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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 NiClz:6H20 and CeCl3-7H20 dissolved in reline, coatings containing up to
49 wt.% cerium, present as embedded CeOz, can be formed within an electrochemically deposited nanocrystalline
nickel matrix. Variation of the Ni(II) and Ce(IlI) 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 CeO: 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.

EJIEKTPOOCA/IKEHHA KOMITIO3ULIIMHUX MOKPUTTIB HA OCHOBI HIKEJIIO, IO
MICTATDH CIIOJIYKH LHEPIIO, 3 HU3bKOTEMIIEPATYPHOT'O EBTEKTUYHOI'O
PO3YMHHMKA TA iX EJJEKTPOKATAJIITUYHA AKTUBHICTb

Bsauecnas C. [Ipouenko!’, Jlenuc A. lllaiigepos?, Onekcanap J. Cyxaupkuitl, Cepriit A. KopHiiil2
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AHoTanig

JlaHa po60Ta po3r/iAaja€c OCHOBHi NaTepHM eJIEKTPOOCaKeHHs KOMNO3ULiHHUX MOKPUTTIB Ha OCHOBI HiKeJIIo, 110
MiCTATb CHOJIYKHM Liepilo, OTpMMaHUX 3 PO3YMHY HA OCHOBiI eBTEeKTHMYHOI cyMmimi XoJliH XJopuAy i ce4OBUHH
(po3unHHMK reline), AKMHA € TUIIOBUM NpeACTaBHUKOM HOBOrO NOKOJIiHHA iOHHMX piguH - deep eutectic solvents.
OTpuMaHi JaHi N0Ka3yI0Th, 10 B 3a/IEXKHOCTI BiJ, KOHIeHTpaLii po3unHeHux B reline coseii NiCl2-6H20 i CeCl3-7H20
Ha KaToAi MoxK/MBe GpOpMyBaHHA NMOKPHUTTIB, 0 MicTAThL A0 49 % nepio y dopmi giokcuay, o BOpoBaJKeHHUH y
eJIEKTPOXIMiYHO 0cajKeHy HAaHOKPHCTaJIiuHi HikesleBy MaTpuo. BapiltoBaHHSI KOHLeHTpaLiaMu coJieil Hikeo(1I)
i nepiro(Ill) cyrreBo BnMBae Ha Xxapaktep MopdoJiorii noBepxHi. 3aNpoONOHOBAaHO peaKIiifHi cXeMHM yTBOpPEHHS
KOMMNO3UILiAHOr0 MOKPUTTIi Ta METOAOM LUKJ/IIYHOI BoJIbTaMIepoMeTpii 3 MOC/AiAOBHUMU CKaHAMM I MKJ/JIIOBaHHA
BU3HAa4YeHO IHTepBa/iM NOTEHLiaJiB NPOXO/J)KEeHHA eJIeKTPOXiMiYHUX peakliid y po3uyMHax Ha OCHOBi reline.
OcajyxeHi NOKPUTTS TECTOBAHO SIK NOTEHIilHI eJIeKTPOKaTa/Ii3aTOPHU y eJIEKTPOAHUX Mpolecax NpHU eJeKTpoJisi
Boau (1 M NaOH). Oco6smBa yBara mpH/ijieHa eJIeKTPOKAaTaJiTUYHIid aKTUBHOCTI 0Ca/PKEeHUX KOMNO3UILiHHUX
NOKPHUTTIB Ha OCHOBi HiKesl0 y peaxiii aHOZHOTO OKHCJEeHHsA Kap6aMiJy, 1[0 € MOTEeHLiliHOI0 a/JbTepHAaTUBOIO
AQHOAHOMY BH/iJIEHHI0O KHCHIO IPU CUHTe3i 3eJieHoro BoAHI0. [lokazaHO NOMiTHe 3pOCTaHHA eJIeKTPOKaTaJJiTUHYHOI
AKTUBHOCTI NPU BOPOBAaJKeHHi Jiokcuay Lepilo A0 HikesieBOI MaTpuLi B nMpouecax BUAiJIEeHHA BOAHIO, KUCHIO Ta
AaHOJHOT0 OKHMCJEHHA Kap6aMiAy B BOAHOMY JIYKHOMY pO34MHi. 3aIpONOHOBaHi e/JIeKTPOKaTa/JiTU4HI MOKPUTTH
MOXYTb 3HAWTHU 3aCTOCYBaHHA SIK N0JiQyHKLiOHA/IbHI KaTa/li3aTOpHU AJisl reHepalii 3eJleHOro BOAHIO B BOJHEBil
eHepretuni. BapiloBaHHsa kKoHuneHTpanisMu cosi Hikemo(II) i nepiro(Ill) y BaHHi ocagkeHHs Ha ocHoBi DES
JA03B0JISI€ NIPOBOAUTH FHYYKHMH | KepOBaHUI TIOHUHT eJIeKTPOKaTaJliTUYHOI NOBeJiHKY OTPUMYBaHHMX NOKPUTTIB.
Knarwuoei csaosa: enekTpoocaJkeHHs; HiKesb; Lepill OKCUA; HHU3bKOTEeMIlepaTypHUNH eBTEKTUYHHUH pO3UYMHHUK;
KOMIT03UIiliHe TOKPUTTS; NPOyKYBaHHS 3eJIeHOT0 BOJHIO; eJIeKTPOOKHUC/IeHHs KapbaMify; eJleKTpoKaTaslis.
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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

2H,0 + 2e~ — H, + 20H"

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].

(1)

CO(NH,),(aq) + 80H™ - N,(g) + 6H,0 + CO%™(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].

40H™ - 0, + 2H,0 + 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 CeO: 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(IIl) 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)3sNCH:CH20H]Cl (99 %, Acros Organics;
CAS 67-48-1) and urea CO(NHz): (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(I) chloride hexahydrate NiCl;-6H20
(>99 %, Sigma-Aldrich; CAS 7791-20-0) and
cerium(IIl) chloride heptahydrate CeCls-7H,0
(99.9 %, Suzhou Leba Chemical Co., Ltd; CAS
18618-55-8) were used as sources of Ni* 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 cm?. 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 3mA/cm? 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 (A =
1.7902 A).

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
(NiCl;-6H20)  concentrations of 0.2 and
0.3 mol/dm3 in reline. The concentration of
dissolved cerium salt (CeCl3-7H,0) 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 Concentration of

Elemental composition of the coating, wt.%

Ni(II) ions in the Ce(III) ions in the
electrolyte, electrolyte, Ni Ce C 0 N
mol/dm3 mol/dm3
- 86.44 - 7.94 5.62 -
0.1 88.46 0.36 7.81 3.37 -
02 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 -
- 91.52 - 6.46 2.02 -
0.1 79.77 2.75 9.95 7.53 -
03 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(Ill) 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(Ill) ion concentration
increases, the cerium content in the coating rises
significantly, and at concentrations of
0.3 mol/dm3 Ni(ll) and 0.5 mol/dm3 Ce(II),
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.
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Interestingly, under equal concentrations of
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Fig. 1. SEM images of the surface of coatings deposited from reline-based electrolytes containing 0.2 mol/dm3
NiClz-:6Hz0 (left column - a, b, ¢, d, e, and f) and 0.3 mol/dm3 NiClz:6H:0 (right column - g, h, j, j, k, and 1) with varying
concentrations of CeCls-7H20 salt (mol/dm3):aandg-0;bandh-0.1;candi-0.2;dandj-0.3;eand k- 0.4; and f
and1-0.5

The introduction of 0.1 mol/dm3 CeCl3-7H.0
into the electrolyte containing 0.2 mol/dm3
NiClz-6H20 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 wunder these
conditions (Table 1), and the incorporation of
cerium (or its compounds) is negligible. In
contrast, the addition of 0.1 mol/dm3 CeCls-7H,0
to the DES-based electrolyte containing
0.3 mol/dm3 NiCl,;-6H;0 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 NiCl,-6H20 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 NiCl,-6H20) is notably different: at
cerium ion concentrations of 0.2 and 0.3 mol/dm3
CeCl3-7H;0, surface defects appear (microcracks
and large asymmetric crystallites protruding
from the surface), while at 0.4 and 0.5 mol/dm3

CeCl3-7H;0, the surface consists of asymmetric
flake-like islands with sizes of about 20-30 pm,
separated by wide cracks 5-10 pm 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 26 = 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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Fig. 2. Typical XRD patterns of the coatings electrodeposited from reline-based electrolytes containing 0.3 mol/dm3
NiClz:6Hz0 (a) and 0.3 mol/dm3 NiClz:6Hz0 + 0.3 mol/dm3 CeCls-7Hz0 (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
a-Ni phase, weak peaks corresponding to nickel
hydroxide [B-Ni(OH), (20 = 22.4° and 45.1°,
corresponding to the (001) and (101) crystal
planes, respectively) and cerium dioxide CeO; (26
= 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 CeO; 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:

Ce® +30H " — Ce(OH),

4Ce* +0, + 40H™ + 2H,0 — 4[Ce(OH), [
4Ce(OH), + 0, — 4Ce0, +6H,0

[Ce(OH),[* —CeO, +2H"

The oxidizing agent converting Ce(IIl) 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

Ni(11) + 26~ — Ni “@

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
NiCl;-6H20 and CeCl3-7H20 crystalline hydrates
dissolved in reline:

2H,O+2¢ - H,+O0OH" (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]:

Ni®* + 20H~ — Ni(OH), (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 CeO, may
occur in the near-electrode layer and directly on
the cathode surface according to the following
reactions [40; 41]:

(7)
(8)
9)
(10)
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 NiCl;-6H,0 and
CeCl3-7H,0 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 CeO; content in the
coating not only with increasing CeCls-7H,0
concentration (which is expected), but also with
increasing NiCl;-6H,0 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:0 mass ratio is
substantially lower than the stoichiometric value
for Ce0; (experimental values derived from EDX
spectra range from 0.11 to 3.26, whereas the

{(CH3)3 N—CH, —CH, —OH}+OH‘ —>N(CH,), +CH, =CH —OH + H,0

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

theoretical value for CeO; is 4.375). This
deviation can be explained by oxygen associated
with nickel-containing phases present in the
deposit (e.g, Ni(OH);) 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]:

(11)
g
CH,-CH =0

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 Cls- 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...-
0.8V 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, CeO:
(most likely in a colloidal state) is formed on the
anodic scan as a result of Ce(Ill) ion oxidation
(the indicated anodic wave at -0.5..-0.4V),
leading to the accumulation of CeO; 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:

Ce* +2H,0 = Ce0, +4H" +e~ (12)

It is evident that the oxidation products of
Ce(IlI) 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 CeO, 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 CeCls-7H20
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, CeO; particles are
electrochemically active and, during the cathodic
potential scan, can wundergo 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 NiCl;:6H,0 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)z2(ds) [36].
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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
NiClz-6H,0 and CeCl3-7H;0 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(IlI) 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(IlI)
compounds): they yield a single broad anodic
current wave on the CVs (approximately from
-0.5to +0.8 V).

As in the case of the reline solution containing
only dissolved nickel salt, in the simultaneous
presence of Ni(Il) and Ce(Ill) 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(Il) 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(IIl) redox couple.
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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): (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) the redox
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 NiCl;-6H20
concentration decreases from 0.3 to 0.2 mol/dms3.
It is noteworthy that, simultaneously, the peak
currents of the anodic and cathodic waves
corresponding to the redox transitions between
Ni(Il) and Ni(IlI) 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
0.6

in system

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.
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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 NiClz-6Hz0 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(IIl) salt into the
reline-based electrolyte containing dissolved
nickel(Il) 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.



1038

Journal of Chemistry and Technologies, 2025, 33(4), 1026-1044

04

0.2

0.0 4

JImA em

024

-0.4 ; T
20 15 10

-0.5

0.0 0.5 1.0 1.5

E/V

2.0

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 NiClz:6H20 (0.2 and 0.3 mol/dm3) and CeCl3-7Hz0 (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
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this end, the corresponding cyclic curves from
Figs. 7 and 8 were paired and compared in Fig.
9a,b.
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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/cm?2 and a temperature of 70°C. Ni(II) concentration,
mol/dms3: (a) 0.2; (b) 0.3. Ce(1III) 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(I)<&Ni(lll) 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(ll) salt
concentration in the deposition electrolyte. In
particular, at a Ni(Ill) 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

Ni(OH), + OH~ — NiOOH + H,0 + ¢

CO(NH, ), +60H —N1OOH

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

6NiOOH + CO(NH, ), + H,0 —> 6Ni(OH), + N, + CO,.

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); 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

N, +CO, +5H,0 +6e”

CO(NH_) (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);<>NiOOH.  This
coincidence is not accidental, as current
understanding indicates that NiOOH acts as the
electrocatalytic site on the surface during the
electrooxidation of wurea [8]. Specifically,
according to the so-called direct mechanism,
adsorbed CO(NH:): molecules react with
hydroxide ions to produce the final reaction
products, gaseous Nz and COz:

(13)

(14)

(as in the direct mechanism), and then directly
interacts with the adsorbed CO(NH:), molecules:
(15)
electrochemical urea oxidation is the surface
concentration of the electroactive forms of the
Ni(I)<>Ni(IIl) 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.
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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 NiClz-6H20 (0.2 and 0.3 mol/dm3)
in reline at a current density of 3 mA/cm? 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.

0.6

To quantitatively compare the effect of the
concentrations of the deposition electrolyte
components (Ni(II) and Ce(Ill) 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(NH:): 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.
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Fig. 11. Cyclic voltammograms of the electrode with deposited coating in an aqueous solution of 1 M NaOH + 0.33 M
CO(NH2)z (50 mV/s, 25°C). The coatings were deposited from a solution containing NiCl2:6Hz0 (0.2 and 0.3 mol/dm3)
and CeCl3-7Hz0 (0.5 mol/dm3) in reline at a current density of 3 mA/cm? and a temperature of 70°C. Concentration of

Ni(lI), 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 concentration of Ce(III))

anodic current density at 0.6 V,

maximum achieved anodic current

Ni(II) ions, mol/dm3  ions, mol/dm3 mA/cm? density for urea oxidation, mA/cm?

- 0.116 0.155
0.2 0.093 -

0.2 0.3 0.117 0.466
0.4 0.097 -

0.5 0.075 0.263

- 0.056 0.058

0.2 0.132 0.324

0.3 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 CeQ, 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(IlI) 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 NiCl,-6H,0 and CeCls-7H20. The
incorporation of CeO; 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(NHz); 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(Ill) 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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