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Abstract

This study investigates the codeposition of cobalt and rhenium from pyrophosphate-ammonia
electrolytes. The results show that, depending on the deposition current density and the
concentration of components in the solution, the coatings contain 17.7 to 43.8 at.% Re, with a
high current efficiency reaching up to 76 %. The formation of a solid solution of rhenium in
hexagonal close-packed (hcp) cobalt leads to an increase in lattice parameters and interplanar
spacings along the (100), (101), and (110) planes compared to pure cobalt. CoRe alloys absorb a
significant amount of hydrogen, which, during electrodeposition, promotes the formation of
stressed coatings prone to cracking. During hydrogen evolution on the alloy surfaces in KOH
solution, the expanded crystal lattice absorbs hydrogen atoms and facilitates hydride formation,
which is characteristic of intermetallic compounds. The coatings that interact with hydrogen via
both mechanisms (25 to 30 at.% Re) exhibit the highest electrocatalytic activity in the hydrogen
evolution reaction. A further increase in rhenium content results in the formation of nano-
crystalline textured coatings with a predominant (002) orientation, exhibiting lower electro-
catalytic activity and reduced hydrogen absorption capacity.
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Introduction

Rhenium, in its metallic form as well as in alloys with transition metals, oxides, sulphides, and
selenides, serves as a promising component of electrocatalysts for the hydrogen evolution reaction
(HER), offering a potential alternative to platinum-group metals in water electrolysis technologies.
The review by Ramirez et al. [1] summarizes the most significant advances in rhenium-based
electrocatalysts for HER, with a particular emphasis on acidic media. According to the Sabatier
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principle [2], an ideal HER catalyst should interact with the adsorbed hydrogen intermediate (H*)
neither too strongly nor too weakly. The interaction strength of H* with the catalyst surface and its
correlation with catalytic activity plays a crucial role in the rational design of efficient hydrogen
generation systems [3,4].

Compared to other refractory metals such as tungsten and molybdenum, rhenium is the only one
that can be deposited individually from aqueous solutions. Rhenium coatings are obtained via
electrochemical reduction of ReO4 ions from sulphate and sulphate-ammonium electrolytes [5,6]. In
such electrolytes, the current efficiency for rhenium deposition is only 5-15 %. The stable thickness of
the rhenium coating does not exceed 1.5 to 2.0 um, since thicker coatings tend to crack and
delaminate from the substrate. In air, especially in humid environments, rhenium readily oxidizes,
changing colour to blue or dark blue due to the formation of a surface mixture of ReOs; and ReO,. To
mitigate this instability, post-deposition thermal treatment in an inert atmosphere or vacuum is
required. A fluoride-based electrolyte that enables deposition of rhenium coatings with a thickness of
3to 5 um, followed by mandatory annealing in an inert atmosphere, is proposed by Ivanova et al. [7].

The mechanism of rhenium electrodeposition from perrhenate ions is reviewed in detail by Eliaz
and Gileadi [8]. The reduction pathway depends strongly on the pH of the solution, meaning that
the reduction potential is largely determined by solution acidity. Additionally, concurrent hydrogen
evolution often occurs, with some hydrogen atoms incorporating into the deposited metal. This
alters the activity of rhenium in the surface layer and thus affects the equilibrium potential of the
ReO,/Re? electrode. In alkaline media, the overall reaction is presented by Equation (1):

ReOs + 4H,0 +7e" = Re + 80H" (2)

The standard electrode potential of the ReO4/Re® redox couple equals +0.363 V at pH 0 and
-0.584 V at pH 14 versus the normal hydrogen electrode (NHE) [9,10]. The reduction of perrhenate
ions most likely proceeds through a series of sequential steps, in which different oxides or hydroxides
of rhenium form under equilibrium conditions depending on the solution pH. Several mechanisms for
the electrodeposition of rhenium from aqueous solutions have been proposed [8,11,12]. These
mechanisms include stepwise reduction of perrhenate ions to the metal via adsorbed hydrogen atoms
and the formation of ReO; as an intermediate.

During the reduction of perrhenate, both direct electron transfer (with subsequent or
simultaneous proton addition) and chemical reduction by atomic hydrogen are possible. Analysis of
hydrogen evolution on rhenium surfaces highlights the importance of accounting for hydrogen
surface coverage and concentration polarization of molecular hydrogen [13]. At low overpotentials,
due to the high hydrogen adsorption energy on rhenium (6.9 kJ mol™), electrochemical desorption
is the rate-limiting step. As the overpotential increases, the overall rate becomes controlled by the
slower discharge of protons, which depends on the degree of hydrogen surface coverage. The strong
hydrogen sorption capacity of rhenium and the inhibition of hydrogen evolution at the desorption
stage suggest that perrhenate reduction via adsorbed hydrogen is feasible. However, the possibility
of reduction via direct electron and proton transfer cannot be excluded.

The mechanism of thin rhenium film formation on electrode surfaces has been studied using in-
situ ellipsometry by Zerbino and Castro Luna [14]. It is shown that on gold substrates, rhenium
deposits as a monolayer concurrently with molecular hydrogen evolution. In contrast, on platinum,
rhenium monolayer formation occurs within the potential region corresponding to adsorbed
hydrogen formation.

Based on the aforementioned concepts of the rhenium deposition mechanism, the metal is
expected to form on the cathode in a highly dispersed and stressed state. This results from intense
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hydrogenation and the reduction of rhenium from hydroxide films, which may be incorporated into
the cathodic deposit.

Rhenium forms electrolytic alloys with iron-group metals [8,15,16], with the rhenium content vary-
ing across a wide range up to 93 at.%, which distinguishes rhenium alloys from those of other
refractory metals. From alkaline citrate, pyrophosphate, and polyligand electrolytes, rhenium does
not deposit individually but only co-deposits with iron-group metals to form an alloy in our case, with
cobalt.

In our previous study [17], we demonstrated that the chemical composition of the alloy strongly
depends on the kinetics of cobalt electroreduction, which is determined by the composition of the
electrochemically active cobalt complex and the overpotential of its discharge. When cobalt
reduction is hindered, as in alkaline citrate electrolytes containing the complex [CoCit,]*-, the
resulting deposit contains a high rhenium content, reaching up to 78 at.%. Conversely, when cobalt
is reduced at low overpotential and with high current efficiency, as in the case of the polyligand
citrate-pyrophosphate complex [Co(Cit)(PPi)], the rhenium content in the resulting alloy is
significantly lower, not exceeding 23 at.%.

In the present work, we investigate the electrodeposition and properties of CoRe alloys obtained
from a polyligand electrolyte containing both pyrophosphate ions and ammonia. The kinetics of
cobalt reduction from a pyrophosphate-ammonia electrolyte has been examined in our previous
study [18], where we showed that cobalt from a polyligand complex is reduced at lower polarization
and with lower current efficiency compared to that from a pure pyrophosphate electrolyte. While
this would be a disadvantage for cobalt-only deposition, in the context of rhenium alloy deposition
it becomes an advantage, as the reduction of perrhenate ions proceeds via surface-mediated
reactions involving adsorbed hydrogen. As discussed earlier, this reduction pathway depends on the
degree of hydrogen coverage on the cathode surface.

Experimental

Materials and synthesis

The electrodeposition of CoRe alloys is carried out from pyrophosphate-ammonia electrolytes
with the following composition 0.1 mol L™ CoSQ,, 0.01 to 0.05 mol L' KReQy, 0.5 mol L™ K4P,0; and
0.3 mol L™ (NH4),COs. The experiments are conducted under natural convection in a thermostated
cell at 50 °C in galvanostatic mode using a LIPS-35 (“KyivPrylad”, Ukraine) direct current power
supply. For obtaining stationary voltammetric curves of metal codeposition into the alloy, a copper
end-face disk electrode (5 mm in diameter) sealed in Teflon was used. For the electrodeposition of
coatings and subsequent characterization of their composition, structure, and properties, copper
plates with an area of 1 cm? were used, and a platinum plate is used as the anode. The pH of the
electrolyte is maintained at 9.0.

Scanning electron microscope and energy-dispersive X-ray spectroscopy

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, Japan). The operating conditions were as follows: 20 kV accelerating voltage, 0.75 nA beam
current, 1 um beam size. The counting time for energy-dispersive X-ray spectroscopy (EDS) analyses
was 60 s. Pure Co and Re were used as standards. The raw counts (Co, Ka; Re, La) were corrected
for matrix effects with a ZAF algorithm implemented by JEOL. Three to five spots per each sample
were analysed.
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X-ray phase analysis

The X-ray patterns were recorded on a diffractometer (DRON-4) in Bragg - Brentano geometry with
Mo-K, radiation which operates at 45 kV and 20 mA in 0.05 degree-steps with 4 s exposure at point.

X-ray photoelectron spectra of CoRe alloy

The studies of Co-Re alloy samples were carried out using a modernized ES-240UM X-ray
photoelectron spectrometer (XPS). Calibration of the spectrometer was performed at the beginning,
middle, and end of the energy scale using gold and copper standards by recording the maxima of the
Cu 2ps/2, Cu 3p, Au 4f;/,, and Au 4dsy; lines. The obtained binding energies were: E (Au 4f;/,) = 84.0 eV,
E (Cu3p) =75.1¢eV, E (Au 4ds/;) = 335.2 eV and E (Cu 2ps/z) = 932.6 eV, which correspond to the
standard values accepted for these lines [19].

The spectrometer was equipped with an X-ray gun with a magnesium anode (Evgka = 1253.6 €V,
P =300 W). The working vacuum in the spectrometer chamber was 30 MPa. The absolute resolution
measured for the Au 4f;/, peak was 1.0 eV. The obtained spectra of the Re 4f and Co 2ps/, core levels
were deconvoluted into components, with the position (E) and intensity (/) of the components used
as variable parameters.

Kinetic studies of metal codeposition into alloys

The co-deposition of cobalt and rhenium into an alloy is investigated using steady-state
voltammetry (1 mV s7) and linear sweep voltammetry with potential scan rates ranging from 5 to
100 mV s. Measurements were performed in a thermostated three-electrode electrochemical cell
using an Ag/AgCl reference electrode in 3 M KCl and an MTech PGP-550S potentiostat. The
experiments were conducted at 50 °C for solutions containing 0.01 mol L™ potassium perrhenate,
and at 60 °C for solutions containing 0.05 mol L' KReQ,, due to the limited solubility of perrhenate
in the electrolyte at lower temperatures. The separation of the partial metal deposition curves is
based on the current efficiency of each metal, which is determined using Faraday’s law and the
weight gain of the electrode after deposition.

According to Faraday’s law, the cathodic current efficiency (CE) of metals and alloys is expressed
by Equation (2), taking into account the weight gain of the sample after electrodeposition:

MWy, MWe,

Co (2)

keoit  keyiT

CE,,, =CE, +CE. =

alloy

where m / g is the weight gain of the sample after electrodeposition, w / wt.% is the content of the
element, k/ g A1 h'lis the electrochemical equivalent of the elements, i / A is the current, and 7/ h
is the electrolysis time.

Kinetic studies of hydrogen evolution and absorption

The kinetics of hydrogen evolution on CoRe alloys is investigated using steady-state voltammetry
(1 mV s in 1 M KOH solution at 25 °C. The dependence of the amount of absorbed hydrogen on
the cathodic exposure time at a current density of 40 mA cm™ is studied by means of linear sweep
voltammetry (LSV) at different sweep rates (10 to 100 mV s™) and chronopotentiometry (at an
anodic current density of 1.2 mA cm™). The amount of hydrogen absorbed is determined by
calculating the area under the anodic and cathodic peaks in the voltammetric curves.

The amount of electric charge consumed during hydrogen oxidation was calculated from the area
under the voltammetric peak. The peak area was determined using the trapezoidal method. The amount

of electric charge was calculated considering the potential sweep rate according to Equation (3):
Q=35p /v (3)
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where Q / Ah is the amount of electric charge, Sp / V A is the geometric area under the peak and
v/ V h'is the potential sweep rate.

Results and discussion

Electrodeposition of alloys

As shown in Figure 1(a), in the current density range of 5 to 20 mA cm™ and at a ReO4 concentration
of 0.01 mol L, the coatings contain approximately 26 at.% rhenium. With further increases in current
density, the rhenium content decreases to 17.7 at.%, which is somewhat higher than the values
obtained at the same perrhenate concentration in polyligand citrate-pyrophosphate electrolytes (12
to 23 at.% Re) [17]. When the concentration of perrhenate ions in the solution is increased to
0.05 mol L7, the rhenium content in the coatings rises to 30.0 to 43.8 at.%. A distinct maximum is
observed at a deposition current density of 10 mA cm, the origin of which is discussed below.

Figure 1(b) shows that rhenium accounts for most of the overall current efficiency. The current
efficiency of the alloy remains relatively high compared with other refractory metals, but it
decreases with increasing deposition current density. The coating thickness was 5 to 10 um,
depending on the current density. The electrolysis time was 1 hour.
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Figure 1. Dependence of: (a) rhenium content in the CoRe alloys and (b) current efficiency of the individual
metals and the CoRe alloy on the deposition current density. Alloys were deposited from 0.01 and 0.05 M ReOs

CoRe alloys deposited from the pyrophosphate-ammonia electrolyte form smooth and shiny
coatings. Here, however, as shown in Figure 2, in correlation with the chemical composition data,
an increase in rhenium content leads to the formation of stressed coatings and crack formation.

10 pm

Figure 2. Surface micrographs of the CoRe alloys as a function of electrolyte composition and deposition
current density: (a) to (d) solution with 0.01 M ReOy; (e) to (i) solution with 0.05M ReOQy at: (a) and (e) 5;
(b) and (f) 10; (c) and (g) 20; (d) and (i) 40 mA cm™
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Since rhenium and cobalt exhibit unlimited mutual solubility with the formation of equilibrium
solid solutions, this behaviour of electrodeposited coatings is attributed to the incorporation of
impurities, in this case, hydrogen atoms generated at the electrode surface.

Figure 3 shows that alloy deposition occurs within the limiting-current region of metal reduction
and intense hydrogen evolution. Hydrogen bubbles contribute to the mixing of the near-electrode
layer, resulting in a smoothed and poorly defined limiting current plateau on the experimental voltam-
metric curve. This effect is especially pronounced in the solution containing 0.05 mol L perrhenate
ions, from which the most stressed coatings with the highest rhenium content are deposited.
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Figure 3. Experimental linear sweep steady-state voltammograms of CoRe alloys deposition and partial
deposition curves of the individual metals

An increase in the perrhenate ion concentration in the solution shifts the onset potential for alloy
deposition to more negative values by approximately 30 mV, and the limiting current plateau is
reached earlier. Figure 3 presents the partial deposition curves for the individual metals in the alloy,
constructed from the current efficiency data for each element. It is evident that at low current
densities, i.e. within the kinetic control region, the partial deposition currents of both metals are equal.
In the solution with a lower concentration of perrhenate ions (0.01 mol L), two limiting current re-
gions are observed for cobalt: 4.5 mA cm= in the potential range of -0.90 to -0.98 V and 10.3 mA cm™
at potentials more negative than -1.02 V. The limiting current for rhenium ions (7.5 mA cm™) is
reached at more negative potentials (around -0.97 V), within the region of intensive gas evolution,
where no distinct inflection points are visible on the polarization curve. For the solution containing
0.05 mol L perrhenate ions, it is evident that two limiting current plateaus should also be present.
However, the second one is not reached under the experimental conditions due to the limitation of
the maximum applicable current density. The current density is limited in this case due to reduced
coating quality and a significant decrease in overall current efficiency. The observed limiting current
for cobalt was 5.3 mA cm™ in the potential range of -0.90 to -0.97 V, and for rhenium, 7.4 mA cm=2in
the range of -0.87 to -0.97 V.

The partial current of cobalt deposition increases synchronously with that of rhenium, even though
the cobalt ion concentration is high and constant in both solutions. This behaviour may indicate that
cobalt is deposited exclusively as an alloy. At a current density of 10 mA cm?, the first limiting current is
observed, and, under these conditions, the maximum rhenium content in the alloy is achieved.

The nature of the limiting currents is investigated using linear sweep voltammetry at different
sweep rates. As shown in Figure 4, increasing the potential scan rate results in higher limiting
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currents and shifts the potential at which they are reached toward more negative values. Figure 4
shows that all linear voltammograms at scan rates of 5 to 100 mV s exhibit two limiting-current
plateaus. These limiting currents do not have clearly defined peaks but are smooth plateaus due to
the intense hydrogen evolution at the cathode, which promotes mixing of the near-electrode layer
and changes the rate of delivery of reacting species to the cathode.

0 0
-20 4 20 4
'5 -40 - E 40 -
-t
E g
2 -60 1 ~_60 -
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-100 T T T '100 L T L}
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E/V vs. AgiAgCl E/V vs. Ag/AgCl

Figure 4. (a) linear sweep voltammograms of alloy deposition from electrolytes containing 0.01 mol L' ReO4
and (b) 0.05 mol L'" ReOy at different potential scan rates, as indicated in the figure

The rate-limiting stage was determined using the Semerano criterion (Xs) [20]. The dependencies
of peak current (jp) versus potential sweep rate (v) plotted in j,- 1*/2 coordinates in Figure 5(a) are
linear but do not pass through the origin.
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Figure 5. Dependence of: (a) peak current density and (b) peak potential on the square root of potential scan
rate, (c) log current density and (d) peak potential on log potential scan rate for CoRe alloys deposited from
0.01 and 0.05 M solutions of ReOx, where jp1, jp2 and Epi, Epz are the current and potential of the first and
second peaks, respectively

http://doi.org/10.5599/jese.3099 7



http://doi.org/10.5599/jese.3099

J. Electrochem. Sci. Eng.16 (2026) 3099 Electrocatalytic properties and hydrogen interaction of CoRe alloys

The Semerano criterion, calculated based on the slope of the dependence of the first and second
peak currents on the potential scan rate in log j, - log v coordinates shown in Figure 5(c), is in the
range of Semerano criterion Xs = 0.28 to 0.35. The effective transfer coefficient ('), calculated from
the slope of E, - logv straight line [21] (Equation (4)) shown in Figure 5(d), lies in the range of
a'=0.31t00.53.

. 2.3RT

o' =

Ftg S
where tg(f) is the slope of the dependence Ep vs. logv.

These calculated criteria (Xs) indicate that alloy deposition proceeds under mixed diffusion-
kinetic control, involving a two-step electron-transfer process. The fact that the linear plots in j, -
V2 coordinates do not intersect the origin may suggest the occurrence of a preceding chemical
dissociation step of the polyligand complexes [Co(NHs),(P205)]?, followed by their electrochemical
reduction, as previously discussed in [18].

(4)

Crystal structure of CoRe alloys

Figure 6 presents the XRD patterns of CoRe alloys deposited at current densities of 10 and
40 mA cm, corresponding to the maximum and minimum rhenium content in the coatings for each
of the studied electrolytes, as shown in Figure 1a.
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Figure 6. XRD patterns of CoRe alloys as a function of rhenium content in the coatings

The diffraction pattern of the copper substrate onto which the coatings are deposited is also
included in the figure.

It is well known that cobalt exists in two allotropic modifications: a-Co with a hexagonal close-
packed (hcp) structure and B-Co with a face-centered cubic (fcc) structure, with the phase transition
temperature between a <> B being 427 °C. The internal structure of cobalt changes from the densely
packed hcp form below this critical temperature to the fcc structure at higher temperatures [22]. Both
cobalt modifications, which differ in their physicochemical and mechanical properties, can coexist in
electrodeposited coatings [23]. According to Ma et al. [24], low pH and low overpotentials during
electrodeposition favour the formation of the thermodynamically stable fcc phase, while high pH and
high overpotentials promote the formation of the metastable hcp phase.
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In our case, for the coating containing the lowest amount of rhenium (17.7 at.%), overlapping
diffraction peaks are observed that correspond to hcp cobalt and can be assigned to the (100), (002),
and (101) planes, as well as (110) and (112) reflections partially superimposed with the peaks of the
copper substrate. The 2 fvalues are slightly shifted toward lower angles compared to pure cobalt [25].
A minor amount of cobalt with an fcc structure is also present in the coating [26]. Peak separation and
lattice parameter calculations are performed using Origin 10.0 software.

As the rhenium content in the coating increases to 25.5 at.%, an increase in the intensity of the
diffraction peaks (100), (101), and (110) is observed, along with the separation of the (112) cobalt
hcp and (311) fcc peaks, and a significant decrease in the intensity of the (002) maximum. A further
increase in rhenium content leads to broadening of all observable peaks, and at the maximum
content achieved under the experimental conditions, 43.8 at.% Re a nanocrystalline textured
coating with basal planes (001) parallel to the coating surface.

For all obtained diffraction patterns, diffraction angle shifts, lattice parameters a and ¢, crystallite
sizes, and interplanar spacings in CoRe alloys were calculated as functions of rhenium content.
According to the Scherrer equation, the crystallite size can be estimated by Equation (5):

Do KA

ﬂhkl cosd

where @ is the diffraction angle; A is the X-ray wavelength (Amo = 0.07093187 nm); [Shi is the full
width at half maximum (FWHM) of the peak; D is the crystallite size.
The obtained results are presented in Figure 7.

(5)
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Figure 7. Dependence of diffraction angle (a), hcp lattice parameters (b), crystallite size (c), and interplanar
spacing (d) on the rhenium content in the CoRe coating
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The shift in the 26 angle toward lower values (Figure 7a) indicates an expansion of the crystal
lattice due to the formation of a solid solution of rhenium in cobalt. Cobalt and rhenium form a
continuous series of solid solutions, as shown in the phase diagram reported by Barabash and
Koval [27]. The c/a ratio changes only slightly from pure cobalt to the alloy containing 25.5 at.% Re
(1.6220-1.6337) but increases significantly to 1.7092 and 1.8662 for alloys with 30.4 and 43.8 at.%
Re, respectively, which is attributed to the incorporation of a metal with a larger atomic radius. This
lattice expansion also increases interplanar spacing (Figure 7d). It is noteworthy that the most
pronounced changes in interplanar spacing occur for the (002) planes when the rhenium content in
the coating exceeds 30.4 at.%. All electrodeposited CoRe alloys obtained from pyrophosphate-
ammonia electrolytes exhibit a nanocrystalline structure. The maximum crystallite size does not
exceed 8 nm in the coating containing 25.5 at.% Re (Figure 7(c)). However, for the (002) plane, an
opposite trend is observed: the largest crystallite size corresponds to conditions in which the (002)
orientation becomes dominant. According to Vicenzo and Cavallotti [28], the appearance of the
(002) hep + (111) fcc reflection indicates a destabilizing effect of hydrogen evolution on the mixed
structure, which tends to accommodate the densest crystallographic planes perpendicular to the
surface.

Rhenium’s unique ability to form numerous binary o- and x-phases makes it a key element in
the understanding and design of alloys, particularly those containing refractory metals [29].
Furthermore, according to [30-32], rhenium and cobalt can form intermetallic phases of
compositions CoRe and Cog.gReo.,. Although pure rhenium does not form hydrides, rhenium-
containing alloys, including electrodeposited ones [33], are capable of absorbing significant
amounts of hydrogen, which will be discussed in the following section.

X-ray photoelectron spectra of CoRe alloy

The valence states of the elements on the surface of the CoRe alloy coating containing 17.7 at.%
Re was investigated by XPS.

Figure 8a shows the deconvoluted Re 4f;/, spectrum of rhenium atoms in the CoRe alloy. The main
component with a binding energy of E (Re 4f;/,) = 40.5 eV corresponds to metallic rhenium (Re?). In
the region of E (Re 4f;,) = 41.7 eV, a signal corresponding to rhenium dioxide (ReO;) was detected.
The component with E(Re 4f;/,) = 44.8 eV corresponds to rhenium trioxide (ReOs), while the com-
ponent at E (Re 4f;/,) = 43.4 eV is associated with the presence of perrhenate species (ReO4’) [34,35].
In Figure 8b, the deconvoluted Co2ps/, spectrum of cobalt atoms in the CoRe alloy is presented.

()

CoO
Co'

()

ReO,

Intensity, a.u.

Intensity, a.u.

36 18 40 £ 44 46 48 50 776 778 780 782 784 786 788 790
Binding energy, eV Binding energy, eV
Figure 8. Deconvoluted Re4f,/> spectrum of rhenium atoms (a) and Co 2ps/; spectrum of cobalt atoms
(b) in the CoRe alloy containing 17.7 at.% of rhenium
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The main component with a binding energy of E (Co 2ps/;) = 778.5 eV corresponds to metallic cobalt
atoms. The signal in the region of E (Co 2ps/;) = 781.3 eV may be associated with the CoO phase. The
contributions to the spectrum in the regions of £ (Co 2ps/,) = 783.0 and 784.7 eV are satellites [36,37].

The spectra were deconvoluted into individual components, and the integral area of each was
determined after subtraction of the nonlinear background (Table 1).

Table 1. Binding energy of the phases and their content in the coating

Rhenium containing phases

E (Re 4f;5) / eV (J) Content, %
40.5 (6.5x10%8) 69.6
41.7 (6.7x10%8) 20.1
43.4 (6.9x108) 5.8
44.8 (7.2x10%8) 4.5

Cobalt containing phases

E (Co 2p3/2) / eV (J) Content, %

778.5 (1.24x107%) 89.5

781.3 (1.25x107%) 10.5

The presence of oxide compounds on the surface of rhenium-containing alloys is typical. Oxide
forms arise due to incomplete reduction of Re(VIl) via electrochemical and catalytic mechanisms [35],
as well as due to interaction with atmospheric oxygen during storage. The authors of [38] also
reported the presence of nonstoichiometric oxides and a mixture of various rhenium oxide forms on
the surface of electrolytic Ni-Re alloys deposited from a sulfamate-citrate electrolyte, which is likewise
confirmed by our experimental results.

Electrocatalytic performance of CoRe alloys and their interaction with hydrogen

The electrocatalytic activity of the alloys in the hydrogen evolution reaction, as well as hydrogen
absorption and desorption during electrolysis, is investigated in 1 M KOH solution. As shown in
Figure 9, the hydrogen evolution overpotential decreases on CoRe alloys containing 17.7-30.4 at.%
rhenium. AE in Figure 9 is polarization calculated relative to the equilibrium potential of the
hydrogen reaction in this solution.

0
-10 4
g
- / — 17.7 at.% Re
g -20 4 —— 255ut.% Re
= —— 304 at.% Re
—— 432at%Re
=30 A
/
/
-40 L T T T
-0.4 -0.3 -0.2 -0.1 0.0

AEIV

Figure 9. Steady-state linear sweep voltammograms of hydrogen evolution on CoRe alloys with varying
rhenium content in 1.0 M KOH
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Further increase in rhenium content leads to a noticeable inhibition of the reaction, consistent with
previously reported data on the properties of Re-rich alloys [17,39,40]. The exchange current density
for hydrogen evolution on the obtained alloys ranges from jo = 0.39 to 1.00 mA cm, indicating that
these alloys are effective electrocatalysts for the hydrogen evolution reaction (HER). It is important to
note that in a KOH solution, hydrogen evolution is the target reaction, whereas during alloy
electrodeposition, it is a parasitic and undesirable process. Nevertheless, HER electrocatalysis
manifests itself in both cases: during coating deposition, it not only decreases the current efficiency
of alloy formation but also induces internal stresses and cracking due to hydrogen absorption.

Hydrogen electroadsorption on CoRe alloys plays a crucial role in evaluating the influence of parallel
HER during electrodeposition and in the intentional electrocatalytic production of hydrogen [41]. Since
refractory metal alloys of the iron subgroup can only be deposited within the hydrogen evolution region,
several physicochemical properties of the deposits, including their electrocatalytic activity, inherently
depend on the amount and state of adsorbed or absorbed hydrogen. Among alloys of refractory metals
(such as those containing tungsten, molybdenum, and rhenium) Re-based alloys demonstrate a
distinctive feature: rhenium exhibits intrinsically low hydrogen overpotential, leading to greater
hydrogen adsorption, as previously shown for NiRe alloys [42].

Key factors influencing hydrogen absorption include the following: (a) the discharge mechanism
must involve metal-hydrogen (M-H) bonding; therefore, acidic solutions are particularly susceptible
to hydrogen uptake; (b) hydride formation is possible, and such hydrides may exhibit ionic, covalent,
or metallic bonding; (c) mechanical occlusion of hydrogen may occur at grain boundaries, pores, or
voids, which may represent a physical rather than a chemical mechanism; (d) metals such as Pd and
Re inherently have low hydrogen overpotentials and can absorb large amounts of hydrogen.

The ability of CoRe alloys to absorb significant amounts of hydrogen is investigated by voltammetric
analysis in KOH solution under various exposure times during intense hydrogen evolution. First, we
consider the behaviour of the alloy containing the minimum rhenium content under the experimental
conditions 17.7 at.%. Figure 10a shows the steady-state cyclic voltammogram (1 mV s”) of hydrogen
evolution on a CoRe alloy containing 17.7 at.% Re. In the potential range from -1.05 to -0.62 V, an
anodic current is observed.

10 60 -

(a) (b)

58

-30 52 1

-40 - 50 T T T T 1

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 0 2 4 6 8 10
E/Y f/ min

Figure 10. (a) Cyclic voltammograms of hydrogen oxidation/reduction and (b) the amount of charge,
associated with hydrogen oxidation at CoRe alloy (17.7 at.% Re) in 1.0M KOH, as a function of hydrogen
evolution time (1 to 10 min) at 40 mA cm™?

To determine the nature of this current, a series of voltammograms is recorded at a scan rate of
10 mV s using the following procedure: starting from the open circuit potential (-0.62 V), the
potential is scanned until a current density of 40 mA cm™ is reached. Then, hydrogen evolved under
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galvanostatic conditions at this current density for 1 to 10 minutes, followed by a potential sweep to
a value at which the anodic current density approaches zero, but before the onset of oxidation of
other coating components.

As illustrated in Figure 10a, the anodic region increases with longer hydrogen-evolution durations
at the electrode surface. The total charge required for desorption of the absorbed hydrogen is
shown in Figure 10b. It is demonstrated that after 10 minutes of electrolysis, the CoRe alloy
approaches hydrogen saturation. For the coating containing 17.7 at.% Re, this value reaches 596 mA
h, corresponding to 2.29-10* mol(H)/g(alloy) or 2.51:102 mol(H)/mol(alloy).

The potentiodynamic voltammograms also exhibit a cathodic current peak at about -1.0 V, the
magnitude of which depends on the duration of electrode exposure at the cathodic current density.
To clarify the nature of this peak, cyclic voltammograms were recorded as a function of the potential
scan rate (Figure 11(a)). Prior to each measurement, hydrogen was evolved at a current density of
40 mA cm™ for 10 minutes. The anodic portion of the voltammogram corresponds to the oxidation
of absorbed hydrogen. The presence of a split peak may indicate the diffusion of hydrogen atoms
from both near-surface and deeper layers of the coating. A cathodic peak in the polarization curve
has been reported for palladium nanoparticles by Zalineeva et al. [43], who attribute it to hydrogen
adsorption and electroabsorption.
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Figure 11. (a) Cyclic voltammograms of hydrogen oxidation/reduction at different potential scan rates on
CoRe coating containing 17.7 at.% Re, and dependence of: (b) anodic and cathodic peak current densities on
square root of scan rate, and log of anodic and cathodic (c) peak current densities and (d) peak potential on

log scan rate

According to Figure 11b, in our experiment, both the anodic and cathodic peaks exhibit diffusion-
controlled behaviour, as evidenced by linear j, vs. B'"? plots that pass through the origin. The
Semerano criterion, calculated from the slope of the log j, vs. log vplots in Figure 11(c), equals 0.5.
The effective transfer coefficient (¢/), determined from the dependence of E, on log v for both
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anodic and cathodic processes shown in Figure 11(d), ranges from 0.48 to 0.52, i.e. approximately
0.5. These results contradict the hypothesis that the cathodic peak is adsorption-controlled and
confirm that it is diffusion-controlled.

Since the cathodic process involves the addition of an electron to a species with diffusion
limitations, that species cannot be protons from the bulk solution, given their high diffusion
coefficient. The only protons exhibiting diffusion limitations are those located within the coating.
Traditionally, electrochemical hydrogenation is associated with the insertion of atomic hydrogen
into the interstitial sites of the metal crystal lattice [44].

The appearance of a cathodic peak on the voltammogram is sometimes attributed to the
reduction of metal oxides formed when the cyclic voltammetry scan is extended far into the anodic
region beyond the potential required to oxidize absorbed hydrogen. In the anodic region, the metal
surface becomes oxidized, and upon reversing the scan toward cathodic potentials, a peak
associated with oxide reduction may appear. However, in our experiment, the potential scan is
limited to values more negative than the coating's open-circuit potential in the given solution.

Based on the slope of the j, vs. 1*/2 dependence and according to Equation (4) for diffusion-
controlled processes, the diffusion coefficients of hydrogen atoms involved in the anodic and
cathodic processes were calculated using Equation (6):

ip = 2.69x10°n32ADY21/2Cy (6)
where i, / A is the peak current on the voltammogram; n is the number of electrons involved in the
reaction; A / cm? is the electrode surface area; D / cm? s is the diffusion coefficient and G4/ mol cm3 is
the hydrogen concentration. The hydrogen concentration is calculated based on the total charge passed
(i.e. the area under the cathodic and anodic peaks in Figure 11a) and the volume of the coating, which
is determined from the electrode weight gain and the alloy density, taking into account the metal
content. The calculated diffusion coefficients are 1.5x10™ cm? s™ for the anodic peak and 10" cm? s™
for the cathodic peak. This order of magnitude for D is consistent with findings reported by [45], which
show that a low diffusion coefficient characterizes the B-hydride phase and increases by several orders
of magnitude upon formation of the a-solid solution of hydrogen in the intermetallic. Similar diffusion
behaviour of hydrogen has also been reported for metal hydride electrodes of
ABs-type [46] and AB,-type systems [47] and is considered typical for hydride-forming alloys.

To obtain the dependencies shown in Figure 12, the alloy is subjected to hydrogen charging at a
cathodic current density of 40 mA cm2 for 0.5 to 10 minutes.
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Figure 12. Chronopotentiograms of hydrogen desorption at a constant anodic current density of 1.2 mA cm™2
for the CoRe alloy containing 17.7 at.% Re
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Figure 12 reveals the occurrence of two distinct processes: in the potential range from -1.1 to
-0.65V, the time required for the potential to change is proportional to the hydrogenation time. At -
0.65 V for the first curve, and at -0.55 V for the fourth and fifth curves (5 and 10 min), a plateau in the
chronopotentiogram is observed, where the potential remains near constant over time. This is
followed by a sharp increase in potential until it reaches a steady-state value under the applied current
density. The appearance of a potential plateau in the first curve may be associated with the decom-
position of an intermetallic hydride formed during the electrodeposition process. The amount of
charge required for hydride decomposition is approximately 0.12 mA h. Short-term hydrogen charging
does not result in hydride formation; only at hydrogen-evolution durations of 5 to 10 minutes is
hydride formation in the coating sufficient to produce the plateau in the chronopotentiogram. The
plateau length increases with longer hydrogenation times, and the corresponding charge Q varies
from 6.67-t0 17.70-10 pA h.

The hydrogen absorption processes can be described as follows [48]: (a) hydrogen molecules are
physically adsorbed on the surface of the particle; (b) hydrogen atoms are chemisorbed on the metal
surface (i.e. chemisorption); (c) chemisorbed hydrogen atoms diffuse from the surface into the bulk
(i.e. subsurface penetration); (d) metal hydride (MH) nucleates and grows when the hydrogen
concentration exceeds the solid solubility limit.

As shown in Figure 13a, for alloys with different rhenium content, an increase in the anodic
region, an increase in the cathodic peak magnitude, and a decrease in the hydrogen evolution
overpotential are observed within the rhenium content range of 17.7 to 30.4 at.%. A further increase
in the coating's rhenium content has the opposite effect. A similar trend is observed in Figure 8 for
the steady-state HER voltammogram of freshly deposited coatings that were not subjected to
additional hydrogen charging.
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Figure 13. (a) Cyclic voltammograms of hydrogen absorption/desorption and (b) the amount of charge
consumed for hydrogen desorption on CoRe alloys with different rhenium content after 10 minutes of
hydrogen charging. Scan rate is 10 mV s

The total charge required for desorption of absorbed hydrogen corresponds to the sum of the
anodic and cathodic peak areas shown in Figure 13(b). Based on this charge and the mass of the
coating, the hydrogen weight percentages are calculated to be 0.026, 0.00072, 0.056, and 0.030 wt.%
H for alloys containing 17.7, 25.5, 30.4, and 43.8 at.% Re, respectively. Due to the high atomic weight
of rhenium, these hydrogen concentrations may appear low in weight percent; however, when recal-
culated in atomic percent, it becomes evident that Co-Re alloys are capable of absorbing substantial
amounts of hydrogen: 2.1, 6.1, 5.2, and 3.4 at.% H across the respective rhenium content range.
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It is well known that intermetallic compounds are promising materials for hydrogen storage in
the form of hydrides [49]. Alloys with Laves-phase crystal structures exhibit the highest hydrogen
storage capacities [50]. Ideally, the atomic radius ratio of constituent elements for the formation of
Laves phases is 1.225. For rhenium and cobalt, this ratio is 1.096, with the larger-radius atom
occupying the A site and the smaller one the B site. Among the alloys obtained in this study, the one
containing 30.4 at.% Re demonstrates the highest hydrogen storage capacity, corresponding to a
Re:Co atomic ratio of 1:2. This composition creates favorable conditions for the formation of an AB,-
type intermetallic compound, specifically ReCo,. Since cobalt can be electrodeposited individually
from the pyrophosphate-ammonia electrolyte, whereas rhenium can only be deposited in
conjunction with cobalt as part of an alloy, the decrease in hydrogen capacity when deviating from
the 1:2 ratio may be attributed either to the dissolution of the formed intermetallic in the cobalt
matrix (as in the alloy with 17.7 at.% Re), or to the properties of the solid solution formed by
rhenium in cobalt.

Beyond the established mechanism of hydrogen evolution in alkaline media, Equations (7) to (9),
the process may also involve additional stages related to the formation and decomposition of
phases capable of absorbing hydrogen.

Volmer reaction H,0 + & = Hads + OH" (7)
Heyrovsky reaction H20 + € + Hags > H2 + OH" (8)
Tafel reaction + Hads > Ha (9)

These include the e-CoRe solid solution, in which atomic hydrogen occupies interstitial sites in
the expanded crystal lattice, as well as the intermetallic compound ReCo,, Equations (10) to (13):

g-CoRe + XHags > &-CoReHy (10)
€-CoReHx + Hads > &-CoReHy.1 + Ha (11)
ReCo; + XHads > ReCozHy (12)
ReCozHx + Hads > ReCozHyx1 + Ha (13)

The decrease in hydrogen overpotential on the hydrogenated coating may indicate that reac-
tions (9) and (11) are more energetically favourable than electrochemical desorption and
recombination processes.

Huang et al. [38] investigated hydrogen absorption during the electrodeposition of NiRe alloys. It was
shown that the amount of cathodically absorbed hydrogen increases with increasing rhenium content
in the coating and that the absorbed hydrogen exists in a stable hydride state. When the amount of
adsorbed hydrogen exceeds its solubility in the stable hydride phase, cracking of the alloy deposit occurs.
However, retaining hydrogen in the coating as a stable hydride enables crack-free deposits.

Under our experimental conditions, this suggests that for CoRe alloys, a rhenium content not
exceeding 15 to 20at.% is optimal for obtaining crack-free coatings, while a content of
approximately 30 at.% Re is preferable for achieving high electrocatalytic activity and hydrogen
absorption capability.

Despite existing guidelines from the U.S. Department of Energy (DOE), hydride materials derived
from refractory metal alloys exhibit great potential for hydrogen storage, with capacities reaching
up to 1.81 wt.% of adsorbed hydrogen [51]. Such materials may be particularly suitable for use in
systems where the weight of the hydrogen tank is not a critical factor.

Conclusions

- CoRe alloy coatings with a rhenium content of 17.7 to 43.8 at.% and current efficiency up to 76 %
are electrodeposited from a polyligand pyrophosphate-ammonia electrolyte, depending on the
deposition current density and perrhenate ion concentration in the solution.
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- The electrodeposition of the alloys proceeds under mixed diffusion-kinetic control with a
preceding chemical dissociation stage of the [Co(NHs),(P,07)]* polyligand complex. Simultaneous
intensive hydrogen evolution leads to the formation of stressed deposits prone to cracking.

- During the codeposition of cobalt and rhenium, a solid solution of rhenium in hcp cobalt is
primarily formed. The lattice parameters of this phase increase with increasing rhenium content.
Additionally, the formation of an fcc cobalt-based solid solution is observed, and intermetallic
compounds may also form.

- The highest electrocatalytic activity in the hydrogen evolution reaction is exhibited by the alloy
containing 30.4 at.% Re. This composition also demonstrates the highest hydrogen absorption
capacity. Hydrogen sorption studies reveal two distinct processes: the dissolution of atomic
hydrogen into the alloy's expanded crystal lattice and the formation of intermetallic hydrides, with
a total hydrogen uptake of up to 6 at.%.
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