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The possibility of electrosynthesis and control of the surface morphology and composi-
tion of electrolytic coatings from alloys of cobalt and refractory metals by varying the
electrolysis parameters has been proved. It was established that the composition of the
coating, along with the main components, includes oxygen and carbon, and such systems
can be considered as composite materials. The coatings deposited using the pulsed current
can be considered as composite materials, and their oxide phase is formed directly in the
electrode process as an intermediate product of incomplete reduction of tungstates,
molybdates and the hydrolysis of zirconium salts. Studies of the surface morphology and
topology of the composite coatings and their quantitative and phase compositions indicate
the possibility of photocatalytic activity of Co-MoO,-WO,, Co-MoO,~ZrO, and Co-WO, -
ZrO, coatings. A study of the photodegradation of azo dye methyl-orange (MO) showed
that the efficiency of the removing MO from the solution was 34 %, 25 % and 14 % for
50 minutes of UV irradiation in the presence of Co—-MoO,~WO,, Co—-M0O,~ZrO, and Co-
WO,~ZrO, coatings. The higher photoactivity of the composite Co—MoO,~WO, coatings can
be explained by the presence of non-stoichiometric oxides of molybdenum and tungsten.

Keywords: composite coatings, electrochemical deposition, cobalt, refractory metals,
photocatalytic properties.

Buropucrannsa martepiajiiB Ha OCHOBIi CILIaBiB KOGAJIBTY B €KO- Ta €HEProTEXHOJOTifgAX.
T.O.Henacmina, M J.Caxnenrxo, B.O.Ilpockypina

JoBemeHa MOMKJIMBICTL €JIEKTPOCHHTE3y Ta KOHTPOJIO CKJany Ta Mopdosorili moBepxHI
€JIEKTPOJITUYHNX IOKPUTTIB KOOANBLTY 3 TYTOIJaBKUMN MeTajlaMHU IIPKU BapiroBaHHI mapa-
MeTpiB enexkTposidy. BeraHoBieHO, 110 MOPAL 3 OCHOBHUMU KOMIIOHEHTAMM IO CKJaAy IIO-
KPUTTIB BXOZATH KUCEHL Ta BYIJeEllb, BiAIOBigHO Taki cucreMu MO:KHA BBasKaTU KOMIIO-
SUIIAHUMK. ¥ KOMIIOBUTHUX MaTepianax, I0 OocaJiKeHHi 3a JOIMOMOTOI iMIIYJIBLCHOTO CTPY-
My, OKcugHa ¢asza yTBOPIEThHCS Oe3locepefHLO B €JIEeKTPOLHOMY IIpolleci K Hacaizox
HEIIOBHOT'O BimHOBJIeHHA Boib(ppamariB, MoxaibgarTiB Ta rigponisy comeii nuproxitmo. [Ho-
crim:xeHHA Mopdororii Ta Tomorpadii moBepxHi moKpuTTIB, a TakoXx IX KimbKicHoro Ta
dasoBoro crxmamy BKazye Ha MOMIMBicTL (oToraramitTuumol axrtusHOocTi Co-MoO,~-WO,,
Co-MoO,~ZrO, ta Co-WO,~ZrO,. Hocraimxenuam oTogecTpyKIlii a3o6apBHUKA METHJIOBOTO
skoprorapsuoro (MIK) BeramoBneno, mo edexkTuBHiCTH BUFANEHHS 3 PO3YMHY CTAHOBUJIA
34 %, 25 % Ta 14 % mporsarom 50 XBUJINH ONPOMIHIOBAHHSA yJbTpadioseTroM B IPUCYT-
HocTi KoMmosuTHuX mnokpurrie Co—-MoO,~WO,, Co—-MoO,~ZrO, ta Co-WO,~ZrO, signosiz-
Ho. Bimpm Bucoxy doToxaTaniTUUHy aKTUBHicTE KOMmO3UTHUX HOKpuTTiB Co-MoO,~
WO,, Co-MoO,~ZrO, ta Co-WO,~ZrO, Mo:xHa MTOACHUTH HAABHICTIO HeCTeXioMeTPUYHMX
OKCHZIB MOJibmeHy Ta Boabdpamy.
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1. Introduction

The cooperation between Ukraine and EC
in the energy sector is aimed at the en-
hancement of the energy safety, competi-
tiveness and stability that are the essential
factors of the economical growth and ad-
vance on the international market [1]. It is
not limited to such areas as the develop-
ment of renewable energy sources, alterna-
tive fuels and electric power sources as well
as the use of the principles of sustainable
development and environmental protection.
The contemporary economy development re-
quires the introduction of ecologically
friendly technologies that are not only effi-
cient but are also adapted to local condi-
tions. Thus, one of the directions for the
use of electrolytic coatings is the eco-tech-
nologies that satisfy human demands for
the use of natural resources with minimal
damage to the environment. Eco-technology
combines two branches, in particular, "eco-
tools™ and “eco-technologies”, which that
require the understanding of the structure
of the ecosystem and social processes [2].
Any chemical engineering that reduces the
impact on ecosystems and takes ecology as a
fundamental basis, ensures the conservation
of the biodiversity and sustainable develop-
ment and can be considered as a form of
eco-technology. The eco-technology im-
proves economic indices while reducing en-
vironmental impact by improving selectivity
efficiency, the use of materials and energy,
monitoring impacts on ecological systems,
development and continuous improvement
of purification processes.

A large number of scientific papers have
been evoted to the investigations of photo-
catalytically active materials due to the
general urgency of the problem of the air
and water purification from unwanted sub-
stances of organic origin, including the de-
velopment of self-cleaning surfaces and en-
vironmentally sound disposal of toxic or-
ganic substances. This is due to the ability
of photocatalysts to oxidize almost any
toxic organic compounds with the release of
carbon dioxide and water [8—5].

Due to their chemical resistance and
property stability, titanium dioxide-based
materials are of great practical importance
for this application [6—9]. However, due to
the peculiarities of the band structure, TiO,
exhibits its photocatalytic properties only
under the action of UV electromagnetic ra-
diation, which makes it possible to use only
about 4 % of the intensity of sunlight ra-
diation. One of the methods to intensify
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photocatalytic activity is the use of transi-
tion metal oxides in an amount of 1 to
10 mass %, which can result in a synergetic
effect.

Several methods are available for intensi-
fying the photocatalytic activity, and one of
them is the formation of composite materi-
als with nanoparticles of metals and semi-
conductors. In this case, on the one hand
the lifetime of the nonequilibrium charge
carriers increases partly due to the redistri-
bution of the photogenerated charge carri-
ers between the contacting particles, and on
the other hand, the absorption edge of the
composite is shifted to the visible region. In
this case, the visible light is absorbed either
by the nanoparticles of the modifying semi-
conductor or by the metal nanoparticles due
to the surface plasmonic resonance. At the
same time, it should be noted that the mor-
phology of nanocomposites can have an es-
sential effect on their properties. Thus, the
development of technology for depositing
photocatalytically active materials on metal
carriers is an urgent scientific and practical
problem. This will make it possible to create
synergistic coatings with evenly distributed
dopants in the main coating matrix by vary-
ing technological parameters with the sub-
sequent use of photocatalytic eco-technolo-
gies used to treat wastewater from techno-
genic impurities, in particular, methyl
orange azo dye. This fact determined the
direction of this scientific work.

2. Experimental

Composite electrolytic coatings were ap-
plied onto the copper substrate, grade MO;
the sample surface was prepared using a
generally-accepted technique. To deposit the
composite Co-MoO,~WO,, Co-MoO,~ZrO,
and Co-WO,~ZrO, coatings, biligand citrate
pyrophosphate electrolytes were used [10,
11]. The pH factor was maintained at the
level of 8 by addition of sodium hydroxide,
and the temperature was 25°C.

The electrolysis was carried out using an
IC-Pro potentiostat in a glass cell according
to a two-electrode scheme using radial insol-
uble anodes made of Kh18N10T stainless
steel. The current density amplitude was
varied in the range of 4 to 10 /dm2, and
the pulse/pause duration was 5/10 ms. The
anode area to the cathode area ratio was
maintained within 1:(5-7), and the volume
current density was maintained at the level
of 2 A/dm3.

An atomic force probe microscope (AFM)
NT-206 was used to study the surface topol-
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ogy by the contact method using a CSC-37
probe and a cantilever B with the lateral
resolution of 8 nm [12, 13]. The scanning
area was fixed within 20.0 x 20.0 um, and
the height of the surface relief was fixed
with a resolution of 256 x 256 pixels. The
obtained results were visualized by recon-
structing the surface in the form of 2D and
3D relief maps (height is shown in a differ-
ent color). The obtained AFM images were
processed using the Explorer Software by
analyzing the average statistical amplitude
parameters of surface roughness in accord-
ance with international standards: the
arithmetic mean Ra (ISO 4287/1) deter-
mines the surface roughness in the form of
two-dimensional arithmetic values, and the
root-mean-square value Rq (ISO 4287/1) is a
surface roughness parameter. Based on the
analysis data of the surface profile built
according to the section on the topographic
map, we determined the grain size, its
shape and the presence of anisotropy of
properties. All the structures show the iden-
tity of the surface characteristics in differ-
ent areas of the scan, which allows extrapo-
lating the data to the characteristics of the
test sample as a whole. The phase composi-
tion of the coatings was studied using the
XRD method on a Siemens D500 diffractome-
ter in the Bragg-Brentano geometry in copper
radiation with a graphite monochromator.
The diffraction patterns were recorded in the
angular range of 2 < 20 < 100 degrees with a
step of 0.02 degrees at an operating voltage
of 835 kV and a current of 20 mA.

Photocatalytic properties of the compos-
ite cobalt-based coatings were studied using
the model reaction of the methyl orange
(MO) oxidation. The studies were carried
out in the thermostatic photocatalytic reac-
tor at a temperature of 25°C with continu-
ous stirring; the coloring agent concentra-
tion was 4.00-10~2 g/dm3 (C,). A solution (pH
6.8) with plates coated by Co-MoO,-WO,,
Co-Mo,~Zr0,, Co-WO,~ZrO, was illumi-
nated with a DeLux EBT-01 mercury lamp
emitting soft ultraviolet. All the solutions
with obtained catalysts were preliminary
held in a dark place during 60 minutes to
establish the adsorption equilibrium. The
MO dye content in the reactor was deter-
mined at regular intervals by the photocol-
orimetric method according to [14, 15]. The
studies of the MO oxidation process were
carried out in parallel without the use of
ultraviolet radiation.
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3. Results and discussion

The studies of the surface topography of
synthesized coatings using the AFM make it
possible to estimate the size of grains and
associates and the degree of development of
the surface of the resulting coatings, which,
in turn, affects the photocatalytic activity.
Composite Co-MoO,-WO, coatings (Fig.
1(a)) are characterized by the uniformly de-
veloped globular surface; the coatings con-
sist of spherical grains and are charac-
terized by a sufficiently high structure den-
sity, homogeneity and uniformity with a
small number of peaks up to 870 nm. It was
established earlier [16] that the formation
of the spheroid surface structure is due to
the presence of refractory metals in the
coating composition.

The analysis of the intersection profile of
the surface of Co-MoO,~ZrO, coatings indi-
cates the formation of small-size conic
grains of 0.2 to 0.3 um forming crystals rang-
ing in size from 1.5 to 3.5 um (Fig. 1(b)). In
contrast to Co-MoO,-WO,, coatings, the
histogram of orientation angles indicates
the anisotropy of the properties within the
entire scan area.

The surface relief and the morphology of
Co-WO,~ZrO, catings are similar to those
of Co-MoO,~ZrO, (Fig. 1). However, it
should be noted that the content of tung-
sten in the alloys obtained under the same
electrolysis conditions is lower than in the
Co-MoO,~WO, coatings and the zirconium
percentage in the Co-Mo0O,ZrO, coating is
reduced. A decrease in the sizes of associ-
ates (agglomerates) and the absence of the
cracks in the composite electrolytic coating
(CEC) can be related to the effect of tung-
sten on the electrocrystallization process.
The obtained data confirm the change in
surface characteristics with a change in the
scanning range, and this fact was estab-
lished for the films and coatings obtained
under different conditions [17].

The use of nanostructured thin-film ma-
terials that are based on catalytically active
metals and oxides creates favorable precon-
ditions for the efficient solution of the
problem of water purification from organic
impurities and infectious agents [18]. The
main factor of these processes is the photo-
catalyzation under the action of visible and
ultraviolet radiation [19]. The photocata-
lysis process is usually described by the ge-
neric or group model [20], and its behavior
is simultaneously observed in two reactions,
in particular oxidation with photogenera-
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Fig. 1. Surface relief profiles of CEC: Co-MoO,~WO, (a), Co-M00,~ZrO, (b), Co-WO,~Zr0, (c).

Scan area is 48 x 48 um.

tion of holes and reduction with photogen-
eration of electrons. The intensified activity
of nanosize photocatalysts can be explained
by the high degree of dispersity of materi-
als, i.e., the number of atoms on the crystal
surface or its faces can be comparable to the
number of atoms located inside. In addition,
as the particle size of semiconductor photo-
catalysts approaches several nanometers,
the electron wavelength becomes comparable
to the crystal size. In this case, charge car-
riers are considered at the mechanical quan-
tum level as particles whose dimensions are
determined by the size of the crystal. The
nanosize particles of the solid substance
that show quantum effects are called the
Q-particles [21].
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The ultraviolet irradiation of the coating
surface results in the catalyst photoexcita-
tion process due to the formation of elec-
trons which either directly interact with
dye molecules or initiate the formation of
highly reactive radical ions. Hence, we ob-
serve the process of degradation of methyl
orange (MOQO) with intense discoloration of

the solution.
Since the azo dye contains nitrogen and

sulfur compounds, as a result of deep pho-
tocatalytic oxidation, not only carbon (IV)
oxides and water are formed, but also NH,*,
S04%-, H* [22] ions; this follows from the
general equation

Functional materials, 30, 1, 2023
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Fig. 2. Chronograms of the concentration of
azo dye methyl orange as a function of the
UV exposure of photocatalysts: titanium
oxide, Co-WO,~ZrO, (1); Co-MoO,~ZrO, (2);
Co-MoO,~WO, (3).

C14H{4N3055™ + 3320, — 1)
— 14CO, + SOF~ + 2H* + 4H,0 + NHj + N’

The photocatalytic oxidation of the MO
water solution proceedswith the participa-
tion of Oy, HO,~ radicals under the action
of UV-radiation; its initial phase is charac-
terized by the breaking of bonds in the dye
molecule near the azo group with the forma-
tion of nitrogen N,. Further oxidation re-
sults in the formation of dealkylated deriva-
tives which are converted into carbonic and
aliphatic acids through many reactions with
complete mineralization of the substrate,
i.e. formation of CO, and H,0.

Data on the change in concentration in
the model reaction of photodegradation of
the azo dye methyl orange in the absence of
a photocatalyst showed that these changes
amount to 3 % during 60 minutes of UV
irradiation.

It was established that the composite
Co-MoO,~WO, coatings formed from the
citrate — pyrophosphate electrolyte using
the pulsed electrolysis have a higher pho-
toactivity in comparison to the zircon com-
posites formed under similar conditions.
Based on the research data on the methyl-
orange degradation (Fig. 2) we established
that the efficiency of removing the methyl
orange from the solution was 34.1 %,
25.4 % and 14.5 % for Co-MoO,~WO,, Co—
MoO,~ZrO, and Co-WO,~ZrO,, respectively,
after 50 minutes of UV irradiation with
CEC. At the same time, the oxidation of the
azo dye methyl orange on the titanium

oxide over the same period of time was
29 %.

Functional materials, 30, 1, 2023
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Fig. 3. Chronograms of the concentration of
azo dye methyl orange as a function of the UV
exposure of photocatalysts: Co-MoO,~WO, (1),
Co-MoO,~ZrO, (2), Co-WO,~ZrO, (3).

To study the MO photodegradation kinet-
ics under the action of light in the presence
of the formed photocatalysts we plotted
In(C/Cy) = f(¢) dependences. A linear charac-
ter of the dependences indicates the first
order reaction of the photocatalytic oxidation
of MO. The slope of the linear curve (Fig. 3)
determines the reaction rate constant k£ that
was 1.08:1072 min~1, 0.87-1072 min~! and
0.49:-1072 min™?! for Co-MoO,~-WO,,
Co-MoO,~ZrO, and Co-WO,~ZrO,, respec-
tively. The higher value of the photocata-
lytic activity of composite coatings can be
explained by the presence of two nonsto-
chiometric oxides of molybdenum and tung-
sten which are capable of forming mobile
radical oxygen-containing particles on the
developed microglobular surface under the
action of the UV-radiation.

In the model reaction of the degradation
of azo dye methyl orange, the Co-MoO,—
WO, composite coatings exhibited high cata-
lytic activity; this makes it possible to rec-
ommend these coatings for wastewater
treatment plants to remove organic aro-
matic compounds in a pilot plant for photo-
catalytic wastewater treatment (Fig. 4).

4. Conclusions

It has been established that the contact
masses of electrolytic composite coatings
Co-MoO,~WO,, Co-MoO,~Zr0O, and
Co-WO,~ZrO, exhibit high photocatalytic
activity in the reaction of azo dye destruc-
tion under the action of the UV-radiation;
moreover, the Co-MoO,~WO, coatings have
a higher catalytic activity compared to
Co-MoO,~ZrO, and Co-WO,~ZrO, coatings
and can be comparable with conversion tita-
nium oxide coatings. The obtained data in-
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4,
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Fig. 4. Scheme of an installation designed for industrial wastewater treatment from organic aro-
matic compounds: I — pump, 2 — compressor, 3 — flow meter, 4 — reactor with the photocell and
lamp and 5§ — sampler. Technological streams: 6 — contaminated production wastewater, 7 —
compressed air, 8§ — treated wastewater, 9 — exhaust gases.

dicate the possibility of developing photo-
catalytic converters using mixed composite
materials formed on metal carriers and used

to

treat wastewater from organic aromatic

compounds.
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