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Abstract

This work reports about the Kkinetics and mechanism of the anodic oxygen evolution reaction occurring in an
aqueous alkaline solution on two types of nickel electrodes obtained by electrodeposition technique. The first type
of nickel coating was deposited from «ordinary» aqueous chloride nickel plating bath. The second type of nickel
coating was deposited from an electrolyte based on ethaline (a eutectic mixture of choline chloride and ethylene
glycol), which is a typical representative of the so-called deep eutectic solvents (a new generation of room-
temperature ionic liquids). The electrocatalytic activity of Ni coatings towards the oxygen evolution reaction was
evaluated by linear voltammetry and electrochemical impedance spectroscopy. Under conditions of moderate
polarization, the rate-determining step at both types of electrodes is the transfer of the second electron. As the
polarization increases, the transfer of the first electron becomes the rate-controlling step. Ni coating
electrodeposited from an ethaline-based electrolyte exhibits higher electrocatalytic activity than the coating
obtained from an aqueous electrolyte, which is confirmed by higher exchange current densities and lower
polarization resistances. The observed effects are due to the manifestation of "true" electrocatalytic activity, rather
than a consequence of an increase in the surface area available for the electrochemical process.

Keywords: oxygen evolution reaction; kinetics; mechanism; electrocatalysis; nickel; electrodeposition; deep eutectic solvent.

KIHETHUKA I MEXAHI3M EJIEKTPOXIMIYHOI'O BUAIVIEHHA KUCHIO Y JIY KHOMY
PO34YUHI HA HIKEJIEBUX IIOKPUTTAX

Bsiyecnag C. [Ipouenko’, TetsiHa €. Bytupina, ®enikc U. JJanunos
/JIBH3 "YkpaiHcokull depicasHuli Ximiko-mexHo102iuHull yHisepcumem”, npocn. I'azapina, 8, m. [JHinpo, 49005, Ykpaina

AHoTariqa

BuBueHi KiHeTHM4YHi 3aKOHOMiIpHOCTi i o0xapaKkTepu30OBaHMI MeXaHi3M aHOAHOr0 BHJAiJIEHHA KHUCHI0 3 BOJHOrO
JIy>KHOTO PO34YHHY Ha JBOX TUNAX HiKeJleBHX eJeKTPOJiB, 0Jep>KaHUX METO/J0M eJleKTpoocaKeHHs. [lepmuii TUn
HiKeJ/IeBOro NOKpPUTTS GYB OTPUMAaHMH 3i «3BMYaiiHOT0» BOJAHOT0 XJIOPUAHOTrO €JIEKTPOJIITYy HiKe/IlOBaHHS. [Ipyrui
THUN HiKeJIeBOT0 MOKPUTTS GYB oca/JKeHHH 3 eJIeKTPOJIiTY Ha ocHOBI ethaline (eBTekTH4YHa cyMiln XoJ1iH XJ0opuay i
€TUJIEHTJIIKO0J/I10), III0 € TUNOBHMM NpeJCTAaBHUKOM TaK 3BAaHUX HM3bKOTEMIIEPATYPHUX €BTEKTHYHHUX PO3YHMHHMKIB
(HOBOTO NOKOJIIHHA HU3bKOTEMNEpaTypHUX 10HHMX piguH). EJeKkTpokaTaniTU4Hi XapakTepucTuk Ni IOKpHUTTIB y
peakuii BUji/eHHA KHCHI0 OLiHIOBa/IU MeTOAAaMM JiHilHOI BojibTaMnepoMeTpii i cmekTpockomii eJeKTpoAHOro
iMneaaHcy. 3a ymM0B noMmipHoi moJiApu3anii JIiMiTyBa/JbHOI0O CTaJi€0 Ha 060X TUNAX eJIEKTPOAIB € NMepeHeCeHHs
Apyroro ejieKTpoHa. IIpu 3pocTaHHi nosisipusanii ynoBiJIbHEHMM CTa€ NepeHeCceHHA MNepuoro ejeKTpoHy. Ni
NMOKPHTTS, eJIEKTPOOCaJKeHe 3 eJIEKTPOJIiTy Ha ocHOBI ethaline, JeMOHCTpye 6i/bII BUCOKY e/1eKTPOKAaTaJdiTUYHY
AKTUBHICTb, Hi’)k IOKPUTTA, OTPUMaHe 3 BOAHOI0 eJIeKTPOJIITY, IO NiATBEPAKYETHCA Gi/IbIIMMU I'yCTUHAMHU CTPYMY
06MiHy i MEHIIMMH NOJIApU3ALiHUMH onopaMHu. CnocTepekeHi epeKTH € HACTIAKOM He CTi/IbKM 3pOCTAaHHS MJIOLLi
NMOBEpPXHi, JOCTYNHOI AJIA eJeKTPOXiMiYHOro mnponecy, CKiJIbKM NposABOM "iCTUHHOI" eJleKTpOKaTaJaiTU4YHOI
AKTHBHOCTI.

Kawuvosi csnoea: peakuis BUJiJIEHHS KHUCHIO; KiHETHMKAa; MeXaHi3M; eJIeKTpoKaTaJjli3; HiKesb; eJeKTPOOCa/KeHHS;
HHU3bKOTeMIlepaTypHUN eBTEKTUUHUHM PO3YMHHUK.

*Corresponding author: e-mail: vprotsenko7 @gmail.com
© 2022 Oles Honchar Dnipro National University;
doi: 10.15421/jchemtech.v30i1.245490


http://chemistry.dnu.dp.ua/

27

Journal of Chemistry and Technologies, 2022, 30(1), 26-33

Introduction

The development of new, highly efficient and
inexpensive electrocatalysts for the process of
water electrolysis is an important task of modern
electrochemical science in the framework of
creating environmentally friendly hydrogen
energy [1-3]. In this context, the improvement of
electrocatalytic materials for the anodic oxygen
evolution reaction is one of the key tasks [2-8]. A
relatively high energy barrier of the
electrochemical oxygen evolution reaction is the
cause of this process significant electrode
polarization, which leads to an extremely
undesirable increase in voltage on the cell and a
corresponding increase in energy consumption.
Many attempts have been made to improve the
electrocatalytic characteristics of electrode
materials in relation to the oxygen evolution
reaction by selecting new electrode materials and
modifying existing ones. In particular,
electrocatalysts based on precious metal oxides
(ruthenium and iridium) are widely used [4], the
obvious disadvantages of which are high cost and
scarcity. It is advisable to develop anode
materials based on cheaper base metals, among
which much attention is drawn to nickel and its
oxides [9; 10]. The advantages of nickel include
not only relatively high catalytic activity and
availability, but also its bifunctionality (i.e. the
ability to use for both anodic oxygen evolution
and cathodic hydrogen evolution). In addition,
nickel-based electrocatalysts can be easily and
controllably  produced by  electroplating
technique. In particular, the possibility of
electrochemical deposition of electrocatalytic Ni
coatings from electrolytes based on a new class of
ionic liquids, the so-called deep eutectic solvents
(DESs) has recently been shown [11-13]. It
should be observed that DESs are an available,
relatively cheap and environmentally friendly
alternative to traditional room-temperature ionic
liquids, and the use of DESs in electrochemical
processes, including electrodeposition, has been
the subject of a number of publications over the
past two decades [14-17].

The electrocatalytic behavior of
nanocrystalline nickel coatings deposited from
electrolytes based on DESs with respect to the
reaction of cathodic hydrogen evolution was
considered in detail earlier [11; 18]. As for the
use of Ni electrodeposits fabricated in DES-based
electrolytes as electrocatalysts for the oxygen
evolution reaction, only an increase in activity
was observed as compared to the coating
obtained from a "common" aqueous nickel

electrolyte [19]. However, the Kkinetics and
possible mechanism of electrocatalytic action of
this type of  electrodeposited nickel
electrocatalysts were not elucidated. This work is
devoted to clarifying this issue.

Experimental and Methods

To prepare nickel plating electrolyte, the so-
called ethaline was used, this DES being a mixture
of ethylene glycol and choline chloride in a
eutectic molar ratio (2:1, respectively) [17]. A
detailed description of the preparation of
electrolyte based on ethaline, containing 1 M
NiClz-6H:0, is given elsewhere [11; 19; 20]. For
comparison, nickel coatings were also deposited
from an aqueous chloride electrolyte containing 1
M NiClz-6H20, 0.5 M NaCl and 0.2 M H3BO3 (pH 4).

The coatings were deposited on a Cu substrate
made of copper foil, which was thoroughly
degreased and activated in hydrochloric acid
solution for several minutes. The visible surface
area of the electrodes was 1 cm?2. Nickel anodes
(without separation of electrode spaces) were
used in all electrodeposition experiments. The
deposition was performed at the temperature of
40 °C and the current density of 10 mA cm-2. The
electrolysis duration was adjusted so that the
thickness of the fabricated coatings was about 10
pm. After electrodeposition, the samples were
thoroughly washed with double-distilled water
and air-dried.

The electrocatalytic behavior of the deposited
Ni coatings with respect to the anodic oxygen
evolution reaction was studied using a deaerated
aqueous solution of 1 M NaOH as the electrolyte.
The experiments were conducted in a glass
thermostated cell (298 K) using freshly as-
deposited nickel coatings as a working electrode.
A platinum mesh serves as a counter electrode.
The potentials were measured relative to the
saturated silver chloride reference electrode and
recalculated to the scale of a reversible hydrogen
electrode. Voltammetric curves and
electrochemical impedance spectra were
recorded by means of a Reference 3000
potentiostat (Gamry, USA). Determination of the
parameters of elements in the adopted equivalent
circuit in electrochemical impedance studies was
performed using software built into the
potentiostat.

Results and Discussion

Preliminary experiments have shown that the
anodic currents on the voltammograms of the
nickel electrode in 1 M NaOH solution,
corresponding to the electrochemical oxygen
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evolution, are very sensitive to the state of the
electrode  surface and its  preliminary
preparation. In other words, the anode currents
are very sensitive to the previous history of the
electrode. This behavior is obviously due to the
complex chemical and electrochemical
transformations that occur on the nickel surface
under conditions of anodic polarization in an
aqueous medium and contact with atmospheric
oxygen. According to the literature [21], upon
contact with an alkaline medium, the nickel
surface is spontaneously covered with a layer of
hydroxide a-Ni(OH),, which as a result of aging
can be dehydrated and recrystallized with the
formation of B-Ni(OH).. It is obvious that the
anodic  polarization leads to additional
electrochemical transformations between
hydroxide forms, which greatly affects the
electrocatalytic behavior of the coating in relation
to the reaction of oxygen evolution. In this paper,
we did not set ourselves the task of studying the
influence of the transformations of various
chemical states of nickel hydroxides films on
their electrocatalytic behavior. Therefore, to
ensure analysis of different types of coatings in
comparable conditions, we, in accordance with
the previously reported recommendations [21;
22], performed pre-electrochemical treatment of

the surface of Ni samples at the potential of 0.9 V
relative to the potential of a reversible hydrogen
electrode for 5 min. Such pre-treatment of nickel
surface provides effective and reproducible
reduction of nickel hydroxide compounds [21].
We found that potentiostatic processing at the
above-mentioned electrode potential and
duration allows obtaining well-reproduced
experimental data.

Fig. 1 shows the polarization curves of anode
processes on nickel coatings deposited from an
aqueous electrolyte and from an ethaline-based
electrolyte. It should be stressed that as is
traditionally accepted in the studies of anodic
oxygen evolution [23], the electrode potentials
are here and below given relative to the scale of
the reversible hydrogen electrode, which was
calculated by the Nernst equation:

Erye =—0.059 pH (D

According to the published data [24], it was
assumed that the pH value in 1 M NaOH solution
is equal to 13.85. Then the equilibrium potential
of the oxygen electrode will be equal to 1.229 V in
the scale of the reversible hydrogen electrode,
regardless of the pH value of an electrolyte.
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Fig. 1. Anodic polarization curves recorded on Ni coatings deposited from an aqueous chloride electrolyte (1) and
from an electrolyte based on ethaline (2) in 1 M NaOH solution at 298 K. Potential scan rate 20 mV s-1

The polarization dependences exhibit a peak
of the anode current at the potential of about 1.4
V and exponential regions corresponding to the
anodic evolution of oxygen. The current peak at
1.4 V almost coincides in its shape and location
for both of the studied electrodes and according

to the literature [21] can be ascribed to the
anodic oxidation of Ni(I[)—>Ni(Ill) in the redox
system Ni(OH)2/NiOOH. With regard to the
region of oxygen evolution reaction, the obtained
data show that the polarization of the process is
significantly lower when using a nickel coating
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from the electrolyte based on DES than when
using nickel deposit from «ordinary» aqueous
solution, i.e. there is a clear electrocatalytic effect.
To obtain appropriate quantitative information
about the kinetics of the process of oxygen
evolution, the dependences were plotted in the
coordinates of the Tafel equation:

n=a+blg j, (2)

where 1 is the polarization of the
electrochemical reaction of oxygen evolution; a
and b are the respective Tafel constants; and j is

n=E-1229. (3)

It is seen that two linear regions are observed
on the graphs plotted in the coordinates of the
Tafel equation (Fig. 2): section I at relatively low
(moderate) polarizations and section II at higher
polarizations. The corresponding constants of the
Tafel equation were determined for both linear
sections of the obtained dependences (Table 1).
In addition, the values of the exchange current
density for oxygen evolution reaction (jo) were
calculated using the following expression:

the current density (A cm-2). . —107% 4)
It should be noted that the polarization was Jo = '
calculated based on the data on the electrode
potential (Fig. 1) according to the equation:
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Fig. 2. Tafel dependences for the process of oxygen evolution on Ni coatings deposited from an aqueous chloride
electrolyte (1) and from an electrolyte based on ethaline (2) in 1 M NaOH solution at 298 K

Table 1
Kinetic parameters of the reaction of oxygen evolution on Ni coatings in 1 M NaOH calculated from Tafel
dependences
Kinetic parameters  Values
section I section II
coating from  coating from  coating from  coating from
aqueous DES-based aqueous DES-based
electrolyte electrolyte electrolyte electrolyte
a/Vv 0.555 0.475 0.697 0.622
b /Vdec! 0.041 0.040 0.120 0.120
jo/ A cm-2 2.91-10-14 1.33-10-12 1.56-10-6 6.56:10-6
The most characteristic feature of the [21; 22; 25]. This behavior is obviously a

obtained data is the appearance of a break on the
Tafel dependences, i.e. the formation of two
sections with different slopes: the first section at
moderate polarizations has a slope of about 40
mV dec!, and the second section at higher
polarizations has a slope of about 120 mV dec-'.
Such dependences for the oxygen evolution
reaction in alkaline media on nickel electrodes
have been repeatedly described in the literature

consequence of the change in the rate-
determining step with increasing anodic
polarization. Many different reaction mechanisms
of this complex reaction have been proposed, and
almost all of them involve reactions with the
participation of surface oxide, hydroxide and
peroxide compounds of nickel in different
oxidation states as electrocatalysts [10;21;
22; 25].
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In this work, we used the reaction mechanism
developed by Lyons and Brandon [21] to
interpret the obtained data. According to this
mechanism, the studied process occurs as the
following sequence of elementary steps:

[Ni(H11)(OH), 0, +OH™ >[Ni(IV)(OH),.,0,] +e  (5)

[Ni(IV)(OH),,..0, ] > [Ni(IV)(OH),,,0, ] +e7,(6)
INI(IV)(OH),.,0,]"™ +20H" > [Ni(I1)(OH), .0, +2H,0+0,+¢” (7)

m+1~n

INi(II)(OH), .0, +OH - Ni(IOH), 0] +& (8)

The proposed mechanism (5) - (8) implies
that the anionic complex [Ni(I11)(OH),O,[

(where z = 2n + m - 3) acts as an electrocatalyst
in the course of oxygen evolution on nickel.

The rates of the first step (5) for the forward
and reverse directions of the reaction can be
expressed by the following equations (in units of
substance flow) [21]:

f,=kla, (- e)exp{[?f_ﬂ ) (9)

. 1-B)F
f,=k% exp[— (Rﬁ'l?n}

where 6 is the degree of electrode surface
coverage by adsorbed  [Ni(IV)(OH), O, [

and k° are the standard

electrochemical rate constants; and f is the true
transfer coefficient (a symmetry factor).

If the step (5) is in equilibrium, then that
allows expressing the value of 0 as follows:

Fn
Ka,,,- exp{RT} '
F
1+Ka,, exp[Rg}

where K =k /k9k = exp|- AG°/RT].

It is possible to neglect the second term in the
denominator of expression (11) at not very high
polarizations. Then we get:

O=Ka,, exp{gﬂ :

The kinetic model developed in work [21]
assumes that the transfer of the second electron
(Eq. (6)) is the rate-determining step in the chain
of transformations (5) - (8) at not very high
anode polarization. In this case, the equation for
the reaction rate can be written as follows:

f,= kfeexp{@] (13)

Substituting the expression for the value of 0
from (12) into formula (13), we finally obtain the
equation for the rate of the step (6):

f,=Kk,a exp{(lJrB)Fn]
RT

(10)

particles;  k°

o (11)

(12)

(14)

2 ZoH"~

The rate of the whole reaction will be
determined by the rate of this rate-controlling
step. Therefore, it is possible to write the final
expression for the rate of oxygen evolution
reaction in units of current density:

j=2Ff, = 2FKk’a exp[(lfT)F”] (15)

2 YoH"~

If we now assume that the energy barrier
during the transfer of the second electron is
symmetric (§ = 0.5), then the Tafel slope must
have the following value:

b:(a"_j =2.303(2RTJ-

olgj), 3F
OH™

At T = 298 K, we have b = 0.04 V dec-, which
coincides well with the experimental data (Table
1).

The nature of the rate-determining step
changes in the region of high anodic polarizations
and the rate of the whole process begins to be
determined by the rate of transfer of the first
electron (reaction (5)). In this case, this step
ceases to be in equilibrium and its rate is
determined by formula (9). Then, we can easily
obtain the following expression for the current
density of the electrode process:

j=2Ff,=2F =k’a (1—9)exp[BFn} - (17)

(16)

RT
As follows from Eq. (17), the Tafel slope in the
region of high polarizations will be equal to:

b= (a“] - 2.303(2RT)- (18)
olg j F

EOH,

It is clear that Equation (18) atf=0.5and T =
298 K leads to the value of b = 0.120 V dec,
which is observed in the experiment (Table 1).

Analysis of the data given in Table 1 shows
that in both regions of the anode polarization
curves, the exchange current density for the
nickel coating deposited from an ethaline-based
electrolyte is significantly higher than that for the
nickel coating deposited from an aqueous nickel
plating electrolyte. This clearly indicates an
increase in electrocatalytic activity. However, this
increase in the exchange current density can be
caused both by an increase in the surface area
available to the electrochemical reaction and by a
«true» catalytic effect (i.e. an increase in activity
at the same real surface area). Obviously, formal
analysis performed using the above kinetic model
does not allow discriminating between these
effects.

Therefore, the method of measuring the
electrochemical impedance was used for a more
detailed elucidation of the causes of the observed
phenomena. Electrochemical impedance spectra
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were registered at the electrode potential of 1.6 V
relative to the reversible hydrogen electrode,
which corresponds to the region of moderate
anode polarizations (region I for both types of
electrodes studied, n = 0.371 V). To interpret the
obtained Nyquist diagrams (Fig. 3), we used the

600

T

0 100 200 300 400 500 600 700
Z

/ Qcm?
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known Armstrong-Henderson equivalent circuit
[26] (Fig. 4), which has been previously
suggested to describe the results of measuring
the electrochemical impedance of the oxygen
evolution on a nickel oxidized electrode [21].
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Fig. 3. Nyquist plots obtained by electrochemical impedance spectroscopy on Ni coatings deposited from an aqueous
chloride electrolyte (a) and from an electrolyte based on ethaline (b) in 1 M NaOH solution at 298 K

CPE 4

Rs

_@_

R

— i
—

p1

CPE,

—
—Ae—

Fig. 4. Equivalent circuit used to simulate the data of electrochemical impedance spectroscopy

The adopted equivalent circuit includes the
ohmic resistance of the solution (Rs), the
polarization  resistances (Rp1 and  Rpy)
corresponding to two separate successive steps
of charge transfer of the electrochemical reaction,
and the capacitive impedance components
(constant phase elements, CPE: and CPE>)
originated from the double electric capacity and
pseudocapacity due to  adsorption  of
intermediates, respectively. The calculated
parameters of all elements of the equivalent

circuit are given in Table 2. It should be
mentioned that each constant phase element is
characterized by two quantitative parameters:
the capacitive component @, which is largely
determined by the true surface area available to
the electrochemical reaction, and the
dimensionless quantity n, which reflects phase
deviations of the capacitive response of an
electrochemical system.

Table 2

Calculated parameters of the elements of equivalent circuit derived from the results of measuring electrochemical
impedance of oxygen evolution reaction on nickel coatings in 1 M NaOH at the potential of 1.6 V

Electrode type Rs/Q Rp1 / Q Qi/pQt m Re2 / Q Q /2t n2
cm? cm? sn1 cm-2 cm? sh1 cm-2

coating from 1.3 27.11 396.00 0.834 547.05 72.16 0.941

aqueous electrolyte

coating from DES- 1.2 6.43 420.15 0.828 6.912 80.97 0.932

based electrolyte
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The obtained data show that the polarization
resistances (both Rp1 and Rp;) for the coating
deposited from the electrolyte based on the DES
are significantly lower than the corresponding
values for the coating deposited from the
aqueous nickel electrolyte. This clearly indicates
the increased electrocatalytic activity of
electrodeposits fabricated from the DES-
containing solution and correlates well with the
above voltammetric measurements. For example,
the value of Rpz, which in the first approximation
can be identified with the polarization resistance
of the rate-determining step (6), differs for the
studied coatings by almost two orders of
magnitude. At the same time, for the coating
obtained in the DES-based electrolyte, a certain
increase in the values of the capacitive
components of the constant phase (Qi 2) is
observed, which indicates an increase in the true
surface area, but this effect is not so significant
(for example, Q: increases only by ~10%). Thus,
the above data testify that the main factor in the
observed increased electrocatalytic activity of Ni
coatings prepared in the ethaline-based
electrolyte is not so much an increase in the
electrode surface area available to the electrode
reaction as a manifestation of "true" catalytic
properties. Smaller values of nj, » for the process
implemented on nickel deposited from DES-
based bath, as compared to nickel derived from
the aqueous electrolyte, mean an increase in the
degree of energy and geometric inhomogeneity of
the electrode surface, which should also improve
the catalytic properties. Probably, this is
facilitated by the nanocrystalline structure of the
nickel coating deposited from the DES-containing
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