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Abstract: Galvanic coatings of Co-Mn are promising materials for obtaining protective spinel layers of 
(Mn,Co)₃O₄ on stainless steel, which can be successfully used in solid-oxide fuel cells (SOFCs) as 
interconnects. To enhance the anti-corrosion and heat resistance properties of Co-Mn, tungsten is introduced 
into the coatings via electrodeposition. Mn-containing Co-W coatings electrodeposited from electrolytes 
containing various non-toxic organic complexing agents show a shiny appearance are roughly 5 μm in 
thickness, have strong adherence to electrodes, and have uniformly incorporated oxygen. We found pH and 
current density dependence of Mn-containing Co-W coating content in an electrolyte containing a sodium 
citrate-EDTA complexing agent. X-ray structural analysis indicates that the Mn-containing Co-W coatings 
are likely amorphous, consisting of an α-Co solid solution with disordered dissolution of W and Mn. The 
corrosion potential Ecor of Mn-containing Co-W coatings deposited on a graphite cathode in a 3.5% aerated 
NaCl solution is -0.530 V (Ag/AgCl). 
Keywords: Co-Mn/Co-W galvanic coatings; (Mn,Co)₃O₄ spinel layers; Solid-oxide fuel cells (SOFCs); 
Tungsten electrodeposition; Amorphous α-Co solid solution. 
DOI: 10.65382/2221-8688-2026-4-553-569 

Introduction 
 

Galvanic coating alloys of manganese with 
cobalt, nickel, zinc, copper, and others are 
characterized by high anti-corrosion properties 
and are considered as protective coatings for steel 
materials [1-4]. The presence of manganese with 
a high negative standard potential (E0

Mn2+/Mn= -
1.18 V, SHE) in the alloy provides corrosion 
protection for steels, as it acts as a "sacrificial" 
anode. Despite the relative abundance of metallic 
manganese, its galvanic coatings are not used to 
protect steels from corrosion [5-12]. This is due 
to the high chemical reactivity of manganese 
with oxygen and atmospheric moisture, as well 
as brittleness associated with short-term 
modification changes in crystals. Unlike galvanic 
coatings of pure manganese, coatings of its alloys 
are considered among the best and relatively 
inexpensive materials for anti-corrosion 
protection of steel [13-15]. 

Among the manganese-containing alloys  

obtained by electrodeposition, Co-Mn galvanic 
coatings are of particular interest, as they 
represent a promising material for internal 
contact with electrodes in solid oxide fuel cells 
(SOFCs) [16-19]. On the surface of the ferritic 
stainless steel used for this purpose, the buildup 
of an oxide layer and high volatility of Cr(VI) 
lead to failure of the element. This phenomenon 
can be prevented by applying a protective layer 
of highly conductive spinel (Mn, Co)3O4 on the 
stainless steel, obtained through high-
temperature (900 °C) treatment of the 
electrodeposited Co-Mn coating. 

Based on the practical interest in using Co-
Mn coatings, we aimed to introduce a third 
component, tungsten, into the coating via 
electrodeposition, thereby obtaining a galvanic 
coating of the ternary Co-W-Mn alloy. It is 
known from the literature that enriching the 
surface layer of steel with W enhances its anti-
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corrosion properties, wear resistance, and heat 
resistance at high temperatures, making it an 
alternative to chromium coatings [20, 21]. 

Obtaining galvanic coatings of alloys 
containing high melting point metals such as W, 
Mo, and Re is possible only with iron group 
metals (Fe, Co, Ni), a phenomenon often called 
induced co-precipitation [22]. The phenomenon 
of induced co-precipitation has been known for 
over 50 years, but the mechanism of this process 
is still not fully understood [23, 24].  Because of 
this, it is still impossible to predict the 
composition of the coating, and therefore its 
properties, based on the electrochemical 
characteristics of individual components. 

An important factor for achieving the goal 
of our work was the presence of one of the metals 
of the iron triad - Co, which forms galvanic 
coatings with W. There are numerous data in the 
literature on the deposition of Co-W coatings 
[25-33]. Such coatings are in demand in the 
electrical and radio engineering industries. They 
have good catalytic properties, especially 
interesting in the technology of hydrogen 
production [34-36]. Researchers have shown 
increased interest in Co-W coatings and other W-
containing thin galvanic coatings, since their 
magnetic properties differ sharply from the 
magnetic properties of the bulk material [37]. 

Organic complexing agents, mainly citric 
acid, its salt sodium citrate, and sodium 
gluconate, are important components in the 
composition of electrolytes used for 
electrodeposition of coatings. This is due to the 
poor solubility of sodium tungstate (a source of 
tungsten) in cobalt sulfate solutions. Importantly, 
the presence of a complexing agent, along 

with improved solubility, contributes to 
the alignment of electrodeposition potentials of 
metals. A number of authors believe that the 
complexation factor has a significant effect on 
the process of obtaining alloy coatings [38, 39]. 
The authors [39] consider that the 
electrodeposition of Co-W alloy from a solution 
containing a gluconate ligand most likely occurs 
with the reduction of a mixed heterometallic 
cobalt-tungsten complex (the ratio of tungsten to 
cobalt is 1:1), as well as a cobalt-containing 
complex (not with tungsten) and hydrogen 
reduction reactions. The ratio of the rates of 
reduction reactions of these complexes 
determines mainly the composition of the 
coating, which in turn depends on some factors, 
and if these are not considered, it is difficult to 
predict the composition of the deposited alloy. 

In the present work, the formation of 
manganese-containing Co-W coatings by the 
electrodeposition method was investigated for 
the first time, using electrolytes containing the 
above-mentioned complexing agents as well as 
electrolytes containing other non-toxic agent 
mixtures - malic acid, sodium citrate-malic acid, 
and sodium citrate with EDTA. The 
electrochemical activity of various electrolytes 
for electrodeposition of alloys was analyzed by 
recording cyclic voltammetry curves.  

Based on the data of CVs, the influence of 
the parameters of electrolysis - cathodic current 
density, electrolyte composition, and pH - on 
current efficiency, chemical composition, and 
morphology was studied. The coating thickness 
was also measured, and its appearance was 
assessed visually.

  
Experimental part 

 
Electrolytes. The electrodeposition 

experiments were carried out in an electrolyte 
prepared using distilled water. All chemical 
reagents used were chemically pure and provided 
by Sigma-Aldrich. The pH of the electrolyte was 
adjusted by adding 40% H₂SO₄ or saturated 
NaOH solution. For the electrodeposition of Co-
W-Mn alloy coatings, it was necessary to add 
complexing agents to the electrolyte - sodium 
citrate (Na₃C₆H₅O₇ꞏ5.5H₂O), sodium gluconate 
(C₆H₁₁NaO₇), malic acid (C₄H₆O₅), and their 
mixtures, since sodium tungstate (the source of 

W) is poorly soluble in an aqueous solution of 
cobalt, manganese, and ammonium sulfates. To 
prepare the electrolyte with a 
specific composition, CoSO₄ꞏ7H₂O was first 
dissolved in distilled water 
under intense stirring, followed by the 
complexing ligand. After their dissolution, 
Na₂WO₄ꞏ2H₂O, MnSO₄ꞏH₂O, (NH₄)₂SO₄, and 
finally, surfactants such as acrylamide (C₃H₅NO) 
or but-2-yne-1,4-diol (C₄H₆O₂) were added 
successively. The latter is widely used to obtain 
high-quality, mirror-surfaced nickel coatings. 
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After adjusting the pH of the electrolyte, the 
solutions remain stable. Depending on the nature 
of the complexing agent, the color changes from 
dark violet to dark reddish. 

Electrolysis and electrodes. A Plexiglas 
electrolyzer was used for electrodeposition. 0.5 
L of the test electrolyte was circulated using a 
micropump (330 mLꞏmin⁻¹) through a small 
intermediate circulation tank connected to the 
electrolyzer using silicone tubes. A glass 
electrode of a pH meter (MP512, China) was 
placed in the intermediate tank to record 
the pH and temperature of the electrolyte. To 
maintain a constant pH, 40% H₂SO₄ or saturated 
NaOH solution was added to the circulation tank, 
and the temperature was maintained by an 
electric heater placed in a quartz tube inserted 
into the circulation tank. 

At the initial stage of the research, coatings 
were obtained on copper plate cathodes with 
dimensions of 2.0 × 1.0 × 0.015 cm, with both 
sides as working surfaces, with a total area of S 
≈ 4.0 cm². In the later stages, graphite was mainly 
used as a cathode material in the experiments, 
which, unlike copper cathodes, has a number of 
advantages: chemical inertness, virtually no 
effect on the structure of the deposited alloy, and, 
most importantly, X-ray fluorescence analysis 
allows quick and accurate determination of the 
coating's chemical composition. Additionally, 
the hydrogen overpotential on the graphite 
cathode is relatively high, enabling the use of 
high current densities. High-purity, low-ash (ash 
content <0.03%) graphite from ГМЗ (Russia) 
with an area of 4 cm² was used for 
electrodeposition. The ratio of the cathode area 
to the solution volume (S/V) was 0.08 dm²ꞏL⁻¹. 
For electrolysis, the test electrolyte was used 

once. Electrodeposition was carried out at 
cathode current densities of 0.05, 0.125, 0.2, and 
0.25 Aꞏcm⁻²; the duration of 
each experiment was 15 minutes. The cathodes 
were polished with silicon carbide papers of 
different grades, up to 2000, until a mirror finish 
was achieved. The non-working part of the 
cathode was covered with epoxy resin. Before 
placing it in the electrolyzer, the graphite was 
treated with diluted sulfuric acid, then washed 
with distilled water and dried in air to a constant 
weight. In the electrolyzer, the cathode was 
placed between two identically sized (5 × 4 cm) 
grid-shaped titanium anodes at a distance of 3 
cm. The surfaces of the anodes were modified 
with TiO₂-RuO₂ oxides (DSA electrodes), with a 
total area of 40 cm². 

Preparation and characterization of 
coatings. To perform electrodeposition in 
galvanostatic mode, a DC power supply PE 
1018-2 15V/30A (Plating Electronic GmbH, 
Germany) was used, which recorded the current, 
voltage change, and the amount of electricity 
passed (Aꞏh). The electrodeposition time was 15 
minutes, after which the cathode was removed 
from the electrolyzer while maintaining current 
supply and treated with a 10% potassium 
dichromate solution for 6-8 seconds. Without this 
procedure, manganese-containing 
coatings would turn blackish due to oxidation in 
air.  

Subsequently, the coating on the cathode 
was washed with running and distilled 
water and finally dried with warm (50 °C) air. 
The alloy current efficiency (ΦAlloy) was 
calculated gravimetrically from the change in 
mass of the coating deposited on the cathode 
(Δm) according to [40]: 

 
ΦAlloy = Δm/ (Iꞏ τ ꞏ qalloy ) ꞏ100%                            (1) 

 
I - current, A 
τ - time of electrolysis, h 
qalloy - electrochemical equivalent of the alloy: 
 

qalloy = 1/(ωCo/qCo + ωW/qW + ωMn/qMn ),               (2) 
 

where ωCo, ωW, ωMn and qCo, qW, qMn, are 
the mass fractions and electrochemical  

equivalents of Co, W, and Mn, respectively are: 

qCo = 1.099 g (Aꞏh)-1, qW =1.143 g (Aꞏh)-1,  qMn = 1.025 g (Aꞏh)-1 
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Microphotography and elemental 
analysis of the coating surfaces were performed 
using a Hitachi TM3030 Plus scanning electron 
microscope (Japan). 

Local composition analysis was conducted 
using an energy-dispersive X-ray spectrometer 
(EDS). The measurement error was ±1.2 wt%. 

X-ray diffraction (XRD) analysis was 
performed on a ДРОН-4.07 diffractometer 
(Russia) using Ni-filtered Cukα radiation (λ = 
1.54184 Å). The operating parameters were 40 
kV tube voltage and 20 mA tube current. During 
measurements, samples were rotated in-plane 
using a ГП-13 goniometer. 

Coating thickness was measured using 
a DCFN 3000 EZ instrument (accuracy: ±1 µm). 

Electrochemical measurements. For 
electrochemical measurements, we used a 
CHI1140C potentiostat (CH Instruments Inc., 
USA). Voltammetric measurements were carried 

out in a standard three-electrode electrochemical 
cell. Cyclic voltammetry curves were recorded in 
aerated, stagnant solutions using a graphite 
working electrode (surface area = 0.1 cm²) with 
a freshly treated surface. The working electrode 
was connected to a saturated silver/silver 
chloride (Ag/AgCl) reference electrode via 
a Luggin capillary and salt bridge, separated by a 
glass valve.  

The auxiliary electrode, a platinum plate 
(surface area = 5 cm²), was isolated from the 
working electrode by a glass filter. 

To determine the electrochemical 
processes occurring at specific potentials on the 
graphite electrode in various electrolytes, CV 
curves were recorded at a potential scan rate of 
10 mVꞏs⁻¹. The scans were performed from the 
open-circuit potential (OCP) at 0.0 V in the 
cathodic direction to −1.7 V vs. Ag/AgCl and 
back.  

According to the cyclic voltammogram 
obtained from the background electrolyte (Fig. 1, 
curve 1), hydrogen evolution becomes noticeable 
at -1.3 V. In the CV curve recorded from 
electrolytes containing MnSO₄-Na₂WO₄ (Fig. 1, 
curve 2), no peaks corresponding to the reduction 
or oxidation of Mn²⁺ or WO₄²⁻ are observed. On 
the graphite cathode, only intense hydrogen gas 

evolution occurs, which begins at -1.58 V. 
However, when scanning the potential in the 
anodic direction, a low-intensity cathodic wave 
is recorded at -1.17 V. This phenomenon appears 
to be related to the inner-sphere reduction 
reaction of tungsten-containing complex 
associates in solution, occurring on the cathode 
surface without metal deposition [39]. 

 
Results and discussion 

 
Cyclic voltammograms. The CV curves 

were recorded on graphite 
cathodes in background electrolytes containing 
Na₂SO₄ and MnSO₄-Na₂WO₄ (Fig. 1), as well as 
in electrolytes containing CoSO₄ and CoSO₄-
Na₂WO₄ (Fig. 2), and CoSO₄-MnSO₄-Na₂WO₄ 
(Fig. 3). The electrolytes contained the 
complexing agent DL-malic acid.  

In electrolytes containing CoSO₄ and the 
complexing ligand DL-malic acid (without 
tungstate), intense hydrogen evolution is 
preceded by a cathodic peak corresponding to the 
reduction of Co²⁺ to metallic cobalt at -1.08 V 
(Fig. 2, curve 1). At higher cathodic potentials 
(approximately -1.2 V), the hydrogen evolution 
rate increases, as evidenced by noticeable current 
pulsations on the CV curve. Upon reversing the 
potential scan to the anodic direction, an anodic 
peak (iₐ) corresponding to the dissolution of 

metallic cobalt deposited on the cathode is 
observed at -0.11 V. The shape of the CV curve 
obtained with the simultaneous presence of 
CoSO4 and Na2WO4 in the electrolyte shows that 
during preparative electrolysis, the 
electrodeposition of the Co-W alloy on the 
graphite cathode occurs at this potential. This 
process represents so-called "induced" co-
precipitation, where the reduction of tungsten to 
the metallic state occurs immediately when the 
cobalt deposition potential is reached [22]. 

When scanning in the cathodic direction, 
the CV curve (Fig. 2, curve 2) reveals: 
1. Anodic dissolution of the deposited coating 

starting at -0.68 V, 
2. Increasing cathodic current densities across a 

wide range of cathodic potentials, and 
3. A distinct cathodic peak for Co2+ reduction at 

-0.88 V. 
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Fig. 1. Cyclic voltammograms (scan rate 10 mV s-1, t=30 ℃) on a graphite electrode in electrolytes 
(pH 5.5). Electrolyte composition, mol L-1: (1) 0.5 Na2SO4; (2) 0.1MnSO4 + 0.1 DL-Malic acid + 

0.025 Na2WO4 + 0.15 (NH4)2SO4 + 0.3 Na2SO4 + 0.0014 C3H5NO 
 

Using the electrolyte (Fig. 2, curve 2) 
practically repeats the shape of the CV curve  

obtained without tungstate. 

 
Fig. 2. Cyclic voltammograms (scan rate 10 mV s-1, t=30 ℃) on a graphite electrode in electrolytes 
(pH 5.5).  Electrolyte composition, mol L-1: (1) -  0.1CoSO4 + 0.1 DL-Malic acid + 0.15(NH4)2SO4 
+ 0.3Na2SO4 + 0.0014 C3H5NO; (2) - 0.1CoSO4 + 0.1 DL-Malic acid + 0.15(NH4)2SO4 + 0.3Na2SO4 

+ 0.0014 C3H5NO + 0.025 Na2WO4 

 
In electrolytes containing CoSO₄, Na₂WO₄, 

and MnSO₄, the obtained CV curves (Fig. 3, 
curve 1) show a sharp increase in cathodic 
current density starting from -0.96 V. However, 
unlike the CV curve obtained in the electrolyte 
without Mn²⁺, this curve does not exhibit a 
cathodic peak for Co²⁺ 
reduction. The electrodeposition of Co-W at -1.2 
V was confirmed by preparative electrolysis. 

At high cathodic potentials (starting from -
1.4 V), the hydrogen evolution rate 
increases, which is attributed to the formation of 
Co and W atoms in the coating. These 
metals exhibit low overpotential for the 

hydrogen reduction reaction, particularly in the 
presence of tungsten. Consequently, the 
measured current is predominantly (91-95%) 
due to hydrogen reduction. 

When scanning the cathode potential from 
-1.7 V in the anodic direction, the CV profile 
shows an anodic oxidation peak of the deposited 
alloy at -0.38 V. At relatively low cobalt 
concentrations in the electrolyte (Fig. 3, curve 2), 
the rates of reduction and oxidation processes are 
reduced, as evidenced by lower cathodic and 
anodic current densities at their respective 
potentials. 
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Fig. 3. Cyclic voltammograms   (scan rate 10 mV s-1, t=30℃) on a graphite electrode in electrolytes 
(pH 5.5). Electrolyte composition, mol L-1: (1) - 0.1CoSO4 + 0.1DL-Malic acid + 0.025Na2WO4 + 
0.1MnSO4 + 0.15 (NH4)2SO4 + 0.3Na2SO4 + 0.007 But-2-yne-1,4-diol; (2) - 0.05CoSO4+ 0.1DL-
Malic acid + 0.025Na2WO4 + 0.15MnSO4 + 0.15(NH4)2SO4 + 0.3Na2SO4 + 0.007 But-2-yne-1,4-diol 
 

CV curves of similar shapes were 
obtained in electrolytes containing CoSO₄-
MnSO₄-Na₂WO₄ with various complexing agents 
(Fig. 4). 

The effect of pH on coating 
electrodeposition was studied in an electrolyte 
containing a sodium citrate-EDTA complexing 
agent mixture, as these coatings exhibited greater 
mass deposition per unit charge and higher 
manganese content (see Section 3.3) compared to 
other complexing agents. 

From CV curves recorded at pH 3.5 and 
5.5 in the sodium citrate-EDTA electrolyte (Figs. 
5 and 6), it is evident that: 

 In the more acidic electrolyte (pH 3.5), 
cathodic scanning shows significant 
current increase on the graphite cathode 
starting at -1.2 V 

 At high cathodic potentials, current 
pulsations occur due to intense hydrogen 
evolution. 

 

 
Fig. 4. Cyclic voltammograms   (scan rate 10 mV s-1, t=30℃) on a graphite electrode in electrolytes 
(pH 5.5). Electrolyte composition, mol L-1: (1) - 0.1CoSO4 + 0.1Na2WO4 + 0.5MnSO4 + 
0.5(NH4)2SO4 + 0.007 But-2-yne-1,4-diol + 0.7 Gluconic acid sodium salts; (2) - 0.1CoSO4 + 
0.1Na2WO4 + 0.5MnSO4 + 0.5(NH4)2SO4 + 0.007 But-2-yne-1,4-diol + 0.1 Sodium citrate salts + 
0.1DL-Malic acid; (3) - 0.1CoSO4 + 0.1Na2WO4 + 0.15MnSO4 + 0.2 (NH4)2SO4 + 0.007 But-2-yne-
1,4-diol +0.25 Sodium citrate salts + 0.04 Citric acid 
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After reversing the potential toward the anodic 
direction, the peak of anodic dissolution of the 
coating deposited on the cathode is recorded at -
0.35 V. During repeated scanning of the potential 
in the cathodic region, the slope of the curve and 
the potential value of the anodic oxidation peak 
of the alloy remain unchanged, but the anodic 
oxidation current density increases 

slightly, likely due to the increased mass of alloy 
deposited during repeated cathodic polarization. 

The shape of the CV curve recorded in the 
3rd cycle remains consistent in subsequent 
cycles and shows practically no change. 
Similarly, relatively stable CV curves are 
obtained at pH 5.5 (Fig. 6). 

 

 
Fig. 5. Cyclic voltammograms (scan rate 10 mV s-1, t=30℃) on a graphite electrode in electrolytes 

(pH 3.5). Electrolyte composition, mol L-1: 0.15 CoSO4 + 0.25 Sodium citrate salts + 0.1EDTA 
+0.1Na2WO4ꞏ2H20 + 0.5 (NH4)2SO4 + 0.5 MnSO4 + 0.007 But-2-yne-1,4-diol. CV The curves are 

recorded: 1 - during the first cycle; 2- during the second cycle; 3 - in the third cycle 
 

 
Fig. 6. Cyclic voltammograms (scan rate 10 mV s-1, t=30℃)  on a graphite electrode in electrolytes 

(pH 5.5). Electrolyte composition, mol L-1: 0.15 CoSO4 + 0.25 Sodium citrate salts + 0.1 EDTA 
+0.1 Na2WO4 + 0.5 (NH4)2SO4 + 0.5 MnSO4 + 0.007 But-2-yne-1,4-diol. CV The curves are 

recorded: 1- during the first cycle; 2-during the second cycle; 3- in the third cycle 
 

On the CV curve recorded on the graphite 
cathode, for the 1st cycle, at high cathodic 
potentials, a current pulsation is noticeable, 
which is not observed on the curves of repeated 
cycles. But unlike the voltammogram obtained at 

pH 3.5, the magnitude of the anodic oxidation 
potential and current density at pH 5.5 is constant 
and repeats even after several repetitions of the 
potential scan. It should be noted that at pH 3.5, 
in contrast to the curves obtained at pH 5.5, the 
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cathodic current values are high due to the 
increased rate of hydrogen generation. 

Thus, all recorded CV curves are 
characterized by increasing current density at 
high negative cathode potentials, which is 
associated with both alloy electrodeposition and 
simultaneous hydrogen gas evolution. The 
current efficiency for hydrogen evolution ranges 
between 91 and 95 %, resulting in 
correspondingly low current efficiency for alloy 
deposition. 

Despite the similarity of the CVs, 
differences exist primarily in the anodic 
oxidation potential values of the coatings. These 
variations likely reflect the production of 
coatings with different compositions due to 
complex cathode processes. 

Preliminary electrodeposition test. At 
the initial stage of the research, preliminary data 
on electrolyte composition and electrolysis 
parameters were obtained through test 
electrodeposition of binary Co-Mn alloy 
coatings. Electrolysis was performed in 
electrolytes containing cobalt-manganese 
sulfates (pH 3.5 and pH 5.5) without complexing 
ligands and, for comparison, in a reference 
electrolyte, which contained cobalt-manganese 
sulfates along with sodium gluconate as a 
complexing agent. 

The test electrolytes contained small 
amounts of surfactants (acrylamide or 
butynediol) and ammonium sulfate as an 
additive. Ammonium sulfate, known from pure 
manganese electrolysis processes, prevents 
manganese hydroxide formation at the cathode 
while improving electrolyte conductivity. Tables 
1 and 2 present the Co-Mn coating test results. 

From Table 1, coatings with whitish bright 
appearance and 32-36 μm 
thickness (ω(Co):ω(Mn) = 1:1) were obtained 
from simple-composition electrolytes (25°C, pH 
5.5) even without complexing agents, at 200-250 
mAꞏcm-2 current density with approximately 
50% current efficiency. These coatings, similar 
to previous reports, can form protective 
(Mn,Co)₃O₄ spinel layers on steel. For coatings 
from sodium gluconate-containing 
electrolytes (25°C, pH 5.5), the surface was 
shiny but with reduced thickness and current 
efficiency (Table 2). This likely results 
from stable cobalt-manganese gluconate 
complexes that reduce slower than hydrated ions 
at the cathode [16]. The tests 
demonstrated higher current efficiency at pH 5.5 
versus pH 3.5, which guided subsequent 
electrolyte preparation for manganese-
containing Co-W coatings.  

 
Table 1. Experimental results of obtaining of manganese-containing Co-Mn coatings. 

Electrolyte composition, mol L-1: MnSO4 - 0.6, CoSO4-0.1, (NH4)2SO4-0.95, C3H5NO-0.0014; 
t=25 ℃; Electrolysis time, τ=15min; Appearance of the coating- Light color. 

The cathodic 
current   density, 

ic /mA cm-2
 

The mass of alloy 
deposited on the 
cathode, malloy/g 

Composition of the 
coating, 

ω(Me), Wt.% 

Current 
efficien

cy, 
Φalloy/% 

Thickness 
of the 

coating, 
δ/µm ω(Co) ω(Mn) 

pH 3.5 
40 0.0225 96.8 3.2 51.27 7.5 
75 0.0327 96.0 4.0 39.78 10.9 
125 0.0467 78.8 21.2 34.59 15.17 
200 0.054 75.5 24.5 25.0 17.4 

pH 5.5 
40 0.0339 76.1 23.9 78.5 11.0 
75 0.0515 73.9 26.1 64.0 17.0 
125 0.0786 58.9 41.1 59.0 25.0 
200 0.1045 51.1 48.9 49.5 32.0 
250 0.1173 47.6 52.4 44.0 36.0 
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Table 2. Experimental results of obtaining of manganese-containing Co-Mn coatings. 
Electrolyte composition, mol L-1: MnSO4 - 0.6, CoSO4-0.1, (NH4)2SO4-0.95, C3H5NO-0.0014, 

C6H11Na07-0.7; t=25 0C; pH 5.5; Electrolysis time τ=15min; Appearance of the coating- Glittery. 
The cathodic 

current density, 
ic/ mA cm-2

 

The mass of 
alloy deposited 
on the cathode, 

malloy/g 

Composition of the 
coating, 

ω(Me)/ Wt.% 

Сurrent 
efficiency, 
Φalloy/% 

Thickness of the 
coating, 
δ/µm 

 
ω(Co) ω(Mn) 

40 0.0081 90.1 9.9 18.4 2.7 
75 0.0125 76.0 24.0 15.4 4.0 
125 0.0151 73,5 26.5 11.2 4.6 

200 0.0187 66.2 33.8 8.7 4.9 
250 0.0212 50.3 49.7 6.3 4.2 

 
DC electrodeposition of manganese-

containing Co-W alloys from different 
electrolytes. During the electrodeposition of 
manganese-containing Co-W alloys, primary 
focus was given to investigating how electrolyte 
composition and cathodic current density 
affect coating current efficiency, thickness, 
appearance, chemical composition, and 
morphology. 

To enable sodium tungstate dissolution in 
cobalt-manganese sulfate electrolytes, the 
addition of complexing agents or their 
mixtures was required. Experimental results for 
Co-W-Mn coatings from various electrolyte 
compositions are shown in Tables 3 and 4. All 
electrolytes were prepared by dissolving reagents 
in distilled water following the sequence 
specified in the tables. 

  
Table 3. Experimental results of obtaining of manganese-containing Co-W coatings from 

electrolytes containing various complexing agent during of electrolyzes 15 min, Temperature 25 ℃. 
Appearance of the coating obtained in series of experiment #1*-unsatisfying, #1-2 was shiny, #3- 

light color. 
Series 

of 
exp. # 

Electrolyte composition/ 
 mol L-1  

ic /A 
cm-2 

malloy/g 
ω(Me)/Wt.%; (at.%) Φalloy

/% 
δ/µm 

ω(Co) ω(W) ω(Mn) ω(O) 

1 

CoSO4ꞏ7H2O                    
0.15   
 
Na3C6H5O7ꞏ5.5H2O          
0.25 
 
Na2H2C10H12O8N2ꞏ2H2O    
0.1  
 
Na2WO4ꞏ2H2O                    
0.1   
 
MnSO4ꞏH2O                        
0.3  
 
(NH4)2SO4                           
0.5   
 
C4H6O2                           
0.014 

pH 3.5 

50* - - - - - - - 

125 0.0068 
69.38 

(55.37) 
14.31 
(3.66) 

3.36 
(2.87) 

12.96 
(38.09) 

8.9 4.6 

200 0.0096 
73   

(60.05) 
10.5 

(2.77) 
5.97 

(5.27) 
10.53 

(31.91) 
9.65 5.3 

250 0.0102 
71.74 

(52.09) 
6.5 

(1.51) 
6.22 

(4.85) 
15.54 

(41.56) 
11.4 5.7 

2 

pH 5.5 

50 0.0072 
43.73 

(24.76) 
19.84 
(3.6) 

2.93 
(1.78) 

33.51 
(69.87) 

9.3 4.9 

125 0.0086 
49.95 

(31.87) 
21.5 
(4.4) 

2.03 
(1.39) 

26.52 
(62.34) 

9.55 5.3 

200 0.0098 
64.66 

(48.95) 
16.54 
(4.01) 

2.73 
(2.22) 

16.07 
(44.81) 

10.7 5.8 

250 0.011 
72.3 

(59.75) 
13.87 
(3.67) 

2.57 
(2.27) 

11.27 
(34.31) 

11.8 5.9 

3 
CoSO4ꞏ7H2O                       
0.1  
 

pH 4.5 

120 0.0065 
67.58 

(66.64) 
24.68 
(7.80) 

0.99 
(1.05) 

6.75 
(24.51) 

4.18 3.8 
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Na3C6H5O7ꞏ5.5H2O           
0.1  
 
C4H605                               
0.1        
 
Na2WO4ꞏ2H2O                    
0.1  
 
(NH4)2SO4                           
0.5  
 
MnSO4ꞏH2O                       
0.3  
 
C4H6O2                           
0.007  

160 0.0099 
70.95 

(53.08) 
12.16 
(2.92) 

1.31 
(1.05) 

15.58 
(42.95) 

4.7 4 

200 0.0126 
73.41 

(62.38) 
14.83 
(4.04) 

1.44 
(1.31) 

10.31 
(32.27) 

5.1 4.3 

250 0.0159 
73.79 

(56.96) 
11.2 

(2.77) 
1.2 

(1.00) 
13.81 

(39.27) 
5.3 4.95 

From the data in Tables 3 and 4, it is evident that 
electrodeposition produces shiny but relatively 
thin coatings (~5 µm) with low current 
efficiency. These coatings exhibit strong 
adhesion to the cathode surface. Although some 
electrolytes contain Mn²⁺ concentrations five 
times higher than Co²⁺, the manganese content in 
coatings reaches only 2.65 wt.% (except for the 
sodium citrate-EDTA electrolyte). At higher 
current densities (i > 0.25 A cm-²), coating 
quality deteriorates, and current efficiency 
declines with prolonged electrolysis (τ > 20 min). 

This aligns with cyclic voltammetry data, where 
high cathodic current densities simultaneously 
drive Mn-containing Co-W 
electrodeposition and intense hydrogen 
evolution. As noted earlier, this likely stems 
from metallic W inclusions in the coating, which 
lower hydrogen reaction overpotential, 
accelerating gas evolution and sharply reducing 
current efficiency. Such rapid efficiency loss is 
typical for Co-W alloy electrodeposition, as 
reported in literature [26, 28].  

 
Table 4. Experimental results of obtaining of manganese-containing Co-W coatings from 
electrolytes containing various complexing agent during of electrolyzes 15 min, pH 5.0. 

Appearance of the coating obtained in series of experiments was shiny. 
Series 
of exp. 

# 

Electrolyte composition/ 
 mol L-1  

ic /A 
cm-2 

malloy/g 
ω(Me)/Wt.%; (at.%) Φalloy/

% 
δ/µ
m ω(Co) ω(W) ω(Mn) ω(O) 

1 

CoSO4ꞏ7H2O                     
0.1  
 
C4H6O5                               
0.1  
 
Na2WO4ꞏ2H2O                
0.025   
 
Na2SO4                              
0.3  
 
(NH4)2SO4                         
0.5  
 
MnSO4ꞏH2O                      
0.1  
 
C4H6O2                          
0.014    

Temperature 30 ℃ 

40 0.0043 
75.17 

(67.33) 
15.86 
(4,55) 

0.62 
(0.62) 

8.34 
(27.52) 

8.8 3.7 

60 0.0055 
79.12 

(73.71) 
13.98 
(4.17) 

0.65 
(0.65) 

6.26 
(21.47) 

7.7 4.9 

90 0.0077 
74.09 

(66.76) 
16.33 
(4.72) 

1.39 
(1.34) 

8.19 
(27.19) 

7.1 4.9 

120 0.0086 
74.55 

(67.01) 
15.75 
(4.58) 

1.93 
(1.88) 

7.76 
(25.93) 

5.9 5.5 

2 Temperature 50 ℃ 
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CoSO4ꞏ7H2O                     
0.1  
 
C6H11NaO7                         
0.7        
 
Na2WO4ꞏ2H2O                  
0.1  
 
(NH4)2SO4                         
0.5  
 
MnSO4ꞏH2O                      
0.5  
 
C4H6O2                            
0.007  

60 0.0061 
84.5 

(73.20) 
6.15 

(1.71) 
2.09 

(1.94) 
7.26 

(23.15) 
8.57 3.5 

90 0.0125 
82.06 

(67.79) 
6.49 

(1.72) 
2.01 

(1.79) 
9.43 

(28.71) 
11.45 4.2 

120 0.0169 
83.17 

(66.70) 
4.06 

(1.04) 
2.62 

(2.25) 
10.16 

(30.01) 
11.6 4.7 

150 0.0192 
87.08 

(74.91) 
3.43 

(0.95) 
2.63 

(2.43) 
6.85 

(21.72) 
10.8 5.2 

Fig. 7 represents high-resolution SEM 
micrographs of coatings deposited on graphite 

from sodium citrate-EDTA electrolytes (pH 3.5 
and 5.5) at 0.125, 0.2, and 0.25 A cm-².  

 

 
 

Fig. 7. SEM images of the surfaces of manganese-containing Co-W coatings obtained by 
electrodeposition from electrolytes containing a mixture of sodium citrate and EDTA on a graphite 

cathode at temperature of 30 ℃. 
A. pH 3.5: (A.1) i=0.125 A cm-2; (A.2) i=0.2 A cm-2; (A.3) i=0.25 A cm-2 
B. pH 5.5: (B.1) i=0.125 A cm-2; (B.2) i=0.2 A cm-2; (B.3) i=0.25 A cm-2
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While all coatings appear shiny, SEM 
reveals nonuniform component distribution and 
microcracks. Hydrogen evolution and cathode-
layer alkalinization likely promote Co 
oxide/hydroxide formation and their 
incorporation into coatings. These inclusions, 
along with hydrogen adsorption, may inhibit 
crystallite growth. Consequently, coatings 
exhibit heterogeneous composition, with clusters 
of co-precipitated atoms and microvoids, 
potentially due to slow diffusion of dischargeable 
particles under inadequate hydrodynamic  

conditions. 
The latter issue can be mitigated by 

employing pulsed electrolysis, which will be 
explored in future studies. The shiny coating 
surface likely results from intense light reflection 
off a smooth layer formed by adsorbed oxide-
hydroxide particles on crystallite surfaces and 
their incorporation into the growing coating. 

Table 5 summarizes the atomic 
composition (at.%) of coatings deposited on 
graphite electrodes at pH 3.5 and pH 5.5 across 
varying cathodic current densities. 

 
Table 5. Dependence of the composition of the coatings deposited on graphite from electrolytes 
containing a mixture of sodium citrate and EDTA at pH 3.5 and pH 5.5 from the cathodic current 

density; t=30 ℃; Electrodeposition time 15 min. 
Ic/Acm-2 Co, at.% O, at.% W, at.% Mn, at.% 

pH 3.5 
0.05 Coatings are bad quality 
0.125 55.37 38.09 3.66 2.87 
0.2 60.05 31.91 2.77 5.27 
0.25 52.09 41.56 1.51 4.85 
pH 5.5 

0.05 24.76 69.87 3.60 1.78 
0.125 31.87 62.34 4.40 1.39 
0.2 48.95 44.81 4.01 2.22 
0.25 59.75 34.31 3.67 2.27 

All obtained coatings contained oxygen, 
likely as cobalt oxides/hydroxides. Table 4 data 
reveal that at pH 3.5, increasing cathodic current 
density reduces W content while elevating O and 
Mn levels, with Co remaining stable. Conversely, 
at pH 5.5, higher current densities increase Co 
and Mn but decrease O content, while W stays 
constant. The more predictable compositional 
trends at higher pH likely stem from reduced 
hydrogen evolution and weaker adsorption 
versus acidic conditions, promoting uniform 
deposition. 

Microcracks correlate strongly with the 
incompletely understood complex mechanism of 
alloy electrodeposition. Per the radical-film 
theory [23, 24], tungstate ions in the cathode-
adjacent layer (where high pH prevails) form 
electroactive heterometallic Co-W complexes 
with cobalt hydroxo-species {CoOH⁺, 
Co₄(OH)₄⁴⁺}. This process is complicated by 
concurrent water reduction, which alters local 
pH, triggering oxide/hydroxide formation and 
hydrogen evolution-both critically impacting  

coating composition and morphology. 
Microcracks likely originate from Co 

oxide/hydroxide and hydrogen adsorption on 
growing crystallite faces, impeding discharged 
particles from integrating into the lattice. 
Consequently, small crystallites become isolated 
by hydroxides/hydrogen, preventing uniform 
surface coverage. Adding 5 mgꞏL⁻¹ sodium 
dodecyl sulfate (SDS) to suppress hydrogen 
adsorption reduced but did not eliminate 
microcracks, even at 50°C. Notably, most 
literature-reported Co-based coatings (e.g., Co-
Mn, Co-W [16-18, 20, 21] exhibit microcracks, 
typically remedied by heat treatment. 

Co-W-Mn coatings demonstrate 
electrocatalytic activity (e.g., for hydrogen 
evolution [34-36]), primarily governed by their 
electrochemically active surface area 
(ECSA). The high ECSA of these alloys arises 
from their nanocrystalline/amorphous structure 
and defective morphology (pores, microcracks), 
which amplify surface area. 
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Structure of manganese-containing  Co-
W coatings. The coating diffractogram (Fig. 
8) shows, in addition to graphite substrate peaks, 
broad diffraction maxima corresponding to 
(100), (002), and (101) planes of nearly 
amorphous α-Co. The α-Co grain size, calculated 
via the Scherrer equation using the (101) peak 
half-width (2θ ≈ 47°), does not exceed 5 nm. 
Notably, the α-Co (002) peak intensity (2θ ≈ 
44.5°) significantly surpasses that of (101), 
suggesting a (002) texture-preferred grain 
orientation. 

High background noise and weak radiation  
 

penetration, caused by strong Co fluorescence 
under Cu Kα radiation (λ=1.54184 Å), degraded 
diffractogram quality. Thus, additional XRD 
analysis was performed using Fe Kα radiation 
(λ=1.93728 Å) (Fig. 9). Despite improved 
sensitivity/resolution, the β-Co (200) peak 
remained indistinct, and no separate peaks for W, 
Mn, or other crystalline phases were detected, 
likely due to their disordered dissolution in α-Co. 

XRD results confirm that electrodeposited 
Mn-containing Co-W coatings consist primarily 
of an amorphous α-Co solid solution with 
randomly distributed W and Mn atoms. 
 

 
Fig. 8. X-ray diffractogram of the coating deposited on the graphite cathode using copper radiation; 

Electrodeposition from an electrolyte (mol L-1): 0.1 CoSO4+ 0.7 C6H11Na07 + 0.1 Na2WO4 + 0.5 
(NH4)2SO4 + 0.5 MnSO4 + 0.007 But-2-yne-1,4-diol; pH 3.0; t= 30 0C; τ=20 min. 

 

 
Fig. 9. X-ray diffractogram of the coating deposited from the same electrolyte (Fig. 8) on the 

graphite cathode using iron radiation. 

Polarization study of Co-W coatings 
containing manganese. The corrosion-
electrochemical behavior of the coatings was 
studied in a 3.5% NaCl aerated solution. Upon 
immersion of the electrodeposited coating (on 
the graphite cathode), its corrosion potential 

(Ecor) stabilized at -0.530 V vs. Ag/AgCl, 
gradually shifting ~5-8 mV positively over 12 
hours due to active corrosion of Co and 
Mn. Atomic absorption spectroscopy confirmed 
Co²⁺ and Mn²⁺ release into the solution. 
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The initial Ecor (-0.530 V) closely matches 
the standard potential of Co²⁺/Co (E° = -0.277 V 
vs. SHE). The anodic region of the polarization 
curve (Fig. 10, curve b) reveals active dissolution 
of the alloy, with Co and Mn oxidizing to soluble 
species (Co²⁺, Mn²⁺).  

As the anodic potential increases, the  

surface concentration of active components 
(Co/Mn) decreases, slowing the anodic 
dissolution process. At higher potentials, the 
surface becomes predominantly covered by a 
tungsten-rich black layer, marked by the 
appearance of a passivation region on the 
polarization curve. 

 
Fig. 10. Potentiodynamic (10 mV s-1) cathodic (a) - anodic (b) polarization curves recorded on a  

manganese-containing Co-W coating electrodeposited on a graphite electrode in an aerated solution 
of 3.5% NaCl; t=30 ℃ 

 
Polarization data indicate that Mn-

containing Co-W coatings exhibit poor corrosion 
stability. However, after selective dissolution of 
active components (Co/Mn), the residual 

tungsten layer demonstrates passivation 
behavior, providing corrosion protection to the 
substrate material. 

 
Conclusions 

 
1. Brightly colored Co-Mn coatings 

(ω(Co):ω(Mn) = 1:1) with a current efficiency 
of 50% and a thickness of 32-36 µm were 
obtained from an electrolyte containing 
cobalt-manganese sulfate (T=25°C, pH 5.5), 
without any organic complexing agent, under 
constant current electrolysis conditions. The 
coating can be used to obtain an anti-
corrosion protective layer of spinel-
(Mn,Co)₃O₄ on steel using a known method. 

2. CV curves recorded in electrolytes containing 
cobalt-manganese sulfates, sodium tungstate, 
and mixtures of non-toxic organic complexing 
agents (malic acid, sodium gluconate, sodium 
citrate-malic acid, and sodium citrate-EDTA) 
are characterized by a increase in current 
density at high negative cathodic potentials, 
which is associated with the electrodeposition 
of manganese-containing Co-W coatings 

and the simultaneous evolution of hydrogen 
gas, with current efficiency ranging from 91-
95%. 

3. Under constant current electrolysis 
conditions, the coatings obtained from 
electrolytes containing all organic complexing 
agents at cathodic current densities ranging 
from 0.05 to 0.25 Aꞏcm⁻² are 
shiny, relatively thin (approximately 5 µm), 
and exhibit high adhesion to the 
electrode; however, current efficiency 
decreases with increasing electrolysis 
duration (τ>20 min). At current densities 
above 0.25 Aꞏcm⁻², the coatings exhibit 
poor quality; all coatings contain oxygen. 
High-resolution SEM images show an uneven 
distribution of the alloy components and the 
presence of microcracks. 
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4. In an electrolyte containing a sodium citrate-
EDTA complexing agent mixture at pH 
3.5, increasing cathodic current density leads 
to a decrease in W content from 3 at.% to 1.5 
at.%, and an increase in Mn content from 2 
at.% to 5 at.%, while Co and O contents 
remain nearly unchanged at 55 at.% and 38 
at.%, respectively. At pH 
5.5, increasing current density results 
in increased Co content from 24 at.% to 59 
at.%, increased Mn content from 1.78 at.% to 
2.27 at.%, but decreased O content from 69 
at.% to 34 at.%, while W content 
remains nearly unchanged at 3.6 at.%. 

5. X-ray structural analysis reveals  

that manganese-containing Co-W 
coatings are most likely a solid solution of 
amorphous α-Co, in which W and Mn are 
randomly dissolved. 

6. The corrosion potential of the manganese-
containing Co-W coating obtained by 
electrodeposition on a graphite cathode 
in a 3.5% NaCl aerated solution is Ecor = -
0.530 V (Ag/AgCl). During corrosion, cobalt 
and manganese are released from the coating 
into the solution. The anodic polarization 
curve exhibits zones of active dissolution, 
retardation, and passivation. The passivation 
zone results from the remaining tungsten 
layer after anodic dissolution of Co and Mn. 
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