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This paper compares the chemical composition, current efficiency, crystal structure, as well as the
magnetic, electrocatalytic, and corrosion properties of CoRe electrolytic alloys deposited from alkaline
electrolytes of two complex compositions: monoligand citrate and polyligand citrate pyrophosphate
ones. It is shown that with the deposition of alloys from citrate electrolytes it is possible to obtain X-ray
amorphous coatings with high rhenium content (up to 78 at% of Re). In a citrate—pyrophosphate
electrolyte, the electroreduction of cobalt proceeds with a low overvoltage, so the proportion of
rhenium in the coating decreases sharply (to 12 at% of Re); and the coatings are formed with a crystal-
line structure. Changing the ratio of alloy components in a wide range makes it possible to obtain both
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non-magnetic coatings and ferromagnetic ones. The
properties of alloys in the hydrogen evolution reaction and the corrosion resistance of coatings in an
DOI: 10.1039/d3ma00309d alkaline medium is found in a wide range of rhenium concentrations, in which it cannot be traced for

electrolytic alloys of other refractory metals (Mo and W) due to the impossibility of obtaining alloys
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Introduction

The increased interest of researchers towards the electrolytic
rhenium alloys in recent years is associated with the need for
mechanical engineering and the aerospace industry for materials
with increased strength characteristics, as well as the search
for effective electrocatalytic materials for many processes based
on non-platinum metals. The quality, structure and chemical
composition of electroplated coatings are directly determined
by the quantitative and complex composition of electrolytes,
as well as the electrolysis mode. Since rhenium is released
from aqueous solutions only in the form of a polyoxide system,’
but quite easily forms electrolytic alloys with iron group metals
(in our case, with cobalt),>* the electrodeposition of such
an alloy is directly related to the overvoltage of cobalt release
from complex compounds of its ions in electrolyte solution.
Electrolytic rhenium and alloys of rhenium with metals of the
iron subgroup can also be obtained from water-in-salt type
electrolytes.”® However, a high-quality coating without cracks
in this case can be obtained only at a thickness of 200-300 nm
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containing more than 35 at% of molybdenum or tungsten.

in the potentiostatic mode, and the coating of micron thickness
is destroyed during storage. Crystal hydrate electrolytes of this
type cannot be considered aqueous in the commonly used
sense. The mechanism of the formation of electrolytic alloys
in them has been less studied and should be fundamentally
different from the electroreduction of metals from aqueous
complex solutions with parallel hydrogen evolution. To obtain
coatings with a thickness of 1-10 pm, aqueous electrolytes are the
most promising. The use of solutions of various complex com-
positions” ™ leads to the formation of alloys with a rhenium content
in a very wide range, which implies a wide variety of surface
functional properties that can be obtained by electroplating.

As shown in ref. 2 and 10, high-quality coatings with a rhenium
content of 45-65 at% can be obtained by electrodeposition
from a citrate (Cit) electrolyte at pH 3.5. It is known that the
composition and properties of electroplated coatings depend
on the composition of electrochemically active complexes,
i.e. on the composition of ions that react directly on the
electrode surface, and the discharge of which at the cathode
leads to the formation of a metal or alloy. The number,
concentration and composition of electrochemically active
complexes, in turn, depend on the pH of solution. In a citrate
solution, taking into account the theoretical possibility of
substituting four protons in a citric acid molecule, at low pH
values the simultaneous existence of several protonated forms
of cobalt citrate,'" as well as the citrate complex of rhenium is
possible.'® At a pH value of 3.5, the highest concentration in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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solution is observed for the H,CoCit and HCoCit™ complexes,
which can be discharged at the cathode to form metal cobalt.
If we take into account the fact that, during electrolysis, the pH
of the near-electrode layer shifts significantly to the alkaline
region, then the probability of participation of the H,CoCit
complex in the electrodeposition process becomes negligibly
small, and the most probable complex form that predetermines
the discharge remains HCoCit .

During the electrodeposition of a binary CoRe alloy from
an electrolyte with pH 3.5, we have shown the possibility of
reducing rhenium to a metal due to ad-atoms of hydrogen,
which are formed as a result of a parallel cathodic reaction of
hydrogen evolution. Since there are many proton donors in an
acidic environment, including both protonated cobalt citrate
complexes and protonated citrate ions, which are in excess, the
idea of precipitating a binary alloy from a solution, in which
water will remain practically the only donor of protons, arose,
and the formation of metals will occur from non-protonated
complex compounds. Therefore, we carried out the deposition
of coatings from a citrate electrolyte with a pH of 9.0. In such a
solution (especially if alkalization of the near-cathode layer is
taken into account), only non-protonated cobalt complexes and
bimetallic complex compounds based on them are electro-
active. So it should be possible to influence the chemical
composition of alloys due to the change in some electrodeposition
conditions in comparison to that reported in Ref. 2.

Let us now consider the effect of adding a second complexing
agent to electrolyte, namely, potassium pyrophosphate. As it is
known, during the electrodeposition of cobalt with other refractory
metals, for example, with molybdenum, an acidic citrate electrolyte
makes it possible to obtain high-quality, uniform and finely
crystalline coatings, but with a low current efficiency™® due to a
large overvoltage of metal deposition, and an alkaline pyropho-
sphate electrolyte (PPi) has a high current efficiency, but the
coatings are very stressed and hydrogenated and have poor adhe-
sion to the surface."* The mixed citrate-pyrophosphate (Cit-Ppi)
electrolyte overcomes the disadvantages of both of these solutions.
The presence of pyrophosphate ions in the solution makes it
possible to form an alloy by a mechanism," not by the generally
accepted mechanism of induced coprecipitation, which includes
the stage of formation of bimetallic citrate complexes in the bulk
of the solution’ or on the cathode surface immediately before the
discharge.'® Besides, cobalt can be reduced from a polyligand
complex of composition Co(Cit)(Ppi)."”

The aim of this article was to compare the chemical compo-
sition and properties of CoRe coatings deposited from a
monoligand citrate electrolyte with low and high pH values,
as well as from a polyligand citrate pyrophosphate electrolyte.

Experimental section
Materials and methods

The electrodeposition of CoRe alloys was carried out from
citrate and citrate-pyrophosphate electrolytes, the composition
of which is presented in Table 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1l The composition of electrolytes for the deposition of CoRe alloys
(mol L™

Electrolyte CoSO, KReO, NazCgH505 K,P,0, Na,SO,
#1 (Cit) 0.1 0.01 0.2 — 0.3
#2 (Cit-PPi) 0.1 0.01 0.2 0.2 0.3

pH value of electrolytes - 9.0.

The studies were carried out under conditions of both
natural convection and intensive mixing at a rotation speed
of a magnetic stirrer of 300 rpm in a thermostated cell at a
temperature of 50 °C in a galvanostatic mode using a direct
current source LIPS-35 in the current density range of
5-40 mA cm™ >, a copper plate with an area of 1 cm® was used
as a working electrode, and the anode was platinum. The
electrodeposition time is 1 hour for current densities of
10-40 mA cm > and 2 hours for a current density of 5 mA cm 2.

The thickness of the coatings was calculated based on the
weight gain of the sample after deposition, the chemical
composition of the alloy (Wt%) and the density of each of the
metals using the formula:

_ Majloy Malloy
Palloy X S (pCO x Wtoco + PRe X Wt%Re) X S)

where pc, and pg. are the density values of cobalt and rhenium,
respectively; wt% is the mass fraction of cobalt and rhenium,
respectively; ma oy is the weight of the alloy; S is the area of the
electrode.

The calculated coating thickness for electrolyte #1 was
2.5-3.5 pm; for electrolyte #2 4-7.5 pm depending on the
deposition current density.

SEM and EMPA

The morphology and chemical composition of samples were
studied by using a JSM-6700F field emission scanning electron
microscope equipped with a JED-2300 energy-dispersive
spectrometer (JEOL). The operating conditions were as follows:
20 kV accelerating voltage, 0.75 nA beam current, and 1 pm
beam size. The counting time for EDS analyses was 60 s. Pure
Co and Re were used as standards. The raw counts (Co,Ko;
Re,La) were corrected for matrix effects with a ZAF algorithm
implemented by JEOL. Three to five spots per each sample were
analyzed.

X-ray phase analysis

The X-ray patterns were recorded on a diffractometer (DRON-
3.0) with Bragg-Brentano geometry and using Cu-K radiation
(= 1.54183 A), which operates at 30 kv and 30 mA at a constant
scan rate of 0.02-2 s~

Magnetic measurement

The magnetic properties of the deposits obtained were deter-
mined using a magnetometer with a vibrating sample in fields
up to 20 kOe at room temperature.

Mater. Adv., 2023, 4, 3662-3670 | 3663
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Corrosion studies

The study of corrosion was carried out by voltammetry. These
measurements were carried out using an MTech PGP-550F
potentiostat-galvanostat'® in a 1 M KOH solution at a tempera-
ture of 20 = 1 °C in a cell assembled according to a three-
electrode circuit with a silver reference electrode and an
auxiliary electrode, which is a platinum grid. Voltammetric
studies of corrosion consisted of obtaining cathodic and anodic
polarization curves with a potential sweep rate of 1.0 mV s .
As a result of the analysis of polarization measurements in the
region of stationary potential (+100 mV), the corrosion resis-
tance was calculated.

Results and discussion

In Fig. 1 is shown the content of rhenium in binary alloys
depending on the current density for all of the deposition
electrolytes. Dependence (1) is taken from ref. 2 The figure
shows that an increase of the pH value of the citrate electrolyte
leads to an increase in the rhenium content in the alloys by an
average of 20 at% at all current densities applied. It is known
that electrolytes containing complexing agents are used to
increase the metal deposition overvoltage in order to obtain a
more finely crystalline deposit as well as to shift the metal
deposition potentials to their convergence for the formation of
an electrolytic alloy. In our case, with a twofold excess of citrate
ions, on the one hand, the non-protonated cobalt citrate
complex [Co(Cit),]*”**?*° is formed in the solution in accor-
dance with eqn (1). The authors of ref. 21 showed that with an
increase in the pH of an electrolyte containing a twofold excess
of citrate ions, the cobalt release potential shifts to the negative
side, and at pH > 8 the hydrogen release potential is reached
earlier than the metal deposition potential. In this case, only
hydrogen evolution occurs at the cathode, and even at high
current densities, it is not possible to obtain a metal deposit in

100 7 Re, at.%
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Fig. 1 Dependence of the rhenium content in CoRe alloys on the current
density during deposition from Cit electrolyte at pH 3.5 (1) and 9.0 (2) and
Cit—PPi electrolyte (3).
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an amount sufficient to determine the current efficiency by the
gravimetric method.

[Co** + 2[Cit]>~ = [Co(Cit),]*~ (1)

On the other hand, the solution contains rhenium, which at
PH 9.0 exists as a perrhenate ion and is not bound into strong
chemical compounds that could make it difficult for electro-
deposition; nevertheless, the electroreduction of the perrhenate
ion leads to the formation of a thin film of rhenium oxides in
the same way as was shown by the authors.*?

In fact, neither cobalt nor rhenium can be deposited as a
solid metal coating separately from an alkaline solution with a
twofold excess of ligand. Nevertheless, there is a synergistic
effect of the components and the formation of an electrolytic
alloy, which cannot be explained by the formation of bimetallic
complex compounds in solution, but the formation of electro-
active particles on the cathode surface is possible immediately
after the adsorption of metal-containing compounds.

The addition of pyrophosphate ions to the ratio Co: Cit: PPi =
1:2:2 leads to the formation of a polyligand complex
[Co(PPi)Cit]>~ according to reaction (2).'” Electroreduction of
this complex leads to a sharp increase in the cobalt content in
the alloy up to 77-87 at%, as seen in Fig. 1, curve 3.

[Co(PPi),]°™ + [Cit]’~ « [Co(PPi)Cit]> + [PPi]*~ (2)

In contrast to the acidic citrate electrolyte, where rhenium,
not cobalt, is predominantly reduced at the cathode®** despite
the low concentration of its ions in solution, the use of Cit-PPi
electrolyte and varying the ligand ratio makes it possible to
accurately select the coating composition within a wide range,
and make it possible to solve a various specific technical
problem. In general, the different ratio of refractory, hard and
wear-resistant rhenium and ferromagnetic cobalt, in turn, gives
a wide range of possible applications as a coating for hardening
the surface of products, increasing the electrocatalytic activity
of electrodes, or for imparting magnetic properties to the surface.

Fig. 2(a) shows the fundamental difference between the
dependences of the current efficiency on the deposition current
density for alloys deposited from electrolytes with different
pH values. So, for an acid electrolyte, this dependence has a
minimum at 10 mA cm ™2, and in alkaline electrolytes, the value
of the current efficiency is constantly decreasing. For both
alkaline solutions, the total dependences are very similar;
however, the partial fractions of each of the elements are
significantly different. It can be seen from Fig. 2(b) that the
difference is significant not only at different pH values, but also
at different complex compositions of solutions.

Thus, in citrate electrolytes, rhenium contributes the main
share in the current efficiency, and in Cit-PPi electrolyte, cobalt
is the main contribution. It should be noted that the partial
current efficiency of cobalt and rhenium deposition in the
Cit-PPi electrolyte has very close values, i.e., the metals are
reduced at approximately the same rate, if can it be converted
to the partial deposition current density.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Current efficiency of CoRe alloys deposited from various electro-
lytes (a) and the partial current efficiency for each of the metals (b).

Fig. 3 shows that the complex composition of the deposition
electrolytes has a decisive influence not only on the chemical
composition, but also on the surface morphology of the resulting
alloys. Coatings obtained from Cit-PPi electrolyte have significant
internal stresses and crack, which is also characteristic of alloys of
other refractory metals.”*

Based on the smooth edges of the cracks, it can be con-
cluded that they were formed not during the electrodeposition
process, but after the current was switched off. This behavior is
associated with the ability of rhenium for hydrogenation.
It could be expected that the more rhenium in the coating,
the greater the amount of absorbed hydrogen and the greater
the internal stresses; and that is true when hydrogen is formed
on an already formed coating during electrolysis in a KOH
solution, but in the process of electrodeposition and formation
of a crystal lattice, parallel formation of hydrogen atoms leads
to the opposite effect. This is due to the electrocatalytic proper-
ties of CoRe alloys in the reaction of hydrogen evolution in
alkaline media. Using ternary alloys as an example, we have
shown in ref. 25 and 10 that the amount of refractory metals
(including rhenium) in the alloy up to 30 at% contributes to an
increase in the current density of hydrogen exchange during
evolution in KOH solution compared to pure cobalt. The higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the rate of formation of hydrogen ad-atoms on the surface, the
greater the probability of their diffusion into the metal crystal
lattice, and this process contributes to hydrogenation and an
increase in internal stresses.

Fig. 3(d)—(f) show an increase in cracks with an increase in
the deposition current density, which corresponds to a decrease
in the overvoltage of hydrogen evolution on these alloys and
also explains the significant decrease in the current efficiency of
the alloys during their deposition and, accordingly, an increase in
the rate of the parallel reaction of hydrogen evolution.

Fig. 4 shows X-ray diffraction patterns of alloys deposited
from Cit and Cit-PPi electrolytes on the same scale. There is
disagreement in the modern literature as to whether a material
with a broad diffuse diffraction peak should be called X-ray
amorphous®® or nanocrystalline.”” In addition, it has been
suggested that for electrolytic alloys of refractory metals, the
simultaneous existence of intermetallic and solid solution
phases is possible. Moreover, one of these phases can be
nanocrystalline, and the other amorphous. This conclusion®”
was made on the basis of the calculated parameters of the unit
cell. From the size of the broad peak, which in terms of the
diffraction angle corresponds to a solid solution of rhenium in
cobalt, as well as the formation of the intermetallic compound
Cog gRep », one can approximately estimate the crystallite size
of 2-3 nm. It should be noted that for the same amount of
electricity passed when depositing samples from different
electrolytes, the current efficiency of electrodeposition of an
alloy from a citrate solution is low and the coatings have a
thinner thickness than those deposited from Cit-PPi electro-
lyte. Therefore, clear peaks of the copper substrate are visible in
the figure. It can be seen from Fig. 4(b) that the use of a
polyligand deposition electrolyte radically changes not only the
ratio of elements in the alloy and the current efficiency, but also
the size of the formed crystallites.

The crystallite size was estimated from the peak width and
angular position using the Scherrer’s equation:

0.9
~ bcosO 3)

where d is the size of crystallites (nm); 4 is the wavelength
of copper radiation (nm); b is the peak half-width; 0 is the
diffraction angle.

The sizes of crystallites calculated by eqn (3) are shown in
Fig. 5. It can be seen that with an increase in the deposition
current density within the range 5-40 mA em™?, a transition
occurs from the crystalline structure of the coatings to an
amorphous one. In this case, the largest crystallite size is
observed at 10 mA em™ > and it is 57 nm.

The formation of a textured coating is associated primarily
with the amount of cobalt. For example, an hcp crystal struc-
ture with a predominant (002) orientation was obtained for
pure electrolytic cobalt.”® Similar results were obtained with an
increase in the cobalt content in the alloy with an increase
in the deposition current density for ternary CoWRe alloys in
ref. 25.

Mater. Adv., 2023, 4, 3662-3670 | 3665
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Fig. 3 Surface morphology of CoRe alloys deposited from Cit (a)—(c) and Cit—PPi (d)—(f) electrolytes at the deposition current density, mA cm~2:5 — (a),

(d); 10 - (b), (e); 30 - (c), (f).
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Fig. 4 XRD of alloy coatings deposited at current densities 5-40 mA cm—2

from electrolytes No 1 (a); No 2 (b).
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Fig. 5 Dependence of the crystallte size on the deposition current
density.

All coatings obtained from Cit electrolyte are not magnetic at
room temperature due to the low content of the ferromagnetic
component, ie. cobalt. Therefore, studies of the magnetic
properties were carried out only for coatings deposited from
Cit-PPi electrolyte.

As can be seen from Fig. 6, coatings deposited at different
current densities differ significantly in their magnetic proper-
ties. The magnetic hysteresis parameters are given as a function
of the deposition current density, despite the fact that there is
no direct unambiguous relationship between the technological
parameter during deposition and the properties of the final
product. Current density is a factor that simultaneously affects

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Magnetic hysteresis loops (a) and loop parameters (b) of CoRe
alloys (the deposition current density is shown in the figure).

the chemical composition and structure of coating, and thus
determines the properties of alloys.

Taking into account that the chemical composition of the
alloys in this case varies insignificantly, and it can be assumed
that the crystal structure is a factor that determines the para-
meters of the magnetic hysteresis. Thus, the saturation magne-
tization (M;) during the transition from the crystalline structure
to the amorphous one increases by more than 10 times. The
coercive force varies over a wide range from 130 to 380 Oe.
At the same time, the squareness coefficient of the loop
remains at the level of 0.35-0.4, which puts these coatings in
an intermediate position between soft and hard magnetic
materials.

Another important property of electrolytic rhenium alloys is
the electrocatalytic activity in the hydrogen evolution reaction.
In Fig. 7 it is shown that the activity of the alloys increases with
increasing the deposition current density.

The main criteria for evaluating electrocatalytic activity are
the exchange current of hydrogen j, and the overvoltage of the
hydrogen evolution reaction (HER) AE. The coefficients of the
Tafel equation were calculated directly from the experimental
voltammetric measurements, not only to calculate the exchange
current density, but also to determine the mechanism of
hydrogen evolution on the surface under study based on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Current-voltage curves of hydrogen evolution in a 1 M KOH
solution on alloys deposited from Cit (a) and Cit—PPi (b) electrolytes.

value of the Tafel slope b. In the case of pure electrolytic cobalt,
the coefficients of the Tafel equation are: a - 0.49 V, b - 0.120 V,
—logj, — 4.08 A em 2, and AE;, - 0.250 V (overvoltage at a
current density of 10 mA cm™?).>

On all coatings with alloys, the value of the exchange current
density j, is higher, and the hydrogen evolution overvoltage is
lower, i.e., the alloy is a better electrocatalyst than cobalt. For
the alloys deposited from the Cit electrolyte, the value of —logj,
is within the range of 2.73-3.75, and the value of AE;, =
80-145 mV. Both indicators decrease with the increase of
deposition current density. Taking into account that the
chemical composition varies within a small range, the experi-
mentally obtained increase in catalytic activity can be asso-
ciated with an increase in the true surface area compared to the
geometric one under conditions of both rapid growth of the
deposit and the growth of hydrogen bubbles. For alloys contain-
ing a smaller amount of rhenium (deposited from Cit-PPi
electrolyte), the logarithm of the exchange current density
and the overvoltage of hydrogen evolution are —logj, = 2.6-3.2
and AE;, = 100-160 mV, respectively. It could be assumed that
the properties of the alloys do not depend on a large or small
amount of rhenium, and only the presence of rhenium atoms

Mater. Adv., 2023, 4, 3662-3670 | 3667
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on the surface is sufficient to improve the electrocatalytic
activity compared to pure cobalt. However, when comparing
the properties of the coatings obtained from all the solutions
studied, a clear dependence of the parameters of the hydrogen
evolution reaction on the ratio of elements on the electrode
surface can be traced.

Electrodeposition of CoRe alloys from solutions containing
various Co(i) complexes makes it possible to obtain coatings
within a wide range of rhenium content (Fig. 8), in contrast to
electrolytic alloys of other refractory metals (molybdenum and
tungsten). Therefore, it is possible to trace the change in kinetic
parameters, which is impossible for other coatings with similar
electrocatalytic properties. For alloys obtained from different
electrolytes, i.e., with different ratios of components, the dif-
ference in Tafel slopes is obvious. So for coatings with a high
content of rhenium, the values of coefficient b are within the
range of 70-110 mV, for coatings with a low content of rhenium
— 115-170 mvV, and for alloys with a ratio of cobalt and
rhenium of approximately 1:1 — 64-73 mV. In this case, we
are not talking about a change in the reaction mechanism, but
rather a change in the properties of the surface, as was shown
in,> and it is related to the degree of filling of the surface with
both metal atoms: atoms of refractory metal, on which the stage
of electron transfer (Volmer reaction) occurs quickly and reversibly,
and with metal atoms of the iron group, on which the stage
of electrochemical desorption occurs quickly and reversibly (the
Heyrovsky reaction). Fig. 8 shows that the dependence of the
coefficient » has a minimum at the ratio Co:Re = 1:1, which
indirectly confirms the hypothesis that the Volmer reactions
(b =120 mV is a characteristic value for the rate-determining stage
for metals of the iron group) and Heyrovsky (b = 40 mV is a
characteristic value for the rate-determining stage on metals such
as platinum) can pass at comparable speeds. Under the conditions
of our experiment, alloys with a rhenium content within the range
of 25-40 at% were not obtained.

Nevertheless, the literature data on the electrocatalytic
activity of alloys of other refractory metals in the reaction of

Citrate-pyrophosphate Citrate clectrolyte

300 - electrolyte pH 9.0 plI3.5 pI19.0 24
250 A L 28
200 +
> re32 4,
E =
150 - )
r-3.6
100
r-4.0
50 T T T

0 20 40 Re, at% 60 80

Fig. 8 Dependences of the kinetic parameters of the reaction of hydro-
gen evolution on the content of rhenium in the alloys; the values for the
alloys deposited from Cit electrolyte at pH 3.5 are taken from.?
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hydrogen evolution in an alkaline medium confirm the form of
the dependence for the coefficient b shown in Fig. 8 precisely
for this range of refractory metal concentration. Thus, in*° for
CoMo alloy containing 33 at% Mo b = 83 mV dec ', for COMoP
- b = 63-77 mV dec ',** for CoMo coating containing Mo
11-40 wt% b varies within the range of 109-96 mV dec™',*" as
well as for tungsten alloys with a content of 5-33 wt% W
b = 184-146).%

In accordance with the value of b, the calculated exchange
current density changes. Based on the dependence of —logj, on
the amount of rhenium (Fig. 8), coatings with a low content
of refractory metals (10-20 at%) or with a high content (70-80 at%)
will have the best electrocatalytic properties. Since the values of
coefficient b differ significantly for alloys of different composi-
tions, the comparison of the exchange current calculated with
their usage is only a rough estimate. The most adequate criterion
for evaluating the electrocatalytic activity in this case is the
overvoltage of the HER at the same selected current density. In
our case a comparison at current densities of 10 and 40 mA cm 2
was chosen (AE;y, AEy). In Fig. 8 it is shown that at a low
current density (10 mA cm™?) the overvoltage value decreases
monotonically with an increase in the rhenium content in the
alloy; the dependence at higher current densities (40 mA cm™?)
can be interpreted as having a small minimum or stabilization at
approximately the same level at a rhenium content of >50 at%.
Taking into account all the calculated parameters, coatings
containing 60-70 at% rhenium have the highest exchange
current at the lowest HER overvoltage, and to obtain it, it is
necessary to use citrate monoligand electrolytes.

Since electrolytic hydrogen, as a rule, is obtained in concen-
trated alkaline solutions, information about the corrosion resis-
tance in such media for coatings with alloys of refractory metals®?
as promising materials for HER electrocatalysis is needed.

The results of corrosion studies (Fig. 9) show that there is a
relationship between corrosion resistance and rhenium content
in alloys, the minimum of which falls on coatings containing
50-60 at% rhenium.

The electrocatalytic properties of the surface of alloys in
alkaline medium are manifested in all cases: when hydrogen is
the target product and when hydrogen evolution is an integral
part of the corrosion process. In the absence of oxygen access to
the surface of the corroding metal, the process proceeds with
hydrogen depolarization. Taking into account the best conditions
for electrocatalysis indicated above, i.e., the minimum overvoltage
of the HER in combination with an increasing exchange current,
alloys with a rhenium content of ~60 at% show the highest rate
of hydrogen reduction as a depolarizer. If the rates of oxidation
and reduction reactions are equal, the corrosion of this metal
under such conditions will be the greatest.

The value of corrosion resistance of coatings at very low
concentrations of rhenium on the one hand and high concen-
trations of rhenium on the other hand approaches the corro-
sion characteristics of pure metals cobalt and rhenium,
respectively. The corrosion of electrolytic cobalt in an alkaline
medium is given in** and, according to the data of impedance
spectroscopy, is 1.9 kQ ¢cm?, which fully corresponds to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Current-voltage curves of corrosion in a 1 M KOH solution of
alloys deposited from Cit (a) and Cit—PPi (b) electrolytes; the dependence of
resistance and corrosion potential on the content of rhenium in alloys (c).

dependence in Fig. 9, and rhenium is indicated in ref. 35 as one
of the very stable metals in alkaline medium.

Conclusions

- Comparison of the chemical composition of CoRe coatings
deposited from a monoligand citrate electrolyte with low and
high pH values, as well as from a polyligand citrate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pyrophosphate electrolyte showed that it is possible to obtain
coatings with high rhenium content only from citrate electro-
lytes. This is due to the fact that in the citrate-pyrophosphate
electrolyte, the process of electroreduction of cobalt proceeds
with a low overvoltage and the proportion of cobalt in the
coating increases sharply.

- Significant differences in the ratio of alloy components
lead to the formation of coatings of various structures: X-ray
amorphous and crystalline.

- Changing the amount of ferromagnetic cobalt in the alloy
within a wide range makes it possible to obtain coatings that
are not magnetic or have magnetic properties.

- Interrelation of electrocatalytic, corrosion properties of
coatings depending on the content of rhenium in alloys is
revealed. And coatings containing 60-70 at% rhenium have the
highest exchange current at the lowest HER overvoltage.

- The presence of electrocatalytic properties in coatings
contributes to the release of hydrogen during corrosion with
hydrogen depolarization, which leads to a decrease in the
corrosion resistance of alloys in an alkaline environment.

- Coatings with CoRe alloys have strong electrocatalytic
properties in the reaction of hydrogen evolution. To determine
the optimal composition of the electrocatalyst, it is necessary to
simultaneously fulfill two main conditions: a low hydrogen
evolution overvoltage and a high exchange current density.
Such conditions are met for alloys with a rhenium content of
60-70 at%.
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