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ABSTRACT: The ever-expanding human societies on the one hand and the
diminishing fossil fuel resources on the other have driven man to find a
suitable, cheap, clean, and accessible source of energy. Water splitting is a
good solution to this crisis. Because of the slow kinetics of water oxidation
reaction, it is important to select efficient and durable electrocatalysts to
improve the reaction kinetics. In this research, a-MnO,/FeCo-LDH catalysts
on nickel foam were developed for water oxidation, which exhibited good
catalytic performance and stability in a 0.1 M KOH solution. The
electrocatalysts were synthesized by hydrothermal methods and characterized
by XRD, FTIR, Raman, SEM, TEM, EDS, and MAP techniques. The
proposed modified electrode has large exchange current, low overpotential,
and small Tafel slope. Here, only an overpotential of 210 mV is required to
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1. INTRODUCTION

Energy production is one of the greatest challenges facing
human society. Given the depletion of fossil fuel resources, the
growing world population, and the increasing demand for
energy, it is very important to substitute clean, cheap, and
environmentally friendly renewable energy sources.' Hydrogen
fuel is a practical and simple solution to this problem.
Hydrogen is a clean and inexpensive fuel that does not have
the problems of fossil fuels, such as pollution, limited
resources, and toxicity of combustion products, and therefore
has been considered in recent years.” A good way to produce
hydrogen is electrochemical water splitting. The water splitting
is based on the hydrogen reaction and the oxygen evolution
reaction.” The oxygen evolution reaction has slow, complex,
and multistep kinetics, so the use of effective and inexpensive
electrocatalysts that can reduce the overvoltage required for
water oxidation and improve reaction kinetics is essential.”

Various catalysts can be used for this purpose. Catalysts based
on transmon metal oxides and LDHs offer promising
prospects.” Precious metal oxides such as Ru and Ir have
good stability and performance in water oxidation, but because
their sources are limited and precious, their use is limited. For
this reason, metal oxides based on first-row transition metals
are preferred. In recent years, studies have been conducted on
the use of transition-metal oxides such as Fe,O;, MnO,, ZnO,
and Co;0, in water oxidation. Layered double hydroxides
(LDHs) are good electrocatalysts with a high ability to oxidize
water. LDHs are a group of bilayer materials consisting of
positively charged metal hydroxides with anions trapped
between the layers. The general structure of LDHs is
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M"(OH),, where M" can be replaced by M™ ions and the
extra positive charge is balanced by the anions. M*' can
contain elements such as Mg*, Ca*, Cu®, Mn**, Ni** and
M?*" including AI**, Cr**, Fe**, Mn*', and Co**¢

Various methods have been proposed for the synthesis of
LDHs, including the hydrothermal technique of coprecipita-
tion, electrical deposition, and sol—gel.7 LDHs can also be
obtained by anion exchange of a recrystallized LDH clay.
Recently, LDHs based on transition metals have been
introduced because of their attractive properties such as
special structure, abundance in nature, environmental friend-
liness, high corrosion resistance, ductility, large surface area,
low cost, electrical conductivity, good stability, easy fabrication,
and adaptability to the respective compounds.® Because of the
above properties, they have found various and wide
applications, which can be mentioned as follows: in fuel
cells,” as caltalysts,10 in drug delivery,11 in biotechnology and
biosensors,'” in adsorbents,'* and as flame retardants.'* LDHs
reduce the overvoltage required for hydrogen production,
which make them good electrocatalysts for water oxidation.'”

Nickel is more conductive in alkaline environments, and
nickel sites increase hydrolysis, whereas cobalt sites increase
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hydrogen release.'® Therefore, LDH containing these elements
has good electrochemical advantages. Other reasons for using
nickel as a substrate include its high electrical conductivity,
three-dimensional network structure, low toxicity, and low
cost.

Various electrochemical studies performed with manganese-
containing compounds and manganese oxides have shown that
manganese oxide acts as an electrocatalyst with good
performance. For example, Zhang and co-workers used
MnO, for the oxidation of water."” In another study, Teng
and co-workers demonstrated that Fe—Mn—O hybrid nano-
sheets can be successfully used for water oxidation.'®
Numerous and varied examples have also been reported for
manganese and its compounds.'”” LDHs containing the
elements nickel, iron, and cobalt with double capacity are
good catalysts for water oxidation in alkaline environments.

In this work, a-MnO, nanoparticles were intercalated as a
second layer into the first layer of FeCo-LDH immobilized on
a nickel foam substrate. We present a convenient and simple
method for the preparation of @-MnO,-Fe-Co LDH by
hydrothermal methods. The morphology and purity of the
synthesized products were studied by X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM),
transmission electron microscope (TEM), Brunauer—Em-
mett—Teller (BET), energy-dispersive X-ray spectroscopy
(EDS), element mapping (MAP), Fourier transform IR
(FTIR), and Raman. The electrocatalytic activity of the
product was investigated by linear sweep voltammograms
(LSVs) and Tafel analysis. In addition, the long-term stability
of the synthesized materials in an alkaline medium was
investigated at OER by repeated amperometry and continuous
LSV tests. The innovation of this manuscript is the synergistic
effect of the two desired compounds in the final catalyst (a-
MnO,/FeCo-LDH/NF) compared to the individual compo-
nents, showing the improvement of electrocatalytic perform-
ance in OER.

2. EXPERIMENTAL SECTION

2.1. Apparatus and Reagents. An EG&G Model 273
Potentiostat/Galvanostat was used for the electrochemical
measurements. The electrochemical system used consisted of
three electrodes: nickel foam, rectified with the catalyst, as the
working electrode; Ag/AgCl as the reference electrode; and
stainless steel sheet as the counter electrode (all electrodes
were purchased from Azar Electrode Company, Urmia, Iran).
Iron(IIl) nitrate nonahydrate (Fe(NO,);-9H,0), cobalt(1I)
nitrate hexahydrate (Co(NO;),-6H,0), manganese(II) sulfate
monohydrate (MnSO,-H,0), potassium permanganate
(KMnO,), potassium hydroxide (KOH, >97.0%), 2-propanol
(CH;CHOHCH;), and ethylene glycol ((CH,OH),) were
purchased from Merck and used for the experiments. Distilled
water was used to prepare the chemical solutions. All these
materials were purchased from Merck (Germany).

2.2. Preparation of Nickel Foam (NF) Electrodes.
Several pieces of nickel foam (0.5 X 1 cm®) were washed in an
ultrasonic bath with a 3 M HCI solution for 10 min to remove
surface contaminants. Then, the nickel foams were placed in an
ultrasonic bath containing acetone, ethanol, and distilled water,
successively, for 10 min to remove surface impurities.

2.3. Synthesis of a-MnO,-Fe-Co LDH/NF. First, Fe-
(NO;);9H,0 (0.24 mmol) and Co(NO;),-6H,0 (0.72
mmol) were dissolved in a mixture of 2-propanol solvents
(15 mL), ethylene glycol (5 mL), and distilled water (15 mL);
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stirred for 30 min; and brought to pH = 9.5 with NaOH (1
M). The resulting solution was then degassed with nitrogen
gas and placed in a 100 mL autoclave at 150 ° C for 24 h. After
the desired time elapsed and the temperature of the autoclave
reached room temperature, the precipitate was removed from
the solvent by centrifugation and washed several times with
distilled water to remove residual ions. The synthesized
product was placed in a desiccator for 3 days. To prepare
FeCo-LDH on NF, § mg of synthesized FeCo-LDH was
ultrasonically dispersed in 1 mL of ethanol for half an hour.
Ten microliters of the suspension was dropped onto the clean
NF surface and dried at room temperature for 24 h. After
drying the droplet, FeCo-LDH/NF was obtained. The
synthesis of a-MnO, was carried out according to the
literature.”

To synthesize @-MnO,, MnSO,-H,0 (0.2 g) and KMnO,
(0.5 g) were dissolved in 35 mL of distilled water and stirred
for 20 min to obtain a homogeneous solution. The solution
was placed in a 100 mL autoclave at 140 ° C for 12 h. After the
temperature of the autoclave reached room temperature, the
resulting product was centrifuged and washed several times
with distilled water, and after drying, the @-MnO, product was
obtained. To prepare @-MnO,/FeCo-LDH/NF, S mg of a-
MnO, powder was ultrasonically dispersed in 1 mL of ethanol
for half an hour. Ten microliters of the suspension was
dropped onto the FeCo-LDH/NF and then dried at room
temperature for 24 h to obtain the final electrode (a-MnO,/
FeCo-LDH/NE).

3. RESULTS AND DISCUSSION

3.1. Product Characterization. The synthesized products
were identified by different techniques, and their electro-
catalytic performance was studied. XRD analysis was
performed to analyze the structure (20 = 10—80°). The X-
ray diffraction pattern of FeCo-LDH is shown in Figure la.

There are two main peaks at 20 = 11.44 and 23.3°, which are
a good confirmation of the LDH structure. The peaks of the
FeCo-LDH XRD pattern show the scattering of nanoparticles
at 33.9, 35.46, 38.42, 44.42, 47.11, 59.36, and 60.44° and can
be indexed to (012), (009), (015), (107), (019), (110), and
(113) (JCPDS Card No. 50—0235).21Figure 1b shows the XRD
patterns of a-MnO, nanoparticles. As shown, the peaks at 26
of 12.34, 17.94, 27.06, 36.68, 41.82, 49.27, 57.62, 60.61, 65.20,
68.78, and 72.66° correspond to (110), (200), (310), (211),
(301), (411), (600), (521), (002), (541), and (332),
respectively, demonstrating the high purity of the synthesized
nanoparticles (ICCD-JCPDS Card No. 44-0141).%°

The FTIR spectrum of the synthesized products is shown in
Figure 1c,d. The FeCo-LDH shows a broad absorption at 3428
and 1633 cm™!, which is related to the vibration of the OH
group.”” The vibration of the NO;~ group is observed at 1355
cm™1.>* The band at 661 cm™ is related to Co—O vibrations,**
and other bands including 745 and 1001 cm™" are related to
Fe—O vibrations (Figure Ic).ZSFigure 1d shows the FTIR
spectrum of @-MnO, nanoparticles. Here, we also see the
vibrations of the OH group (3377 and 1623 cm™"). The peak
at 1393 cm™" is related to the O, bending, and the sharp peak
at 523 cm™' shows the vibrational frequency of the Mn—O
band.*® Raman spectra of the synthesized nanoparticles were
acquired. The FeCo-LDH has peaks at 553 and 670 cm™,
which represent the Fe—O and Co—O groups, respectively
(Figure le).”” The peak at 582 cm™' indicates the Mn—O
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Figure 1. XRD patterns of (a) FeCo-LDH and (b) a-MnO, nanoparticles, FTIR spectra of (c) FeCo LDH and (d) a-MnO,, and Raman spectra of

(e) FeCo LDH and (f) a-MnO,,.

vibration, which is a good indication of the formation of a-
MnO, products (Figure 1f).**

FESEM analysis was performed to study the structure and
morphology of the products. Figure 2a,b shows the SEM
images of FeCo-LDH/NF. As can be seen, FeCo-LDH exhibits
a sheet-like structure with a length of ~250 nm and a thickness
of ~27 nm. Figure 2c,d shows the structure of a-MnO,/NF
nanosheets with a length of several micrometers and a
thickness of 21 nanometers. Figure lef shows the SEM
images of @-MnO,/FeCo-LDH/NF. In addition, the morphol-
ogy and structure of the synthesized nanoparticles were
evaluated by TEM analysis. Figure 2g—j shows the TEM
images of FeCo-LDH and a-MnO, powders. The results of
TEM analysis also confirm the sheet-like structure of the
synthesized nanoparticles.

For further investigation, the chemical structure of the
synthesized catalysts was evaluated by EDS. Figure Sla—c
shows the results of this analysis, which demonstrate the
presence of Fe and Co elements in FeCo LDH/NF and Mn
and O in a-MnO,/NF, as well as all of these elements in a-

1704

MnO,/FeCo-LDH/NF. The data obtained from MAP analysis
indicate the presence of Fe and Co elements in FeCo-LDH
and Mn and O in @-MnO, nanoparticles. These elements are
also present in @-MnO,/FeCo-LDH. The presence and
homogeneous distribution of the elements indicate the
successful synthesis of the products (Figure S1d—q).

To investigate the porosity and the particular surface area of
the nanoparticles, BET analysis was performed; the results are
shown in Figure 3a,b. Adsorption and desorption were
performed with N, gas at 77 K. According to the results of
the analysis, the BET specific surface areas of FeCo-LDH and
a-MnO, were 95.139 and 95.853 m* g~', respectively. The
high specific surface area increases the active sites of the
reaction and decreases the charge transfer resistance, which
improves the electrocatalytic performance of the electrode.

3.2. Electrochemical Measurements. Electrochemical
measurements were performed in a three-electrode system
with a solution of 0.1 M KOH (pH = 13). The electrodes used
in this system were Ag/AgCl as the reference electrode, nickel
foam rectified with LDH as the working electrode, and

https://doi.org/10.1021/acsomega.2c07580
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Figure 2. SEM images of (a, b) FeCo LDH/NF, (c, d) a-MnO,/NF, and (e, f) @-MnO,/FeCo LDH/NF and TEM images of (g, h) FeCo LDH
and (i, j) a-MnO, nanoparticles.
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Figure 3. N, adsorption/desorption isotherms of (a) FeCo LDH and (b) a-MnO,.

stainless steel as the counter electrode. Under these conditions, Electrochemical measurements were performed in the
the scan rate of the measurements was S0 mV S™'. In this potential range 0—1.8 V vs Ag/AgCl. Linear scanning
study, the potentials vs Ag/AgCl were converted to the voltammetry, amperometry, electrochemical impedance spec-
reversible hydrogen electrode (RHE) using the Nernst troscopy (EIS) techniques, and Tafel plots were used to study
equation: the electrocatalytic behavior of the synthesized nanostructures.
Figure 4a shows the LSV of bare NF, FeCo-LDH/NF, a-

Eque = ‘ag/Agcl T 0.059 pH (13) + EOAg/AgCl (1) MnO,/NF, and a-MnO,/FeCo-LDH/NF. As shown, NF has

the lowest electrocatalytic activity, whereas @-MnO,/FeCo-
LDH/NF has the best electrocatalytic performance compared

0 _ o
E Ag/AgCl — 0.198 Vat 25°C (2) to other nanostructures and bare NF. For water oxidation, a-
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Figure 4. (a) LSV curves, (b) amperometry curves, (c) Tafel plots of synthesized catalysts, (d) Nyquist plots, and (e) double-layer capacitances
against scan rates of a-MnO,/FeCo LDH/NF, a-MnO,/NF, FeCo LDH/NF, and NF.

MnO,/FeCo-LDH/NF requires an overpotential of 210 mV to
achieve a current density of S mA cm” The reduction of the
oxidation overpotential of water indicates an improvement in
the reaction kinetics.

One of the important and practical factors of catalysts is
their stability. Amperometric analysis was performed to
evaluate the stability of the synthesized products. Figure 4b
illustrates the results of this electrochemical test. As can be
seen, the repetitive amperometric curves are constant over
time, confirming that the synthesized nanostructures have
good electrocatalytic performance with high stability. The
Tafel curve was plotted to evaluate the electrocatalytic kinetics.
Figure 4c shows that the Tafel slope of @-MnO,/FeCo-LDH/
NF is 70.4 mV dec™". The Tafel slopes of -MnO,/NF, FeCo-
LDH/NF, and bare NF are 87, 134.5, and 150.8 mV dec™),
respectively, in a 0.1 M KOH solution. The a-MnO,/FeCo-
LDH/NF has the lowest Tafel slope (70.4 mV), and the bare
NF has the highest Tafel slope (150.8 mV). The lower slope
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indicates an improvement in the catalytic properties and faster
kinetics of the water oxidation reaction.

Electrochemical impedance spectroscopy was performed to
study the kinetics and electrical conductivity of the water
oxidation reaction. Figure 4d shows Nyquist plots for bare NF,
FeCo-LDH/NF, a-MnO,/NF, and @-MnO,/FeCo-LDH/NF
electrodes. The circuit potential of the electrochemical
measurement was in a frequency range of 0.01 Hz to 100
kHz, and the electrolyte was a 0.1 M KOH solution. When the
diameter of the semicircle in the diagram is small, the charge
transfer resistance (Rct) decreases, which means that the
electron transfer kinetics is faster. As shown in the Nyquist
diagrams, a-MnO,/FeCo-LDH/NF has the lowest Rct and the
highest electrical conductivity compared to other electrodes.
Therefore, the electrocatalytic performance of the electrode
modified with @-MnO, and FeCo-LDH is improved.

To better understand the effect of the catalyst’s activity on
the OER process performance, the effect of the electrochemical

https://doi.org/10.1021/acsomega.2c07580
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Table 1. Electrocatalytic OER Performance of the Different Catalysts

catalyst electrolyte substrate 1y (mV) Tafel slop (mV dec™) reference
ZnFe,0,@ZnFe,S, 1.0 M KOH NF 15222 73 30
Ni-S-P 1.0 M KOH NF N10219 82 31
Ni-Fe-P 1.0 M KOH NF 110-251 75 32
CuPig, 1.0 M KOH NF M0-310 88 33
CoMoV-LDH 1.0 M KOH NF o270 106 34
Ni;V,Fe, LDH 1.0 M KOH glassy carbon electrodes 110-269 67 35
Pt-CoS, 1.0 M KOH carbon cloth 1710-300 S8 36
NiS, sSeqs 1.0 M KOH NF Mo-257 61 37
Fe(,Coy4Se, 1.0 M KOH Co—Fe precursors 110-270 36 38
W-NiS, sSeq s 1.0 M KOH NF Mo-171 41 39
a-MnO,/FeCo LDH 0.1 M KOH NF 75-210 70.4 this work

surface areas (ECSAs) was estimated using double-layer
capacitance (Cy). To accomplish this, the cyclic voltammo-
grams (CVs) were measured in a non-Faradaic region of 1.10
to 1.20 V vs RHE at scan rates of 20—100 mV S™' in 0.1 M
KOH. As shown in Figure 4e, the corresponding Cy value of a-
MnO,/FeCo-LDH/NF is 30.3 mF cm ™%, which is higher than
those of @-MnO,/NF (14.1 mF cm™), FeCo-LDH/NF (12.3
mF cm™?), and bare NF (0.8 mF cm™) electrodes.
Furthermore, the ECSA values of the catalysts were estimated
via Cy values obtained in Figure 4e and eq 3. The value of
specific capacitance (C,) is 0.040 mF cm™*’ ECSA values of
20.0, 307.5, 352.5 and 757.5 m? g_1 were estimated for bare
NF, FeCo-LDH/NF, a-MnO,/NF and @-MnO,/FeCo-LDH/
NF, respectively.

These results show that the a-MnO,/FeCo-LDH/NF
electrode possesses the largest ECSA, which indicates more
active sites in the OER process. Thus, the higher activity of a-
MnO,/FeCo-LDH/NF may be due to the large active surface
area and improved rate of charge transfer.

ECSA = Cy/C, 3)

Table 1 compares the results of this study with data from
previous works and shows that the kinetics of the water
oxidation reaction was improved in this work.

4. CONCLUSIONS

In summary, a low-cost and simple hydrothermal method was
applied to the synthesis of @-MnO,/FeCo-LDH nanoparticles
on nickel foam, which can also be used to produce
nanoparticles on a large scale. a-MnO,/FeCo-LDH/NF
exhibits high electrocatalytic properties in the oxygen evolution
reaction, which is due to the improvement of electron transfer
rate due to its porous structure and active electrocatalytic sites.
For this electrocatalyst, the initial potential for the water
oxidation reaction is 0.23 mV vs Ag/AgCl. To achieve a
current density of S mA cm? an overpotential of 210 mV is
required, which improves the performance in water oxidation
compared to existing reports. The Tafel slope of the modified
electrode with @-MnQO,/FeCo-LDH was 70.4 mV dec™!in an
alkaline solution. This low Tafel slope indicates the high
electrocatalytic performance of the electrode in the water
oxidation reaction. The results of our research show that the
electrocatalyst has a highly active area, which led to a decrease
in charge transfer resistance and improved catalytic activity.
This study presents a new approach for the preparation of
efficient catalysts for water oxidation reactions based on
transition metals.
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