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Abstract: Selective dissolution of a tungsten (85 wt.%)–rhenium (15 wt.%) alloy with rhenium in
hydrochloric acid at the temperature of 298 K and anodic polarization modes was carried out to
develop a porous catalytic substrate and to recycle rare metals. The parameters of the effective
selective anodic dissolution of the tungsten–rhenium alloy, including the differences in applied
potentials and electrolyte composition, were found. It was established that samples of the tungsten–
rhenium alloy possess the smallest average pore size after being exposed for 6000 s. The obtained
porous tungsten samples were characterized by X-ray diffraction and scanning electron spectroscopy.
A thermodynamic description of the processes occurring during the anodic selective dissolution of a
binary alloy was proposed. In the course of the work, the selectivity coefficient was determined using
an X-ray fluorescence wave-dispersion spectrometer XRF-1800. The existence of a bimodal structure
on the tungsten surface after dealloying was proved.
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1. Introduction

The search for renewable, environmentally friendly energy sources, which is triggered
by the depletion of fossil energy and environmental pollution [1,2], has determined the
important role of hydrogen energy [3]. Despite the high specific energy release (160 MJ/g),
its significant disadvantage and limitation include the significant consumption of electricity
required for hydrogen electrolysis [4]. The main task in the development of hydrogen
energy is to reduce the overvoltage of the hydrogen evolution reaction (HER), which will
reduce the total energy consumption. Therefore, new materials should be based on metals
with high electrocatalytic activity of cathodic hydrogen release that will lead to a decrease in
the overvoltage of HER and, consequently, to a reduction in the hydrogen production cost.

Recently, base metals such as Ni, Co, W, or Mo [2,5–12]; their alloys [2,5–13]; and
base metal-containing materials such as sulfides, nitrides, phosphides, and carbides of
transition metals have been recognized as effective HER catalysts [14–19]. This is due to
their chemical stability; their low cost; and, most importantly, to the low overvoltage of
hydrogen release [20].

Tungsten, having unique properties such as a high melting point and chemical resis-
tance, is a promising material for the HER from alkaline electrolytes [21,22]. The potential
use of a porous layer of tungsten obtained in the process of dealloying accompanied with the
removal of the second metal has determined the interest in the study of tungsten–rhenium
alloys. Due to its thermodynamic properties, a tungsten–rhenium alloy is promising for
the formation of a highly porous surface by anodic dissolution. The mechanism of anodic
formation of such structures has received considerable scientific and technological interest.
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A large number of works are devoted to the synthesis and study of nanostructured
mesoporous materials obtained by various methods at ordinary temperatures. The current
state of the problem is analyzed elsewhere [23–25]. There are several common methods
for synthesizing mesoporous materials. For example, one of them is based on the use of
nanotemplates such as silicon dioxide or organic polymers as structure-forming agents
for metallic nanolayer formation. After chemical removal of the template, nanopores are
formed. We would also like to mention here the method of thermal decomposition of
unstable nitrogenous metal compounds, which are used to form nanofoams with a record
low density. The removal of a more electronegative alloy component (so-called dealloying)
is less widespread and is mainly used to obtain precious metals in the mesoporous state—
gold, silver, and platinoids [26,27]. Thus, Hakamada and Mabuchi [28] presented a method
for the preparation of mesoporous palladium in an aqueous sulfuric acid solution.

The existing works on the electrochemical behavior of anodes made of binary alloys in
low-temperature electrolytes are scattered and, as a rule, do not pay much attention to the
formed near-surface structures and the development of the electrode surface. The situation
is somewhat better in low-temperature electrolytes [29].

Currently, the research in the field of mesoporous materials is shifting its focus toward
the materials’ synthesis. Apart from impressive specific surface areas, these materials
demonstrate a sufficiently high electronic conductivity and high reaction capacity. The pos-
sibility of extracting expensive rhenium and simultaneous formation of a porous tungsten
structure, which can be used as a substrate for catalyst deposition, from a tungsten–rhenium
alloy is of considerable interest. The main task of this work is to evaluate the change in the
structure of the tungsten–rhenium alloy depending on the electrolysis conditions and the
composition of the solution at constant temperature.

Modern electrochemical materials science, using advancements in the field of nano-
materials, opens up new opportunities in the development of electric and hybrid vehicles,
power supplies, and portable electronics. Various mesoporous materials are being inten-
sively studied as electrodes for supercapacitors, biosensors, and catalysts.

Within the framework of this research, the main attention is focused on the structure
of a metallic material synthesized by the selective dissolution of a tungsten and rhenium
alloy. In further studies, it is planned to establish the patterns that govern the formation,
structure, and properties of the tungsten structures.

The purpose of this work is to study the regularities of the formation of a porous
structure on the surface of tungsten during selective anodic dissolution of a tungsten
(85 wt. %)–rhenium (15 wt. %) alloy in a solution of hydrochloric acid at 298 K; to develop
the technology for obtaining nanostructured electrode materials with a developed surface;
and to study their physicochemical properties. There is a lack of scientific literature on
the tungsten-containing systems of this type. There are only works on electrochemical
dealloying of other materials in aqueous solutions. Tungsten is a promising catalyst
and/or substrate. Production of nanoporous tungsten is also of great practical interest.
Processing of tungsten–rhenium alloys is important to prove the possibility of extracting
more expensive rhenium [30–32]. The method of selective dissolution, in addition to the
synthesis of a bimodal structure at the surface of tungsten, provides the extraction of
rhenium in the form of chlorrenic acid or potassium chlorrenate.

2. Materials and Methods

Electrochemical measurements were carried out using an Autolab PGStat 302N elec-
trochemical workstation (Metrohm, Switzerland).

Experimental measurements were carried out in a standard three-electrode two-
chamber glass cell using the following working electrodes: high-purity rhenium with
a surface area of 1.06 cm2, high-purity tungsten (0.72 cm2), and a tungsten–rhenium alloy
BP-20 (Russia) containing 15 wt. % rhenium with a surface of 2.5 cm2. A rod made of
spectrally pure graphite was used as a counter electrode, and a silver chloride electrode
(SCE) was used as the reference electrode. All potentials in this work are given with
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respect to SCE. A Luggin capillary was used to eliminate the ohmic drop through the
electrolyte solution.

The surfaces of the working electrodes were prepared by cleaning SiC paper with
different grain sizes, followed by polishing with diamond powder. Linear voltammetry
data were obtained for all electrodes from hydrochloric acid solutions; their compositions
are shown in Table 1.

Table 1. Compositions of solutions for electrochemical studies.

Component Solution 1 Solution 2 Solution 3 Solution 4

HCl, g L−1 200 200 350 350
KCl, g L−1 0 340 0 340

All solutions were prepared based on distilled water with the use of potassium chloride
and hydrochloric acid of high purity. Electrochemical studies were carried out in the
ambient air at an environment temperature of 298 K and a rate of potential change of
1 mV/s.

Based on linear voltammetry, the potential of the rhenium separation from a tungsten–
rhenium alloy was determined. To confirm the selective separation of rhenium from the
alloy, chronoamperometry was performed at a constant potential (Econst = 600 mV (SCE))
within 30,000 s.

The surface of porous tungsten samples obtained as a result of anodic potentiodynamic
polarization (chronoamperometry) was analyzed by the micro-X-ray spectral method using
the TESCAN MIRA 3 LMU auto-emission electron microscope (TESCAN, Czechia) and the
X-ray phase method using the Rigaku D/MAX-2200VL/PC automatic X-ray diffractometer
(Rigaku, Japan).

3. Results

Linear voltammetry was used to study the anodic process occurring on individual
rhenium, tungsten, and tungsten–rhenium electrodes. Figure 1 shows that rhenium was
dissolved in all solutions according to the mechanism of the delayed ionization. The active
dissolution stage began at the potential of 600 mV relative to the silver chloride electrode.
At current densities below 20 A/m2, the addition of potassium chloride practically did
not affect the course of the polarization curve. However, at high current densities above
2500 A/m2, the addition of potassium chloride caused electrode salt passivation and the
formation of potassium chlorrenate.
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Figure 1. The data of linear voltammetry in different solutions: (a) Solution 1; (b) Solution 2;
(c) Solution 3; (d) Solution 4.

The process taking place on the tungsten electrode was accompanied with significant
polarization. The active stage began at the potential of 1100 mV (SCE) and was accompanied
by abundant gas release. At the same time, there was no decrease in the mass of the
electrode itself. Therefore, tungsten dissolution and the active release of gaseous oxygen
were not observed.

No pronounced processes were registered in solutions 1 and 2 for the tungsten–
rhenium alloy. Pronounced peaks associated with the selective dissolution of rhenium were
observed in solutions 3 and 4.

The potential of rhenium release in hydrochloric acid solutions was determined on the
basis of the obtained voltage dependences. The active dissolution stage of rhenium began
at a potential of 600 mV (SCE) for both individual rhenium and the tungsten–rhenium alloy.

The extraction of rhenium from a tungsten–rhenium alloy depending on the processing
time was carried out using chronoamperometry at a constant potential (Figure 2).
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Figure 2. Chronoamperogram of tungsten–rhenium alloy dissolution.

The samples of the tungsten–rhenium alloy after potentiostatic dealloying were sub-
jected to X-ray phase analysis using a Rigaku D/MAX-2200VL/PC X-ray diffractometer
(Rigaku, Japan) (Figure 3). It was found that after dealloying, new phases (for example, an
oxide film) were not formed on the surface of the samples. This indicates the absence of the
process passivation and favorably affects the depth of extraction of rhenium from the alloy.
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To determine the change in the alloy composition, SEM studies of the samples’ surfaces
were carried out using energy-dispersive X-ray spectroscopy (EDS) with the TESCAN MIRA
3 LMU (Figure 4).
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6000 s exposure in the solution (C).

Figure 4 shows that with the increase in the duration of the electrolysis, the sample
surface dissolved selectively, forming a rough surface. The EDS spectra confirmed by linear
voltammetry demonstrate that at a given potential, selective dissolution of rhenium occurs.
In the first 3000 s, the process of active dissolution of rhenium proceeds and a strong change
in the surface occurs. With the continuation of the electrolysis, the diffusion of rhenium
ions from the electrode into the electrolyte bulk is hampered by the emerging bimodal
structures, which leads to a slowdown but not to an interruption in the dealloying process.
The EDS spectra of the sample after 6000 s exposure confirm this. To confirm the EDS data,
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the wavelengths of the samples were also analyzed using an XRF-1800 dispersive X-ray
fluorescence spectrometer (Shimadzu, Japan). According to the results of the analysis, the
concentration of rhenium in the alloy changed from 15 wt.% in the initial electrode up to
14 wt.% after 3000 s, to 12 wt.% after 6000 s, and to 6.8 wt.% after 30,000 s.

The dealloying penetration depth was estimated by SEM images of the sample cross-
section using EDS with the TESCAN MIRA 3 LMU (Figure 5 and Table 2).
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Table 2. EDS analysis of cross-section of the sample after dealloying.

Figure 5A Component Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

W, wt.% 88.25 88.75 86.22 86.31
Re, wt.% 11.75 11.25 13.78 13.69

Figure 5B Component Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

W, wt.% 90.66 90.73 88.63 88.36
Re, wt.% 9.34 9.27 11.37 11.64

The change in the concentration of rhenium from the volume to the front of the
corrosion attack (dealloying) indicates that the process occurs not only on the surface of the
sample but also in the pores formed at the initial moment of time.

A porous bimodal structure formed at the surface of tungsten during selective anodic
dissolution of the tungsten (85 wt.%)–rhenium (15 wt.%) alloy in a solution of hydrochloric
acid at 298 K. The specific morphology of the resulting electrode materials based on
mesoporous tungsten was studied.

4. Discussion

The criterion of thermodynamic probability of anodic processes in binary alloys is
applicable for the process of dissolution of tungsten alloys with a more electronegative
component (rhenium). The anode reaction involving a component with a more negative
potential has the highest rate. For a tungsten–rhenium alloy, the process scheme is as follows:

W(alloy W− Re) − ne− = Wn+ (1)

Re(alloy W− Re) − ne− = Ren+ (2)

This process is accompanied by selective dissolution of rhenium from the surface layer
of the alloy and the formation of a developed surface structure. The linear decrease in the
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thickness of the electrode and the difference in the partial diffusion coefficients of the alloy
components were taken into account.

Selective anodic dissolution of one of the alloy components is quantitatively character-
ized by the coefficient of selective dissolution.

zA =
(CW/CRe)solution
(CW/CRe)alloy

(3)

A thermodynamic vacancy mechanism of this process has been developed for low-
temperature electrolytes [33]. Based on the Darken dependence of the logarithm of the
mutual diffusion coefficient from the inverse temperature, the value of the self-diffusion
coefficient at 298K is estimated.

D = D0 · exp
(
− E

RT

)
(4)

The external flow is caused by two effects: a change in the concentration gradient CRe
and a decrease in the thickness of the electrode, causing the dissolution of the electronega-
tive component.

The rate of dissolution of the alloy q0
Re (mol/cm2s) is given by the following equation:

− q0
Re = −D

∂CRe

∂x
(0, t)−CA(0, t)UL(t) (5)

where D is the diffusion coefficient, x is the initial flat surface of the electrode, t is the time,
and UL is the rate of linear loss of the alloy (cm/s).

UL = qReValloy (6)

where Valloy is the molar volume of the alloy.
The anodic dissolution of rhenium at the alloy–solution boundary, which is a powerful

source of vacancies, where vacancies are absorbed by dislocations, and its diffusion from
the depth of the alloy to the boundary cause the formation of vacancies in the alloy volume.
There are two sources of vacancies with a total flow:

JV = J′V ↑↓ +J′′V ↑ (7)

where J′V ↑↓ is the flow of excess or lack of vacancies in comparison with the equilibrium
concentration in the alloy volume, and J′′V ↑ is the flow of vacancies formed directly due to
the process of selective dissolution of rhenium.

The change in the total volume of the formed voids (negative crystals) as a result of
selective dissolution can be calculated:

∆V = C−1
∫ t

0
JV(t)dt (8)

The excess of vacancies at the boundary causes the linear loss of the alloy and the
decrease in the thickness of the electrode. Vacancies can both move to the border and merge
into the pores.

It is the supersaturation of vacancies in the alloy volume that causes them to merge
into pores and form the so-called diffusion porosity or Frenkel effect. As the temperature
increases, the alloy dissolves (decreasing in thickness) faster, the defectiveness decreases,
and the boundary diffusion coefficient increases faster than the volume diffusion coeffi-
cient. With an increase in temperature, the relative contribution of diffusion along the
boundaries decreases; at a lower temperature, the process of formation of sufficiently small
pores prevails.
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The result of selective dissolution of the alloy is the formation of a surface layer with a
modified composition. In the process of anodic dissolution, both the surface relief of the
solid electrode and the proportion of the alloy components change and electrochemical
destruction of the starting material occurs.

Studies of the regularity of selective dissolution are important for corrosiology and for
the kinetics of electrochemical processes in general, as well as for electrochemical materials
science and the production of structured materials for catalysis since it is necessary to take
into account the real heterogeneity of solid metal surfaces.

To quantitatively characterize the type of destruction of intermetallic phases, the
coefficient of selective dissolution ZA was used, which shows how many times the ratio
of the amounts of tungsten to rhenium in the electrolyte solution was greater than the
corresponding ratio in the alloy. With uniform dissolution, this coefficient is equal to unity,
and with selective dissolution, it tends to infinity (tungsten transfers into the solution) or to
zero (rhenium transfers into the solution) [33]. According to the obtained experimental data,
the selectivity coefficient and the rate of linear loss of the alloy were calculated (Table 3).

Table 3. Compositions of solutions for electrochemical studies.

Time, s 3000 6000 30,000

ZA(W) 1.08 1.29 2.35
ZA(Re) 0.92 0.77 0.41

UL, sm/s 1.4 × 10−9 2.9 × 10−9 7.2 × 10−8

Simultaneous occurrence of reactions (1) and (2) is thermodynamically possible at a
value of applied anode potential exceeding the equilibrium potential of both alloy com-
ponents. At an applied potential of 600 mV (SCE), only the dissolution of rhenium is
thermodynamically possible, which is consistent with the data of linear chronovoltamme-
try (Figure 1).

During the anodic dissolution of a tungsten alloy with a more electronegative compo-
nent, such as rhenium, the alloy dissolves in the active state at a relatively low overvoltage
of the anodic metal dissolution reaction. Under the conditions of anodic dissolution of a
two-phase alloy, a structural-selective dissolution is most often observed.

5. Conclusions

The regularities of anodic dissolution of a two-component tungsten–rhenium alloy in
an aqueous solution of hydrochloric acid were studied.

The parameters of the effective selective anodic dissolution of the tungsten–rhenium
alloy, including the differences in applied potentials and electrolyte composition, were found.
The existence of a bimodal structure on the tungsten surface after dealloying was proved.

The technological parameters such as the composition of the electrolyte, the process
temperature, and the modes of anodic polarization, which provide the most efficient
separation of tungsten and rhenium, were determined.
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