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Abstract

The process of electrodeposition of nickel coatings from electrolytes based on a deep
eutectic solvent (DES) mixture of choline chloride and lactic acid with a molar ratio of 1:3
was studied. The physicochemical properties and characteristics of DES, namely, con-
ductivity, FT-IR and NMR analysis were determined. FT-IR results confirmed that H-bonds
occurring between two components in DES were the main force leading to the eutectic
formation. Electrochemical techniques were used to characterize the deposition process and
scanning electron microscopy was used to study the deposit morphology. Based on
polarization measurements, it has been found that at NiCl,-6H,0 content of 1.14 M and a
temperature of 75 °C, the limiting current density of nickel electrodeposition was near
2 A dm™. The polarization of the cathodic nickel deposition varied within -0.63 to 1.1 V at
current density of 0.25 A dm™ It has been shown that an increase of water content in the
electrolyte does not significantly affect the current efficiency of the nickel electrodeposition
process, which was in a range 85-93 %. However, the increase in water content contributes
to the increase of heterogeneity and crystal grains size distribution of galvanic deposits. The
established values of the Wagner number indicate the predominance of the primary current
density distribution in the process of electrodeposition of nickel coatings. Galvanic coatings
possess a highly developed nanostructured surface, exhibit increased capillary properties,
and can be used as electrode materials for the process of electrolysis of water.
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Introduction

One of the modern directions of electroplating is the electrodeposition of coatings from non-
aqueous electrolytes, in particular, based on deep eutectic solutions - mixtures of organic
compounds - the so-called DES [1-5]. The DES formation process is coupled with the formation of
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donor-acceptor bonds [6], and the melting point of the selected eutectic mixture is lower than the
individual components. DES-s are similar in their properties to ionic liquids, which makes promising
their application in such areas of technical electrochemistry as electroplating [7-9] or chemical
current sources [10-12]. Electrolytes based on DES are widely used for electrodeposition of metals,
the main component-donor (HBD) of which is choline chloride. The following organic compounds
can be acceptors (HBA): organic acids, polyhydric alcohols, urea and its derivatives. A significant
amount of printed works has been devoted to the electrodeposition of metal coatings from
electrolytes based on DES, such as ethaline (a mixture of choline chloride and ethylene glycol)
[7,9,13-15] and reline (a mixture of choline chloride and urea) [16-18]. It is well known that galvanic
nickel coatings, in terms of their physical, mechanical, and electrochemical properties, are
multifunctional and are used both in the fields of special surface treatment of parts and of
electrochemical energy conversion. In-depth investigation of nickel coatings' electrodeposition
process from electrolytes based on DES can expand their range of properties and applications.

Ethaline and reline are most often used as the basis of the electrolyte in the electrodeposition of
nickel coatings, as evidenced by the data of most known works [7,9,13-18]. In particular, the
disadvantages of the corresponding DES include the following. Although the operating temperature
of the nickel electrodeposition process from ethaline-based solutions is 70 °C, the component
(donor) of this solution is highly toxic ethylene glycol. The main disadvantage of reline-based
electrolytes is the high operating temperature (90-100 °C), and hence the increased energy
consumption of the process. Thus, the urgent scientific task is to select a donor for the solvent of
the nickel-plating electrolyte based on choline-containing DES, which would meet the
environmental safety conditions and cost-effectiveness of the nickel-plating process. A deep
eutectic mixture based on choline chloride and lactic acid (LC) is of considerable interest [19-21].
These compounds were chosen because they can be obtained from natural sources, used as food
additives, and generally recognized as safe (GRAS) [22,23]. The studies have shown that the molar
ratio of choline chloride and lactic acid can vary from 1:1 to 1:3 without considerable reduction of
HBA:HBD interaction [24]. That is, the mass fraction of the cheaper and environmentally friendly
component (donor) — lactic acid, is greater than for ethylene glycol in ethaline. Electrodeposition of
zinc from LC mixture formed by choline chloride - lactic acid (1:2) was studied [20]. The deposition
process was conducted in a two-electrode cell. The low-carbon steel was used as the cathode and
the zinc plate as the anode. The deposition of Zn was carried out using a constant current mode.
Cyclic voltammetry results showed that the electrochemical stability window of LC is approximately
2.3 V. The onset of Zn reduction (vs. Ag/AgCl) in LC occurs at £ =-1.4 V and there is a clear current
cross-over loop during the reduction process. The SEM study showed that the morphology of the
coatings evolves into domains of co-aligned platelets with a fast growth direction roughly
perpendicular to the interface.

This work is devoted to the investigation of the nickel coating electrodeposition process from the
electrolyte based on a deep eutectic mixture of choline chloride and lactic acid with a molar ratio
1:3 and the investigation of the deposited Ni coating properties as a promising electrode material
for electrolysis of water.

Experimental

Choline chloride 99 % and lactic acid 90 % (Acros Organics), nickel chloride and potassium
chloride (Khimlaborreactiv) of reagent grade were used. The DES was prepared by the heating
method. Briefly, choline chloride and lactic acid were mixed in sealed 100 mL glass flasks in molar
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ratios. The mixtures were placed in a round-bottom flask and continuously stirred at 60 °C, 300 rpm
in @ magnetic stirrer until the mixture formed a clear solution. A DES is often made with a mixture
of salt and a hydrogen bond donor molecule which can form bonds with the halide in the salt, as
shown in Figure 1.
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Figure 1. Hydrogen bond donor (HBD) and acceptor (HBA) studied in this work lead to the formation of
(hydrogen bond between) choline chloride and lactic acid

The synthesis of DES was confirmed by the nuclear magnetic resonance (NMR) spectrometry
method (Bruker Ascend 300). A nuclear magnetic resonance (NMR) spectrometer operating at
300 MHz was used to record the *H NMR spectra of the DES. All samples were dissolved in D20. The
chemical shift corresponding to the methyl group peak has been used as a reference.

Fourier transformed infrared (FT-IR) spectra of the DESs were obtained using a Bruker Tensor 27
(Bruker Corp, Massachusetts, USA). A total of 14 scans were measured at 4 cm™ resolution with a
scan rate of 22 scans minl. Measurements were done between 650 and 4000 cm™ using air as a
reference.

The DES for nickel plating electrolyte was prepared by fusing choline chloride with lactic acid in a
molar ratio 1:3 at 70 °C. After homogenization of the system, NiCl,-6H,0 was dissolved in the
obtained DES to give a concentration of 1.14 M (H,O/Ni molar ratio = 6). Additionally, distilled water
was added to the electrolyte in H,O/Ni molar ratio =12 and 18.

To determine the width of the electrochemical window the cycling voltammetry technique was
used. The electrochemical window determines the range of potentials where the electrolyte is
neither oxidized nor reduced. Traditional three-electrode electrochemical cell was used with a
saturated silver chloride reference electrode (E = +0.2 V vs.NHE) (SSCE). A saturated silver chloride
reference electrode was connected to the cell via an intermediate beaker and a salt bridge filled
with saturated KCl solution to prevent any mixing of solutions. The pair of platinum electrodes were
polarized with direct current in the potential range -1.2 to +1.2 V vs.SSCE. The scanning rate was 50
mV s1. The scan was performed 3 times to assure data convergence.

The cathodic potentiodynamic curves in the investigated Ni-electrolyte were obtained on a
working nickel electrode (99.98 %) of cylindrical shape, pressed into Teflon. The surface of the
working electrode was 0.5 cm?. Before obtaining the curves, the working surface of the electrode
was mechanically degreased with potassium carbonate and, after rinsing in distilled water, etched
in 10 % HCI solution. Nickel plate of electrodeposited nickel (99.98 %) was used as an auxiliary
electrode. As a reference electrode, a silver wire (95.9 %) was used, which was placed directly in the
cell. The potential of silver wire was measured vs. SSCE electrode in the DES solution and was found
to be +0.1 V vs.SSCE. Polarization curves were obtained in a standard three-electrode cell. The
potential values are given versus the potential of the silver wire. The scan rate was 10mVs™. The
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temperature was 753 °C. The polarization of the cathodic nickel deposition process (AE) was
determined at the current density of 0.25 A dm™.

The cathodic potentiodynamic curves of electrochemical evolution of hydrogen on electro-
deposited nickel coatings were obtained in 0.1 M KOH. A saturated silver chloride reference
electrode was connected to the cell via two intermediate beakers and a Luggin capillary. A platinum
metal plate with an area of 0.53 cm? was used as a counter electrode. The potential scan rate was
10 mV st The temperature was 20 °C.

The Ametek VersaStat 3-200 digital potentiostat with VersaStudio 12 software was used to
perform polarization measurements, as well as to measure the electrical conductivity of the
investigated solutions. The resistance of the electrolyte was measured in a standard cell with two
platinum electrodes, the area of each was 2 cm?, the interelectrode distance was 0.5 cm, the
frequency of alternating current was 103 to 10° Hz. The electrical conductivity of the electrolyte was
calculated based on the values of the resistance of the electrolyte and the cell constant was
determined using 0.01 M KCl.

Electrodeposition of nickel coatings was performed on rectangular steel samples of steel 08kp
(European analogue Fe37-3FN) with an area of 6 cm?. Electrodeposition of nickel coatings was
performed from an electrolyte prepared based on the investigated DES. Also, to compare the
properties of the coatings obtained from the electrolyte based on DES, matte and bright nickel
coatings were tested, which were electrodeposited from the Watts bath. For electrodeposition of
bright coatings in the Watts bath the saccharin at a concentration of 0.5 g dm= was added. Operating
current densities ranging from 0.5 to 2 A dm™. Electrodeposition was performed in a cylindrical glass
cell with a cylindrical nickel anode made of nickel foil (99.98 %) 200 um thick. The electrolyte tem-
perature was 75 + 3 °C. The current efficiency of the nickel electrodeposition process was deter-
mined based on the gravimetric method using analytical balance RAWAG AS 220 R2. As a dc source,
a rectifier B5-43 was used. The thickness of the electrodeposited coatings was 5 to20 um.

The investigations of capillary uplift of liquids on the surface of nickel coatings were performed
by immersing samples with nickel coatings in a Petri cup with ethyl alcohol (98 %) and distilled water.
Rectangular steel samples with electrodeposited nickel coatings were placed at an angle of 90° to
the test liquid mirror. The depth of immersion of the sample edge was 3 mm. The height of the liquid
uplift on the surface of the sample was measured and recorded 15 min after the start of exposure
with an accuracy of 0.5 mm.

SEM-studies of the surface of electrodeposited nickel coatings were performed using TESCAN
VEGA3 microscopes equipped with an EDX analyzer Bruker Quantax EDS and PEM106-I equipped
with an Oxford HKL Channel-5 EDX analyzer.

Results and discussion

Characterization of deep eutectic solvents and DES-based electrolyte

From the FT-IR spectrum in Figure 2, several bands characteristic groups of DES scan are seen.
The large band at 3432.9 cm™ could be assigned to O-H group. The bands appearing at 2920.7 and
2849.1 cm™ correspond to C-H stretching vibration. The frequency at 3221 cm™ is assigned to the
O-H stretching frequency associated with OH-CI of choline chloride. The OH stretching region of
lactic acid contains broad overlapping bands centered on 3420 cm™ that is typical of carboxylic acid,
forming strongly bonded dimer rings through intermolecular H-bonding between C-O and O-H
groups. The outline of the bond may be due to the combined bonding of choline chloride and lactic
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acid molecules overlapping in the O-H and N-H bond. Two weak peaks were observed at 2987 cm™
in DES, indicating C-H stretching bonds, but shifted to a slightly lower wave number.
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Figure 2. FT-IR spectrum of choline chloride — lactic acid

The 'H NMR analysis has been used to study the ionization states of protons and determine the
structure of the molecules (Figure 3). The 'H NMR analysis on the synthesized choline chloride —
lactic acid DES was performed. The chemical shift for choline chloride appeared at 6 = 4.95 ppm.
The peak of lactic acid at 1.48 ppm has an integral value of 2.11, while at 3.44 ppm, labeled with
number 9, the peak of choline chloride — lactic acid has an integral value of 2.00. Thus, the molar
ratio of the choline chloride — lactic acid is indeed 1:3. These findings explain that the OH groups of
lactic acid may interact with choline chloride and then form intermolecular hydrogen bonds, which
enhance the solvation capacity of DES.
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Figure 3. 'H NMR spectrum of the DES choline chloride — lactic acid

Figure 4 presents a typical cyclic voltammogram for DES, which shows an electrochemical stability
window (ESW) on Pt electrodes from about — 0.3 to + 1.0 V (electrode potential vs. SSCE). Pure
solvents show the widest stability window, e.g., choline chloride-lactic acid ESW exceeds 1.33 V.
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Figure 4. Cyclic voltammograms of choline chloride — lactic acid with various concentrations of water (0-25 %)

Investigation of nickel electrodeposition process

According to [25], the addition of water to the nickel-plating electrolyte based on ethaline has a
positive effect on the morphology of deposited metal. The effect of water content that corresponds
to molar ratio H,O/Ni [M/M] = 12 and 18 is especially noticeable. Therefore, the effect of a similar
amount of water was investigated in the electrolyte based on choline chloride and lactic acid. The
polarization curves obtained in the investigated nickel-plating electrolyte are shown in Figure 5.
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Figure 5. The cathodic potentiodynamic curves (10 mV s) obtained in the nickel-plating electrolyte based
on DES. Nickel content in the electrolyte is 1.14 M, molar ratio H,O/Ni : 1: 6; 2: 12; 3: 18. Dashed line shows
current density (0.25 A dm™) where the polarization value was determined

As can be seen from Figure 5, for curve 1 —the limiting current density of the cathode process of
electroreduction of nickel in the water-free electrolyte is about 2 A/dm?. Compact, gray, velvety
nickel deposits were obtained in the current density range of 0.25 —2.0 A dm™. The cathodic
polarization AE, determined for a cathodic current density of 0.25 A dm, is about —0.76 V in the
electrolyte with molar ratio H,O/Ni = 6.
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As the amount of water in the electrolyte increases, the molar ratio H,O/Ni = 12, the AE
decreases to -0.63 V. The decrease of polarization of the cathodic process is consistent with an
increase in the crystal grain size of the nickel deposits on average, from 0.5 to 1.5 um (Figures 6a,
b). In general, the decrease of polarization of the cathodic process can be caused by the change in
the structure of the DES-based electrolyte because the addition of water changes the solvation
number of nickel ions. As a result, the polarization of the nickel deposition process is lower than that
of complex ions based on the studied DES because Ni ions are dissolved in water and not in DES.

A further increase in the amount of water to the molar ratio H,O/Ni = 18 leads to the deeper
hydrolysis of the system and the formation of sparingly soluble nickel compounds, which is reflected
in the turbidity increase and partial sedimentation of agglomerated species.

20.00kV  x5.00k 20.00kV  x5.00k

20.00kV  x5.00k
Figure 6. SEM-images of the surface of galvanic nickel deposits with a thickness of 5 um, obtained in the
electrolyte based on DES. Nickel content in the electrolyte 1.14 M, molar ratio H,O/Ni : 1: 6; 2: 12; 3: 18

The formation of sparingly soluble nickel compounds (Ni salts) leads to partial blockage of the
cathode and following an increase in the polarization of the cathodic process, approximately to -1.1
V (Figure 5, curve 3). The increase in the limiting current density can be explained by partial
sedimentation and an increase in the metal concentration near the cathode, which was located at
a medium level relative to the height of the electrolyte column in the cell. Partial blockage of the
cathode leads to a decrease in the homogeneity of the crystal structure and the deterioration of the
quality of the nickel deposits (Figure 2, c).

Results of EDX studies of the elemental composition of the sample surfaces with nickel coatings
obtained in the studied electrolytes with different amounts of water are given in Table 1.
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Table 1. Elemental composition of the surface of nickel coatings with a thickness of 5 um depending on the
amount of water in the electrolyte

H,O/Ni molar ratio 6 12 18
Element Element content, at.%
Ni 93.02 94.35 92.13
Fe 5.19 3.28 2.46
O 1.79 2.37 5.41

As can be seen from Table 1, the presence of iron (from steel base) in the coating indicates the
porosity of the obtained coatings. As the amount of water in the solution increases, the oxygen
content in the surface layers of the coating increases. This may be another confirmation of the fact
that the increase in the amount of water in the system increases the amount of sparingly soluble
oxygen-containing nickel compounds, which during electrodeposition, are incorporated in the
coating.

As shown by the results of determining the current efficiency (Figure 7), the increase in water
content in the test solution has little effect on the current efficiency of the nickel deposition process.
The current efficiency varies within 80... 97 %, and the maximum values are observed at current
densities of 0.5 to 1 A-dm™. The main side cathodic process is the molecular hydrogen formation
from protons, which is accompanied by intense gas evolution. The lack of a sharp decrease in the
current efficiency of nickel deposition from the bath with H,O/Ni molar ratio = 18 can also be
explained by co-deposition with the metal of insoluble nickel compounds.
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Figure 7. The effect of current density on efficiency for choline chloride - lactic acid DES used for Ni
electrodeposition, molar ratio HO/Ni 1:6; 2:12; 3: 18

An important parameter that determines the throwing power and, as a consequence, the
uniformity of current density and coating thickness distribution on the cathode surface is the
Wagner number (W). This parameter can be determined by the equation (1) [26]:

N1
W:Zd_fzz(ﬂj (1)
Hdj H\dE
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o — specific electrical conductivity S cm™; H — interelectrode distance, cm; dE/dj — the slope of the
polarization curve, Q cm?. Accordingly, the greater the W, the more uniform and preferred is the
secondary distribution of current density. In the case when W — 0, the uniformity of current and
metal distribution decreases, approaches the primary and will be determined by the ratio of the
geometric parameters of the galvanic cell. The determined values of electrical conductivity and the
calculated dE/dj and W values are given in Table 2. Wagner number was calculated since the
interelectrode distance was constant and equal to 2 cm. The slopes were used for the cathodic
branches of potentiodynamic curves (Figure 5). Also, according to the data [27], the corresponding
electrochemical parameters are given for the Watts electrolyte for comparison.

Table 2. Electrochemical parameters of nickel-plating processes

Electrolyte based on the investigated DES with H,O/Ni
Parameter molar ratio* Watts electrolyte**[27]
6 12 18
(dE/dj) / Q cm? 6.68 2.96 0.96 2.10
o/Scm? 0.009 0.020 0.030 0.700
w 0.030 0.030 0.014 0.740
AE/V -0.76 -0.63 -1.1 -0.4

*temperature 75 °C; **temperature 50 °C.

From Table 2 it can be seen that with the increasing amount of water in the electrolyte, the
polarization of the cathode decreases, and the electrical conductivity of the electrolyte increases.
The values of the Wagner number for the nickel electrolyte based on the investigated DES are much
smaller than for the conventional water-based Watts electrolyte. The values of Win the investigated
electrolyte based on DES indicate that the electrodeposition will be dominated by the primary
distribution of current density, which is determined by the ratio of the geometric parameters of the
cell. Regarding the possible field of application, such an electrolyte can be used in additive
technologies of electrochemical 3D printing. In [28], it has been shown that in order to achieve the
highest possible accuracy of printing (local electrodeposition of metal) and process control, the
electrolyte must have a minimum throwing power, and the current distribution must correspond to
the primary one.

Investigation of capillary properties of Ni coatings

Deeper studies of the coating structure showed the presence of a cabbage-like structure with
nanosized scaly crystalline groups, the thickness of which is less than 100 nm (Figure 8). In general,
the surface of the obtained coatings was gray, coarse-grained and velvety-like (Figure 9a), and the
coatings can be easily wetted with water. Similar in appearance and structure tin coatings were
already obtained in [29]. The appearance (velvet-like surface) and properties (good wettability of
the surface with water) prompted further studies of the capillary properties of the obtained coatings
(Figures 9 and 10).

As it was established during the measurement of the height of capillary uplift of ethyl alcohol
(Figure 9), on samples obtained from the investigated electrolyte, the capillary rise column reaches
6 mm at a coating thickness of 10 um and 7-12 mm at a coating thickness of 20 um. On the matte
nickel, electrodeposited from the Watts bath, the alcohol rises by 2 mm, and on the bright nickel,
capillary uplift has not been observed.
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Figure 8. The surface structure (in various magnifications) of the galvanic nickel coating with a thickness of
10 um, obtained in the electrolyte based on DES. Nickel content in the electrolyte 1.14 M, in the form of
NiCl>"6H,0

lcm

Figure 9. Samples with electrodeposited Ni coatings placed in a container with ethyl alcohol:

a, b — electrodeposited from the electrolyte based on DES; ¢ — bright nickel coating; d — matte
nickel coating. Coating thickness: a, ¢, d — 10 um; b — 20 um

a b C

lem

Figure 10. Samples with electrodeposited Ni coatings placed in a container with water:
a — electrodeposited from the electrolyte based on DES; b — bright nickel coating;
¢ — matte nickel coating. The thickness of the coatings is 10 um

On the samples immersed in water (Figure 10), the column of capillary rise of the liquid with a
height of 5 mm is observed only on the coatings obtained from the investigated DES-based
electrolyte. The thickness of the coating has almost no effect on the height of capillary uplift.
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Based on the obtained results, it has been found that electrodeposited nickel coatings from the
DES-based electrolyte show the ability of capillary uplift of liquids such as water and ethyl alcohol,
compared with conventional matte and bright coatings. This property makes the obtained coating
a promising material for heat pipes and heat exchange surface modification [30,31].

The investigation of electrochemical hydrogen evolution reaction

Nickel electrodes are widely used, in particular, in the alkaline electrolysis of water. To reduce
energy costs and increase process productivity, electrodes with a highly developed,
microstructured, and bulky-porous surface are used [32-34]. The obtained nanostructured surface
of nickel coatings that have been electrodeposited from an electrolyte based on DES (Figure 8) may
indicate their prospects for use as cathode materials for the electrolysis of water. To investigate the
electrochemical activity on the studied electrodes, a linear polarization scan with 10 mV/s scan rate
curves was recorded in semilogarithmic coordinates (Figure 11).
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Figure 11. Potentiodynamic polarization curves in 0.1 M KOH and following electrodes:
1- Pt; 2 - electrodeposited Ni from the electrolyte based on DES;
3 - electrodeposited matte Ni from Watts bath; 4 — electrodeposited bright Ni from Watts bath

From Figure 11, it can be seen that the lowest polarization of hydrogen evolution is observed on
platinum, in the second place is nickel electrodeposited from DES-based electrolyte, followed by
galvanic matte and bright nickel. Accordingly, at a cathodic current density of 1 mA cm (logj = 0),
the potentials of hydrogen evolution are: on platinum at -0.87 V vs. SSCE, on Ni electrodeposited
from the electrolyte based on DES at -0.94 V vs.SSCE, on matte and bright nickel about 1V vs.SSCE.
Thus, the obtained data indicate the prospect of using galvanic nickel coatings, electrodeposited
from an electrolyte based on a deep eutectic mixture of choline chloride and lactic acid, as cathode
materials for electrochemical production of hydrogen.

Conclusions
The deep eutectic mixture of choline chloride and lactic acid with a molar ratio of 1:3 was

prepared by the heating method. The FT-IR analysis proved the formation of the combined bonding
of choline chloride and lactic acid molecules and the 'H NMR analysis proved the molar ratio of the
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choline chloride — lactic acid to be 1:3. The electrochemical stability window was found to be 1.33 V
for pure DES and reduces to 1.3 V when water was added in the amount of 25 vol.%.

During the investigation of the process of electrodeposition of nickel coatings from the
electrolyte based on a deep eutectic mixture of choline chloride and lactic acid, the following have
been established. The surface of the electrodeposited coatings is light gray, like velvet. Galvanic
deposits of nickel are quite coarse-grained with a grain size of 0.5 to 2 um. The surface of the crystal
grains is highly developed and contains scaly crystals with a characteristic size of less than 100 nm.
Galvanic coatings, which were electrodeposited from the investigated electrolyte, show quite
pronounced capillary properties in relation to water and ethyl alcohol.

The highly developed surface structure of the obtained coatings makes them promising for use
as an electrode material for hydrogen evolution reaction. The height of the capillary rise column on
investigated coatings is 4 to 6 times higher than that on conventional matte and bright coatings
obtained by Watts bath. As the water concentration in the electrolyte increases (H,O/Ni molar ratio
increases from 6 to 8), the electrical conductivity of the system increases from 0.009 to 0.03 S/cm.
However, the increase in the amount of water contributes to the deterioration and
electrodeposition of more coarse-grained and less-ordered structures of nickel deposits. It has been
established that in the range of current densities of 0.25 to 2 A dm™2 the current efficiency of nickel
deposition process varies within 80 to 97 %. Increasing the amount of water in the electrolyte does
not significantly affect the current efficiency.

Based on polarization measurements and electrical conductivity measurements, the values of the
Wagner number are determined, which vary within 0.014 to 0.03. The obtained values indicate the
predominance of the primary current density distribution during the electrodeposition of nickel
from the electrolyte based on a deep eutectic mixture of choline chloride and lactic acid. This makes
promising the use of the corresponding electrolyte in additive technologies, in particular, systems
of electrochemical 3D-printing.

The investigation of the hydrogen electrochemical reduction process showed that the
polarization of this process on electrodeposited nickel coatings from the DES-based electrolyte is
60 mV lower than that on matte and bright nickel coatings.
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