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Abstract—Kinetics of electrodeposition of composite Ni/TiO2 coatings was studied using the electrolyte
based on a deep eutectic solvent (DES) containing choline chloride, ethylene glycol, water additive, and
nickel chloride. Degussa P 25 nanopowder was used as a dispersed phase in the electrolyte (1–10 g/dm3). The
developed electrolyte allows depositing composite coatings with the content of titanium dioxide reaching
~10 wt %. The electrolytic deposition of the composite was shown to obey Guglielmi’s kinetic model. The
main parameters of codeposition of TiO2 particles into a nickel matrix were determined in the framework of
this kinetic model. The codeposition of titanium dioxide was found to inhibit the reaction of the nickel ions'
discharge. Electrocatalytic properties of the prepared composite Ni/TiO2 coatings were evaluated with
respect to the hydrogen evolution reaction in an aqueous alkaline solution. A noticeable improvement in the
electrocatalytic activity was observed when titanium dioxide particles were introduced into an electrodepos-
ited nickel matrix.
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INTRODUCTION
Electrolytic deposition of composites is an effective

approach to the fabrication of the coatings with
improved physicochemical and operational character-
istics [1, 2]. Among various types of composites,
which can be accessed through electrodeposition, the
nickel-based coatings are of particular interest. On the
one hand, this is caused by the ability to codeposit the
particles of disperse phase that are different in chemi-
cal composition and microstructure along with the
nickel matrix; on the other hand, the Ni-based com-
posite coatings provide high corrosion resistance,
increased hardness and wear resistance, and high elec-
trocatalytic activity [3–23].

Electrolytic composite coatings containing the
disperse phase of titania in the nickel matrix are of par-
ticular interest [14–23] because the incorporation of
TiO2 particles in the coating results not only in the
increase in microhardness, wear resistance, and corro-
sion resistance but also renders the surface photo-
induced hydrophilicity, photocatalytic activity, and self-
healing ability [18, 19] as well as electrocatalytic activity
with respect to hydrogen and oxygen electro-evolution
reactions during electrolysis of water [20–23].

Aqueous suspension electrolytes are convention-
ally used for electrodeposition of Ni/TiO2 composite

coatings [14–20]. Even though aqueous nickel-plating
electrolytes possess a number of evident advantages
(low cost and availability), their drawbacks include
aggregation and sedimentation instability: in aqueous
dispersion medium, the particles of the disperse phase
aggregate relatively quickly and further precipitate
under gravity force. These effects complicate the stable
work of colloidal electrolyte and decrease the content
of TiO2 in deposit and worsen some characteristics of
the formed coatings.

The systems based on so-called deep eutectic sol-
vents (DES) could represent an alternative to aqueous
electrolytes for deposition of nickel-containing com-
posite coatings [5–8, 21–23]. DES is a specific class of
ionic liquids, which represents eutectic mixtures of
various inorganic and organic components, in which
there is electrolytic dissociation of components and a
drastic decrease in melting point (as compared to
melting points of individual components) due to the
interaction between particles (formation of hydrogen
bonds and/or donor-acceptor interactions) [24, 25].
In the literature, such advantages of DES-based elec-
trolytes as wide “electrochemical window” (the range
of potentials of electrochemical stability), high solu-
bility of metal salts, relatively high electrical conduc-
tivity, negligibly low saturation vapor pressure, avail-
ability, low cost, and ecological safety are mentioned [24].
440
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At present, DES-based electrolytes are considered
as a promising type of electrochemical systems for the
preparation of various types of electroplatings [26–
28]. In particular, a higher viscosity (as compared to
aqueous systems) provides an increased aggregation
and sedimentation stability of DES-based colloidal
systems, which significantly facilitates the problem of
electrodeposition of composite coatings [28].

We earlier showed the possibility of electrodeposi-
tion of nickel–titania composites from DES-based
electrolyte [21]. An increase in the microhardness and
corrosion resistance upon incorporation of particles
into the nickel matrix deposited from DES was men-
tioned, and photocatalytic properties of the compos-
ites were also characterized. However, the coatings
described in [21] contained no more than 2.35 wt %
TiO2, which restricted the potential modification of
characteristics of deposits. It was later discovered that
the content of titania particles could be significantly
increased up to 10 wt % in the nickel matrix with the
introduction of a particular amount of water into the
DES-based electrolyte [22]. The coatings with
Ni/TiO2 composite deposited from DES-based elec-
trolyte containing water additive displayed increased
electrocatalytic activity in cathode hydrogen evolution
reactions and anode oxygen evolution reactions during
electrolysis of aqueous alkaline solutions [22, 23].
However, many aspects of electrochemical synthesis
of such coatings, as well as their characteristics, were
hardly investigated. In this work, kinetic principles
were characterized and a possible mechanism of elec-
trochemical synthesis of Ni/TiO2 coatings in the elec-
trolyte described in [22, 23] was considered. In addi-
tion, using the electrochemical impedance spectros-
copy, hydrogen evolution process on electrodeposited
Ni/TiO2 composites was investigated in detail, which
is of not only fundamental but also applied interest in
context of the development of new, high-performance
and available methods for hydrogen production for
hydrogen energy [29].

PROCEDURE OF EXPERIMENT
To deposit metal coatings, the electrolyte based on

eutectic mixture of choline chloride and ethylene gly-
col at a 1 : 2 molar ratio was used. Nickel ions were
added to electrolyte by dissolving solid salt of
NiCl2⋅6H2O; in this case, the concentration of Ni(II)
was always 1 mol/dm3. In some cases, water was added
to the electrolyte. In most experiments, the electrolyte
containing 15 mol/dm3 of water was used to deposit
composite coatings (here and elsewhere, numbers
indicate the total amount of water added to electrolyte
with crystallohydrate of nickel salt (6 mol/dm3) and
introduced separately).

The disperse phase of titania was added to the elec-
trolyte in the form of Degussa P 25 nanopowder
(major fraction is 25 nm; the mixture of anatase and
SURFACE ENGINEERING AND APPLIED ELECTROCH
rutile is at the 80 : 20 weight ratio, respectively). To
provide uniform bulk distribution of colloidal parti-
cles, the electrolyte was exposed to ultrasonication in
a UZDN-A ultrasound disperser for 1 h (22.4 kHz,
340 W/dm3).

We previously described a procedure for prepara-
tion of electrolyte in detail in [21–23].

During the study of kinetics of preparation of coat-
ings and evaluation of their electrocatalytic properties,
deposition was performed on a gold plate with the sur-
face area of 1 cm2. Before each experiment, the elec-
trode surface was etched for several minutes in hydro-
chloric acid solution, thoroughly washed with distilled
water, and dried. Nickel-soluble anodes were used for
electrodeposition.

Electrolysis was carried out in a usual glass thermo-
statted cell at 313 K in galvanostatic mode at a cathode
current density from 1 to 3 А/dm3 at continuous stir-
ring of electrolyte using magnetic stirrer (500 rpm).
The time of experiments was chosen in such a way that
the thickness of the deposit would be about 20 μm.

Surface morphology of the obtained composite
deposits was evaluated by scanning electron micros-
copy (SEM) using a Zeiss EVO 40XVP scanning elec-
tron microscope in secondary-electron detection
mode. Chemical composition of the coatings was
determined using energy-dispersive X-ray analysis
(EDX) on a built-in Oxford INCA Energy 350 device.
The weight fraction of the disperse phase of TiO2 in
composite coating was calculated from the experimen-
tal content of titanium in deposit assuming the stoi-
chiometric ratio of titanium to oxygen in the oxide.
For control in some cases, the content of disperse
phase in the coating was evaluated by chemical analy-
sis, according to which the deposits were quantitatively
dissolved in acid and, then, the obtained solution was
analyzed on the content of nickel ions (photometry
with dimethylglyoxime indicator). The mass of titania
in the coating was then determined as the difference
between the total mass of deposit and the determined
mass of “pure” nickel. Notably, the results of determi-
nation of the TiO2 content in the composite coating
obtained on the basis of EDX spectroscopy data and
chemical analysis coincide within experimental error.

To record X-ray diffractograms, a DRON-3.0 dif-
fractometer with monochromatic CoKα radiation was
used.

To record current–voltage dependences and mea-
sure electrochemical impedance, a Potentiostat/Gal-
vanostat Reference 3000 potentiostat (Gamry) was
employed. To measure and compensate for ohmic
component of potential, the automatic compensator
built in the potentiostat was employed. In the experi-
ments with three-electrode cell, electrode compart-
ments were separated by a porous glass diaphragm.
Reference electrodes were represented by silver refer-
ence quasi-electrode (during polarization studies in
EMISTRY  Vol. 58  No. 5  2022
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Fig. 1. Effect of water content in electrolyte on the content
of disperse phase of TiO2 in the coating. The concentra-
tion of titania particles in electrolyte is 5 g/dm3 and current
density is 1 А/dm2.
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DES-based electrolyte) or saturated silver-chloride
electrode (during the study of electrocatalytic charac-
teristics of the coatings in aqueous solution). In the
latter case, the potentials were calculated on the scale
of standard hydrogen electrode.

During the study of the kinetics of hydrogen evolu-
tion on the obtained composite coatings, dissolved
atmospheric oxygen was firstly evacuated by bubbling
of purified electrolytic hydrogen through electrolyte.

During measurement of electrochemical imped-
ance, a platinum grid represented auxiliary electrode,
the surface area of which was much larger than that of
the working electrode. Electrochemical impedance
measurements were carried out under potentiostatic
conditions in the frequency range of 0.01 Hz to 100 kHz
at the amplitude of sinusoidal component of potential
of 5 mV. The data were processed using Elchem Ana-
lyst software package.

RESULTS AND DISCUSSION
Kinetics of Electrodeposition of Composite Coating 

of Ni/TiO2

The Ni/TiO2 composite coatings, the deposition of
which from the DES-based electrolyte was described
in [21], included less than 2.35 wt % of titania. As fol-
lows from the data of Fig. 1, additional water in elec-
trolyte could notably increase the content of dispersed
phase in the composite (up to ≈10 wt %). Relatively
low content of TiO2 particles incorporated into the
deposit in DES-based electrolyte at a low water con-
tent is rationalized in [21] by the increased viscosity of
these ionic liquids (as compared to conventional aque-
ous solutions). Each particle of disperse phase in col-
loidal electrolyte is coated by a thin layer, which
should be removed upon incorporation into the grow-
ing metal deposit. In addition, the analogous layer of
solution should be removed from the surface of the
nickel matrix during incorporation of the particles of
the disperse phase in it. A relatively high viscosity of
DES-based electrolytes determines the demand to
consume particular time and energy to destruct com-
pact and viscous film on the surface of the particles of
electrodeposited matrix, which prevents incorpora-
tion of particles into the coating and ultimately deter-
mines low content of the disperse phase in the depos-
ited composite.

Additional water decreases the viscosity of electro-
lyte (one example is that the viscosity of the nickel-
plating electrolyte without additional water is
~59 mPa s at 313 K, while it decreases to ~18 mPa s at
additional water with the content of 9 mol/dm3 [22]).
A decrease in viscosity accelerates destruction of the
films of solution, which should be removed from the
electrode surface, and particles upon their incorpora-
tion in the composite coating. In addition, a decrease
in viscosity obviously accelerates convective-diffusion
mass transfer of the particles of the disperse phase. All
SURFACE ENGINEERING AND APP
these effects ultimately increase the content of the
disperse phase of TiO2 in electroplated coatings.

It should be noted that DES-based electrolytes are
characterized by high aggregation and sedimentation
stability. One example is that we did not observe fea-
tures of coagulation and sedimentation after mixing of
electrolyte and its maintenance over 3–4 h.

In further experiments on the deposition of com-
posite coatings, the electrolyte containing 15 mol/dm3

water was used.
Figure 2 shows the dependence of the content of

titania particles in electrodeposited composite on the
concentration of disperse phase in electrolyte at differ-
ent current density values. It is clear that the content of
titania particles in electrolyte increases with an
increase in their concentration and reaches a limiting
value. An increase in the current density in the studied
range decreases the content of the disperse phase in
the composite coating. Such dependences are often
observed during electrodeposition of various compos-
ites [1, 2, 30–33]; their form allows us to suggest that
kinetics of deposition of the particles of disperse phase
into metallic matrix follow the model suggested by
Guglielmi [34].

This model is based on the considering the stepwise
adsorption of the particles of disperse phase on the
electrode surface during their incorporation into the
growing metal coating. At the first stage, particles are
adsorbed reversibly on the electrode providing a suffi-
ciently high surface coverage (so-called loose adsorp-
tion). At the second stage, metal ions, which are
adsorbed on the surface of particles immobilized on
the electrode, are discharged. As a result, there is a
destruction of solvate shells and the particles of
LIED ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Fig. 2. Effect of concentration of titania in electrolyte on
the content of TiO2 in composite coatings electrodeposited
at various current density values (А/dm2): (1) 1.0, (2) 1.5,
(3) 2.0, and (4) 3.0.
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coatings electrodeposited at various current density values
(А/dm2): (1) 1.0, (2) 1.5, (3) 2.0, and (4) 3.0.
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disperse phase after irreversible adsorption are
entrapped by the growing metal matrix (so-called
strong adsorption) [34]. In the considered model,
Langmuir-type adsorption isotherm is suggested,
which determines experimentally observed achieve-
ment of some limiting value of the content of disperse
phase in the coating with an increase in its concentra-
tion in electrolyte (Fig. 2).

It should be noted that the Guglielmi model was
often used to interpret experimental data on the depo-
sition of composite coatings of different composition
and nature [1, 2, 35].

The main equation of the Guglielmi theory, which
describes the dependence of the content of disperse
phase in the composite on electrodeposition condi-
tions, is as follows [34]:

(1)

where С is the volume fraction (in percent) of particles
in suspension (or sol), α is the volume fraction of par-
ticles in the composite coating, M is atomic mass of
metal, i0 is the exchange current density of metal
deposition, n is the number of electrons in the equa-
tion of electrochemical electrodeposition reaction, F
is Faraday number, ρm is the density of metal, η is
overvoltage of electrochemical metal deposition reac-
tion, A is the constant in the kinetic equation of elec-
trochemical reaction , k is the adsorption
coefficient (constant of adsorption equilibrium in the
Langmuir-type equation), and B and υ0 are the con-
stants describing the kinetics of incorporation of the
particles of nonmetallic phase into the composition

( ) ( )0

m 0

1 ,A BMiC e C
nF k

− η= +
α ρ υ

0
Ai i e η=
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coating and analogous to А and i0 constants for elec-
trochemical process.

As follows from Eq. (1), the dependences plotted in

 coordinates and obtained at different cur-

rent density values should represent the family of lines

that pass through the point with  coordinates

upon intersection with the x axis. Figure 3 demon-
strates the data from this work plotted in test coordi-

nates of . It is clear that the dependences are

linear and intersect at one point on x axis, which, on
the one hand, could state that the Guglielmi model
adequately describes the kinetics of codeposition of
nickel and TiO2 particles from the considered DES-
based electrolyte and, on the other hand, provides the
ability to determine the adsorption coefficient k
graphically, which was 17.5.

It is interesting to compare the obtained value with
the one previously calculated by Guglielmi for the
deposition of Ni/TiO2 composite coating from aque-
ous electrolyte: k = 5.3 [34]. It follows that there is a
stronger adsorption of TiO2 particles on the surface of
growing nickel coating upon deposition from the
DES-based electrolyte under study as compared to
aqueous solution. The oxide particles of the disperse
phase apparently compete less with water molecules in
DES (even in the presence of a particular amount of
added water) during adsorption on the surface of
deposited hydrophilic nickel. Consequently, with
other conditions being equal, employment of DES-
based electrolytes could produce the composite coat-

( )C f C=
α

( )1 ,  0
k

−

( )C f C=
α
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Table 1. Surface coverage of the nickel matrix with titania particles during electrodeposition of composite coating due to
weak (σ) and strong (θ) adsorption

Current 
density, 
А/dm2

Concentration of TiO2 particles in electrolyte, vol %

0.026 0.051 0.128 0.179 0.256

σ θ σ θ σ θ σ θ σ θ

1.0 0.279 0.109 0.398 0.156 0.552 0.203 0.600 0.208 0.640 0.218
1.5 0.290 0.072 0.421 0.107 0.584 0.156 0.631 0.168 0.679 0.170
2.0 0.300 0.042 0.441 0.066 0.622 0.101 0.672 0.113 0.724 0.115
3.0 0.305 0.027 0.452 0.042 0.650 0.061 0.706 0.068 0.761 0.070

Table 2. Dependence of slope of lines plotted in 

coordinates on the density of deposition current

Current density, А/dm2 tanϕ

1.0 3.44
1.5 4.82
2.0 6.99
3.0 11.60

( )C f C=
α

ings with a larger content of the disperse phase, which
is their advantage over conventional aqueous electro-
lytes.

Guglielmi’s kinetic model suggests that the Lang-
muir adsorption isotherm can be written here as fol-
lows [34]:

(2)

where σ is the surface coverage of the growing metal
matrix by the particles of the disperse phase due to
weak adsorption (first stage) and θ is the surface cov-
erage due to strong adsorption (second stage).

The surface coverage due to weak adsorption was
evaluated using Eq. (2) with Guglielmi’s assumption
that the surface coverage due to strong adsorption is
close to the volume fraction of the particles of the
disperse phase in the composite coating (that is, θ ≈ α)
[34]. As follows from the results of calculations (Table 1),
the surface coverage by particles due to weak adsorp-
tion is much higher than their bulk concentration in
the composite deposit at all current density values and
concentrations of TiO2 in electrolyte. Thus, only a
small part of weakly adsorbed particles is incorporated
into the formed composite.

Table 2 shows the results of calculations of the slope

(tanϕ) of linear plots in  coordinates for differ-

ent current density values (Fig. 3). The following equation
was previously derived for these dependences [34]:

(3)

According to Eq. (3), the dependence plotted in
log(tanϕ) = f(logi) coordinates is linear (Fig. 4) and its

slope is . Because the ascending line was obtained

(slope is +0.516), (1 – B/A) > 0, that is, В < А.
The same inequality was established during the

study of electrodeposition of Ni/TiO2 composite coat-
ing from aqueous suspension electrolyte [34] and it is
typical of the processes in which the content of the

( )1 ,
1

kC
kC

σ = − θ
+

( )C f C=
α

( ) ( )0

m 0

log tan log 1 log .
Mi B A B i
nF A

ϕ = + −
ρ υ

( )1 B
A

−
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disperse phase in composite decreases with an
increase in the current density (Fig. 2).

In addition to determining the quantitative patterns
of codeposition of the particles of disperse phase upon
formation of composite coating, it is interesting to
reveal the character of the effect of adsorption of TiO2
particles on the surface on the rate of electrochemical
discharge of nickel ions. As follows from the data of
Fig. 5, there is a significant shift of polarization curve
with the incorporation of titania into the DES-based
electrolyte, which characterizes nickel electrodeposi-
tion, into more negative potentials. This fact indicates
the inhibition of discharge reaction of nickel ions by
TiO2. In this case, the degree of inhibition increases
with an increase in the concentration of titania in elec-
trolyte (and, consequently, on the cathode surface). In
our opinion, partial hindrance of the electrode surface
by the adsorbed particles of the disperse phase is the
main reason for the observed inhibition of metal depo-
sition.

X-ray diffractograms of the composite coatings of
Ni/TiO2 deposited from DES-based electrolyte show
the reflexes of face-centered cubic lattice of nickel
(diffraction peaks of (111), (200), (220), (311), and
(222) planes), as well as reflexes of TiO2 (anatase)
(Fig. 6).

The surface of Ni/TiO2 composite coatings
obtained from the DES-based electrolyte is formed
from a large number of spheroid crystallites of nickel
with a small number of cracks (Fig. 7). Energy-disper-
sive X-ray analysis of the composition of surface layers
LIED ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Fig. 4. Dependence in coordinates log(tanϕ) = f(log i).
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Fig. 5. Polarization curves recorded on nickel electrode in
DES-based electrolyte at various contents of TiO2
(g/dm3): (1) 0, (2) 5, and (3) 10. The potential scanning
rate is 10 mV/s.
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of composite coating showed the presence of such ele-
ments as nickel, titanium, and oxygen (Fig. 8).

Electrocatalytic Characteristics of Ni/TiO2 Composite 
Coating in Hydrogen Evolution Reaction

It is known that electrodeposited nickel and its
composites can be successfully used as electrocatalysts
during electrocatalytic hydrogen production from
aqueous alkaline solutions [36–38].

During incorporation of titania particles into the
nickel matrix deposited from the DES-based electro-
lyte, polarization curves of hydrogen evolution on the
obtained composite coatings shift towards more posi-
tive potential values (Fig. 9), which indicates the
acceleration of the electrochemical reaction. The
obtained dependences are rectified well in Tafel coor-
dinates, from which the constants in the Tafel equa-
tion were calculated (a and b) as well as exchange cur-
rent density (i0) and transfer coefficients (α) of hydro-
gen evolution reaction (Table 3). It is evident that an
increase in the exchange current density with the
incorporation of TiO2 particles into the nickel matrix
indicates electrocatalytic effect.

It is considered that the mechanism of electro-
chemical evolution of hydrogen in aqueous alkaline
SURFACE ENGINEERING AND APPLIED ELECTROCH

Table 3. Kinetic parameters of hydrogen evolution reaction on
at 298 K

Electrode a, V

Ni –0.480

Ni/TiO2 (2 g/dm3 TiO2 in electrolyte) –0.412

Ni/TiO2 (5 g/dm3 TiO2 in electrolyte) –0.363
solutions involves several elementary steps [38]:
hydrogen electro-reduction from water molecules
with the formation of adsorbed hydrogen atoms (reac-
tion (4), Volmer stage), electrochemical desorption
(reaction (5), Heyrovsky stage), and so-called chemi-
cal desorption (reaction (6), Tafel stage).

(4)

(5)

(6)
Calculated values of the Tafel slope close to 120 mV

(that is, transfer coefficients are about 0.5) indicate
that the discharge step (4) is the rate-determining step
of hydrogen evolution reaction, which is followed by
the electrochemical desorption stage (5) [38, 39].

However, the method of polarization curves could
not provide detailed information on the reasons for the
change of electrocatalytic properties of the coating.
Therefore, electrochemical impedance spectroscopy
was employed in this work. Impedance measurements
were carried out in 1 M NaOH solution at two values of
hydrogen overvoltage: η = –50 mV and η = –100 mV

2 adsM H O e MH OH ,− −+ + ⇔ +

ads 2 2MH H O e H M OH ,− −+ + ⇔ + +

ads ads 2MH MH H 2M.+ ⇔ +
EMISTRY  Vol. 58  No. 5  2022

 the coatings of nickel and Ni/TiO2 composites in 1 M NaOH

b, V i0, А/cm2 α

–0.128 1.78 × 10–4 0.46

–0.124 4.76 × 10–4 0.48

–0.122 1.06 × 10–3 0.48
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Fig. 6. X-ray diffractogram of Ni/TiO2 composite coating deposited from DES-based electrolyte containing 5 g/dm3 TiO2.
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(equilibrium potential of hydrogen electrode was cal-
culated according to Nernst equation based on the
data on pH of electrolyte).

The obtained Nyquist plots (Fig. 10) represent
deformed semi-circumferences, which indicate that
the electrochemical process is controlled by the charge
transfer stage and occurs on the nonuniform electrode
surface. Such behavior can be described by the so-
called constant-phase element (CPE) [40]. The equiv-
alent electric circuit given in the inset of Fig. 10 was
used for modeling. This equivalent circuit involves
ohmic resistance of solution (Rs), polarization resis-
tance of electrochemical reaction (Rct), and constant-
phase element (CPE).
SURFACE ENGINEERING AND APP

Fig. 7. SEM micrograph of the surface of Ni/TiO2 com-
posite coating deposited from DES-based electrolyte and
containing 5 g/dm3 TiO2.

100 �m
It is known that the impedance of constant-phase
element is determined as follows [41]:

(7)

where Q is a constant,  is imaginary unit, ω is
the angular frequency of alternating current, and n is
the dimensionless empirical exponent caused by non-
uniform electrode surface.

Experimental data in Fig. 10 are shown by points,
while solid lines were obtained by approximation using
the considered equivalent electric circuit. Calculated
kinetic parameters are given in Table 4.

It should be considered during analysis of the
obtained data that polarization resistance of electro-
chemical reaction (Rct) can be considered as the
parameter that unambiguously characterizes kinetic

( )
1

CPE ,nZ Q j
−

 = ω 

1j = −
LIED ELECTROCHEMISTRY  Vol. 58  No. 5  2022

Fig. 8. Energy-dispersive X-ray spectrum of the surface of
Ni/TiO2 composite coating deposited from DES-based
electrolyte and containing 5 g/dm3 TiO2.

1 2 3 4 5 6 7 8
keV

Ni

Ni

Ni

O

Ti
Ti Ti



ELECTROCHEMICAL SYNTHESIS OF Ni/TiO2 COMPOSITE COATINGS 447

Fig. 9. Polarization curves of hydrogen evolution in 1 M
NaOH at 298 K on the surface of electrocatalysts deposited
from DES-based electrolytes: (1) nickel, (2) Ni/TiO2
composite coating from electrolyte containing 2 g/dm3 TiO2,
and (3) Ni/TiO2 composite coating from electrolyte contain-
ing 5 g/dm3 TiO2. The potential scanning rate is 10 mV/s.
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possibilities of electrochemical process. As could be
anticipated, an increase in the cathode polarization
decreases polarization resistance due to the decrease
in the activation barrier of charge transfer. With other
conditions being equal, incorporation of titania parti-
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Fig. 10. Nyquist plots for hydrogen evolution reaction in 1 M N
DES-based electrolytes: (1, 2) nickel and (3, 4) Ni/TiO2 compo
ments were performed at the overvoltage of cathode hydrogen e
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cles into the nickel matrix notably decreases the polar-
ization resistance, which agrees well with the
described increase in the exchange current density
(Table 3) and confirms the increase in electrocatalytic
activity of Ni/TiO2 composite deposits as compared to
that of nickel coating.

The dimensionless exponent n in Eq. (7) character-
izes the degree of energy and geometrical heterogene-
ity of the electrode surface. In the case of “perfectly
smooth” uniform surfaces (e.g., for the surface of liq-
uid mercury electrode), n = 1. With an increase in the
degree of surface heterogeneity, this parameter
decreases. As follows from these data, the surface of
nickel and nickel/titania electrodes is nonuniform (n < 1)
and the degree of heterogeneity increases with the
incorporation of TiO2 particles into the metallic
matrix (a decrease in n is observed).

Multiplier Q in Eq. (7) is often associated with the
capacity of the double electric layer. For this reason,
the change of parameter Q characterizes a correspond-
ing change of the true electrode surface area (more
specifically, the surface area available for electro-
chemical reaction). Comparing Q values for nickel and
nickel/titania composite deposited from DES-based
electrolyte, it can be stated that the highest values of Q
correspond to lowest empirical constants n. Analysis
of the data could state that an increase in the true area
of electrode surface upon incorporation of titania par-
ticles into the nickel matrix (there is an increase in Q)
is relatively low and certainly could not be the only
reason for a significant decrease in the rate of hydro-
EMISTRY  Vol. 58  No. 5  2022

aOH at 298 K on the surface of electrocatalysts deposited from
site coating from electrolyte containing 5 g/dm3 TiO2. Measure-
volution (mV) of (1, 3) 50 and (2, 4) 100.
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Table 4. Calculated parameters of electrochemical impedance of hydrogen evolution reaction on coatings with nickel and
Ni/TiO2 composites in 1M NaOH at 298 K

Electrode Overvoltage
η, mV

Parameters

Rs, Ω Rct, Ω cm2 Q × 106,
Ω–1 сn cm–2 n

Ni –50 1.5 28.4 114.5 0.848

–100 1.5 15.6 125.6 0.816

Ni/TiO2

(5 g/dm3 TiO2 in electrolyte)
–50 1.5 14.4 158.3 0.808

–100 1.5 6.2 171.4 0.790
gen evolution reaction (that is, a decrease in polariza-
tion resistance). Thus, the discovered electrocatalytic
effect of the Ni/TiO2 composite coating is true and
determined not only by the simple increase in the elec-
trode surface area but also an increase in the concen-
tration of active sites on the catalyst surface and/or
increase in their activity.

Electrocatalytic effect of titania particles incorpo-
rated into the electrodeposited metal matrix is associ-
ated with the formation of additional active centers
consisting of titania TiO2 and its protonated forms on
the electrode surface, in which redox pairs TiO2 ↔
Ti2O3 ↔ TiOOH are realized [42–46]. It is known
that the presence of redox couples on the electrode
surface with metal ions in intermediate oxidation levels
enhances electrocatalytic activity [47]. In addition, it was
mentioned that, in spite of a relatively low electrocatalytic
activity of titania, it can interact with the Fermi level of
nickel due to its clear semiconductor properties and
enhance its electrocatalytic activity [20].

CONCLUSIONS

(1) It has been shown that the composite coatings
of Ni/TiO2 containing up to 10 wt % titania can be
deposited from deep eutectic solvent (eutectic mixture
of choline chloride and ethylene glycol) containing
1 M NiCl2⋅6H2O and added water (total content is
15 mol/dm3), as well as disperse phase of TiO2 (up to
10 g/dm3 of Degussa P 25 nanopowder). Experimental
data on the dependence of the content of the particles
of disperse phase in the coating on their concentration
in electrolyte and current density are described well by
the kinetic model suggested by Guglielmi. In this case,
the adsorption coefficient k = 17.5 is much larger than
the value previously calculated for the deposition of
Ni/TiO2 composite from aqueous electrolyte (k = 5.3).
The latter indicates a stronger adsorption of TiO2 par-
ticles on the surface of growing nickel coating upon
deposition from DES-based electrolyte (as compared
to aqueous systems). In this case, adsorption of titania
particles on the surface leads to the inhibition of nickel
ions' discharge.
SURFACE ENGINEERING AND APP
(2) With experimental data of linear voltammetry
and electrochemical impedance spectroscopy, we
have shown that there is notable increase in the elec-
trocatalytic activity of the coatings obtained upon
incorporation of the particles of disperse phase of TiO2
into the nickel matrix deposited in the DES-based
electrolyte during cathode hydrogen evolution reac-
tion in alkaline aqueous solution. An increase in the
electrocatalytic activity is caused not only by the
increase in the true area of electrode surface but also
an increase in the concentration of active sites due to
the formation of additional surface redox couples with
titanium ions at intermediate oxidation states.

FUNDING

The work was supported by the research project funded
by the Ministry of Education and Science of Ukraine
(no. 0121U109551).

CONFLICT OF INTEREST

The authors declare that they have no conflicts of interest.

REFERENCES
1. Low, C.T.J., Wills, R.G.A., and Walsh, F.C., Electro-

deposition of composite coatings containing nanoparti-
cles in a metal deposit, Surf. Coat. Technol., 2006,
vol. 201, p. 371.

2. Walsh, F.C. and Ponce de Leon, C., A review of the
electrodeposition of metal matrix composite coatings
by inclusion of particles in a metal layer: An established
and diversifying technology, Trans. Inst. Met. Finish.,
2014, vol. 92, p. 83.

3. Ahmad, Y.H. and Mohamed, A.M.A., Electrodeposi-
tion of nanostructured nickel-ceramic composite coat-
ings: a review, Int. J. Electrochem. Sci., 2014, vol. 9,
p. 1942.

4. Gibb, A., Vorobjovs, A., Jagoda, Z., Winiarski, J.,
et al., Electrodeposition and characterisation of
Ni/gelatin microgels coatings, Trans. Inst. Met. Finish.,
2020, vol. 98, p. 15.

5. Hou, Y., Peng, Z., Liang, J., and Fu, S., Ni-Ti nano-
composite coatings electro-codeposited from deep eu-
LIED ELECTROCHEMISTRY  Vol. 58  No. 5  2022



ELECTROCHEMICAL SYNTHESIS OF Ni/TiO2 COMPOSITE COATINGS 449
tectic solvent containing Ti nanoparticles, J. Electro-
chem. Soc., 2020, vol. 167, p. 042502.

6. Winiarski, J., Niciejewska, A., Ryl, J., Darowicki, K.,
et al., Ni/cerium molybdenum oxide hydrate micro-
flakes composite coatings electrodeposited from cho-
line chloride: ethylene glycol deep eutectic solvent, Ma-
terials, 2020, vol. 13, p. 924.

7. Li, R., Hou, Y., and Liang, J., Electro-codeposition of
Ni-SiO2 nanocomposite coatings from deep eutectic
solvent with improved corrosion resistance, Appl. Surf.
Sci., 2016, vol. 367, p. 449.

8. Li, R., Chu, Q., and Liang, J., Electrodeposition and
characterization of Ni-SiC composite coatings from
deep eutectic solvent, RSC Adv., 2015, vol. 5, p. 44933.

9. Li, R., Hou, Y., Liu, B., Wang, D., et al., Electrodepo-
sition of homogenous Ni/SiO2 nanocomposite coatings
from deep eutectic solvent with in-situ synthesized SiO2
nanoparticles, Electrochim. Acta, 2016, vol. 222,
p. 1272.

10. Dehgahi, S., Amini, R., and Alizadeh, M., Corrosion,
passivation and wear behaviors of electrodeposited Ni–
Al2O3–SiC nanocomposite coatings, Surf. Coat. Tech-
nol., 2016, vol. 304, p. 502.

11. Eroglu, D. and West, A.C., Mathematical modeling of
Ni/SiC co-deposition in the presence of a cationic dis-
persant, J. Electrochem. Soc., 2013, vol. 160, pp. D354–
D360.

12. Mohan Reddy, R., Praveen, B.M., and Praveen Ku-
mar, C.M., Corrosion behaviour and characterisation
of Ni–Nb2O5 composites prepared by pulse electrode-
position, Surf. Eng. Appl. Electrochem., 2017, vol. 53,
p. 179.

13. Mohan Reddy, R., Praveen, B.M., Praveen, Kumar C.M.,
and Venkatesha, T.V., Ni–Si3N4: electrodeposition, prop-
erties and corrosion behaviour, Surf. Eng. Appl. Electro-
chem., 2017, vol. 53, p. 258.

14. Baghery, P., Farzam, M., Mousavi, A.B., and Hossei-
ni, M., Ni–TiO2 nanocomposite coating with high re-
sistance to corrosion and wear, Surf. Coat. Technol.,
2010, vol. 204, p. 3804.

15. Parida, G., Chaira, D., Chopkar, M., and Basu, A.,
Synthesis and characterization of Ni-TiO2 composite
coatings by electro-co-deposition, Surf. Coat. Technol.,
2011, vol. 205, p. 4871.

16. Thiemig, D. and Bund, A., Characterization of electro-
deposited Ni–TiO2 nanocomposite coatings, Surf.
Coat. Technol., 2008, vol. 202, p. 2976.

17. Chen, W. and Gao, W., Sol-enhanced electroplating of
nanostructured Ni–TiO2 composite coatings. The ef-
fects of sol concentration on the mechanical and corro-
sion properties, Electrochim. Acta, 2010, vol. 55,
p. 6865.

18. Spanou, S., Kontos, A.I., Siokou, A., Kontos, A.G.,
et al., Self cleaning behaviour of Ni/nano-TiO2 metal
matrix composites, Electrochim. Acta, 2013, vol. 105,
p. 324.

19. Sknar, Yu.E., Savchuk, O.O., Sknar, I.V., and Dani-
lov, F.I., Properties of Ni-TiO2 composites electrode-
posited from methanesulfonate electrolyte, Funct. Ma-
ter., 2017, vol. 24, p. 469.

20. Gómez, M.J., Lucci, R.O., Franceschini, E.A., and
Lacconi, G.I., Effect of TiO2 content on Ni/TiO2 com-
SURFACE ENGINEERING AND APPLIED ELECTROCH
posites electrodeposited on SS316L for hydrogen evo-
lution reaction, Electrochim. Acta, 2021, vol. 378,
138136.

21. Danilov, F.I., Kityk, A.A., Shaiderov, D.A., Bogdan-
ov, D.A., et al., Electrodeposition of Ni–TiO2 compos-
ite coatings using electrolyte based on a deep eutectic
solvent, Surf. Eng. Appl. Electrochem., 2019, vol. 55,
p. 138.

22. Protsenko, V.S., Bogdanov, D.A., Korniy, S.A., Ki-
tyk, A.A., et al., Application of a deep eutectic solvent
to prepare nanocrystalline Ni and Ni/TiO2 coatings as
electrocatalysts for the hydrogen evolution reaction,
Int. J. Hydrogen Energy, 2019, vol. 44, p. 24604.

23. Protsenko, V.S., Bogdanov, D.A., Kityk, A.A.,
Korniy, S.A., et al., Ni–TiO2 functional composite
coatings deposited from an electrolyte based on a cho-
line-containing ionic liquid, Russ. J. Appl. Chem., 2020,
vol. 93, p. 1525.

24. Smith, E.L., Abbott, A.P., Ryder, K.S., Deep eutectic
solvents (DESs) and their applications, Chem. Rev.,
2014, vol. 114, p. 11060.

25. Hansen, B.B., Spittle, S., Chen, B., Poe, D., et al.,
Deep eutectic solvents: A review of fundamentals and
applications, Chem. Rev., 2021, vol. 121, p. 1232.

26. Smith, E.L., Deep eutectic solvents (DESs) and the
metal finishing industry: Where are they now?, Trans.
Inst. Met. Finish., 2013, vol. 91, p. 241.

27. Abbott, A.P., Ballantyne, A., Harris, R.C., Juma, J.A.,
et al., A comparative study of nickel electrodeposition
using deep eutectic solvents and aqueous solutions,
Electrochim. Acta, 2015, vol. 176, p. 718.

28. Danilov, F.I. and Protsenko, V.S., Electrodeposition of
composite coatings using electrolytes based on deep eu-
tectic solvents: A mini-review, Vopr. Khimii Khim.
Tekhnol., 2018, no. 1, p. 13.

29. Kovač, A., Paranos, M., and Marciuč, D., Hydrogen in
energy transition: A review, Int. J. Hydrogen Energy,
2021, vol. 46, p. 10016.

30. Vasil’eva, E.A., Smenova, I.V., Protsenko, V.S., Kon-
stantinova, T.E., et al., Electrodeposition of hard iron–
zirconia dioxide composite coatings from a methane-
sulfonate electrolyte, Russ. J. Appl. Chem., 2013, vol. 86,
p. 1735.

31. Protsenko, V.S., Vasil’eva, E.A., Smenova, I.V., and
Danilov, F.I., Electrodeposition of iron/titania com-
posite coatings from methanesulfonate electrolyte,
Russ. J. Appl. Chem., 2014, vol. 87, p. 283.

32. Protsenko, V.S., Vasil’eva, E.A., Smenova, I.V.,
Baskevich, A.S., et al., Electrodeposition of Fe and
composite Fe/ZrO2 coatings from a methanesulfonate
bath, Surf. Eng. Appl. Electrochem., 2015, vol. 51, p. 65.

33. Vasil’eva, E.A., Tsurkan, A.V., Protsenko, V.S., and
Danilov, F.I., Electrodeposition of composite Fe–TiO2
coatings from methanesulfonate electrolyte, Prot. Met.
Phys. Chem. Surf., 2016, vol. 52, p. 532.

34. Guglielmi, N., Kinetics of the deposition of inert parti-
cles from electrolytic baths, J. Electrochem. Soc., 1972,
vol. 119, p. 1009.

35. Łosiewicz, B., Electrodeposition mechanism of compos-
ite coatings, Solid State Phenom., 2015, vol. 228, p. 65.
EMISTRY  Vol. 58  No. 5  2022



450 PROTSENKO et al.
36. Eftekhari, A., Electrocatalysts for hydrogen evolution
reaction, Int. J. Hydrogen Energy, 2017, vol. 42,
p. 11053.

37. Ganci, F., Baguet, T., Aiello, G., Cusumano, V., et al.,
Nanostructured Ni based anode and cathode for alka-
line water electrolyzers, Energies, 2019, vol. 12, p. 3669.

38. Safizadeh, F., Ghali, E., and Houlachi, G., Electroca-
talysis developments for hydrogen evolution reaction in
alkaline solutions—a review, Int. J. Hydrogen Energy,
2015, vol. 40, p. 256.

39. Lasia, A., Mechanism and kinetics of the hydrogen
evolution reaction, Int. J. Hydrogen Energy, 2019,
vol. 44, p. 19484.

40. Mulder, W.H. and Sluyters, J.H., An explanation of de-
pressed semi-circular arcs in impedance plots for irre-
versible electrode reactions, Electrochim. Acta, 1988,
vol. 33, p. 303.

41. Rammelt, U. and Reinhard, G., On the applicability of
a constant phase element (CPE) to the estimation of
roughness of solid metal electrodes, Electrochim. Acta,
1990, vol. 35, p. 1045.

42. Gierlotka, D., Rówiński, E., Budniok, A., and Łagiew-
ka, E., Production and properties of electrolytic Ni–

P–TiO2 composite layers, J. Appl. Electrochem., 1997,
vol. 27, p. 1349.

43. Kullaiah, R., Elias, L., and Hegde, A.C., Effect of TiO2
nanoparticles on hydrogen evolution reaction activity
of Ni coatings, Int. J. Miner. Metall. Mater., 2018,
vol. 25, p. 472.

44. Shibli, S.M.A. and Sebeelamol, J.N., Development of
Fe2O3–TiO2 mixed oxide incorporated Ni–P coating
for electrocatalytic hydrogen evolution reaction, Int. J.
Hydrogen Energy, 2013, vol. 38, p. 2271.

45. Danilov, F.I., Tsurkan, A.V., Vasil’eva, E.A., and Pro-
tsenko, V.S., Electrocatalytic activity of composite
Fe/TiO2 electrodeposits for hydrogen evolution reac-
tion in alkaline solutions, Int. J. Hydrogen Energy, 2016,
vol. 41, p. 7363.

46. Protsenko, V.S., Tsurkan, A.V., Vasil’eva, E.A.,
Baskevich, A.S., et al., Fabrication and characteriza-
tion of multifunctional Fe/TiO2 composite coatings,
Mater. Res. Bull., 2018, vol. 100, p. 32.

47. Trasatti, S., Physical electrochemistry of ceramic oxi-
des, Electrochim. Acta, 1991, vol. 36, p. 225

Translated by A. Muravev
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 58  No. 5  2022


	INTRODUCTION
	PROCEDURE OF EXPERIMENT
	RESULTS AND DISCUSSION
	Kinetics of Electrodeposition of Composite Coating of Ni/TiO2
	Electrocatalytic Characteristics of Ni/TiO2 Composite Coating in Hydrogen Evolution Reaction

	CONCLUSIONS
	REFERENCES

		2022-10-21T12:25:59+0300
	Preflight Ticket Signature




