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Abstract: An electrocatalyst for the hydrogen evolution reaction has been successfully synthesized
from graphene oxide (GO) decorated with the mesoporous NiFe2O4. A high catalytic activity per-
formance was reached by using the GCE surface as a conductor, and the synthesized composite
contained GO/NiFe2O4. Based on the results, the as-prepared electrocatalyst exhibited a high over-
potential for the HER reaction of 36 mV vs. RHE at a 10 mA current density, with an electrochemical
active surface area (ECSA) of 3.18 × 10−4 cm2. Additionally, the electrocatalyst demonstrated a
considerably good performance after the 9000 s stability test. It is believed that such an enhancement
in electrocatalytic activity was due to the synergistic effect between the unique porosity feature of the
mesoporous NiFe2O4, which may provide a more active surface, and the high conductivity of the GO.

Keywords: hydrogen evolution reaction; electrocatalyst; mesoporous NiFe2O4; graphene oxide;
composite; renewable energy

1. Introduction

Hydrogen gas is one of the most promising renewable fuels that could be used in the
future, owing to its high energy density with no greenhouse gas emissions [1,2]. However,
as an alternative energy resource, hydrogen needs further development—especially in
the efficiency of the hydrogen production plants [3,4]. Currently, hydrogen production
is still considered too time-consuming, with huge fossil fuel emissions [3–5]. Nowadays,
most hydrogen production in the industry is dominated by the steam reforming of natural
gas, the partial oxidation of hydrocarbons, or coal gasification. Therefore, a more environ-
mentally friendly way of producing hydrogen is still desired. Recently, water electrolysis
has received significant attention and is considered the most promising alternative and
sustainable way of producing hydrogen [1–4,6]; this is primarily due to using water as an
inexhaustible starting material instead of fossil fuels, and due to the integration of other
renewable energy sources such as wind, solar, or tidal energy to facilitate the water-splitting
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reaction. This is true since, in water electrolysis, hydrogen is generally produced by split-
ting water molecules into two components, i.e., hydrogen and oxygen gas, with the help of
electricity [7]. Nevertheless, the current main challenges of applying such technology for
large-scale industrial hydrogen production are primarily the high energy requirements that
drive the electrochemical reaction for water splitting [3,4,7,8].

Typically, electrocatalysts are employed to overcome the high energy requirement for
the hydrogen evolution reaction in electrochemical water splitting. Among the different
types of electrocatalysts, noble metal-based electrocatalysts such as platinum and palla-
dium have been widely considered one of the most active catalytic materials in both the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) during water
electrolysis [2,9,10]. However, such materials are often considered to be uneconomical for
large-scale applications due to their scarcity and expense. Therefore, tremendous efforts
have been carried out during the past several years to explore new and inexpensive alter-
native catalytic materials with similar or better activity than noble metal-based materials
for the HER. Recently, other materials such as earth-abundant transition metals and metal
oxides, carbon-based materials such as graphite or graphene oxide, and several types of
organometallic compounds with specific characteristics have been successfully explored as
potential candidates to substitute noble metal-based electrocatalysts [11–13].

Earth-abundant metal oxide-based materials have recently attracted much attention
due to their inexpensiveness, long-term durability, high tolerance and stability against
high applied potentials, and environmental friendliness. For example, spinel nickel ferrite
oxide (NiFe2O4) has received significant attention as an emerging electrocatalyst material
for the HER—especially in alkaline conditions [14–17]. In a previous report, sulfidized
NiFe2O4 showed good catalytic activity in the HER, with an overpotential at 10 mA/cm2

of 250 mV [16]. In another study, compositing NiFe2O4 and carbon black demonstrated
reasonable physical-stability control for inhibiting the agglomeration process, which ulti-
mately led to excellent HER catalytic activity compared to bare carbon black materials [5].
However, most of those metal oxide-based electrocatalysts still have far from the desired
overpotential for economical hydrogen production. Recently, studies have shown that the
catalytic activity of metal oxide-based electrocatalysts could be improved by increasing
their active surface area through the introduction of mesoporosity feature [18–21]. This can
easily be achieved by synthesizing the oxide via the nanocasting technique, using meso-
porous silica as a hard template [18,19]. For instance, Kamali, H et al. reported that NiFe2O4
with mesoporous features provides a high surface active area, excellent conductivity, and
good stability in its electrocatalytic performance [18].

In addition, studies have reported that compositing various types of electrocatalytic
materials with carbon-based materials, such as graphene oxides, could be used as one
strategy for further improving their HER activity [6,22,23]. For example, Du, Zuokai et al.
investigated the combination of bimetallic metals with reduced graphene oxide materials
for the electrocatalytic hydrogen reaction [15]. Based on their study, the catalyst was able to
expose a promising result, with a considerably high overpotential of −112 mV vs. RHE.
In other reports, Franceschini and co-workers modified GO with nickel watts to achieve a
better electrocatalytic performance in stirring reactors, with an overpotential at 10 mA of
−0.55 V vs. RHE [2].

In this study, graphene oxide was synthesized via Hummer’s Methods in acidic
conditions. The GO was combined with nickel ferrite oxide materials into composites
to generate good performance in the hydrogen evolution reaction. Furthermore, the
particle size of NiFe2O4 can be controlled to make it a mesoporous material by using hard
template silica, which maintains the homogeneous particle size that is affected by the
lower probability of aggregation [18,20]. This modification complements GO as a stabilizer
material in the catalytic reaction and shows good conductivity due the presence of sp2
carbon bonding and a deflection lattice structure [12,23]. As such, this procedure makes it
possible to give information on the effects of homogenous mesoporous materials with a
high active surface area on the performance of H2O reduction to hydrogen species.
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2. Materials and Methods
2.1. Chemicals and Reagents

In this study, nanoparticles were synthesized from Ni(NO3)2·10H2O, Fe(NO3)3·9H2O,
ethanol, NaOH, NaNO3, H2SO4, H2O2, KMnO4, and HCl purchased from Merck (Rahway,
NJ, USA). Graphite flakes were purchased from Sigma-Aldrich (St. Louis, MO, USA), DI
water was purified with a Merck Millipore, electrode fabrication was performed using
alumina powder (Saint-Gobain, Courbevoie, France), and Nafion was purchased from
Huaian Kerun Membrane Material Co., Ltd. (Huai’an, China).

2.2. Synthesis of Mesoporous NiFe2O4

Mesoporous NiFe2O4 was synthesized using a hard template SBA 15 by the im-
pregnation process; in the first step, the silica template was impregnated using a mixture
containing 0.2 g Ni(NO3)2.10H2O and 0.55 g Fe(NO3)3.9H2O dissolved into 5 mL of ethanol.
Then, 0.5 g of SBA-15 was added and stirred for 12 h and then dried overnight at 60 ◦C;
after this, the product was calcined at 250 ◦C at a heating rate of 1 ◦C/min. The next step
was the reimpregnation of the first impregnation product, with a similar impregnation step
as before. The final powder product was calcined at 600 ◦C with a heating rate of 1 ◦C/min.
The last step was the fabrication of the mesoporous NiFe2O4: the hard template was etched
away in a 2 M NaOH solution at 40 ◦C and stirred for 24 h, and in the final step, the powder
product was washed with H2O before continuing with a drying treatment overnight at
room temperature [6].

2.3. Synthesis of Graphene Oxide

Hummer’s method was performed to synthesize the graphene oxide (GO), followed
by the oxidation and exfoliation of the graphite [24,25]. Firstly, 5 g of graphite was mixed
with 2.5 g NaNO3 into a 1 L beaker in an ice bath chamber. The mixture was stirred for
1 h after the addition of 0.2 L H2SO4. This step was followed with the combination of a
slow addition of 30 g of KMnO4 and stirring for 2 h at 15 ◦C. After this, the mixture was
continually stirred for 20 h at room temperature. Then, the system was heated to 70 ◦C
and stirred for 2 h, followed by the slow addition of 100 mL H2O. The heating process
was applied to the mixture at 90 ◦C for 1 h with the slow addition of 100 mL H2O; both
processes were performed using a stirring procedure. In the final process, 30 mL of H2O2
was added to finish the reaction. To obtain the GO powder, the mixture was repeatedly
washed by centrifugation using HCl and the mixture was neutralized using H2O; this step
was repeated several times until the mixture reached pH 7 and formed a gel compound,
then the gel was dried for 24 h at 60 ◦C.

Graphene oxide decoration was carried out using ultrasonication between the GO and
NiFe2O4, at a 1:1 (m/m) ratio in 50 mL of ethanol for 1 h, to form a precipitate. Then, the
precipitate was centrifuged at 6000 rpm. Then, the mixture was washed several times using
ethanol and dried in an oven at 60 ◦C.

2.4. Electrode Fabrication GCE with the GO-Decorated NiFe2O4

The glassy carbon electrode (GCE) was prepared by being polished with alumina
powder and then cleaned up using deionized water and ethanol using ultrasonication,
respectively. Then, 5 mg of each previously prepared electrocatalyst material (GO, NiFe2O4
mesoporous, and GO/NiFe2O4 composite) was added to 1 mL of H2O. Next, the prepared
glassy carbon electrode surface was dripped into the electrocatalyst colloid. Then, each
electrode was dripped into 10 µL Nafion and dried at room temperature to produce three
different electrodes called GCE/GO, GCE/NiFe2O4, and GCE/GO/NiFe2O4.

2.5. Characterization

The determination of the effects of specific lattice factors on the fabricated materials
was studied using an X-ray diffractometer (XRD) PANaltycal XPERT PRO. The characteris-
tic bands and functional groups contained in each composite were studied using Raman
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spectroscopy HORIBA The Lab HR Evolution Raman Microscopes and an FTIR Shimadzu
IR Prestige 21, while the surface characterization of the GO decorated using mesoporous
materials was conducted using a TEM Tecnai G2 SuperTwin and a BET Quantacrome
Quadrasorb Evo, respectively.

2.6. Electrochemical Measurements

Electrochemical behavior was investigated using a three-electrode electrochemical
system using a Potentiostate PGSTAT 204 Autolab and Palmsense 4, where Pt wire and
an Ag/AgCl electrode were used as the counter and reference electrodes, respectively.
Previously prepared GCE electrodes with a 0.5 cm physical diameter and 0.1964 cm2 surface
area were modified using synthesized materials such as GO, NiFe2O4, and GO/NiFe2O4,
which were applied as working electrodes. The hydrogen evolution process was evaluated
using 1 M NaOH solution as an electrolyte. Linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) were performed at a potential range of +0.5 V–(−0.8) V vs. RHE to
explore the electrochemical characteristics of the modified electrode. Furthermore, the
performance of the proposed electrode was investigated using the chronoamperometric
technique (CA) for 9000 s. Electrochemical impedance spectroscopy testing was applied
to determine the conductivity and the reactions that contributed to the HER reaction
performance of each electrode.

3. Results and Discussion
3.1. Characterization of Mesoporous GO/NiFe2O4

The mesoporous NiFe2O4 starting material was successfully synthesized using SBA
15 as a hard template; it can be shown that there was no specific peak less than 30◦

on the diffractogram (Figure 1a) [21]. For the NiFe2O4, where the diffraction pattern
could be found at 30.3◦ (220), 35.8◦ (331), 37.35◦ (222), 43.4◦ (400), 53.8◦ (442), 57.6◦ (511),
and 63.1◦ (440)—linear to the crystal planes of the spinel NiFe2O4—this result was in
line with the standard (Ref Code: 44-1485) and JCPDS 010-0325 [26,27]. The graphene
oxide was clearly formed, as confirmed by the specific fingerprint peaks around 18◦ and
24.5◦, referring to the lattice factors (011) and (002); the blunt peak (002) revealed at
24.5◦ indicated that the interaction between the carbon layer and the oxygen functional
group was not fully integrated to form graphene oxide [28]. Hence, a shifting peak from
26.5◦ to 18◦ was observed due to the preformed random structure of the graphene being
ordered into a folding graphene oxide layer sheet [28]. This attribute was caused by the
formation of graphene oxide, which requires further optimization to drive the exfoliation
of the carbon planar layer. Thus, if both of these processes are inhibited by the precursor,
it will shift the lattice factor of the XRD pattern to 2θ-higher than the usual GO peak
pattern [11,13]. The proposed material consisted of both of the fingerprint areas of the
starting material (Figure 1a), so it can be concluded that the GO was successfully decorated
with the mesoporous NiFe2O4.

The Raman spectra of the mesoporous GO/NiFe2O4 was divided into five specific
bands consisting of A1g, Eg, (3)F2g, (2)F2g, and (1)F2g at the Raman shifts 240, 370, 475, 563,
and 685 cm−1, respectively (Figure 1b) [26,27]. Symmetric stretching of the oxygen atom
along the tetrahedral Fe-O, linear to the A1g band, occurred; meanwhile, an Eg and F2g
(3) band arose due to the symmetric and asymmetric bending of the oxygen. The F2g (2)
band occurred due to the asymmetric stretching of the Fe-O bond, and the last F2g (1) band
refers to the distribution of translational rotation molecules along the entire tetrahedron
at the symmetrical structure on the material. Additionally, the specific Raman shifts of
graphene oxide, called the D and G bands, were observed at 1345 cm−1 and 1602 cm−1,
respectively. Meanwhile, the D band showed a correlation with lattice defects in carbon and
the sp2 orbital contributor of the G band, producing an ID/IG ratio of 0.95—suggesting the
formation of GO. These Raman spectra declared and confirmed by XRD characterization
that the GO material was successfully fabricated using Hummer’s method, as shown by
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the existence of a 2D band on the GO Raman spectra [29]; this band only can be found on
the graphene oxide material.
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Figure 1. (a) XRD pattern (b) Raman Spectroscopy of mesoporous NiFe2O4/GO compared to their
starting materials.

Figure 2a shows the FTIR spectra of the synthesized materials. In graphene oxide,
there are several peaks indicating the presence of functional groups. At a wave number
of 1030 cm−1 and 1725 cm−1, there was an absorption peak of stretched C=O and C-O
bonds from the carbonyl molecules, which indicates the presence of oxygen functional
groups after oxidation; this means that the intercalation of oxygen molecules occurred on
the carbon layer [29]. At a wave number of 1625 cm−1, there was an absorption peak for
C=C, which indicates that it remained C=C both before and after oxidation. Meanwhile, at
wave number 3364 cm−1, there was an O-H absorption peak in the presence of a carboxyl
group on the graphene oxide, caused by the oxidation process that occurred during the
synthesis of the graphene oxide. For the GO/NiFe2O4 composites, there was an absorption
peak at the wave number of 587 cm−1, which indicates that the functional group Fe-O came
from the NiFe2O4 nanoparticles. At a wave number of 1609 cm−1, the absorption peak of
C=C came from the graphene oxide. Then, at wave number 3202 cm−1, there was an O-H
absorption peak that came from the carboxyl group on the graphene oxide.

In the FTIR results for the GO/NiFe2O4, the O-H and C=O peaks were shifting
and reduced, which means that the GO was decorated by the NiFe2O4. The porous
characteristics of the NiFe2O4 and GO/NiFe2O4 were confirmed using the adsorption–
desorption isotherm of N2, subsequently displaying a type-IV isotherm (IUPAC classifi-
cation; Figure 2b) with the presence of mesoporous characteristics and a specific surface
area calculated from BET measurements [18,19]. As seen in Table 1, the surface areas of the
graphene oxide, NiFe2O4, and GO/NiFe2O4 were 0.0406, 55.830, and 38.729 m2/g, respec-
tively. Mesoporous NiFe2O4 without GO had a higher surface area than the GO/NiFe2O4
composites; this was caused by the GO interlayer structure being altered by the NiFe2O4
mesoporous structure that was synthesized using the SBA-15 template.
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Table 1. Measurement of the surface area of the materials.

Materials Surface Area (m2/g)

GO 0.0406
mesoporous NiFe2O4 55.830

GO/mesoporous NiFe2O4 38.729

The graphene oxide that was synthesized consisted of a layer sheet structure, imaged
in Figure 3a; this structure serves to enhance the surface active area where the reaction
began. Besides the structure of NiFe2O4 being specifically like a tube (Figure 3b)—similar
to the SBA-15 template with the 5 nm diameter—based on the calculation of particle size
using Image-J software (Figure 3b), this material formed with a major particle size of less
than 5 nm—showing that the NiFe2O4 was successfully synthesized using hard template
SBA-15. The graphene oxide layer was decorated using a mixing procedure with the
mesoporous NiFe2O4; thus, the layer spacing on the GO was increased by the addition of
NiFe2O4 particles—improving the pore size of the modified electrode, which can be seen
in Figure 2b and Table 1, where the adsorption and desorption of the GO increased after
being modified with NiFe2O4.

The oxidation reaction of the graphite was followed by an exfoliation process, forming
graphene oxide; each procedure was applied to allow the addition of oxygen atoms into the
graphene layer structure after initiation, using an exfoliation process in acidic conditions.
This treatment was completed with the addition of NiFe2O4 to the mesoporous structure,
in order to re-enlarge the d-spacing between the graphene oxide surface layers. The
presence of oxygen atoms in the graphene oxide was the main method for enhancing the
electron transfer of the material, followed by the existence of three lone pairs of electrons
on the oxygen atoms. When the intercalation of the oxygen atom was completed by the
mesoporous NiFe2O4, the active surface area and the transfer of electrons on the decorated
graphene oxide material was enhanced as a result of the presence of the NiFe2O4 crystal
structure on their interlayer surface.
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3.2. The Electrochemical Performance of GO/NiFe2O4 in the Hydrogen Evolution Reaction

The electrocatalytic HER activity at various electrodes was investigated using a three-
electrode electrochemical system in 1 M NaOH solution. The LSV technique was applied
to determine the performance of the various electrodes in the HER reaction at a potential
range from +0.5V to (−0.8) V vs. RHE. Figure 4a shows that GCE/GO/NiFe2O4 had the
most positive onset potential compared to the other electrodes, at −0.020 V, while the bare
GCE, GCE/GO, and GCE/NiFe2O4 had a potential of −0.296 V, −0.331 V, and −0.087 V,
respectively. This indicates that the modified glassy carbon electrode with the GO/NiFe2O4
composite showed better performance with a lower onset potential, which means that the
modified electrode needed less of an energy potential to produce hydrogen gas.

The influence of particle size/surface area is correlated to the electrochemically active
surface area, which can interfere with the electrocatalytic performance. With a controlled
material size, we can reduce the probability of the agglomeration process occurring on the
supporting material. This agglomeration would inhibit the redox reaction on the surface of
the modified electrode, increasing the energy that we need to produce hydrogen through
the HER reaction. The increase in the energy required is linear to how much current can
be transferred from the electrode to the electrolyte system to start the hydrogen evolution
reaction. In conclusion, the highest electrochemical active surface area will be linear to the
lowest overpotential value.

The chronoamperometric technique was performed to see how stable an electrode
can be when producing hydrogen gas in the HER reaction. Based on Figure 4c, the
GCE/GO/NiFe2O4 provided greater stability for 9000 s. The stability of the proposed
electrode was caused by the contribution of the GO material, as carbon-based materials
that consist of sp2 carbon binding can deliver more electrons to the electrolyte [30]. Even
though GO performs well in the electrochemical reaction, the carbon derivate needs to
be electrochemically preconditioned further before being used in the hydrogen evolution
reaction; thus, a higher current in the early stability test is appropriate with higher precon-
ditioning times, so the electrode can get ready to stabilize the reduction reaction—as can
be seen by the current drop that occurred on the chronoamperogram in Figure 4c. In fact,
the graphene oxide layer was dispersed by the mesoporous NiFe2O4, as the impact of the
decoration process produced a more active site that contributed to the stabilization of the
hydrogen evolution reaction.
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The Nyquist plot of the electrode variation is the result of the application of a fre-
quency range of 100 kHz to 0.1 Hz to each working electrode. The modified glassy carbon
electrode with the GO/NiFe2O4 composite showed better impedance characteristics than
the other working electrodes. The Figure 4d inset reveals the fitting circuit, which consists
of three different resistance systems such as the Rs (solution resistance), Rct (charge transfer
resistance), and CPE (constant phase element resistance) [31]. These circuits are exhibited
in the Nyquist plot extrapolation in Figure 4d, which depicts one semicircular line for the
high frequency data and a straight line for the lower frequency data. The high frequency of
the EIS technique informs the surface reaction, which generates the charge transfer reaction;
furthermore, the low frequency dictates the diffusion mechanism [31]. It can be shown in
Figure 4d that we can find a semicircular pattern for the high frequency electrode that is
more upright than that of another electrode at a lower frequency, which means that the
kinetic electron transfer was a combination of the redox reaction from the NiFe2O4 and a
diffusion mechanism at the electrical double layer of the graphene oxide [31].

The cyclic voltammetry method was carried out to see the ratio of the peak currents
at various scan rates; linear extrapolation was used to calculate the electrochemical active
surface area (ECSA) of the electrode (Figure 4b), following the Randles–Sevcik equation
below:

ip = 2.687 × 105n
3
2 A D

1
2 Cv

1
2

where ip is the peak current, n is the number of transferred electrons coefficient
(6.5 × 10−6 cm2. s−1), C is the concentration of the redox solution, and v is the scan
rate [32]. The ECSA defined the population of the active site in the structure of the pro-
posed electrode, which was able to retain the electrochemical reaction. Table 2 shows that
the GCE/GO/NiFe2O4 had the highest electroactive surface area compared to the other
electrodes; this result was linear with respect to the decoration of the Graphene Oxide
structure using NiFe2O4. The decoration process resulted in the enhancement of the GO
surface, providing a more active site (Figure 4b); this was demonstrated by the active
surface area of the GCE/GO/NiFe2O4 being two times higher than the GCE/GO electrode.

Table 2. Comparison of the electrode electrochemically active surface area (ECSA).

Electrode Linearity ECSA (cm2)

GCE 0.9984 1.89 × 10−4

GCE/GO 0.9882 1.78 × 10−4

GCE/NiFe2O4 0.9838 2.24 × 10−4

GCE/GO/NiFe2O4 0.9964 3.18 × 10−4

Besides this, the conductivity of the graphene oxide material was boosted by the
NiFe2O4 material, resulting in the surface integration of the GO layer, supported by the
NiFe2O4; this result was linear to the Tafel Extrapolation of the energy of the undecorated
GO, at 237.81 mV dec−1, which was strongly decreased to 174.29 mV dec−1 after being
altered by NiFe2O4—as seen in Figure 4e. Moreover, this increase in the catalytic perfor-
mance of the GO/NiFe2O4 was conducted via the surface functionalization of the GO with
nickel ferrite oxide; it seems this material shows good catalytic completion, as shown by its
Tafel plot value of 175.69 mV dec−1. The Tafel plot is used as a method to evaluate the ORR
or HER reaction; it is calculated using the overpotential calculation, where the smallest
overpotential indicates the best performance, as the materials need lower energy to begin
both of the reactions [19].

The catalytic performance of the proposed material was favorable compared to that
of other reported electrode catalysts. Table 3 shows that by using mesoporous materials,
NiFe2O4 can enhance the performance of the hydrogen evolution reaction when combined
with another catalyst electrode. The Tafel slope of the GO/NiFe2O4 was comparable to
the NF base material, had a bigger Tafel slope value than the others, and still needed to be
optimized to achieve better performance. The structure modification of the mesoporous
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NiFe2O4 was carried out using simple hydrothermal methods, and the mesoporous size
was controlled by hard template SBA-15. This procedure is very important, because
the decoration of the GO layer using the NiFe2O4 substrate had a linear relationship
with the improvement of electrocatalytic performance. First, the electrochemically active
surface area was enhanced by two-fold more than the GO material without NiFe2O4
decoration. Those hydrogen evolution reaction performances will increase linearly to the
population of the active sites on the electrode surface; this resulted in the HER performance
of GO/NiFe2O4 being increased compared to the bare GO, which can be seen by the
overpotential at 10 mA/cm2 decreasing from −0.470 V to −0.036 V. In this last one, the
presence of homogeneous NiFe2O4 on the mesoporous structure maintained the stability
performance of the hydrogen evolution reaction. The effect of the intercalation process
on the d spacing layer of the graphene oxide, followed by mixing it using homogeneous
mesoporous particles, gives a good response to the electrocatalytic HER performance. This
will allow other research works to use this report to enhance the catalytic performance,
followed by the homogeneity control, of their supporting materials.

Table 3. Comparison performance of the hydrogen evolution reaction in the modified electrodes.

Electrode Electrolyte η10 (mV) Tafel Slope (mV dec−1) Ref

NiFe2O4/NF 1 M KOH 379 139 [33]
NiFe2O4/CB 0.5 M H2SO4 187 85.8 [5]

NiFe2O4/NiFe 1 M KOH 130 112.4 [33]
NCS/rGO 1 M NaOH 241 110 [34]

rGO(paper) 0.5 M H2SO4 510 – [35]
MoS2NF/rGO paper 0.5 M H2SO4 190 95 [35]

GO/NiFe2O4 1 M NaOH 36 174.3 This work

4. Conclusions

Mesoporous NiFe2O4 was successfully synthesized through the nano-casting method
and successfully fabricated with graphene oxide to form GO/NiFe2O4 composites. The
good fabrication of NiFe2O4 and GO was shown using XRD and confirmed using FTIR and
Raman spectroscopy. The high surface area, determined using BET measurements, was
linear to calculations of the electrochemically active surface area—at 3.18 × 10−4 cm2—as
determined by the Randles–Sevcik equation. The proposed catalyst showed good HER
catalytic activity by generating an overpotential at 10 mA of −0.036 V for the GO/NiFe2O4,
as compared to the other electrode. Regarding the charge transfer measurements, the
decoration of the GO sheet with mesoporous NiFe2O4 produced specific electrochemical
behaviors such as better ionic conductivity with lower resistance and a smaller leaching
surface—determined based on the stable current that was recorded when the stability test
was applied for 9000 s.
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