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Abstract: Transition metals such as nickel and cobalt as an alternative to Pt and Pd can be used for
oxygen evolution reactions (OERs) and hydrogen production reactions (HERs) in alkaline environ-
ments, facilitating green hydrogen production as a sustainable alternative to fossil fuels. In this
study, an NiCo20: catalyst was produced by a sono-hydrothermal method using urea as a hydrol-
ysis agent. The electrochemical performance of the catalyst-coated NiFelt electrode was evaluated
at different KOH concentrations (0.25, 0.5, and 1 M) and four operating temperatures in the interval
of 20-80 °C. The electrode characteristics were investigated via electrochemical spectroscopy (cyclic
voltammetry, EIS, multistep chronopotentiometry, multistep chronoamperometry) using two dif-
ferent reference electrodes (Ag/AgCl and Hg/HgO), to obtain insight into the anodic and cathodic
peaks. XRD, SEM, EDS, and TEM analyses confirmed the purity, structure, and nanoscale particle
size (20-45 nm) of the NiC020s catalyst. The electrode showed symmetric CV with Ag/AgCl, making
this reference electrode more appropriate for capacitance measurements, while Hg/HgO proved ad-
vantageous for EIS in alkaline solutions due to reduced noise. The overpotential of the catalyst-
coated NiFelt decreased by 108 mV at 10 mA/cm? compared to bare NiFelt, showing a good poten-
tial for its application in anion exchange membranes and alkaline electrolyzers at an industrial scale.

Keywords: alkaline electrolyzers; AEM electrolyzers; transition metals; electrocatalyst; Ni-Co metal
oxide; sono-hydrothermal; OER; HER

1. Introduction

New frontiers in carbon neutrality are driving the world in the direction of green
energy through constructing a new system based on environmental sustainability. This
direction and the decrease in fossil fuels are opening the way to sustainable energy carri-
ers. Hydrogen is a zero CO:z emission energy carrier [1,2] since the product of its oxidation
is only water.

Currently, the most widespread and developed technologies for the production of
hydrogen are those based on traditional methods of using fossil fuels: natural gas reform-
ing and coal gasification. These technologies inevitably cause abundant CO2 emissions
into the atmosphere [3,4].

An alternative and promising way for the production of hydrogen is water electrol-
ysis. This technology, in addition to being CO2 neutral, acquires further interest if coupled
with the use of electricity from renewable energy sources such as solar, wind, etc. [5-8].

Alkaline water electrolyzers (AWE) and anion exchange membrane water electrolyz-
ers (AEMWE) [9] present important peculiarities, thanks to the great interest they have
attracted at the industrial scale: transition metals can be used for both oxygen evolution
reactions (OERs) and hydrogen evolution reactions (HERs) [10,11]. Since no noble metals
are used, electrocatalysts are less expensive and more easily supplied. Although AEMWE
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is an emerging technology if compared to AWE, the results obtained at the lab scale and
pilot scale show it to be a promising technology, exhibiting performances between alka-
line and PEM water electrolysis [12].

Improving the performances of electrocatalysts for both OERs and HERs is of great
importance to reduce energy losses and to increase the overall efficiency of the system
[13,14]. In particular, finding a performant electrocatalyst for oxygen evolution reactions
is a key point to reduce losses due to the four-electron transfer in the redox pair [15]. Nu-
merous studies reported on transition metal oxides for OER improvement in alkaline en-
vironments [16-18]. Spinel electrocatalysts are of great interest for their structure, AB20s,
where A and B stand for metal ions and characteristics [19-21]. Nickel-cobalt oxides are
one of the most interesting catalysts because of their high capacity, excellent redox activ-
ity, affordability, and abundant availability in nature [22,23]. Even if the chemical struc-
ture is important, the morphology and particle size play a key role in the choice of the
electrocatalyst. The engineering of an electrocatalyst must take into account the appropri-
ate shape and size to reduce losses due to mass transport through the porous media of the
substrate and improve electrocatalytic activity [24].

NiCo0204 has been synthesized in a wide variety of structural forms, spanning nano-
particles [25], nanowires [26], nanoflowers [27], nanosheet arrays [28], and nanoneedle
arrays [29], and the results of these studies demonstrate the important role of shape in
electrochemical characteristics [30]. Different techniques are used to synthesize spinel Ni-
Co metal hydroxide such as decomposition [31], nano casting [32], electrodeposition
[33,34], coprecipitation [35], and hydrothermal synthesis [36].

In this study, a sono-hydrothermal method was used to synthesize a NiC0204
electrocatalyst with urea as a hydrolysis agent. Different techniques such as XRD, SEM,
EDS, and TEM were adopted to assess the catalyst’s physicochemical characteristics. The
obtained NiCo,O, was then used to produce a hybrid Ni-Co metal oxide@NiFelt
electrode, whose electrochemical performances were analyzed at different operating
conditions. Moreover, stability tests were carried out at different temperatures and pH,
and the after-use structure and composition of the electrode were verified using XRD,
SEM, and EDS.

The study also focuses on how the choice of the reference electrode inside the three-
electrode setup can influence the results of the electrochemical tests, leading to
suggestions on the best choice in terms of parameters to be evaluated.

Based on our study, the use of an Ag/AgCl reference electrode can be convenient with
respect to Hg/HgO when the outcome is to achieve capacitance measurements and redox
peak detection in cyclic voltammetry. Tests conducted in 0.5 M KOH and 1.0 M KOH
using this reference electrode yielded similar results, suggesting the possible use of the
lower-cost Ag/AgCl reference electrode at a lower concentration of KOH for lab-scale
testing of OER electrocatalysts.

In summary, the main points of this study are the following:

1. Synthesize the NiCo,04@NiFelt hybrid electrode using a sono-hydrothermal method
followed by annealing, ensuring a binder-free configuration.

2. Evaluate the electrochemical performance of the NiCo,O,@NiFelt hybrid electrode in
terms of overpotential, current density, and stability during the OER process in
alkaline media.

3. Examine the influence of operational conditions, including temperature and pH, as
well as the choice of reference electrode on the OER performance of the produced
electrode.

4. Study the effect of different reference electrodes (Ag/AgCl and Hg/HgO) on
electrochemical measurements and provide insights on their suitability for
capacitance measurements and/or EIS in alkaline solutions.
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PRECURSORS

2. Materials and Methods
2.1. Chemicals and Materials

Precursors salts NiCl-6H20 (99% purity) and CoCl2-6H20 (98% purity) used for the
electrocatalyst synthesis were purchased from Carlo Erba Reagents (Milano, Italy), as well
as KOH (99% purity) and urea (99% purity). Ultra-pure deionized water, utilized for all
cleaning and synthesis procedures, was procured from Exaxol (Genova, Italy). Ethanol
and acetone, employed post-filtration to eliminate any remaining residues, were obtained
from Sigma Aldrich (Steinheim, Germany). It should be noted that all the reactants were
used as received without further purification.

2.2. Preparation of Hybrid NiCo:04@NiFelt Electrode

For synthesizing the hybrid electrode, we chose NiFelt as support material.

In alkaline and anion exchange membrane (AEM) water electrolysis, the use of Ni
felt or foam is necessary due to either material’s excellent conductivity and catalytic
properties.

Ni felt could be better, at an industrial scale, than Ni foam for two main reasons. The
cost of production of Ni felt is lower than that of Ni foam; second reason is related to
mechanical properties: Ni felt has superior mechanical strength compared to Ni foam,
providing better durability and stability during operation at industrial scale.

The synthesis of the NiCo204 on NiFelt is carried out using a sono-hydrothermal
process, taking advantage of urea as a hydrolysis agent as described in our previous paper
[10]. The sono-hydrothermal synthesis involved several key steps. Figure 1 provides
details of the synthesis procedure, starting from synthesizing the electrocatalyst up to
carrying out physicochemical analysis and electrochemistry tests.

 — SONICATION — | HYDROTHERMAL | — | CALCINATION
PHYSICO- J
CHEMICAL
ANALYSIS \

POST -
TREATMENT

ELECTRO-
CHEMICAL /
ANALYSIS

Figure 1. Synthesis procedure with sono-hydrothermal process method and characterizations
procedure

First, 2.015 g of NiCl>-6H20 was dissolved in 25 mL of deionized water (DI) and
slowly introduced dropwise into a solution of CoCl2-6H20, which contained 4.0354 g of
the cobalt precursor in 40 mL of DI. Next, urea was added at a molar ratio of 1:10, and the
mixture was vigorously stirred for 30 min. The solution was then sonicated for an
additional 30 min at 100 W to enhance nucleation and nanoparticle formation. This
mixture was transferred to a 100 mL Teflon-lined stainless steel autoclave with an acid-
washed NiFelt substrate at the bottom of the autoclave and subjected to a hydrothermal
reaction for 10 h at 120 °C. Afterward, the resulting product was washed with DI water
and ethanol, filtered, and dried in a vacuum oven at 60 °C. In the final step, the dried
product was heated in a furnace at 350 °C for 3 h, with a heating rate of 10 °C/min. The
final result is an electrode in which the electrocatalyst is chemically bound to the nickel
felt within the entire substrate volume and not only on the surface. As an indication, the
final load of the catalyst on the electrode is 7 mg/cm?.
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The mass loading is a key point, since it is strongly related to the oxygen evolution
reaction (OER) efficiency. Generally, by increasing the active mass, the catalytic activity is
also enhanced due to the higher number of active sites. However, exceeding the optimal
amount of catalyst can lead to a decrease in performance due to mass transport limitations
and potential blockage of active sites.

2.3. Physicochemical Characterizations

The physical and chemical structures of the NiC020: powder were examined using a
variety of analytical techniques. X-ray diffraction (XRD) was used at room temperature in
air with PANalytical AERIS equipment to investigate the crystal structure and phase
composition. The sample morphology was evaluated using a TESCAN (Brno, Czech
Republic) scanning electron microscope (SEM). Energy-dispersive spectroscopy (EDS),
using a Hitachi (Tokyo, Japan) SU3500 detector, allowed us to analyze the NiC0204
powder composition and detect any contaminants in the produced electrocatalyst.
Transmission electron microscopy (TEM) was used to analyze the samples’ structural
composition and morphology using a JEM 2100 Plus apparatus from JEOL Ltd. (Tokyo,

Japan).

2.4. Electrochemical Characterization Method

Electrocatalyst measurements were performed using an IVIUM Vertex.10A
potentiostat workstation (Ivium Technologies B.V., Eindhoven, The Netherlands) in 0.25,
0.5, and 1.0 M KOH electrolyte solutions. The hybrid NiCo20s@NjiFelt electrode was used
as the working electrode, with Hg/HgO or Ag/AgCl as the reference electrode, and a
platinum wire served as the counter electrode. Polarization curves were measured at a
scan rate of 5 mV-s™. Cyclic voltammograms (CVs) were recorded at varying scan rates
within a specific potential range concerning the specific reference electrode.
Electrochemical impedance spectroscopy (EIS) was conducted over a frequency range of
0.01 to 100,000 Hz with 10mV amplitudes. The potential response over time was observed
by 1000 CV under a scan rate of 50 mV/s (24 h duration test). Potentials were calibrated to
a reversible hydrogen electrode (RHE) in 1.0 M KOH and corrected for the 100% iR drop

using the formula E(RHE) = Eo(Hg/HgO) + 0.105 +0.059 xpH - iRs, E(RHE) = Eo(Ag/AgCl)
+0.197 +0.059 X pH - iRs, where Rs is the equivalent series resistance obtained from fitting

calculations. For the temperature effect, the potential is not corrected concerning the iR
drop.

2.5. Electrochemical Performance of Hybrid NiCo204@NiFelt Electrode

The electrochemical performance of the synthesized electrocatalyst on NiFelt was
evaluated in a three-electrode setup. A first run of tests was carried out at fixed pH and
temperature using two different reference electrodes (REs). This activity allowed us to
understand how the use of different REs can highlight different characteristics of the
electrocatalyst. Then, tests at different operating temperatures and pH were performed
with the chosen RE.

3. Results and Discussion
3.1. Physicochemical Characterizations of NiC0204 Catalyst Powder

As a starting point for analyzing the physicochemical properties of NiCo0204
electrocatalyst powder, XRD, SEM, EDS, and TEM analyses were performed; the results
are shown in Figure 2.
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Figure 2. Physicochemical characterization of Ni-Co metal oxide: (a) XRD, (b) SEM (SEM MAG:
5.00 kx), (c) EDS, (d) TEM.

XRD analysis is reported in Figure 2a; it can provide insights into the crystal structure
and composition of Ni-Co metal oxide, and it was carried out for 20 = 20-80°. Peaks were
found at 18.90°, 31.15°, 36.70°, 38.40°, 44.62°, 55.43°, 59.09°, 64.98°, and 77.54°, which
correspond to the crystallographic planes (111), (220), (311), (222), (400), (422), (511), (440),
and (533) of cubic NiCo020s, respectively. The obtained XRD pattern closely matched the
JCPDS No. 20-0781 standard card [37], confirming the successful synthesis of pure
NiCo0204 powders through the sono-hydrothermal method in which the absence of
impurity peaks indicates that the NiCo20s is free from significant contamination from
other phases.

SEM analysis highlights the structure, particle size, and distribution of the
synthesized nanomaterials and to this extent, an SEM image of the NiC0204 catalyst is
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shown in Figure 2b. The structure of the electrocatalyst is flower-like nanorods,
homogeneous in a single-shaped structure. The reason behind this well-established
morphology not only corresponds to the good nucleation caused by sonication but also to
the existence of the hydrolysis agent, urea, which bonds Ni?* and Co?* ions together.

To confirm the results obtained through XRD and SEM, EDS analysis was performed,
and this characterization is shown in Figure 2c. Three different areas of electrocatalyst
were selected, and EDS was performed to unravel the distribution of the elements in the
structure of Ni-Co metal. Based on the results, only Ni, Co, and O elements are present in
the structure; the weight percentages follow the theoretical molar ratio of the NiCo20s,
ensuring that the synthesis methods were appropriate throughout the sono-hydrothermal
route.

TEM analysis was performed and results are shown in Figure 2d, in order to gain
better insight into the NiC0204 electrocatalyst. The dimensions of the particles are between
20 and 45 nm, further confirming the advantage of the sono-hydrothermal method in the
formation of homogeneous nanoparticles. Also, a lattice spacing of 0.246 nm was
observed, which is related to the (311) plane of NiC020x electrocatalyst.

Based on the results of XRD, SEM, EDS, and TEM, the synthesized electrocatalyst is
Ni-Co metal oxide, mainly NiCo20s spinel type catalyst in a pure form, with flower-
shaped structures made of homogeneous nano-needles. Sonication for the synthesis
process promotes widespread particle distribution by increasing the nucleation rate. It
results in a larger number of uniform small nuclei, which leads to reduced aggregation
and formation of smaller particles [38]. Also, urea as a hydrolysis agent can help bond
ions of Ni and Co more easily, achieving a pure and single-phase morphology NiC0204
electrocatalyst.

3.2. Electrochemical Characterization

The results of the electrochemical tests carried out on the hybrid NiCo20s@NiFelt
electrode using different REs and at different temperatures and pH are reported here.
More details on the performance of the catalyst and its comparison with results from the
literature on NiC020s4 can be found in [10].

3.2.1. Changing the Reference Electrode

Figure 3 illustrates the OER properties of synthesized Ni-Co metal oxide on NiFelt
and clean bare NiFelt, obtained with two different REs. Hybrid NiCo0s@NiFelt
electrodes were tested as anodes to evaluate their electrocatalytic performance for the OER
ina 1.0 M KOH solution at T =20 °C. Platinum foil was used as the counter electrode while
Hg/HgO or Ag/AgCl were utilized as the RE.

This OER reaction involves multiple proton-coupled electron transfer steps,
requiring efficient catalysts to lower the overpotential and enhance the reaction rate. Since
the electrolyte is KOH, there are OH- ions in the solution. Firstly, the hybrid NiCo,O, on
the NiFelt electrode surface adsorbs hydroxide ions from the electrolyte. These ions
undergo a transformation, forming intermediate species on the electrode surface. In the
second step, these intermediate species interact to form bonds between oxygen atoms. The
oxygen molecules formed on the surface of the NiCo,O, on the NiFelt electrode are then
released into the electrolyte. The entire process theoretically requires four electrons.

The working electrode tested by the Hg/HgO RE is named NiCo-Hg, while the same
electrode tested with the Ag/AgCl RE is named NiCo-Ag. Bare NiFelt was tested just by
the Hg/HgO RE, and it is named NiFelt-Hg. In Figure 3a, linear sweep voltammetry (LSV)
results are reported, performed at a scan rate of 5 mV/s. The results are corrected for 100%
iR drop. By looking at the LSV outcomes, the electrochemical activity of hybrid
NiCo:204@NiFelt anode is significantly improved in comparison to bare NiFelt: at 50
mA/cm?, the overpotentials for NiCo-Ag, NiCo-Hg, and NiFelt-Hg are 310, 350, and 435.3
mV, respectively, highlighting the good performance of the synthesized electrode and
showing that the overpotential obtained by Ag/AgCl is lower than that measured by
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Hg/HgO. Another significant difference is related to the anodic peak for NiCo-Hg, which
is higher in comparison to that obtained by NiCo-Ag. This difference can be associated
with the theoretical formula used for the conversion to RHE and to the different sensitivity
of the RE for the basic solution, which is supposed to be amplified at high current
densities.

Figure 3b compares overpotentials for NiCo-Hg, NiCo-Ag, and NiFelt-Hg at 10
mA/cm? and 50 mA/cm?, obtained by backward LSV. At a standard current density (10
mA/cm?), the overpotentials for NiCo-Ag, NiCo-Hg, and NiFelt-Hg are 278, 288, and 396.9
mV, respectively. At this lower current density, the difference between the overpotential
measured for Ag/AgCl and Hg/HgO is 10 mV, less than the previously calculated one, as
expected.

Electrochemical impedance spectroscopy (EIS) was carried out for the NiCo-Hg,
NiCo-Ag, and NiFelt-Hg electrodes at the open circuit voltage (OCV) to examine the
system’s transport properties, and the results are reported in Figure 3c. An equivalent
circuit was derived through data analysis to evaluate the results. The uncompensated
solution resistance (Rs), which was totally iR corrected for the LSV curves, was calculated
with both Ag/AgCl and Hg/HgO. The values were determined to be 1.18 and 1.22 Q,
respectively. The diameter of the semicircle can reveal the charge transfer resistance for
the electrode under evaluation. The first realized result shows that the hybrid
NiCo20:@NiFelt electrode exhibits excellent resistance reduction in comparison to bare
NiFelt. This confirms that the catalyst morphology observed by SEM and TEM, i.e., the
nanorods-flower-like shape, can facilitate mass transfer. The charge transfer resistance
(Ret) values for NiCo-Hg, NiCo-Ag, and NiFelt-Hg are 2.1, 1.98, and 3.78 Q), respectively.
The results obtained by the Ag/AgCl reference electrode in comparison to Hg/HgO show
lower measured resistance at about 6% difference, which can be not only related to the
sensitivity of the RE but also to the solution inside the RE, being 3M KCl for Ag/AgCl and
1M KOH for Hg/HgO.

The Tafel slope was calculated by backward LSV as an activity indicator of the hybrid
NiCo20:@NiFelt electrode, and results are reported in Figure 3d. For NiCo-Hg and NiCo-
Ag, the calculated slopes are 89 and 90 mV/dec, respectively. This is just about a 1%
difference, which is statistically not significant.

To understand the activity of the NiCo0204 hybridized with NiFelt, electrochemical
active surface area (ECSA) was calculated for both NiCo-Hg and NiFelt-Hg in 1 M KOH,
20 °C temperature, using CV with different scan rates, and the results are shown in Figures
S1 and S2. Also, the capacitance double layer values for NiCo-Hg and NiFelt-Hg, which
are depicted in Figure S3, are 2.55 and 0.886 mF/cm?, respectively. For the ECSA values,
NiCo-Hg showed 63.75 cm?, and this was 22.5 cm? for NiFelt-Hg, which show significant
increases in the ECSAs and respective OER performances using a binder-free method.
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Figure 3. OER tests of NiCo-Hg, NiCo-Ag, and NiFelt-Hg: (a) 100% iR-corrected LSV, (b)
overpotentials, (c) EIS, (d) Tafel plot.

From the previous results, it is understood that the choice in measuring the
polarization curve and resistance through EIS with Ag/AgCl and Hg/HgO poses some
differences but not in a way that alters so much the results obtained.

The CV test is another important electrochemical activity test that can show the redox
properties of the electrodes. Moreover, multistep chronopotentiometry and multistep
chronoamperometry can provide information about the short stability of the tested
electrode. Also, these tests were performed using different Res, and the results are
reported in Figure 4.

Figure 4a,b show the CVs for the hybrid NiCo20:@NiFelt electrode measured with
Hg/HgO RE and Ag/AgCI RE, respectively. Five different scan rates ranging from 10 mV/s
to 50 mV/s with a 10 mV step rate were studied to show the redox reaction of Ni to Ni2*
and Co to Co?". Initially, the CV curve obtained with Ag/AgCl is more symmetric and well
shows the anodic and cathodic peaks. In particular, at a 10 mV/s scan rate, the anodic peak
is about 1.52 V vs. RHE using Hg/HgO RE (Figure 4a), while it is 1.46 V vs. RHE with
Ag/AgCI RE (Figure 4b).

This difference in shift can arise from the theoretical formula used for the calibration
of the RE, which means the best way would be to calibrate the reference electrode with
the saturated calomel electrode (SCE) to minimize the error as much as possible. It can be
noticed that this shift is constant both for anodic and cathodic peaks when comparing
results obtained with Ag/AgCl and Hg/HgO. The significant outcome would be related to
the symmetric curve (reduction and oxidation) of the CV calculated for Ag/AgCl. It seems
that Ag/AgCl can show a higher current density, making it the better option for
capacitance calculation and studying supercapacitors and battery applications, even if it
is not a good electrode in basic solution.

To go further, multistep chronopotentiometry (Figure 4c) and multistep
chronoamperometry (Figure 4d) were performed with both Ag/AgCl and Hg/HgO with 6
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3.2.2. Changing Electrolyte pH and Operating Temperature

The OER performance of the hybrid NiCo204@NjiFelt electrode was further evaluated
at different KOH concentrations (0.25, 0.5, and 1.0 M) and different temperatures starting
from 20 °C up to 80 °C, and results are reported in Figure 5. In these experiments, the
reference electrode Ag/AgCl was used as it seems more sensitive compared to Hg/HgO,
and because at higher temperatures Hg can dissolve inside the solution.

Figure 5a shows 100% iR-corrected backward LSV data with a 5 mv/s scan rate for
the hybrid NiCo204@NiFelt electrode in different KOH concentrations. At 10 mA/cm?, the
overpotentials for 1 M, 0.5 M, and 0.25 M KOH are 278, 287, and 300 mV, respectively.
There is a slight difference between these results that is related to the conductivity of the
electrolyte with higher-molarity KOH. Thus, the higher molarity improves the
electrochemical activity, as expected.

Figure 5b illustrates the EIS in different KOH molarities. The solution resistances for
0.5M and 1.0 M are roughly at the same level at about 1.18 and 1.28 (), respectively, which
highlights the fact that there are enough ions inside the electrolyte to facilitate the charge
transfer. In terms of charge transfer resistance, the values calculated for 1.0 M KOH and
0.5 M KOH are 1.98 and 2.0 Q, respectively, suggesting the 0.5 M KOH can be a good
choice for three-electrode test measurement as the results are just 1% different at a 50%
lower concentration. On the other side, for 0.25 M KOH, a lot of noise was observed and
the analysis was performed two other times, but the only obvious thing is that the
electrolyte resistance is much higher at about 4.4 (. A good way to consider the
electrochemical activity in a lower concentration of electrolytes for this catalyst would be
to use a rotating disk electrode to reduce the noise during EIS, but all in all, KOH=0.5M
seems to be the appropriate concentration even for using Ag/AgCl as a reference electrode
in a conventional three-electrode setup.

A further step was taken to study the performance of the hybrid NiCo20s«@NiFelt
electrode at different temperatures (20, 40, 60, and 80 °C) using Ag/AgCl as RE. The
potential reported is related to Ag/AgCl without iR correction; the results are reported in
Figure 5c for backward LSV and Figure 5d for EIS in 1.0 M KOH.

If we look at Figure 5c¢, at a current density of 10 mA/cm?, at 20, 40, 60, and 80 °C, the
potentials vs. Ag/AgCl are 510, 490, 430, and 410 mV, respectively. It is obvious that by
increasing the temperature from 20 °C to 80 °C, the potential is decreased by 100 mV
(20%), which means temperature can increase the overall electrochemical activity of the
electrocatalyst. Also, by looking at the cathodic peak, it can be realized that the higher the
temperature, the bigger the curve. It is meaningful that the numbers of redox species such
as Ni* and Co* are higher on the surface of the electrocatalyst, facilitating ion and
electrical charge transfer.

Figure 5d shows the EIS and resistance taken at different temperatures. The solution
resistance is the same for all the temperatures at about 1.22 (). For charge transfer
resistances, at 20, 40, 60, and 80 °C, the Rt values are 1.98, 1.88, 1.86, and 1.5, respectively,
which agree with the results already obtained from backward LSV at different
temperatures.

The results of Figure 5 are in agreement with [41]; the influence of the temperature
on Co-based catalysts for oxygen evolution reactions was deeply studied in an alkaline
environment.
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Figure 5. OER studies of NiCo-Ag for different KOH concentrations and temperatures: (a) LSV data
for NiCo-Ag in different KOH molarities, (b) EIS data for NiCo-Ag in different KOH molarities, (c)
LSV data for NiCo-Ag at different temperatures, (d) EIS data for NiCo-Ag at different temperatures.

3.3. Stability Tests

To evaluate the stability and long-term usability of hybrid NiCo0s@NiFelt
electrodes, CVs as electrochemical analysis in combination with physicochemical analysis
were performed. Results are reported in Figure 6.

A thousand cycles of CV with a 50 mV/s scan rate were carried out in 1 M KOH using
Ag/AgCl as RE and Pt wire as a counter electrode. As can be seen in Figure 6a, the
electrode polarization curve is constant after 1000 CVs, and at 10 mA/cm? the overpotential
is changed by about 2 mV. Even EIS values before and after stability (Figure 6b) show the
same behavior, the resistance increased from 1.98 to 2.13 Q.

The cathodic peak after 1000 CV cycles is much higher, which can be related to the
change in morphology from spinel structure (NiC020s) to Ni?* and Co? and remaining in
this state. To understand this phenomenon, physicochemical analysis was performed
starting from XRD analysis, for which results are reported in Figure 6c. By comparing the
XRD peaks at 18.90°, 31.15°, 36.70°, 38.40°, 44.62°, 55.43°, 59.09°, 64.98°, and 77.54°, no
difference was observed in terms of shifts of peaks, and the electrocatalyst is in accordance
with JCPDS No. 20-0781 standard even after 1000 CV cycles. The intensity of peaks
reduced a little bit, which can be related to the small number of metal ions existing on the
surface of the electrocatalyst. Consequently, SEM and EDS were performed to confirm this
hypothesis. Figure 6d shows SEM imagery of Ni-Co oxide powder, which was scratched
from the NiFelt electrode after the stability test. The morphology remained stable as it was
in the fresh state, clearly showing nanorod-flower morphology. Also, EDS analysis was
performed for the powder (Figure 6e), and the elements are consistent with the theoretical
values.

After these analyses, it is possible to conclude that metal particles on the NiCo020s are
converted to Ni and Co ions on the surface and facilitate charge transfer easily, but in
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spinel form and not in metal form, and leach from the surface. This was already confirmed
by XRD, SEM, and EDS analyses after the stability test.
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Figure 6. Stability and long-term usability of hybrid NiCo20s@NiFelt electrode: (a) Backward LSV
before and after stability, (b) EIS data before and after stability, (c) XRD analysis before and after
stability, (d) SEM analysis after stability, (e) EDS results after stability.

4. Conclusions

In this study, a hybrid NiCo:Os@NiFelt electrode was produced by a sono-
hydrothermal method to be used for OERs in alkaline environments. Physical-chemical
analysis confirmed that pure NiCo,0O,, with homogeneous nanorod structure and particle
dimensions between 20 and 45 nm, is hybridized on the electrode surface.

The electrochemical performances of the hybrid NiCo20s@NiFelt electrode were
assessed at different KOH concentrations and temperatures using Ag/AgCl as a reference
electrode. Higher KOH molarity and temperatures improved the catalyst's
electrochemical activity, as expected.
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Electrochemical tests were also conducted using an Hg/HgO reference electrode for
comparing results. Using Ag/AgCl generally showed lower overpotentials and higher
current densities, making Ag/AgCl a good choice, at a lower price, for capacitance
measurements and redox peak detection in cyclic voltammetry at not strong alkaline pH,
like that in AEM water electrolysis.

Stability tests carried out with 1000 cycles of CV protocol highlighted good stability
of the hybrid NiCo:0s«@NiFelt electrode: only minor changes in resistance and
overpotential were observed, indicating good long-term stability. Further physical-
chemical analyses were carried out to verify the catalyst structure and composition after
electrode use, showing that the electrocatalyst did not degrade by maintaining the same
structure and composition.

Opverall, the tests highlighted the good performance and stability of the proposed
electrode made of low-cost transition metal oxide on Ni felt, suggesting its use at an
industrial scale. Moreover, our results underlined how it is important to pay attention to
the choice of the correct reference electrode, which can significantly impact the
measurement outcomes.
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