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Abstract 
This work examines the electrodeposition of Ni-based composite coatings containing cerium compounds from a 
eutectic mixture of choline chloride and urea (reline), a typical deep eutectic solvent. The data reveal that 
depending on the concentrations of NiCl26H2O and CeCl37H2O dissolved in reline, coatings containing up to 
49 wt.% cerium, present as embedded CeO2, can be formed within an electrochemically deposited nanocrystalline 
nickel matrix. Variation of the Ni(II) and Ce(III) salt concentrations strongly influences the resulting surface 
morphology. Reaction schemes for the formation of these composite coatings are proposed, and cyclic voltammetry 
with successive scan cycles was used to identify the potential windows in which the relevant electrochemical 
reactions occur in reline-based solutions. The deposited coatings were tested as electrocatalysts for water 
electrolysis in 1 M NaOH. Special attention was paid to the electrocatalytic activity of the Ni-based composite 
coatings toward the anodic oxidation of urea, a potential alternative to the oxygen evolution reaction in green 
hydrogen production. Incorporation of CeO2 into the nickel matrix led to a pronounced enhancement of 
electrocatalytic activity for hydrogen evolution, oxygen evolution and urea oxidation in alkaline aqueous solution. 
The proposed composite coatings may find application as multifunctional catalysts for green hydrogen generation. 
Moreover, adjusting the Ni(II) and Ce(III) concentrations in the deep eutectic solvent-based plating bath enables 
flexible and controlled tuning of the electrocatalytic behavior of deposited coatings. 
Keywords: electrodeposition; nickel; ceria; deep eutectic solvent; composite coating; green hydrogen production; urea 
oxidation reaction; electrocatalysis. 

ЕЛЕКТРООСАДЖЕННЯ КОМПОЗИЦІЙНИХ ПОКРИТТІВ НА ОСНОВІ НІКЕЛЮ, ЩО 
МІСТЯТЬ СПОЛУКИ ЦЕРІЮ, З НИЗЬКОТЕМПЕРАТУРНОГО ЕВТЕКТИЧНОГО 

РОЗЧИННИКА ТА ЇХ ЕЛЕКТРОКАТАЛІТИЧНА АКТИВНІСТЬ 
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Анотація 
Дана робота розглядає основні патерни електроосадження композиційних покриттів на основі нікелю, що 
містять сполуки церію, отриманих з розчину на основі евтектичної суміші холін хлориду і сечовини 
(розчинник reline), який є типовим представником нового покоління іонних рідин – deep eutectic solvents. 
Отримані дані показують, що в залежності від концентрації розчинених в reline солей NiCl26H2O і CeCl37H2O 
на катоді можливе формування покриттів, що містять до 49 % церію у формі діоксиду, що впроваджений у 
електрохімічно осаджену нанокристалічні нікелеву матрицю. Варіювання концентраціями солей нікелю(II) 
і церію(III) суттєво впливає на характер морфології поверхні. Запропоновано реакційні схеми утворення 
композиційного покритті та методом циклічної вольтамперометрії з послідовними сканами циклювання 
визначено інтервали потенціалів проходження електрохімічних реакцій у розчинах на основі reline. 
Осаджені покриття тестовано як потенційні електрокаталізатори у електродних процесах при електролізі 
води (1 M NaOH). Особлива увага приділена електрокаталітичній активності осаджених композиційних 
покриттів на основі нікелю у реакції анодного окислення карбаміду, що є потенційною альтернативою 
анодному виділенню кисню при синтезі зеленого водню. Показано помітне зростання електрокаталітичної 
активності при впровадженні діоксиду церію до нікелевої матриці в процесах виділення водню, кисню та 
анодного окислення карбаміду в водному лужному розчині. Запропоновані електрокаталітичні покриття 
можуть знайти застосування як поліфункціональні каталізатори для генерації зеленого водню в водневій 
енергетиці. Варіювання концентраціями солі нікелю(II) і церію(III) у ванні осадження на основі DES 
дозволяє проводити гнучкий і керований тюнинг електрокаталітичної поведінки отримуваних покриттів. 
Ключові слова: електроосадження; нікель; церій оксид; низькотемпературний евтектичний розчинник; 
композиційне покриття; продукування зеленого водню; електроокислення карбаміду; електрокаталіз. 
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Introduction 
The global shift toward the development and 

deployment of integrated technologies for green 
hydrogen energy, among other goals, demands 
the creation of new, highly efficient, readily 
available, and low-cost electrochemical systems 
for electrolytic hydrogen production and the 
corresponding electrocatalysts [1–4]. Among the 

various alternatives currently examined in the 
literature for hydrogen-generating electrolysis, 
particular attention has been paid to a system in 
which the cathodic hydrogen evolution reaction 
in an alkaline medium (reaction (1)) is coupled 
with the anodic urea oxidation reaction (reaction 
(2)) [5–8].

 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−       (1) 
𝐶𝑂(𝑁𝐻2)2(𝑎𝑞) + 8𝑂𝐻− → 𝑁2(𝑔) + 6𝐻2𝑂 + 𝐶𝑂3

2−(𝑎𝑞) + 6𝑒−  (2) 
 

Thus, in such an electrochemical system, the 
"traditional" oxygen evolution reaction at the 
anode (reaction (3)) is replaced by the urea 
oxidation reaction (reaction (2)), which is 
characterized by a lower thermodynamic 
potential [6–10]. 

4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒−   (3) 
As a result of this substitution, the anodic 

potential is significantly lowered, thereby 
reducing both the overall cell voltage of the 
electrolyzer and its total energy consumption 
during electrolysis. 

However, a major challenge in deploying such 
electrochemical systems for green hydrogen 
generation is the still insufficient electrocatalytic 
activity of existing electrode materials, 
particularly those used in the anodic urea 
oxidation process (2) [6; 7; 11–13]. Hence, the 
development of new, readily available, low-cost, 
and highly efficient electrocatalysts for the urea 
oxidation reaction is imperative. 

Among the various research directions aimed 
at addressing this challenge, electrochemical 
deposition of coatings based on nickel and other 
transition metals appears especially promising 
[6; 7; 14; 15]. Advantages of synthesizing 
electrocatalysts by electrodeposition technique 
include the ability to precisely control the 
thickness as well as the chemical and phase 
compositions of the deposited layers by varying 
deposition time, applied potential, current 
density, and electrolyte composition [16]. Other 
benefits include typically high coating adhesion 
to the substrate, operational simplicity, wide 
accessibility, and relatively low equipment cost. 
For example, the literature reports 
nanostructured electroplated NiMoSe films [17] 
and CeNi2@NiO composites [18] that have 
demonstrated high electrocatalytic performance 
for hydrogen evolution coupled with urea 
oxidation. 

Further development and enhancement of 
electrodeposited electrocatalytic materials for 
hydrogen energy can be achieved, among other 

approaches, by moving to new electrolytic 
deposition systems, in particular those based on 
deep eutectic solvents (DESs) [19–21]. DESs are a 
special class of low-temperature ionic liquids 
formed by mixing various organic and/or 
inorganic components in eutectic or near-eutectic 
proportions [22–24]. Owing to their unique set of 
properties, DESs are now regarded as highly 
promising solvents for the synthesis of novel, 
high-performance electrocatalysts for hydrogen 
energy, especially via electrochemical deposition 
[19; 21; 25–27]. 

In our previous studies, we demonstrated the 
feasibility of electrodepositing nickel-based 
coatings from DES-based solutions [28] and 
confirmed their high electrocatalytic activity for 
hydrogen evolution [29] and oxygen evolution 
[30]. We also found that the incorporation of in 
situ formed CeO2 particles into the nickel matrix 
electrodeposited from a DES-based electrolyte 
yields a composite coating with enhanced 
functional properties, in particular increased 
catalytic activity for hydrogen evolution [31] and 
for the anodic oxidation of urea in alkaline media 
[32]. However, a number of important questions 
remain unanswered regarding the characteristics 
of composite electrodeposition from DES-based 
electrolytes and their electrocatalytic behavior. In 
particular, the influence of the concentrations of 
electrolyte components, dissolved Ni(II) and 
Ce(III) salts, on the chemical composition and 
electrocatalytic properties of the resulting 
coatings has not been characterized, although 
this is critical for developing high-performance 
electrocatalytic materials. The reaction pathway 
leading to the formation of Ni-based composite 
coatings containing cerium compounds has not 
been elucidated, nor have the details of the 
electrochemical kinetics of the associated 
processes been clarified. The effect of Ni and Ce 
salt concentrations in DES on the electrocatalytic 
activity of the coatings toward urea oxidation 
also remains unknown. The present work is 
devoted to addressing these issues. 
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Experimental 
The deep eutectic solvent (reline) was 

prepared by mixing calculated and weighed 
amounts of choline chloride and urea in a 1 : 2 
molar ratio. Commercial choline chloride 
[(CH3)3NCH2CH2OH]Cl (99 %, Acros Organics; 
CAS 67-48-1) and urea CO(NH2)2 (99.9 %, Nile 
Chemicals; CAS 57-13-6) were used without 
further purification. The mixture was stirred on a 
magnetic stirrer at approximately 70 C for 
several hours until a clear, homogeneous liquid 
formed. 

Nickel(II) chloride hexahydrate NiCl26H2O 
(>99 %, Sigma-Aldrich; CAS 7791-20-0) and 
cerium(III) chloride heptahydrate CeCl37H2O 
(99.9 %, Suzhou Leba Chemical Co., Ltd; CAS 
18618-55-8) were used as sources of Ni2+ and 
Ce3+ ions. Calculated and accurately weighed 
amounts of these salts were added to the 
measured volume of reline and stirred on a 
magnetic stirrer at 70 C until complete 
dissolution. 

Electrodeposition of the coatings was carried 
out on degreased copper foil substrates with a 
surface area of 1 cm2. A galvanostatic deposition 
mode was employed using a stabilized DC power 
supply (Electronics 30 V 6 A) in a thermostatted 
glass cell. A nickel plate served as the anode. The 
electrolyte volume in the cell was 100 mL. 
Deposition was performed at a cathodic current 
density of 3 mA/cm2 and a temperature of 
700.01 C under constant magnetic stirring at 
approximately 500 rpm. The deposition time was 
60 minutes. 

All voltammetric measurements were 
performed with a Reference 3000 potentiostat 
(Gamry). Cyclic voltammograms in reline-based 
electrolytes were recorded in a three-electrode 
glass cell thermostatted at 700.01 C. The 
working electrode was a platinum disc sealed in 
glass, the counter electrode was a nickel plate, 
and a silver wire immersed in the DES served as a 
quasi-reference electrode. Experiments employed 
successive scan cycles (11 consecutive cycles). 
Each measurement began from the 
experimentally determined open-circuit potential 
(OCP) and proceeded first in the cathodic 
direction, then reversed anodically, and finally 
returned cathodically. The potential scan rate 
was 100 mV/s. 

Electrocatalytic activity was evaluated by 
cyclic voltammetry at a scan rate of 50 mV/s in 
aqueous solutions of 1 M NaOH or 1 M NaOH + 
0.33 M CO(NH2)2. These solutions were prepared 
by dissolving the requisite amounts of sodium 

hydroxide (analytical grade; CAS 1310-73-2) and 
urea in distilled water. The electrochemical cell 
was thermostatted at 250.01 C, and dissolved 
oxygen was removed by bubbling purified 
hydrogen through the solution. The working 
electrode was the deposited coating on a copper 
substrate held in a plastic cassette. A platinum 
wire served as the counter electrode, and a 
saturated silver–silver chloride electrode was 
used as the reference. All potentials were 
converted to the standard hydrogen electrode 
scale. The cell's ohmic drop was measured and 
automatically compensated by the built-in 
potentiostat compensation circuit. 

The surface morphology of the 
electrodeposited coatings was examined using a 
scanning electron microscope (SEM, Zeiss EVO 
40XVP). The chemical composition of the coating 
surfaces was determined by energy-dispersive X-
ray spectroscopy (EDX) with an Oxford INCA 
Energy 350 attachment integrated into the 
microscope. Phase composition analysis was 
carried out using a DRON-2 X-ray diffractometer 
with monochromatized Co-K radiation ( = 
1.7902 Å). 

 

Results and discussion 
Based on preliminary experiments, it was 

established that compact coatings with 
satisfactory adhesion to the substrate can be 
obtained in the studied system at nickel salt 
(NiCl26H2O) concentrations of 0.2 and 
0.3 mol/dm3 in reline. The concentration of 
dissolved cerium salt (CeCl37H2O) was varied at 
0; 0.1; 0.2; 0.3; 0.4; and 0.5 mol/dm3. Table 1 
presents the chemical composition of the 
coatings deposited from electrolytes with the 
specified concentrations of nickel and cerium 
salts, as determined by EDX analysis. 
Corresponding SEM surface images are shown in 
Figure 1. 

The chemical composition of the coatings 
revealed the presence of elements such as nickel, 
cerium, oxygen, carbon, and nitrogen (in some 
samples). The presence of nickel is evidently 
attributed to the electrodeposition process. A 
number of other electrochemical and chemical 
transformations occurring in the near-electrode 
region (see discussion below) are apparently 
responsible for the incorporation of cerium and 
oxygen into the coatings. The main pathway for 
the inclusion of carbon and nitrogen in the 
deposited material is likely the adsorption and 
occlusion of organic electrolyte components 
and/or the products of their chemical and 
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electrochemical degradation during the growth of the coating. 
Table 1 

Chemical composition of the deposited coatings according to EDX analysis 
Concentration of 
Ni(II) ions in the 
electrolyte, 
mol/dm3 

Concentration of 
Ce(III) ions in the 
electrolyte, 
mol/dm3 

Elemental composition of the coating, wt.% 

Ni Ce C O N 

0.2 

– 86.44 – 7.94 5.62 – 
0.1 88.46 0.36 7.81 3.37 – 
0.2 91.90 1.11 4.54 2.45 – 
0.3 84.17 6.79 5.39 3.65 – 
0.4 76.86 12.88 5.79 4.47 – 
0.5 56.51 28.39 6.40 8.70 – 

0.3 

– 91.52 – 6.46 2.02 – 
0.1 79.77 2.75 9.95 7.53 – 
0.2 66.98 5.71 11.16 14.79 1.36 
0.3 66.05 7.09 12.01 13.58 1.27 
0.4 32.95 41.92 7.63 15.99 1.51 
0.5 24.44 49.41 6.83 17.45 1.87 

With increasing Ce(III) ion concentration in 
the electrolyte, a corresponding increase in the 
cerium content in the deposited layer is observed, 
while the nickel content decreases. At low Ce(III) 
concentrations (0.1 mol/dm3), the main 
component of the coating is nickel, and the mass 
fraction of cerium remains at trace levels, 
comparable to the detection limit of the EDX 
method. As the Ce(III) ion concentration 
increases, the cerium content in the coating rises 
significantly, and at concentrations of 
0.3 mol/dm3 Ni(II) and 0.5 mol/dm3 Ce(III), 
cerium becomes the predominant component in 
the deposited layer. A simultaneous increase in 
oxygen content is also observed with the rise in 
cerium content. The carbon content in the 
coatings ranges from approximately 5 to 12 wt.%, 
with no clear correlation to the concentrations of 
Ni(II) and Ce(III) salts. 

Interestingly, under equal concentrations of 
Ce(III) ions in the solution, an increase in the 
Ni(II) ion concentration from 0.2 to 0.3 mol/dm3 
leads not to an increase, as might be expected, 
but to a decrease in the nickel content in the 
coatings, while the cerium content in the 
deposited layer simultaneously increases. 

SEM images (Fig. 1) reveal a gradual 
transformation in the surface topography of the 
electrodeposited coatings with increasing 
concentrations of NiCl26H2O and CeCl37H2O in 
the reline-based solution. In the absence of 
cerium ions in the deposition bath, the coating 
surface exhibits a compact spheroidal structure 
without noticeable surface relief defects. At a 
Ni(II) concentration of 0.2 mol/dm3, the size of 
the nickel spheroids on the surface is slightly 
larger than that observed at 0.3 mol/dm3 Ni(II). 
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Fig. 1. SEM images of the surface of coatings deposited from reline-based electrolytes containing 0.2 mol/dm3 
NiCl26H2O (left column – a, b, c, d, e, and f) and 0.3 mol/dm3 NiCl26H2O (right column – g, h, i, j, k, and l) with varying 
concentrations of CeCl37H2O salt (mol/dm3): a and g – 0; b and h – 0.1; c and i – 0.2; d and j – 0.3; e and k – 0.4; and f 

and l – 0.5 
 

The introduction of 0.1 mol/dm3 CeCl37H2O 
into the electrolyte containing 0.2 mol/dm3 
NiCl26H2O has almost no effect on the surface 
morphology (Fig. 1a and b), likely due to the fact 
that the chemical composition of the coating 
remains practically unchanged under these 
conditions (Table 1), and the incorporation of 
cerium (or its compounds) is negligible. In 
contrast, the addition of 0.1 mol/dm3 CeCl37H2O 
to the DES-based electrolyte containing 
0.3 mol/dm3 NiCl26H2O results in the formation 
of numerous prominently protruding asymmetric 
crystallites on the surface. 

With further increase in cerium ion 
concentration (0.2 mol/dm3 and higher), SEM 
images of samples deposited from the electrolyte 
containing 0.2 mol/dm3 NiCl26H2O reveal the 
formation of characteristic agglomerates 
resembling cauliflower morphology, which create 
numerous protrusions and depressions on the 
surface. The surface morphology of Ni–Ce-
containing samples deposited from the 
electrolyte with a higher nickel salt concentration 
(0.3 mol/dm3 NiCl26H2O) is notably different: at 
cerium ion concentrations of 0.2 and 0.3 mol/dm3 
CeCl37H2O, surface defects appear (microcracks 
and large asymmetric crystallites protruding 
from the surface), while at 0.4 and 0.5 mol/dm3 

CeCl37H2O, the surface consists of asymmetric 
flake-like islands with sizes of about 20–30 m, 
separated by wide cracks 5–10 m in width. As a 
general trend, the incorporation of cerium-
containing compounds leads to a significant 
increase in surface defectiveness and geometrical 
heterogeneity of the coatings, which is, in 
principle, favorable for enhancing the activity of 
electrocatalysts. 

The microstructural investigation of the 
coatings by X-ray diffraction revealed that 
nanocrystalline coatings with a nanocrystalline 
face-centered cubic (fcc) Ni lattice are formed 
from reline-based electrolytes. This is evidenced 
by the broadened diffraction peaks at 2 = 52.5, 
61.4, 92.4, 115.3, and 124.2 (Fig. 2a), which 
correspond to the (111), (200), (220), (311), and 
(222) crystal planes, respectively. The average 
crystallite size, estimated using the Scherrer 
equation, is approximately 30–60 nm. It is worth 
noting that the formation of nanocrystalline 
nickel during electrodeposition from DES-based 
electrolytes has been frequently reported in the 
literature [29; 31; 33; 34], and is attributed to the 
inhibition of nucleation and growth stages due to 
strong adsorption of organic components of the 
electrolyte on the growing nickel layer. 
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a b 

 
Fig. 2. Typical XRD patterns of the coatings electrodeposited from reline-based electrolytes containing 0.3 mol/dm3 

NiCl26H2O (a) and 0.3 mol/dm3 NiCl26H2O + 0.3 mol/dm3 CeCl37H2O (b) 
 

The X-ray diffraction pattern of the sample 
obtained from the electrolyte containing both 
nickel and cerium salts (Fig. 2b) shows, in 
addition to the reflections of the nanocrystalline 
-Ni phase, weak peaks corresponding to nickel 
hydroxide -Ni(OH)2 (2 = 22.4 and 45.1, 
corresponding to the (001) and (101) crystal 
planes, respectively) and cerium dioxide CeO2 (2 
= 32.5, 38.3, 55.1, and 65.7, originating from 
the (111), (200), (220), and (311) planes, 
respectively). Despite the relatively high cerium 
content in the coating (as indicated by EDX 
analysis), the diffraction peaks of the CeO2 phase 
are of low intensity and somewhat broadened, 
likely due to its high degree of hydration and the 
presence of cerium in an X-ray amorphous state. 
No diffraction maxima corresponding to metallic 
cerium or its intermetallic compounds with 
nickel were observed. 

Thus, based on a comprehensive analysis of 
the above experimental results and literature 
data, the following reaction scheme can be 
proposed for the processes occurring during the 
formation of the investigated coatings. The main 
electrochemical process at the cathode is 
evidently the electrodeposition of nanocrystalline 
nickel, which proceeds according to the following 
reaction: 

NieIINi →+ −2)(    (4) 
In addition to this reaction, the discharge of 

water molecules also occurs at the cathode in the 
DES-based electrolyte [35], with the main source 
of water being the crystallization water from the 
NiCl26H2O and CeCl37H2O crystalline hydrates 
dissolved in reline: 

−− +→+ OHHeOH 22 22   (5) 
As a result of the local accumulation of 

hydroxide ions in the near-electrode layer, the 
formation of a certain amount of nickel hydroxide 
becomes possible, which is incorporated into the 
deposited film via the following reaction [36]:

( )2
2 2 OHNiOHNi →+ −+

   (6) 

Nickel hydroxide incorporated into the 
coating, in particular, plays an important role in 
enhancing its electrocatalytic activity [29]. 

Furthermore, the local increase in OH– ion 
concentration promotes the formation of 
dispersed cerium(IV) dioxide particles via a 
mechanism similar to that described in several 
previous studies [37–39]. In particular, chemical 
reactions leading to the formation of CeO2 may 
occur in the near-electrode layer and directly on 
the cathode surface according to the following 
reactions [40; 41]: 

3

3 )(3 OHCeOHCe →+ −+
      (7) 

  +−+ →+++
2

222

3 )(4244 OHCeOHOHOCe    (8) 

OHCeOOOHCe 2223 64)(4 +→+      (9) 

  ++
+→ HCeOOHCe 2)( 2

2

2      (10) 

The oxidizing agent converting Ce(III) to 
Ce(IV) in this system is oxygen, which can 
dissolve in reline upon contact with air and 
subsequently participate in chemical 
transformations [42]. It is important to note that 

in the course of reactions (5) and (8), water is 
consumed, the source of which in this ionic liquid 
environment is the crystallization water 
introduced along with the NiCl26H2O and 
CeCl37H2O salts. In this context, it should be 
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emphasized that an increase in the concentration 
of nickel and cerium ions automatically implies a 
corresponding increase in the water content in 
the solution, thereby accelerating the in situ 
formation of dispersed cerium dioxide particles 
according to the reaction scheme (7–10), which 
are subsequently incorporated into the coating. 
We suggest that this effect is particularly related 
to the observed increase in CeO2 content in the 
coating not only with increasing CeCl37H2O 
concentration (which is expected), but also with 
increasing NiCl26H2O concentration in the 
electrolyte (which, in principle, is a non-trivial 
result as noted above in Table 1). 

As can be seen from the data presented in 
Table 1, the measured Ce:O mass ratio is 
substantially lower than the stoichiometric value 
for CeO2 (experimental values derived from EDX 
spectra range from 0.11 to 3.26, whereas the 

theoretical value for CeO2 is 4.375). This 
deviation can be explained by oxygen associated 
with nickel-containing phases present in the 
deposit (e.g., Ni(OH)2) and with other oxygen-
bearing compounds (such as adsorbed or 
occluded organic molecules and water), rather 
than being exclusively bound to cerium dioxide. 
In other words, the apparent deficit of Ce relative 
to O mainly reflects oxygen not bonded to cerium, 
together with the inherent uncertainties of EDX 
quantification for light elements. It should be 
emphasized that the absence of hydrogen 
detection in EDX affects only the normalization to 
100 % and does not alter the Ce:O ratio itself. 

In the DES environment, in the near-cathode 
region, transformation of the choline cation may 
also occur via the Hoffmann elimination reaction, 
resulting in the formation of trimethylamine [43]: 

( ) ( ) OH

OCHCH

OHCHCHCHNOHOHCHCHNCH 2

3

2332233 +

=−

−=+→+





−−− −

+



    (11) 

The choline cation may also participate in 
direct electrochemical transformations at the 
cathode, forming a choline radical that 
subsequently can be converted either into 
trimethylamine and an ethanol radical or into 
dimethylaminoethanol and a methyl radical [43]. 
The organic components of the electrolyte, as 
well as the aforementioned products of their 
chemical and electrochemical transformations, 
can adsorb onto the surface of the deposited 
nickel matrix, nickel hydroxide, and cerium 
dioxide, thereby becoming incorporated into the 
coating. This explains the presence of metalloids 
such as carbon, nitrogen, and oxygen in the 
deposit (Table 1). 

To detail the proposed reaction mechanism of 
composite nickel-cerium coating formation and 
to elucidate the kinetics of the corresponding 
electrochemical reactions, cyclic voltammograms 
(CVs) were recorded in solutions of nickel and 
cerium salts in reline (Figures 3–6). Since 
electrochemical processes occurring under 
potential scan conditions can induce changes 
both in the electrode surface state and in the 
composition of the electrolyte near the electrode, 
the method of cyclic voltammetry with multiple 
consecutive scan cycles was employed. 

The cyclic voltammogram of a platinum 
electrode in reline (Fig. 3) exhibits a typical shape 
previously reported in the literature [44]: during 

the initial cathodic scan, an intense exponential 
current increase is observed at potentials more 
negative than –0.7 V, associated with the cathodic 
decomposition of the solvent (negative limit of 
the solvent's "electrochemical window"). 
Additionally, a small wave appears at 
approximately –0.6 V on the cathodic scan, likely 
related to the reduction of urea molecules 
adsorbed on the platinum surface [44]. On the 
anodic scan, a distinct current wave appears near 
–0.8 V due to the partial reduction of oxidation 
products of organic components formed during 
the preceding anodic scan. A relatively broad 
anodic current wave in the potential range 0–1 V 
can be attributed to the electrochemical oxidation 
of certain components of the eutectic solvent, 
particularly urea. Finally, the increase in anodic 
current beyond approximately 1.2 V corresponds 
to reaching the positive limit of the 
electrochemical window of the eutectic solvent; 
according to ref. [43], the current in this potential 
region is related to the formation of the Cl3

– ion, 
which rapidly reacts with DES components, 
producing various chlorinated products. 
Importantly, the cyclic voltammograms recorded 
during the first 11 cycles practically coincide, 
indicating the absence of significant surface state 
evolution of the platinum electrode under these 
conditions and confirming a quasi-stationary 
regime. 
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Fig. 3. Cyclic voltammograms of a platinum electrode in reline during consecutive multiple potential scans 

(100 mV/s, 70 C). The numbers indicate the sequence of scan cycles 

 
The CVs recorded in a solution containing 

0.2 M Ce(III) in reline (Fig. 4), in addition to the 
characteristic regions described above, display 
cathodic current waves at potentials of –0.6…–
0.8 V and anodic current waves at –0.5…–0.4 V. 
Interestingly, in the first few potential scans these 
waves are only weakly pronounced and become 
clearly visible on the CVs only after a certain 
number of scanning cycles, with the 
reproducibility of these data in parallel 
experiments being rather unsatisfactory. 
Considering these facts, we assume that during 
potential sweeping at the Pt electrode, CeO2 
(most likely in a colloidal state) is formed on the 
anodic scan as a result of Ce(III) ion oxidation 
(the indicated anodic wave at –0.5…–0.4 V), 
leading to the accumulation of CeO2 dispersion in 
the near-electrode layer of the electrolyte and 
directly on the electrode surface. This CeO2 can 
then be electrochemically reduced (at the 
mentioned cathodic wave at –0.6…–0.8 V). These 
electrode processes can be represented for the 
anodic direction of their occurrence by the 
following reaction scheme: 

−++ +++ eHCeOOHCe 42 22

3  (12) 

It is evident that the oxidation products of 
Ce(III) in the form of a colloidal dispersion can 
partially diffuse away from the electrode surface 
into the bulk of the solution, accumulating there 
without being fully reduced during the cathodic 
scan. Interestingly, this assumption is supported 
by visual observations concerning the chemical 
instability of cerium(III) salt solutions in reline 

during prolonged storage in contact with air. 
These observations revealed that such 
electrolytes become turbid after several weeks 
due to the gradual accumulation of colloidal 
cerium dioxide as a result of reactions (7–10). At 
high concentrations of cerium salt, extremely 
viscous gel-like systems are even formed. Such 
transformations are significantly accelerated in 
solutions that have undergone electrochemical 
investigations (cyclic scanning of the electrode 
potential on a platinum electrode): after current 
passage and additional CeO2 accumulation via 
electrochemical reactions, turbidity is observed 
within just 1–2 days after the experiments 
(depending on the Ce(III) salt concentration, the 
total charge passed, the number of potential 
scans, etc.). At the same time, it should be noted 
that in long-term experiments (several hours) of 
galvanostatic electrolysis using CeCl37H2O 
solutions in reline, neither during cathodic 
current passage nor under anodic polarization 
was the formation of any firmly adherent coating 
on the electrode surface observed. 

Thus, during the electrolysis of cerium(III) salt 
solutions in DES, the formation of a colloidal 
dispersion of cerium dioxide is possible via the 
corresponding anodic process, in addition to the 
chemical pathway of this process (reactions (7)–
(10)). However, CeO2 particles are 
electrochemically active and, during the cathodic 
potential scan, can undergo electrochemical 
reduction, producing the corresponding current 
wave in the CVs. 
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Fig. 4. Cyclic voltammograms of a platinum electrode in reline + 0.2 M Ce(III) during consecutive multiple potential 

scans (100 mV/s, 70C). The numbers indicate the sequence of scan cycles 
 

Figure 5 shows the cyclic voltammograms for 
an electrolyte containing dissolved nickel(II) salt 
in reline. The limiting current wave 
corresponding to the nickel deposition reaction 
(reaction (4))  appears  in  the potential range of 
–0.5 to –1.0 V, overlapping, upon further 
potential sweep, with the cathodic reduction 
wave of the eutectic solvent components. On the 
reverse (anodic) scan, the current wave 
attributed to the anodic dissolution of nickel 
deposited on platinum is observed at potentials 
of approximately 0 to 0.5 V. This wave splits into 
two weak, overlapping peaks, which are clearly 
distinguishable only during the first potential 
scan cycle. Overall, such a shape of the cathodic-
anodic waves for nickel deposition-dissolution in 
reline is typical and has been repeatedly reported 
in the literature [45–47]. Those publications 
discussed in detail the possible reasons for the 
splitting of the nickel dissolution anodic wave in 

DESs into two peaks; therefore, these issues are 
not considered in detail in the present study. 

An interesting feature of the CVs obtained in 
the NiCl26H2O solution in reline is the 
pronounced hysteresis of successive potential 
scans. The highest cathodic deposition currents 
and, accordingly, the largest anodic nickel 
dissolution currents are observed during the first 
scan, while in the second and subsequent 
consecutive scans the currents decrease, reaching 
a certain quasi-steady-state value by 
approximately the 6th-7th potential cycling scan. 
Beyond this point, the shape of the voltammetric 
curves remains practically unchanged. This 
specific behavior, which indicates a kind of 
gradual catalytic "poisoning" of the surface, was 
described in our previous work [29], where it 
was suggested that the effect may be caused by 
the gradual accumulation on the surface of 
adsorbed products that partially passivate it, for 
example, Ni(OH)2(ads) [36]. 

 

 
Fig. 5. Cyclic voltammograms of a platinum electrode in reline + 0.3 M Ni(II) during consecutive multiple potential 

scans (100 mV/s, 70C). The numbers indicate the sequence of scan cycles 
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In the simultaneous presence of dissolved 
NiCl26H2O and CeCl37H2O salts in reline, the CVs 
(Fig. 6) naturally exhibit all the characteristic 
cathodic and anodic current waves observed in 
the CVs recorded for solutions containing only 
cerium salt or only nickel salt individually. At the 
same time, as follows from the analysis of the 
curves in Figs. 4–6, the cathodic waves 
corresponding to the electroreduction of Ce(IV) 
compounds to Ce(III) and Ni(II) to Ni(0) are not 
separated on the CVs but instead form a single 
combined current wave, since these processes 
occur within nearly the same potential range 
(approximately –0.6 to –1.0 V). A similar situation 
is observed for the reverse electrode processes 
(oxidation of Ni(0) and oxidation of Ce(III) 
compounds): they yield a single broad anodic 
current  wave  on  the  CVs  (approximately from 
–0.5 to +0.8 V). 

As in the case of the reline solution containing 
only dissolved nickel salt, in the simultaneous 
presence of Ni(II) and Ce(III) salts, the first 
potential scan exhibits markedly higher currents 
across almost the entire CV compared with all 
subsequent scans, whose curves nearly coincide, 
indicating the establishment of a quasi-stationary 
state for the electrode reactions. 

It is also noteworthy that the anodic 
dissolution currents of nickel are significantly 
higher when cerium is simultaneously present in 
the electrolyte. In other words, the voltammetric 
curves shown in Fig. 6 are clearly not a simple 
additive combination of those in Figs. 4 and 5, as 
might be expected from the principle of 
independent electrochemical reactions. Instead, 
the observed currents are considerably higher, 
indicating a specific type of anomalous nickel 
deposition that is synergistically accelerated by 
the simultaneous occurrence of electrochemical 
reactions involving cerium compounds at the 
electrode. It is likely that intermediate cerium 
hydroxide compounds, which inevitably form in 
situ in the near-electrode layer during the 
deposition of Ni-based composites, act as 
additional catalytic sites that facilitate charge 
transfer during the discharge of Ni(II) ions. This 
explanation is consistent with current 
understanding of the catalytic role of hydroxide 
ions and hydroxide compounds in the 
electrodeposition of iron-group metals (including 
nickel) [48]. It is also possible that cerium, which 
can exist in multiple oxidation states, exerts an 
electrocatalytic effect on nickel deposition as a 
charge carrier, for example, through the 
operation of the Ce(IV)/Ce(III) redox couple. 

 

 
Fig. 6. Cyclic voltammograms of a platinum electrode in reline + 0.3 M Ni(II) + 0.2 M Ce(III) during consecutive 

multiple potential scans (100 mV/s, 70C). The numbers indicate the sequence of scan cycles 
 

Evaluation of the electrocatalytic activity of 
the deposited coatings toward reactions (1)–(3) 
was carried out by recording cyclic 
voltammograms in aqueous solutions of 1 M 
NaOH and 1 M NaOH + 0.33 M CO(NH2)2 (Figs. 7–
10). It should be noted that the curves presented 
in these figures were recorded on the tenth 
consecutive potential scan cycle, when their 
shape practically ceases to change after each 
subsequent cycle [29]. 

The voltammetric curves recorded in the 
alkaline 1 M NaOH solution without urea addition 
show several characteristic regions: cathodic 
hydrogen evolution at potentials more negative 
than approximately –1.1 V, and anodic oxygen 
evolution at potentials more positive than 
approximately 0.6 V (Fig. 7). Additionally, anodic-
cathodic current waves appear at around 0.2 to 
0.5 V, which, according to literature data [49], 
correspond to electrochemical transformations of 
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Ni(II)Ni(III) in the redox system 
Ni(OH)2/NiOOH. 

As can be seen, the concentration of nickel(II) 
salt in the electrolyte used for coating deposition 
significantly affects the current densities across 
all regions of the cyclic voltammograms under 
consideration. In particular, the overpotentials 
for both hydrogen and oxygen evolution are 
substantially reduced when the NiCl26H2O 
concentration decreases from 0.3 to 0.2 mol/dm3. 
It is noteworthy that, simultaneously, the peak 
currents of the anodic and cathodic waves 
corresponding to the redox transitions between 
Ni(II) and Ni(III) hydroxide compounds increase 
markedly. According to the data in Table 1, 
coatings deposited from the solution containing 
0.2 mol/dm3 Ni(II) have a higher oxygen content, 
and presumably a greater amount of nickel 
hydroxide compounds, than those deposited from 
the solution with 0.3 mol/dm3 Ni(II). In other 
words, there is a certain correlation between the 
peak height and the area under the curve 
corresponding to the anodic-cathodic transitions 

in the Ni(OH)2/NiOOH system and the 
electrocatalytic activity toward both hydrogen 
and oxygen evolution reactions, as was 
previously noted in reference [29]. 

Thus, increasing the concentration of 
electrochemically active nickel oxide–hydroxide 
compounds with variable oxidation states in the 
coating, achieved by decreasing the concentration 
of nickel(II) salt in the reline-based deposition 
electrolyte, leads to a pronounced enhancement 
of the electrocatalytic activity toward all 
electrode processes occurring on the coating in 
an aqueous 1 M NaOH solution. This is likely 
associated with an increase in the concentration 
and activity of electrocatalytic redox sites on a 
more defective surface, which consists of a 
mixture of hydroxide phases and metallic 
nanocrystalline nickel. Such an effect is an 
important factor for the targeted enhancement of 
the electrocatalytic activity of materials 
electrochemically synthesized from DES-based 
solutions. 

 
Fig. 7. Cyclic voltammograms of an electrode with a deposited coating in an aqueous 1 M NaOH solution (50 mV/s, 

25 C). The coatings were deposited from a NiCl26H2O salt solution in reline at a current density of 3 mA/cm2 and a 
temperature of 70C. Ni(II) concentration, mol/dm3: 1 – 0.2; 2 – 0.3 

 

The introduction of cerium(III) salt into the 
reline-based electrolyte containing dissolved 
nickel(II) salt significantly affects the 
electrocatalytic properties of the resulting 
coatings (Fig. 8) and somewhat complicates the 
shape of the corresponding CVs. Notably, an 
additional anodic wave appears in the recorded 
CVs at potentials of approximately –1.0 to –0.5 V. 
We assume that this anodic current is associated 
with the oxidation of cerium compounds that 
were partially electrochemically reduced during 
the preceding cathodic scan. As can be seen, the 
height of this anodic peak and the corresponding 
area under the voltammetric curve slightly 
increase with increasing nickel salt concentration 
in the deposition solution, which correlates with 

the corresponding increase in cerium content in 
the coating (Table 1). 

It is interesting to note that analysis of the CVs 
presented in Fig. 8 reveals that the anodic waves 
corresponding to the redox transitions in the 
Ni(OH)2/NiOOH system for nickel-cerium-
containing coatings deposited at different 
nickel(II) salt concentrations (0.2 and 0.3 
mol/dm3) are nearly identical, indicating an 
approximately equal surface concentration of 
these electroactive compounds. Accordingly, the 
CV regions corresponding to hydrogen evolution 
also coincide almost completely, while those 
associated with oxygen evolution are quite close 
to each other, suggesting similar electrocatalytic 
responses. 
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Fig. 8. Cyclic voltammograms of an electrode with the deposited coating in an aqueous 1 M NaOH solution (50 mV/s, 

25C). The coatings were deposited from a solution of NiCl26H2O (0.2 and 0.3 mol/dm3) and CeCl37H2O (0.5 
mol/dm3) in reline at a current density of 3 mA/cm2 and a temperature of 70C. Ni(II) concentration, mol/dm3: 1 – 

0.2; 2 – 0.3 
 

It is important to analyze how the 
incorporation of cerium into the coating affects 
electrocatalytic behavior at the same nickel salt 
concentration in the deposition electrolyte. To 

this end, the corresponding cyclic curves from 
Figs. 7 and 8 were paired and compared in Fig. 
9a,b. 

 

 

 

 
a b 

Fig. 9. Cyclic voltammograms of an electrode with the deposited coating in an aqueous 1 M NaOH solution (50 mV/s, 
25 C). Coatings were deposited at a current density of 3 mA/cm2 and a temperature of 70C. Ni(II) concentration, 

mol/dm3: (a) 0.2; (b) 0.3. Ce(III) concentration, mol/dm3: 1 – 0; 2 – 0.5 
 

It can be seen that the incorporation of cerium 
compounds into the nickel matrix, for both Ni(II) 
salt concentrations used, results in a significant 
increase in the height and area of the peaks 
associated with the Ni(II)Ni(III) redox 
transformation. Thus, the formation of cerium 
oxide in the near-electrode layer promotes an 
increase in the surface concentration of nickel 
hydroxide, which is consistent with the X-ray 
diffraction data (Fig. 2). However, the effect of the 
incorporated cerium oxide on the electrocatalytic 
behavior varies depending on both the type of 
reaction considered and the Ni(II) salt 
concentration in the deposition electrolyte. In 
particular, at a Ni(II) concentration of 0.2 
mol/dm3 (Fig. 9a), the inclusion of cerium oxide 
in the coating has little influence on the kinetics 

of the hydrogen evolution reaction, while 
noticeably increasing the overpotential of the 
oxygen evolution reaction (i.e., reducing 
electrocatalytic activity). In contrast, at a Ni(II) 
concentration of 0.3 mol/dm3 (Fig. 9b), coatings 
containing incorporated cerium oxide exhibit a 
pronounced decrease in the overpotential for 
both the hydrogen and oxygen evolution 
reactions compared to the cerium-free coating. 

Such rather complex and ambiguous behavior 
can be explained, on the one hand, by differences 
in the mechanisms of the multistep hydrogen and 
oxygen evolution processes, which involve 
distinct intermediate compounds and, 
accordingly, different types of active sites on the 
surface. These processes also occur under 
markedly different adsorption conditions on the 
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electrode and feature specific structures of the 
electrical double layer, due to the significantly 
different potential ranges in which they take 
place. On the other hand, the observed 
phenomena indicate that cerium-containing 
compounds themselves can act as 
electrocatalytically active sites on the surface, 
exerting a synergistic yet multifaceted influence 
on the electrocatalytic activity of nickel-based 
active sites. Nevertheless, the revealed effects 
open the possibility for a sufficiently flexible 
tuning of the electrocatalytic performance and 
catalytic selectivity of the coatings by varying the 
concentrations of nickel and cerium salts during 
coating deposition. 

On the curves reflecting the electrochemical 
behavior of the deposited coatings in an aqueous 
solution of 1 M NaOH with the addition of 0.33 M 

CO(NH2)2 (Figs. 10 and 11), anodic current waves 
appear, which are caused by the electrochemical 
oxidation of urea at potentials of approximately 
0.4 ... 0.8 V [29]. It is worth noting that the foot of 
this current wave exactly coincides with the 
corresponding region of anodic transformation of 
surface nickel hydroxide compounds of various 
oxidation states Ni(OH)2NiOOH. This 
coincidence is not accidental, as current 
understanding indicates that NiOOH acts as the 
electrocatalytic site on the surface during the 
electrooxidation of urea [8]. Specifically, 
according to the so-called direct mechanism, 
adsorbed CO(NH2)2 molecules react with 
hydroxide ions to produce the final reaction 
products, gaseous N2 and CO2: 

−− ++→+ eOHNiOOHOHNi(OH) 22
     (13) 

−− +++⎯⎯⎯⎯ →⎯+ eOHCON
NiOOH

OH)CO(NH 656 22222    (14) 

The indirect mechanism [50] assumes that 
Ni(OH)2 is electrochemically oxidized to NiOOH 

(as in the direct mechanism), and then directly 
interacts with the adsorbed CO(NH2)2 molecules: 

222222 66 CONNi(OH)OH)CO(NHNiOOH ++→++ .   (15) 

It is clear that both mechanisms can only 
occur within the potential range where the 
electrocatalyst regeneration is possible through 
the anodic oxidation of Ni(OH)2 to form NiOOH; 
thus, the redox potential of this reaction defines 
the potential region on the voltammogram where 
urea oxidation takes place. It should be noted that 
based on the data obtained in this study, it is not 
possible to differentiate between the direct and 
indirect reaction mechanisms in this case. It is 
likely that both mechanisms may be involved 
simultaneously. 

It can probably be stated that one of the 
important factors determining the rate of 

electrochemical urea oxidation is the surface 
concentration of the electroactive forms of the 
Ni(II)Ni(III) catalyst. Indeed, there is a certain 
parallelism between the data in Figures 7 and 10, 
the comparison of which shows that decreasing 
the concentration of nickel salt in the electrolyte 
used for electrodepositing the electrocatalytic 
coating from 0.3 to 0.2 mol/dm3 results in an 
increase in the currents corresponding both to 
the redox transitions in the Ni(II)Ni(III) couple 
and to those associated with the catalytic 
oxidation of urea molecules. 

 
Fig. 10. Cyclic voltammograms of the electrode with the deposited coating in an aqueous solution of 1 M NaOH + 

0.33 M CO(NH2)2 (50 mV/s, 25C). The coatings were deposited from a solution of NiCl26H2O (0.2 and 0.3 mol/dm3) 
in reline at a current density of 3 mA/cm2 and a temperature of 70C. Ni(II) concentration, mol/dm3: 1 – 0.2; 2 – 0.3 
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However, upon transitioning to the nickel-
cerium-containing electrocatalyst, the observed 
phenomena become more complex, as mentioned 
above (Fig. 11). The CV curves characterizing the 
electrochemical responses of the Ni-based 
composite coatings in a 1 M NaOH + 0.33 M 
CO(NH2)2 solution (the figure shows curves for 
the highest cerium salt concentration used in the 
deposition electrolyte, 0.5 mol/dm3; curves for 
other concentrations exhibit similar behavior and 
are not shown here) display all the characteristic 
features observed in the curves from Figs. 7 and 
10. A noticeable decrease in the hydrogen 
evolution overpotential is observed upon 
incorporation of cerium compounds into the 
deposited coating. Furthermore, there is a 
significant increase in the current densities 
corresponding to the urea oxidation reaction on 
the CVs (in the potential range of 0.4 ... 1.0 V), 
indicating enhanced electrocatalytic activity. 

To quantitatively compare the effect of the 
concentrations of the deposition electrolyte 
components (Ni(II) and Ce(III) salts), and thus 
the composition of the formed coating, on the 
electrocatalytic characteristics regarding the urea 
oxidation reaction (2), we used two parameters: 
the anodic current density in the 1 M NaOH + 
0.33 M CO(NH2)2 solution at 0.6 V, where this 
electrode reaction proceeds almost quantitatively 
[29; 51], and the maximum current density 
observed at the anodic peak (recorded under 
specific voltammetric conditions, without 
referencing the potential value corresponding to 
this maximum current). Both parameters were 
extracted from the forward anodic scans (i.e., 
when moving from negative to positive 
potentials) of the CV curves, and their values for 
various compositions of the electrocatalytic 
coatings deposition electrolytes are summarized 
in Table 2. 

 

 
Fig. 11. Cyclic voltammograms of the electrode with deposited coating in an aqueous solution of 1 M NaOH + 0.33 M 

CO(NH2)2 (50 mV/s, 25C). The coatings were deposited from a solution containing NiCl26H2O (0.2 and 0.3 mol/dm3) 
and CeCl37H2O (0.5 mol/dm3) in reline at a current density of 3 mA/cm2 and a temperature of 70C. Concentration of 

Ni(II), mol/dm3: 1 – 0.2; 2 – 0.3 
 

Table 2 
Effect of Ni(II) and Ce(III) ion concentrations in the reline-based deposition electrolyte on the anodic current 

density of the urea oxidation reaction 
Content of the main components in the 
deposition electrolyte 

Parameters of the urea electrooxidation reaction 

concentration of 
Ni(II) ions, mol/dm3 

concentration of Ce(III)) 
ions, mol/dm3 

anodic current density at 0.6 V, 
mA/cm2 

maximum achieved anodic current 
density for urea oxidation, mA/cm2 

0.2 

– 0.116 0.155 
0.2 0.093 – * 

0.3 0.117 0.466 
0.4 0.097 – * 
0.5 0.075 0.263 

0.3 

– 0.056 0.058 
0.2 0.132 0.324 
0.3 0.112 0.316 
0.4 0.087 0.272 
0.5 0.117 0.350 

Note: * – The peak current value on the voltammetric curve cannot be determined because the oxidation waves of urea and oxygen evolution 
overlap and are not distinguishable. 
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As can be seen, overall the electrocatalytic 
activity of the coating tends to increase with the 
incorporation of cerium compounds, especially 
noticeable in the case when the coating was 
deposited from an electrolyte containing 0.3 
mol/dm3 nickel salt: the anodic current densities 
at a potential of 0.6 V significantly increase upon 
the incorporation of cerium oxide into the 
coating. However, no clear trends are observed 
between the electrocatalytic activity parameters 
listed in Table 2 and the cerium compound 
content in the coatings (Table 1). 

Regarding the nature of the stimulating effect 
of incorporating CeO2 particles into the nickel 
matrix on the electrocatalytic activity in the urea 
oxidation reaction, it is likely that the mechanism 
of the process remains unchanged, and the 
transformations occur at the nickel-containing 
electrocatalytic sites. This is supported, in 
particular, by the invariance of the potential 
ranges at which this reaction proceeds, which, as 
noted above, are determined by the 
thermodynamics and kinetics of the 
Ni(II)Ni(III) redox transformations. 

The positive effect of dopant elements on the 
electrooxidation of urea reactions on nickel-
based electrocatalysts is generally attributed in 
the literature to factors such as the formation of a 
more heterogeneous nanostructured surface with 
a higher concentration of active sites, as well as 
synergistic structural and electronic effects at the 
nanoscale, stabilization of intermediates, and 
enhanced adsorption of urea molecules [52]. It 
has also been established [53] that anchored sites 
from "foreign" transition metal atoms effectively 
support the generation of dynamic active NiOOH 
sites, thereby further promoting the urea 
decomposition process. Likely, all these factors 
are also responsible for the effects observed upon 
incorporation of cerium dioxide into the nickel 
matrix electrodeposited from DES. However, in 
addition to the factors mentioned, structural and 
morphological aspects probably influence the 
electrocatalytic activity as well (in particular, the 
evolution of the surface microprofile upon 
incorporation of cerium compounds into the 
electrocatalytic coating, as evidenced by the data 
in Fig. 1). The combined influence of a whole 
range of diverse factors likely determines the 
rather complex and clearly non-monotonic 
character of the effect of electrolyte composition, 
and thus the chemical composition of the coating, 
on its electrocatalytic behavior in hydrogen and 
oxygen evolution reactions as well as urea 
electrooxidation. Nevertheless, it is important 

that under certain conditions it is possible to 
significantly improve the electrocatalytic 
performance, thereby enabling controlled tuning 
of the activity and selectivity of electrochemically 
deposited multifunctional electrocatalysts. 

 

Conclusions 
1. It has been demonstrated that composite 

coatings containing cerium dioxide incorporated 
into a nanocrystalline nickel matrix can be 
electrochemically deposited from an electrolyte 
based on a deep eutectic solvent composed of 
choline chloride and urea (reline), which contains 
dissolved salts NiCl26H2O and CeCl37H2O. The 
incorporation of CeO2 into the nickel deposit 
leads to the evolution of surface morphological 
patterns and an increase in surface defects, which 
is expected to contribute to enhanced 
electrocatalytic activity. 

2. Using cyclic voltammetry with consecutive 
multiple potential scans, it was found that on a 
platinum electrode in the reline-based solution, 
the potential ranges of the electroreduction 
reactions of nickel and cerium compounds 
overlap. A reaction scheme for the processes 
occurring during the formation of the composite 
coating is proposed, involving a series of both 
electrochemical reactions and chemical processes 
within the electrolyte near-electrode layer. 

3. Electrochemically deposited Ni-based 
composite coatings were tested as potential 
electrocatalysts for hydrogen and oxygen 
evolution reactions in aqueous 1 M NaOH, as well 
as for the anodic urea oxidation reaction in 1 M 
NaOH + 0.33 M CO(NH2)2 solution. The latter is 
considered in the literature as a promising 
alternative to the oxygen evolution reaction 
during water electrolysis in alkaline media, 
aiming to reduce energy consumption. It was 
shown that the incorporation of cerium into the 
nickel electrodeposited matrix under certain 
conditions (specific concentrations of Ni(II) and 
Ce(III) salts in the deposition electrolyte) 
promotes selective enhancement of the 
electrocatalytic activity of the coatings for all 
three studied reactions. 

4. Ni-based composite coatings containing 
cerium compounds electrodeposited from deep 
eutectic solvent-assisted electrolytes can be 
considered as promising multifunctional 
electrocatalysts for green hydrogen generation in 
hydrogen energy applications. Variation of Ni(II) 
and Ce(III) salt concentrations in the DES-based 
deposition bath enables flexible and controlled 
tuning of the electrocatalytic behavior. 
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