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Abstract: Oxygen and hydrogen generated by water electrolysis may be utilized as a clean chemical
fuel with high gravimetric energy density and energy conversion efficiency. The hydrogen fuel
will be the alternative to traditional fossil fuels in the future, which are near to exhaustion and
cause pollution. In the present study, flowery-shaped In2MnSe4 nanoelectrocatalyst is fabricated
by anion exchange reaction directly grown on nickel foam (NF) in 1.0 M KOH medium for oxygen
evolution reaction (OER). The physiochemical and electrical characterization techniques are used to
investigate the chemical structure, morphology, and electrical properties of the In2MnSe4 material.
The electrochemical result indicates that synthesized material exhibits a smaller value of Tafel slope
(86 mV/dec), lower overpotential (259 mV), and high stability for 37 h with small deterioration in
the current density for a long time. Hence, the fabricated material responds with an extraordinary
performance for the OER process and for many other applications in the future.

Keywords: In2MnSe4; flower shape; anion exchange method; electrocatalyst; water splitting

1. Introduction

Global energy consumption will continue to increase in the near future, owing to the
rise in population and industry. However, conventional non-renewable fossil fuels such as
coal, gas, and oil have so many adverse effects on the environment and living beings, so it
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is vital that ecologically friendly and renewable energy sources be discovered and used in
place of fossil fuel [1,2]. The consumption of fossil fuels such as coal and petroleum has fully
poisoned the atmosphere with pollutants such as carbon monoxide and nitrogen oxide, etc.
As a result of these emissions, the earth’s temperature rises, pollution increases, and water
sources become more acidic [3,4]. The depletion of non-renewable fossil fuels, as well as
the negative environmental impacts of fossil fuel use, has prompted extensive research
into breakthrough technology for finding sustainable energy resources, such as wind and
solar, in order to save the environment as well as human lives. Wind and solar are both
plentiful renewable energy resources and they can be transformed into electrical energy,
but both are weather-dependent and irregular in terms of their space requirements [5–7].
Researchers are focused on establishing resources for the development of unstable electrical
energy into stable chemical energy such as H2, which can act as potential fuel with zero
carbon emissions and can replace traditional fossil fuel. However, water splitting is a novel
method and a risk-free way of manufacturing hydrogen and is the method with the most
potential for producing a sustainable energy substitute in the short-term.

Energy is used in water splitting to split water molecules as a half-cell reaction, such
as hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER)
at the anode [8]. In particular, electrochemical water splitting is utilized to generate
non-polluted energy at lower cost in three distinct mediums, such as acidic, neutral, and
alkaline [9]. Usually, the OER process mostly occurs in a basic medium and the reaction
mechanism is given as 2OH− + H2O ↔ 1

2 O2 + 2e−. A 1.23 V standard potential (E) in
the presence of a reversible hydrogen electrode (RHE) with a thermodynamic Gibbs free
energy (G) of 237.2 kJ mol−1 is required for water splitting.

The two-electron transfer (HER) and four-electron–proton-coupled reaction (OER)
create enormous energy barriers which significantly slow down the electrocatalytic water-
splitting kinetics [10,11]. Therefore, researchers are interested in developing such electro-
catalysts, which are required to accelerate the slow OER kinetics by lowering their kinetic
energy barriers and, as a result, significantly enhancing the production of H2 energy effi-
ciency. Because of their long-term stability and excellent efficiency, iridium-based electrodes
are frequently utilized as electrode materials for water oxidation reactions [12]. These noble-
metal-based catalysts are rarely employed at the industrial level due to their scarcity and
expensive cost. However, various materials are employed in place of noble metals that
have specific alignment, shape, physical and chemical properties [13]. Transition metals
and their derivatives exhibited better properties than noble metals, and they could replace
the expensive and rare earth metals [14–16].

Catalysts made of metal complexes, such as Fe [17], Ni [18,19], Mn [20], Zn [21],
Co [22], and Cd [23] have been utilized as electrocatalysts, photocatalysts, or both. The
characteristics and activity of these transition metals can be increased in several ways
resulting in excellent OER results, which has increased the level of research interest in
electrocatalysis [24]. While transition metal oxides Al2O3 [25] BiVO4 [26], SnO2 [27–29], sul-
fides [30], carbides [31], nitrides [32], selenides [33], and tellurides [34,35] have significantly
increased electrocatalytic capabilities when combined with other metals, the overpotential
and onset potential to achieve a state-of-the-art current is constantly decreasing due to their
high surface area, electronic structure, morphology and higher catalytic site [36].

Among all candidates, the metal selenide (M-Se) such as ZnSe [37], CuSe [38], NiSe2 [39]
and CdSe [40] have good potential because they possess an outer electron in d-subshell, and
the metallic and electrical properties of Se at the transition metal edge contain the immoderate
active site which significantly increases the efficiency of these materials. Moreover, enormous
active sites and the tailoring of the surface area led to an enhancement in the electrochemical
properties of the Se-based electrocatalyst. Owing to a contradiction between activity and
stability, it is impossible to combine two independent electrodes with different properties in
the same system in a new design modification. As a result, it is critical to create nanostructured
materials utilizing a surface technique that has superior characteristics [41].
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From the aforementioned characteristics, in this study, we prepared a novel In2MnSe4
nano electrocatalyst for oxygen evolution reaction fabricated by anion exchange reaction.
The various complementary physiochemical techniques were employed to investigate the
structure, morphology and electrical properties of fabricated In2MnSe4. For electrochemical
characterizations, the electrocatalyst-loaded electrode was grown on the nickel foam (NF)
substrate via the drop cast method, and the porous, highly conductive loaded 3D- nickel foam
substrate is responsible for demonstrating such outstanding results with long-term stability.

2. Experimental Segment
2.1. Reagents

Indium nitrate hexahydrate (In(NO3)3. 6H2O, Sigma-Aldrich/99.99%, Luoyang Ton-
grun Nano Technology Co. Ltd., Luoyang, China), manganese nitrate tetra hydrate,
(Mn(NO3)2.4H2O, Sigma-Aldrich/99.99%, Luoyang Tongrun Nano Technology Co. Ltd.,
Luoyang, China), sodium nitrate (NaNO3, Sigma Aldrich/99.99%, Luoyang Tongrun
Nano Technology Co. Ltd., Luoyang, China), Selenium powder (Sigma-Aldrich/99%,
Luoyang Tongrun Nano Technology Co. Ltd., Luoyang, China), ammonium fluoride
(NH4F-Merck/98%, Luoyang Tongrun Nano Technology Co. Ltd., Luoyang, China), H2O2
(Sigma-Aldrich, 30%), sodium borohydride (NaBH4-Sigma-Aldrich, 98%) were used as
such without any further treatment.

2.2. Fabrication of In2MnSe4

In2MnSe4, the electrocatalyst was prepared by a typical anion exchange reaction. For
this purpose, the whole procedure was divided into two steps, firstly, InMn-LDH (layered
double hydroxides) nanosheets were prepared by preparing solutions of
0.05 M Mn(NO3)2.4H2O, 0.05 M of In(NO3)3.6H2O, 0.08 M of NaNO3 and 0.1 M of NH4F
in 125 mL of N2-saturated deionized water. After that, 20 µL of hydrogen peroxide (H2O2)
was poured, and then 40 mL of N2 saturated NaOH solution (0.08 M) was added slowly
while stirring on the magnetic hotplate. The reaction was maintained at room temperature
for 15 h under a N2 atmosphere. InMn-LDH nanosheets were collected and dried under
vacuum conditions. Secondly, 5 mg of the synthesized LDH nanosheets and 8.2 mg of
Se particles were dissolved in 20 mL of deionized water, and then 10 mg of NaBH4 under
stirring conditions. After 15 min of the stirring, the mixed solutions were then poured into
hydrothermal reactor which was set at 190 ◦C for 15 h. Then, the autoclave was cooled
down to room temperature, and the precipitates were collected by filtration and rinsed
with deionized water multiple times. Finally, these precipitates were dried and stored in
air-sealed vials for further processing.

2.3. Characterizations

X-ray diffraction (XRD) in the range of 20–90◦ employing a Cu K radiation source
(=1.5406) was used to assess the phase identification and lattice parameters of the developed
nano electrode material. The surface morphology and elemental makeup of In2MnSe4 were
explored using a scanning electron microscope (SEM) coupled with energy dispersive X-Ray
spectroscopy (EDX) (Nano Nova SEMa-450). The functional group on the surface of the
materials was confirmed via Fourier transform infrared spectroscopy (FTIR) using Alpha FTIR
spectrometer, and the Brunauer Emmett Teller (BET) method measured the specific surface
area of the as-synthesized material using the Micromeritics ASAP-2020 instrument.

2.4. Ink Preparation and Electrochemical Measurements

In this study, the In2MnSe4 working electrode was fabricated hydrothermally and
grown on the NF substate via the drop cast method. For this purpose, the NF was divided
into 1 × 1 cm pieces and washed. For ink preparation in water, isopropanol and 10 µL of
Nafyon (5 weight percent) were mixed to make a dispersed solution after ultrasonification
for 1 h. Catalyst ink was applied on the clean and already-treated NF substrate by the
drop-casting method and dried at ambient temperature before being used. Three electrode
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electrochemical experiments were performed using a PGSTAT (AUTOLAB-204) electro-
chemical workstation (Metrohm, Herisau, Switzerland), having a platinum wire, Ag/AgCl
electrode, and the fabricated electrode act as a counter, reference, and working electrode,
respectively. Various complementary electrochemical techniques were used; the measure-
ments included chronoamperometry (CA), linear scan voltammetry (LSV), electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), and electrochemical active surface
area (ECSA). The CV was carried out at a scan rate of 5 mV s−1, with both positive and
negative potentials utilized in the cyclic voltametric experiments, while only the positive
potential was used in the LSV. Equation (1) was used to calculate the RHE potential from
the Ag/AgCl potential:

ERHE = EAg/AgCl + 0.059pH + E0 Ag/AgCl (1)

The overpotential was determined by using the Formula (2):

Overpotential = ERHE − 1.23 V (2)

From 1000 kHz to 1 Hz, electrochemical impedance measurements were carried out
utilizing 5 mV sinusoidal voltages. The Faradaic efficiency (FE) was calculated using the
total charge (Q) and total oxygen generation (O2) (nO2) with the following Equation (3):

F.E = 4FnO2/Q (3)

The polarization curvature on a Tafel graph was used to monitor the catalytic and
kinetics of the fabricated material with the following Equation (4):

η = a + (2.303RT/αnF) × log j (4)

Here, η, α, n, j and F are corresponding overpotentials, charge transfer coefficient,
number of e- taking part in the reaction, current density, and Faraday constant, respectively.
Equation (5) was used to calculate the TOF value of In2MnSe4 coated on nickel foam for
the OER process.

TOF = I/4 × F ×m (5)

Here, m = number of moles of catalytic material, I = current in amperes, and
F = Faraday constant.

The surface area of the catalyst was measured by using cyclic voltammetry recording at
different scan rates in the non-faradic region in order to measure the electrical double layer
capacitance (Cdl) by plotting the change in current density vs. scan rate. The resultant Cdl
value has a direct relation with the electrochemical active surface area. The electrochemical
impedance approach was used in alkaline solution vs. Ag/AgCl at a voltage of 0.5 V in the
frequency range of 0.01–100 kHz. The Rct and Rs values were calculated using the NOVA
2.1 software via PGSTAT-204(Metrohm, Herisau, Switzerland).

3. Results and Discussion
3.1. Structural Analysis

The crystal structure, geometry, purity, and orientation of as-prepared indium man-
ganese selenide were analyzed by executing XRD characterization as shown in Figure 1.
The diffraction peaks of In2MnSe4 appeared at 2θ = 25.60, 33.90, 39.20, 46.70, 520, 54.80, 57.90,
61.90, 64.80, 66.10, 68.20, 71.50, 78.80, 82.20, 83.80, and 85.90, and can be indexed to the planes
(012), (0015), (1013), (0117), (1019), (027), (1022), (2014), (1025), (2017), (1121), (122), (2113),
(300), and (309), respectively. The resultant planes were accurately matched with JCPS card
no. 01-080-1859. The sharp and well-defined XRD pattern of the prepared structure and
absence of the secondary peaks confirms the pure crystalline phase of the prepared material.
The crystal planes thus obtained correspond to the rhombohedral nanostructure with cell
constant values of a = 4.051 Å, b = 4.051 Å, and c = 39.464 Å. The following expression
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was utilized to measure the crystallite size of the In2MnSe4 nanomaterial using the Debye
Scherrer Equation (6) [42].

D = Kλ/β cos θ (6)

where D represents average crystallite size, K constant (0.9), λ is wavelength of X-ray,
β depicts line broadening at FWHM and θ = Bragg’s angle. The calculated crystalline size
of the synthesized particle using Scherrer’s formula was 68.3 nm.
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Figure 1. XRD diffractogram of the fabricated In2MnSe4 nanostructure.

FTIR analysis was employed to investigate the purity and functional groups of the
synthesized nanomaterials. The observed spectrum also confirmed the existence of metal in
FTIR spectrum of In2MnSe4 nanomaterials (400–4000 cm−1) as shown in Figure 2. From the
spectra, the characteristic peaks of vibrational bands positioned at 428.07 cm−1, 527.81 cm−1,
and 773.94 cm−1 correspond to the Mn-Se, In-Se, and Se-Mn-Se bond vibrations, respectively,
corroborating the effective synthesis of the In2MnSe4 nanomaterials, while the additional peak
located at 1205.70 cm−1 was due to N-O stretching due to the presence of NH4F.

3.2. Morphological, Elemental, and Textural Analysis

The surface dimension, shape, and particle size of the produced material were in-
vestigated using scanning electron microscopy (SEM). SEM micrographs indicates that
the material exhibited a flowery shape with a definite crystalline boundary as shown in
Figure 3a,b. These flowery nanocrystals are responsible for plenty of electrochemically
active sites and facilitate the redox reactions at the electrode, thus showing significantly
outstanding electrochemical performances for OER. The crystallite size of the fabricated
nanoparticle was 83.28 nm, calculated from an SEM micrograph by IMAGE.J software as
shown in Figure 3c,d using plot profile and surface plot.
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The elemental compositions were studied by using energy-dispersive X-ray spec-
troscopy (EDS) analysis as shown in Figure 3e. The examination reveals that the synthe-
sized products include all of the individual elements, such as In, Mn, and Se, that are
consistently aligned as shown in Figure 3e. The obtained results show that the synthesized
product has no additional interfering components.

A nitrogen adsorption–desorption experiment was also used to investigate the surface
attributes of the nanostructure, such as specific surface area (SSA) and average pore size
as shown in Figure 4. The surface area of the In2MnSe4 was 30 m2 g−1 with a pore size
and pore volume of 0.002 Å, and 0.25 cm3 g−1, respectively. A high surface area stimulates
the formation of more vacant sites on the surface of the fabricated catalyst. As a result, the
obtained material was a suitable electrocatalyst for the oxygen evolution reaction (OER).
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3.3. Electrical Measurement

I–V curves of synthetic products with potential ranges of 0–20 V were measured at
ambient temperature. For terminal voltages, the graph clearly shows that the nanomaterials
exhibited a higher current value. The ohmic quality of the produced nanocomposite was
also proven by the curve. The electrical conductivity (3.1 × 102 moh) of the forward biased
region was calculated using the following Equation (7):

σ = I× L/V×A (7)

where I = current, V = applied voltage, L = the thickness of the pellet, and A = the cross-
sectional area of the pellets. The variation as a function of current concerning the voltage is
seen in Figure 5. The grown nanostructure performs an excellent choice for OER because of
its ohmic nature.
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3.4. Electrochemical Study

The porous flowery-shaped In2MnSe4 nanostructure has been used for the first time for
an oxygen evolution reaction. A three-electrode configuration was used to test the loaded
NF as a working electrode for the oxygen evolution reaction in an alkaline solution at room
temperature. Electrodes were categorized into two categories based on their structure such
as flat surface electrodes and 3D electrodes. The flat-surface electrodes, such as glassy
carbon (GC) substrates and indium-doped tin oxide (ITO) substrates, as well as Cu/Ti foil,
allow for single-way electrolyte penetration, controlling the reaction on the surface of the
catalyst due to the non-porous nature. Furthermore, the 3D electrode integrates all active
species in the catalytic process, such as carbon cloth/paper (CC/CP) and Ni foam (NF),
and allows electrolytes to permeate in all dimensions via various pathways.

The most used electrode, for example, is the GC/GP electrode, which indicates the
catalyst’s initial activity. Among all the options, the NF demonstrates high electrochemical
performance due to its high conductivity, and the performance of the nickel foam working
electrode has a significant impact on the rate of reaction due to its degree of wettability,
structure, electrolyte, and conductivity. The loading of the catalyst on the nickel foam was
kept constant for the uniformity during dipping the electrode in 8 mL electrolyte, and the
geometrical surface area (0.5 cm2) of the nickel foam electrode was taken into account while
measuring the current density.

The porous nature, high electrical conductivity and good morphology of the catalyst
species boosted OER activity, in terms of the Tafel slope, onset potential, overpotential,
ECSA, and stability. Cyclic voltammetry was carried out using a stationary electrode in
1.0 M KOH electrolyte at room temperature, saturated with nitrogen, in a potential range
(1 to −1 vs. Ag/AgCl), with a scan rate of 5 mV s−1 to achieve an overpotential of 259 mV
to attain a current density of 10 mA cm−2. A typical cyclic voltammogram for In2MnSe4 is
shown in Figure 6a.
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Figure 6b displays the Tafel slope of In2MnSe4 to confirm the kinetics of the reaction,
and the calculated Tafel slope was found to be 86 mV/dec as represented as in Figure 6b.
The turnover frequency was another important parameter to investigate the OER perfor-
mance of the fabricated material, and it shows a direct relation with OER performance, i.e.,
the higher the TOF, the higher the OER activity will be. The calculated TOF of the In2MnSe4
was 0.00348 s−1. The subsequent results were compared with the already reported results
as presented in Table ??.

Table 1. Comparison of various OER parameters of the present material with already reported materials.

Sr. No. Material Name Overpotential
mV

Tafel
mV

dec−1
Electrolyte Electrode Type Ref.

1 Sm2O3/Fe2O3 272 75 1.0M KOH Graphite Pencil [29]
2 Fe dopedNi2S3/rGO 247 63 1.0M KOH Ni-foam [43]
3 Co-S/Ti-mesh 361 64 1.0M KOH Graphite [44]
4 CoOx film 403 42 1.0 MKOH Glass electrode [45]
5 MnFeSe 247 35 1.0 MKOH Ni foam [46]
6 NiCo LDH 367 40 1.0 MKOH Carbon paper [47]
7 Fe/Ni-BTC@NF 270 47 0.1M KOH Ni-foam [48]
8 Co2P nanoneedles 310 50 1.0M KOH Glassy Carbon [49]
9 Cd(OH)2 266 47 1.0M KOH Ni-foam [50]

10 MAFX27-OH 387 60 1.0M KOH Glassy Carbon [51]
11 Pb-TCPP 470 106 1.0M KOH Glassy Carbon [52]
12 ZnCoTe 221 91 1.0M KOH Graphite pencil [53]
13 Mn-Cd-S@Ni3S2 333 150 1.0M KOH Ni-foam [54]

14 In2MnSe4 259 86 1.0M KOH NF Present
work
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Electrochemical impedance spectroscopy was also employed to study the electrochem-
ical catalytic features of fabricated material, as shown in Figure 6c. The high-frequency
range showed the solution resistance (Rs) at the semicircle’s origin, the mid-frequency
range showed the charge transfer resistance (Rct) from the semicircle’s diameter, and the
low-frequency range showed the ion diffusive zone as a vertical line. The resultant Rs and
Rct values are 12.73 and 1.20 ohms, respectively, according to the Nyquist impedance plot
as shown in Figure 6c, indicating the high conductivity of the designed material.

In addition to the non-Faradaic zone, an electrochemical active surface area (ECSA)
study was investigated using CV curves at different scan rates between 0 and 0.1 V vs.
Ag/AgCl, as shown in Figure 7a. The resultant electrical double layer capacitance of
0.66 mF calculated by plotting the scan rate vs. change in the current density. The obtained
double layer capacitance was used to calculate the ECSA of In2MnSe4, and was found to be
16.65 cm2, considering the specific capacific capacitance of the 0.04 mF cm−2 using equation
ECSA = Cdl/Cs (specific capacitance).
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In addition, the newly synthesized ln2MnSe4 catalyst showed substantial OER stability.
The chronoamperometry was employed to measure the working electrodes for long-term
operational catalytic activity, and the results revealed that it was stable for 30 h with no
noticeable decline in current density values, attributed to the electrode’s high stability. This
demonstrates potential for practical use in water electrolysis as shown in Figure 8. To
prove the structure of the synthesized material, XRD and SEM were performed, which
confirmed that the structure and morphology remained same after 30 h of stability as
shown in Figure 8b,c. Hence, the enhanced electrochemical performance of the synthesized
materials was due to the good flower-shaped surface morphology, because the resultant
flower-shaped morphology provides more active sites on the surface of the fabricated
material as confirmed via SEM micrographs, high surface area, and high conductivity as
indicated via BET and I–V curves, respectively.
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4. Conclusions

In this study, a facile and one-pot hydrothermal manufacturing technique was em-
ployed to produce a novel, economical nanostructured metal selenide (In2MnSe4), and
was characterized by different analytical techniques. For electrochemical measurements,
the fabricated material was deposited on Ni foam that functions as a high-performance
oxygen evolution reaction. The fabricated In2MnSe4 electrode has the lowest overpotential
of 259 mV with a smaller Tafel slope value of 86 mV dec−1, and has the long-term durabil-
ity of 30 h. Our research has shown novel methodologies for generating and fabricating
In2MnSe4 nanoarchitecture that have low-cost, high-efficiency, and customizable catalysts
for clean fuel generation.
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