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Abstract

The possibility of electrosynthesis and control of the surface composition and morphology of the electrolytic cobalt
coatings with refractory metals by varying the parameters of electrolysis has been proved. It was found that oxygen
and carbon are included in the composition of the coatings as well as the main components, thus such systems can be
considered as composite. The coatings deposited by pulsed current can be considered as composite materials the
oxide phase for which is formed directly in the electrode process as an intermediate of incomplete reduction of
tungstates and hydrolysis of zirconium (IV) salts. The topography of the films is distinguished by the presence of
elliptical and spherical grains with crystallite sizes of 80 - 180 nm. On the surface of the coatings, there are hills (large
grains) with a diameter of 1 - 3 pm. The fractal dimension of the surface is 2.77, which indicates the 3D mechanism of
crystal growth during the formation of coatings. In terms of phase composition, composites are predominantly
amorphous materials that contain nanocrystalline cobalt and the intermetallic compound CosW and Zr3Co. The study
of the morphology and topography of the composite coatings surface, as well as its quantitative and phase
composition, indicates the possibility of photocatalytic activity of the Co-Mo-WOx, Co-Mo-ZrOz and Co-W-ZrO:
coatings. Investigation of the photodegradation of the azo dye methyl orange found that the efficiency of MO removal
from the solution was 24 %, 18 %, and 10 % for 30 min of ultraviolet irradiation in the presence of Co-Mo-WOy, Co-
Mo-ZrOz and Co-W-ZrO:z on composite coatings, respectively. The higher photoactivity of Co-Mo-WOx composite
coatings can be explained by the presence of non-stoichiometric molybdenum and tungsten oxides.

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

CIHTE3 I ®OTOKATAJITUYHI BJJACTUBOCTI KOMIIO3ULIIAHUX MIOKPUTTIB HA
OCHOBI KOBAJIbTY 3 TYTOIIJ/IABKUMHU KOMIIOHEHTAMH
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AHoTarnjiqa

JloBejeHO MOXK/IMBICTh €/JIeKTPOCUHTe3y i KepyBaHHA CKJaAoM i Mopdosiorielo nmoBepxHi eJeKTpPOJITUYHHUX
NOKPUTTIB KOGAJIbTY 3 TYrOIVIABKMMU MeTa/IaMHU BapilOBaHHAM apaMeTpaMH eJ1eKTpoJ1i3y. BctaHOBJ/IeHO, 10 opA s,
3 OCHOBHMMH KOMIIOHEHTaMH A0 CKJaJAy HNOKPUTTIB BKIIOYawTbcA OkcureH Tta Kap6oH, i Taki cucteMu MOXyTb
po3riaaaTica AK KoMNo3uuninHi. [IoKkpuTTs, ocajykeHi i3 3aCTOCYyBaHHAM iMIyJ/JIbCHOT'O CTPYMY, MOXKHa BBAaXKaTH
KOMMNO3UILiIHUMHU MaTepiajaMy, oKcuAHa ¢pa3a AJif AKUX YTBOPIOETHCA 6e3nocepesHbO B eJIEKTPOAHOMY Npoueci Ik
iHTepMejiaT HeNmoBHOro BiAHOBJeHHs BoJjbdpamaTiB Ta rigpoJisy coseii pupkoHilo. Tomorpagia mnaiBok
BiApi3HAETbCA HAABHICTIO 3epeH eainTUYHOI i cpepryHoi popmu 3 po3mipamu kpucTaiitiB 80 - 180 HM. Ha ocHOBHI#
NMoBepxHi 3ycTpivyawTbcs BUCTynM (KpymHi 3epHa) agiameTrpoMm 1 - 3 MkM. ®dpakTrasbHa pPO3MipHiCTh NMOBEPXHi
CTaHOBMTD 2.77, M0 cBiAYUTH Npo 3D MexaHi3M pocTa KpucrtasiB npu ¢popmMyBaHHi NOKPUTTSH. 3a pa3oBUM CKJIAJ0M
KOMIIO3UTHU € NepeBaXHO aMopPHMMM MaTepiasiaMy, AKi MiCTATh HAHOKPUCTAIiIYHUI KOGA/IbT Ta iHTepMeTaIiAU
Co3W i ZrsCo. JocaigkeHHsa Mop¢oJiorii Ta Tonorpadii noBepxHi KOMNO3ULIiHHUX NOKPUTTIB, a TAKOX 1i KiJIbKicHOTO
i ¢pa3oBoro ckiaaAy cBiAYUTH NPO MOXK/IUBICTh POTOKATAITUYHOI aKTUBHOCTI NOKPHUTTIB Co-Mo-WOyx, Co-Mo-ZrO: i
Co-W-Zr02z. JociigxeHHss ¢oToaecTpykuii a3o6apBHUKA METUJIOBOro KoBTorapsyoro (MO) BCTaHOBJIEHO, IO
edeKTUBHiCTb BuAaseHHsa MO 3 po3uuHy ckiaaja 24 %, 18% i 10 % 3a 30 xB onpoMiHeHHd yabTpadiosieTom B
NPUCYTHOCTI HAa KOMHNO3MLIiHHMX NOKpUTTAX Co0-Mo-WOx, Co-Mo-ZrOz i Co-W-ZrO:, BigmoBigHo. Bumy
doToaKkTHBHiICTh KOMNO3ULiIHHUX NOKPHUTTIB Co-M0-WOx MO>KHa NOSICHUTH HAsAABHICTIO HeCTeXiOMeTPUYHUX OKCUJIiB
Mou1i6aeny i Boasdpamy.
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AHHOTa U

Jloka3aHa BO3MOKHOCTb 3JIEKTPOCHMHTE3a M YNpaBjJeHHUs COCTaBOM U Mop¢oJorueii NOBEPXHOCTH
3JIeKTPOJIUTHYECKUX MNOKPBITMH KO06a/bTa € TYromjaBKMMHM MeTa/lJIaMH NpPHM BapbUPOBAaHUM NapaMeTpaMH
3JIeKTPOJIN3a. YCTAaHOBJIEHO, YTO Haps/Ay C OCHOBHbIMM KOMIOHEHTAMH B COCTAaB MOKPLITUH BK/JIIOYAIOTCA KMCIOPOA,
U YTJIEPOJ, U TaAKHe CUCTeMbl MOTYT PacCMaTPUBaTbCA KOMNO3ULMOHHBIE. [IOKPBITHA, OCa)KAeHHbIe C IPUMeHeHHeM
HMMIIYJIbCHOTO TOKA, MOKHO CYUTATh KOMIIO3UIIMOHHBIMU MaTepHajaMy, OKCHAHaA ¢pa3a AJd KOTOPBIX o6pa3yeTcs
HENOCpeJCTBEHHO B 3JIEKTPOJHOM Ipoliecce KaK MHTepMeAUaT HEeNMOJIHOTO BOCCTAaHOBJIEHHUA BOJIbPpaMaTOB U
TUApPOJIN3a coJiell nUpKoHKA. Tonorpadusa njieHoK OTINYaeTCs HAJIMYMeM 3epeH 3//IMNTUYecKoil U cpepuyecKoi
¢opmsl ¢ pasmepamu kpucta/yIuToB 80 - 180 HM. Ha MOBepXHOCTH MOKPBITHII BCTPeYalOTCA BBICTYNbI (KpynHbIe
3epHa) AuamMeTpoM 1 - 3 MKM. PpaKTa/ibHasA pa3MepPHOCTb NOBEPXHOCTH COCTABJIAET 2.77, YTO CBUJETENbCTBYET 0 3D
MeXaHU3Me pPocTa KPHUCTA/JIOB NpH GopMUpOBaHUM NOKpbITUH. IIo ¢da3oBoMy cocTaBy KOMHO3MTHI ABIAIOTCA
NpeuMylleCTBEHHO aMOppHBIMM MaTepHa/laMH, KOTOpble CcoJepKaT HaHOKPHMCTA/UIMYeCKUH KO0GaJbT H
uHTepMmetanaa CosW u ZrsCo. HcciegoBanue mopdosiornu M Tonorpaduy nmoBepXHOCTH KOMHNO3HUIUOHHBIX
NMOKPBITUHM, a TaKXke ee KOJUYeCTBEHHOro M ¢a30BOro cocraBa CBHAETEJbCTBYET O BO3MOXKHOCTH
doTokaTaIUTHUECKON aAKTHMBHOCTHM NOKpbITUL C0-M0-WOx, Co-Mo-ZrOz u Co-W-ZrOz. HccaeaoBanue
doToaecTpyKUM a30KpacuTe s METHJIOBOro opamkesoro (MO) ycraHoB/eHO, 4YTO 3¢ PeKTUBHOCTb yAa1eHuss MO
U3 pactBopa coctaBuwiaa 24 %, 18 % u 10 % 3a 30 MUH 06G/y4YeHUA yAbTpadHo/JIeTOM B NPUCYTCTBHM Ha
KOMIO3UIIMOHHBIX NOKpPBITUAX C0-Mo0-WOx, Co-Mo-ZrOz u Co- W-ZrOz, cooTBeTcTBeHHO. boJsiee BBICOKYyIO
$OTOAKTUBHHCTH KOMNO3ULMOHHBIX NOKPBLITHH Co-Mo-WOx M0O)KHO 0GBSICHUTh HAJIMYUEM HeCTeXHOMeTPUYeCKHX
OKCH/J0B MOJINGAeHa U Bosibdpama.

Kniouesvie cnosa: KOMIO3UIIUOHHBIC  TIOKPBITUA; JJICKTPOXUMHUYECKOE OCAXKIACHUEC, KO6aHLT; TYT'OIUIaBKUE  METAJIBI,
(hoToKaTanUTHYECKHE CBOMCTBA.
. The redox reactions progressing on the film
Introduction Progressing .
surface decompose the pollutants into ecologically
Today, the growth rates of industrial friendly components. The photoelectric catalysis

production and economic activities result in the
aggravation of the water purification problem that
makes the humanity seek for innovative
approaches to the ecologization of the technology
park [1-3]. The sorption, destruction and
separation technologies that are available today
resolve the water purification problem only
partially, because these require an additional
neutralization and disposal of the waste
accumulated on the surface of sorbents or filters
during the purification process and accordingly,
these are not ecologically friendly and
economically sound. The photocatalytic method
shows up to advantage against a background of
aforementioned technologies and is characterized
by an entire set of positive properties [4, 5]. The
use of nanostructured thin-film materials that are
based on catalytically active metals [6-8] and
oxides [9-11] creates favorable conditions for the
efficient solution of the problems relating to the
purification of water polluted with organic
pollutants and infectious agents.

exposed to the radiation of visible and ultraviolet
ranges acts as a driving factor for these processes.
Among the most promising technological
approaches to the creation of nanostructured
photocatalytic coatings we can distinguish the
galvanic approach based on the electrochemical
deposition of converted and composite coatings
from electrolyte solutions [12, 13]. This method
enables the variation of the composition in a wide
range and hence, the physical and chemical
properties of obtained coatings can also be
changed. The major part of this investigation deals
with the studies of the photocatalytic properties of
titanium dioxide TiO2 [14-16] that is one of the
most extensively studied materials among
transition metal oxides due to its unique photo-
induced catalytic activity, its intensive interaction
with water, nontoxicity, physical stability and
chemical inertness. Recently, many other
semiconductors such as W03, CdS, SnOz, SiOz, Zr0.,
Zn0, Nb;03, Fe;03, SrTiO3, etc. were defined as the
photocatalysts. In particular, the researchers pay
a focused attention to the photoactivity of
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tungsten oxide W03 [17] and zirconium oxide ZrO;
[12,18].

In this connection, the problem of the
development of the methods for the
electrochemical synthesis of composite coatings
based on cobalt with refractory metals oxides
(molybdenum, tungsten, zirconium) and the
studies of their photocatalytic properties seems to
be rather topical because these coatings can be
applied for water purification systems and also for
the combined purification of water-air mixtures.

Experimental methods

Composite electrolytic coatings were applied
onto the copper substrate, grade M0; the sample
surface was prepared using a generally-accepted
technique. To deposit composite Co-Mo-WOy, Co-
Mo-Zr0, and Co-W-Zr0O; coatings biligand citrate
pyrophosphate electrolytes (Table 1) were used
[19, 20]. The pH factor was maintained at the level
of 8 by addition of sodium hydroxide and the
temperature was equal to 25 °C.

The electrolysis was carried out using the
potentiostat IC-Pro in the glass cell according to
the two-electrode scheme making use of radial
insoluble anodes made of stainless steel of a
X18H10T grade. The current density amplitude
was varied in the range of 4 to 10 A/dm? 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 volumetric current
density was maintained at the level of 2 A/dm3.

Table 1
The composition of electrolytes for deposition of cobalt-
based composite coatings

E(l)?rclg(?sli}fctizn, Co-Mo- Co-W- Co-Mo-
mol/dms3 WOx ZrO2 ZrO2
Co0S04 0.2 0.15 0.10
Na>WO04 0.16 0.02 -
NaxMoO4 0.04 - 0.02
Zr(S04)2 - 0.05 0.05
Na3CeHs07 0.2 0.3 0.2
K4P207 0.4 0.1 0.1
Na2S04 0.5 0.5 0.5

A chemical composition of the obtained
coatings was defined using the data of the energy
dispersive spectroscopy and the electronic
microprobe analyzer Oxford INCA Energy 350
(the X-ray radiation was excited by way of the
sample irradiation by the electron beam with the
energy of 15 keV) that was integrated into the
system of scanning electron microscope (SEM).
The surface morphology was studied using SEM
EISS EVO 40XVP [15, 16].The images were
obtained by recording secondary electrons

through electron beam scanning and that allowed
us to take high-resolution measurements in a wide
contrast range. The images were processed using
the software environment SmartSEM.

Atomic force probe microscope (AFM) NT-206
was used to study the surface topology by the
contact method using the CSC-37 probe and the
cantilever B with the lateral resolution of 3 nm
[21, 22]. The scanning domain was fixed within
20,0 x 20,0 um and the surface relief height was
fixed with the resolution of 256 x 256 pixels. The
obtained results were visualized by way of the
surface reconstruction in the form of 2D and 3D-
topography maps (the height is shown by a
different color). The obtained AFM images were
processed using the Explorer Software by
analyzing  average  statistical = amplitude
parameters of the surface roughness according to
the international standards, i.e. arithmetic average
Ra (ISO 4287/1) that defines the surface
roughness in the form of the two-dimensional
arithmetic values and the mean square value Rq
(ISO 4287 /1) that is the defining parameter of the
surface roughness. Based on the analysis data of
the surface profile that was constructed along the
section on topographic maps we determined the
grain size, its shape and the availability of the
anisotropy of the properties. All the structures
show the identity of surface characteristics at
different scanning sections and it enabled the
extrapolation of the data to the characteristics of
the tested sample on the whole.

The phase composition of the coatings was
studied using the method of X-ray structure
analysis and the diffractometer Siemens D500
(Bragg-Brentano’s geometric layout) under the
copper radiation with the graphite
monochromator. The diffractograms were
recorded in the angular range of 2 <20 <100 °C
with the pitch of 0.02 at the operating voltage of
35 kV and the current of 20 mA.

Photocatalytic properties of the composite
cobalt-based coatings were studied using the
model reaction of the methyl orange (MO)
oxidation. The studies were carried out in the
thermostatic photocatalytic reactor at a
temperature of 25°C with the continuous mixing;
the coloring agent concentration was equal to
4.00-102 g/dm3 (Co).The solution (pH 6.3) with
Co-Mo-WO,, Co-Mo-Zr0,, Co-W-Zr0O; coated plates
was illuminated with the mercury lamp DeLux
EBT-01 radiating a soft ultraviolet. All the
solutions with obtained catalysts were
preliminary held in the dark place during 60
minutes to establish the adsorption equilibrium.
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The content of the MO coloring agent in the reactor
was determined over equal time intervals using
the photocolorimetric method according to [11,
12]. The studies of the MO oxidation process were
carried out simultaneously using no ultraviolet
radiation.

Results and discussion

The photocatalysis is usually described by the
group model in which at least the two reactions
occur simultaneously, in particular the oxidation
reaction with the photogeneration of the holes and
the reduction reaction with the photogeneration
of the electrons [23].

An  enhanced activity of nanosized
photocatalysts can be explained by a high degree
of the material dispersion, i.e. the number of atoms
on the surface or on crystal faces is comparable
with the number of atoms inside. In addition, as
the particle size of semiconducting photocatalysts
approaches several nanometers, the electron
wavelength becomes comparable with the crystal
size. In this case, the charge carriers are viewed at
the quantomechanical level as the particles in the
box whose size is defined by crystal sizes. Such
nanosized particles of the solid matter in which
quantum effects are manifested are called Q-
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particles [24, 25]. Hence, the surface morphology
and topology are considered to be an important
factor that has an effect on the photocatalytic
activity of nanocomposite materials.

The analysis data of the surface morphology
and its composition obtained for the samples with
cobalt-based composite coatings are indicative of
the fact that a definite amount of carbon and
oxygen was detected in addition to basic
components, i.e. cobalt, molybdenum, tungsten
and zirconium (Fig. 1). It should be noted that the
oxygen content is increased with an increase in
the content of refractory components in the
coatings. An increased content of molybdenum in
the Co-Mo-ZrO; coating contributes to the
formation of the uniform microglobular surface
(Fig.1 b, d) and the availability of zirconium
provides a decreased cracking of the coatings
(Fig.1 b, c). Such systems are viewed as composite
electrolytic Co-W-Zr0Q;, Co-Mo-ZrO; and Co-Mo-
WOy coatings due to a considerable amount of
oxygen in the composition that is related to the
incomplete reduction of tungstate-ions and
zirconium hydrolysis (IV) and also the

nonuniform distribution of alloy components on
the surface.
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Fig. 1. Morphology (a, b, c) and composition (d, e, f) of composite coatings Co-Mo-WOx (a, d), Co-Mo-ZrO: (b, e) and
Co-W-Zr0:2 (¢, f)
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The coating surface topography analysis gives
sufficiently exhaustive information on the
adsorption capacity. In the material science, the
roughness acts as a surface quality characteristic
and it depends on the material treatment method.
When depositing galvanic coatings, this parameter
reproduces a degree of the substrate roughness
and it is a regular result of a mechanism of the
nucleation process on the substrate made of the

other metal and the crystal growth during the
alloy formation [26, 27]. The atomic-force
microscopy data analysis (Fig. 2) is indicative of
that the composite Co-Mo-WOx coatings differ by a
more globular and more branched surface in
comparison with the coatings containing
zirconium oxide (Co-Mo-ZrOz, Co-W-Zr0) in their
composition. At the same time, the latter show a
greater height difference.

Fig. 2. 3D-maps of surfaces Co-Mo-WOx (a), Co-W-ZrO:z (b) and Co-Mo-ZrO: (c)

Based on the research data of the surface
morphology and topography of composite
coatings and also of its quantitative and phase
compositions we can assume that these can
manifest a photocatalytic activity.

Alongside with the formation of the branched
globular surface the phase composition of coatings
can turn out to be an important factor that has an
effect on coating properties and in particular on
the photocatalytic activity because it conditions
the surface distribution of active acceptor centers.
The CoMoWO, and CoMoZrO, coating samples
(Fig.3a, c) represent the amorphous substance
and in this case spike transients that are observed
on X-ray patterns (Fig.3 a, c) correspond to those
of the copper substrate. The CoW ZrO, sample
(Fig.3b) also gives the X-ray pattern of the
amorphous substance that shows the lines of
nanocrystalline cobalt and the CozW and ZrzCo
intermetallides present in small amounts.

When the coating surface is exposed to the
ultraviolet radiation, the catalyst photoexcitation

process occurs due to the formation of the
electrons and holes that either directly interact
with coloring agent molecules or initiate the
formation of OH radicals that have a high
reactivity. Hence, the MO destruction process
occurs with the intensive solution discoloration.

It was established that the composite Co-Mo-
WOx coating obtained by way of pulsed
electrolysis from the citrate-pyrophosphate
electrolyte has a higher degree of photoactivity in
comparison to zirconium-containing composites
that were deposited under the same conditions.
Based on the research data of the MO
photodestruction (Fig. 4 a) it was established that
the efficiency of MO removal from the solution
made up 24 %, 18 % and 10 % during the thirty
minutes in the presence of composite Co-Mo-WOj,
Co-Mo-Zr0; and Co-W-ZrO coatings, accordingly.
To study the kinetics of the MO photodestruction
under the action of light in the presence of
obtained photocatalysts we constructed the
dependences of In(C/Co) = f(t).
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The slope of the linearized dependence (Fig. 3,
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Fig. 3. X-ray patterns of composite coatings Co-Mo-WOx (a), Co-W-ZrO: (b) and
Co-Mo-ZrO02 (c)

explained by the availability of the two

b) defines the speed constant k that is equal to
1.06-10-2 min-1, 0.80-10-2 min-! and 0.47-10-2 min-1
for Co-Mo-WOy, Co-Mo-ZrO; and Co-W-ZrO,,
accordingly (Fig. 4, b). A higher photoactivity of
the composite Co-Mo-WOy coatings can be

nonstochiometric molybdenum and tungsten
oxides that can form mobile radical oxygen-
containing particles under the action of UV
radiation with the branched microglobular
surface.
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Fig. 4. Change in methyl orange concentration with time of UV irradiation on composites: Co-W-ZrO: (1); Co-Mo-ZrO:
(2); Co-Mo-WOx (3)

Conclusions

Hence, cobalt-based composite coatings were
deposited from the citrate-pyrophosphate
electrolyte and these are characterized by
microcrystallinity and a sufficiently high degree of
the surface development. The composite coatings
that contain zirconium oxides in their composition
are characterized by a relatively high height
difference.

It was shown that the contact masses of Co-Mo-
WO,, Co-Mo-ZrO, and Co-W-ZrO, coatings are
photocatalytically active in the methyl orange
destruction reaction when exposed to UV-
radiation and in this case Co-Mo-WOx coatings
have a higher catalytic activity in comparison with
Co-Mo-ZrO; and Co-W-ZrO; coatings and can be
comparable  with converted titanium oxide
coatings. The obtained data are indicative of the
possibility of the creation of photocatalytic
converters and the mixed composite materials
formed on the metal carriers can be used for the
sewage water treatment to remove organic
aromatic compounds.
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