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ABSTRACT

ARTICLEINFORMATION

TiO, has become the most well-known photocatalysts for solving environmental problems as a wide-band n-type Article history:

semiconductor. This research aimed to coat a carbon steel substrate with Zn-Co-TiO, nanocomposite via the elec- Received 1 August 2021

trodeposition method. Scanning electron microscopy (SEM) was used to examine the microstructure, (energy-dis- Received in revised form 27 September 2021

persive X-ray spectroscopy) EDS analysis was used to examine the composition of the coating, and a pull-off test Accepted 14 November 2021

was used to determine the adhesion of the coating. In this regard, the electrodeposition of the coatings was carried

out at the optimum conditions of 0.1 A, the concentration of TiO, equal to 15 g/L, deposition time of 20 min, the Keywords:

temperature of 25.5 °C, and pH of 5-5.5 in different electrolyte compositions. Also, the photocatalytic properties Adhesion

of TiO, were determined by the fungal growth on the sample surface. According to the results, the fungal growth Electrical deposition

was reduced with the increase in the TiO, content in the coating.
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1. Introduction

In recent decades, TiO, as a wide bandgap n-type semiconductor,
has become one of the most well-known photocatalysts for solving en-
vironmental problems [1, 2]. Furthermore, TiO, photocatalytic goods
such as antifungal, antiviral, surface sterilization tools, and self-cleaning
glass have been shown to be effective and of considerable value for the
applications in which they are directed to photocatalytic activity based
on the bandgap energy of materials [3]. TiO, has two phases: rutile and
anatase which show a bandgap in 3 and 3.2 eV [1, 4, 5]. As a result, TiO,
is known to have photocatalytic characteristics in ultraviolet (UV) light
irradiation, whereas doping compounds alter the TiO, structure to give
photocatalytic activity in visible light. Bulk TiO, has low photocatalyt-
ic potential, regardless of the kind of TiO, (anatase and rutile TiO, are
the most commonly reported photocatalysts) [6]. Due to their high sur-
face-to-volume ratio, improved charge transport, increased number of
delocalized carriers on the surface, improved lifetime obtained by their
dimensional anisotropy, and the effective distribution for the separation
of electrons and holes as shown by photo magnification, TiO, nanocrys-
tals have several advantages over their bulk counterparts in terms of
potential applications [1, 7].

Because of their corrosion resistance, electrodeposited Zn and Zn
alloy coatings can be utilized as aesthetic coatings, although they are
most commonly employed as protective coatings [8, 9]. The corrosion
resistance of Zn alloy coatings on steel can be up to 10 times higher than
that of pure zinc coatings. Zn-Co, Zn-Ni, Zn-Sn, Zn-Fe, and Zn-Mn,
are the most studied zinc alloys formed via electrodeposition [10-12].
According to Brenne’s classification, Zn-Co alloy electrodeposition pro-
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ceeds by anomalous co-deposition, suggesting preferential deposition of
the less noble metal (Zn) over the nobler metal (Co) under a wide range
of plating conditions [11].

Chemical and electrochemical procedures are two of the most fun-
damental approaches for creating composite coatings. The chemical
composition of composite coatings provides low porosity for unparal-
leled application. The solutions utilized in such procedures, on the other
hand, are costly and unstable. Furthermore, the chemical application of
coatings occurs at high temperatures. Applying composite coatings by
the electrochemical method is significantly faster than other chemical
methods. Furthermore, the electrodeposition of coatings is defined by
the technical process’s manageability and reliability [13-15].

The use of electrodeposition has been established as a cost-effective
technique for fabricating nanocomposite coatings with homogeneous
dispersion of semiconductor particles (i.e., TiO,) in a metal matrix, such
as nanocomposite coatings with homogeneous semiconductor parti-
cles dispersion (i.e., TiO,) in a metal matrix. It has been shown that the
photocatalytic activity of TiO,-based composite coatings is influenced
by the matrix’s composition, particularly for metal matrix composites
that stimulate photocatalysis [1, 3, 14, 16]. Process parameters such as
induced hydrodynamic conditions, deposition current density, type of
applied current (direct or pulse), electrolyte pH value, additive presence,
electrolyte compositions, and the characteristics of the reinforcing par-
ticles (surface charge, conductivity, size, etc.) and their concentration in
the bath, all influence the electrodeposited composite coatings properties
[1, 15, 17].

To the best of our knowledge, no previous paper has focused on the
electrical deposition and simultaneous use of chemically modified TiO,
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Fig. 1. Schematic of electrochemical deposition of nanocomposite on the metal
surface.
particles in the Zn-Co matrix. Also, research on the photocatalytic activ-
ity and adhesion quality of this type of electrical coating has not been
carried out by scientists [18, 19]. Therefore, in this research, Zn-Co-TiO,
composite was coated on a mild steel substrate using an electrodeposi-
tion process under direct current (DC) conditions in a chloride solution.
The goal of this research is to create a functional composite com-
posed of the Zn—Co matrix and TiO, particles. Chemically modified
TiO, particles are added to provide photoactivity under UV irradiation
for antifungal applications in wastewater and water. As a result, this
research has two goals: (a) to determine the best electrodeposition pa-
rameters by adjusting particle concentration in the bath, resulting in Zn-
Co-TiO, nanocomposite coatings with a high co-deposition percentage
of TiO, particles dispersed in a metal alloy matrix. (b) Using the line
scanning method of the cross-section, evaluate the morphological and
microstructure properties of the coating, as well as the influence of the
electrolyte bath concentration on adhesion coating.

2. Methods and materials
2.1. Substrate preparation

As substrates, mild steel plates with a diameter of 20 mm and a thick-
ness of 2 mm were employed, while platinum plates with dimensions of
80 x 30 x 1 mm were used as anodes [20, 21]. Table 1 shows the nominal
composition of mild steel plates. The anode was pure platinum and the
cathode was mild steel plates (99.99 %). The mild steel specimens were
manually polished using 80, 240, 800, 1200, and 2400 grit emery type
abrasive papers, then degreased in 5 % NaOH at 60 °C for 30 minutes
before being washed with water [22-24]. Sandblasting with aluminum
oxide abrasive particles with a particle size of 70-80. Degreasing was
performed with 5% sodium hydroxide solution [25].

2.2. Electrodeposition of the coatings

A mild steel substrate was activated by immersing in HCI solution
(2 %) for 5 seconds at ambient temperature, then it was washed in dis-
tilled water. Before coating, the plating solution was prepared at room
temperature using analytical grade chemicals and distilled water. The
bath formulation was created a day before the coating procedure and

Table 1.
Nominal chemical composition (wt. %) of mild steel substrate.

Element C P S Ni Mn Si Fe Al

Composition % 0.15 0.0 0.031 0.008 045 0.18 Bal. 0.005
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Fig. 2. Flowchart summarizing the characterization of the electrodeposited
coatings.

stirred continuously at 200 rpm for suspension stability (to avoid particle
agglomeration) and to improve the solution’s electrophoretic mobility.
Table 2 shows the chemical compositions of the bath. The addition of
KCl was used primarily to boost the conductivity of the electrolyte. Be-
fore each electrodeposition experiment, the pH of the bath was adjusted
to constant values in the range of 5-5.5.

Zn-Co and Zn-Co-TiO, alloy nanocomposite coating was deposited
electrically on the mild steel with a geometry of (80 x 30 x 1) mm?
from a sulfate bath. Zinc and cobalt are used as anode and cathode, re-
spectively. The steel soft plates were mechanically polished by varying
degrees of sandpaper to obtain a uniform and smooth surface. The sam-
ples were degreased in trichloroethylene vapors and HCI (10%) to clean
any rust and dust. The plates were eluted by water, then air-dried, and
dipped in the solution of a plating bath. The bath solution was kept at
pH=5.5 using 10% NaHCO, and H,SO,. Before plating, the bath solu-
tion was stirred with a magnetic stirrer at 600 rpm for about 24 hours.
The temperature was maintained at 25.5 °C during stirring and vibration.
The density of current for plating was kept constant at 4 A/dm?. Sedi-
mentation was performed using a DC power supply under stagnant bath
solution conditions. The electron deposition technique describes used to
develop nanocomposites shown in Fig. 1 [10, 26, 27].

2.3. Characterization of electrodeposited coatings

After sample preparation, surface preparation and coating were per-
formed by the electric deposition method. Electrolysis coating tests with
polarity, microstructure morphology, adhesion test, and photocatalytic
test were performed. Fig. 2. Explains the characterization of electrode-
posited coatings in detail.

2.3.1. Microstructure study of the coatings

In the laboratory, cross-sections of the samples were prepared by
a cutter with a speed of 3000 rpm. To determine the morphology and
percentage of the TiO, particles, an EDS-equipped scanning electron
microscope (SEM) (Coaxem CX100, South Korea) was used. A linear
analysis of chemical elements that graphically determine the intensity of
the elements in the coating was performed from the surface of the steel
sample to the surface of the coating [28].

2.3.2. Adhesion test

To perform the adhesion strength test on the applied coatings, the
tensile test according to the ASTM D4541 standard was used. For this
purpose, parts called dolly with a diameter of 2.5 cm adhered to the
nanocomposite coating with a strong adhesive of single-component ep-
oxy with a strength of about 60 MPa (MPa) and then stretched under
tensile force at a speed of 1 mm/min. The force required for separation
is reported in MPa (MPa) [29, 30].
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Fig. 3. Line scan analysis of the coating deposited in electrolyte B.

2.3.3. Antifungal test

To evaluate the photocatalytic and anti-fungal properties, a test ac-
cording to Fungus MIL-STD 810G Method 508.6 was used. In this test,
the fungi growth on the sample surface was examined. The coated sam-
ple was placed in an environment containing 1,000,000 fungal eggs and
moisture content less than 100% and more than 90% at 30 ° C for 21
days [31, 32].

3. Results and discussion

This section describes the characterization results of Zn, Co, and
TiO, particles by EDS and SEM. In addition, the effect of Zn, Co, and
TiO, nanoparticles on the electrical deposition of cobalt was analyzed
by cathode curves polarization, cyclic studies of voltammogram. In ad-
dition, a nanocomposite of Zn, Co, and TiO, coatings was exposed to

corrosion and examined under an adhesion test and photocatalytic test.

3.1. EDS analysis of the coatings

The elemental composition of the coatings obtained from EDS anal-
ysis is given in Table 3. As seen, the content of TiO, is dependent on the
composition of the electrolyte. According to the table, the content of
TiO, in the coatings deposited in electrolyte A is very low, and thereby, it
is not a suitable composition according to the aim of this study. In order
to deposit metals whose standard potentials are not the same or close to
each other simultaneously by an electric deposition method, and change

Table 2.
Chemical composition of baths.

Elements Composition A Composition B Composition C
CoCl, 50 g/L 80 g/L 70 g/L
ZnCl, 80 g/L 50 g/L 70 g/L
H,BO, 26 g/L 26 g/L 26 g/L

KCl1 230 g/L 230 g/L 230 g/L
TiO, 15 g/L 15 g/L 15 g/L
SDS (Sodium Do- 2¢g/L 2g/L 2g/L

decyl Sulphate)

SEM

c d
Fig. 4. SEM (a) and plane scan analysis of the cross-section of the coating depos-
ited in electrolyte B (b-d).

the potential difference between the two metals, the concentration of the
electrolyte was changed. This change was used to increase the concen-
tration of metal salts that have a lower standard potential than metal salts
with higher standard potential in the electrolyte. In this regard, electro-
lyte B was prepared with a higher concentration of cobalt chloride salt
than zinc chloride salt. Increasing the concentration of cobalt salt in the
solution can compensate for its low standard potential compared to the
standard potential of zinc metal. In this case, it is possible to be depos-
ited at the same time. The content of TiO, decreased in the electrolyte C
compared to the electrolyte B.

Line scan analysis was conducted across the cross-section of the
coating coated in electrolyte B (Fig. 3). The peaks show that the nano-
composite coating has precipitated from the substrate surface to the sur-
face of the coating. Co is deposited almost uniformly from the sample
surface to the coating surface, but its intensity is reduced in the middle
of the coating and has less uniformity compared to Zn. TiO, is almost
uniform from the sample surface to the coating surface; however, its
uniformity is less than Zn and Co.

Fig. 4 shows the plane scan analysis of the coating representing the
presence of Co, Zn, and Ti across the coating. The distribution of Co,
TiO, and Zn across the coating is well shown in Fig. 4b-c. Deposition
of TiO, particles between Zn-Co coating is observed in a completely
dispersed manner and with lower density compared to the matrix com-
ponents across the coating.

3.2. Morphology of the coatings

SEM morphology of the coatings deposited in electrolytes B and C
are shown in Fig. 5. In both cases, TiO, is clustered between the grains
of Zn-Co, and no differences are observed in the way TiO, particles are
dispersed in the two coatings that possess different Co and Zn chloride
concentrations. Clustering of TiO, particles in the coating increases
with increasing the amount of TiO, in the bath has also been reported in
previous research, but if the amount of TiO, is less than 15 g/L and about
5 g/L, a more uniform distribution is achieved. However, according to
the main goal of the project, which is to form the maximum titanium
dioxide in the coating, a higher concentration of this oxide in the elec-
trolyte was used [33].

The average particle size of TiO, particles was also measured from
the SEM micrograph. The average particle size of TiO, particles is equal
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Fig. 5. SEM images of the coatings deposited in (a) electrolyte B and (b) elec-

trolyte C.
to 20 nm. The SEM morphology showed the presence of nanoscale par-

ticles that were aggregated into fine TiO, spherical particles.

3.3. The adhesion of Zn-Co-TiO, composite coatings

Adhesion tests were performed on the Zn-Co-TiO, composite coat-
ings deposited on the surface of plain carbon steel in the electrolytes A,
B, and C. According to the results, the adhesions of the coatings related
to electrolytes A, B, and C were 1.7 MPa, 2.23 MPa, and 1.4, respective-
ly. As known, zinc in the electrical coating in a chloride bath is deposited
as a soft coating on the steel surface, which has low adhesion and is
removed in the form of laminates from the surface by applying force.
Increasing Co metal in the coating causes an increase in the adhesion of
the Zn coating, which has been mentioned in previous research [33, 34].
The addition of Co to the coating increases the corrosion resistance as
well as its strength, but the incorporation of TiO, particles in the coating,
which has no bond with Zn and Co, makes the coating brittle. Therefore,
a higher percentage of TiO, causes breaking and reduction of adhesion
due to the application pull-off test. Increasing Co in the coating increases
the adhesion of the Zn coating, which has been observed in research
conducted previously [34].

3.4. Antifungal properties of Zn-Co-TiO, composite coatings

To investigate the photocatalytic properties of TiO,, fungal growth
on the surface of the sample was used. First, the photocatalytic prop-
erties of TiO,-Co-Zn nanocomposite coating under the conditions of
coating formation in electrolyte A were determined. Since the amount of
TiO, in this coating is very low, it has a negligible effect on preventing
the growth of fungi on the surface of the samples. Fig. 6 also shows that
fungus eggs in the container are growing on the sample surface. Tita-
nium nanoparticles that became semiconductors by ultraviolet photons
generate charge and produce free radicals, causing fungi to compose
remove. Furthermore, titanium dioxide forms non-toxic decomposition
products that pose no risk to the environment.

In electrolyte B, at the current intensity of 0.1, A due to the maxi-
mum amount of TiO, compared to other electrolytes, reduced growth
of fungal eggs was observed. Since the maximum amount of TiO, in the

Table 3.
Elemental analysis of the coatings deposited in various electrolytes.

Electrolyte A Electrolyte B Electrolyte C
Element
(Wt%) (Wt%) (Wt%)
TiO, 0.91 4.16 1.62
Co 0.49 10.24 6.67
Zn 98.60 85.60 91.69

Fig. 6. SEM image of fungal growth in (a) electrolyte A, (b) electrolyte B, (c)

electrolyte C.
coating is higher, more free radicals are formed upon ultraviolet light

radiation. According to Fig 6 a, in electrolyte C, fungal eggs growth
increases due to the minimum amount of TiO, [35].

4. Conclusions

In this paper, electrodeposited nanocomposite coatings of Zn-Co-
TiO, were applied on a steel substrate with the advantage of being
cost-effective. The Zn, Co and, TiO, are biocompatible metals that were
used to prepare Zn-Co-TiO, nanocomposite coating. The effect of the
addition of TiO, nanoparticles and different electrolyte compositions on
the morphology, adhesion strength, and photocatalytic activity of the
coating was evaluated. The results showed that electrolyte B with Zn
and CO chloride salts in concentrations of 50 and 80 g/l, respectively,
rendered the highest amounts of Zn and Co metals along with TiO, in
the coating. The addition of Co to the coating increases the corrosion
resistance as well as its strength, but the incorporation of TiO, particles
in the coating, which has no bond with Zn and Co, makes the coating
brittle. By increasing the amount of TiO,, the photocatalytic properties
and decomposition of fungi also increased.
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