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Abstract. Hydrogen is an environmentally friendly energy source that can be extracted from water
through electrolysis. However, the slow oxygen evolution reaction (OER) at the anode side is the
main obstacle to the widespread use of water-splitting devices. This study used self-developed highly
porous nickel structures(SMNF) and commercial nickel foam(CNF) as working electrodes in the
electrolysis process. Iron(Il, III) Oxide (Fe3O4) as a catalyst is coated with a dip coating technique on
the Ni porous structure and then calcined using a laser process to produce a Ni-Fe3;Os-based electrode.
Electrochemical test results show that the presence of Fe3;O4 significantly impacts high reaction
kinetics. The SMNF-Fe304 demonstrated an overpotential of 217.3 mV at 1 M KOH electrolyte, at a
current density of 10 mA, lower to SMNF electrode without Fe;O4 with an overpotential of
361.4 mV under the same conditions. In addition, the difference in porosity less significantly affects
the electrode's effectiveness due to the slight difference in mass loading, which is only < 5 mg.
However, electro-impedance spectroscopy(EIS) testing shows better performance on SMNF-Fe;O4
with a smaller electrical series resistance (ESR), around 0.638 Q, compared to CNF-Fe3;04, which is
0.767 Q. Overall, observations by chronoamperometry test at an overpotential of 155 mV at 5 hrs
show stable performance of SMNF-Fe;O4 electrodes.

Introduction

Hydrogen is a clean energy source that has become increasingly popular in recent years and is
expected to be used as an alternative to fossil fuels [1]. Up to 95% of all hydrogen produced is "grey
hydrogen," which is produced by the cracking of non-renewable fossil fuels and high carbon
emissions [2], [3]. On the other hand, "green hydrogen," or hydrogen produced with a low residual
carbon by electrolysis, accounts for just around 4% [3]. This fact occurs for efficiency reasons [4],
[5], so increasing the efficiency of producing hydrogen through electrolysis is essential to raising the
percentage of "green hydrogen" [6]. To raise green hydrogen production, electrodes with high
electrocatalytic activity and economical price are essential in water-splitting. One of the main
problems with water electrolysis is that the anode's oxygen evolution reaction (OER) is sluggish [7].
The OER consists of four steps, with one electron connected every step, whereas the hydrogen
evolution reaction (HER) is more simply processed with a two-electron-transfer reaction.
Consequently, the OER typically demonstrates slow kinetics and requires a bigger overpotential than
the HER [8]. Therefore, one of the main goals in research in developing water-splitting devices is to
develop and investigate electrodes with high-performance OER, which can increase efficiency.

According to the findings of several studies [8], the characteristics listed below must be possessed by
an effective catalyst for the OER process: 1) low cost and earth abundance; 2) no environmental
pollution; 3) excellent performance comparable to noble metal-based materials; 4) superior durability
and long-term stability; 5) good conductivity; and 6) ease of shape-controlled synthesis. Nickel-based
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electrocatalysts are a cheap and effective option for water electrolysis [9], [10]. They are stable and
work well as electrocatalysts for HER and OER. [11]. Nickel exhibits favourable characteristics as
an electrocatalyst due to its notable attributes, including elevated conductivity, thermal stability, and
commendable electrical qualities [12]. Typically, nickel (Ni) exists as a divalent cation, although it
can adopt various valences within the range of -1 to +4 [13]. This characteristic enables it to undergo
a range of electronic transitions. In order to enhance the electrocatalytic performance of nickel
materials, it is crucial to manipulate their chemical environment, structure, and morphology carefully
[14], [15]. Several factors influence an electrocatalyst's effectiveness in water electrolysis, including
its chemical composition, surface chemistry, crystalline structure, porosity, size distribution, and
electrical conductivity [13]. As a result, a significant amount of research has been conducted on the
development of electrocatalysts based on nickel for water electrolysis. Porous catalysts can be created
using a high porous structure to improve active site exposure to electrolytes.

The presence of iron (11, III) oxide (Fe3;0O4) to form NiFe-based materials is one of the most promising
OER catalysts due to their availability and high intrinsic activity [8], [16]. Koper and his colleagues
conducted a comprehensive theoretical and experimental investigation to investigate the possible
relationship between the activities of nickel-based double hydroxides toward oxygen evolution and
the natures of the transition metals that were added to alkaline environments [17]. According to their
findings, Mn and Fe have almost ideal binding energies, which lowers the predicted OER
overpotential. Furthermore, Ni-Fe-based electrocatalysts have several advantages such as high
activity and stability, tuning the electronic structure, cheap, and facilitating gas evolution [10].
Motivated by the previous achievements of Ni—Fe-oxide electrocatalysts, which demonstrate stability
and capability for water splitting process in an alkaline environment [18], we developed a high-
performance and low-cost Ni porous structure with surface-decorated Fe3O4 particle electrodes. Laser
calcination with low power is used to deposit Fe3Og4 particles over the porous structure of Ni. The
large porosity of the Ni structure is expected to maximize the loading of Fe;O4 so that the area for
electrochemical activity increases and improves the OER performance.

Experimental Section

The research began by producing highly porous structures from nickel powder as described in
schematic Fig.1. Self-manufactured nickel foam (SMNF) is produced by pressing Ni powder in the
hydraulic cylinder with 6-ton force in 3 cm diameter dies. After this process, the green body was
sintered in an H» environment at 600 °C for 2 hrs to avoid oxidation, then cut the specimen into 2 cm
x 1 cm large. This research also uses commercial Ni foam with a porosity of > 95% as a comparison
to determine the tendency of porosity to electrochemical performance.

Fig. 2 shows the NiFe;O4 electrocatalyst fabrication process, which is started by immersing a 1cm x
lem highly porous nickel area in 0.5 M Fe3O4 solution for one hour. The Fe3O4 solution was created
by mixing deionized water with Fe(NO3)3 - 9 H>O, maintained at 45°C and stirred at constant speed
at 400 rpm for 30 minutes. The sample was dried in a vacuum oven at 60°C and ready for laser
calcination. This research uses a low-power laser of 1 watts at an 18.5 cm distance and a 20
times/cycle scanning rate to keep the surface from overheating. The vacuum chamber is kept at 5.7 x
107 bar to avoid contamination. Weighing is done on the sample before and after dip coating and
after the laser calcination to get an overview of the mass loading of the oxide material over a nickel
porous structure.
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Fig. 1. Schematic picture of SMNF manufacturing
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Fig. 2. Schematic picture of SMNF-Fe304 electrode manufacturing

The phase analysis of NF-Fe;O4 electrocatalyst was determined using an X-ray diffractometer (XRD,
Bruker, D8A) with monochromatic Cu Ka radiation and a diffraction angle of 20° to 80°. In this
research, we optimized the XRD result from our previous study, which uses the same method (laser
calcination) to deposit active High Entropy Oxide (HEO) materials on nickel foam for supercapacitor
applications[19]. To evaluate the application potential of Ni-FesOs4 electrodes in alkaline
electrolyzers, a BioLogic Electrochemical Workstation SP-150 performed electrochemical tests with
a 1 cm? sample in a high-concentration electrolyte (1 M KOH) at room temperature. The test was
carried out with a three-electrode system with Ni-Fe3O4 as the working electrode, while Ag/AgCl and
Pt were used as reference and counter electrodes, respectively. A constant voltage (CV) test with a
scan rate of 100 mV s and linear sweep voltammetry (LSV) with scanning rates of 2 mV s was
employed to measure the complete polarisation curves of the oxygen evolution reaction (OER). The
potential window for the CV test was between 0.377 ~and 0.577 (V vs Ag/AgCl ), while for the LSV,
it was between -1.00 ~ and 0.800 (V vs Ag/AgCl ), as used by several previous studies [8]. Tafel
plots are then made based on the LSV test results to determine how sensitive the current response 1s
to overpotential and provide information on the reaction mechanism and rate-limiting steps. The
following equation (Eq. 1) calculates the electrochemical surface area (ECSA) based on double layer
capacitance methods:

ECSA = Double layer capacitance (CdI) / Specific capacitance (Cs) (1)

The double-layer capacitance (Cdl) value is obtained from the anodic slope on the scan rate vs current
density plot, while the specific capacitance (Cs) is calculated via the CV curve through the Eq. (2):

A
Cs = Ztemav )

A is the area under the I-V curve, k is the scan rate (mV s™'), m is an active mass of oxide material
(mg), and AV is a potential window (mV). In addition, for double-layer capacitance measurements,
we set the potential window to a width of 0.1 mV, namely between 0.377 ~ and 0.477, in order to
obtain a CV response without a Faradaic reaction at the electrode-electrolyte, so that a more precise
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measurement is obtained [12]. However, in actual observations, we had difficulty calculating the
specific capacitance value precisely because the response of the measurements was inconsistent.
McCrory et al. reported in their benchmarking publications that the Cs values for different metal
catalysts varied between 0.022 and 0.130 mF c¢cm™ in alkaline solutions [20]. This report uses most
often the value of the Cs about 0.040 mF cm™, as used by several research studies [20], [21].

Result and Discussion
1. Characterization of Ni-Fe3O4 Electrocatalyst

Fig. 3 shows the XRD results of laser calcination of the HEO element over the SMNF structure. We
can find a sharp peak (shown with the star symbol) at about 30°, 35°, 43°, and 57° can be indexed as
(220), (222), (400), and (551) planes. These diffraction peaks were identified as pure Fe3;O4 phases
(JCPDS card no. 01-071-6336)[22]. The triangle symbol indicates the spinel structure of Mn-Fe>O4
according to JCPDS card no. 10-0319. It belongs to a space group of Fd-3m with cell parameter a =
8.499 A[23]. Other structures indicated by a dot symbol are identified as spinel structures of Mn3O4
according to JCPDS card no. 75-0765[24]. The presence of Mn in the XRD results is understandable
because, in our previous studies, MnO was one of the dominant elements in HEO. After all, it has
good capacitive properties, making it suitable for supercapacitor applications.
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Intensity(a.u.)
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Fig. 3. XRD result of SMNF-Fe;04 electrode

Fig. 4 shows the observations on the porous nickel foam with an optical microscope at low
magnifications. Visually, it can be seen that CNF has a rougher surface compared to SMNF, as seen
in Fig. 4(a). Observation using optical microscopy shows striking differences in the pore sizes of the
electrodes used in this study. The SMNF structure shows uniform porosity with a smaller pore size
than the CNF structure. From measurements carried out, CNF has an average porosity of ca. = 125-
150 pm (Fig. 4.b), while SMNF has an average porosity of ca. 10-20 um (Fig. 4.c). This difference
in porosity shows that at the same area (1 cm?), the SMNF structure has a much larger active surface
area, so it has an excellent opportunity to bind the Fe;O4 particle as an active material.

Further investigation shows that the SMNF structure has many isolated/closed pores (Fig. 5). These
pores allow the Fe3O4 solution to have difficulty accessing the structure below the surface and during
electrochemical tests, where it will be difficult for the electrolyte to reach parts below the surface.
However, in Table 1, we can see that the increase of active material mass due to the differences in
porosity is not too significant (less than 5 mg). This fact shows that extensive access to the surface
area does not guarantee that the oxide solution can stick optimally to the electrode surface. This
incident was possible due to several factors apart from the porosity factor, including (1) the binder
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not being used in the coated oxide solution, (2) an inappropriate molar solution, and (3) the electrode
surface being hydrophobic. Overall, there is still an opportunity to prove the effect of porosity on
performance by improving the pores' structure and manufacturing parameters.

Fig. 5. SEM image of SMNF structure

Table 1. Sample weight during manufacturing

Before After Mass
Sample name Dip Coate Laser Calcination Loading
(mg) (mg) (mg)
CNF-Fe;04 2323 236.0 3.7
SMNF-Fe304 445.8 451.8 6.0

2. Electrochemical performance for OER

Fig. 6(a) shows the CV curve of the SMNF and CNF electrodes, with and without Fe3O4. All CV
curves have a quasi-rectangular shape, with very sharp edges, without redox peaks, and a shape that
tends to be symmetrical and exhibits good electrochemical reversibility. The presence of the Fe3O4
element makes the peak current density higher than electrodes without additional active material, as
seen from the response curve, which shifts upwards at the tip. The curves on electrodes with additional
active material are similar, meaning the electrodes have similar electrocatalytic properties. In
addition, the interaction between Ni and Fe is essential to increase OER activity. According to Chai
et al.[25], Fe doping encourages the chemisorption of oxygen-containing intermediates, which raises
OER activity. While according to Boettcher et al.[26], Fe activates Ni centres by inducing a partial
charge-transfer process.

Fig. 6(b) demonstrates the linear sweep voltammetry (LSV) test at the scan rate value of 10 mV s,
From this figure, we can see that LSV curves show that the SMNF-Fe3;O4 electrodes in the 1 M KOH
electrolyte solution achieve an overpotential of about 271 mV at a current density of 10 mA cm 2,
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lower than the SMNF electrode without FesO4 catalyst overpotential with 361.4 mV, and become
superior to the other electrode used in this research. However, the results are comparable to similar
research that utilized Ni-Fe alloy as an electrode in the water separation process [11], [18]. In addition,
the influence of the material's porosity, which is expected to provide the maximum effect due to an
enormous surface area, is less pronounced because the difference in mass loading is too small (less
than 5 mg). The low absorption of the SMNF structure towards metal oxide is possible because some
of its structures tend to be closed pores/dead pores, as can be seen in the SEM test results in Fig. 5,
which means that the metal oxide solution is less able to reach the inside of the structure [27].
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Fig. 6. Electrochemical analysis of Ni-Fe3O4 based electrode; (a) CV curve at the scan rate value of
100 mV s, (b) LSV curve at the scan rate value of 2 mV s™!, (c) Tafel plot of electrode SMNF-Fe3;0a,
(d) CdI graph of the SMNF-Fes;0q4 electrode, (e) EIS comparison of CNF-Fe;04 and SMNF-Fe;04
electrode, (f) Chronopotentioamperometry of SMNF-Fe;04 electrode.
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Fig. 6(c) shows the Tafel plot results from LSV data processing. In line with the LSV results, the
Tafel plot also shows that the influence of Fe3O4 is more significant than the porosity itself. Without
adding the metal oxide, CNF and SMNF show the overpotential of 135.7mV.dec! and 129mV.dec™"
respectively, at the log current density of about 1 mA. The closeness of the curve positions on the
CNF and SMNF electrodes shows that these two electrodes have similar chemical reactions. This
close position also occurs in electrodes with the addition of active materials that have similar
behaviour. Adding metal oxide as a catalyst shifted the overpotential to 105.9 mV.dec! and
89.4 mV.dec™! for the CNF and SMNF, respectively. Changes in the reaction before and after adding
Fe;04 are the main trigger for changes in reaction kinetics in redox reactions [8].

To analyze the effect of the active surface area in electrolysis (especially in the OER process), the
theoretical active surface area (ECSA) is calculated using a double-layer capacitance (Cdl) plot, as
shown in Fig. 6(d). This calculation is only carried out on the electrode SMNF-Fe304, which performs
best. These results are then used to display the anodic and cathodic currents logarithmically and then
to estimate the size of the area contributing to the reaction by comparing it with the specific
capacitance. In this plot model, only anodic current was used in this study because only OER that
occurred at the anode was calculated. As mentioned in the experimental section, this research
accommodates the value of specific capacitance about 0.040 mF ¢cm™, according to Connor's finding
[21]. The results of measurements on the SMNF-Fe;04 electrode show a slope of 0.076 mF with an
ECSA value of approximately 1.90cm?, slightly better than other research work on commercial nickel
foam structures with an ECSA of 1.19cm?[28]. This small surface area shows that efforts to maximize
the surface area still have an excellent opportunity to increase the efficiency of separating O2 from
H2O.

To complete the study of the impact of differences in SMNF and CNF porosity along with the effect
of active mass loading on electrode performance, electro-impedance spectroscopy(EIS) testing was
carried out on both, as depicted in Fig. 6(¢). In general, there is no significant difference in the results
of the impedance spectroscopy test. The spectroscopy curve shows a minuscule semicircle shape with
a 45-degree line, which indicates the cell type where polarization is due to a mix of kinetic and
diffusion processes [29]. The three-electrode test was modelled as a Randle circuit with Rs + (Cdl/
(RertW) to measure the outcomes of the impedance spectroscopy measurement. The Rs or solution
resistance, or in some literature also known as electrical series resistance (ESR), represents the total
internal resistance of the system/cell, the CdlI represents the double-layer capacitance effect, the Re
describes the value of charge transfer resistance between the electrodes and the solution interface,
and the W represents the Warburg impedance, which represents the ion diffusion resistance. From
this graph, we can see significant differences in impedance between the SMNF-Fe304 and CNF-Fe;04
electrodes. Graph measurements with the help of Z fit software show that Rs in SMNF-Fe3;0y4 is about
0.638 Q, lower than CNF- Fe3zO4 at around 0.767 Q. This fact shows that SMNF — Fe304 electrode
with higher active surface area performs better in electrocatalyst application than commercial nickel
foam.

Furthermore, the inserted picture in Fig. 6(e) shows the different values of Ret in both porous
structures, which is indicated by the diameter of curves in high frequency. SMNF-Fe304 electrode
shows higher Retwith 6.09 x 102 Q than CNF-Fe304 with 4.89 x 102 Q. The charge transfer resistance
value for both structures is small, which indicates that the structure has good electrical contact and
conductivity, which is suitable for the water-splitting process[25]. For the last part, Fig. 6(f) shows
the SMNF-Fe;04 electrode stability test results at an overpotential of 115 mV for 5 hours. The results
are encouraging, as the current density response is stable at 60 mA cm™. Even though the voltage
applied in the electrode stability test is still far below for commercial applications (usually 1.8-2.0 V)
[11], the electrode's good response shows that the laser calcination technique is quite good and
reliable for calcining metal oxide on Ni porous structures. This good electrode response dismisses
concerns because, in several previous reports [7], the coating technique could not provide stability
when applying Fe oxide to the porous Ni structure. However, we can understand that the results are
still not as good as when using the alloy technique, which chemically combines Ni and Fe elements.
On the other hand, adding binder in the dip coating process must be considered to form a strong bond
between the porous Ni substrate and the Fe3O4 catalyst.
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Conclusion

1. Self-manufactured nickel foam has a larger electrochemical surface area than commercial
nickel foam. This large surface area can directly increase the mass loading of active material, and the
redox process runs more optimally. However, in this research, the structure does not have a significant
effect due to minimum active mass loading differences (< 5 mg). This low effect is caused by closed
pores in porous structures, which limit access for metal oxide catalyst(Fe3;O4) to bind with Ni substrate
and electrolyte access during performance tests.

2. By previous estimates, the presence of Fe;O4 catalyst brings quite significant changes in the
properties of the Ni electrode. Adding Fe;O4 decreases the overpotential on the OER from 361.4 mV
to 217.3 mV in 1 M KOH at a current density value of 10 mA. Observations by chronoamperometry
test at an overpotential of 155 mV at 5 hours show the stable performance of SMNF-Fe304 electrodes,
which shows that the laser calcination technique has promising opportunities for thin coating
processes.
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