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The paper reports the impact of anodic potentiostatic treatment of nickel in two
representatives of a new type of eutectic ionic liquids (deep eutectic solvents), ethaline
and reline, which are eutectic mixtures of choline chloride with ethylene glycol and urea,
respectively. The influence of anodic treatment on surface morphology, roughness
coefficients, and electrocatalytic activity towards the hydrogen evolution reaction is
characterized. It is demonstrated that the current densities of nickel anodic dissolution
in reline are approximately an order of magnitude lower than in ethaline under all other
identical conditions. Significant differences in the kinetics of nickel anodic dissolution
and passivation during anodic polarization in ethaline and reline have been established,
which may be attributed to both a substantial difference in the viscosity of these solvents
and differences in the chemical nature and composition of the ions present in them. It is
found that anodic treatment in ethaline, at certain potentials, results in electrochemical
polishing of the surface, confirmed by a decrease in measured roughness coefficients,
while anodic treatment in reline does not allow effective electropolishing and only surface
etching (increase in roughness coefficients) is observed. Anodic potentiostatic treatment
of nickel in both investigated deep eutectic solvents at specific electrode potential values
significantly enhances the electrocatalytic activity of the surface towards the hydrogen
evolution reaction in an alkaline environment. This finding can be utilized in the
development of electrocatalytic materials for the electrolytic synthesis of green hydrogen.
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Introduction
The development of new highly active

electrocatalysts for the electrolytic synthesis of hydrogen
is one of the primary goals in modern electrochemical
materials science [1]. Nickel and nickel-containing
electrode materials meet most of the requirements
imposed on electrocatalysts for water electrolysis: they
are inexpensive, readily available, and corrosion- and
mechanically resistant under operating conditions.
Nickel catalysts exhibit high activity for both the
cathodic hydrogen evolution reaction and the anodic

oxygen evolution reaction [2]. However, the challenge
of enhancing the electrocatalytic activity of nickel
and nickel-containing electrocatalysts remains relevant.
One effective approach to address this challenge is
electrochemical surface modification. In our previous
studies, it has been demonstrated that the activity of
electrocatalysts based on nickel-copper alloy can be
increased through their electrochemical anodic
treatment in electrolytes based on a new type of eutectic
ionic liquids, known as deep eutectic solvents (DESs)
[3,4]. Currently, DESs are considered highly promising
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media for various applications in a range of processes
and technologies, serving as an alternative to traditional
aqueous solutions and organic solvents [5].

While it was previously established that the
anodic potentiostatic treatment of nickel-copper alloy
in the so-called ethaline (a typical representative of
DESs, a eutectic mixture of ethylene glycol and choline
chloride) under certain electrolysis conditions allows
for electrochemical surface polishing and reducing
the overpotential for hydrogen evolution in 1 M NaOH
aqueous solution, questions remained unanswered
regarding the impact of anodic treatment of «pure»
nickel in DESs on its surface morphology and
electrocatalytic behavior. This particular set of questions
is addressed in the present study. The anodic treatment
of nickel was investigated in both ethaline and reline
(another typical representative of DESs, which is a
eutectic mixture of urea and choline chloride).

Experimental
The procedure for preparing the ethaline and

reline solvents, which are eutectic mixtures of choline
chloride (33.33 mol.%) with ethylene glycol or urea,
respectively (66.67 mol.%), involved thorough mixing
of the components on a magnetic stirrer at a
temperature of approximately 700C until the formation
of a homogeneous clear liquid [3–5]. The residual
water content, determined by the Fischer method,
did not exceed 1%.

Nickel samples were prepared from nickel foil
(99.9% Ni) with a thickness of 1 mm, and the surface
area subjected to anodic treatment was 1 cm². Before
electrochemical treatment, the nickel samples were
degreased with a water suspension of MgO, thoroughly
rinsed in distilled water, and dried in a stream of air.
Electrochemical investigations were conducted using
a Potentiostat/Galvanostat/ZRA Reference 3000
(Gamry, USA) in a glass electrochemical cell at a
temperature of 250C. For anodic potentiostatic
treatment in ethaline and reline, and recording the
corresponding voltammetric responses of nickel anodic
dissolution, a graphite counter electrode and a silver
reference electrode were used. In the study of the
electrocatalytic activity of the DES-treated nickel
samples in a 1 M NaOH aqueous solution (temperature
250C), a platinum counter electrode and a saturated
silver chloride reference electrode were used. When
processing the obtained dependences in coordinates
of Tafel equation, the potentials were converted to the
standard hydrogen electrode scale.

The Zeiss EVO 40XVP scanning electron
microscope with an integrated energy-dispersive
X-ray analyzer Oxford INCA Energy 350 was
employed to evaluate the surface morphology of the
samples and the chemical composition of their surfaces.

The roughness coefficient was measured using the
Surface Roughness Tester SRT 6210 (China).

Results and discussion
For the evaluation of the behavior of a nickel

electrode under conditions of its anodic polarization
in ethaline and reline, respective cyclic voltammograms
were obtained (Figs. 1 and 2). As observed, on the
anodic polarization curve of nickel in ethaline, a clear
current peak is formed at potentials around
0.5–0.6 V (versus the Ag reference electrode). With
further anodic polarization, a decrease in current is
observed (passivation), and upon reaching a potential
of approximately 1.8–2.0 V, the anodic current starts
to increase again. It is noteworthy that on the reverse
scan (to the cathodic side), there is no appearance of
the current peak of anodic dissolution at 0.5–0.6 V,
which is clearly evident in the previous anodic scan.
Interestingly, upon the addition of some nickel (II)
chloride to ethaline, the anodic currents at all regions
(metal dissolution peak on the curve and in the passive
state region) noticeably decrease (Fig. 1, curve 2). It
is worth mentioning that the obtained polarization
curve 1 in Fig. 1 closely coincides with the curve
presented in the previous publication by Abbott et al.
[6].

Fig. 1. Cyclic voltammograms depicting the anodic behavior of

nickel in ethaline (1) and in ethaline+0.5 mol/dm3

NiCl2⋅6H2O (2). Potential scan rate: 200 mV/s

The reduction in the current density of nickel
anodic dissolution after reaching its maximum (peak)
value can be explained by the phenomenon known as
salt-induced passivation. This involves the formation
of a film in the near-electrode layer and directly on
the electrode surface containing poorly soluble
compounds of nickel chloride salt [3,7]. The formation
of such a viscous film on the surface significantly
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reduces the diffusion rate of the dissolution stages and
partially blocks the electrode surface, resulting in a
decrease in the anodic current of metal dissolution.
Additionally, this phenomenon contributes to the
electrochemical polishing of the metal surface. Within
this explanation, the reduction in nickel dissolution
currents upon the addition of Ni(II) salt to ethaline
(Fig. 1, curve 2) is entirely logical, as it creates
conditions where the saturation of the surface layer
(attainment of the salt solubility product) is achieved
at lower rates of electrochemical metal dissolution.
Small oscillations in the current, noticeable in the
voltammograms after reaching the peak current value
(i.e., when the film of poorly soluble salts on or near
the surface has already formed), also support the
proposed mechanism, as such oscillations are often
observed in polarization curves under conditions of
forming a new blocking phase on the electrode surface.

The voltammogram characterizing the process
of nickel anodic dissolution in reline (Fig. 2) noticeably
differs from the curve obtained in ethaline. Firstly,
the maximum current densities for nickel dissolution
in reline are approximately an order of magnitude
smaller than those in ethaline. This difference can be
attributed to the significantly higher viscosity of reline
compared to ethaline (750 cP and 37 cP at 250C,
respectively [5]). Since lower solvent viscosity in reline
implies more significant diffusion limitations regarding
the transport of electrolyte components participating
in the anodic dissolution reaction (such as chloride
ions, for instance), lower electrode reaction rates are
evidently realized in such a system compared to
ethaline.

formation of weakly pronounced maxima at potentials
approximately 0.5 V and 0.8–0.9 V (Fig. 2, curve 1).
The splitting of the peak of the nickel anodic
dissolution current in reline during anodic potential
sweep was previously observed in the work of Abbott
et al. [8]. Ali et al. [9] also revealed two separated
peaks of nickel anodic dissolution in reline. In the
mentioned studies, the formation of two anodic peaks
was explained by the formation on electrode surface
two types of nickel structures with different surface
morphologies, which were electrochemically deposited
during the previous cathodic potential scan. However,
in our case, experiments were conducted directly on
an electrode made of nickel foil under conditions
where electrochemical deposition from the solution
could not occur. Therefore, we consider it more
plausible to assume that the first of the peaks of the
current is due to the two-electron reaction
Ni(0)→Ni(II)+2e, while the second is induced by
the one-electron reaction of further oxidation
Ni(II)→Ni(III)+e. The possibility of the latter reaction
was indicated in the work [8]. Additional evidence
supporting this hypothesis is the noticeable increase
in the maximum (peak) dissolution current upon the
addition of additional Ni(II) salt to reline (Fig. 2,
curve 2). In this case, the current increase may be
associated with the fact that both Ni(II) ions formed
at the initial stage of anodic dissolution and those
diffusing to the electrode surface from the bulk solution
participate in the electrooxidation reaction of Ni(II)
to Ni(III). However, even in the case of nickel
dissolution in reline, the occurrence of salt-induced
passivation cannot be ruled out (as observed in
ethaline), since reverse scans of the voltammetric curves
in Fig. 2 show a significant reduction in the anodic
dissolution current across the entire range of electrode
potentials studied.

The observed differences in the anodic behavior
of nickel in ethaline and reline are evidently associated
not only with differences in the physicochemical
properties of these solvents (primarily viscosity) but
also with variations in the composition and structure
of nickel-containing species present in these systems.
For instance, research conducted using fast atom
bombardment mass spectrometry (FABMS) [8]
revealed that nickel (II) ions in ethaline are mainly
present in the form of complex anions NiCl3– and
Ni2Cl5–, while only NiCl3– ions exist in reline.
However, in the ethaline environment, the formation
of nickel (II) chelate complexes with ethylene glycol
NiEG2

2+ is also possible [10]; it is evident that such
complexes cannot be formed in the reline solvent,
either in the bulk solution or on the electrode surface
during the anodic dissolution process. On the other

Fig. 2. Cyclic voltammograms depicting the anodic behavior of

nickel in reline (1) and in reline+0.5 mol/dm3

NiCl2⋅6H2O (2). Potential scan rate: 200 mV/s

It is important to note the splitting of the peak
of the nickel anodic dissolution current with the
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hand, there are certain differences in the structure of
chloride-containing particles, which likely participate
in the anodic process: in ethaline, ChCl2– ions are
present, but Cl⋅EG– ions are entirely absent, while in
reline, the presence of a considerable amount of
complex ions Cl⋅urea– is documented, and ChCl2–

ions are present in small quantities [8]1.
Thus, the differences in the chemical

composition of various types of DESs, their
physicochemical properties, the nature and composition
of ions present in them, define the specificity and
significant distinctions in the anodic behavior of nickel
in the investigated solvents.

For further investigation of the impact of anodic
treatment in DESs on various properties of the nickel
surface, potentiostatic treatment of Ni samples was
conducted for 2.5 hours at specific values of the
electrode potential selected at different characteristic
regions of the obtained voltammograms: at 1.5, 1.8,
and 2.0 V for ethaline and at 0.5, 1.0, and 1.7 V for
reline. The current transients recorded at the chosen
potentials indicate that after a certain transient period
(approximately 500–2000 s), the anodic treatment
current density becomes nearly stationary (Fig. 3).
Notably lower anodic dissolution current densities of
nickel in the reline solvent compared to ethaline are
evident, which correlates well with the differences in
current densities on the voltammograms in Figs. 1
and 2. Oscillations are also observed in the current
transients, especially in the curves recorded in reline.

Figure 4 characterizes changes in surface
morphology occurring during the anodic treatment of
nickel in ethaline and reline solvents. On the surface
of the nickel foil before anodic treatment, individual

defects are visible in SEM images, and the presence
of crystals with well-defined facets is not observed
(Fig. 4,a). Anodic treatment in ethaline results in the
formation of star-shaped asymmetric crystals, present
against a relatively smooth and defect-free background
(Fig. 4,b,c), with the portion of the leveled surface
increasing with the elevation of the anodic treatment
potential. Treatment of nickel in ethaline at a potential
of 2.0 V leads to electrochemical polishing of the
metal, confirmed not only by microscopic surface
morphology examination (Fig. 4,g) but also by visual
observation and measurement of the roughness
coefficient (Table 1) [11].

Anodic treatment of nickel in reline at relatively
low anodic potentials does not lead to the formation
of specific morphological structures on the surface
(Fig. 4,d,e), and only slight metal polishing is observed
(a negligible decrease in the roughness coefficient, as
shown in Table 1). At the highest of the applied
potentials (1.7 V), etching of individual crystals from
the surface occurs, resulting in the formation of pits
(cavities), consequently increasing the roughness
coefficient (Table 1). Thus, anodic treatment of Ni in
the two investigated DESs with different chemical
compositions has varying effects on changes in surface
morphology: surface modification in ethaline allows
for electrochemical polishing, while treatment in reline
induces surface etching only. These differences are
likely attributed to the previously mentioned
distinctions in the kinetics of nickel anodic dissolution
in ethaline and reline.

It should be noted that X-ray spectroscopic
electron probe microanalysis showed that under any
regime of anodic treatment of the investigated samples

1 The designations Ch and EG refer to the choline cation and ethylene glycol molecule, respectively.

 
 

                                         a b
Fig. 3. Current transients during potentiostatic treatment of nickel in ethaline (a) and reline (b) at certain values

of the electrode potential (indicated on the plots)
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Table 1
Effect of anodic treatment of nickel (150 min at 250C) in

DESs on the roughness coefficient (Ra) of the surface

in DESs, nickel is the dominant component on the
surface. Other elements (oxygen, nitrogen, and
chlorine) are present in trace amounts within the
margin of error of the method. Therefore, the anodic
treatment does not lead to the formation of passivating
oxide films on the surface, which is expected given
the high concentration of chloride ions in the
electrolyte, typically inhibiting the passivation of the
metal surface through the formation of oxide layers.

It is well-known that anodic modification of the
metal surface can influence the electrocatalytic activity
of the surface [3,4]. Considering that nickel is one of
the most promising and active electrocatalysts for the
electrochemical generation of green hydrogen [1], we
determined the kinetic parameters of the hydrogen
evolution reaction in a 1 M NaOH aqueous solution
on a nickel surface before and after its anodic
potentiostatic treatment in ethaline and reline solvents.
The corresponding polarization dependences are shown
in Fig. 5, and the kinetic parameters of the hydrogen
evolution reaction calculated by the data processing
in the coordinates of Tafel equation are systematized
in Table 2. The obtained results indicate that the
anodic treatment of nickel in ethaline and reline

Type of DES Treatment potential, V (vs. 
Ag reference electrode) Ra, µm 

– – (without treatment) 0.72 
1.5 0.53 
1.8 0.47 ethaline 
2.0 0.43 
0.5 0.68 
1.0 0.63 reline 
1.7 0.84 

significantly affects the overpotential of the cathodic
hydrogen evolution reaction, Tafel constants, exchange
current density, and apparent transfer coefficient.

The mutual arrangement of the polarization
curves shown in Fig. 5 and the determined values of
the overpotential for hydrogen evolution at a current
density of 0.1 A/cm2 suggest that at high current
density (relatively high overpotential), the anodic
treatment of nickel in ethaline reduces electrocatalytic
activity at a treatment potential of 1.5 V but
significantly enhances it at treatment potentials of 1.8
and 2.0 V. Thus, the formation of areas with a
smoothed (electropolished) surface on the sample
(Fig. 4) contributes to the increase in electrocatalytic
activity, probably due to the increased surface
concentration of active catalytic sites. However, anodic
treatment of nickel in ethaline also leads to a certain
decrease in the Tafel slopes (i.e., an increase in apparent
transfer coefficients). As a result, as shown in Fig.
6,a, at low overpotentials, the Tafel lines intersect for
samples obtained at different anodic treatment
potentials in a DES. Therefore, the calculated exchange
current density values determined by extrapolation to
η=0 do not correlate with the described influence of
the anodic treatment potential in ethaline on
electrocatalytic behavior at sufficiently high current
densities. Furthermore, it follows from the calculated
j0 values that anodic treatment results in a reduction
of electrocatalytic activity (clearly, this conclusion is
only valid for the region of low overpotentials of
hydrogen evolution near the equilibrium potential).

The data regarding the impact of nickel anodic
treatment in reline on the kinetics of hydrogen
evolution (Fig. 5,b) indicate that, in the region of
relatively high current densities (i.e., high
overpotentials), applying treatment potentials of 0.5
and 1.0 V results in a decrease in electrocatalytic
activity (increased overpotential), while applying a

Table 2
Effect of anodic treatment of nickel (150 min at 250C) in DESs on the kinetic parameters of hydrogen evolution

reaction in 1 M NaOH*

Note: * – overpotential of hydrogen evolution at a current density of 0.1 A/cm²; a and b are the Tafel constants; j0 is the exchange

current density; α is the transfer coefficient.
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Fig. 4. SEM images of the surface of Ni samples: before treatment in DES (a), after treatment in ethaline (b–d),

and reline (e–g) at anodic potentials (V): 1.5 – b; 1.8 – c; 2.0 – d; 0.5 – e; 1.0 – f; 1.7 – g

a b

Fig. 5. Polarization curves of hydrogen evolution in a 1 M NaOH solution on the Ni surface before electrochemical treatment

and after anodic treatment in ethaline (a) and reline (b) at different applied anodic potentials (indicated in the figure). The curves

for potentials of 1.8 V and 2.0 V in Fig. 5,a and the curves for potentials of 0.5 V and 1.0 V in Fig. 5,b practically overlap
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Fig. 6. Polarization curves plotted in Tafel equation coordinates for the hydrogen evolution reaction in a 1 M NaOH solution on

the Ni surface before electrochemical treatment and after anodic treatment in ethaline (a) and reline (b) at different applied

anodic potentials (Fig. 5)

a b

treatment potential of 1.7 V, on the contrary, leads to
a significant increase in electrocatalyst activity (a
noticeable decrease in overpotential). The latter effect
is likely associated with the pronounced etching of
the nickel surface (Fig. 4,g). Similar to the case of
treatment in ethaline, the anodic etching of Ni in the
reline solvent also alters the Tafel slopes (and thus
the apparent transfer coefficients). However, in this
case, there is a tendency for an increase in Tafel
slopes compared to the untreated surface. Consequently,
due to the different slopes, the Tafel lines (Fig. 6,b)
also intersect. Thus, in the case of anodic treatment
in reline, changes in the calculated exchange current
densities (at η=0) do not correlate with the observed
influence of the anodic treatment potential of the
metal in ethaline on electrocatalytic behavior at
sufficiently high current densities (i.e., at significant
deviations from the equilibrium potential).

As known, the Tafel slope in the electrochemical
hydrogen evolution reaction (i.e., the value of the
apparent transfer coefficient) is determined by the
mechanism of this process. It is widely accepted that
hydrogen evolution on metallic nickel in an alkaline
aqueous solution occurs through the Volmer-Heyrovsky
mechanism [2], where the rate-determining step is
considered to be the stage (1):

where H
.
 represents the adsorbed hydrogen atom.

If we consider that the energy barrier in the
rate-determining step of the charge transfer (1) is

symmetric (the true transfer coefficient is close to
0.5), theoretical elementary calculations show that at
a temperature of 298 K, the Tafel slope should be
118 mV/dec [12]. The observed deviations from this
value and changes in the Tafel slope after the anodic
treatment of nickel in DESs obviously do not indicate
fundamental changes in the mechanisms of the process
and/or asymmetry of the energy barrier. Perhaps,
such deviations in Tafel slopes are due to the
microheterogeneity of the electrode surface (the
simultaneous presence of active sites on the surface
with different adsorption energies, which, as shown
in ref. [13], can be the cause of corresponding changes
in the apparent transfer coefficient). In addition, it
has been previously established [14] that the formation
of microdomains of oxide films on the surface of
metals (which is not excluded after anodic etching of
the metal) leads to an increase in Tafel slopes compared
to theoretically calculated values. Currently, it is
challenging to detail the nature of these changes in
the state of the electrocatalyst’s surface and the
redistribution of microdomains with different
electrocatalytic activity due to the anodic treatment of
nickel in ethaline and reline.

The analysis of data regarding electrocatalytic
activity, presented in Table 2, vividly underscores the
conclusion already made in the literature that there is
no single and unambiguous quantitative criterion for
electrocatalytic activity [15]. In particular, there are
no correlations between trends in changes in the
overpotential of the electrode process at a certain value
of the cathodic current and the values of the Tafel
slope «a» and exchange current densities. Bockris [15]
noted that although, for example, exchange current
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density may seem theoretically flawless as a quantitative
characteristic of the kinetics of any electrochemical
reaction, comparing the kinetic capabilities of several
electrocatalysts using the value of j0 is correct only
under the condition of identical or close Tafel slopes.
If the apparent Tafel slopes of two electrochemical
reactions (or the same reaction occurring on the
surfaces of different electrocatalysts) do not coincide,
then the exchange current density cannot be used to
assess electrocatalytic activity (more precisely, it can
only be used for the region of very low polarizations).
As seen from our data, the overpotential value for a
specific chosen current density and/or Tafel slope «a»
are also not explicit quantitative characteristics of the
electrocatalyst’s activity given the presence of
intersection points of Tafel lines due to differences in
Tafel slopes. Such ambivalence is a consequence of
the common drawback of all mentioned quantitative
criteria of electrocatalytic activity: they characterize
the behavior of the electrocatalyst and the course of
the electrochemical reaction only for a specific value
of electrode potential or current density. Obviously,
the development of new integral criteria of
electrocatalytic activity that would assess the behavior
not at a specific «point» but over a sufficiently wide
working range of electrode polarization and/or current
density is crucial. This is important for advancing the
theory of modern electrocatalysis and will be addressed
in our future publications.

Conclusions
1. This study provides a comparative analysis of

the influence of anodic treatment of nickel in two
types of DESs (ethaline and reline) at different applied
potentials on surface morphology, roughness
coefficients, and electrocatalytic activity towards the
hydrogen evolution reaction for the first time.

2. Significant differences were identified in the
kinetics of anodic dissolution and passivation of nickel
during anodic polarization in ethaline and reline. These
differences may arise from substantial variations in
the viscosity of these solvents and differences in the
chemical nature and composition of ions present in
them. It is noteworthy that the anodic dissolution
current densities of nickel in reline are approximately
an order of magnitude lower than in ethaline under
otherwise identical conditions.3. Variations in the
kinetics and mechanism of Ni anodic behavior lead
to different types of microprofile evolution on the
surface: anodic treatment in ethaline at specific
potentials results in electrochemical surface polishing
(confirmed by roughness coefficient measurements),
whereas anodic treatment in reline does not allow for
effective electropolishing and only surface etching and
roughness increase are observed.

4. Anodic potentiostatic treatment of nickel in
both investigated DESs at specific electrode potentials
significantly enhances the electrocatalytic activity of
the surface towards the hydrogen evolution reaction
in an alkaline medium. This feature can be utilized
for controlled manipulation of the electrocatalytic
behavior of materials used in the electrolytic synthesis
of green hydrogen.

5. The obtained data further emphasize the fact
that well-known quantitative criteria of electrocatalytic
activity (exchange current density, Tafel constants,
overpotential values at arbitrarily chosen current
density, etc.) are not unequivocal and universal. Thus,
there is a highlighted need for further development of
new integral criteria of electrocatalytic activity covering
specific ranges of electrode polarization or current
density.

Acknowledgements
This work was supported by the Ministry of

Education and Science of Ukraine (project no.
0124U000563).

REFERENCES

1. Mohammed-Ibrahim J., Sun X. Recent progress on

earth abundant electrocatalysts for hydrogen evolution reaction

(HER) in alkaline medium to achieve efficient water splitting –

a review // J. Energy Chem. – 2019. – Vol.34. – P.111-160.

2. A mini review on nickel-based electrocatalysts for alkaline

hydrogen evolution reaction / Gong M., Wang D.Y., Chen C.C.,

Hwang B.J., Dai H. // Nano Res. – 2016. – Vol.9. – P.28-46.

3. Anodic treatment of Ni-Cu alloy in a deep eutectic

solvent to improve electrocatalytic activity in the hydrogen

evolution reaction / Protsenko V.S., Butyrina T.E.,

Makhota D.O., Korniy S.A., Danilov F.I. // Port. Electrochim.

Acta. – 2023. – Vol.41. – P.29-45.

4. Modification of surface morphology and surface

properties of copper-nickel alloy by anodic treatment in a deep

eutectic solvent (ethaline) / Protsenko V., Butyrina T.,

Makhota D., Korniy S., Danilov F. // Arch. Metall. Mater. –

2023. – Vol.68. – No. 2. – P.477-482.

5. Deep eutectic solvents: syntheses, properties and

applications / Zhang Q., Vigier K.D.O., Royer S., Jerome F.

// Chem. Soc. Rev. – 2012. – Vol.41. – P.7108-7146.

6. Anodic dissolution of metals in ionic liquids /

Abbott A.P., Frisch G., Hartley J., Karim W.O., Ryder K. //

Prog. Nat. Sci. Mater. Int. – 2015. – Vol.25. – P.595-602.

7. Electropolishing of nickel and cobalt in deep eutectic

solvents / Karim W.O., Abbott A.P., Cihangir S., Ryder K.S.

// Trans. Inst. Met. Finish. – 2018. – Vol.96. – P.200-205.

8. Electrodeposition of nickel using eutectic based ionic

liquids / Abbott A.P., El Ttaib K., Ryder K.S., Smith E.L. //

Trans. Inst. Met. Finish. – 2008. – Vol.86. – P.234-240.



97

Anodic surface treatment of nickel in eutectic ionic liquids based on choline chloride for electrochemical
polishing and enhancement of electrocatalytic activity in hydrogen evolution reaction

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 1, pp. 89-98

9. Ali M.R., Rahman M.Z., Saha S.S. Electroless and

electrolytic deposition of nickel from deep eutectic solvents based

on choline chloride // Ind. J. Chem. Technol. – 2014. – Vol.21.

– P.127-133.

10. Effect of water content on physicochemical properties

and electrochemical behavior of ionic liquids containing choline

chloride, ethylene glycol and hydrated nickel chloride /

Protsenko V.S., Kityk A.A., Shaiderov D.A., Danilov F.I. //

J. Mol. Liq. – 2015. – Vol.212. – P.716-722.

11. Enhancing corrosion resistance of nickel surface by

electropolishing in a deep eutectic solvent / Protsenko V.S.,

Butyrina T.E., Bobrova L.S., Korniy S.A., Danilov F.I. // Mater.

Lett. – 2020. – Vol.270. – Art. No. 127719.

12. Lasia A. Mechanism and kinetics of the hydrogen

evolution reaction // Int. J. Hydrogen Energy. – 2019. – Vol.44.

– P.19484-19518.

13. Ammar I.A., Darwish S. The hydrogen-evolution

reaction: influence of zeta potential and surface heterogeneity on

Tafel slope // Electrochim. Acta. – 1967. – Vol.12. – P.833-

841.

14. Hydrogen evolution activity and electrochemical stability

of selected transition metal carbides in concentrated phosphoric

acid / Tomas-Garcia A.L., Jensen J.O., Bjerrum N.J., Li Q. //

Electrochim. Acta. – 2014. – Vol.137. – P.639-646.

15. Bockris J.O’M. On the way to a minimization of

overpotential // J. New Mater. Electrochem. Syst. – 2004. –

Vol.7. – P.67-76.

Received 31.08.2023

ÀÍÎÄÍÅ ÎÁÐÎÁËÅÍÍß ÏÎÂÅÐÕÍ² Í²ÊÅËÞ Â
²ÎÍÍÈÕ Ð²ÄÈÍÀÕ ÍÀ ÎÑÍÎÂ² ÕÎË²Í ÕËÎÐÈÄÓ
ÄËß ÅËÅÊÒÐÎÕ²Ì²×ÍÎÃÎ ÏÎË²ÐÓÂÀÍÍß ÒÀ
Ï²ÄÂÈÙÅÍÍß ÅËÅÊÒÐÎÊÀÒÀË²ÒÈ×ÍÎ¯
ÀÊÒÈÂÍÎÑÒ² Ó ÐÅÀÊÖ²¯ ÂÈÄ²ËÅÍÍß ÂÎÄÍÞ
Â.Ñ. Ïðîöåíêî, Ä.Î. Ìàõîòà, Ò.ª. Áóòèð³íà, Ñ.À. Êîðí³é,
Ô.É. Äàíèëîâ

Ó ðîáîò³ äîñë³äæåíî âïëèâ àíîäíîãî ïîòåíö³îñòàòè-
÷íîãî îáðîáëåííÿ í³êåëþ â äâîõ ïðåäñòàâíèêàõ íîâîãî òèïó
³îííèõ ð³äèí – íèçüêîòåìïåðàòóðíèõ åâòåêòè÷íèõ ðîç÷èí-
íèê³â – ethaline ³ reline (åâòåêòè÷í³ ñóì³ø³ õîë³í õëîðèäó ç
åòèëåíãë³êîëåì ³ êàðáàì³äîì, â³äïîâ³äíî). Îõàðàêòåðèçîâà-
íî âïëèâ àíîäíîãî îáðîáëåííÿ íà ïîâåðõíåâó ìîðôîëî-
ã³þ, êîåô³ö³ºíòè øîðñòêîñò³ òà åëåêòðîêàòàë³òè÷íó àê-
òèâí³ñòü ñòîñîâíî ðåàêö³¿ âèä³ëåííÿ âîäíþ. Ïîêàçàíî, ùî
ãóñòèíè ñòðóìó àíîäíîãî ðîç÷èíåííÿ í³êåëþ â reline ïðè-
áëèçíî íà ïîðÿäîê ìåíø³, í³æ â ethaline çà âñ³õ ³íøèõ îä-
íàêîâèõ óìîâ. Âñòàíîâëåí³ ñóòòºâ³ â³äì³ííîñò³ ó ê³íåòèö³
àíîäíîãî ðîç÷èíåííÿ ³ ïàñèâàö³¿ í³êåëþ ïðè àíîäí³é ïî-
ëÿðèçàö³¿ â ethaline òà reline, ùî ìîæóòü áóòè îáóìîâëåí³ ÿê
ñóòòºâîþ ð³çíèöåþ ó â’ÿçêîñò³ öèõ ðîç÷èííèê³â, òàê ³ ó
â³äì³ííîñòÿõ ó õ³ì³÷í³é ïðèðîä³ ³ ñêëàä³ ³îí³â, ùî â íèõ
ïðèñóòí³. Âèÿâëåíî, ùî àíîäíå îáðîáëåííÿ â ethaline çà
ïåâíèõ ïîòåíö³àë³â ïðèâîäèòü äî åëåêòðîõ³ì³÷íîãî ïîë³-
ðóâàííÿ ïîâåðõí³, ùî ï³äòâåðäæåíî çìåíøåííÿì âèì³ðÿ-
íèõ êîåô³ö³ºíò³â øîðñòêîñò³, òîä³ ÿê àíîäíå îáðîáëåííÿ â
reline íå äîçâîëÿº ïðîâîäèòè åôåêòèâíå åëåêòðîïîë³ðóâàí-
íÿ ³ ñïîñòåð³ãàºòüñÿ ëèøå ðîçòðàâëþâàííÿ ïîâåðõí³ (çðîñ-
òàííÿ êîåô³ö³ºíò³â øîðñòêîñò³). Àíîäíå ïîòåíö³îñòàòè÷íå
îáðîáëåííÿ í³êåëþ â îáîõ äîñë³äæåíèõ íèçüêîòåìïåðàòóð-
íèõ åâòåêòè÷íèõ ðîç÷èííèêàõ çà ïåâíèõ çíà÷åíü åëåê-
òðîäíèõ ïîòåíö³àë³â äîçâîëÿº ïîì³òíî ï³äâèùèòè åëåêò-
ðîêàòàë³òè÷íó àêòèâí³ñòü ïîâåðõí³ ñòîñîâíî ðåàêö³¿ âèä³-
ëåííÿ âîäíþ ó âîäíîìó ëóæíîìó ñåðåäîâèù³, ùî ìîæå
áóòè âèêîðèñòàíî ïðè ðîçðîáö³ åëåêòðîêàòàë³òè÷íèõ ìàòå-
ð³àë³â äëÿ åëåêòðîë³òè÷íîãî ñèíòåçó «çåëåíîãî» âîäíþ.

Êëþ÷îâ³ ñëîâà : í³êåëü, àíîäíå îáðîáëåííÿ,
íèçüêîòåìïåðàòóðíèé åâòåêòè÷íèé ðîç÷èííèê, ïîâåðõíåâà
ìîðôîëîã³ÿ, åëåêòðîïîë³ðóâàííÿ, åëåêòðîêàòàë³ç, ðåàêö³ÿ
âèä³ëåííÿ âîäíþ.
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ANODIC SURFACE TREATMENT OF NICKEL IN
EUTECTIC IONIC LIQUIDS BASED ON CHOLINE
CHLORIDE FOR ELECTROCHEMICAL POLISHING
AND ENHANCEMENT OF ELECTROCATALYTIC
ACTIVITY IN HYDROGEN EVOLUTION REACTION
V.S. Protsenko a, *, D.O. Makhota a, T.E. Butyrina a,
S.A. Korniy b, F.I. Danilov a

a Ukrainian State University of Chemical Technology, Dnipro,
Ukraine
b Karpenko Physico-Mechanical Institute of the NAS of
Ukraine, Lviv, Ukraine
* e-mail: Vprotsenko7@gmail.com

The paper reports the impact of anodic potentiostatic
treatment of nickel in two representatives of a new type of eutectic
ionic liquids (deep eutectic solvents), ethaline and reline, which
are eutectic mixtures of choline chloride with ethylene glycol and
urea, respectively. The influence of anodic treatment on surface
morphology, roughness coefficients, and electrocatalytic activity
towards the hydrogen evolution reaction is characterized. It is
demonstrated that the current densities of nickel anodic dissolution
in reline are approximately an order of magnitude lower than in
ethaline under all other identical conditions. Significant differences
in the kinetics of nickel anodic dissolution and passivation during
anodic polarization in ethaline and reline have been established,
which may be attributed to both a substantial difference in the
viscosity of these solvents and differences in the chemical nature
and composition of the ions present in them. It is found that
anodic treatment in ethaline, at certain potentials, results in
electrochemical polishing of the surface, confirmed by a decrease
in measured roughness coefficients, while anodic treatment in
reline does not allow effective electropolishing and only surface
etching (increase in roughness coefficients) is observed. Anodic
potentiostatic treatment of nickel in both investigated deep eutectic
solvents at specific electrode potential values significantly enhances
the electrocatalytic activity of the surface towards the hydrogen
evolution reaction in an alkaline environment. This finding can be
utilized in the development of electrocatalytic materials for the
electrolytic synthesis of green hydrogen.

Keywords: nickel; anodic treatment; deep eutectic solvent;
surface morphology; electropolishing; electrocatalysis; hydrogen
evolution reaction.
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