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In the current work, the co-deposition of cobalt with vanadium from a complex citrate
electrolyte via stationary and pulse electrolysis modes was investigated. The process was
carried out at a current density of 1–15 A⋅dm–2 in stationary electrolysis mode and
2–10 A⋅dm–2 in pulse electrolysis mode, with variable ratio of pulse time to pause time at
a temperature range of 35–400Ñ and pH 3.0–3.5. According to the results of X-ray
fluorescence spectrometry, the maximum content of vanadium in the coating obtained
via the programmed electrolysis mode is 1.20–1.45%, which is tens of times higher than
in the coating deposited by the stationary electrolysis mode (vanadium content of 0.007–
0.017%) under similar conditions. The obtained results may confirm the hypothesis of
additional vanadium reduction from oxo-anions by adsorbed hydrogen atoms formed on
the cathode surface during the pause period. Based on the results of the analysis of 3D
graphs, the optimal parameters of the process for fabricating a cobalt-vanadium coating
with the maximum vanadium content in the alloy and a coating current efficiency of 80%
have been established.
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Introduction
The development of functional materials with

predictable properties is one of the most important
trends in modern materials science and applied
electrochemistry. For hydrogen energy production [1],
specifically for the electrochemical release of hydrogen,
it is important to prepare new materials that show
catalytic properties for the hydrogen evolution reaction
(HER) at the cathode.

Analysis of the literature data allows stating that
materials containing molybdenum, tungsten, and
vanadium should exhibit an enhanced catalytic activity
towards the HER. Electrodes coated with alloys of
iron subgroup metals with molybdenum, tungsten,
and vanadium should be considered promising for
hydrogen energy.

Electrodeposition of such metals as vanadium,
molybdenum and tungsten from their aqueous solutions
is difficult due to their high negative potential values.
However, these metals can be co-deposited from

aqueous solutions with metal-catalysts (iron, cobalt
or nickel) through the formation of cluster intermetallic
compounds with Me–V, Ìå–Ìî, and Ìå–W bond
adsorbed on the cathode surface.

Electrodeposition of such coatings can be carried
out in stationary or pulsed electrolysis modes using
electrolytes containing complex or simple ions.

The following mechanism of the deposition
process was proposed when obtaining a nickel-tungsten
coating from a pyrophosphate electrolyte [5]. First, a
particle of NiOHads is formed, then it chemically
interacts with WO4

2– adsorbed on the surface to form
a cluster heterometallic compound [WO4(NiOH)]ads

2–

with a direct Ni–W bond. The [WO4(NiOH)]ads
2–

complex is further reduced. The formation of
[WO4(Ni)]ads

2– particle leads to a rearrangement and
a sharp weakening of the tungsten-oxygen bond
energy, which makes the entire particle unstable,
capable of further easy recovery at the cathode.
Tsyntsaru et al. [5] claimed that since the mechanism
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is not connected to any specific type of electrolyte or
specific metals, it can be used to describe the cathodic
reduction of any refractory metal together with any
co-depositing metal from any electrolyte with the
appropriate correction on the nature of the formed
particles.

Co-deposition of nickel with vanadium was
studied in some publications [6,7]. It was established
that high-quality nickel-vanadium alloy coatings can
be fabricated from a nickel plating sulfate electrolyte
with the vanadium content of 0.1–0.3 g⋅dm–3 (in
terms of metal) as a vanadate ion VO3–. The content
of vanadium in the coating is only 0.3–0.45%.

When comparing the processes of the cobalt-
molybdenum alloy electrochemical production from
an ammonia-citrate electrolyte, similar in composition
to the electrolyte for the Ni-Mo alloy deposition [8],
it was established that the cobalt-molybdenum alloy
is formed at lower pH values (5.0–6.0), than the
Ni-Mo alloy (7.0–9.0). The current efficiency of the
studied alloys depended significantly on the electrolyte
pH, while the chemical composition of deposits was
practically independent of pH (in the pH range of
5.0–8.0 and current densities of 2.5–10.0 A⋅dm–2).

Electroplated cobalt-molybdenum alloy
contained a larger amount of refractory metal than
nickel-molybdenum electrodeposits, which is consistent
with the adsorption-film hypothesis, according to
which the release of refractory metal occurs due to
the formation of an adsorption complex between
hydroxo-compounds of the co-deposited metal formed
during electrochemical reduction of its ions, and
refractory metal atoms that are part of oxo-anions.
The adsorption capacity of cobalt hydroxo-compounds
is somewhat higher, which accounts for the higher
content of molybdenum in cobalt-molybdenum
deposits compared to nickel-molybdenum coatings.

The deposition of cobalt-vanadium alloy coatings
from a citrate electrolyte via stationary and pulse modes
was investigated in this work. Concept of using a
pulse mode is based on the hypothesis that during the
pause period there is an additional chemical reduction
of vanadium from oxo-ions by adsorbed hydrogen
atoms, which were formed in the electrochemical
process during the pulse period, which should lead to
an increase in the content of vanadium in the cobalt-
vanadium alloy and coating current efficiency.

Experimental
Cobalt-vanadium alloy coatings were deposited

in a citrate electrolyte containing (mol⋅dm–3):
0.4 Na3C6H5O7⋅2H2O, 0.1 CoSO4⋅7H2O, and 0.1 V2O5.
Electrodeposition was carried out at 35–400C and ðÍ
3–3.5 with a cobalt anode using the galvanostatic
mode with the current density of 1–15 A⋅dm–2 and
unipolar pulsed current with the amplitude of

2–10 A⋅dm–2, the pulse and pause period duration
being 5⋅10–3…5⋅10–2 s. The coating thickness was about
6–9 µm. Before electrodeposition, the surface of copper
electrodes with area of 2 cm2 was polished and
degreased The vanadium content in the coating was
determined by X-ray fluorescence (XRF) spectrometry.

Electrolysis in galvanostatic mode was performed
using stabilized DC power supply B5-47, in pulse
mode using a pulse potentiostat PI-50-1.1 with PR-8
programmer.

The experimental data were processed in the
form of 3D graphs using the Microsoft Excel program.

Results and discussion
Some studies [9,10] have been devoted to

clarifying the forms of the vanadium state in aqueous
solutions, but this issue is still far from being fully
resolved. The peculiarity of the vanadium (V)
chemistry is that its state in aqueous solutions depends
on the environment pH, concentration and potential
in the system. The variety of vanadium ionic forms
in solutions leads to the formation of a large number
of compounds with different ratios of metals and
vanadium, as well as complex compounds with
inorganic and organic ligands.

According to ref. [11], the state of vanadium
(V) ions depends on their concentration and pH. In
acidic solutions, vanadium (V) exists in the form of a
mononuclear oxo-cation, while it exists as a
mononuclear oxo-anion in a neutral and weakly acidic
environments. An increase in the vanadium
concentration leads to the formation of polynuclear
anionic particles with a maximum degree of
polymerization equal to 10.

Organic acids reduce pentavalent vanadium to
trivalent and tetravalent vanadium with the formation
of vanadyl-ions [12]. Vanadyl complexes of tartaric,
lactic malic and citric acids were synthesized to study
the spectral properties [13]. Adding vanadium oxide
(V) to a solution of sodium citrate results in 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(C6H5O7)2]3–. This solution of
mentioned vanadium (III) complex ion oxidizes by
air to form oxovanadium (IV) citrate complexes
[VO(C6H5O7)2]4– [12,14]. Treatment of the resulting
solution with cobalt sulfate leads to the electrolyte
containing both cobalt and oxovanidium (IV) citrate
complexes.

Taking into account the electrochemical (ks) and
chemical reactions (kf) rates, the ionic product of
water (kw), the formation of ad-atoms (ads) or atoms
of crystalline lattice (cr), the course of partial reactions
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a and b during deposition of cobalt-vanadium coating
from the obtained electrolyte can be given by the
scheme shown in Fig. 1.

It is important to note that during the pulse
period the electrochemical reduction of cobalt, hydrogen
and oxovanadium (IV) VO2+ ions occurs. The VO2+

ions can be reduced to trivalent vanadium in the
form of V3+ cation or oxocation VO+. During the
pause period, VO+ is additionally reduced chemically
by adsorbed hydrogen atoms, which were formed in
the electrochemical process during the previous pulse
period.

It was experimentally established that at current
density of up to 5 A⋅dm–2 and in the temperature
range of 20–300Ñ, cobalt-vanadium coatings are not
formed either in stationary [15] or in pulse modes.
When the temperature increased to 35–400C in the
stationary mode of electrolysis, coatings were obtained
with a vanadium content of 0.007–0.017% and with
a current efficiency of 11–19% (Table).

The maximum vanadium content in the coating
is observed at 10 A⋅dm–2 (Table). A further increase
in temperature does not lead to an increase in the
vanadium content in the alloy and the coatings current
efficiency. Therefore, the temperature of 35–400Ñ
should be considered as optimal temperature for the
process of cobalt-vanadium coating deposition.

Next, the cobalt-vanadium coating was deposited
using a pulse electrolysis mode. The resulting coating
has a satisfactory quality: they are uniform,
microcrystalline, light-gray and shiny (Fig. 2).

Fig. 1. Scheme of the partial reactions course during the cobalt-vanadium coating deposition

Dependence of the vanadium content in the cobalt-
vanadium alloy and the current efficiency of coating

deposition on the current density

Current density, 
А⋅dm–2 

Vanadium content, 
% 

Current 
efficiency, % 

6 0.007 11 
8 0.010 14 

10 0.017 19 
12 0.014 17 
14 0.013 13 

Fig. 2. Morphology of the cobalt-vanadium coating surface

The dependences of the vanadium content in
the cobalt-vanadium alloy and the coating current
efficiency on the unipolar pulse current amplitude
and the ratio of the pulse and the pause duration are
shown in 3D graphs (Fig. 3 and 4, respectively).

As can be seen from Fig. 3, the vanadium content
in the alloy is higher than 1% at current densities of
6–7 A⋅dm–2, and the maximum is about 1.45–1.5%
at a current density of 6 A⋅dm–2.

Increasing the pause period from 5⋅10–3 s to
5⋅10–2 s at a constant pulse period leads to an increase
in the vanadium content in the alloy from 1.026 to
1.124% (Fig. 3), which confirms the assumption of
additional chemical reduction of vanadium in vanadyl-
anions by adsorbed hydrogen atoms, which were
formed in the electrochemical process during the pulse
period.
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Fig. 3. Dependence of the vanadium content in the alloys on the current density and the ratio pulse time/pause time

Fig. 4. Dependence of the coating current efficiency on the current density and the ratio pulse time/pause time

The current efficiency of cobalt-vanadium coating
more than 50% can be obtained at a current density
of 5–7 A⋅dm–2, and the maximum current efficiency
of 80% can be reached at a current density of
7 A⋅dm–2 (Fig. 4) with a maximum value of the pause
period of 5⋅10–2 s, which also indicates additional
chemical reduction of vanadium from vanadyl-anions
by adsorbed hydrogen atoms, which were formed in
the electrochemical process during the pulse period.

When the current density increases to 10 A⋅dm–2,
the vanadium content in the alloy decreases (Fig. 3)
and the coating quality significantly deteriorates due
to the intensification of hydrogen release.

Thus, a current density of 5–7 A⋅dm–2 with a

pulse and pause duration of 1⋅10–2...5⋅10–2 should be
considered optimal for electrolysis to obtain a coating
with the maximum vanadium content and current
efficiency.

Conclusions
1. Electrodeposition of a cobalt-vanadium alloy

coating was studied from a citrate electrolyte in
stationary and pulsed modes under similar conditions.
According to the results of X-ray fluorescence analysis,
the resulting cobalt-vanadium alloy coating prepared
in the stationary mode contains 0.017% of vanadium
and shows a current yield no more than 19%.

2. It was established that the cobalt-vanadium
alloy coating fabricated by using the pulse mode
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contains 1.0–1.5% of vanadium, which is ten times
more than in the coating obtained via the stationary
mode. The current efficiency here was more than
50%. The obtained data confirmed the assumption
that during the pause period there was a chemical
additional reduction of vanadium from complex
vanadyl-anions by adsorbed hydrogen atoms, which
were formed in the electrochemical process during
the pulse period.

3. It was proved that the maximum vanadium
content in the alloy is 1.45–1.5% and the current
efficiency of 80% can be reached at a current density
of 5–7 A⋅dm–2 and a pulse and pause duration of
1⋅10–2...5⋅10–2 s.
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ÎÑÀÄÆÅÍÍß ÏÎÊÐÈÂ²Â ÊÎÁÀËÜÒ-ÂÀÍÀÄ²É
ÏÐÎÃÐÀÌÎÂÀÍÈÌ ÅËÅÊÒÐÎË²ÇÎÌ

Ì.Ä. Ñàõíåíêî, Þ.À. Æåëàâñüêà, C.². Çþáàíîâà,
Í.Â. Ãîðîõ³âñüêà, Ñ.². Ðóäíºâà

Â ðîáîò³ äîñë³äæåíî ñï³âîñàäæåííÿ êîáàëüòó ç âà-
íàä³ºì ç êîìïëåêñíîãî öèòðàòíîãî åëåêòðîë³òó ó ñòà-
ö³îíàðíîìó òà ³ìïóëüñíîìó ðåæèìàõ. Ïðîöåñ ïðîâîäèëè â
³íòåðâàë³ ãóñòèí ñòðóìó 1–15 À/äì2 â ñòàö³îíàðíîìó ðå-
æèì³ òà 2–10 À/äì2 â ³ìïóëüñíîìó ðåæèì³, ïðè âàð³þâà-
íîìó ñï³ââ³äíîøåíí³ ÷àñó ³ìïóëüñó äî ÷àñó ïàóçè, â
òåìïåðàòóðíîìó ³íòåðâàë³ 35–400Ñ òà pH 3–3,5. Çà ðåçóëü-
òàòàìè ðåíòãåíîôëóîðåñöåíòíîãî àíàë³çó, ìàêñèìàëüíèé
âì³ñò âàíàä³þ â ïîêðèòò³, îäåðæàíîìó â ðåæèì³ ïðîãðàìî-
âàíîãî åëåêòðîë³çó, ñòàíîâèòü 1,20–1,45%, ùî ó äåñÿòêè
ðàç³â á³ëüøå í³æ ó ïîêðèòò³, îñàäæåíîìó ó ñòàö³îíàðíîìó
ðåæèì³ (âì³ñò âàíàä³þ 0,007–0,017%) â àíàëîã³÷íèõ óìî-
âàõ, ùî ìîæå áóòè ï³äòâåðäæåííÿì ã³ïîòåçè ïðî äîäàòêîâå
â³äíîâëåííÿ âàíàä³þ ç îêñî-àí³îí³â àäñîðáîâàíèìè àòîìà-
ìè âîäíþ, ÿê³ óòâîðèëèñÿ íà ïîâåðõí³ êàòîäà â ïåð³îä
³ìïóëüñó. Çà ðåçóëüòàòàìè àíàë³çó 3D ãðàô³ê³â, âñòàíîâ-
ëåí³ îïòèìàëüí³ ïàðàìåòðè ïðîâåäåííÿ ïðîöåñó äëÿ
îäåðæàííÿ ïîêðèòòÿ êîáàëüò-âàíàä³é ç ìàêñèìàëüíèì
âì³ñòîì âàíàä³þ ó ñïëàâ³ òà âèõîäîì çà ñòðóìîì ïîêðèòòÿ
80%.

Êëþ÷îâ³ ñëîâà: ñï³âîñàäæåííÿ, öèòðàòíèé åëåêòðîë³ò,
ïðîãðàìîâàíèé åëåêòðîë³ç, ïîêðèòòÿ êîáàëüò-âàíàä³é,
äîäàòêîâå â³äíîâëåííÿ.
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In the current work, the co-deposition of cobalt with
vanadium from a complex citrate electrolyte via stationary and
pulse electrolysis modes was investigated. The process was carried
out at a current density of 1–15 A⋅dm–2 in stationary electrolysis
mode and 2–10 A⋅dm–2 in pulse electrolysis mode, with variable
ratio of pulse time to pause time at a temperature range of 35–
400Ñ and pH 3.0–3.5. According to the results of X-ray
fluorescence spectrometry, the maximum content of vanadium
in the coating obtained via the programmed electrolysis mode is
1.20–1.45%, which is tens of times higher than in the coating
deposited by the stationary electrolysis mode (vanadium content
of 0.007–0.017%) under similar conditions. The obtained results
may confirm the hypothesis of additional vanadium reduction
from oxo-anions by adsorbed hydrogen atoms formed on the
cathode surface during the pause period. Based on the results of
the analysis of 3D graphs, the optimal parameters of the process
for fabricating a cobalt-vanadium coating with the maximum
vanadium content in the alloy and a coating current efficiency of
80% have been established.

Keywords: co-deposition; citrate electrolyte; programmed
electrolysis; cobalt-vanadium coating; additional reduction.
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