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Abstract: Of all the available resources given to mankind, the sunlight is perhaps the most abundant
renewable energy resource, providing more than enough energy on earth to satisfy all the needs of
humanity for several hundred years. Therefore, it is transient and sporadic that poses issues with
how the energy can be harvested and processed when the sun does not shine. Scientists assume
that electro/photoelectrochemical devices used for water splitting into hydrogen and oxygen may
have one solution to solve this hindrance. Water electrolysis-generated hydrogen is an optimal
energy carrier to store these forms of energy on scalable levels because the energy density is high,
and no air pollution or toxic gas is released into the environment after combustion. However,
in order to adopt these devices for readily use, they have to be low-cost for manufacturing and
operation. It is thus crucial to develop electrocatalysts for water splitting based on low-cost and
land-rich elements. In this review, I will summarize current advances in the synthesis of low-cost
earth-abundant electrocatalysts for overall water splitting, with a particular focus on how to be linked
with photoelectrocatalytic water splitting devices. The major obstacles that persist in designing these
devices. The potential future developments in the production of efficient electrocatalysts for water
electrolysis are also described.

Keywords: earth-abundant electrocatalysts; water splitting; hydrogen evolution reaction (HER);
oxygen evolution reaction (OER); renewable energy

1. Introduction

Solar and other renewable energy sources are abundant and undependable. If our
appetite for green energy increases, we will see a growing market for alternative energy
storage devices in the future. The best way of using this energy is to use solar renewable
energy to break water into hydrogen and oxygen, as shown in Equation (1) [1]. It is possible
to store the hydrogen as a result of this reaction and work as green fuels. This would allow
carbon-free energy and environmental protection.

2H2O→ O2 + 2H2. (1)

Equation (1) requires 286.0 kJ mol−1 of energy for a reaction at room temperature and
pressure. Electrochemical methods tend to be very effective in producing hydrogen by
only using electricity and water. Solar energy is the most effective renewable energy source
(our Earths’ surface received approximately ~1.2 × 1014 kJ energy in every second) [2].
Based on the advances in the electrolytic process, there is a growing interest in coupling
solar energy to the electrochemical water splitting process [3]. Thermodynamically, there
are two ways of producing fuel from solar energy; the consumption of ordinary solar
cells to operate conventional electrolyzers (‘indirect” solar-to-hydrogen generation) or
the creation of technologies that can absorb sunlight and split water at the same time
(“direct” solar-to-hydrogen generation). Indirect techniques benefit from conventional
methods by trail-and-tested technologies but are less successful due to additional steps
needed. Electricity was first produced in the solar photovoltaic cell and then consumed by
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electrolysis in an independent cell [4]. There has been a growing interest in developing and
commercializing methods to generate solar-to fuels efficiently in recent years [5,6]. This
discovery of solar fuels would introduce the idea of “artificial photosynthesis,” where solar
energy is absorbed and processed as a collection of chemical bonds converted into a solar
fuel [7].

Figure 1 describes two separate solar-to-hydrogen photosynthesis mechanisms, in
which the electrically active material is buried under the electrode and used as a cathode.
Any realistic and scalable artificial photosynthesis systems would have strict material use
criteria. The current densities from these devices would be restricted by the strength of
the sunlight (0.1 Wcm−2), meaning that factual, current densities are in the sequence of
10 mA·cm−2 for artificial photosynthesis systems in comparison with ~0.5–2 Acm−2 for
commercial electrolyzers [8,9]. In order to generate the same quantity of gas per unit time,
a solar energy to hydrogen photochemical smart device would need 50–200 times the
electrode surface area of traditional electrical glass, rendering the use of precious metal
electrocatalysts not economically feasible in such artificial photosynthesis systems. For
artificial photosynthesis to work efficiently, catalysts must be cheaper and easily accessible
to limit our choice to transition metals and their compounds in the first row [10]. Catalysts
are also used for various applications such as renewable energy, biomass conversion,
hydrogen production, efficient reactions in open and microreactor systems, etc. [11–35].
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Figure 1. Artificial photosynthesis technology for solar energy into hydrogen processes: (A) wireless presentation and (B)
wired configuration. Thus, it is preferable to use thinner catalyst layers in both situations. Adapted from [36].

Electrolysis works the best at a specific pH range, e.g., in acidic solutions or more alka-
line media. However, the overwhelming majority of the semiconductors suitable for solar
cells degrade at harsh pH values suggesting that developers are finding neutral electrolytes
for artificial photosynthesis. In artificial photosynthesis systems, milder pH conditions can
delay the rate of degradation of other cell components, which can be essential for more
extended stability and total system cost [37]. In contrast, electrolyte solutions with neutral
pH remove various safety hazards associated with utilizing extremely caustic electrolyte
solutions. The appropriate electrolyte solutions will need to cover a large area to obtain
usable fuel quantities on a reasonable timescale.

Herein, we have discussed recent developments towards the advancement of earth-
abundant water splitting electrocatalysts in light for possible application in solar energy to
hydrogen photoelectrochemical systems and the application of earth-abundant catalytic
materials with and without Re, Ru, Pt, Ag, Os, Rh, Ir, Pd, and Au. We have also discussed
the different forms of electrocatalysts for water splitting alongside descriptions of specific
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catalytic materials in photoelectrochemical systems for the efficiency of the hydrogen evolu-
tion reaction (HER) and oxygen evolution reaction (OER). We demonstrate a complete and
practical photoelectrochemical solar to hydrogen system and provide a crucial assessment
of what remains to be accomplished in this area.

In acidic circumstances, oxidation occurs at the anode where water is oxidized, and
this is called OER as shown in equation: (OER): 2H2O→ O2 + 4e− + 4H+. The electrons
pass through the external circuit, and protons reach the cathode to complete a circuit.
The HER then takes place at the cathode, where protons and electrons combine to form
hydrogen. (HER): 4e− + 4H+ → 2H2. To enable the OER or HER to operate (water
splitting), the theoretical potential voltage needs to be 1.23 V at room temperature. Even
then, excessive energy is needed, allowing reactions to occur at adequate rates (activation
energy). For a quicker water splitting rate (calculated as charge required per unit surface
area for electrode per unit time and current density), the higher the activation energy
required. The overpotential, often written as η, is the necessary voltage needed to reach a
given current density. The main function of efficient electrocatalysts is to bring down the
overpotential to an absolute minimum level. In basic circumstances, the HER and OER
each follow these two equations

4H2O + 4e− → 2H2 + 4OH− (HER) (2)

4OH− → O2 + 2H2O + 4e− (OER). (3)

Based on earth-abundant electrocatalysis, Overall water splitting (OWS) is an out-
standing technique used in the mass production of H2 and O2 fuel. Simple, activated
earth-abundant materials can play essential roles as both active components and efficient
support. In this case, two electrode systems not only are identical to commonly avail-
able electrocatalytic cells but also prevent the expensive use of Pt as a counter-electrode,
with considerable electrocatalytic efficiency, and are durable against the OER and HER
altogether in the same solution as fundamental specifications of such electrocatalysts. Con-
sidering the adsorption concept in strong electrocatalysts on the surface, there are three
main pathways: electron, ion, and gases. Earth-abundant materials may also serve to
encourage suitable OWS for industrial activity as a critical supporting material. Depend-
ing upon it, the research on OWS with both outstanding HER and OER efficiency using
earth-abundant-based electrode materials is also desirable.

This paper aims to provide a concise review of the rapidly evolving research area
for electrocatalysis. We hope this platform can prove beneficial to both beginners and
those well enough in the topics under discussion [38,39]. Readers hoping for a more
detailed recap on the electrocatalytic HER domains are guided elsewhere. Therefore, we
will only research these heterogeneous catalysts that are readily available to replicate
electrochemical devices (see Figure 1). We do not address homogenous or water scattering
molecular structures, solely photocatalytic or systems in which HER or OER may only
be accomplished through sacrificial reagents. Readers involved in these topics are highly
encouraged to peruse different scholarly articles [40–42].

There are three significant classifications of water electrolysis, which vary based on the
type of electrolyte, operating temperature, and ionic agents. The three primary electrolysis
methods are proton exchange membrane electrolysis, alkaline electrolysis, and solid oxide
electrolysis, as described in Figure 2 [43]. At present, alkaline electrolysis technology is
commonly used on a commercial scale worldwide. However, it was discovered by Troost-
wijik and Diemann in 1789 [44,45]. In this method, electrodes are dipped in basic KOH
solution, and O2 is generated at anode because of the oxidation process. In contrast, H2 is
collected at the cathode because of the reduction process (water slitting, Figure 2A [46,47].
First time in the 1980s, Donitz and Erdle documented solid electrolysis cell (SOEC). Still,
this technology is unrefined, and more research work is needed for improvement. However,
high hydrogen processing efficiency was exhibited in SOECs [48,49], and compelled the
researchers to believe that there is an opportunity to be deployed commercially (Figure 2B).
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Polymer membrane electrolysis was designed for space missions in 1960 to overcome
the problems of alkaline electrolysis cells [50]. To extend this concept, solid sulfonated
polystyrene-based membranes are introduced as an electrolyte and employed for water
electrolysis in proton-exchange membrane fuel cells (PEMFCs) [50–53] (Figure 2C).

Catalysts 2021, 11, x FOR PEER REVIEW 4 of 22 
 

 

(SOEC). Still, this technology is unrefined, and more research work is needed for improve-
ment. However, high hydrogen processing efficiency was exhibited in SOECs [49,50], and 
compelled the researchers to believe that there is an opportunity to be deployed commer-
cially (Figure 2B). Polymer membrane electrolysis was designed for space missions in 1960 
to overcome the problems of alkaline electrolysis cells [51]. To extend this concept, solid 
sulfonated polystyrene-based membranes are introduced as an electrolyte and employed 
for water electrolysis in proton-exchange membrane fuel cells (PEMFCs) [51–54] (Figure 
2C). 

 
Figure 2. Schematic demonstration of (A) alkaline electrolysis, (B) solid oxide electrolysis, and (C) proton exchange mem-
brane electrolysis. Reprint from [44]. Copyright (2021), with permission from Springer. 

2. Evaluation of Electrocatalysts 
There are two categories of electrodes used to test catalytic efficiency. One method of 

enhancing the nanostructured catalysts’ properties (nanoparticles, nanosheets, etc.) is to 
coat on conductive surface content such as glassy carbon electrodes (GCE) or graphite 
paper. The other approach is to develop catalysts on a 3D structure like carbon fiber pa-
pers, Ni foam, Cu foam, or Ti mesh. 3D self-supported electrodes are stronger than 2D 
electrodes in terms of efficiency. They show better conductivity and surface and absence 
of paper binders, allowing ion or proton diffusion to occur quickly. We would pay much 

A 

C 

B 

Figure 2. Schematic demonstration of (A) alkaline electrolysis, (B) solid oxide electrolysis, and (C) proton exchange
membrane electrolysis. Reprint from [43]. Copyright (2021), with permission from Springer.

2. Evaluation of Electrocatalysts

There are two categories of electrodes used to test catalytic efficiency. One method
of enhancing the nanostructured catalysts’ properties (nanoparticles, nanosheets, etc.) is
to coat on conductive surface content such as glassy carbon electrodes (GCE) or graphite
paper. The other approach is to develop catalysts on a 3D structure like carbon fiber papers,
Ni foam, Cu foam, or Ti mesh. 3D self-supported electrodes are stronger than 2D electrodes
in terms of efficiency. They show better conductivity and surface and absence of paper
binders, allowing ion or proton diffusion to occur quickly. We would pay much attention
to 3D self-supported non-precious electrocatalysts since this is the first move towards
commercial application [54–56].

For reliable estimation of the impact of HER or OER, specific relevant parameters need
to be calculated or reported in the experiments, such as the overall/comprehensive catalytic
activity, Tafel slope, exchange current density in terms of electron transportation, more
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extended cycle stability, electrochemical impedance measurements, Faradaic performance,
microcosmic parameter turnover frequency (TOF), and double-layer capacitance [57–59].

3. Earth-Abundant HER Electrocatalysts

Platinum (Pt) and palladium (Pd) as a heterogeneous catalyst for the HER are well-
known for water electrolysis reaction at the cathode. However, the lack of noble metal-
based catalysts is one of the main limitations for commercial applications [60,61]. To resolve
this obstacle; investigators have managed to spread Pt-based catalysts on the surface of
different substrates as supporting materials at the atomic level. Carbon black as support is
another material widely used for dispersing Pt. There are two difficulties involved with the
support technique. One challenge includes the unfavorable adjustment to the electronic and
geometrical properties of Pt, and the other involves the potential disconnection of particles
from the substrate, resulting in a dramatic drop in Pt catalytic activities [62–66]. In this
case, carbon nanotube (CNT) are investigated and pledged to help additional treatments
such as nitrogen doping for Pt-based nanoparticles (NPs) that can trigger the π electrons in
the conjugated carbon. A group of researchers, Ma et al., fabricated a catalyst consisting of
Pt-dependent nanoparticles anchored on CNTs of bamboos that showed a strong catalyst
efficiency with an overpotential of 40 mV and an outline slope of 33 mV dec−1. Such high
catalytic performance of the catalyst was comparable with commercially available 20 wt%
Pt/C electrocatalysts.

Until now, Pt-based catalysts have become the most powerful electrocatalysts for
HER, but their large-scale industrial use has been hindered by low earth abundance and
high prices. As a result, researchers are now concentrating on finding substitute materials
used in water electrolysis as HER catalysts. Therefore, it has been a significant curiosity in
hydrogen evolution electrocatalysts containing more earth-abundant elements. Nickel has
been considered a critical HER catalyst for decades in strongly alkaline conditions (30%
KOH in water). Hence, transition metal compounds, including nickel (Ni), cobalt (Co), and
molybdenum (Mo) compounds (alloys, phosphides, sulfides, and nitrides), are of great
significance as HER catalysts.

Agreeing with the Sabatier theory of electrocatalysis, the performance of the catalyst
depends on the heat of the intermediate reaction absorption on the electrode surface [67].
For HER catalysts, the efficient performance is observed following a volcanic model in
which the hydrogen binding energy is comparable to the state-of-the-art Pt catalysts (∆GH
approximately zero). Incorporating other Ni metal products into alloys, like bimetallic
NiCo, NiMo, NiCu, and ternary NiMoZn, is, therefore, the best suggesting way to man-
ufacture electrocatalysts with improved HER performance. Furthermore, it is possible
to observe synergetic effects by mixing two metals of transition, enhancing their electri-
cal conductivity, and allowing Ni-Co alloys as an effective electrocatalyst due to rising
intrinsic catalytic and corrosion resistance characteristics in a strongly alkaline aqueous
environment [68–79].

It is helpful to consider different criteria used to measure the performance of a catalyst
for OER or HER. Table 1 provides details about the overpotentials needed to achieve a
defined current density and the Tafel slopes as possible descriptors compared to various
catalysts based on electrochemical characterization. However, this is insufficient to con-
clude that current is responsible for generating gas. The reaction’s outcomes must have
been shown, and the substance’s Faradaic yield should be calculated.

The so-called volcanic plates correlating the HER exchange densities with different
materials using hydrogen chemisorption energy on these commodities are among the
primary motivations behind the fabrication of new hydrogen evolution catalysts (Figure 3).
Trasatti first reported this pattern for metals in the 1970s [80] and since then has become
a productive treasure map for new catalysts [81,82]. This plot shows that the optimum
catalytic activity is achieved for the highest potential hydrogen binding energy (hydrogen
is not retained either too firmly or too weakly). Perhaps unexpectedly, this volcano has
platinum at its apex.
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In 2005, Hinnemann and his colleagues used Density Functional Theory (DFT)to find
a connection between atomic hydrogen binding to the catalyst surface and a material’s free
energy alteration [83]. Their findings indicated that MoS2 would be a good alternative for
HER, considering the fact that bulk MoS2 is deemed to be a weak HER catalyst [84]. This
apparent paradox was eventually clarified by some of the same group of scholars, who
showed that the basal plane is much less involved than other edges [85,86]. Beginning with
this finding, different transition metal sulfides and selenides have been synthesized by
several methods (often to reveal as many active sites as possible) and shown to be capable
of interacting with the HER [87–97].

Transition metal phosphides also have a role in HER catalysis. Popczun and col-
leagues observed that Ni2P and MoS2 are efficient hydrogen evolution catalysts in acidic
media by acknowledging the Ni2P and MoS2 are typical hydrodesulfurization catalysts [98].
The common factor is that both hydrodesulfurization and HER involve reversible bind-
ing and cleavage of hydrogen. Phosphides have already been found to be efficient in
several respects [99–101]. Researchers are progressively researching transition metal car-
bides, borides, and nitrides [102–105] because they work better in alkaline and acidic
media [106–108]. Table 1 shows the electrocatalytic activity of earth-abundant transition
metal-based compounds.
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Table 1. The overview of the hydrogen evolution reaction (HER) performances of recently recorded electrocatalysts for
water splitting.

Catalysts Electrolytes η for HER at j
(mV@mA cm−2)

Tafel Slope for HER
(mV·dec−1) References

NG@Co@Zn@ NF-850 1.0 M KOH 34@10 36 [109]

MoP@NPG 1.0 M KOH 126@10 56 [110]

Co2P@N, P-CNTs 1.0 M KOH 132@10 103 [111]

NiNx@porous carbon 1.0 M KOH 147@10 114 [112]

CoP@CNT 1.0 M KOH 67@10 54 [113]

MoS2@N-CNTs 1.0 M KOH 110@10 40 [114]

CoP@BCN 1.0 M KOH 215@10 52 [115]

NC@CuCo Nitride 1.0 M KOH 105@10 76 [116]

Ni3C@CNTs 1.0 M KOH 132@10 49 [117]

Fe3C@Mo2C@N-C 1.0 M KOH 116@10 43 [118]

NC@Vo-WON 1.0 M KOH 16@10 33 [119]

Mo/Co@N-C 1.0 M KOH 157@10 148 [120]

Ni3N@CQD 1.0 M KOH 69@10 108 [121]

Ni-Cr@CF 1.0 M KOH 144@10 88 [122]

N–Mo2C 1.0 M KOH 52@10 50 [123]

MoP NA/CC 1.0 M KOH 124@10 58 [124]

MoS2/C3N4 1.0 M KOH 153@10 43 [125]

Co9S8–NiS 1.0 M KOH 163@10 83 [126]

Co2P NRs 1.0 M KOH 45@10 67 [127]

NiS/MoS/C 1.0 M KOH 117@10 58 [128]

Ni/Co–NC 1.0 M KOH 68@10 180 [78]

MoSx@NiO 1.0 M KOH 406@10 43 [129]

Co-MoS2 1.0 M KOH 203@10 158 [130]

MoS2/NiCo-LDH 1.0 M KOH 78@10 77 [131]

MoS2/NiS/MoO3 1.0 M KOH 91@10 55 [132]

MoSe2 1.0 M KOH 310@10 93 [133]

CoSe2/MoSe2 1.0 M KOH 218@10 76 [134]

Ni(OH)2/MoS2 1.0 M KOH 227@10 105 [135]

Ni3S2/NF 1.0 M KOH 296@10 65 [136]

Mo–NiCoP 1.0 M KOH 269@10 77 [137]

EBP@NG 1.0 M KOH 265@10 89 [138]

Another group of researchers [139], prepared an excellent electrocatalyst for HER
using a nickel metal-organic framework at 700 ◦C; as a result of the carbonization process,
carbon nanoparticles were synthesized with dispersed Ni atoms. This prepared electro-
catalytic material’s performance showed better for HER at strong acidic media with pH
nearly equal to 0. Catalysts that are anticipated on comparatively little atomic clusters
are often responsible for fast degradation under continued potential due to metal partic-
ulates agglomeration. However, in this scenario, the catalysts continuously worked for
more than 25 h, which is a noteworthy conclusion. The volcanic plot’s challenge enables
efficient HER catalysts to be suggested in designing new materials with variable hydrogen
energy binding by combining the catalysts on opposite slopes of the volcano. Lu and his
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colleagues [140] have applied this method along with DFT calculations to estimate that Cu
substrate working as support with doping of titanium indicated that hydrogen binding
energies were comparable to platinum. Therefore, the team of researchers synthesized
a series of Cu-Ti-based bimetallic films adopting an arc-melting process and evaluated
their performance in alkaline media (0.1 M KOH). The highest HER performance was
achieved with Cu95Ti5 films, which provided current densities of −10 mA·cm−2 only with
an overpotential of 60 mV. In contrast, available commercial Pt/C catalyst to attain the same
current density, an overpotential of 100 mV is necessary, implying that earth-abundant
HER catalysts under some circumstances will outcompete platinum.

More recently, Qazi et al. successfully employed surface-modified copper foam
along with Ni-Cr-based transition metals and used it for superior HER performance
electrode material, as shown in Figure 4. The corresponding Ni-Cr@CF demonstrates a
high electrocatalytic performance towards HER and achieved 10 mA cm−2 current density
with 144 mV overpotential and Tafel slope value of 88 mV dec−1, in 1.0 M KOH strong
alkaline media. As-prepared bimetallic Ni-Cr on the Cu-foam substrate (CF) verified the
strong association between the active sites and the supporting material, which guaranteed
the efficiency improvements of the charge transport and quick reaction kinetics as well as
their stability even after 2000 cycles. The principle of surface modification of conductive
CF substrate with an effective combination of low-cost earth-abundant transition metals as
a catalytic material supports achieving high-performance HER electrocatalysts. The main
obstacle for developing low-cost, efficient HER electrocatalysts is demonstrating that the
activity should be sustained longer time [122].
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mapping of the selected area (c–g), (C) Prepared Ni−Cr@CF electrocatalyst with efficient HER performance, Tafel slope,
stability test and Electrochemical impedance spectra (EIS) respectively (a–d). Reprint from [122]. Copyright (2021), with
permission from Elsevier.
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4. Earth-Abundant OER Electrocatalysts

Apart from HER, the other water splitting half-reaction is OER. Merrill and
Dougherty [141] observed NiFe oxide on Pt as support that needs only 30 mV overpotential
to conduct the OER at 1 mA cm−2 in strong alkaline media (pH 14). Some other groups
and their colleagues have also recorded healthy OER practices for NiFe oxides in alkaline
media [142]. The results demonstrated in this work that a small number of iron loadings
showed improvement in OER. However, higher amounts acted to minimize efficiency in
comparison to nickel oxides without other metals doping. The Corrigan work presented
in the 1980s [143] previously confirmed the claim that there was a substantial rise in the
electrocatalysis of OER when the iron is doped at a lower level as 0.01% in nickel oxide.
Some other researchers [144] have also discussed the impact on OER performance when Fe
was doped on a nickel oxide substrate. They observed the best OER performance with an
optimum composition of Fe:Ni that is 2:3 [145,146].

Bell and co-workers investigated the influence of iron doping on the OER behavior
of nickel oxides in-depth [144]. They also observed that NiFe oxide OER operation is
optimum at a Fe:Ni composition of 2:3. The authors proposed that the rise in potential was
observed in the region where the OER was done due to the oxidation process of Ni(ii) to
Ni(iii). However, the Fe(iii) centers present in these films need less overpotential for OER
than Ni(iii) centers. In contrast, Fe(iii) centers have been regarded as active sites for oxygen
production/evolution. Nickel and iron seem to be advantageous when developing high-
performance active catalysts for OER under alkaline media [147,148]. Table 2 indicates that
the leading OER catalysts are based on these two metals. Another group of researchers de-
livered a significant outcome in this field with substantial consequences in electrochemical
water splitting at high pH [149,150] using Ni-salt precursor for synthesizing Ni-oxide and
found Fe traces in as-prepared active material. It was also noticed that the overpotential for
OER changed from 300 to 470 mV when Fe traces were removed from the active material.
The appropriate efficiency of OER was found at 25% Fe doping on Ni-oxide substrate
films. Similar effects were observed with Fe doping on cobalt oxide material [151]. A study
demonstrated in several widely used electrolytes (such as phosphate, carbonate, or borate
salts) that adventitious nickel could induce current OER densities of 1 mA cm−2 at just
400 mV overpotential even though no known catalyst were present. It could also be more
troubling for those who worked in this field [152].

Xu and his co-workers reported highly efficient electrocatalyst based on Bimetallic
phosphide hollow nanocubes synthesized from metal-organic frameworks (MOF). The as-
prepared catalyst worked efficiently for OER. Hence, pointed out again that the fabrication
of cost-effective, efficient, and durable catalysts based on Earth-abundant materials are
critical for water splitting. The researchers employed a basic phosphorylation technique
using MOF (Ni-Fe Prussian blue analog) as a template for novel bimetallic phosphide
hollow nanostructures ((Ni0.62Fe0.38) P; Figure 5). The final product demonstrated a per-
fectly prepared hollow cubic structure with more surface area for reaction kinetics and
synergistic effects due to the bimetallic interactions for electron transportation support
towards enhancing the excellent activity of OER in extreme alkaline media with low onset
potential, small Tafel slope, and good stability. Only 290 mV overpotential was needed
to reach the current density of 10 mA cm−2, which is even more efficient for OER than
monometallic phosphide Ni–P or Fe–P catalysts as well as the commercially available IrO2
catalyst [153].
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Table 2. The overview of the oxygen evolution reaction (OER) performances of recently recorded electrocatalysts for
water splitting.

Catalysts Electrolytes η for OER at j
(mV@mA cm−2)

Tafel Slope for OER
(mV·dec−1) References

(Ni0.62Fe0.38)P 1.0 M KOH 290@10 44 [153]

FeNi4.34@FeNi 1.0 M KOH 283@10 53 [154]

NiCo2O4/Ti 1.0 M KOH 353@10 61 [155]

(3D) CoP@CoFe-LDH 1.0 M KOH 240@40 69.2 [156]

Co-C@NiFe LDH 1.0 M KOH 249@10 58 [157]

NiOx NCs 1.0 M KOH 330@10 105 [158]

Co3O4 nanosheet 1.0 M KOH 367@10 65 [159]

NiFe2O4/rGO 1.0 M KOH 302@10 63 [160]

0.3 TA−Co/Fe-C 1.0 M KOH 284@10 86 [161]

CoCrFeNiMo HEAs 1.0 M KOH 220@10 59 [162]

MnFe2O4/NF 1.0 M KOH 310@10 65 [163]

Fe-NiCoP/PBA HNCs 1.0 M KOH 290@10 70 [164]

MoSe2-CoSe2/CoAl-
LDH 1.0 M KOH 320@10 71 [165]

(NiFe-PBA)-F 1.0 M KOH 190@10 57 [166]

Co@PTh 1.0 M KOH 338@10 52 [167]

CeO2/NiFe-LDH 1.0 M KOH 246@10 67 [168]

Fe-CoNi-OH//CoP 1.0 M KOH 210@10 28 [169]

CoP2/Fe-CoP2 YSB 1.0 M KOH 266@10 68 [170]

Se-(CoFe)S2 1.0 M KOH 281@10 52 [171]

Ni0.4Fe0.6Te2/NF 1.0 M KOH 190@10 26 [172]

MOF-V-Ni3S2/NF 1.0 M KOH 268@10 99 [173]

Fe-Ni3S2/FeNi 1.0 M KOH 282@10 54 [174]

Ni3N–NiMoN 1.0 M KOH 277@10 118 [175]

Ni3N–NiMoN 1.0 M KOH 198@10 42 [176]

NF@Fe2–Ni2P/C 1.0 M KOH 205@10 52 [177]

CoP2/RGO 1.0 M KOH 300@10 96 [178]

Co–Ni–Se/C/NF 1.0 M KOH 275@10 63 [179]

MoS2/NiS2 1.0 M KOH 278@10 92 [180]

MoS2/NiS 1.0 M KOH 370@10 108 [181]

Ni3S2/NF 1.0 M KOH 296@10 65 [136]

MoSe2/MXene 1.0 M KOH 340@10 90 [182]
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Other than the MOF-based materials, the same group of researchers (Qazi et al., 2017)
explained a simple, facile method for the preparation of bimetallic FeNi4.34 NPs directly
anchored on FeNi-foil substrate (FeNi4.34@FeNi) as high-performance OER electrode mate-
rial. FeNi4.34@FeNi electrode exhibits superior activity for OER in an intense 1.0 M KOH
solution. A lower overpotential of 283 mV was obtained to achieve a current density of
10 mA cm−2 with a small Tafel slope value of 53 mV dec−1. It confirmed the formation of
small FeNi particles on the surface of FeNi-foil substrate that supports the fast electron
transport to enhance significant electrocatalytic OER activity and durability [154].

For the first time, bimetallic Fe-Ni sulfide nanosheets formation on FeNi alloy marked
as Fe-Ni3S2/FeNi was reported by Yuan et al. as an optimized OER electrode material. The
fundamental source and hypothesis of improved OER operation were discovered with the
theoretical calculation using DFT and results obtained from experiments. The as-prepared
electrode shown a strong catalytic and longer time durability in harsh alkaline media
with overpotential as low as 282 mV at 10 mA cm−2 and 54 mV dec−1 Tafel slope value.
When the exemplary behavior and robust properties were integrated, it indicated that
the electrode in the as-prepared state gives an appealing alternative to noble metal-based
catalysts. The excellent OER efficiency could be explored and explained in terms of the
efficient electron transportation ability, presence of a higher number of active sites with
appropriate OER reaction kinetics, and energetic incorporation of doped Fe species. This
research not only produces an exceptional electrode for water oxidation but also leads into
considerable detail on the mechanisms of enhanced OER efficiency that can prove to be a
reference in the creation of robust and integrated OER electrodes (Figure 6) [174].
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5. Summary, Challenges, and Future
5.1. Summary

Water electrolysis is an emergent research area for power storage and conversion,
known as an essential method for synthesizing hydrogen and pure oxygen. Alkaline
and polymer electrolyte membrane (PEM) electrolysis are currently considered advanced,
although solid oxide electrolyzer cell (SOEC) is still in the laboratory. In order to increase
the energy efficiency of water electrolysis, both HER and OER, the two requisite reactions
must be enhanced kinetically. Noble metals are considered the best electrocatalysts in this
area. However, the marketing of water electrolysis technology is hampered by similar
problems, such as high prices and poor availability of noble metals. While changes have
been made to minimize noble metal loading by altering the compositions and morphologies
of materials or replacing non-noble metal-based catalysts with a noble metal, substantial
progress has been inadequate.

Due to the comprehensive analysis of transitional metal compounds, such as Ni, Co,
Mn, and Fe compounds and their oxides (MOx), phosphides (MPx), sulfides (MSx), and
alloys (MM”), noble metal catalysts have been substituted by water electrolysis in recent
years for both OER and HER. Catalytic improvement has been accomplished here using
many different methods, including improving electrical conductivity by alloying, increasing
stability and conductivity through synthesizing bimetallic compounds, and generating
synergetic effects through combining naturally conducting carbon with chemical-reactive
metallic hybrid compounds. Furthermore, literature has thoroughly explored the impact of
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morphology on electrocatalytic efficiency adopted models for template-free and template-
assisted fabrication techniques. In addition, the position of electrodes has also been
investigated by the use of different substrates, including carbon cloth, graphite carbon,
carbon black, copper foam (CF), and nickel foam (NF), for increasing catalyst efficiency.
Materials such as NF and CF, which have shown long-range porous structures and enable
charge transport and mass transfer, can be used as platforms for designing promising 3D
materials as a self-supported electrode.

For PEM electrolysis, non-noble metal catalysts with efficient efficiency have not yet
been clearly identified concerning longer stability. Because the electrolysis procedures
involved the use of acids with very high concentrations that are highly corrosive to most
metals, and a limited number of non-noble metal catalysts can bear strong acidic electrolytes
in the PEM electrolysis process. While the pure, noble metals are not ideal as catalysts
for OER because of high cost and scarcity, they may be combined with other non-noble
metals or doped at support material during the time of synthesis. Non-precious metal
oxides and carbides, namely, niobium oxide (Nb2O2), tin oxides (SnO2), tantalum oxide
(Ta2O5), titanium oxide (TiO2), tungsten carbide (WC), and TiC, may be used as electrodes
for reducing the noble loading of the metal and for reducing total operating expense. For
PEM electrolysis, noble metals are still required since the substitution of noble metals with
non-noble metal catalysts for OER remains challenging to achieve. This means that more
durable electrocatalysts based on non-noble metals, such as Fe–N–C and Co–N–C, should
be developed and established. Many of the catalysts used for OER and HER processes
running at high temperatures are not stable, especially for SOECs. The active electrode
surface must be expanded, and three significant variables, including ion conductivity,
electrical conductivity, and catalytic activity, should be explored.

Extensive research on water electrolyzing technology was conducted on HER and
OER with noble metal and non-noble metal-based catalysts. Though the studies have
provided many innovative ideas for developing robust, cost-effective, and reliable catalysts
for water electrolysis in various systems, there are still numerous technical difficulties,
which are examined as follows.

5.2. Challenges in Electrocatalysts for Water Splitting

In recent years, the high cost of noble metal catalysts has led to a thorough investiga-
tion of non-noble metal catalysts for both OER and HER methods to minimize or eliminate
the use of noble metal. However, the development of low-cost non-noble electrocatalysts
still has numerous challenges as follows. (1) Deprivation in electrical conductivity of
transition metal compounds for OER and HER. (2) More fundamental issue of corrosion in
the electrolysis process for basic and acidic media is carbon-based hybrid catalytic products.
(3) The inactive existence of transition metal oxides for PEM electrolysis. (4) The lack of
relevant knowledge of non-noble metal catalysts and the fundamental chemistry in strong
pH media. (5) Fe and Cu are the leading cause of corrosion towards proton ion membranes.
(6) There is not enough flexibility in ceramic catalysts for OER and HER to work at higher
temperatures. (7) A potential decrease happens because of improper loading of non-noble
metal at the anode. (8) Attempts to build bifunctional electrocatalysts for overall OER
and HER catalysts are still underway and challenging due to complex synthesis processes.
(9) Until now, catalysts have been synthesized with effective improvement compared to
noble metals in one aspect, but the challenge is to produce a catalyst with better efficiency
than noble metals across the board. (10) The synthesis process plays a significant role in
catalyst efficiency by changing their composition and structure.

5.3. Possible Research Directions

Despite the difficulties of discovering the new catalysts required for highly efficient
OER and HER processes, there are still many new research possibilities to produce highly
efficient catalysts within the field of water electrolysis. Any potential research strategies
that might be deserving of exploration are including:
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1. The implementation of better, facile, and cost-effective methods for developing highly
efficient electrocatalysts for OER and HER based on non-noble metals. New electro-
catalysis approaches require either template or template-less systems. However, they
also need to be cheap and contain catalysts with diverse properties with highly active
surface areas supporting fast reaction kinetics. Besides this, new techniques for the
processing of catalysts are required, regulating catalyst morphology.

2. The knowledge of the fundamental processes that generate new OER and HER cat-
alysts. Future studies are expected to establish the catalytic reaction mechanisms
of transition metal-based catalysts under various parameters such as pH and tem-
perature conditions. Currently, the pathways of water electrolysis reactions remain
unresolved in alkaline conditions, as well as the active center cannot be reliably estab-
lished. Enhancements in efficiency may be achieved with more excellent knowledge
of the compound’s comprehensive interpretation mechanism, which would contribute
to the improvement in developing effective doping strategies and fabrication methods.
Since theoretical simulations and experimental verifications of catalytic processes,
such as DFT calculations on atomic levels, should be worked out to better understand
the catalyst effect.

3. The studies on the use of low- or non-noble metal-based electrocatalysts in electrolysis
are required. Hence, it is required to establish low-/non-noble metal catalysts, which
are good enough to work efficiently in neutral to highly acidic environments. The
prepared electrocatalysts should have better electrocatalytic efficiency compared to
the best noble metal catalysts.

4. The review of low-cost, earth-abundant catalysts for OER and HER in SOECs are
required. Because electrode degradation is the biggest issue faced by SOECs, un-
derstanding the processes behind the degradation of these catalysts is essential to
know in detail for the improvement. This awareness will provide new possibili-
ties for synthesizing an efficient catalytic material for renewable energy production
via SOECs.

5. Ultimately, these suggestions for future research will help overcome the existing
obstacles in producing successful and broadly available techniques for earth-abundant
non-noble metal-based electrocatalysts for water electrolysis.
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