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Abstract: Ar, Ar/H2 (95:5), and Ar/O2 (95:5) plasmas are used for treating the NiCo metal–organic
framework (MOF), and the plasma-processed NiCo MOF is applied for catalyzing the oxygen
evolution reaction (OER) in a 1 M KOH electrolyte. Linear sweep voltammetry measurements show
that after plasma treatment with Ar/H2 (95:5) and Ar gases, the overpotential reaches 552 and 540 mV,
respectively, at a current density of 100 mA/cm2. The increase in the double-layer capacitance further
confirms the enhanced oxygen production activity. We test the Ar plasma-treated NiCo MOF as an
electrocatalyst at the OER electrode and Ru as an electrocatalyst at the hydrogen evolution reaction
(HER) electrode in the alkaline water electrolysis module. The energy efficiency of the electrolyzer
with the Ar plasma-processed NiCo-MOF catalyst increases from 54.7% to 62.5% at a current density
of 500 mA/cm2 at 25 ◦C. The alkaline water electrolysis module with the Ar plasma-processed
catalyst also exhibits a specific energy consumption of 5.20 kWh/m3 and 4.69 kWh/m3 at 25 ◦C
and 70 ◦C, respectively. The alkaline water electrolysis module performance parameters such as the
hydrogen production rate, specific energy consumption, and energy efficiency are characterized at
temperatures between 25 ◦C and 70 ◦C. Our experimental results show that the NiCo MOF is an
efficient OER electrocatalyst for the alkaline water electrolysis module.

Keywords: NiCo; metal–organic framework (MOF); oxygen evolution reaction (OER); plasma;
electrocatalyst; alkaline water electrolysis

1. Introduction

Hydrogen energy is a type of green energy that is considered a highly promising
alternative to fossil energy [1–5]. Compared to other energy sources such as gasoline
and coal, hydrogen has a higher energy density and its combustion only produces water,
without emitting greenhouse gases like carbon dioxide [6–9]. Developing hydrogen as
an alternative fuel could reduce the reliance on fossil fuels, and therefore, hydrogen is
commonly being used in fuel cells and, more recently, in hydrogen-powered vehicles
worldwide [10–12].
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An alkaline water electrolysis system can be used for electrolytic hydrogen produc-
tion [13–16]. In this system, the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) occur simultaneously at the anode and cathode, respectively. A theoretical
voltage of 1.23 V is required between the anode and cathode to drive these reactions, and
an additional overpotential is applied to facilitate the reactions. Electrocatalysts play a
crucial role in reducing the overpotential by promoting water reactions in the HER or
OER. Although metals such as Ir and Pt exhibit high electrocatalytic efficiency, they are
expensive [17–20]. Studies have explored alternatives and found that transition metals such
as nickel and cobalt exhibit good catalytic activity toward the OER [21,22]; advantageously,
transition metal-based oxides are inexpensive, easy to synthesize, and environmentally
friendly [23–25].

Metal–organic frameworks (MOFs) are unique artificial materials composed of metal
ions (or metal clusters) and organic linkers [26,27]. They have a high surface area, excellent
adsorption capacity, and tunable pore sizes [28–30]. MOFs have an adjustable structure and
exhibit diverse functionalities, making them commonly used as catalysts [31]. MOFs can
be transformed into oxides, phosphides, sulfides, selenides, carbides, etc., to enhance their
electrocatalytic activity and stability [32–34]. Among these, nickel-based OER catalysts,
including those in hydroxide [35], sulfide [36], and phosphide [37] forms, exhibit superior
OER catalytic activity under alkaline conditions. In particular, bimetallic cobalt- and nickel-
based compounds show enhanced catalytic performance [38]. For instance, Guan and
co-workers achieved improved catalytic performance of NiCo MOF/NF by incorporating
sulfur through sulfidation [39].

Plasma treatment is a simple and scalable method for modifying metal surfaces [40–42].
Studies have shown that vacancies and defects can be introduced in materials to modulate
their surface electronegativity, charge concentration, and redistribution, and to thereby influ-
ence their catalytic performance [43,44]. Argon (Ar) and hydrogen (H2) plasma treatments
have similar effects [45–48]. For example, Wang et al. performed Ar plasma bombardment
of Co3O4 to introduce abundant oxygen vacancies on its surface; this created plasma-etched
Co3O4 nanosheets with increased exposed surface area [49]. Oxygen vacancies can adjust
the oxidation state of the metal and increase the number of active sites, thus significantly
affecting the OER activity [50,51].

In this study, NiCo MOF was tested as an OER electrocatalyst in an alkaline water
environment. NiCo MOF was treated with Ar, Ar/H2 (95:5), and Ar/O2 (95:5) plasmas
to create more electrocatalytic active sites on its surface. The plasma-treated NiCo MOF
was then used in an anion exchange membrane alkaline water electrolysis module. Electro-
chemical characterization of the alkaline water electrocatalyst with Ar plasma-processed
NiCo-MOF electrocatalyst was performed between 25 ◦C and 70 ◦C.

2. Experimental
2.1. Synthesis of NiCo-MOF/NF Electrocatalyst

Nickel foam (NF) with a thickness of 1.7 mm was purchased from HOMYTECH.
The untreated or original NF was cut into rectangular pieces measuring 3 cm × 1 cm.
Subsequently, it was sequentially sonicated for 20 min in 0.1 M H2SO4 solution, deionized
(DI) water, alcohol, and acetone to remove the oxide layer on its surface; the resulting
NF is called NF@. Then, NiCo MOFs/NF@ was prepared using a solvothermal method.
First, 1 mmol of Ni(NO3)2·6H2O, 1 mmol of Co(NO3)2·6H2O, 2 mmol of terephthalic acid,
and 37.5 mL of ethanol were mixed and stirred continuously for 30 min. Then, NF@ was
placed in a Teflon autoclave reactor and kept in an oven at 130 ◦C for 7 h. After cooling,
it was removed and rinsed with DI water, and then dried in an oven at 60 ◦C for 10 min
to obtain NiCo MOFs/NF@. Finally, the electrode was treated with low-pressure plasma
using 100% Ar, 95% Ar + 5% H2, and 95% Ar + 5% O2 gases for 1 min. The corresponding
electrocatalysts were referred to as NiCo MOFs/NF@-Ar, NiCo MOFs/NF@-AH, and NiCo
MOFs/NF@-AO, respectively. Figure 1 illustrates the sample preparation procedure.
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Figure 1. Synthesis of NiCo MOFs/NF@.

2.2. Synthesis of NiCo/CP and Ru/CP Electrocatalyst

To make the NiCo MOF suitable for use in an anion exchange membrane alkaline water
electrolysis module, we similarly grew the NiCo MOF on carbon paper as the anode catalyst
by using a solvothermal method. The carbon paper was cut into a 5 cm × 5 cm square
(thickness: 0.35 mm, CeTech) and cleaned by exposing it to a plasma of 95% Ar + 5% O2
gas for 1 min. Next, a mixture of 4 mmol of Ni(NO3)2·6H2O, 4 mmol of Co(NO3)2·6H2O,
8 mmol of terephthalic acid, and 150 mL of ethanol was prepared and stirred continuously
for 30 min. The carbon paper was then placed in a high-pressure autoclave and heated in an
oven at 130 ◦C for 7 h. After cooling, the samples were rinsed with deionized (DI) water and
dried in the oven at 60 ◦C. These samples were referred to as NiCo/CP. Lastly, low-pressure
plasma treatment was performed using 100% Ar for 1 min to produce NiCo/CP-Ar.

For the cathode catalyst, carbon paper of the same dimensions (5 cm × 5 cm) was
used. It was pre-cleaned by exposing it to a plasma of 95% Ar + 5% O2 gas for 1 min.
Then, a solution containing 5 mmol of RuCl3·3H2O, 80 mL of ethylene glycol, and 80 mL of
DI water was added to the high-pressure autoclave and stirred continuously for 30 min.
Subsequently, the carbon paper was placed in the high-pressure autoclave and heated in an
oven at 130 ◦C for 7 h. After cooling, the samples were rinsed with DI water and dried in
the oven at 60 ◦C. These samples were referred to as Ru/CP.

2.3. Anion Exchange Membrane Alkaline Water Electrolysis Module

Our alkaline water electrolysis system is a symmetrical device with an anode and a
cathode reaction zone. Figure 2 shows its components. From the outermost layer to the
innermost layer, it includes an aluminum plate, a polypropylene gasket, gold-plated copper
electrode plates, flexible graphite sheets, VITON a graphite flow plate, rubber gasket,
and a self-made electrocatalyst. A 6 cm × 6 cm anion exchange membrane (Sustainion®

X37-50 grade RT membrane, Dioxide Materials, Boca Raton, FL, USA) is placed at the
interface between the anode and cathode to separate them. The X37-50 membrane needs
to be soaked in 1 M KOH for 24 h before use for activation. The system was tested at
room temperature with a flow rate of 10 mL/min of 1 M KOH supplied to the anode and
cathode through two peristaltic pumps. The heating system consists of two heating patches
(60 × 67 mm, 24 V, 40 W) attached to both sides of aluminum plates. The temperature was
controlled using a proportional–integral–derivative temperature controller (DTA4848V1,
Delta Electronics, Inc., Taipei City, Taiwan), and the temperature of the graphite flow plate
was measured using a K-type thermocouple.
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Figure 2. Components of anion exchange membrane alkaline water electrolysis module.

2.4. Material Characterization

The samples were analyzed using various techniques. Scanning electron microscopy
(SEM; JEOL JSM-IT100, Tokyo, Japan) was used to examine the morphology and sur-
face structure. X-ray photoelectron spectroscopy (XPS; Thermo Scientific Theta Instru-
ment, Waltham, MA, USA) was used to characterize the chemical compositions. An X-ray
diffractometer (XRD; Bruker D2 PHASER, Billerica, MA, USA) with Cu-Kα radiation
(λ = 1.54060 Å) was used to perform crystal phase analysis. A goniometer (Sindatek, Model
100SB, Taipei City, Taiwan) was used to measure the water contact angle of the samples. Ad-
ditionally, a Plasma Cleaner PDC-32G was used to perform low-pressure plasma treatment
of the samples with a pressure of 0.6 torr, flow rate of 10 sccm, and power of 11 W.

2.5. Electrochemical Measurement

We used Autolab (PGSTAT204, Metrohm, Utrecht, The Netherlands) in a three-
electrode setup, with Ag/AgCl as the reference electrode, Pt as the counter electrode,
and NF as the working electrode, to measure the OER electrocatalytic performance. Cyclic
voltammetry (CV; potential scan rate: 20–300 mV/s), linear sweep voltammetry (LSV; scan
rate: 5 mV/s), and electrochemical impedance spectroscopy (EIS; 0.1–100,000 Hz) were
conducted to measure the performance of the electrocatalyst.

In the LSV measurement, the potential E of the electrode was converted to the corre-
sponding potential relative to the reversible hydrogen electrode (RHE) by using the Nernst
equation: ERHE = EAg/AgCl + 0.059 × pH + 0.197 [52,53], where ERHE is the potential relative
to the RHE, and EAg/AgCl is the experimentally measured potential relative to the Ag/AgCl
reference electrode. The OER performance of the electrocatalyst was evaluated in a 1 M
KOH electrolyte, and the overpotential (η) in the OER was calculated by subtracting the
standard oxidation potential as η = ERHE − 1.23.

3. Results and Discussion
3.1. SEM Results of Electrocatalysts

SEM was used to study the morphology of the electrode surface. Figure 3 shows the
SEM images. At a magnification of 70×, NF exhibits a porous structure, and small pro-
truding particles are attached to the framework after NiCo deposition. At a magnification
of 3000×, NiCo MOF appears to be layered, and branching is observed on the surface
after plasma treatment. The increased surface area and surface oxygen vacancies make a
significant contribution to the excellent electrocatalytic performance in the OER [49].
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(c-1,c-2) NiCo MOFs/NF@, (d-1,d-2) NiCo MOFs/NF@-Ar, (e-1,e-2) NiCo MOFs/NF@-AH, and
(f-1,f-2) NiCo MOFs/NF@-AO.

3.2. Water Contact Angles of Grown Electrocatalysts

The water contact angle is an important indicator for assessing the hydrophilicity of a
material. In the OER and HER, the electrolyte comes into contact with the electrocatalyst
and infiltrates the electrode surface, thereby increasing the reaction area [54]. Therefore, it
is crucial to enhance the hydrophilicity of the electrocatalyst [55]. The hydrophilicity also
improves the detachment of the generated gas from the electrocatalysts. Figure 4 indicates
that the water contact angle on the original NF is 80.01◦, and the material is relatively
less hydrophilic. However, after acid washing, the surface oxides are removed from the
NF, thus transforming the originally less hydrophilic surface into a more hydrophilic one.
After regrowing NiCo and applying low-pressure plasma treatment, the surface of the
electrocatalyst becomes even more hydrophilic, making it beneficial for the OER reaction
and bubble detachment and thereby enhancing the water electrolysis performance.
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3.3. XPS and XRD

The electrocatalytic activity of a material can be influenced by its morphological
and material characteristics [56]. XRD analysis was conducted to understand the crystal
structure of the prepared sample. As shown in Figure 5a, at scanning angles of 20◦–60◦,
strong peak signals were observed at 45.21◦ and 52.62◦; these correspond to the (111) and
(200) planes of the NF, respectively [48]. These signals indicate the presence of the NF
substrate. As shown in Figure 5b, at lower angles with a more precise scanning speed, peaks
were observed at 8.85◦ and 17.83◦. These are attributable to the NiCo MOF [39], suggesting
that it has grown successfully. In Figure 5b, the XRD peak shifts may be attributed to the
non-uniform growth of our material through solvent–thermal synthesis, as not every part
is evenly distributed. Additionally, low-pressure plasma treatment may insert atoms or
create defects, resulting in a change in the interplanar spacing. However, the peak shifts
are not systematic, and more experimental results may be required to understand the real
reason for the shifts of XRD peaks.
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(c) XPS spectra of Ni 2p and (d) XPS spectra of Co 2p.

XPS measurements were conducted to understand the elemental composition of the
prepared samples. Figure 5c shows the four peaks in the Ni2p spectra of NiCo MOFs/NF@-
Ar. The Ni2p spectra show characteristic peaks of the Ni2+ oxidation state, corresponding
to the Ni-O bonds in the MOF structure, with binding energies at 857.4 eV(2p3/2). The
peak at 875.5 eV(2p1/2) is attributed to the Ni-OH bond, and the peaks near 862.6 eV and
882.4 eV are attributed to the satellite peaks of Ni2p [57]. Figure 5d shows four peaks in the
Co2p spectra, corresponding to the Co2p3/2 and Co2p1/2 peaks at 782.0 eV and 798.3 eV,
respectively. The peak intensities of Co2p3/2 and Co2p1/2 have a ratio of 2:1. The binding
energies at 804.4 eV and 787.9 eV are assigned to the Co-OH bond and the satellite peaks of
Co2p, respectively [38,58]. More XPS spectra are included in Supplementary Materials.
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3.4. Electrochemical Characterization

The OER pathway involves the transfer of four electrons, and each electron transfer
requires an energy barrier to be overcome [59–61]. This results in slow kinetics for water
electrolysis. Therefore, catalysts that show good activity in the OER are used to reduce
the voltage required for water electrolysis closer to the theoretical value of 1.23 V. The
overpotential (η) becomes an important indicator in this regard, where a lower overpotential
indicates the ability to drive the water oxidation reaction with less energy [62]. The
electrocatalytic activity of each sample was measured in a 1 M KOH electrolyte. The
OER polarization curves in Figure 6a were obtained through LSV testing. Table 1 lists the
electrochemical characterization results. The original NF has an overpotential of 1906 mV
at a current density of 100 mA/cm2. After depositing the NiCo alloy on the NF, the
overpotential decreased significantly. Furthermore, after low-pressure plasma treatment,
NiCo MOFs/NF@-Ar and NiCo MOFs/NF@-AH exhibited even lower overpotentials
of 540 mV and 552 mV at a current density of 100 mA/cm2, respectively. This confirms
that plasma treatment can create more active sites, introduce surface defects, and enhance
catalytic efficiency. In addition, a distinct oxidation peak is observed around 1.4–1.5 V; it is
attributed to Ni2+/Ni3+ or Co2+/Co3+ [63], consistent with the XPS analysis results.
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Table 1. Electrochemical testing result of each electrocatalyst.

Sample Tafel Slope (mV/dec) Overpotential (mV) at Current Density
of 100 mA/cm2 Rct (Ω) 2Cdl

(mF/cm2)

NF 770 1906 3.61 1.7

NF@ 668 1871 2.64 3.0

NiCo MOFs/NF@ 558 584 0.50 4.5

NiCo MOFs/NF@-Ar 1 min 480 540 0.40 5.1

NiCo MOFs/NF@-AH 1 min 508 552 0.44 4.3

NiCo MOFs/NF@-AO 1 min 591 601 0.47 5.2
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As shown in Figure 6b, the calculated Tafel slope is lower for the samples treated
with Ar and AH plasmas. A lower Tafel slope indicates a smaller voltage requirement for
a tenfold increase in current, resulting in lower energy consumption [64–67]. The NiCo
MOF/NF@-Ar exhibits a Tafel slope of 480 mV/dec, indicating a better catalytic performance.

Figure 6c,d show the EIS results of each electrocatalyst at an overpotential of 400 mV.
According to the equivalent circuit model, Rct represents the charge transfer resistance, a
measure of the difficulty of charge transfer at the electrode–electrolyte interface during the
electrode process [68]. A lower charge transfer resistance indicates an easier electrolysis
process [69]. The results also demonstrate that the NiCo MOF/NF@-Ar has the lowest Rct
value of 0.40 Ω, indicating higher charge transfer ability and better catalytic performance.

The electrochemical active surface area (ECSA) is used to evaluate the electrocatalytic
performance of materials [70]. According to previous studies, the double-layer capacitance
(Cdl) can reflect the number of active sites on the catalyst [71]. Cdl was calculated using
CV measurements at different scan rates [72]. Figure 6e shows the I-V curves of NiCo
MOFs/NF@-Ar at different scan rates, and the results in Figure 6f indicate that the NiCo
MOF/NF@-Ar has a larger ECSA that facilitates contact between the electrocatalyst and
electrolyte. More CV curves are included in the Supplementary Materials. These electro-
chemical results demonstrate that plasma treatments with surface oxygen vacancies and
high surface area significantly improve the OER performance [49]. Studies have shown
that metal oxides subjected to high-energy ion (Ar+) bombardment can also generate sur-
face oxygen vacancies [51]. Through plasma treatment, metal oxides can be effectively
etched to expose more surface sites and selectively remove surface oxygen to create oxygen
vacancies [42,73]. Studies have also found that inert gas plasmas (e.g., Ar plasma) cause
activation. After activation, the sample immediately comes into contact with monomers
without exposure to oxygen or air. Free radicals formed along the activation process act as
initiating active sites [74,75].

3.5. Performance of Alkaline Water Electrolyzer

With electrochemical testing and material analysis, we conducted experiments to
verify the catalytic effects of the NiCo MOF and the influence of low-pressure plasma
treatment. We deposited the NiCo MOF on carbon paper and compared the results with
those of untreated samples using NiCo/CP-Ar treated with argon plasma, based on the
electrochemical measurements. The OER and HER are closely related and occur simultane-
ously. Therefore, the key to improving energy efficiency is related to both the anode and
cathode catalyst materials [76–80]. Previous electrochemical measurements have shown
that the NiCo MOF is suitable as an electrocatalyst for OER at the anode, while ruthenium
(Ru) is used for testing at the cathode. The mass loadings of NiCo/CP and Ru/CP are
4.02 mg/cm2 and 0.82 mg/cm2, respectively.

Figure 7a shows the relationship between the cell voltage and current density. After
the deposition of the NiCo MOF, at a current density of 500 mA/cm2, a cell voltage of
approximately 2.2 V is required. However, after Ar plasma treatment, the cell voltage is
reduced to 2.03 V, indicating that Ar plasma can enhance the catalytic performance of the
electrocatalyst [45,75].

Furthermore, we tested the performance of NiCo-Ar/CP at different temperatures.
The decrease in cell voltage with increasing temperature was attributed to the lower
equivalent electrical impedance of the electrolytic cell at higher temperatures [81,82], and
the alkaline electrolyte’s conductivity increased nearly linearly with temperature [83,84].
Therefore, temperature plays a crucial role in the operation of the water electrolysis cell.
Figure 7b shows that the cell voltage decreases with increasing temperature, indicating that
higher operation temperatures have a positive impact on efficiency [85]. However, higher
operating temperatures may negatively affect the corrosion resistance of electrolytic cell
components and the purity of the generated gases. As a result, commercial alkaline water
electrolysis cells generally operate at temperatures below 90 ◦C [86].
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Table 2 presents the performance parameters of the electrolyzers at different current
densities and different operation temperatures. The energy efficiency (η) is calculated

as follows: η =
EH2

Q =
PH2∗11.7J

I∗Vps
[87], where EH2 is the chemical energy of the produced

hydrogen gas, Q is the electrical energy input during hydrogen production, PH2 is the
amount of hydrogen gas produced in the experiment, 11.7 J is the energy per milliliter of
hydrogen gas, I is the current on the electrode, and Vps is the voltage of the power supply.
The specific energy consumption for generating a cubic meter of hydrogen gas is also
calculated and compared in Table 2. The heating energy is not included in this calculation
because heat can be supplied by industrial waste heat or solar heat when generating green
hydrogen. After Ar plasma treatment, the energy efficiency at various current densities is
improved, thus demonstrating the enhanced catalytic ability and reduced energy loss.

Table 2. Performance of electrolyzers at different current densities and different temperatures.

Electrocatalysts Current
Density

Cell
Voltage

Power Supply
Voltage

H2 production
Rate

(Experimental)

O2 production
Rate

(Experimental)

Energy
Efficiency

Specific
Energy

Consumption

Unit mA/cm2 V V mL/min mL/min % kWh/m3

NiCo/CP(+), Ru/CP(−)

100 1.75 1.84 18 10 76.3 4.26

500 2.21 2.68 94 49 54.7 5.94

1000 2.51 3.39 189 52 43.5 7.74

NiCo/CP-Ar(+),
Ru/CP(−)

25 ◦C

100 1.73 1.82 19 10 81.4 3.99

500 2.03 2.46 98.5 48 62.5 5.20

1000 2.3 3.16 199 97 49.1 6.62

40 ◦C

100 1.62 1.71 19 10 86.7 3.75

500 1.84 2.22 97 50 68.2 4.77

1000 2.04 2.87 198 101 53.8 6.04

50 ◦C

100 1.61 1.66 19.5 10.5 91.6 3.55

500 1.84 2.25 96.5 50.5 66.9 4.86

1000 2.03 2.90 196 100 52.7 6.16

60 ◦C

100 1.56 1.62 19 10.5 91.5 3.55

500 1.78 2.20 95 51 67.4 4.82

1000 1.98 2.81 192 101 53.3 6.10

70 ◦C

100 1.53 1.61 19 10.5 92.0 3.53

500 1.74 2.16 96 50 69.3 4.69

1000 1.93 2.78 196 100 55.0 5.91
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4. Conclusions

NiCo-MOF catalysts were prepared by using a simple solvothermal method and
plasma treatment. Through Ar plasma treatment, the overpotential of NiCo-MOF/NF cata-
lysts was reduced from 584 mV to 540 mV at a current density of 100 mA/cm2, indicating
improved catalytic performance. This improvement was accompanied by an increase in the
ECSA, decrease in charge transfer impedance, and reduction in the Tafel slope, all of which
are indicators of enhanced catalytic efficiency. Furthermore, when NiCo-MOF electrocata-
lysts were applied in an alkaline water electrolysis module, their energy efficiency increased
after Ar plasma treatment from 54.7% to 62.5% at a current density of 500 mA/cm2 at 25 ◦C.
The alkaline water electrolysis module with the Ar plasma-processed catalyst also exhib-
ited a specific energy consumption of 5.20 kWh/m3 and 4.69 kWh/m3 at 25 ◦C and 70 ◦C,
respectively. These findings suggest that NiCo is a promising OER catalyst material, and
low-pressure plasma treatment enhances its performance; this is consistent with the results
obtained from electrochemical measurements.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcs8010019/s1, Figure S1. XPS spectra of C1 s; Figure S2. CV potential
curves at different scan rates. (a) original NF, (b) NF@, (c) NiCo MOFs/NF, (d) NiCo MOFs/NF@-AH,
and (e) NiCo MOFs/NF@-AO.
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56. Santos, D.; Šljukić, B.; Sequeira, C.; Macciò, D.; Saccone, A.; Figueiredo, J. Electrocatalytic approach for the efficiency increase of
electrolytic hydrogen production: Proof-of-concept using platinum–dysprosium alloys. Energy 2013, 50, 486–492. [CrossRef]

57. Veeramani, V.; Madhu, R.; Chen, S.-M.; Sivakumar, M.; Hung, C.-T.; Miyamoto, N.; Liu, S.-B. NiCo2O4-decorated porous carbon
nanosheets for high-performance supercapacitors. Electrochim. Acta 2017, 247, 288–295. [CrossRef]

58. Chen, Q.; Lei, S.; Deng, P.; Ou, X.; Chen, L.; Wang, W.; Xiao, Y.; Cheng, B. Direct growth of nickel terephthalate on Ni foam with
large mass-loading for high-performance supercapacitors. J. Mater. Chem. A 2017, 5, 19323–19332. [CrossRef]

59. Gopalakrishnan, M.; Mohamad, A.; Nguyen, M.; Yonezawa, T.; Qin, J.; Thamyongkit, P.; Somwangthanaroj, A.; Kheawhom, S.
Recent advances in oxygen electrocatalysts based on tunable structural polymers. Mater. Today Chem. 2022, 23, 100632. [CrossRef]

60. Liang, Q.; Chen, J.; Wang, F.; Li, Y. Transition metal-based metal-organic frameworks for oxygen evolution reaction. Coord. Chem.
Rev. 2020, 424, 213488. [CrossRef]

61. Tahir, M.; Pan, L.; Idrees, F.; Zhang, X.; Wang, L.; Zou, J.-J.; Wang, Z.L. Electrocatalytic oxygen evolution reaction for energy
conversion and storage: A comprehensive review. Nano Energy 2017, 37, 136–157. [CrossRef]

62. Fu, H.Q.; Zhou, M.; Liu, P.F.; Liu, P.; Yin, H.; Sun, K.Z.; Yang, H.G.; Al-Mamun, M.; Hu, P.; Wang, H.-F. Hydrogen spillover-bridged
Volmer/Tafel processes enabling ampere-level current density alkaline hydrogen evolution reaction under low overpotential.
J. Am. Chem. Soc. 2022, 144, 6028–6039. [CrossRef] [PubMed]

63. Dai, Z.; Du, X.; Zhang, X. Controlled synthesis of NiCo2O4@ Ni-MOF on Ni foam as efficient electrocatalyst for urea oxidation
reaction and oxygen evolution reaction. Int. J. Hydrogen Energy 2022, 47, 17252–17262. [CrossRef]

64. Kapałka, A.; Fóti, G.; Comninellis, C. Determination of the Tafel slope for oxygen evolution on boron-doped diamond electrodes.
Electrochem. Commun. 2008, 10, 607–610. [CrossRef]

65. Shinagawa, T.; Garcia-Esparza, A.T.; Takanabe, K. Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis
for energy conversion. Sci. Rep. 2015, 5, 13801. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ijhydene.2020.06.276
https://doi.org/10.1002/adma.201705850
https://doi.org/10.1038/ncomms12123
https://www.ncbi.nlm.nih.gov/pubmed/27356485
https://doi.org/10.1021/acscatal.7b03723
https://doi.org/10.1002/adma.201606459
https://doi.org/10.1002/adma.202007100
https://www.ncbi.nlm.nih.gov/pubmed/34117808
https://doi.org/10.1039/C5CC01981H
https://www.ncbi.nlm.nih.gov/pubmed/25829057
https://doi.org/10.1021/acsami.1c02646
https://www.ncbi.nlm.nih.gov/pubmed/34009947
https://doi.org/10.3390/ma15072603
https://doi.org/10.1016/j.ijhydene.2022.08.179
https://doi.org/10.1002/ange.201600687
https://doi.org/10.1002/aenm.201400696
https://doi.org/10.1016/j.nanoen.2020.104761
https://doi.org/10.1016/j.electacta.2019.134949
https://doi.org/10.1002/cssc.201801614
https://www.ncbi.nlm.nih.gov/pubmed/30098118
https://doi.org/10.1016/j.elecom.2019.02.018
https://doi.org/10.1002/adma.201304759
https://www.ncbi.nlm.nih.gov/pubmed/24488883
https://doi.org/10.1016/j.energy.2012.11.003
https://doi.org/10.1016/j.electacta.2017.06.171
https://doi.org/10.1039/C7TA05373H
https://doi.org/10.1016/j.mtchem.2021.100632
https://doi.org/10.1016/j.ccr.2020.213488
https://doi.org/10.1016/j.nanoen.2017.05.022
https://doi.org/10.1021/jacs.2c01094
https://www.ncbi.nlm.nih.gov/pubmed/35302356
https://doi.org/10.1016/j.ijhydene.2022.03.217
https://doi.org/10.1016/j.elecom.2008.02.003
https://doi.org/10.1038/srep13801
https://www.ncbi.nlm.nih.gov/pubmed/26348156


J. Compos. Sci. 2024, 8, 19 14 of 14

66. Zhang, Y.; Cui, W.; Li, L.; Zhan, C.; Xiao, F.; Quan, X. Effect of aligned porous electrode thickness and pore size on bubble removal
capability and hydrogen evolution reaction performance. J. Power Sources 2023, 580, 233380. [CrossRef]

67. Wu, L.; He, Y.; Lei, T.; Nan, B.; Xu, N.; Zou, J.; Huang, B.; Liu, C. Characterization of the porous Ni3Al–Mo electrodes during
hydrogen generation from alkaline water electrolysis. Energy 2013, 63, 216–224. [CrossRef]

68. Li, D.; Xu, Y.; Lu, Y.; Chen, Y.; Wu, Y.; Yan, J.; Du, F.; Zhao, Y.; Tan, X. Defect-rich engineering of Ni-incorporated tungsten oxides
micro-flowers on carbon cloth: A binder-free electrode for highly efficient hydrogen evolution reaction. J. Power Sources 2022, 520,
230862. [CrossRef]

69. Shervedani, R.K.; Madram, A.R. Kinetics of hydrogen evolution reaction on nanocrystalline electrodeposited Ni62Fe35C3 cathode
in alkaline solution by electrochemical impedance spectroscopy. Electrochim. Acta 2007, 53, 426–433. [CrossRef]

70. Cossar, E.; Houache, M.S.; Zhang, Z.; Baranova, E.A. Comparison of electrochemical active surface area methods for various
nickel nanostructures. J. Electroanal. Chem. 2020, 870, 114246. [CrossRef]

71. Yang, Y.; Zhang, W.; Xiao, Y.; Shi, Z.; Cao, X.; Tang, Y.; Gao, Q. CoNiSe2 heteronanorods decorated with layered-double-hydroxides
for efficient hydrogen evolution. Appl. Catal. B Environ. 2019, 242, 132–139. [CrossRef]

72. Zhao, Z.; Wu, H.; Li, C. Engineering iron phosphide-on-plasmonic Ag/Au-nanoshells as an efficient cathode catalyst in water
splitting for hydrogen production. Energy 2021, 218, 119520. [CrossRef]

73. Liang, H.; Alshareef, H.N. A plasma-assisted route to the rapid preparation of transition-metal phosphides for energy conversion
and storage. Small Methods 2017, 1, 1700111. [CrossRef]

74. Choi, E.Y.; Moon, S.H. Characterization of acrylic acid-grafted PP membranes prepared by plasma-induced graft polymerization.
J. Appl. Polym. Sci. 2007, 105, 2314–2320. [CrossRef]

75. Staňo, L’.; Stano, M.; Ďurina, P. Separators for alkaline water electrolysis prepared by plasma-initiated grafting of acrylic acid on
microporous polypropylene membranes. Int. J. Hydrogen Energy 2020, 45, 80–93. [CrossRef]

76. Detsi, E.; Cook, J.B.; Lesel, B.K.; Turner, C.L.; Liang, Y.-L.; Robbennolt, S.; Tolbert, S.H. Mesoporous Ni6Fe30Mn10-alloy based
metal/metal oxide composite thick films as highly active and robust oxygen evolution catalysts. Energy Environ. Sci. 2016, 9,
540–549. [CrossRef]

77. Yin, H.; Zhao, S.; Zhao, K.; Muqsit, A.; Tang, H.; Chang, L.; Zhao, H.; Gao, Y.; Tang, Z. Ultrathin platinum nanowires grown on
single-layered nickel hydroxide with high hydrogen evolution activity. Nat. Commun. 2015, 6, 6430. [CrossRef]

78. Balogun, M.S.; Qiu, W.; Huang, Y.; Yang, H.; Xu, R.; Zhao, W.; Li, G.R.; Ji, H.; Tong, Y. Cost-Effective Alkaline Water Electrolysis
Based on Nitrogen-and Phosphorus-Doped Self-Supportive Electrocatalysts. Adv. Mater. 2017, 29, 1702095. [CrossRef]

79. Niyitanga, T.; Kim, H. Bimetallic-based CuxCo3− xO4 nanoparticle-embedded N-doped reduced graphene oxide toward efficient
oxygen evolution reaction and hydrogen evolution reaction for bifunctional catalysis. J. Power Sources 2023, 580, 233383. [CrossRef]

80. Osmieri, L.; He, Y.; Chung, H.T.; McCool, G.; Zulevi, B.; Cullen, D.A.; Zelenay, P. La–Sr–Co oxide catalysts for oxygen evolution
reaction in anion exchange membrane water electrolyzer: The role of electrode fabrication on performance and durability.
J. Power Sources 2023, 556, 232484. [CrossRef]

81. Shen, X.; Zhang, X.; Li, G.; Lie, T.T.; Hong, L. Experimental study on the external electrical thermal and dynamic power
characteristics of alkaline water electrolyzer. Int. J. Energy Res. 2018, 42, 3244–3257. [CrossRef]

82. Mohammadi, A.; Mehrpooya, M. A comprehensive review on coupling different types of electrolyzer to renewable energy
sources. Energy 2018, 158, 632–655. [CrossRef]

83. Gilliam, R.; Graydon, J.; Kirk, D.; Thorpe, S. A review of specific conductivities of potassium hydroxide solutions for various
concentrations and temperatures. Int. J. Hydrogen Energy 2007, 32, 359–364. [CrossRef]

84. Kothari, R.; Buddhi, D.; Sawhney, R. Studies on the effect of temperature of the electrolytes on the rate of production of hydrogen.
Int. J. Hydrogen Energy 2005, 30, 261–263. [CrossRef]

85. Diéguez, P.; Ursúa, A.; Sanchis, P.; Sopena, C.; Guelbenzu, E.; Gandía, L. Thermal performance of a commercial alkaline water
electrolyzer: Experimental study and mathematical modeling. Int. J. Hydrogen Energy 2008, 33, 7338–7354. [CrossRef]

86. Shin, Y.; Park, W.; Chang, J.; Park, J. Evaluation of the high temperature electrolysis of steam to produce hydrogen. Int. J. Hydrogen
Energy 2007, 32, 1486–1491. [CrossRef]

87. Haynes, W.M. CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2014.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jpowsour.2023.233380
https://doi.org/10.1016/j.energy.2013.10.029
https://doi.org/10.1016/j.jpowsour.2021.230862
https://doi.org/10.1016/j.electacta.2007.06.006
https://doi.org/10.1016/j.jelechem.2020.114246
https://doi.org/10.1016/j.apcatb.2018.09.082
https://doi.org/10.1016/j.energy.2020.119520
https://doi.org/10.1002/smtd.201700111
https://doi.org/10.1002/app.26421
https://doi.org/10.1016/j.ijhydene.2019.10.233
https://doi.org/10.1039/C5EE02509E
https://doi.org/10.1038/ncomms7430
https://doi.org/10.1002/adma.201702095
https://doi.org/10.1016/j.jpowsour.2023.233383
https://doi.org/10.1016/j.jpowsour.2022.232484
https://doi.org/10.1002/er.4076
https://doi.org/10.1016/j.energy.2018.06.073
https://doi.org/10.1016/j.ijhydene.2006.10.062
https://doi.org/10.1016/j.ijhydene.2004.03.030
https://doi.org/10.1016/j.ijhydene.2008.09.051
https://doi.org/10.1016/j.ijhydene.2006.10.028

	Introduction 
	Experimental 
	Synthesis of NiCo-MOF/NF Electrocatalyst 
	Synthesis of NiCo/CP and Ru/CP Electrocatalyst 
	Anion Exchange Membrane Alkaline Water Electrolysis Module 
	Material Characterization 
	Electrochemical Measurement 

	Results and Discussion 
	SEM Results of Electrocatalysts 
	Water Contact Angles of Grown Electrocatalysts 
	XPS and XRD 
	Electrochemical Characterization 
	Performance of Alkaline Water Electrolyzer 

	Conclusions 
	References

