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Abstract—Deep eutectic solvents are nowadays considered to be very promising analogues of room tempera-
ture ionic liquids. They can make a significant contribution to the development of novel efficient, economic
and environmentally friendly processes, particularly, in surface engineering and electroplating. The electro-
deposition of Ni—TiO, composite coatings from an electrolyte based on a deep eutectic solvent, ethaline, was
studied in this work. Titania particles were introduced into the plating bath in the form of Degussa P 25 nano-
powder. The content of titania in electrodeposited composite coatings was shown to depend on the stirring
rate, current density and TiO, concentration in the electrolyte and can reach ca. 2.35 wt %. The microstruc-
ture and the surface morphology of the obtained composite layers were characterized. The formation of
nanocrystalline nickel matrix was detected. The introduction of TiO, particles into nickel-based coatings
resulted in an increase in the microhardness of deposits. The data obtained via the electrochemical imped-
ance spectra technique revealed an improvement in the corrosion resistance of coatings due to titania parti-
cles incorporation into deposits. The Ni—TiO, composite coatings manifested a photocatalytic activity

towards the reaction of photochemical degradation of methylene blue organic dye in water solution.
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INTRODUCTION

Electrochemical deposition of composite coatings
is known to provide the fabrication of finishing layers
with enhanced microhardness, high wear, and corro-
sion resistance and allows imparting various useful
physicochemical and service properties to the surfaces
[1, 2]. Electrodeposited composite coatings are com-
posed of a metallic matrix and a dispersed phase of
nano- or micro-sized particles entrapped into the
metallic matrix during electrodeposition. Although
various metals can be used as a matrix in electrodepos-
ited composite coatings, nickel seems to be especially
widely used for the electrochemical synthesis of com-
posite layers [1, 3—17].

Among a large number of different kinds of dis-
persed particles which can be co-deposited with the Ni
matrix, titania occupies a special place. This is due to
the fact that titania is a versatile and available material
that has a wide variety of applications: from paint and
cosmetics to photocatalysts, electrocatalysts, hydro-
gen production, storage batteries, fuel cells, solar cells,
sensors, and various environmental and biologi-
cal/health-related applications [18].

! The article was translated by the authors.

Numerous studies showed that the introduction of
TiO, dispersed particles into the nickel matrix results
in a substantial improvement in the mechanical and
physicochemical properties of coatings [9—15]. The
mechanical properties of the electrodeposited Ni—
TiO, nanocomposite films (microhardness and sliding
wear resistance) were shown to be superior to those of
the nickel matrix [9]. The improvement in microhard-
ness, wear resistance and corrosion resistance resulted
from the introduction of titania nanoparticles into the
Ni electrodeposited layers, was also confirmed else-
where [10, 11]. The composite Ni—TiO, coatings man-
ifest both photo-induced hydrophility and photocata-
Iytic activity, which determines their self-cleaning
character [12]. The Ni—TiO,/TiO, composite multi-
layers, electrodeposited from a nickel Watts bath con-
taining a TiO, sol, showed appreciable photocatalytic
and photoelectrocatalytic activities towards the degrada-
tion of methyl orange dye and the decomposition of phe-
nol, respectively [13]. The co-deposited Ni—TiO, nano-
composite coatings can also be used for fuel cell applica-
tions, in particular, in the electro-oxidation of methanol
[14]. An increase in the corrosion resistance and the pas-
sivation tendency of the nickel matrix due to TiO, parti-
cles incorporation has been reported in [15].
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Commonly, the electrodeposition of composite
coatings is performed using aqueous electrochemical
systems [1—3, 5—15]. Although aqueous colloidal
electrolytes are relatively simple, cheap and available,
they have a number of drawbacks. For instance, the
processes of aggregation of the dispersed phase (coag-
ulation and flocculation) can quickly occur in water
solutions [19—21], which results in the phase separa-
tion (sedimentation) and deterioration of the proper-
ties of the obtained composites.

Recently, an alternative to “usual” aqueous plating
baths has been developed; it involves the application of
deep eutectic solvents (DESs) [22—25]. DESs consist
of a eutectic mixture of some organic and inorganic
compounds having a melting point significantly lower
than that of each individual component [23—25].
DESs are now considered to be a new and promising
type of ionic liquids that can be used in various fields
of application, particularly, in electrochemistry and
electroplating [22, 23]. DESs are regarded as promis-
ing solvents in metal deposition processes due to their
excellent properties, such as wide electrochemical
potential windows, a high solubility of metal salts, a
relatively high conductivity, a negligible vapor pres-
sure, they are easily accessible and environmentally
safe [23].

A number of papers reported the use of DES-based
electrolytes in electrodeposition of composite coatings
[4, 26—30]. For example, the authors in [26] described
the electrodeposition of silver/SiC and silver/Al,O;
composites from the electrolyte containing an eth-
ylene glycol/choline chloride based DES. High dis-
persed-phase loadings can be achieved and these have
significantly improved properties compared with the
pure metal.

The electrodeposition of Ni/SiO, nanocomposites
from deep eutectic solvents was also investigated [4,
27]. The application of DES based electrolytes effec-
tively reduces the agglomeration of nanoparticles in
the plating bath and ensures a uniform distribution of
nanoparticles within a metal matrix. The Ni/SiO,
nanocomposites with good tribological properties and
enhanced corrosion resistance can be fabricated.

The effects of the particle content in the electro-
plating bath on the basis of DES, current density and
stirring rate on the content of micro or nano-sized SiC
particles incorporated into the Ni matrix were investi-
gated [28]. The microhardness and wear resistance of
Ni—SiC composite coatings were significantly better
that those of the Ni matrix.

To the best of the authors’ knowledge, the prepara-
tion and characterization of Ni—TiO, electrodeposited
composites from DES based electrolytes have not
been reported yet. Therefore, this work was aimed to
study the electrodeposition of nickel—titania compos-
ite films from an electrolyte based on DES.
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The effect of electrolysis conditions on the TiO,
content in the coatings was determined and analyzed.
The surface morphology and the microstructure of the
deposits obtained were studied. The microhardness
values of Ni—TiO, electrodeposited composites were
measured. The effects of the TiO, content on the cor-
rosion resistance and photocatalytic performance of
nickel—titania composites were investigated and dis-
cussed.

EXPERIMENTAL

Preparation of DES-Based Electrolyte
and Electrodeposition of Composite Coatings

In this work, a nickel electroplating bath was used
based on a deep eutectic solvent commercially known
as ethaline [22, 31, 32]. This DES is composed of the
eutectic mixture of choline chloride and ethylene gly-
col in a molar ratio of 1:2.

Choline chloride (Aldrich, purity >98%) was
recrystallized from isopropanol, filtered and then
dried under vacuum. Ethylene glycol (Aldrich, purity
>99%) and NiCl, - 6H,O (Aldrich, purity >99%) were
used as received. Ethaline was prepared by mixing
choline chloride and ethylene glycol in the above
eutectic molar ratio. The mixture was thermostatted at
70°C and stirred until a homogenous, colorless liquid
formed. Then NiCl, - 6H,0 salt was added to the pre-
pared DES and the mixture was stirred at 70°C to form
a green homogenous liquid. The content of Ni(II) was
1 mol dm—3.

The TiO, nano-powder (Degussa P 25, Evonik),
with an average particle size of 25—30 nm, was used
without any pretreatment. To obtain a colloidal elec-
trolyte for composites electrodeposition, a weighed
portion of the TiO, Degussa P 25 nano-powder was
introduced directly into the electroplating bath, the
concentration of TiO, in the bath being 1, 2, 5, 10 or

15 g dm~3. Immediately after that the electrolyte was
stirred for 1 h by a mechanical agitator and then ultrason-
ically treated with a UZDN—A ultrasonic disperser for
1 h (22.4 kHz, 340 W dm™3) to reach a uniform distribu-
tion of colloidal particles in the plating bath.

A gold plate (S = 3.54 cm?) fixed in a plastic holder
was used as a substrate for composites electrodeposi-
tion. Prior to each experiment, the surface of the gold
electrode was treated with magnesium oxide, etched
for several minutes in 1:1 (vol.) HCI solution and then
thoroughly rinsed with double distilled water. The
electrolysis was carried out with nickel anodes. The
electrodeposition of the Ni—TiO, composite coatings
was performed under the conditions of a continuous
bath agitation with a magnetic stirrer, the stirring rate
was varied from 300 to 800 rpm. The electrodeposition
was conducted at a steady current density in a usual
thermostatted glass cell (25°C). The cathodic current
density was changed in the range of 1 to 15 mA cm™2.
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The electrolysis duration has been adjusted so that the
deposits with a thickness of about 20 um were
obtained. It should be noted that the rate of electrode-
position and the composition of the coatings practi-
cally do not depend on the electrolysis duration.

Characterization of Electrodeposits

The surface morphology of the composite coatings
was studied by the scanning electron microscopy
(SEM) (Zeiss EVO 40XVP) in secondary electron
regimes. The chemical composition of the surface lay-
ers was determined by the energy dispersive X-ray
spectroscope coupled with a SEM microscope
(Oxford INCA Energy 350).

The bulk composition of the Ni—TiO, composite
coatings was determined by the X-ray fluorescence
analysis.

The X-ray diffraction analysis (XRD) was per-
formed by an XRD spectrometer DRON—3.0 in the
monochromatized CoK|, radiation. The crystalline
size was estimated by the Scherrer equation:

p— K _180° )

Bcos® m

where D is the average crystalline size, A is the wave-
length of X-rays (1.78901 A), K is a constant (usually
evaluated as 0.94), B is the corrected peak width at a
half-maximum intensity in degrees and 0 is the scat-
tering angle.

Vickers microhardness (HV) was measured by
means of PMT—3 apparatus at a 100 g load. The aver-
age value of the coatings microhardness was calculated
as an average of five separate measurements.

The study of corrosion resistance of the synthe-
sized composite coatings was carried out by means of
electrochemical impedance spectra (EIS) techniques
in the 3% NaCl aqueous solution as a corrosive
medium at 25°C. Plates made of mild steel were used
as substrates for coatings electrodeposition in this
series of experiments. The thickness of deposits was
ca. 20 um.

Electrochemical impedance was measured using a
Potentiostat/Galvanostat Reference 3000 (Gamry). A
common thermostatted glass three-electrode cell was
used; the electrode compartments being separated by
a glass porous diaphragm. Dissolved atmospheric oxy-
gen was removed by purging purified electrolytic
hydrogen. The counter electrode was porous graphite,
its surface area considerably exceeded the overall sur-
face area of the working electrode. The electrode
potentials were measured with respect to the saturated
Ag/AgCl-electrode and recalculated to the scale of a
standard hydrogen electrode. Electrochemical imped-
ance spectra were recorded at open circuit potentials
in a frequency range of 0.01 Hz to 100 kHz, with a con-
stant AC voltage amplitude of 5 mV. The data of EIS
were treated (that means the development of electrical
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equivalent circuits and the determination of quantita-
tive parameters of their elements) using Gamry
Elchem Analyst software package.

The photocatalytic properties of the Ni—TiO, com-
posite deposits were tested in an in-house fabricated
reactor, which was described in detail elsewhere [33].
The coatings with a thickness of about 20 um were
electrodeposited on mild steel plates. Methylene blue
(MB) was used as a test organic dye. Its photochemical
degradation was estimated in aqueous solutions under
the action of the UV irradiation with an effective spec-
tral range of 180—275 nm. The decolorization kinetics
was studied within 105 min at the temperature of
25°C. The content of MB dye in the solution was
determined from its absorbance change at a wave-
length of 670 nm.

RESULTS AND DISCUSSION

Effects of Electrodeposition Parameters
on TiO, Content in Composite Coatings

It is known that hydrodynamic conditions have
strong influence on the composition of electrodepos-
ited composite coatings [1, 6]. On the one hand, the
intensity of electrolyte stirring governs the rate at
which colloidal particles are being brought to the elec-
trode surface [34]. On the other hand, the electrolyte
stirring during the electrodeposition of composite
films is required to ensure good distribution unifor-
mity of the particles in the plating bath [1].

As follows from Fig. 1, the TiO, content in com-
posite films increases with an increase in the stirring
rate when the stirring rate is lower than a certain
threshold value. Once the velocity of stirring exceeds
this threshold value, the content of TiO, in composites
begins to diminish.

This behavior can be explained on the base of the
conception developed in [35]. Those authors found
that for a constant current density there are two con-
vection regimes. At relatively low velocities of stirring,
intensifying the convective flow leads to more particles
being incorporated into deposits. However, at a rela-
tively high stirring rate, the incorporation tends to
decrease due to ejecting loosely attached particles by
an intensive radial flow. This clarifies the appearance
of the threshold value of the stirring rate at which the
particles content in composite coatings reaches a max-
imum (ca. 500 rpm for Ni—TiO, electrodeposits under
consideration). To ensure an enhanced titania content
in coatings, all further experiments were conducted at
a stirring rate of 500 rpm.

The effect of the cathode current density on the
composition of Ni—TiO, composite coatings obtained
from the DES-based plating bath is shown in Fig. 2.
When increasing the current density from 1 mA cm™2
to 10 mA cm™2, a gradual increase in the TiO, content
in composite films is observed. At a further growth of
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Fig. 1. Effect of stirring rate on TiO, content in the com-
posites electrodeposited at current density of 10 mA cm™2
and titania concentration in the electrolyte of 1 g dm—3.

the current density (up to 15 mA cm—2), the content of
TiO, coatings slightly diminishes. In general, the
change of the titania content in composites with the
current density is relatively weak.

Many researchers have found that modest
increases in the current density lead to a higher parti-
cle incorporation in the deposit but behavior can be
more complex [2]. In some cases a clear maximum is
seen in the particle content of the composite electro-
deposits if some threshold current density range is tra-
versed.

The authors in [28] also detected a maximum of
the dependence of the SiC particles content in coat-
ings on the current density for the electrodeposition of
Ni—SiC composites from a deep eutectic solvent. It
was suggested that at lower current densities a rela-
tively slow reduction rate of Ni(II) allows the particles
to have plenty of time to adsorb on the electrode sur-
face, which favors the particles incorporation. A fur-
ther increase in the current density (which means a
higher rate of metallic matrix growing) impedes
attaching the particles and, as a consequence, the con-
tent of inert particles in coatings decreases. Such inter-
pretation can also explain the data obtained in the
present work.

In all subsequent experiments, nickel—titania com-
posite coatings have been deposited at a constant cur-
rent density of 10 mA cm~2.

Figure 3 shows the effect of the concentration of
the TiO, nano-powder in the plating bath on the tita-
nia content in the electrodeposited composites. A
gradual increase in the content of titania particles in
coatings is observed with increasing the concentration
of TiO, in the colloidal electrolyte.
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Fig. 2. Effect of current density on TiO, content in the
composites electrodeposited at stirring rate of 500 rpm and
titania concentration in the electrolyte of 1 gdm™".

According to Guglielmi’s model of composite elec-
trodeposition [36], the particles inclusion into a
metallic matrix occurs in two consecutive steps of
adsorption. In the first step (“loose adsorption”), the
particles are reversibly adsorbed on the electrode sur-
face and yield a high degree of coverage. In the second
step, the reduction of metal ions adsorbed on the par-
ticles creates the circumstances of an irreversible
adsorption (“strong adsorption”). Further, the parti-
cles are engulfed by the growing of the metallic matrix.
Evidently, the adsorption rate of TiO, particles should
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Fig. 3. Effect of titania concentration in the plating bath on
TiO, content in composites electrodeposited at_stirring
rate of 500 rpm and current density of 10 mA cm™2.
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increase with the particles concentration in the colloi-
dal electrolyte, resulting in a growth of the particle
content in composite coatings.

Comparing the data obtained in the present work
with those reported earlier [9—12, 14], it is essential to
note that the content of TiO, particles embedded into
the nickel matrix from a DES based plating bath is rel-
atively low: it reaches only 2.35 wt % (at 15 g dm™3
TiO, in the electrolyte, see Fig. 3). At the same time,
the maximal amount of the particles incorporation
varied between 3.26 and 11.58 wt % TiO, when Ni—
TiO, composite layers were electrodeposited from
“common” aqueous baths, depending on the electro-
Iyte type, the composition and electrolysis conditions
[9—12, 14, 15]. A following possible explanation for
this observation can be given.

Each particle suspended in a plating bath is covered
by a thin layer of the electrolyte which must be shed to
be embedded into the growing metal deposit. Simi-
larly, a thin layer of electrolyte components should be
removed from the electrode surface in the course of
the entrapment of particles into the depositing matrix.
This also includes a possible presence of some
adsorbed layers on the electrode that must be partially
or fully broken.

DES-containing electrolytes differ from aqueous
ones by considerably higher viscosity and density [23].
Evidently, DES-based systems require appreciably
more time and energy to destroy dense and viscous
films formed on the surfaces of both particles and a
growing metal matrix, which hinders the rate of the
particles inclusion into deposits, and hence reduces a
maximum available content of an inert dispersed
phase in the synthesized composite coatings.

It should be stressed that a DES-containing plating
bath under study exhibits excellent dispersion stability.
No visible sign of coagulation and sedimentation, even
after ceasing electrolyte stirring (at least, during one
week of observations), was detected.

SEM Investigation of Surface Morphology

The effect of the TiO, Degussa P 25 particles intro-
duction into the nickel matrix on the surface morphol-
ogy of coatings deposited from ethaline containing
plating bath can be seen in Fig. 4. SEM images of pure
Ni coatings exhibited a relatively even surface with a
nodular structure, with an average diameter of nodules
about 0.5—2 um (Fig. 4a). There are a small number of
defects (small protrusions) on the surface, however,
cracks are not observed. The energy dispersive X-ray spec-
troscopy revealed that the surface of “pure” nickel coatings
chiefly consisted of Ni, the presence of small amount of
such elements as O, C and Cl was detected too.

When a small amount of the TiO, nano-powder

(1-5 g dm~?) was added to the electrolyte, a great
number of spherical nodules of 2—10 um appeared on
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the surface (Figs. 4b—4d). The presence of Ni, Ti, O,
C and ClI on the surface was observed in the EDX
spectra of the Ni—TiO, composite coating (not
shown). Trace amounts of oxygen, carbon and chlo-
rine can be associated with the inclusion of some com-
ponents of the electrolyte which are adsorbed on the
electrode surface.

It is interesting that the surface structure became
more uniform and finer when the concentration of
TiO, reached 10 g dm~3 (Fig. 4¢). However, a further
increase in the TiO, concentration in the plating bath
resulted in the coarsening of the surface structure and
relatively large spheroidal protrusions appeared again
(Fig. 41).

Thus, the obtained results allow supposing that
TiO, nanoparticles suspended in the DES-based elec-
trolyte and embedded into the nickel matrix affect the
processes of nucleation/growth and the formation of
metal crystallites; thereby, TiO, nanoparticles act as
peculiar surface-active agents. It is well-known that
the surfactants, when added to the metal plating baths,
adsorb on the growing surface, ensure leveling the sur-
face profile and cause the formation of fine-crystalline
deposits. In our case, at higher titania particles con-
centration, their beneficial effect on surface smooth-
ing is enhanced and the finest surface morphology is
observed at the TiO, content in the baths of 10 g dm~3
(Fig. 4e). A further growth of TiO, particle concentra-
tion in the electrolyte (up to 15 g dm~3) may result in
partial agglomeration of particles in the electrolyte.
The embedding of larger particles into metal deposits
promotes the coarsening of crystallites (Fig. 4f).

It should be noted that the effect of the inert parti-
cles co-deposition on the nucleation/growth mecha-
nism was earlier observed in the case of electrodeposi-
tion of Ni—SiC composite coatings from deep eutectic
solvents [28].

XRD Investigation of Coatings Structure

The typical XRD patterns of pure Ni and Ni—TiO,
composite coatings deposited from a DES containing
electrolyte are shown in Fig. 5. The reflections of the
face centered cubic nickel and anatase TiO, planes
were detected. Due to a small amount of TiO, in coat-
ings, the corresponding reflections from the anatase
phase were very weak; they could be seen quite well on
XRD patterns only for samples obtained from the plat-
ing baths with the highest content of TiO, particles (10

and 15 g dm™).

Broad half-width values of the XRD profile of Ni
indicate the nanocrystalline structure of the metallic
matrix. The average crystalline sizes of the deposits
were calculated based on the full width at half maxi-
mum of X-ray peaks of diffraction using Eq. (1) for
(111) plane corresponding to the diffraction peaks with
the highest intensity. The calculated values of D are
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Fig. 4. SEM images of: (a) pure nickel and (b—f) Ni—TiO, composite coatings electrodeposited at different titania particles con-
tent in the plating bath (g dm_3): (b) 1, (c) 2, (d) 5, (e) 10, and () 15. All coatings were electrodeposited at stirring rate of 500 rpm

and current density of 10 mA cm ™2

summarized in Table 1. It is seen that the values of the
crystalline size vary in a relatively narrow range of ca.
9—14 nm. Although there is no marked trend, the low-

Table 1. Calculated values of crystalline size of coatings depos-
ited from DES-based electrol%/te at stirring rate of 500 rpm,
current density of 10 mA cm™ and different TiO, concentra-
tion in a plating bath

Concentration of TiO,
D, nm
in a plating bath, g dm—3
0 12.6
1 13.4
2 13.3
5 11.8
10 9.9
15 13.9

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 55

est crystalline size is achieved for coatings obtained from
the bath with the TiO, concentration of 10 g dm—3,
when the most uniform surface morphology is
observed. Thus, there is a certain correlation between
the crystalline size determined by the Scherrer equa-
tion and the grain size evaluated via SEM images.

Microhardness of Coatings

Figure 6 shows the relationship between the con-
tent of TiO, particles in a nickel plating bath and the
microhardness of the electrodeposited coatings. An
introduction of titania particles into the nickel matrix
and an increase of their content result in an increase of
the deposits microhardness.

The strengthening of composite electrodeposits is
commonly attributed to two mechanisms: the grain
refinement strengthening from the Hall—Petch rela-
tionship and the dispersion strengthening due to the
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Fig. 5. Typical XRD patterns of: (a) Niand (b, c) Ni—TiO, composite coatings electrodeposited from the DES-based electrolyte
at stirring rate of 500 rpm, current density of 10 mA cm 2 and different TiO, nano-powder concentration (g dm’3): (a)0, (b) 1,

and (c) 15.

Orowan mechanism [37]. The Hall—Petch equation
suggests that the microhardness of a nano-sized mate-
rial increases when diminishing the grain size. As
shown above (Table 1), there is no appreciable
decrease in the grain size when the content of TiO, in
the plating bath increases. Therefore, it is assumed
that an increase in microhardness of Ni—TiO, com-
posites prepared using DES-based electrolytes is
chiefly governed by the Orowan mechanism. This
phenomenon is attributed to dispersion of fine colloi-
dal particles, which impedes the motion of disloca-
tions in the metallic matrix resulting in an increase in
the material hardness [21, 37]. It is clear that an
increase in the concentration of closely spaced dis-
persed particles entrapped into the coating leads to an
increase in the number of obstacles to moving the dis-
locations. This ensures more pronounced dispersion
strengthening.

However, at the highest content of TiO, in the elec-
trolyte (15 g dm™3), an appreciable decrease of micro-
hardness is observed in spite of a further increase of
the titania content in coatings. It is supposed that the
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Fig. 6. Microhardness of coatings expressed as function of
TiO, concentration in the plating bath. The coatings are
deposited at stirring rate of 500 rpm and current density of
10 mA cm™2.
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reduction of microhardness is due to the coarsening of
the surface grains which is revealed by SEM study
(Fig. 4f): more defective and less uniform surface mor-
phology causes diminishing the surface strength of the
material.

EIS Study of Corrosion Behavior

Figure 7 shows the relationship between the open
circuit potential (OCP) of coatings immersed in an
aggressive environment containing 3% NaCl and the
TiO, concentration in the elecroplating bath. It should
be noted that the values of the OCP manifest only
minute changes with time after immersion of the sam-
ples in a corrosive medium (the deviations are less
than £(25...30) mV within two hours of observations).
Hence, the measured OCP values reflect, in fact, a
steady-state condition.

It is clearly seen that the introduction of TiO, par-
ticles into the nickel matrix and an increase of their
content shift the corrosion potential to nobler values
indicating an enhancement of the corrosion stability
of coatings. However, when the TiO, concentration

reaches 15 g dm~3, the OCP value reduces slightly.

To get detailed information about the influence of
embedding the TiO, Degussa P 25 particles into the
nickel matrix upon the corrosion resistance of coat-
ings, the electrochemical impedance spectroscopy
was used. The measurements of impedance spectra
were performed at the OCPs. Several typical Nyquist
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diagrams of deposits plated from the DES-based
nickel plating bath are shown in Fig. 8.

All obtained Nyquist diagrams look very similar:
the impedance plots exhibit depressed semicircles,
which implies that the electrochemical process is con-
trolled by the charge transfer step and occurs on the
inhomogeneous electrode surface. This behavior can
be described by the so-called constant phase element
(CPE) [38]. Figure 9 shows an equivalent circuit
adapted for the interpretation and analysis of experi-
mental impedance data. The electrical equivalent cir-
cuit contains polarization resistance of the electro-
chemical reaction (R), the constant phase element
(CPE) which characterizes the interface of “solid elec-
trode/solution”, and the ohmic resistance of the solu-
tion (R,).

As concerns the impedance of the CPE, it can be
given by the following formula [39]:
—1

Zewe =[0(j0)'| e)

where Q is a constant; j = J—1is the imaginary unit;
o is the angular frequency of alternating current; and
n is the dimensionless empirical exponent corre-
sponding to phase deviation and associated with inho-
mogeneity of the electrode surface.

The experimental data in Fig. 8 are displayed as
symbols and the continuous lines are obtained by
curves fitting using the electrical equivalent circuit
shown in Fig. 9. The calculated kinetic parameters are
summarized in Table 2. For the sake of comparison,
the impedance characteristics of the corrosion of a
steel substrate without any coatings are also given.

The polarization resistance of the electrochemical
reaction, R, can be considered as a parameter which
explicitly characterizes the corrosion stability of coat-
ings. It follows from the obtained results that R
increases with the TiO, content in the electrolyte and
hence in composite coatings, which indicates an
improvement in the corrosion stability. However, this
uniform dependence is violated when the titania con-
tent in the bath reaches 15 g dm—3: a certain decrease
of R, is observed at this TiO, concentration. Thus, the
most corrosion-resistant coatings are electrodeposited
from the plating bath containing a threshold value of
TiO, concentration (ca. 10 g dm).

As concerns the empirical exponent # in Eq. (2), it
characterizes the extent of inhomogeneity of the elec-
trode surface rather than the extent of surface rough-
ness (a real surface area). Our findings show that the
most inhomogeneous surface is formed at the above-
mentioned threshold value of the TiO, concentration
in the plating bath. This corresponds to a large amount
of nanoparticles finely dispersed in the metallic matrix
providing the formation of a highly corrosion-resis-
tance material. Both an increase and a decrease in the
TiO, concentration result in an increase in the value of n.
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Fig. 8. Typical Nyquist plots of Ni and Ni—TiO, composite coatings deposited from the DES based plating bath at stirring rate of
500 rpm, current density of 10 mA cm_z, and different TiO, contents in the electrolyte (g dm_3): (a) 0, (b) 2, (¢) 10, and (d) 15.

The measurements were conducted at OCP in 3% NaCl solution. The visible electrode surface was 2 cm?. The symbols denote
the measured (experimental) impedance spectra and solid lines represent fitted results.

The Q values in Eq. (2) are often associated with
the surface area available for the electrochemical reac-
tion [19]. Comparing the Q values for nickel and
nickel—titania composites deposited from DES-based
baths, one can conclude that the highest values of Q
correspond to the lowest empirical constants 7.

In general, the obtained data show that the inclu-
sion of titania nanoparticles in an electrodeposited
metallic matrix leads to an enhancement of the corro-
sion stability of composite coatings as compared with
pure nickel. It is assumed that the improvement in cor-
rosion resistance is due not only to the formation of a
protective physical barrier, which partially blocks the
electrode surface and is composed of “inert” TiO, parti-
cles, but also to the formation of corrosion micro-cells in
which TiO, acts as cathode and nickel as anode [40].

Photocatalytic Activity of Ni—TiO, Composite Coatings

Nowadays the use of heterogeneous photocatalysis
(TiO,/UV) in the treatment of wastewaters attracts
considerable attention [41]. In this context, the search
for convenient and efficient supporting materials to
anchor the TiO, catalyst remains an important chal-
lenge in advanced oxidation processes based on titania

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY Vol 55

photocatalyst [42]. It is believed that the electrodepo-
sition of composite coatings with dispersed TiO, par-
ticles is a very promising approach to the development
of new supports for titania [33].

The photocatalytic properties of TiO, particles
immobilized on Ni—TiO, composite electrodeposits
were tested in the reaction of photochemical degrada-
tion of MB dye in water under the action of UV radia-

CPE

Rct

Fig. 9. Electrical equivalent circuit modeling impedance of
solid electrode/solution interface.
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Table 2. Calculated electrochemical impedance parameters of the corrosion of a steel substrate, Ni and Ni—TiO, compos-

ite coatings

System R, Q R, Q cm? 0x10°, Q's"cm™2 n
Ni 4.88 229.4 1.600 0.588
Ni—TiO,, 1 g dm~ TiO, in the bath 5.20 236.4 0.711 0.729
Ni—TiO,, 2 g dm~ TiO, in the bath 4.90 258.5 0.714 0.666
Ni—TiO,, 5 g dm™3 TiO, in the bath 5.12 278.5 0.986 0.565
Ni—TiO,, 10 g dm™3 TiO, in the bath 5.18 332.2 2.312 0.556
Ni—TiO,, 15¢g dm™3 TiO, in the bath 5.00 280.8 1.083 0.655
Steel substrate 4.68 128.9 3.456 0.674

tion [43]. Figure 10 gives the kinetic curves of photo-
chemical degradation; it can be seen that they follow
well the pseudo-first order kinetics. Clearly, the slopes
of the straight lines plotted in the coordinates of the
logarithm of the MB concentration vs. time allow cal-
culating the apparent rate constants of decolorization
process (Table 3).

A growth of the titania content in the plating bath
and hence in the deposited composites expectedly
causes the improvement in their photocatalytic perfor-
mance (increasing the apparent rate constant) because
of the growing of the TiO, photocatalyst surface con-
centration. After reaching some threshold value, cor-
responding to 10 g dm~3 TiO, in the electrolyte, the
photocatalytic activity diminishes at 15 g dm~3 TiO,,
which may be associated with the coarsening of the

—12 r

® 0gdm 3 TiO,
v 1gdm3TiO,
m2gdm 3 TiO,

InCyc [mol/dm?]

_15L ©5gdm™3TiO,
A 10gdm™ TiO,
O 15gdm™ TiO,
—16 1 1 1 1 1
0 20 40 60 80 100

Time, min

Fig 10. Kinetic curves of MB dye degradation in water
under UV irradiation in the absence and in the presence of
Ni—TiO, photocatalyst. The data are presented as first-
order linear transforms In C vs. time. Coatings were elec-
trodeposited at stirring rate of 500 rpm, current density of
10 mA cm™Z and different TiO, contents in the plating bath.
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surface grains and partial agglomeration of titania par-
ticles as stated above.

It should be observed that there is symbasis of rela-
tionships between the investigated functional proper-
ties of coatings (their microhardness, corrosion resis-
tance, and photocatalytic activity) and the content of
TiO, in the plating electrolyte. All these properties reach
their “best values” at a certain threshold content of the
TiO, nano-powder in the plating bath (ca. 10 g dm™3).
Evidently, an extremal character of these dependences
is caused by two main factors: one is related to the cor-
responding quantitative changes in the TiO, content in
composite electrodeposits and the other may be con-
nected with the observed changes of the coatings sur-
face state (surface morphology, surface roughness,
grain size, etc.).

CONCLUSIONS

(1) It is for the first time that the present work
reports the main characteristics of the Ni—TiO, com-
posite electrodeposition from a deep eutectic solvent,
ethaline. Due to higher viscosity and density, the col-
loidal electrolyte based on DES ensures excellent dis-
persion stability as compared with “usual” aqueous
systems. This is one of the most important advantages
of colloidal electroplating baths containing deep
eutectic solvents.

(2) The content of the titania dispersed phase in
coatings depends on the TiO, concentration in the
plating bath, the applied current density, and the stir-
ring rate; it may reach 2.35 wt %.

(3) The Ni—TiO, composite electrodeposits exhibit
a nano-sized type of microstructure. The introduction
of titania nanoparticles into the nickel matrix affects
the values of grain sizes and the surface morphology,
which may be caused by changes in nucleation/growth
kinetics.

(4) The co-deposition of TiO, particles with nickel
results in an appreciable improvement in functional
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Table 3. Calculated values of apparent rate constant for the
reaction of MB dye degradation under UV irradiation. The
coatings were electrodeposited at stirring rate of 500 rpm
and current density of 10 mA cm™2

Content of TiO, nano-powder
, , ; k % 10°, min~!
in the plating bath, g dm
0 (without photocatalyst, 2.30
i.e. net photolysis)
1 2.33
2 2.65
5 3.63
10 11.10
15 7.73

properties of coatings. The microhardness of compos-
ites is higher and the corrosion resistance in a corro-
sive medium is better than in the case of pure nickel.
The incorporation of titania particles into the Ni
matrix provides the coatings surface with a photocata-
Iytic activity towards the photochemical reactions of
organic dyes degradation.

(5) An increase in the TiO, content in composite
coatings enhances microhardness, corrosion stability,
and photocatalytic activity. However, after reaching a
certain threshold value of the titania content, all these
properties begin to weaken, probably due to more
defective and less uniform surface morphology of
coatings.
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