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The synthesis of new electrode materials that reduce the cost of electrochemically produced
hydrogen is a relevant modern research direction. Such materials should have catalytic
activity for the hydrogen evolution reaction, corrosion resistance, sufficient microhardness,
long service life, and low cost. These properties can be expected for alloys of iron-group
metals with vanadium. A cobalt—vanadium coating was electrodeposited from a complex
citrate electrolyte under stationary electrolysis conditions. X-ray dispersive spectrometry
results indicate that the resulting coating contains 0.7—1.5 wt.% vanadium. It was found
that the overpotential of the hydrogen evolution reaction on a cathode with the Co—V
coating is 0.1 V lower, and the exchange current density is higher than on the cobalt-
coated electrode. This indicates the electrocatalytic activity of the vanadium-containing
material in the hydrogen evolution reaction. The microhardness of the Co—V coating is
also 100—150 kg/mm? higher than that of the cobalt-coated electrode. An increase in the
vanadium content improves the coating corrosion resistance compared to pure cobalt,
as evidenced by a decrease in the corrosion current. Therefore, electrodes with Co—V
coating can be recommended as cathodes for electrochemical hydrogen production.
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Introduction

Hydrogen energy is based on hydrogen utilization
as a fuel to produce energy. Hydrogen can be produced
in various ways. One of the principles of Green
Chemistry postulates the requirement to use
technologies and substances that are least toxic to
humans and more environmentally benign [1,2].
Following it, hydrogen obtained by aqueous solutions
electrolysis is considered the most environmentally
friendly. However, the cost of producing such hydrogen
is higher than producing hydrogen from fossil raw
materials. Therefore, it is relevant to develop new
electrode materials that can reduce the cost of hydrogen

produced in this way.

Electrochemical hydrogen production widely
involves cathode materials that have catalytic properties
for the hydrogen evolution reaction (HER). Such
materials should also have a long service life, corrosion
and wear resistance, and low cost. All that should
reduce energy consumption for this process and the
cost of produced hydrogen.

High values of catalytic activity can be expected
for alloys of elements located on opposite sides of the
trend line dependence of the hydrogen exchange
current on «metal—hydrogen» and «metal—oxygen»
bond energy difference [3]. These alloys include iron

© M.D. Sakhnenko, Yu.A. Zhelavska, V.O. Proskurina, I.Yu. Yermolenko, A.M. Korohodska, 2025

This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Vanadium-containing coatings: functional properties



58 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 6, pp. 57-62

periodic group metals alloys with vanadium,
molybdenum and tungsten [4,5]. Deposition of such
coatings can be carried out in stationary or pulsed
electrolysis modes using electrolytes containing
complex or simple ions [6—8]. For instance,
electrodeposition of iron periodic group metals (Fe,
Co, Ni)—vanadium alloys can be performed from
aqueous citrate and tartrate solutions [9,10]. Addition
of aqueous NH;(aq.) to citrate solutions and rising
solution pH from 5.5 to 7 results in increased vanadium
deposit content up to 4 wt.% in Fe—V, Ni—V, and
Co—V alloys. In general, the amount of vanadium
that could be co-deposited with the iron group metal
increased as follows: Ni<Fe<<Co [11].

Vanadium has high corrosion resistance in fresh
and sea water, in dilute solutions of sulfuric and
hydrochloric acids, and in salts and alkali solutions.
Vanadium is used as an alloying additive in the smelting
for creating wear-resistant, corrosion-resistant, heat-
resistant steels, also eliminating their brittleness.

Taking into account the aforementioned
properties of vanadium, for the electrolytically produced
vanadium-containing alloys, it is possible to predict
their catalytic activity in the HER, corrosion resistance,
and increased microhardness.

The functional properties of a cobalt-vanadium
alloy coating, which is envisioned to be used as a
cathode material in the hydrogen electrochemical
production, were investigated in this work.

Experimental

The cobalt-vanadium alloy coatings were
deposited in a citrate electrolyte containing
(mol-dm): 0.4 Na,C,H;0,-2H,0, 0.1 CoSO,-7H,0,
and 0.2 VOSO,. Electrodeposition was carried out at
35—40°C and pH 3—3.5 using a cobalt anode, via
the galvanostatic mode with a current density of
5—15 A-dm™2. The obtained coatings thickness was
9—12 um. Before electrodeposition, the surface of
steel electrodes with area of 2 cm? was polished and
degreased.

The chemical composition of the coatings was
determined via the energy-dispersive X-ray spectroscopy
results, using an Oxford INCA Energy 350
microanalyzer integrated into the scanning electron
microscope system (SEM).

Electrolysis in galvanostatic mode was performed
using a stabilized DC power supply B5-47. Polarization
dependences were obtained using MTech PGP-550M
potentiostat. Platinum was used as the counter electrode.
The saturated silver/silver chloride electrode was used
as reference electrode. The values of the electrode
potentials were recalculated against the standard
hydrogen electrode.

Corrosion research and electrocatalytic properties

of the obtained Co—V coating for the HER were
determined in a solution of 2.5 M NaOH [5,11],
which is used for the industrial electrochemical
production of hydrogen.

The analysis of the Co—V electrolytic coatings
catalytic activity was carried out using the exchange
current density (j,) indicator of the HER, since this
value does not depend on the electrode potential. For
this purpose, sections of the cathodic polarization
dependence linearized in Tafel coordinates were
extrapolated in the range of potentials 200—300 mV
away from the equilibrium one. The Tafel constant b
was determined by the slope of the linear Tafel
dependences [12].

The obtained coatings corrosion resistance was
evaluated by the polarization dependence analysis,
which includes the cathodic and anodic voltammograms
recording in the corrosion potential zone. Corrosion
current density (j.,,) was determined by the
extrapolation of partial anodic and cathodic
dependencies linear sections in Tafel coordinates
lg jvs. AE [13].

Determination of microhardness according to
the Vickers method was carried out by indenting a
diamond pyramid with a square base and an angle at
the top of 136°, using a hardness tester PMT-3.

Results and discussion

The variety of vanadium ionic forms in solutions
leads to the formation of a large number of compounds
with other metals, where the ratio of metals to
vanadium varies significantly. In addition to that,
vanadium ions are known for their ability to form
complex compounds with inorganic and organic
ligands.

Introducing vanadium(V) oxide into a solution
of sodium citrate results in the formation of a yellow
solution containing vanadate ions, which includes
pentavalent vanadium. Over time, the color changed
to green and then to dark blue, which may indicate
the reduction of vanadium(V) compounds to
vanadium(III) with the formation of vanadium(III)
complex ions [V(C¢H;0,),]*". This solution of
mentioned vanadium (III) complex ion oxidizes by
air to form oxovanadium(IV) citrate complexes
[VO(CsH;0,),]* [7].

To prepare the citrate electrolyte, vanadyl sulfate
VOSO, was used instead of vanadium(V) oxide V,0;
[2], which allows preparing an electrolyte with a high
content of vanadyl ions due to the higher solubility of
vanadyl sulfate accelerating complexation with citrate
ions. Oxovanadium(IV) citrate complexes
[VO(C:H;0,),]* are formed immediately after adding
vanadyl sulfate to a sodium citrate solution. Treating
the resulting solution with cobalt sulfate leads to the
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electrolyte containing both cobalt and oxovanadium(I'V)
citrate complexes. This electrolyte is easier to prepare
and stable during operation. The use of vanadyl sulfate
also allows obtaining the coatings with high vanadium
content [7].

The resulting electrodeposited coatings have a
proper and targeted quality: uniform, microcrystalline,
light-gray, semi-shiny, rough (Fig 1,a).

The vanadium content in coatings is in the range
of 0.7—1.5 wt.%. The maximum vanadium content
(1.5 wt.%) in the coating is observed at cathodic
current density ;=10 A-dm~2 (Fig. 2).

Cathodic polarization curves of hydrogen
evolution on the electrodes with the Co coating and
with the Co—V coating, respectively, are shown in
Fig. 3. Hydrogen evolution begins at more positive
potential values (—0.95+—1.0 V) on the Co—V coated
electrodes than on the Co coated electrode
(—1.15V). Increasing vanadium content in the coating
leads to a shift in the hydrogen evolution potential
towards more positive values (Fig. 3). The
polarization of HER on electrodes with Co—V coating
is 0.15—0.2 V less as compared with the Co-coated
electrode.

Analysis of the polarization dependences
linearized in the Tafel coordinates (Fig. 4) allows
determining the kinetic parameters of the HER for
the electrodes studied (Table 1).

The values of the exchange current density (j,)
and the Tafel equation coefficients (a, b) reflect the
impact of the electrode nature on the reaction Kinetics.
Therefore, the decrease in overpotential of the HER
on Co—V alloy coating is explained by the presence
of vanadium (value of ). In addition, increasing the
vanadium content in the coating leads to a greater
reduction of the HER overvoltage.

The value of the coefficient b for the cobalt-
vanadium alloy is close to the «common» value of the

2um EMT = 15,00/
Mage 2 KX CIRANY
H PKX WO w115 mm .

a

coefficient for cobalt in an alkaline environment
(b=0.14), which indicates that the HER on the alloy
studied occurs according to the Volmer-Heyrovsky
mechanism with a slow discharge stage.

The value of j, for the electrodes with Co—V
coating indicates a higher activity of these materials
in comparison with the cobalt-coated electrode. The
obtained values of overvoltage and current exchange
for a cobalt-vanadium coating with a vanadium content
in the range of 0.7—1.5 wt.% are close to the values
of the corresponding parameters for a platinum
electrode in alkaline solutions (Table 1), which
confirms their competitiveness over platinum electrodes
and the possibility of using them as low-cost
electrocatalytic materials in the electrolytic hydrogen
production.

Hardness measurements show that the
microhardness of the coating obtained is
100—150 kg-mm™? higher than that of cobalt
electroplated from a sulfate solution (Fig. 5). It can
be concluded that higher indicators of microhardness
for cobalt—vanadium alloys compared to cobalt coating
are achieved due to the formation of intermetallic
compounds and a more perfect relief [14].

Table 1
Kinetic parameters of the HER
Vanadium .
Electrgde content, a,V b,V _lgjoiz
materials o A-cm
wt.%
Pt — -0.31 -0.100 3.1
Co — -0.60 -0.140 4.3
Co - ~0.61 | —0.120 5.1
coating
Co-V 0.7 -0.58 -0.140 4.1
coating 15 | 050 | —-0.141 3.5

Fig. 1. Surface morphology (a) and X-ray spectrum (b) of cobalt—vanadium coating with vanadium content 0.75 wt.%
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The increased vanadium corrosion resistance in
a various environment is associated with the protective
oxide films formation on its surface. The results of
the Co—V alloys corrosion-electrochemical behavior
studies demonstrate that vanadium content increase
leads to better coating corrosion resistance compared
to pure cobalt material. Increase of vanadium content
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Fig. 2. Dependence of the vanadium content in the alloys on
the current density
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Fig. 3. Cathodic polarization curves of hydrogen evolution for
electrodes with coating: 1 — Co—V,5; 2 — Co—V,,; 3 — Co
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Fig. 4. Dependence of overpotential on the logarithm of
current density for electrodes with coating:
1 — Co; 2 — Co—V,, 3 — Co—V,;

in the alloy shifts corrosion potential to the negative
side, decreases the corrosion current which leads to a
decrease in the corrosion rate.

The corrosion potential shifts to the negative
side due to the cathodic reaction inhibition in an
alkaline environment as a consequence of the alloys
surface passivation by low-soluble cobalt hydroxides
limiting the depolarizer’s access to the electrode surface
[13,14] (Table 2).

Albeit vanadium is a relatively expensive element,
its addition in small quantities provides a significant
improvement of the alloy protective properties.

In conclusion, the aforementioned studies
confirmed the predicted functional properties of the
cobalt—vanadium alloy coating. Electrodes with such
a coating can be recommended as potential cathodes
for the electrochemical production of hydrogen,
bringing reduction in energy and material cost for
this process.

Conclusions

1. Cobalt—vanadium coating is electrodeposited
from a complex citrate electrolyte via stationary
electrolysis modes. The resulting coating contains
0.7—1.5 wt.% vanadium.

2. The overpotential of the hydrogen evolution
reaction on the cathodes with Co—V coating is lower,
and the exchange current value is higher than on the
cobalt coated electrode, that indicates higher
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Fig. 5. Dependence of the microhardness of Co—V coating on
vanadium content

Table 2
Corrosion indicators of steel and coatings studied
. Vanadium .
coiozg:ilt%on content, Ecor, V .igjmr”z
P wt.% om
Steel — -0.32 —2.80
Co — —0.61 —4.10
0.7 —0.65 —4.25
Co-V L5 0.70 ~4.50
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electrocatalytic activity of this material in the hydrogen
evolution reaction.

3. The microhardness of the coating obtained is
also higher than for cobalt electroplated from a sulfate
solution.

4. An increase in the vanadium content increases
the coating corrosion resistance compared to pure
cobalt: the decrease of the corrosion current value
leads to a decrease in the corrosion rate.

5. Electrodes with Co—V coating can be
recommended as cathodes for the electrochemical
hydrogen production to help reduce the cost of this
process.
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BAHAJIMBMICHI ITOKPUTTSA: ®YHKIIIOHAJBHI
BJIACTUBOCTI

M.JI. Caxnenko, FO.A. XKeaascoka, B.O. Ilpockypina,
LIO. €pmoaenko, A.M. Kopozodcvka

CHUHTE3 HOBMX €JIEKTPOAHMX MaTepialiB, 110 3HUXYIOTh
BapTICTh €JEKTPOXiMiYHO BUPOOJIEHOrO BOJAHIO, € aKTyalbHUM
HarpsiIMOM CydyacHUX JocCiimkeHb. Taki marepiaiu maioTh BO-
JIONITU KaTaJiTUUYHOIO aKTUBHICTIO y peakuii BUAIJEHHS
BOJIHIO, KOPO3iifHOIO CTIlKiCTIO, TOCTAaTHHOIO MiKPOTBEPIICTIO,
TPUBAJIUM pECypcoM eKcruiyarailii Ta HU3bKOIO BapTiCTIO.
OUiKy€eTbCs, 1O MepesiveHi BIaCTUBOCTI MpUTaMaHHi CcrjlaBam
MeTasliB 3aji3Hoi rpynu 3 BaHanieM. KobGanbT-BaHanieBe
MOKPUTTSI OYJIO €JIEKTPOOCAKEHE 3 KOMIUIEKCHOTO LIUTPATHO-
ro €JEKTPOJIITY 3a YMOB CTalliOHAPHOTO eJIEKTpoi3y. 3a pe-
3yJIbTaTAMU PEHTIeHIBCbKOI TMCIMEPCHOI CMEKTPOMETPii BCTa-
HOBJICHO, 1110 OAepKaHe MOKpUTTs Mictuth 0,7—1,5 mac.% Ba-
Halilo. BcraHoBieHo, 110 mepeHanpyra peakuii BUAiTEHHS
BOAHIO Ha kartomi 3 mokputtsaim Co—V Ha 0,1 B meHma, a
ryCTMHA CTPyMy OOMiHY BHMILA, HiXX Ha KaToli 3 KOOAJIbTOBUM
nokputTsiM. Lle BKaszye Ha ejeKTpoKaTaliTUUHY aKTUBHICThb
BaHaIiliBMiCHOrOo Martepiajsy y peakuii BUAIIEHHS BOIHIO.
Mikpotsepaicts mokputtsi Co—V takox Ha 100—150 kr/mm?
BUILA, HiX y KOOAJIbTOBOTO IMOKPUTTS. 30iNbLIEHHS BMICTY
BaHAJII0 MiABUIILYE KOPO3iHY CTIMKiCTb MOKPUTTS MOPiBHSIHO
3 YUCTUM KOOAJIbTOM, IMPO 110 CBIIYUTb 3MEHLIEHHSI KOpPO-
3iiiHoro crpymy. Otxe, enekrpoau 3 nokpurtsim Co—V Mo-
KYTb OYyTM PEKOMEHIOBaHi SIK KaToAu VISl eJIeKTPOXiMiuHOTO
BUPOOHUILITBA BOAHIO.

KmiouoBi cnoa: Co—V mMoOKpUTTS; eJeKTpOKaTaliTUuHa
aKTHBHICTb; TIepeHarnpyra; MikpoTBepiCTb; KOPO3iitHa CTIKiCTb.
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The synthesis of new electrode materials that reduce the
cost of electrochemically produced hydrogen is a relevant modern
research direction. Such materials should have catalytic activity
for the hydrogen evolution reaction, corrosion resistance, sufficient
microhardness, long service life, and low cost. These properties
can be expected for alloys of iron-group metals with vanadium.
A cobalt—vanadium coating was electrodeposited from a complex
citrate electrolyte under stationary electrolysis conditions. X-ray
dispersive spectrometry results indicate that the resulting coating
contains 0.7—1.5 wt.% vanadium. It was found that the
overpotential of the hydrogen evolution reaction on a cathode
with the Co—V coating is 0.1 V lower, and the exchange current
density is higher than on the cobalt-coated electrode. This indicates
the electrocatalytic activity of the vanadium-containing material
in the hydrogen evolution reaction. The microhardness of the
Co—V coating is also 100—150 kg/mm? higher than that of the
cobalt-coated electrode. An increase in the vanadium content
improves the coating corrosion resistance compared to pure cobalt,
as evidenced by a decrease in the corrosion current. Therefore,
electrodes with Co—V coating can be recommended as cathodes
for electrochemical hydrogen production.

Keywords: Co—V coating; electrocatalytic activity;
overpotential; microhardness; corrosion resistance.

REFERENCES

1 Lempert RJ, Norling P, Pernin CG, Resetar SA,
Mahnovski S. Next generation environmental technologies: benefits
and barriers. Santa Monica, CA: RAND Corporation; 2003.
200 p.

2. Kozin LH, Volkov SV, Skryptun IN. Modern hydrogen
energetics and ecology. Kyiv: Akademperiodyka; 2019. 364 p.
doi: 10.15407/akademperiodyka.392.364.

3. Ved’” MV, Sakhnenko MD. Katalitychni ta zakhysni
pokryttya splavamy i skladnymy oksydamy: elektrokhimichnyi syntez,
prognozuvannya vlastyvostei |[Catalytic and protective coatings
with alloys and complex oxides: electrochemical synthesis,
prediction of properties]. Kharkiv: NTU «KhPI»; 2010. 272 p.
(in Ukrainian).

4. Manilevich FD, Lisogor Al, Kozin LF. Regularities of
cathodic hydrogen evolution at an electrolytic Co-V alloy and its
components. Res Rev Electrochem. 2014; 5(5): 124-133.

5. Bairachniy B, Zhelavska Yu, Smirnova O,
Pilipenko A, Finohenov O. Study of electrocatalytic activity
of the vanadium-containing materials for the hydrogen
evolution reaction. Mater Today Proc. 2022; 50: 448-451.
doi: 10.1016/j.matpr.2021.11.289.

6. Gamburg YuD, Zangari G. Theory and practice of
metal electrodeposition. New York: Springer; 2011. 378 p.
doi: 10.1007/978-1-4419-9669-5.

7. Sakhnenko MD, Zhelavska YuA, Zyubanova SI,
Horokhivska NV, Rudneva SI. Cobalt-vanadium
coating deposition via programmed electrolysis mode. Voprosy
Khimii i Khimicheskoi Tekhnologii. 2024; (3): 165-170.
doi: 10.32434/0321-4095-2024-154-3-165-170.

8. Sakhnenko MD, Zhelavska YuA, Ziubanova SI,
Proskurina VO. Elektrokatalitychni pokryttia kobalt-vanadii
dlya reaktsii vydilennia vodniu [Electrocatalytic cobalt-vanadium
coatings for the hydrogen evolution reaction]. Bull Natnl
Techn Univ «KhPI». 2021; 49: 67-72. (in Ukrainian).
doi: 10.20998/2079-0821.2021.02.09.

9. Yoo BY, Schwartz M, Nobe K. Aqueous
electrodeposition of iron group—vanadium binary alloys. Electrochim
Acta. 2005; 50: 4335-4343. doi: 10.1016/j.electacta.2005.01.047.

10. Schwartz M, Arcos C, Nobe K. Direct and pulse
current electrodeposition of iron group thin film alloys containing
vanadium. Plat Surf Finish. 2003; 90: 46-51.

11. Bairachnyi V, Rudenko N, Zhelavska Yu,
Pilipenko A. Using aluminum alloys in the electrochemical
hydrogen production. Mater Today Proc. 2019; 6: 299-304.
doi: 10.1016/j.matpr.2018.10.108.

12. Nenastina TA, Ved’ MYV, Sakhnenko ND,
Zyubanova SI, Cherepnov IA. Electrode materials for hydrogen
energetics. Eng Nat Manag. 2020; 1(15): 6-12.

13. Nenastina TO, Ved MV, Sakhnenko MD,
Proscurina VO, Zyubanova SI. Corrosion resistance of composite
coatings based on the alloys of cobalt with refractory metals.
Mater Sci. 2021; 56: 634-641. doi: 10.1007/s11003-021-00475-9.

14. Yermolenko IYu, Ved’ MV, Karakurkchi HV,
Sakhnenko ND. Halvanichni pokryttia ternarnymy splavamy zaliza:
Jformuvannia, viastyvosti | Galvanic coatings with ternary iron alloys:
formation, properties]. Kharkiv: FOP Brovin O.V.; 2019. 248 p.
(in Ukrainian).

M.D. Sakhnenko, Yu.A. Zhelavska, V.O. Proskurina, I.Yu. Yermolenko, A.M. Korohodska



