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Abstract: In electrocatalytic processes, traditional powder/film electrodes inevitably suffer from
damage or deactivation, reducing their catalytic performance and stability. In contrast, self-healing
electrocatalysts, through special structural design or composition methods, can automatically repair
at the damaged sites, restoring their electrocatalytic activity. Here, guided by Pourbaix diagrams,
foam metal was activated by a simple cyclic voltammetry method to synthesize metal clusters disper-
sion solution (MC/KOH). The metal clusters-modified hydroxylated Ni-Fe oxyhydroxide electrode
(MC/NixFeyOOH) by a facile Ni-Fe metal–organic framework-reconstructed strategy, exhibiting
superior performance toward the oxygen evolution reaction (OER) in the mixture of MC/KOH and
saline–alkali water (MC/KOH+SAW). Specifically, using a nickel clusters-modified hydroxylated
Ni-Fe oxyhydroxide electrode (NC/NixFeyOOH) for OER, the NC/NixFeyOOH catalyst has an
ultra-low overpotential of 149 mV@10 mA cm−2, and durable stability of 100 h at 500 mA cm−2. By
coupling this OER catalyst with an efficient hydrogen evolution reaction catalyst, high activity and
durability in overall SAW splitting is exhibited. What is more, benefiting from the excellent fluidity,
flexibility, and enhanced catalytic activity effect of the liquid NC, we demonstrate a self-healing
electrocatalysis system for OER operated in the flowing NC/(KOH+SAW). This strategy provides
innovative solutions for the fields of sustainable energy and environmental protection.

Keywords: nickel clusters; saline–alkali water; oxygen evolution reaction; self-healing; activity; stability

1. Introduction

Water electrolysis refers to the process of splitting water into hydrogen and oxygen
gases through electrolysis. It provides a viable method for storing electrical energy and
creating clean hydrogen fuel that could offer new solutions for combating climate change
and achieving carbon neutrality. However, the slow kinetics of the oxygen evolution
reaction (OER) half-reaction in water splitting results in high energy consumption [1–3].
In order to address this issue, highly active noble metal catalysts (i.e., RuO2 and IrO2) are
selected in water splitting, but their high price and scarcity significantly increase the cost of
the catalyst [1,2,4]. However, most of those catalysts require freshwater or low-grade water
via pre-treatment using external purification/desalination plants as an electrolyte; this
exacerbates the consumption of scarce freshwater resources and the associated investment
costs [5,6].

In contrast, there is a widespread distribution of abundant low-quality water on earth,
such as seawater and inland saline–alkali water (SAW). If the synthesized electrodes can be
directly used or subjected to simple treatment for electrolytic hydrogen production from
low-quality water, it would be crucial for achieving sustainable utilization of clean energy
and environmental protection [6]. However, compared to pure water splitting, the use of
seawater for electrolysis presents additional challenges for the required catalysts due to
the corrosive nature of chloride ions, the poisonous effect of impurities, and the deposition
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of precipitates present in seawater [4,6,7]. For this purpose, researchers have conducted
studies focusing on seawater and have proposed several common guiding principles [8–11].
However, there is still controversy regarding the application of these methods to other
types of low-quality water. Further development of electrodes with high activity, durability,
and cost-effectiveness is needed to carry out in-depth research on hydrogen production
from other low-quality water sources and promote their high value-added utilization.

In electrocatalytic processes, traditional powder/film electrodes inevitably suffer
from damage or deactivation (i.e., dissolution, corrosion, protonation), reducing their cat-
alytic performance and stability. In contrast, self-healing electrocatalysts, through special
structural design or composition methods, can automatically repair at the damaged sites,
restoring their electrocatalytic activity. Recently, self-healing electrocatalysts have become a
new class of functional materials. Nocera’s team drew inspiration from photosynthesis in
plants in situ to form oxygen-evolving catalysts with good photocatalytic activity in neutral
water containing phosphate and Co2+. This has sparked a research trend in self-healing
catalysts [12]. Furthermore, Nocera’s team focused on synthetic cobalt phosphate catalysts
and explored the repair mechanism of self-healing catalysts at the microscopic level. They
provided a quantitative model for self-healing and deepened our understanding of the
healing mechanism of self-healing catalysts [13]. Recently, Nocera provided a compre-
hensive review of common self-healing OER catalysts. They offered a clear definition of
self-healing and conducted a summary analysis of transition metal-based (nickel, iron,
cobalt, manganese, copper, etc.) self-healing catalysts for the OER [14]. Other researchers
have also made significant contributions to the study of self-healing catalysts. Li’s group
proposed the use of Co as a catalyst for the oxidation and redeposition of iron hydroxide
to improve the efficiency of Fe redeposition under OER operating potentials. Based on
this concept, they proposed a co-catalytic self-healing mechanism and designed a borate-
intercalated NiCoFe-LDH catalyst. Through experiments, they determined that this catalyst
exhibited excellent self-healing ability under alkaline conditions, while maintaining high
activity [15]. The concept of dynamically stable active sites has been proposed by Markovic.
By controlling the dissolution and redeposition of the active component iron, a dynamic
equilibrium state is maintained, thereby extending the catalyst’s lifespan [16]. Wu’s re-
search group has developed a method for preparing bismuth nano-catalysts controlled by
electrochemical kinetics in liquid metal Ga. When the bismuth catalyst becomes deacti-
vated due to prolonged operation, the self-healing process of the catalyst after deactivation
is achieved through in situ electrochemical reconstruction [17]. Currently, common self-
healing catalytic electrodes are mainly based on metal ions such as Fe2+/Ni2+/Co2+ and
buffer solutions composed of phosphate, carbonate, or borate [12–15]; however, these have
certain limitations in system design. Therefore, it is crucial to design self-healing catalysts
that are environmentally friendly and capable of directly or easily treating low-grade water.
Similar to seawater, SAW is a low-grade surface saline water, and is widely distributed in
the arid and semi-arid regions of northwest China (Table S1). To accommodate crop growth,
large areas of saline–alkali soil require significant amounts of freshwater for leaching and
salt removal. The leachates (SAW) permeate into drainage channels and eventually flow
into rivers. Prolonged discharge of SAW can lead to ecological damage to river ecosystems
and a wasteful use of water resources [18].

In this work, guided by Pourbaix diagrams, foam nickel was activated by a simple
cyclic voltammetry (CV) to synthesize liquid nickel clusters (NC). The self-supported
NC/NixFeyOOH electrode by a facile Ni-Fe metal–organic framework-derived strategy
exhibits an ultra-low overpotential and durable stability at industrial current density.
By coupling this OER catalyst with an efficient hydrogen evolution reaction catalyst, it
exhibits high activity and durability in overall SAW splitting. Most importantly—benefiting
from the excellent fluidity, flexibility, and enhanced catalytic activity effect of the liquid
NC—we demonstrate a self-healing electrocatalysis system for OER operated in the flowing
NC/(KOH+SAW). This would play a positive role in the efficient utilization of low-grade
surface water.
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2. Results and Discussion
2.1. Poor Electrocatalytic Performance of NixFeyOOH in Saline–Alkali Water (SAW)

Hydroxylated nickel–iron electrocatalyst (NixFeyOOH) can promote electron/ion
transport and reduce the reaction activation energy. These characteristics make the catalyst
highly promising for applications in alkaline water electrolysis. Extensive research and
development efforts are being conducted to enhance the efficiency and performance of
water electrolysis reactions using this catalyst [1,3,19]. However, there is a lack of research
studies on the water splitting of hydroxylated nickel–iron catalyst in low-quality SAW.
Further development of electrodes with high activity, durability, and cost-effectiveness is
needed to carry out in-depth research on hydrogen production from low-quality water
sources and promote their high value-added utilization. To ensure the successful synthesis
of NixFeyOOH catalyst, a series of structural characterizations have been completed. Firstly,
NiFe-MOF was synthesized and used as a precursor for OER reaction. According to
XRD analyses (Figure S1a–c), NiFe-MOF shows a well-defined MOF crystal structure as
well as strong substrate (NF) peaks at around 44.73◦, 52.09◦, and 76.64◦. The strongest
diffraction peak at 6.48◦ is ascribed to (020) plane of NiFe-MOF. The formation of NiFe-
MOF can be further confirmed by infrared and Raman characterization. In the Raman
spectrum (Figure S1d), the peak at 554 cm−1 corresponds to the characteristic band of
M-O (Ni2+/Fe3+) [19]. The C-H stretching pattern of thiophene ring appears at 667 and
801 cm−1 [20]. The peak at 1085 cm−1 is the C=C pattern of thiophene ring [19]. The C-C
band appeared at 1432 cm−1, ascribed to the vibrations of thiophene linkers [20]. It also can
be seen that the three peaks at 1532, 1340, and 1241 cm−1 are attributed to the carboxylic
acid group of thiophene [19–22]. Fourier transform infrared (FTIR) spectra (Figure S1e)
were also obtained to analyze the surface functional groups. Notably, the characteristic
FTIR band of the acidic carbonyl group (C=O) at 1662 cm−1 and tensile vibration of the
non-ionized carboxyl group (C-OH) at 1278 cm−1 have disappeared, indicating that the
organic ligand is completely deprotonated by coordinating with metal ion [23–27]. After
200 segments of CV activation, the characteristic peaks of NiFe-MOF disappear and show
an amorphous structure in the XRD spectra (Figure S1b,c). The Raman spectra (Figure S1d)
show that characteristic peaks of NiFe-MOF also disappear, yet, the characteristic peaks of
NiOOH appear at 475 and 554 cm−1 [28,29]. Further FTIR characterizations (Figure S1e)
show that the characteristic peaks of 1584, 1521, and 775 cm−1 have disappeared; the
characteristic peak around 1372 cm−1 has become weaker; and the characteristic peak
around 3640 cm−1 has become stronger. This suggests that most NiFe-MOF lose their
ligands and reconstitute to NixFeyOOH.

Next, the morphology of NiFe-MOF and NixFeyOOH was observed by SEM. The
results show that the NiFe-MOF honeycomb can be clearly observed. Further observation
reveals that the NiFe-MOF honeycomb consists of many disordered NiFe-MOF ribbons
(Figure S2a–c). After rapid CV activation of NiFe-MOF, NixFeyOOH almost completely
inherits the honeycomb structure of the NiFe-MOF (Figure S1f). The SEM element map-
pings of both NiFe-MOF and NixFeyOOH reveal a homogeneous distribution of C, O, S,
Ni, and Fe elements throughout the honeycomb (Figure S3a,b). However, there are sig-
nificant differences in the content of these elements between NiFe-MOF and NixFeyOOH.
Compared with NiFe-MOF, the content of C and S in NixFeyOOH is significantly reduced.
Additionally, the C content (20 At%) in NixFeyOOH is lower than the O content (52.2 At%)
(Figure S4a,b). This result indicates that NiFe-MOF loses some of its organic ligands and
undergoes transformation into NixFeyOOH after CV activation. The accurate observation
by HRTEM (Figure S1g) reveals a lattice spacing of 0.21 nm corresponding to the (210)
plane of NiOOH [30]. This finding is consistent with the results obtained from Raman
spectroscopy and energy-dispersive X-ray spectroscopy (EDS). Finally, the OER perfor-
mances of NixFeyOOH catalyst in 1 M KOH and SAW have been studied, respectively. To
eliminate the possible contributions of oxidation current densities of Ni2+/Ni3+δ, all linear
sweep voltammetry curves (LSVs) were recorded by sweeping from high to low potentials
(reverse sweep) at the scan rate of 5 mV s−1. This can determine the overpotentials at small
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current densities accurately [31]. NixFeyOOH shows a higher overpotential in SAW than
in 1 M KOH electrolyte (Figures 1a and S5a,b). Chronopotentiometry measurement is a
common method to evaluate the stability of catalysts. NixFeyOOH catalyst in 1 M KOH
electrolyte shows good stability but a higher potential (2.8 V (vs. RHE) @500 mA cm−2,
Figure 1b). Compared with 1 M KOH electrolyte, the SAW contains a large amount of
chloride ions and calcium–magnesium ions, which can lead to anode (OER) corrosion and
cathode (HER) blockage (Table S1a,b) [6], NixFeyOOH catalyst becomes unstable in SAW
for a short time (Figure 1b). The results show that the NixFeyOOH catalyst exhibited poor
performance in the low-grade SAW. Given this, some measures urgently need to be taken
to solve this bad situation. Self-healing electrocatalysts, through special structural design
or composition methods, can automatically repair at the damaged sites, restoring their
electrocatalytic activity. The self-healing catalysts are expected to be a new approach to
solve the above-mentioned challenges.

Figure 1. (a) OER LSVs of NixFeyOOH; (b) chronopotentiometry curves of NixFeyOOH at
500 mA cm−2 without iR-compensation which operated in 1 M KOH and SAW, respectively.

2.2. Structure Characterization of NC/NixFeyOOH Catalyst

A three-step method for preparing NC/NixFeyOOH catalyst was established, as
shown in Figure 2a. A NiFe-MOF self-growing electrode (nickel foam substrate, NF)
was firstly prepared by a self-assembly process. This started with the coordination of a
highly concentrated precursor solution composed of metal salts (Fe, Ni) and thiophene
(2-C5H4O2S). Next, KOH electrolyte with uniform NC was synthesized by activating NF
electrode with CV under the guidance of a Pourbaix diagram (E-pH, Figure 2b). This
created favorable conditions for subsequent electrode synthesis. Finally, the NiFe-MOF
was reconstructed with a similar CV, and it was found that the NiFe-MOF lost its ligand
and reconstructed into NC/NixFeyOOH in NC/KOH solution. After the above three
steps, the NC/NixFeyOOH catalyst was successfully synthesized and used for OER in
SAW. The synthesis of NixFeyOOH is similar to that of NC/NixFeyOOH; the difference
lies in the use of just a KOH electrolyte instead of an NC/KOH mixed electrolyte in the
CV activation process of NiFe-MOF. Pourbaix diagrams, also known as E-pH diagrams,
provide important information about the stability regions of different chemical species in
an electrochemical system. The rational use of Pourbaix diagrams is indeed valuable for
the design, synthesis, and selection of electrocatalytic materials [32]. Using Pourbaix phase
diagrams of the Ni-water system to guide the synthesis of NC uniformly dispersed in the
solution can be a useful approach to enhance the catalytic activity of NixFeyOOH. The NC
dispersed in 1–6 M KOH electrolyte have indeed been synthesized by CV activation at a
potential range of 1.8 to 2.0 V (vs. RHE) using NF as the working electrode (Figure 2b, see
Section 3 for details). It is important to note that specific experimental parameters such
as electrolyte concentration, CV activation potential, and cycle numbers may also play
a key role in controlling the synthesis and properties of the NC. Careful optimization of
these parameters is necessary to achieve the desired characteristics of the synthesized NC.
According to Figures S7–S9, the optimum synthesis conditions of NC are as follows: 4 M



Catalysts 2024, 14, 81 5 of 19

KOH electrolyte, 1.8~2.0 V (vs. RHE), 100 cycles of CV. To further verify the universality
of the cluster prepared by the CV activated metal foam method, using foamed iron and
foamed nickel iron as working electrodes, a similar method was used to synthesize iron
clusters (Fe), nickel iron cluster (Ni0.5Fe0.5) dispersion, nickel iron cluster hydroxyl oxide
electrode, and nickel iron cluster hydroxyl oxide electrode. Then, clusters of different metal-
lic element (MC:NC, Fe, Ni0.5Fe0.5) dispersions were used to OER. As shown in Figure S9c,
compared with MC/NixFeyOOH operated in MC/(4 M KOH+SAW) electrolyte, the intro-
duction of NC, Fe, and Ni0.5Fe0.5 improves the activity of the MC/NixFeyOOH catalysts
operated in the MC/(4 M KOH+SAW) electrolyte, respectively. Further analysis shows
that the enhancement activity effect of different kinds of clusters is significantly differ-
ent. Among them, the contribution of NC is much higher than that of other clusters (Fe
clusters, Ni0.5Fe0.5 clusters). According to previous reports [3,8,15,22,33,34], the impurity
iron in KOH electrolyte may significantly impact the catalytic activity of catalysts. In this
work, it is crucial to design a set of experiments aimed at eliminating or weakening the
influence of impurity iron in KOH before synthesizing the NC. In order to distinguish
between impurity iron in the KOH electrolyte and lattice iron in the NC/NixFeyOOH or
NixFeyOOH electrode, we define the impurity iron in the KOH electrolyte as iron ions
and the iron in the NC/NixFeyOOH or NixFeyOOH electrode as lattice iron. Based on this
distinction, we have extensively discussed the impact of iron ions and lattice iron on differ-
ent electrodes in Figures 2c and S6. Firstly, by comparing the linear sweep voltammetry
(LSV) curves of three different electrodes: NiOOH-KOH (iron ions), NC/NiOOH-KOH
(iron ions), and NC/NiOOH-KOH-pure (iron ions), it can be observed that the LSVs of
NC/NiOOH-KOH (iron ions) and NC/NiOOH-KOH-pure (iron ions free) are essentially
overlapping. At the same time, significant differences exist when compared to the LSVs of
NiOOH-KOH (iron ions). This suggests that the impact of iron ions is negligible, whereas
NC plays a pronounced role in enhancing the activity of the NC/NiOOH electrode. Fur-
thermore, by comparing the linear sweep voltammetry (LSV) of three different electrodes:
NixFeyOOH-KOH (iron ions), NC/NixFeyOOH-KOH (iron ions), and NC/NixFeyOOH-
KOH-pure (iron ions free), it can be observed that the activity of NC/NixFeyOOH-KOH
(iron ions) is consistent with NC/NixFeyOOH-KOH-pure (iron ions free), and superior
to NixFeyOOH-KOH (iron ions). This indicates a weak influence of iron ions, while NC
owns a significant activity enhancement effect. Upon further comparison of the LSVs of
four different electrodes: NC/NOOH-KOH (iron ions), NC/NixFeyOOH-KOH (iron ions),
NC/NiOOH-KOH-pure (iron ions free), and NC/NixFeyOOH-KOH-pure (iron ions free),
the activity of the electrodes can be ranked as follows: NC/NixFeyOOH-KOH (iron ions) =
NC/NixFeyOOH-KOH-pure (iron ions free), NC/NOOH-KOH (iron ions) = NC/NOOH-
KOH (iron ions free), and NC/NixFeyOOH-KOH (iron ions) > NC/NOOH-KOH (iron ions).
This indicates that iron ions have minimal effect, while lattice iron significantly enhances the
activity of the NC/NixFeyOOH electrode. Finally, by comparing the LSVs of NixFeyOOH-
KOH (iron ions) and NiOOH-KOH-pure (iron ions) electrodes, it can be observed that the
activity of NixFeyOOH-KOH (iron ions) is significantly superior to NiOOH-KOH-pure
(iron ions). This further confirms the enhanced activity effect of lattice iron. In summary, it
can be concluded that both NC and lattice iron have the advantages of enhancing the activ-
ity of the NC/NixFeyOOH or NixFeyOOH electrode. The significant difference in activity
between impurity iron and lattice iron can be attributed to the following reasons. Firstly,
iron ions in the electrolyte participate in the surface of NiOOH/NixFeyOOH and gradually
form aggregates of high-valence FeOx. However, high-valence FeOx is highly unstable and
prone to leaching of iron. This results in a rapid decline in OER activity [35]. Secondly,
the lattice iron in NC/NixFeyOOH or NixFeyOOH adapts to the strong oxidative environ-
ment imposed by the rapid reconstruction of the initial NiFe-MOF under high potentials.
This not only enhances OER performance but also prevents activity decay caused by Fe
leakage under industrial-scale high-current conditions [36]. Rhodamine B (Rh B) dyes are
commonly used as molecular probes for evaluating the surface properties and adsorption
capabilities of materials [37]. Next, we use Rh B as a molecular probe to verify the suc-
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cessful synthesis of NC. By comparing the UV-vis absorbance spectra of different mixtures
(NC/(high purity KOH+Rh B) vs. high purity KOH+Rh B), the absorbance of NC/(high
purity KOH+Rh B) is significantly reduced (Figure 2d, Table S2); this indicates that the CV
activation method is feasible for synthesizing NC. After 200 cycles of CV activation, the
characteristic peaks of derivative also show an amorphous structure in the XRD spectra
(Figure S1b,c). Further FTIR characterizations (Figure S1e) show the same result. That is,
NiFe-MOFs lose their ligands and reconstitute to NC/NixFeyOOH. Unlike NixFeyOOH,
the Raman spectra of NC/NixFeyOOH (Figure 2e) show only the stronger characteristic
peaks of NiOOH appear at 475 and 554 cm−1. Compared with NC/NixFeyOOH, the
Raman spectra of NixFeyOOH (Figure S1d) also show the typical characteristic peaks
of NiOOH appear at 475 and 554 cm−1, in addition, there are weak characteristic peaks
of NiFe-MOF at 779, 1080, and 1502 cm−1, suggesting that NiFe-MOF is not completely
reconstructed to NixFeyOOH [28,29]. These results indicate that trace NC (~0.4 ppm,
Table S2) can accelerate the reconfiguration of NiFe-MOF to highly active NC/NixFeyOOH.
In addition, X-ray photoelectron spectroscopy (XPS) was further employed to investigate
the surface elemental compositions and electronic states of the samples. As shown in
Figure S10a, the XPS survey spectra on NiFe-MOF, NixFeyOOH, NC/NixFeyOOH sur-
face confirm the presence of C, O, S, Ni, and Fe elements; which is consistent with the
results of EDS spectrum (Figure S3a–c). High-resolution XPS spectra of Ni 2p, Fe 2p, and
S 2p were presented in Figure S10b–d, respectively. The binding energy values of Ni 2p
of NiFe-MOF show four major peaks, corresponding to Ni2+ (855.9/873.5 eV), and their
corresponding satellite peaks (identified as “Sat”, Figure S10d) [24]. Notably, the Ni 2p
of NixFeyOOH can be fitted into three pairs of peaks, these peaks are assigned to Ni3+δ

(856.4/873.7 eV), Ni2+ (855.4/872.7 eV), and satellite peaks (861.5/879.5 eV), respectively
(Figure S10d) [38]. The appearance of Ni3+δ signals in NixFeyOOH is in sharp contrast with
NiFe-MOF; which further proves the formation of the target NixFeyOOH. Compared with
NixFeyOOH, the Ni 2p3/2 peak in the XPS spectrum of NC/NixFeyOOH positively shifts
about 0.2 eV (Figure S10d). This tendency suggests that the average valence state of Ni
species in NC/NixFeyOOH is in a higher oxidation state (Ni3+δ). Figure S10b shows the
high-resolution spectrum of Fe 2p, in which the peaks of NiFe-MOF in Fe 2p spectrum at
709.3, 722.9, and 714.2 eV correspond to Fe2+ and Fe3+, respectively [22,39]. This indicates
that some Fe3+ ions are reduced to Fe2+ species, while Ni atoms of NF are oxidized to Ni2+

species [38]. Analogously, compared with NiFe-MOF, the Fe3+ 2p3/2 peak of NixFeyOOH
and NC/NixFeyOOH negatively shifts about 0.9 eV and 0.6 eV, respectively; which indi-
cates that the synergistic effects of Ni-Fe in the as-prepared metal oxyhydroxides [40]. Next,
the XPS of S 2p3/2 at 164.1 eV and S 2p1/2 at 165.3 eV indicate the thiophene-S chemical
bond in the NiFe-MOF (Figure S10c) [24]. However, the thiophene-S of NC/NixFeyOOH
shows weaker characteristic peaks than NixFeyOOH. In addition, a new peak located at
168.7 eV is clearly identified, corresponding to S-O in SO2−

4 [41]. It was further indicated
that NiFe-MOF lost a large number of ligands after CV activation, and thus reconstituted
into NC/NixFeyOOH. Next, the morphology of NC/NixFeyOOH was also observed by
SEM. Similar to NixFeyOOH, the NC/NixFeyOOH has a complete honeycomb structure and
a uniform distribution of elements (Figures S3c and S11). According to SEM (Figure S11),
TEM (Figures 3a–f and S13), and AFM (Figure S12), the as-prepared NC/NixFeyOOH
honeycomb consists of quasi-one-dimensional (or two-dimensional) ribbons with average
dimensions of 32 nm in thickness, 300 nm in width, and tens of micrometers in length. In
addition, the NC/NixFeyOOH honeycomb owns hierarchical porosity composed of macro-
pores around 300 µm originating from NF substrates and open pores around hundreds
of nanometers to tens of micrometers formed by adjacent nanoribbons. The difference
is that the C content (14.2 At%) of NC/NixFeyOOH is lower than NixFeyOOH (20 At%)
(Figure S4b,c). It is further confirmed that the NC can accelerate the reconfiguration of NiFe-
MOF to highly active NC/NixFeyOOH. The HRTEM of NC/NixFeyOOH (Figure 3c–e)
also reveals a lattice spacing of 0.21 nm, corresponding to the (210) plane of NiOOH [30].
Furthermore, the selected area electron diffraction (SAED) pattern of NC/NixFeyOOH



Catalysts 2024, 14, 81 7 of 19

in Figure 3b shows well-defined diffraction rings, which are indexed to the (011), (210),
(102) planes of NiOOH (PDF#27-0956) and (222) planes of NiO (PDF#73-1519). Combining
the above multiple characterization test results, it can be specified that the derivative of
NiFe-MOF is NC/NixFeyOOH.

Figure 2. (a) Schematic illustration for the synthesis procedures of NC/NixFeyOOH; (b) Pourbaix
diagram of the Ni-water system; (c) influence of impurity iron in KOH electrolyte; (d) the UV-
vis absorption spectra for Rh B in NC/KOH electrolyte; (e) Raman spectra of NC/NixFeyOOH
and NixFeyOOH.
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Figure 3. TEM characterizations of NC/NixFeyOOH: (a) TEM image, (b) SAED image, (c–e) HRTEM
image, (f) EDS mapping.

2.3. Electrocatalytic Performance of NC/NixFeyOOH Catalyst

The electrochemical measurements of the NC/NixFeyOOH were carried out with me-
chanical stirring (500 rpm) to avoid the accumulation of O2 bubbles on the electrode [6,42]
Similar to seawater, SAW contains a large number of chloride ions, and calcium and mag-
nesium ions. Therefore, it is easy for this to cause electrode blockage or corrosion, resulting
in catalyst poisoning or falling off (Figure 1b, Table S1). Some necessary measures should
be taken to reduce its negative effects. Adjusting the pH value of the solution to strong
alkaline conditions can effectively inhibit the competitive chlorine evolution reaction, thus
improving the activity and stability of the catalyst in seawater [6]. In this work, the obtained
SAW is treated as follows. Firstly, the SAW obtained from a saline–alkali drainage canal in
Alaer, Xinjiang had been simply filtered by using filter paper to remove impurities such as
sediments and algae. Then, an appropriate amount of KOH solution is added to the SAW,
mixed evenly and left for several hours. After filtering the precipitates, the supernatant is
used as the electrolyte for catalytic reaction. For comparison, when the volume fraction of
NC/KOH in NC/(KOH+SAW) mixed electrolyte was fixed at 50 vol%, several controlled
experiments were carried out in NC/(1–6 M KOH+SAW). As shown in Figures 4a and S14,
the NC/NixFeyOOH operated in NC/(4 M KOH+SAW) electrolyte displays the optimum
catalytic activity than other samples (such as IrO2, pristine NiFe-MOF, NF, etc.), only requir-
ing an overpotential of 149 mV to attain the current density of 10 mA cm−2. The control
sample of NixFeyOOH operated in 4 M KOH+SAW electrolyte owns a higher overpotential
of 233 mV@ 10 mA cm−2; this indicates a significantly enhanced OER performance upon
the introduction of NC. In addition, to further confirm the NC enhancement activity ef-
fect, a series of control experiments were carried out in KOH+SAW electrolyte (NC free).
Compared with Figures S14 and S15, it can be clearly observed that the overpotentials of
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NC/NixFeyOOH catalysts operated in NC/(1–6 M KOH+SAW) are significantly lower
than that of the contrast samples (NixFeyOOH operated in 1–6 M KOH+SAW), respectively.
Obviously, the NC/NixFeyOOH catalyst operated in NC/(4 M KOH+SAW) electrolyte also
has lower overpotentials at other current densities of all catalysts operated in NC/(1–3,
5–6 M KOH+SAW) and 1–6 M KOH+SAW electrolyte, respectively (Figures S14b and S15d).
As well as these, LSV curves recorded by sweeping from low to high potentials (positive
sweep, Figures S14a and S15a) also show similar results. The NC enhancement activity
effect also can be observed by Figure S15c, the performance of NC/NixFeyOOH oper-
ated in NC/(4 M KOH+SAW) electrolyte is always better than NixFeyOOH operated in
4 M KOH+SAW electrolyte under the same number of CV. This value is superior to most
transition metal-based catalysts operated in seawater electrolyte (Table S3). To quantify
the kinetic rate of the electrocatalytic reaction, the OER activities of NC/NixFeyOOH
and other control samples are also verified by Tafel plots (Figure 4b). The results indi-
cate that NC/NixFeyOOH catalyst operated in NC/(4 M KOH+SAW) electrolyte shows a
much smaller Tafel slope of 47.4 mV dec−1 than other contrast samples (67.2 mV dec−1 of
NC/(1 M KOH+SAW) vs. 73.9 mV dec−1 of NC/(2 M KOH+SAW) vs. 77.5 mV dec−1 of
NC/(3 M KOH+SAW) vs. 61.8 mV dec−1 of NC/(5 M KOH+SAW) vs. 81.7 mV dec−1 of
NC/(6 M KOH+SAW). Electrochemical surface area (ECSA) refers to the effective surface
area of an electrode that participates in electrochemical reactions. A larger ECSA allows
for more active sites where reactions can take place, leading to enhanced electrode kinetics
and improved electrochemical performance. Electrochemical impedance spectroscopy (EIS)
is a technique used to characterize the electrochemical behavior of a system by measuring
its impedance response to an applied alternating current signal over a range of frequencies.
It provides valuable information about the electrical properties and processes occurring
at the electrode–electrolyte interface. Therefore, the ECSA (or Cdl) and EIS of the above
electrodes have been investigated. When the volume fractions of NC/KOH solution were
fixed at 50%, the NC/NixFeyOOH operated in NC/(4 M KOH+SAW) mixed electrolyte
in Figure 4c exhibits a Cdl value of 2.58 mF cm−2; this is noticeably larger than those of
NC/NixFeyOOH operated in NC/(1 M KOH+SAW, 1.9 mF cm−2), NC/(2 M KOH+SAW,
2.17 mF cm−2), NC/(3 M KOH+SAW, 2.17 mF cm−2), NC/(5 M KOH+SAW, 2.06 mF cm−2),
and NC/(6 M KOH+SAW, 1.89 mF cm−2), respectively. In addition, based on the equiva-
lent circuit in EIS analyses (Figure 4d, Table S4) [43], the charge-transfer resistance (Rct) of
NC/NixFeyOOH operated in NC/(4 M KOH+SAW) is calculated to be 0.29 Ω, which is
much smaller than NC/NixFeyOOH operated in NC/(1 M KOH+SAW, 44.75 Ω), NC/(2 M
KOH+SAW, 18.79 Ω), NC/(3 M KOH+SAW, 0.79 Ω), NC/(5 M KOH+SAW, 9.13 Ω), and
NC/(6 M KOH+SAW, 14.57 Ω), respectively. The results show a high mass/electron trans-
fer coefficient and rapid electrocatalytic kinetics of NC/NixFeyOOH operated in NC/(4 M
KOH+SAW). On one hand, according to the Pourbaix diagram of Ni-water system [32],
it can be observed that the reaction potentials for synthesizing nickel cluster dispersions
vary with different concentrations of KOH. When the potential is fixed, different valence
states of nickel cluster dispersions may be synthesized under different KOH concentrations,
resulting in differences in catalytic activity. On the other hand, the concentration of KOH
electrolyte can have a significant impact on the dispersion effect, catalytic activity, and
electrochemical stability of nickel–metal cluster dispersions (NCs). Generally, higher KOH
concentrations can promote the uniform dispersion of metal clusters, while lower concentra-
tions may lead to nickel clusters aggregation or precipitation. An appropriate concentration
of KOH can provide the required alkaline environment, facilitating the adsorption and
reaction of oxygen species, thereby enhancing the catalytic activity. However, excessively
high or low KOH concentrations may have a negative impact on the catalyst’s activity.
Higher concentrations of KOH can lead to more vigorous oxidation processes, accelerating
the oxidation or corrosion of nickel clusters. Therefore, it is necessary to strike a balance in
KOH concentration to achieve both good electrochemical stability and activity [1,44,45].
Different concentrations of KOH electrolyte exhibit variations in ionic conductivity, activa-
tion energy, and viscosity; these consequently have a significant impact on the activity of
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catalysts. The ionic conductivity of KOH electrolyte increases with higher concentrations,
as more ions are available for conduction. However, as the concentration of KOH electrolyte
continues to increase, there is typically a volcano-shaped trend between the conductivity
and KOH concentration. This enhanced conductivity in suitable KOH electrolyte concen-
tration allows for more efficient charge transfer at the catalyst-electrolyte interface, leading
to improved catalytic activity. The activation energy, which represents the energy barrier
for catalytic reactions, can be influenced by the concentration of KOH electrolyte. Changes
in electrolyte concentration can alter the adsorption and reaction kinetics of species on
the catalyst surface. This affects the activation energy required for the catalytic process.
Optimal electrolyte concentrations can provide suitable reaction conditions, resulting in
lower activation energies and enhanced catalytic activity. Additionally, the viscosity of the
KOH electrolyte changes with the concentration. Higher viscosity can impede mass transport
and diffusion processes, potentially reducing the accessibility of reactants to the catalyst surface
and hindering catalytic reactions. Conversely, lower viscosity facilitates mass transport and
can improve catalytic activity [44,45]. Therefore, it is important to consider the effects of KOH
electrolyte concentration on ionic conductivity, activation energy, and viscosity when evaluating
the activity of catalysts. According to the analysis of Tafel plots (Figure 4b), ECSA (Figure 4c)
and EIS (Figure 4d), it can be concluded that the NC/NixFeyOOH electrode in the NC/(4 M
KOH+SAW) electrolyte exhibits the lowest impedance and Tafel values, as well as the maximum
capacitance (Cdl). Therefore, the NC/NixFeyOOH electrode demonstrates the optimal activity
in the NC/(4 M KOH+SAW) electrolyte.

Figure 4. (a) The polarization curves for NC/NixFeyOOH operated in NC/(1–6 M KOH+SAW);
(b) Tafel slopes; (c) ECSA; (d) EIS of NC/NixFeyOOH operated in NC/(1–6 M KOH+SAW); (e) multi-step
E-t curves; (f) chronopotentiometry curves of NC/NixFeyOOH without iR-compensation.
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Further, when the NC/KOH solution concentration was fixed at 4 M, the activities of
NC/NixFeyOOH catalysts in different volume fraction (0–90 vol%) of NC/KOH solution
operated in the NC/(KOH+SAW) or KOH+SAW mixed electrolyte had been operated.
Firstly, according to Figures S16 and S17, the NC enhancement effect on NC/NixFeyOOH
catalyst was highlighted again, along with the volume fraction of NC/KOH range from
0% to 90% and the optimal volume fraction of KOH operated in the 4 M NC/(KOH+SAW)
mixed electrolyte is also 50 vol%. On this basis, the ECSA and EIS of NC/NixFeyOOH
with different volume fractions of KOH were also studied. Figure S18 demonstrates that
the maximum Cdl of the three samples (2.15 mF cm−2 @ 30 vol% vs. 2.58 mF cm−2 @
50 vol% vs. 2.18 mF cm−2 @ 70 vol% KOH). Similarly, Figure S19 and Table S5 show
that the NC/NixFeyOOH catalyst operated in 50 vol% KOH of NC/(4 M KOH+SAW)
mixed electrolyte owns a smaller Rct (0.29 Ω) than other catalysts operated in 50% and
70% volume fraction of KOH (48 Ω vs. 104.5 Ω). Through the above comparative analysis,
it is fully demonstrated that the NC/NixFeyOOH catalyst operated in 50 vol% KOH of
NC/(4 M KOH+SAW) mixed electrolyte has the best catalytic performance. On this basis,
the FE of NC/NixFeyOOH, Ni0.5Fe0.5/NixFeyOOH, Fe/NixFeyOOH were identified by
using a water drainage method (Figure S27); the NC/NixFeyOOH has the highest catalytic
efficiency (98.2% vs. 92.4% vs. 91.2%). It has again been proved that the introduction of
trace NC significantly improves the performance of this system (Figures 2c and S27b).

Other than activities, stability is another important criterion for evaluating OER
for practical applications. Chronopotentiometry is an electrochemical technique used
to measure the potential changes at an electrode as a function of time under a constant
current. Accordingly, chronopotentiometry measurements were performed to investigate
dynamic response and the long-term stability of NC/NixFeyOOH operated in different
KOH concentration. The multi-step E-t curves, with the current density increasing from
10 to 500 mA cm−2, are shown in Figure 4e. It can be seen that the applied potentials of
NC/NixFeyOOH operated in NC/(1 M KOH+SAW), NC/(4 M KOH+SAW), and NC/(6 M
KOH+SAW) remain relatively stable without appreciable variations at different current
densities. In addition, when the current density increases from 10 to 250 mA cm−2, the
applied potentials of NixFeyOOH operated in 1 M KOH+SAW also keeps a small fluctu-
ation range; however, when the current density exceeds 250 mA cm−2, the NixFeyOOH
operated in 1 M KOH+SAW shows a big potential fluctuation. Both of the NixFeyOOH
operated in 4 M KOH+SAW and 6 M KOH+SAW exhibit large voltage oscillations in
all current density range (10–500 mA cm−2). Notably, the NC/NixFeyOOH operated in
NC/(4 M KOH+SAW) shows a lower overpotential in comparison with that of the other
samples. The above studies show that the introduction of NC significantly improves the
activity of the NC/NixFeyOOH catalyst and maintains a high stability. In other words,
the NC/NixFeyOOH may have a self-healing ability in the suitable electrolyte (NC/(4 M
KOH+SAW) or NC/(6 M KOH+SAW) even at high current density (up to 500 mA cm−2). In
order to further verify the self-healing ability of the NC/NixFeyOOH catalyst, the measure-
ments of long-term stability of NC/NixFeyOOH have been taken. According to Figure 4f,
it can be seen that the NC/NixFeyOOH catalysts can maintain good stability (the activity
is nearly 100%) for 100 h @100 mA cm−2 and almost the same overpotential operated in
both NC/4 M KOH and NC/(4 M KOH+SAW) electrolyte. When the current density is
increased to industrial level (≥500 mA cm−2), the chronopotentiometry at 500 mA cm−2

of the NC/NixFeyOOH electrode still remains highly stable with negligible increase (the
activity attenuation is less than 3%) throughout 100 h of continuous operation in NC/(4 M
KOH+SAW) electrolyte. The corresponding LSV curve (Figure S20) of NC/NixFeyOOH
without iR compensation after the 100 h durability test shows that approximately 98% of the
activity is retained, demonstrating excellent OER durability. However, when the electrolyte
was replaced by 4 M KOH+SAW (NC free), the activity of NixFeyOOH catalyst continued
to decay over time. After 100 h continuous testing at 500 mA cm−2, the activity attenu-
ation is more than 10%, and this activity decay trend may continue to increase with the
extension of reaction time. Moreover, we examined the surface morphology and structure
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of the NC/NixFeyOOH catalyst after stability testing operated in NC/(4 M KOH+SAW)
electrolyte. According to the results in Figures S21–S24, the NC/NixFeyOOH catalyst
still remains in a tough honeycomb structure, with a uniform distribution of elements, a
similar crystal structure, and highly similar element valence states of Ni, Fe. It can be seen
that the NC not only significantly enhances the catalytic activity of NC/NixFeyOOH, but
also has the ability to promote rapid self-healing of the NC/NixFeyOOH electrode even
under high current density. Finally, we set up a two-electrode electrolyzer in a liquid flow
electrolytic cell for overall SAW splitting operated in NC/(4 M KOH+SAW) (Figure S25).
The NC/NixFeyOOH electrode (OER) was coupled with HER catalyst of commercial Pt/C
electrode supported on nickel foam, and the NC/NixFeyOOH || Pt/C can keep stability
and activity for 100 h at 500 mA cm−2. The faradaic efficiency (FE) for overall SAW splitting
was identified by directly measuring the amount of generated H2/O2 bubbles through a
water drainage method [42]. The products of H2 and O2 with a molar ratio approaching
2:1, and the experimental gas amounts are in good agreement with the theoretical results,
demonstrating a 95.2% faradaic efficiency.

2.4. Possible Reasons for the Self-Healing NC/NixFeyOOH Catalyst

Before studying the self-healing mechanism, it is necessary to determine the catalytic
reaction type of the synthesized NC, as they are uniformly dispersed in the KOH electrolyte.
That is, it is necessary to determine whether the enhanced catalytic effect of NC belongs to
homogeneous catalysis or heterogeneous catalysis. Therefore, a set of verification experi-
ments were designed. As shown in Figure 5a, first, carbon rod with very poor activity was
selected as a working electrode for OER. Compared with the LSVs of carbon rod electrode
operated in 4 M KOH+SAW electrolyte and NC/(4 M KOH+SAW) electrolyte, respectively,
there is no activity difference. On this basis, disperse the NiFe-MOF powder separately
operated in 4 M KOH+SAW electrolyte and NC/(4 M KOH+SAW) electrolyte, followed by
thorough CV activation. Then, use a carbon rod as the working electrode once again for
OER. The results indicate that there is still no difference in performance between the two.
Notably, when the carbon rod is replaced with NixFeyOOH and NC/NixFeyOOH electrode,
the activities of NixFeyOOH and NC/NixFeyOOH electrode show a significant difference,
which operated in 4 M KOH+SAW electrolyte and NC/(4 M KOH+SAW) electrolyte, re-
spectively. The above research indicates that the NC dispersed in the electrolyte cannot
undergo homogeneous catalytic reactions independently. They need to be adsorbed onto
an appropriate supported catalyst (NixFeyOOH or NC/NixFeyOOH) to exhibit enhanced
catalytic activity. In electrolytic water, mechanical stirring can usually increase the convec-
tion and diffusion effect between gas products (H2/O2) and reactive ions (H+/OH−) in the
solution, and improve the rate and efficiency of product transfer [42,46]. Figures 5b and S28
show that NC/NixFeyOOH catalyst operated in 4 M KOH+SAW electrolyte has the least
activity of all catalysts and when the speed is increased from 0 to 500 rpm, its perfor-
mance does not change. Unlike NixFeyOOH catalyst, NC/NixFeyOOH catalyst in a static
(0 rpm) NC/(4 M KOH+SAW) electrolyte shows good activity, when the speed increased
to 500 rpm, the activity of NC/NixFeyOOH catalyst is further enhanced, but when the
speed is increased to 800 rpm, the activity of NC/NixFeyOOH catalyst does not change.
This indicates that mechanical stirring is an important pathway to promote full contact
of NC with NC/NixFeyOOH supported catalyst. Thus, the activity of NC/NixFeyOOH
catalyst is improved by a simple mechanical stirring. The LSVs of NC/NixFeyOOH cat-
alyst after different CV cycles have been obtained (Figure 5c). It can be seen that the
activity of NC/NixFeyOOH operated in NC/(4 M KOH+SAW) significantly declines after
1 CV cycle when the mechanical stirring speed is 0 r/min (denoted as NC/NixFeyOOH-
0-1). Then, the degraded NC/NixFeyOOH-0-1 electrode is placed in a flowing NC/(4 M
KOH+SAW) electrolyte with a speed of 500 r/min for 1 CV (denoted as NC/NixFeyOOH-
500-1), the activity of NC/NixFeyOOH-500-1 significantly improves. When the recovered
NC/NixFeyOOH-500-1 electrode was put into the NC/(4 M KOH+SAW) electrolyte at the
speed of 0 r/min for 10 CV, the performance of NC/NixFeyOOH-500-1 declined again
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(denoted as NC/NixFeyOOH-0-10). Next, the degraded NC/NixFeyOOH-0-10 electrode is
placed in a flowing NC/(4 M KOH+SAW) electrolyte with a speed of 500 r/min for 10 CV
(denote as NC/NixFeyOOH-500-10); the activity of NC/NixFeyOOH-500-10 electrode sig-
nificantly improves again. A similar self-healing phenomenon can also be observed when
the electrodes operate at 500 r/min for 100 CV. In conclusion, after the same CV operation
in a flowing NC/(4 M KOH+SAW) electrolyte with a speed of 500 r/min, the activity of
NC/NixFeyOOH catalyst is significantly enhanced and consistently in a highly active state.
The self-healing OER catalysts are a specific type of OER catalyst that continually regenerate
themselves through an equilibrium process that occurs under the operating conditions.
That is, the requirement for self-healing is that the dissolution and redeposition of catalytic
centers must reach dynamic equilibrium at OER operational potentials [6,38,40,47]. In this
work, the possible self-healing mechanism is proposed in Figure 5d. The metal oxidation
process before catalysis alternates with the metal reduction process in the oxygen evolu-
tion reaction of NC/NixFeyOOH. When the rates between metal oxidation (VMOX) and
metal reduction (VOER) of NC/NixFeyOOH reach a dynamic equilibrium, this oxidation-
reduction process can be infinitely cycled, thereby achieving self-healing. Specifically,
uniformly dispersed NC in the electrolyte plays a crucial role in achieving self-healing of
NC/NixFeyOOH catalyst. Several possible reasons have been proposed to explain the phe-
nomenon of self-healing: (1) NC act as surface activators, they can effectively modulate the
electronic properties of the NC/NixFeyOOH catalyst and alter the local microenvironment,
facilitating the rapid generation of high-valence nickel (Ni3+δ) during the reconstruction of
NiFe-MOF, leading to a significant heterogeneous catalytic enhancement (Figures 2e, 5a, S10
and S15c) [48–50]. (2) Moreover, the NC dispersed in KOH+SAW electrolyte can adsorb a
large amount of OH−. Then, under the mechanical stirring, NC loaded with a large amount
of OH− are migrated to the surface of the supported catalyst (NC/NixFeyOOH). During
vigorous OER, highly active NC and high valence nickel (Ni3+δ) of NC/NixFeyOOH can
rapidly consume lots of OH− ions, resulting in a decrease in the OH− concentration at
Fe sites and enhancing the stability of Fe sites in NC/NixFeyOOH (Figures 4f, S4a–c, S21
and S24) [6,36]. (3) Extensive research has shown that most pristine OER electrocatalysts
undergo dynamic and irreversible restructuring processes when subjected to oxidation
potentials in alkaline media. This leads to the formation of transition metal-based oxy-
hydroxides (MOOH) as the actual catalytic species. Compared to directly synthesized
MOOH, reconstructed MOOH typically exhibits superior OER activity and is more thermo-
dynamically stable. A comprehensive understanding of surface reconstruction processes
plays a crucial role in establishing a clear structure–composition–property relationship to
pursue highly efficient electrocatalysts. Therefore, structural reconstruction has emerged as
a promising strategy for enhancing the catalytic activity of electrocatalysts [51,52]. Hence,
highly active NC and high CV potential (1.5–1.7 V vs. RHE) create a fast and strong
oxidative environment for the reconstruction of NiFe-MOF, providing thermodynamic
conditions for Fe to undergo adaptive strong oxidation. This effectively solves the issue of
Fe segregation in NC/NixFeyOOH during continuous high-intensity operation (Figures 4f,
S4a–c, S15c, S21 and S24) [6,36,40,53]. (4) A large amount of Fe in NiFe-MOF also can indeed
promote the ormation of high-valence nickel (Ni3+δ) during NiFe-MOF reconstruction and
the regeneration of NC (Figures 2b,c,e, 5c, S4, S6 and S10d) [50]; thus, the advantages of
nickel–iron synergism are fully demonstrated [40]. The combined action of (1), (2), (3), and
(4) can greatly enhance the rate of high-valence nickel formation (VMOX), bringing it closer
to the consumption rate (VOER) (Figures 4f and 5c) [47], and thereby achieving dynamic
equilibrium or self-healing. In addition to NC, other factors contribute to improving the
activity and stability of NC/NixFeyOOH catalyst, such as robust self-grown electrodes,
hierarchical porous honeycomb structures, and strong alkaline environments (Figures 3e,f
and S11) [54,55]. In summary, as long as the catalyst meets the conditions of uniform
dispersion of metal clusters, appropriate electrolyte concentration, highly active and robust
supported catalysts, as well as sufficient agitation, it can achieve excellent self-healing
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performance. This provides another favorable approach for the industrial application of
low-grade water electrolysis.

Figure 5. (a) Heterogeneous catalysis experiment; (b) the effect of mechanical stirring rate on the
activity of NC/NixFeyOOH, and NixFeyOOH; (c) the effect of mechanical stirring on self-healing
ability of NC/NixFeyOOH; (d) possible self-healing schematic of NC/NixFeyOOH.

3. Materials and Methods
3.1. Chemicals

All chemicals were used as they were received from manufacturers. Please see the
Supplementary Materials section for details.

3.2. Synthesis of NiFe-MOFs

NiFe-MOFs were prepared according to our previous work [33]. The prepared NiFe-
MOFs were used as the precursors to synthesize NixFeyOOH and NC/NixFeyOOH catalyst.

3.3. Synthesis of Nickel Clusters (NC) and Iron Clusters and Nickel–Iron Clusters

Nickel clusters were synthesized by cyclic voltammetry (CV). Firstly, a piece of clean
nickel foam (NF, 1 cm × 1 cm × 1.6 mm) was used as working electrode (graphite rod and
Hg/HgO as counter, and reference electrode, respectively). Then, OER was tested in a three-
electrode system in a single electrolytic cell with 1–6 mol/L (denoted as M) KOH aqueous
solution (with 85% iR-compensation) under stirring; CV plots were recorded at a scan rate
of 100 mV s−1 from 1.8 to 2.0 V (vs. RHE) for 200 cycles. After the CV test of NF, NC
uniformly distributed in 1 M KOH electrolyte was synthesized (denoted as NC/1 M KOH).
Similar to the synthesis of NC/1 M KOH, the NC/2 M KOH, NC/3 M KOH, NC/4 M
KOH, NC/5 M KOH and NC/6 M KOH were obtained using 2–6 M KOH as electrolyte,
respectively. In addition, the synthesis of iron clusters and nickel–iron clusters is similar to
the synthesis of NC but using iron foam and nickel–iron foam as working electrode, 4 M
KOH as electrolyte, respectively.
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3.4. Synthesis of NixFeyOOH and NC/NixFeyOOH

Similar to the synthesis of NC, NC/NixFeyOOH electrode was obtained to reconstruct
NiFe-MOF in NC/4 M KOH solution by CV at a scan rate of 100 mV s−1 from 1.5 to 1.7 V
(vs. RHE). Synthesis of NixFeyOOH catalyst was similar to NC/NixFeyOOH electrode but
using 4 M KOH solution as electrolyte.

3.5. Characterizations

Details of this section are supplied in the Supplementary Materials.

3.6. Electrochemical Measurements

Details of this section are supplied in the Supplementary Materials.

4. Conclusions

In conclusion, we propose a method that is simple, efficient, and versatile to be used
for the preparation of a series clusters (NC, Fe, and Ni0.5Fe0.5) to enhance active catalysts
by the simple cyclic voltammetry in alkaline electrolyte. These synthetic electrodes have
demonstrated excellent structural advantages for electrocatalytic reactions. For example,
strong adhesion between the active material and the substrate, reconstructed from NiFe-
MOF self-supporting electrode by cyclic voltammetry; the hierarchical porosity of the
honeycomb structure for fast diffusion of electrolytes and gases, and excellent electrical
conductivity for efficient charge transport. Importantly, benefitting from strong synergy
between Ni clusters and robust supported catalyst (NC/NixFeyOOH), the NC/NixFeyOOH
catalyst has an ultra-low overpotential of 149 mV@10 mA cm−2, 98.2% FE, durable stability
of 100 h at 500 mA cm−2 (activity attenuation < 3%), and remarkable self-healing properties
for OER in low-grade saline–alkali water. The self-healing catalyst may become one of the
development directions of the next generation of high-efficiency electrocatalyst.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14010081/s1, Figure S1: XRD, FTIR, Raman, SEM, TEM of NiFe-
MOF and reconstructions; Figure S2: Morphology characterizations of NiFe-MOF; Figure S3: SEM
Mappings of NiFe-MOF, NixFeyOOH, NC/NixFeyOOH; Figure S4: SEM EDS of NiFe-MOF, NixFey-
OOH, NC/NixFeyOOH; Figure S5: The activities of NixFeyOOH in KOH and saline–alkali water
(SAW), respectively; Figure S6: Influence of impurity iron in KOH electrolyte, sweeping from low
to high potentials; Figure S7: The activities of NixFeyOOH in different concentration of KOH
with homogeneous distributed NC; Figure S8: The effect of synthesizing nickel clusters (NC)
with different CV activation potentials on the activity of NixFeyOOH catalyst; Figure S9: The
effect of synthesizing metal clusters (NC, Fe, Ni0.5Fe0.5) with different cyclic voltammetry (CV)
activation circles on the activity of NixFeyOOH catalyst; Figure S10: XPS spectra of NiFe-MOF,
NixFeyOOH, and NC/NixFeyOOH; Figure S11: SEM images of NC/NixFeyOOH; Figure S12:
AFM image of NC/NixFeyOOH; Figure S13: TEM Mappings of NC/NixFeyOOH; Figure S14:
The activities of NixFeyOOH in NC/(1–6 M KOH+saline–alkali water (SAW)) mixed electrolyte;
Figure S15: The activities of NixFeyOOH in 1–6 M KOH+saline–alkali water (SAW) mixed elec-
trolyte; Figure S16: The activities of NixFeyOOH in NC/(4 M KOH+saline–alkali water (SAW))
mixed electrolyte with different volume fraction of NC/KOH; Figure S17: The activities of NixFey-
OOH in 4 M KOH+saline–alkali water (SAW) mixed electrolyte with different volume fraction
of KOH; Figure S18: Cdl of NixFeyOOH in NC/(4 M KOH+saline–alkali water (SAW)) mixed
electrolyte with different volume fraction of NC/KOH; Figure S19: Nyquist plots of NixFeyOOH
in NC/(4 M KOH+saline–alkali water (SAW)) mixed electrolyte with different volume fraction
of KOH; Figure S20: The activities of NC/NixFeyOOH before and after 100 h chronopotentiom-
etry measurement at 500 mA cm−2; Figure S21: The structure of NC/NixFeyOOH before and af-
ter 100 h chronopotentiometry measurement at 500 mA cm−2; Figure S22: The FTIR spectra of
NC/NixFeyOOH before and after 100 h chronopotentiometry measurement at 500 mA cm−2;
Figure S23: The XRD spectra of NC/NixFeyOOH before and after 100 h chronopotentiometry mea-
surement at 500 mA cm−2; Figure S24: The XPS spectra of NC/NixFeyOOH before and after 100 h
chronopotentiometry measurement at 500 mA cm−2; Figure S25: The overall water splitting per-
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formance of NC/NixFeyOOH || Pt/C; Figure S26: The effect of synthesizing different clusters
(NC) on the activity of NC/NixFeyOOH catalyst; Figure S27: Digital photograph of the equip-
ment for measuring the volume of as-produced O2 and FE spectrum; Figure S28: The effect of
mechanical stirring rate on the activity of NC/NixFeyOOH; Table S1: ICP-MS analysis of saline–
alkali water; Table S2: ICP-MS analysis of nickel clusters; Table S3: Comparison of seawater OER
activities with recently reported transition metal base electrocatalysts; Table S4: EIS simulation of
NC/NixFeyOOH in 1–6 M NC/KOH+saline–alkali water (SAW) mixed electrolyte. Table S5: EIS
simulation of NC/NixFeyOOH in 4 M NC/KOH+saline–alkali water (SAW) mixed electrolyte with
different vol% KOH. References [42,55–68] are cited in the Supplementary Materials.
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