883 (111) 3.605 3.615 fcc 32
1.8020 1.8082 (200)

1.2763 1.2780 (220)

Cu-TiO2 (7.3 wt.%) composite 2.0794 – (111) 3.605 3.615 fcc 33
1.8024 – (200)

1.2761 – (220)

(a)

(b)
Fig. 4 SEM photographs of electrodeposited copper and Cu-TiO2

nanocomposite coatings. a Electrodeposited copper, b Cu-TiO2 nano-
composite coating
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Fig. 5 Effect of the amount of codeposited TiO2 on the microhard-
ness of Cu-TiO2 nanocomposite coatings
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60 µm. The electrodeposited copper showed regular
surface and fine crystallites as observed in Fig. 4a and
the Cu-TiO2 nanocomposite coating was more compact
than the electrodeposited copper and consisted of smaller
and spherical-sized grains as observed in Fig. 4b. It was
evident that the TiO2 nanoparticles were uniformly
distributed in the copper matrix by electrodeposition,
which was consistent with the EDAX results (Fig. 2).
Cu-TiO2 nanocomposite coatings possessed enhanced
mechanical as well as corrosion resistance properties with
TiO2 nanoparticle in the deposit. This is because of the
uniform distribution of TiO2 in the deposit.

Microhardness and wear resistance

Vickers microhardness measurements were performed for
electrodeposited copper and Cu-TiO2 nanocomposite coat-
ings as shown in Fig. 5. Microhardness of the Cu-TiO2

nanocomposite coating was 25 kg/mm2 higher than that of
electrodeposited copper. The microhardness of the nano-
composite coatings increased with TiO2 particles content in
the copper matrix. The enhancement in the hardness of Cu-
TiO2 nanocomposite coatings was due to the strengthening
effect caused by the dispersion of TiO2 nanoparticles in the
composite coatings, which impeded the motion of disloca-
tion in the metallic matrix. The Cu-TiO2 nanocomposite
coating exhibited higher hardness values at increased
content of the codeposited TiO2 particles. The improved
friction and wear properties were due to the hardened
matrix.

The wear resistance of the electrodeposited copper and
Cu-TiO2 nanocomposite coatings were measured by using

Fig. 6 Effect of the amount of codeposited TiO2 on the wear weight
loss of Cu-TiO2 nanocomposite coatings

Fig. 7 Impedance plots of electrodeposited copper and Cu-TiO2

nanocomposite coatings. a Electrodeposited copper, b Cu-TiO2

(5.3 wt.%), c Cu-TiO2 (7.3 wt.%), d Cu-TiO2 (8.8 wt.%), e Cu-TiO2

(9.4 wt.%)

Table 3 Impedance parameters for electrodeposited copper and Cu-
TiO2 nanocomposite coatings

Material TiO2

(wt.%)
Rct

(ohm/cm2)
Cdl

(µF/cm2)

Electrodeposited copper 0 220 72.37

Cu-TiO2 nanocomposite
coatings

5.3 660 24.12

7.3 850 18.73

8.8 1,000 15.92

9.4 1,150 13.84

Fig. 8 Tafel polarization plots of electrodeposited copper and Cu-
TiO2 nanocomposite coatings. a Electrodeposited copper, b Cu-TiO2

(5.3 wt.%), c Cu-TiO2 (7.3 wt.%), d Cu-TiO2 (8.8 wt.%), e Cu-TiO2

(9.4 wt.%)
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the Taber abrader tester as shown in Fig. 6. From this result,
it was found that the Cu-TiO2 nanocomposite coatings
exhibited more wear resistance than electrodeposited
copper coating.

Corrosion resistance measurements

Electrochemical impedance studies

Nyquist plots were obtained for the electrodeposited
copper and Cu-TiO2 nanocomposite coatings to get the
value of charge transfer resistance (Rct) and double layer
capacitance (Cdl) as shown in Fig. 7. The charge transfer
resistance (Rct) values for Cu-TiO2 nanocomposite coat-
ings increased and the double layer capacitance (Cdl)
values decreased with TiO2 in the composite coatings
(Table 3). It revealed that the Cu-TiO2 nanocomposite
coating was more corrosion resistant than electrodeposited
copper coating.

Polarization measurements

The corrosion potentials (Ecorr), the corrosion current (icorr),
CR, and the Tafel slopes ba and bc for copper and Cu-TiO2

nanocomposite coatings were calculated from the Tafel
polarization curves (Fig. 8) and are given in Table 4. It can
be seen from the table that the corrosion current (icorr)
decreased in all the Cu-TiO2 nanocomposite coatings
compared to electrodeposited copper. The corrosion poten-
tial in the case of Cu-TiO2 nanocomposites had shown a
negative shift, confirming the cathodic protective nature of
the coatings.

The CR of electrodeposited copper and Cu-TiO2 nano-
composite coatings was also calculated and the dependence
of CR on the weight percent of TiO2 particles in the Cu-
TiO2 nanocomposite coating is shown in Fig. 9. It revealed
that the Cu-TiO2 nanocomposite coatings (CR=0.08 mm/
year) were more corrosion resistant than electrodeposited
copper coating (CR=1.175 mm/year) in 3.5% NaCl
solution.

Conclusions

The amount of TiO2 nanoparticles in Cu-TiO2 nanocompo-
site coatings increased with the addition of TiO2 in the
plating bath. The average crystallite size calculated was
~32 nm for electrodeposited copper and ~33 nm for Cu-TiO2

nanocomposite coatings. The structure was crystalline fcc for
both electrodeposited copper and Cu-TiO2 nanocomposite
coatings. The microhardness and wear resistance of the Cu-
TiO2 nanocomposite coatings were higher than electro-
deposited copper. The charge transfer resistance (Rct) of the
Cu-TiO2 nanocomposite coating was 1.15×103 ohm/cm2,
which was higher than that of electrodeposited copper. The
Tafel polarization studies showed decreased corrosion
currents for all the Cu-TiO2 nanocomposite coatings than
electrodeposited copper coating. The CR of Cu-TiO2 nano-
composite coatings was less than that of electrodeposited
copper coating. It revealed that Cu-TiO2 nanocomposites
were more corrosion resistant than electrodeposited copper
in 3.5% NaCl solution.

Material TiO2 (wt.%) Ecorr (V) vs SCE icorr (µA/cm
2) CR (mm/year)

Electrodeposited copper 0 −0.271 101.6 1.17

Cu-TiO2 nanocomposite coatings 5.3 −0.286 68.25 0.80

7.3 −0.343 41.01 0.47

8.8 −0.338 34.38 0.40

9.4 −0.339 6.83 0.08

Table 4 Tafel polarization
parameters for electrodeposited
copper and Cu-TiO2

nanocomposite coatings
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Fig. 9 Dependence of CR on the weight percentage of TiO2 particles
in the Cu-TiO2 nanocomposite coatings
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