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Abstract: Today world is looking for a cheap, environment
friendly and efficient substitute of fossil fuel. Because due to
large consumption of the fossil fuels on daily basis in whole
world, emission of hazardous gases have produced lethal
effects on human being. In this scenario hydrogen energy
has emerged in form of clean, renewable and more efficient
energy. Now the key challenge is that efficient production of
the green hydrogen at commercial scale to meet demand of
hydrogen. The electrolysis of water is the best pathway to
achieve efficient hydrogen production. For this purpose the

synthesis and improvement of low cast, active as well as
stable catalysts or electrolysis is prerequisite for hydrogen
production by electro-catalytic method for splitting of water.
Main focus of this review is that, how we can perform the
electrolysis of water by various techniques using novel
methods especially electro-catalysts in term of activity, effi-
ciency, large surface area, porosity, and stability. This will be
performed by the method of two-half cell reaction one is the
Hydrogen Evolution Reaction (HER) other one Oxygen Evo-
lution Reaction (OER), where reaction proceeded in both
medium acidic as well as alkaline phases. Particular atten-
tion is given to produce green clean hydrogen production
from usable water and its physical and chemical storages for
further uses for the support of human sustainability. Basi-
cally the recent strategy is to prepare, design and develop-
ment of nanoscale materials/composite with non-noble
metals and with also nanostructured with noble-metals will
be discussed in this approach. The increased efficiency and
utility have been the focal points of the use of diverse
materials from different classes. To increase the electro-
catalytic efficiency in OER and HER, we will discuss about
new analyses methods and insights into studying the
chemical compositions, shapes, surface area, porosity, and
synergy of catalysts and the active sites of nanostructured
electro-catalysts. This reviewwill further provide the picture
of current state of developments as well as recent progress
for mechanized efficient production of clean hydrogen
(i.e., HER) from water by electrocatalytic method using
various nanoscale materials in a broad scale.
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1 Introduction

There is no wonder that many decades have been passed by
researcher tofind out themore efficient, cheap, and clean and
environment friendly fuel as to replace the fossil fuels 80%
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energy is coming from that. There are two main issues of the
modern world i-e energy and environment for economic and
social development on sustainable level.1 As per survey about
half decade ago in 2018, whole world 79% of economy energy
depends uponold conventional sources of energy like coal, oil,
natural gas and major content from petroleum. All these
sources are nonrenewable and not environmentally friendly
due to emission of hazardous gases.2 Fortunately, nature
provides us with a variety of renewable energy sources-
including solar power, tidal power; wind power, biomass
power, and water energy-that can help us cope with the se-
vere problems caused by these sources. A couple of decades
ago a global drive has been started to find out such type of
renewable sources for future need of economic need for
sustainable development environment.

Because of its increased energy density and thewonderful
benefit of being free of contamination after combustion,
hydrogen is seen as a clean energy carrier and a potential
option for sustainable development. Green hydrogen tech-
nologies are gradually replacing fossil fuel-based hydrogen
production and industrial by product hydrogen production
technologies, which co-occur with environmental contami-
nation from carbon pollution emissions.3 Electrolytic water
hydrogen production technology is expected to become the
mainstream development direction in the future. But these all
renewable sources are limited and times constrain intermit-
tent availability due to seasonal and regional availability.4 This
need drives a efficient energy production techniques. In-
novations in energy storage and other forms of energy inno-
vation were compelled by this requirement. Various systems
have garnered significant interest in recent decades for
applications such as electrolysis-based (Figure 1).

Hydrogen production, fuel cells for hydrogen utilization,
lithium-ion batteries, and metal air batteries for long-term

fuel or charge storage.5–7 If we talk about the charge-storage
capacity of developed batteries of any type are not have such
enough capacity for large scale industrial usage. For a large
scale it will be very expensive. Solar energy and wind power
at large scale produced excess electricity, so there is need to
search for substitute pathway for storage of hydrogen. The
production of hydrogen by splitting of water splitting by
electrical energy from renewable sources to produce clean
fuel-hydrogen (H2).

2 Advancement of electrolytic
water (alkaline) technology for
producing hydrogen

As of right now, photo-catalysis, electrocatalysis, biomass
fuel hydrogen synthesis, and fossil fuel reforming are the
primary industrial methods of hydrogen production. The
creation of hydrogen from fossil fuels releases CO2 and other
harmful gases into the atmosphere, and the hydrogen pro-
duced from biomass fuels needs to go through a difficult
purification procedure in order to be called “grey hydrogen.”
“Green hydrogen,” or hydrogen produced without pollution,
should be the industry’s acknowledged development direc-
tion.8–11 Among these, the light source serves as the primary
catalyst for photocatalytic hydrogen synthesis.

Hydrogen is a safe and high potential energy source
because hydrogen hasmaximumgravimetric energymass. If it
be used in fuel cell as a fuel it has high effectiveness in energy
conversion and also produce zero pollution, water is produced
as byproduct during electrolysis. Now efforts has been making
to move toward the selection modification, of catalyst used in
electrocatalytic process for the production of hydrogen by

Figure 1: Hydrogen fuel cells. (a) Illustration of hydrogen fuel generation with respect to the carbon-to-hydrogen ratio. (b) The future prospects and
function of catalyst are demonstrated via the elaboration of a dual cell accomplishment as H2 synthesis by splitting water on or after solar energy and the
fuel cell scheme to convert hydrogen energy into electricity. Copyright from Wang et al. Nano Convergence 8:4 – (2021).
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splitting of water.12,13 At the cathode, reduction takes place to
produce H2, whereas at the anode, oxidation produces O2.
These two reactions, which are sometimes combined into the
acronym OER and HER, take place in acidic environments and
follow these chemical equations (1)–(3):

OERH2O→ 1/2O2 + 2H+ + 2e− (1)

HER 2H+ + 2e− → H2 (2)

Overall H2O→ H2 + 1/2O2 (3)

There are a number of kinetic energy barriers that
must be overcome in the electrochemical reaction between
water, oxygen, and hydrogen in order to split water in a fuel
cell. In hydrolysis, there are two distinct cell reactions: the
hydrogen evolution reaction (HER) as well as the oxygen
evolution reaction (OER). The process splits water into
hydrogen at the cathode as well as oxygen at the anode. In
splitting of water process reduction carried out at cathode
and oxidized at anode. The main energy barrier during
electrocatalytic method is the high over potential.4 For this
purpose highly suitable and effective catalyst are required
to reduce the energy barrier between reaction and possibility
chances. The design of catalyst and its activity, efficiency
dependupon the chemical reaction conditionsandonmedium
in which reaction proceed.

There are three techniques are being adopted to carry out
this reaction in different medium. Out of three technologies
first is protein exchange membrane (PEM), second one is
alkaline electrolysis process, third is high temperature solid
oxide water electrolysis (SOE). The third one is not most suit-
able there is high energy consumption required due to high
temperature. To proceed Reaction according to (PEM) acidic
medium is required, this method is quiet suitable in term of
low gas permeability and high efficiency in production of
hydrogen speedily in short limit time. But on other hand its
flaw is that is slow in OER process especially in noble metal
and other noblemetal electrolysis. So the splitting of thewater
in alkaline media provide a vast choice if catalyst for the
production of hydrogen with noble metal complex and other

non-noble metal oxide. But in alkaline media the efficiency
rate of HER is 2–3 time lower than acidic medium.14,15

Depending on the pH of the electrolyte and the base
used, alkaline electrolyzers can use a variety of anion-
permeable separators, such as asbestos or zirfon, or anionic
polymer membranes. The following chemical reaction
(Equations (4)–(6)) occurs at each electrode:

Cathode: 2H2O + 2e− → 2H2 + 2OH (4)

Anode: 4OH→ 2H2O + O2 (5)

Overall equation: 2H2O→ H2 + 1/2O2 (6)

Basically there are limited review number in case of in
sighting into mechanistic report on the catalytic structure
and morphology as well as composition and also active site
plus their correlation with activity and stability of HER and
OER in both acidic as well as alkalinemedium. Need of age is
that we focus on the developing such novel method and
techniques that produce clean, safe plus active, stable and
low-cast electrocatalyst to produce hydrogen gas. Typically,
yttrium-stabilized zirconium or oxygen anions or hydrogen
protons can be carried by the thick ceramic electrolyte layer
in solid oxide electrolyzers when operated at high temper-
atures (500–1,000 °C).16,17

Aside from these significant obstacles to hydrogen pro-
duction, storage has drawn a lot of attention. The scientific
community in the field of energy materials continues to face
a formidable challenge in its quest for an economical, safe,
and effective storage solution. Although the concept of using
hydrogen as an energy vector in stationary applications
could be visualized, the possibility of replacing fossil fuel in
portable devices, especially in the transportation sector, is
currently the main drive to use hydrogen as an energy
vector, which emphasizes the concern about safe and effi-
cient hydrogen storage. But as of right now, crude oil ac-
counts for 97 % of transportation fuel and produces around
25 % of the world’s greenhouse gas emissions. Furthermore,
the situation will be even worse in the near future as
worldwide car use is experiencing exponential growth. As

Figure 2: The two ways the hydrogen evolution
reaction may proceed illustrated. Copy right
from ‘The Royal Society of Chemistry
(ACS-Omega-2022)’.
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for the overall distribution (approximate percentage) of the
world’s primary energy supply, carbon-based fossil fuels like
natural gas and oil make up more than 50 % of the supply,
while the distribution of other energy sources – such as
hydropower (2 %) and renewable energy (11 %), for exam-
ples far less significant.18,19

As we talked first that there are numerous challenges in
the production of hydrogen by a stable, active and efficient
catalyst. Thefirst challenge is that inmost cases the Ir and Ru
during OER process these catalysts shows the elevated
dissolution confrontation in acidic medium, so the of noble
metal based catalyst do not perform well in these condition.
So there is a great challenge for the scientist to develop a
novel, efficient and suitable catalysts in term of greater ef-
ficiency during OER, especially with reference of non-noble
metal catalyst. Second challenge is that non noble metal
based catalyst during electrocatalytic process such as car-
bides, chalcogens have got greater attention due to good
performance in OER process and their suitability, ability of
structural transformation, and chemical composition in
alkalinemedium during OER condition. In this case a need to
form such catalyst that has ability to identify its active sites
which guide during designing the optimal catalyst. Third is
about the mechanistic approach of transition metal complex
electro-catalyst for HER process in alkaline medium. But in
acidic medium its performance is not so well. So there is
most important challenge to identify that all factors that

control the catalytic method to HER in alkaline medium.20,21

Hydrogen is a useful energy vector for transportation
applications since it has a number of advantages. It can be
produced from renewable sources from a range of non-fossil
feed stocks, has the highest energy density by weight of any
commercial fuel, and can be used in fuel cells to create
powerwith onlywater as a byproduct. Hydrogen storage can
be physical or chemical, depending onwhether it is stored as
molecular hydrogen (H2) or as hydridic/protonic H combined
with other elements (e.g., B, C, and N), in which pressurized
H2 and H2O are the most typical examples of these storage
methods.

In this article we will provide the summary about per-
formance index in introduction for the understanding and
evaluation the concept of efficiency, activity and stability of
various catalysts for the production of green fuel (hydrogen)
in HER reaction mechanism. In review we will describe the
recent advancement in developing techniques and advance
tool that are being used in the production of hydrogen to
save the environment which stand on the verge of chaos
gradually toward dexterous corner of dustiness. By
improving the best electrocatalyst for HER process (Scheme
1), which will be derived from the noble metals and from
non-noble metal-based carbides, metal-based chalcogenides
andmetal-based sulphides. In review itwill also be discussed
about new catalysts insghiting, in this process and new
mechanistic approaches for the various reaction conditions

Figure 3: Mechanism of HER/OER. Operation principles of alkaline, PEM (proton-exchange membrane) and solid oxide water electrolysis. The overall
reaction is H2O → H2 + 1/2 O2. Oxygen evolution occurs at the anode, hydrogen evolves at the cathode. Copy right from Progress in energy and
combustion science 2017.
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and the new outlook for new reaction pathways.22–24 By
highlighting the role of activity of active sites will also be
discussed how activity if active sites can be enhanced by
different techniques with help of Nano-structured base no-
ble metals and on Non-noble metal-based catalysts in the
OER procedure (Figure 3).

3 Performance evaluation index
(PEI) for electrocatalysts

The positive rate of the Gibbs free energy indicates that elec-
trolytic water splitting is an upward process, and there is a
large kinetic barrier to overcome aswell. As seen in Figure 2(a),
catalysts substantially assist in lowering the kinetic barrier.
Electrocatalyticwater splitting relies on anumber of important
properties, such as activity, stability, and efficiency, to deter-
mine a catalyst’s efficacy (Figure 4). The activity’s features, such

as the overpotential, Tafel slope, and exchange current density,
can be retrieved from these polarization graph curves. When
the over potential or current varies with time, it means that
things are stable. To compare theoretical predictions with
practical results, we use the Faraday efficiency and turnover
frequency to characterize efficiency.

3.1 Activity in reference of over potential,
tafel slope, current density

At 25.0 °C and 1 atm, the electrochemical breakdownofwater
reaction has a thermodynamic potential of 1.24 V. But a
higher potential than the thermodynamic potential (1.24 V) is
needed for electrolysis of water. So as to make up for the
reaction’s kinetic obstacles. The over potential, or surplus
potential, is mostly caused by the inherent activation bar-
riers that exist on both the anode and the cathode of the
electrode. The word “over potential” is essential for

Figure 4: Performances of catalysts. (a) Design for sinking of energy footraces by numerous catalysts. (b) In terms of the over-potential, exchange
current-density, Tafel slope and activity (c) according to (d) electrocatalytic reaction performance evaluation criteria, including current stability and
potential time curves,25 Copyright from Wang et al. Nano Convergence (2021).
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evaluating the activity of the electrocatalysts. It is common
practice to use the over potential value, which is equal to
10 mA cm2, when comparing the behavior of different cata-
lysts. The current density results in a 12.3 % efficiency in
converting solar energy into hydrogen. The equation: = a + b
log j, where “j” is the current density, states the relationship
between the over potential and the kinetic current. Addi-
tionally, the Tafel slope and exchange current can be used to
assess the output of this connection. Two major kinetic pa-
rameters for the Tafel diagram are produced by the linear
relationship. By dividing the zero-current-over-potential
equation by two, we get the exchange current density; the
other is the Tafel slope-b. The catalytic reaction system is
related to the Tafel slope-b in terms of electron-transfer ki-
netics. An example of this would be a current density that
increases more rapidly as a function of over potential shift,
as shown by a lower Tafel slope.26–28

3.2 Stability of catalyst in terms of current
plus potential time curves

When deciding whether the catalyst is suitable for use in
water splitting cells in practical situations, stability is an
important consideration. There are usually two ways that
electrocatalyst stability is described. Methods such as chrono-
potentiometry (E-t curve) and chronoamperometry (I-t curve)
can be used to detect the potential change or current fluctu-
ation over time at a fixed current. The accuracy of a mea-
surement is common practice to conduct a 10 h test with a
current density higher than 10mA cm2 so that results can be
compared to those of other research groups. Another method
is known as iso-cyclic voltammetry (CV), and it measures
current cycles one at a time at a scan rate of 50mVs−1 by
counting the number of potential cycles. It is usual practice to
employ linear sweep volta-metry (LSV) to examine the over
potential shift prior to and subsequent to CV cycling at a
specific current density.Minimizing the shift of over potential
enhances the electrocatalysts’ stability directly proportional
to the length of time that the measured current or potential
stays constant.

3.3 Faradaic efficiency and turnover
frequency

The efficiency of the electrons in external circuit in elec-
trolysis that are transferred from the surface of electrode
for electrochemical reaction is described quantitatively as
Faradic efficiency. The ratio between the amount of H2 or

oxygen (O2) that can be measured empirically and the
amount that can be predicted theoretically is known as the
faradaic efficiency. Calculations based on integration to
chrono-ampherometric or chrono-potentiometric anal-
ysis can yield theoretical results. The experimental figures
are determined by analyzing the gas generation with
either the gas chromatography method or the water-gas
displacement technique. A useful metric for describing
reaction rates in relation to the catalytic active sites-the
catalyst’s intrinsic catalytic activity is turnover frequency
(TOF). The rate of reactant-to-product conversion at each
catalytic site in a specific time period is commonly
referred to as TOF. The precise amount of active sites on
an electrode surface is, however, not always known.29–31

When working with a big number of heterogeneous elec-
trocatalysts, it can be difficult to pin down precise TOF
values. Regardless of its relative impression, TOF is still a
useful method for comparing the catalytic activity of different
catalysts, especially when applied to the same system or
under the same conditions.

3.4 Mechanism of electro catalytic water
splitting

Hydrogen can currently be obtained using a variety of pro-
cesses, including the synthesis of hydrogen from fossil fuels,
water gas reaction, and hydrolysis of ammonia borane,
methane reforming, electro-catalytic water splitting, and pe-
troleum gas cracking. Direct conversion of electrical energy
into chemical energy is achieved by the method of electro-
catalytic hydrogen generation, which has the advantages of
low equipment requirements, high hydrogen yield, high
hydrogen purity, and environmental friendliness. Further-
more, there are abundant natural water resources, and the
primary method used in industry to create hydrogen is elec-
trocatalytic technology.32–34 At the cathode, a hydrogen evo-
lution reaction (HER) called electrocatalytic water splitting
takes place. Figure depicts the primary apparatus, which is
made up of an external power source, electrolyte solution,
and cathode and anode electrode plates. The electrolyte’s pH
has an impact. The specific formula is as follows:

Acid

Volmer stepH3O + e− +M→M – H + H2O

Heyrovsky stepM − H + H3O+ + e− → H2 + H2O

Tafel step 2M − H→ H2 + 2M

Alkaline/neutral
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Volmer stepH2O + e− +M→M – H + OH−

Heyrovsky stepM − H + H2O + e− → H2 + OH

Tafel step 2M − H→ H2 + 2M

4 Electrocatalysts for hydrogen
evolution reaction (HER)

4.1 Reaction steps in the process of HER

In the two-electron transfer process of water electrolysis,
HER is the crucial half-reaction that produces hydrogen at
the cathode. The environment has a significant impact on
this HER’s system. There are three potential reaction steps
for theHER response in acidicmedia. Themethods employed
to assess the catalysts’ activity, stability, and efficiency will
be defined by the specific goals of the research and devel-
opment. In terms of the particular focus, the present
research of activity, stability, and efficiency can be divided
into three categories (Equation (7)–(9)) in addition to pro-
duction and manufacture of the electrocatalysts for HER
process.35–37

H+ + e− = Had (7)

H+ + e− + Had = H2 (8)

2Had = H2 (9)

For the synthesis of adsorbed hydrogen, Volmer step (1a)
is the initial step. Afterwards, the evolution of hydrogen can
be achieved by either the Heyrovsky step (1b) or the Tafel
step (1c), or even both, as previously mentioned. Regarding
the reaction of HER in acidic environments. A Volmer step
(2a) and a Heyrovsky step (2b) are two potential reaction
routes that can be determined by the following equations.
Finding a happy medium between hydroxy adsorption
(OHad), as well as water dissociation is essential for the HER
action in acidic conditions. Theoretical simulations have
demonstrated a link between HER activity. The free energy
of hydrogen adsorption (GH) is a well-established metric for
describing materials that undergo hydrogen evolution. HER
process benefits from a modest degree of binding energy of
hydrogen. As revealed in Figure 6(a),37 and in Figure 6(b).38

Volcano figure in Figure 7 was created by measuring
ECDs as a function of hydrogen bond strengths using density
functional theory (DFT). This demonstrates how the strength
of the hydrogen bond affects the hydrogen evolution activity.
The common transitional metals on the left (Ni, Mo, Co, and
W) bind hydrogen too strongly, filling the surface and leav-
ing fewer sites available for additional hydrogen adsorption,
which lowers reaction speed. Noble metals like Au and Ag,
on the other hand, bond hydrogen far too weakly. The un-
stable bond in the surface-adsorbed hydrogen makes proton
transfer more difficult as the hydrogen-metal bond strength

Figure 5: Hydrogen production device using
electrocatalytic water splitting. Copyright from
The Royal Society of Chemistry (chem.soc.rev
2015).33

Figure 6: Diagram of HER. (a) Volcano
diagrams are used to illustrate the relationship
between current density and metal-hydrogen
binding energy for different metal surfaces in
an acidic liquid. (b) The relationship between
the area of monometallic surfaces and the
current density as a function of the predicted
HBE in alkaline media,38 Copyright from En-
ergy Envi. (2013).
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drops. Because every step of the HER proceeds at a nearly
thermoneutral overpotential, Pt and Ir live at the top.4,12 In
general, it can be concluded that the majority of practical
materials would not be good catalysts for the alkaline HER.
In order to get over this problem, one can combine two or
more elements, which will improve the stability and elec-
trocatalytic activity because of the ligand effect that results
from the formation of heteroatom bonds and the strain effect
caused by altered bond lengths. It is evident from Figure 3
that, in terms of HBE, combining two metals from opposing
sides of the plot may produce an alloy that is centred on
elements like Pt and Ir, a finding that has been validated.39

This is probably the outcome of a mass electron transfer
between the active sites of the twometal atoms, which makes
it a very efficient way to alter the electronic structure of DFT
calculations revealed that 5 at.% Ti produces near-optimal
HBEs at two Cu–Cu–Ti hollow sites, and that additional
increments/reductions of the Ti-percentage introduce inac-
tive Cu–Ti–Ti sites and decrease the amount of the active
Cu–Cu–Ti sites, as Figures 7 and 8.

The volcano curve is a useful tool for comparing the
activities of different metals in acidic and alkaline condi-
tions. With the highest exchange current density and the
best hydrogen adsorption energy, Pt is the best catalyst
(HER) in both media. The activity of HER is often reduced in
acidic media compared to alkaline ones.41 This is partly due

to reaction being hampered by the slow water dissociation
phase, which causes a 2–3 order of magnitude decrease in
reaction rate. In industrial operations, alkaline electrolysis is
more preferred. It is essential for electrocatalysts to have the
ability to bind hydrogen species and dissociate water to
rationally develop electrocatalysts with high alkaline HER
performance.

4.2 HER electrocatalysts

A number of current instances of research studies to create
efficient HER catalysts are listed in Table 1. The electro-
catalytic efficiency and kinetic character of such type’s cat-
alysts are compared under various reaction circumstances.
There are two main types of HER electrocatalysts: those
based on noble metals and those based on non-noble metals.
It is the goal of many researchers to find ways to make “Pt”
based catalysts and other noble metal electrocatalysts
more affordable while also improving their effectiveness in
HERs. For example, alloying with Pt or with other inexpen-
sive transition metals may enhance Pt’s efficiency, and the
alloy’s synergistic effects may change the electronic sur-
roundings to increase activity. Additionally, combining Pt
among other water dissociation promoters is a crucial tactic
for enhancing alkaline HER actions, which is highly

Figure 7: Exchange current densities (ECDs)
measured experimentally for the HER on
various metal surfaces as a function of the DFT
calculated hydrogen chemisorption energy
per atom (ΔEH) (upper axis). Single crystal data
are indicated by open circles. Gibbs free
energy for hydrogen adsorption (ΔGH∗)
determined from a simple kinetic model
(bottom axis), ΔGH∗ = ΔEH + 0.24 eV. Copyright
from the Electrochemical Society.12

Figure 8: Schematic diagram of bimetallic
catalysts. (a) Possible bimetallic sites on the
surface of copper modified with titanium.
(b) CorrespondingHBEs showing the activity of
the different Cu–Ti sites relative to other
common elements. Copyright from Nat.
Commun. 2015.40
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significant for actual industrial exercise. The development of
HER electrocatalysts based on non-noblemetals has received
a lot of attention, partly because of their low cost and earth
abundance properties.26,42,43We’ll kick off the discussion of a
few chosen examples of noble metal catalysts in the sections

that follow. Moving on, we will focus on other non-noble
metal based electrocatalysts classes that have seen signifi-
cant advancement in electrocatalytic HER, including as
transition metal carbides, transition metal phosphides, and
transition chalcogenides.

Figure 9: Synthesis and characterization of catalysts for HER. (a) HER volcano plot of single metals under alkaline conditions. Reprinted with permission
from reference.30 Copyright 2013 The Royal Society of Chemistry. (b) Synthesis illustration of PtSA-NiO/Ni catalyst. (c) XRD patterns of Ag nanowires, NiO/
Ni@Ag, and PtSA-NiO/Ni. (d) HAADF-STEM images of PtSA-NiO/Ni. (e) Comparison of linear scan curves of different catalysts. (f) V − t stability and cyclic
voltammetry stability tests. (g) Comparison of HER activities of PtSA-NiO/Ni and reported catalysts. Copyright from Springer Nature 2021.41

Table : Performances of HER catalysts based on various nanostructure materials.

Name of catalysts Electrolyte Value of η (mV) Value of I (mA cm−) Tafel slope value Time of stability Ref

PtNi–Ni NA/CC .M KOH     h ,

PtNi–O/C M KOH .  .  h ,

PtNi(N) NW M KOH     h 

MoC–R M KOH   


.M HSO    , cycle
MoC–GNR .M HSO    , cycles 

M NaOH    , cycles
M PBS    , cycles

NiP/Ti .M HSO     cycles 

NiCoPx M KOH   . , cycles 

M PBS   . , cycles
.M HSO   . , cycles

Defect-rich MoS .M HSO    , s 

CoS NW .M HSO   .  h 

CoS MW .M HSO     h
Oxygenated MoS .M HSO  Onset  , cycles 
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4.2.1 Noble-metal based electrocatalysts

PGMs, which include Pt, Pd, Ru, Ir, and Rh, are examples of
noblemetals that exhibit exceptional HER catalytic activity.
In Figure 3, Pt is positioned near the peak of the volcanic
curve. However, the limited storage and high price of these
noble metal based catalysts prevent their practical utili-
zation. A thoughtful design and shape of catalysts with low
metal loading, good metal utilization is required to meet
this problem. When Pt is alloyed with transition metals, it
can be used much more effectively. The synergistic effects
of these alloys can change the electrical environment,
which in turn increases the electroactivity of HERs. At a
current density of 10mA cm−2, Sun et al. demonstrated
excellent HER activity with a modest over-potential of 37mV
in 0.1 M KOH, using carbon cloth and an ultralow loading Pt
concentration of 7.7 % to create an in-situ array of ultrafine
Pt–Ni nanoparticles decorated with Ni nanosheets.

The results of the long-term durability test up to 90 h
of catalytic activity are quite remarkable. It is reasonable to
assume that the improvedHERperformance of PtNi–NiNA/CC
is related to the downshift relative to Pt’s d-band center, which
lowers the adsorption energy of oxygenated species such
(OH) on the surface Pt atom.4,45 As a general rule, platinum
electrocatalysts have decreased HER activity in acidic media
compared to alkaline ones. Hydrolysis on the surface of Pt is
inefficient, so theHER activity ismodest. One commonmethod
for increasing the alkaline HER activity is to combine Pt with
water dissociationpromoters.40 Improving the electrocatalytic
activity of different platinum-based electrocatalysts for HER
requires the capacity to modify the surface metal composi-
tion.46–48

Markovic et al.49 recently shown an eight-fold increase in
HER activity compared to Pt of the highest quality by control-
ling the formation of nanometer-scale Ni(OH)2 clusters on Pt
electrode surfaces. Figure 4A shows the HER mechanism. The
Ni(OH)2 cluster’s periphery on Pt promotes water dissociation,
leading to the formation of M–Had intermediates.

H2 is produced by the reaction of the adsorbate
hydrogen intermediates. Drawing inspiration from the
synergy between Ni(OH)2 and Pt(111), Huang et al. developed
the concept of surface-engineered PtNi–O nanoparticles
with an enhanced NiO/PtNi interface. In conditions with a
high pH, this surface makeup changes to Ni(OH)2, resulting
in an interface that resembles Ni(OH)2/Pt(111). With just
5.1 gpt cm2 of Pt added, the catalyst displayed a small HER
overpotential of 39.8 mV at 10 mA cm2. The structural change
from PtNi/C to Pt–Ni–O/C is seen in Figure 4(a) throughout
the annealing process. Pt–Ni–O/C exhibits the greatest mass
activity at an overpotential of 70 mV against the reversible
hydrogen electrode (RHE), surpassing both Pt–Ni (5.35 mA/
gpt) and commercial Pt/C (0.92 mA/gpt), as shown in
Figure 4(b). The graphic shows that the Tafel-slope. Another
efficient method to increase the HER catalytic capacity with
less Pt is to dope platinum-based materials with other metal
components. Wang et al.40 created a catalyst with Pt–Ni nano-
wires that were modified with N. An extraordinarily low
overpotential of 13mV at 10mA cm2 in acidic conditions was
achieved as a consequence of nitrogen-induced orbital alter-
ation, which improved hydrolysis kinetics. Pt–Ni, Pt–Ni(N), Pt–
Ni/Ni4N, and retail Pt/C linear remove voltamogram (LSV)
curves (a) are shown in Figure 5(a)–(d) to illustrate the HER
catalytic evidence of PtNi(N) NWs in an alkaline medium. Pt–
Ni(N) NWs exhibit themost favorable overpotential, measuring
13mV, when the current density is 10mA cm2 s can be used to
investigate the rate-determining phases of the alkaline HER
process. Data on the intrinsic activity of the catalysts are also
uncovered by studying TOF data, as shown in Figure 11(c).

A greater TOF is achieved by Pt–Ni(N) compared to Pt/
C and Pt–Ni alone. Lastly, the chrono-potentiometric
durability test of Pt–Ni(N) shows that after 10 h at a cur-
rent density of 40 mA cm2, no noticeable change in poten-
tial is seen. Through the use of density function theory
(DFT) calculations, the modulation essence of nitrogen
in the Pt–Ni nanowire was examined (Figure 12(e)–(g)).
Nitrogen may cause a decrease in electron density

Figure 10: Mechanism of electrocatalysis in
HER. (A) Depiction of the nanoscales
mechanism of the HER process Ni(OH)2 on the
surface of a Pt electrode, (B) annealing PtNi/C
to PtNi/–O/C using air with HERmass activities
0.07 versus HER causes illustrations. Copyright
from Advance Material (2019).
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surrounding the Ni site as a consequence of strong inter-
action between the two elements, as shown by analysis of
the surface electron density difference in (Figure 12(e)).

The dz2 empty orbital with high N–Ni connection and has
ideal orientation for the dissociation of water is confirmed
by the orbital analysis.

Figure 11: Design of noble-metal-based electrocatalyst. (a) Synthetic route of Ru-based catalysts with Ru–N–S coordination. (b) HAADF-STEM image of
Ru–N–S–Ti3C2Tx. (c) HER curves of Ru-based catalysts. Copyright 2019 Wiley-VCH. (d) Synthetic route of Pt–Ti3C2Tx with O vacancy. (e) EPR of catalysts.
(f) HER activity comparison of catalysts. Reprinted from reference.49 Copyright 2022 American Chemical Society. (g) Synthetic route of Pt@CoOx.
(h) Intrinsic activity comparison of Pt-based catalysts.50 Copyright 2022 Wiley-VCH GmbH.

Figure 12: Electrochemical analysis of HER. (a) Shows the results of infrared correction applied to the HER presentation, with LSV curves plotted against
different catalysts in 1.0 M KOH. The picture (b) shows Tafel plots, and curves c and d represent total organic solvents and Pt–Ni(N) NWs, respectively.
Results from the insets e-DFT calculation: By comparing the electron densities of Pt–Ni and Pt–Ni(N) slices observed from the top and side views of the
orbital above the fermi level, we were able to calculate the difference in electron densities.40 Copyright from Advance Material (2019).
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4.2.2 Platinum group metals-based electrocatalysts

It is commonly known that, according to the Sabatier principle,
the binding energy between the intermediate Had and the
catalyst establishes the rate-determining stage of the reaction
process.51,52 Reaction speed decreases due to excessively strong
Had binding that restricts H2 release. Conversely, had is more
difficult to adsorb due to its lower binding energy. Conse-
quently, the electrocatalytic reaction process benefits from the
mild adsorption and desorption energy (Figure 13).53–55

The electronic structure of the active centre can be effi-
ciently controlled by transition metal catalysts that are doped
with non-metal atoms, such as N, P, S, or Cl.67–69 N-doped Ni–
Co phosphide catalyst was produced by using hydrothermal
and plasma treatment techniques (Figure 14(a)). The shape of
the NiCo hydroxide nanosheet is visible in the SEM image
(Figure 14(b)). Large surface areas and an abundance of cata-
lytic active sites are features of this type of morphology.
Energy-dispersive spectroscopy (EDS) has been used to char-
acterise the component (Figure 6(d)). Additionally, the HER
curves demonstrate that NiCoP (111) activity (Figure 6(c)) is
comparable to commercial Pt/C andearlier studies (Figure 14(e)
and (f)). Consequently, it makes sense to populate an electro-
catalyst that is efficient, clean, and beneficial to the environ-
ment. Additionally, in order to address the issue of high

stability, composite catalysts have been produced because
(Figure 14(h) and (i)).

4.2.3 Electrocatalysts based on non-noble metals

TMCs are transition metal-carbides. The development of elec-
trocatalysts based on non-noble metals has generated signifi-
cant interest in TMCs. For instance, it has been demonstrated
that molybdenum carbide micro particles (Mo2C) has strong
catalytic activity towards HER. Their hydrogen adsorption
properties and d-band electronic density state that similar to
that of Platinum also demonstrate an ideal grouping, which is
thought the primary cause of the high HER activity that has
been found. In addition to their elevated electrical conductiv-
ity. In 1973, Levy and Boudart made the initial discovery that
tungsten carbide had platinum-like catalytic behavior because
it has d-band electronic thickness states that were comparable
to those of Pt specialties.58,59 Additionally, Chen et al. used DFT
calculations to examine a series of transition metals’ physical,
chemical, and electronic structure features. According to their
findings, adding carbon atoms to the lattice interstitials gives
them d-band electronic density states that are comparable
to the Pt benchmark. Experimental data first confirmed
the theoretical prediction in 2012. In acidic as well as alkaline
conditions, commercially available molybdenum carbide

Figure 13: Metal based electrocatalysts. (a) Synthesis routes of N-NiCoPx. (b) SEM of N–NiCoPx. (c) Selected area electron diffraction (SAED) of N–NiCoPx.
(d) EDSmapping of N–NiCoPx. (e) HER curves of catalysts. (f) Comparison of N–NiCoPxwith previous reported catalysts.

56 Copyright 2020 Elsevier B.V. (g)
Synthesis of Co(OH)2@PANI. (h) SEM of Co(OH)2@PANI. (i) HER curves of Co(OH)2@PANI.57 Copyright 2015 Wiley-VCH.

88 M.N. Ayub et al.: Hydrogen generation with inorganic nano-catalyst



micro particles (com–Mo2C) have well HER catalytic activ-
ity, according to Hu et al. To achieve a cathodic current
of 10 mA cm2, there is a relatively high overpotential
(190–230mV), though. Researchers followed various strategies
for the Mo2C catalyst optimization by nano-engineering
the materials to expose additional active areas in response to
the groundbreaking investigations. By easily carburizing
anilinium-molybdate effectively synthesized Mo2C nano-
rods having a permeable structure.

Transmission electron microscopy (TEM) and field emis-
sion scanning electron microscope (FE-SEM) pictures of nano-
rodsmorphological featureshavingaeven surfaceanda spongy
structure are shown in Figure 14A(a) and (b) of this article.Mo2C
nanorods catalyst has improved HER electrocatalytic perfor-
mance, as demonstrated. As can be seen from Figure 14A(c), the
Mo2C nanorods outperform the commercial Mo2C in terms of
activity, according to the results of the linear scan voltammetry
(LSV) in 0.5M H2SO4. The stability test results for the Mo2C are
also shown in Figure 14A(d). Based on the results, it appears that
the activity remains constant even after 2,000 cycles, sug-
gesting a longer cycling life. The Mo2C nano-rod outperforms
commercial Mo2C in 1 M KOH, according to additional studies
conducted in acidic environments.

Due to their high conductivity and clearly defined, porous
architecture, the Mo2C nanorods exhibit very competitive
presentation for HER in the acidic as well as alkalinemedia. Ni
nanoparticles addition could enhance the catalytic activity
evenmore. Another technique to enhanceHER’s efficiency as a
hybrid nano-electrocatalyst is the accumulation of molybde-
numcarbides (Mo2C) on the surface ofmaterials having carbon
based properties.

Molybdenum carbide (Mo2C) materials nano-particles
attached on the graphene nano-ribbons (GNRs) were pro-
duced by hydrothermally forming carbides on a GNR tem-
plate in situ, followed by high temperature calcinations
process, as illustrated in Figure 14B(a). In acidic and basic, as
well as neutral environments, the Mo2C-GNR hybrid dem-
onstrates exceptional electrocatalytic action and durability
(Figure 14B(b)–(d)). Phosphide of transitional metals one of
the quickly expanding fields in the improvement of elec-
trocatalysts with high catalytic activity and stability in both
acid as well as basic (pH universal) environments is the study
of transition metal phosphides (TMP). It has been suggested
that the P atom’s strong conductivity and distinctive electrical
structure contribute significantly to TMP. Ni2P catalysts were
first identified as one of the finest real-world HER catalysts in
2005. A number of electrocatalysts were investigated by Liu
and Rodriguez using density functional theory (DFT).60

The hydrogen species would require more energy to
desorbs from the metal surface due to the tight connection.
Because P atoms dilute the amount of highly active Ni sites, a
reasonable bonding to intermediates and products is ach-
ieved, or what is called the “ensemble effect.” The first direct
experimental evidence in favor of the catalytic synergy was
shown, who demonstrated that a Ti foil substrate bearing a
Ni2P nanoparticle exhibited outstanding HER activity, with
an exchange density of 3.3 × 10–5 mA cm2 and a Tafel slope of
46 m V dec1.36 Having said that, the stability of the Ni2P/Ti
electrodewas lacking, especially in an electrolytewith a high
pH. Hu et al.’s follow-up research involved the creation of
NiCo2Px, as a bimetal ordered phosphide electrocatalyst. It
has been shown that this specific catalyst performs well as a

Figure 14: Shows the solution of Mo2C–R in 0.5 M H2SO4, we find the following: (a) The process of creating molybdenum carbide (Mo2C) nano-particles
that attach to graphene nano-ribbons (GNRs); and (b–d) the effects of acidic, basic, and neutral conditions on the activity and longevity of Mo2C-GNR.
Copyright from Appl. Catal. (2014), and Chem. Eng. (2016).
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pH-universal catalyst for HER and shows great durability
and long-term stability in various electrolytes.

On commercial carbon felt (CF), the self support NiC-
o2Px nanowire arrangements were created using a wet
chemical-hydrothermal process and an in-place phospho-
rization reaction. Figure 15(a) demonstrates NiCo2Px’s su-
perior HER performance in neutral, alkaline, and acidic
environments. NiCo2Px, as opposed to CoPx, NiPx, and com-
mercial Pt, had the lowest overpotential in the alkaline elec-
trolyte at 58mV at a current density of 10mA cm2 Figure 15(b)
illustrates the shape of NiCo2Px following in term of HER
activity test and indicates that, even after 5,000 cycles under
various circumstances, the catalyst structure of NiCo2Px is
still well-preserved. According to Figure 15(c), NiCo2Px in
an alkaline electrolyte is thought to have a synergistic
impact.2,61,62

There are two significant interactions: the one be-
tween atom (P) and the H atom, and the other between
the under coordinated metal centre (M+, M = Ni, Co) as well
as the oxygen atom. The H–OH bond is weakened by the
combination of these two interactions, which causes the

water molecule to split into hydrogen atom and an OH
molecule. The (H) atom is subsequently moved to a close by
open metal site, where it anchors as adsorbed H. Molecular
H2 is created by the combination of the adsorbed H atoms.
Chalcogenides of transition metals (selenides and sulphides)
in 2005,62 et al. [54] grown triangular MoS2 single crystals on
the active site of the MoS2 structure54 demonstrated that the
free energy of the atomic hydrogen bonding to the MoS2
edging is similar to Pt. This finding suggests that MoS2 could
be used as an electrocatalyst for HER.

They proved that the amount of corner points on theMoS2
catalyst linearly affects the electrocatalytic HER activity. MoS2
has extremely active catalytic sites at its edges. This under-
standing has led to the development of numerous methods,
such as nanostructure tuning and morphology tuning, to
expose the active areas and increaseHER activity. An approach
todesignflaws inMoS2 ultra thinnano-sheets, for instance,was
disclosed by Xie et al. and was demonstrated to significantly
enhance MoS2’s electrocatalytic HER performance. This high
activity was attributable to the high fault structure’s additional
active edge sites, which were created by partially breaking the

Figure 15: Shows the NiCo2PX catalyst in action: (a) The catalytic reaction (HER) in 1 M KOH, PBS, and 0.5 M H2SO4; (b) scanning electron micrographs
taken before and after the HER long-term stability test in variousmedia; and (c) a simplified representation of thewater dissociation process onNiCo2PX in
an alkaline solution, as described in reference.63 Copyright from Advance Material (2017).
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basal plane, which is catalytically inert. CoS2 with tunable film,
micro-wire (MW), and nano-wire (NW) shape was successfully
synthesized60,64 (Figure 16A(b)–(d)).

They established the shape dependent improvement of
both activity as well as stability by methodically studying their
structures, activities, and stabilities. Due to their large efficient
electrode surface area and quick release of gas bubbles from
the electrode surface (Figure 16A(e)), CoS2 NWs exhibit the best
HER catalytic performance, stability among the three distinct
morphologies (Figure 16A(a)). In order to maximize the HER
electrocatalytic activity, significant work has been put towards
tailoring metal chalcogenides’ electronic conductivity in addi-
tion to their active sites. The use of heteroatom doping to in-
crease HER activity is efficient. According to,46 adding oxygen
atoms and engineering adjustable disorder can successfully
manage the electrical structure of MoS2 ultrathin nano-sheets,
increasing conductivity.

A variety of XRD patterns for catalysts grown at various
temperatures are displayed in Figure 8B(a), revealing that
MoS2 ultrathin nano-sheets made at 220 °C have numerous
flaws. A novel structure with an enlarged interlayer spacing

of 9.5 instead of 6.15 in ideal 2H–MoS2 is suggested by the
appearance of two new peaks at the low-diffraction angle
area when the synthesis temperature decreases to 200 °C or
lower. In Figure 8B(c) and (d), the suggested structure
models are displayed. The MoS2 structures from the various
temperatures can be controlled to have varying degrees
of disorder, as seen by HRTEM pictures and associated
FFT patterns. The ultrathin MoS2 nanosheet with oxygen
incorporates was subjected to electrochemical tests with
varying degrees of disorder.

5 Electrocatalysts for oxygen
evolution reaction (OER)

As we have discussed prior that OER is half-cell reaction of
water splitting process, it occurs at anode and it also require
a large overpotential as compared to HER, due to four elec-
tron transfer process. OER is main key step in improving the
efficiency of electrochemical breakage of water. The hunt

Figure 16: A showspolarization curves for the CoS2film,MWarray, andNWarray electrode forHER. Then, fromb tod, there are scanning electronmicrographs
of the film, array, and graphite. Finally, from e to f, there are schematic representations of the surface of the film, NWs, andMWs, as well as the produced H2(g)
bubbles. This figure was reprinted with permission from reference.65–68 The XRD pattern of the products obtained at different temperatures and the HER
performance of the catalysts with varied oxygen-incorporated MoS2 ultrathin nanosheets are shown in graph B. (c, d) two-dimensional structural models of
2H–MoS2 and oxygen-incorporated MoS2 with increased interlayer gap. (e, f) visual depiction of the disorganized structure in ultrathin MoS2 nanosheets with
oxygen incorporation. The purple shadings show the enrichment impact of active sites caused by the disordered structure, while the blue lines show the fast
electron transport between the nano-domains that are quasi-periodically aligned. In reference.69 Copyright from J. Am. Chem. Soc. (2013).
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for a super electrochemical catalyst that can lower the kinetic
barriers in electrocatalytic processing is of the utmost
importance for improving reaction efficiency. Regarding
this, there have been a lot of noteworthy advancements in
our understanding of the mechanism of OER for improved
processing of electrocatalyst reactions in the recent past. Both
the adsorbent evolution mechanism (AEM) and the lattice-
oxygen mediated mechanism (LOM) provide useful frame-
works for understanding the OER process.

5.1 Reactions steps in the OER-in term of
adsorbate evolution mechanism (AEM)

Using a diagrammatic explanation of the alkaline pathway,
this technique concentrates proton transfers with metal
electrons as an active site to produce oxygenmolecules from
water using the water-splitting method in both acidic and
alkalinemedia. This evaluationmechanism has traditionally
been used in thefield of electrochemistry to describe various
electrochemical reactions. If we talked about in production
of oxygen molecule during this process, basically there are
route for the production of oxygen molecule during water
splitting. The one ways that hydroxide anions absorb on the
surface of metal where active sites are available in first
method oxygen atoms reacts withmetal surface active site of

metal where they form an intermediate MOOH molecule to
produce season molecule through the protonation of MOOH
molecule oxygen produced. the secondmethod as illustrated
by green route as in Figure 17 in which two molecules of
more reacts to each other to form oxygen molecule along
the active site in metal during this process there are large
number of activation barriers.

5.2 Creating the specific sites for hydrogen
adsorption

Both the ratio of Ni/NiO was carefully regulated to maximize
the alliance between the two surfaces handling the initial
phase of water dissociation and the subsequent adsorption
of hydrogen.70 Ni/NiO heterostructures with a range of
crystal sizes were proven to have formed using high-angle
annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM), with most of the heterostructures
having core–shell architecture. As schematically shown in
Figure 17(a)–(c), DFT calculations indicate that the most
effective reaction pathway is through water dissociation on
the NiO {111} surface, leaving OH− to adsorb onto the oxygen-
vacancy of NiO {111} and the hydrogen atom to adsorb onto
the Ni {111} site. The activity of the material was highly
correlated to the ratio of Ni/NiO, where it peaked around 0.2

Figure 17: DFT calculated reaction energies for (a) dissociation of water and (b) adsorption of hydrogen atoms on Ni and NiO surfaces. (c) A schematic of
complete reaction on dual Ni/NiO surfaces and (d) catalytic activity as a function of Ni/NiO ratio.70

92 M.N. Ayub et al.: Hydrogen generation with inorganic nano-catalyst



and aggressively degraded upon further rise/fall as shown in
Figure 17(d).

The other mechanism of acidic OER reaction the same
intermediate as M–OH, MOOH, M–O are concerned in
electrocatalysis a detailed understanding of these inter-
mediate has not been yet completely revealed due to the
activation barriers during the binding mechanism of Hy-
droxide ion did metal active sites in OER reactions because
the binding strength of hydroxide ion is the key parameter
for performance of the reaction over potential. As shown by
the energy diagram there is no difference reaction steps No
there is no potential difference needed between steps there
is no energy gap between the steps remain same.25,71 The
OER energy potential is calculated by rate determining
steps (RDS), which comes from the energy of the interme-
diate has shown in figure the binding energy how these
intermediate show a constant difference of 3.2 eV this is due
to that Hydroxide anions HO, HOO read for bonding will
catalyst surface throw similar pattern of adsorption
configuration with oxygen atom via a single bond this all is
represented by spectacular volcano shaped relationship
which is being used traditionally to explain the activity
trends of metal oxides we acidic as well as in basic media as
shown by the results (Equations (10) and (11)) latest
research has revealed that the best catalyst in reference of
lowest hypothetical over potential of OER, IrO2 as well as
RuO2 that show the maximum binding potential with metal
exercise on the surface of catalyst.

OH +M→M − OH + e (10)

M − OH + OH→M − O + H2O + e (11)

First, M–OH is created by the adsorbed hydroxide an-
ions on the surface of metal’s active site. Metal-hydroxide
then undergoes deprotonation to produce M–O. There are
then two distinct pathways that lead to the formation of O2

molecules. A potential pathway involves the reaction of
metal-hydroxide and hydroxide to form an intermediate,
followed by the deprotonation of M–OOH during active site
regeneration to produce O2. Figure 9(a) shows an alternate
path that uses two M–O types, adapts them to O2, and
regenerates the metal active site, which is thought to have
a high activation energy blockage. The majority of scientists
believe that the acidic oxygen evolution reaction (OER)
mechanism involves intermediates (Equations (12)–(14))
such as M–OH, M–O, and M–OOH. A comprehensive
knowledge of the binding force of the reaction intermediates
on the electrode surface is essential for improving the
overall performance of OER electrocatalysis, since the
binding power is a significant component determining
the reaction overpotential. If the free energy gap for each of

the fundamental processes remains constant at 1.23 eV, as
shown in the perfect free energy graph of the several OER
reaction levels in Figure 17(b),72 then OER can take place
without the need for excess potential. Nevertheless reaching
this perfect state is really challenging.

M − O + OH→M − OOH + e (12)

2M − O→ 2M + O2 + 2e (13)

M − OOH + OH→ O2 + H2O + e +M (14)

Difference of 3.2 eV between GHOO and GHO. This is due
to the fact that both HOO− and HO− combine to catalyst
surfaces using common adsorption topologies that involve
oxygen atom connected by a solo link.57 The minimal theo-
retical overpotential, which corresponds to the distinction
between the constant gap in binding energy (3.2 eV) and the
ideal value of 2.46 eV, is calculated using the scaling relation
to be 0.37 eV ((3.2 × 1.23 × 2 eV)/2). Most OER catalysts are
believed to have their RDS in the second and third phases,
respectively, of their development the production of M–O
andM–OOH, so it is helpful to use the difference between GO
and GHO in broad descriptions to predict their OER activity.
This is exemplified by the Sabatier’s volcano-shaped corre-
lation, which has long been employed to describe patterns
in OER activity on M–O in acidic and alkaline media.
iridium dioxide and ruthenium dioxide, which exhibit an
ideal binding strength on the catalyst’s surface which shows
the moderate strength not too strong or not too week as
illustrated in Figure 17(d),73 are the most excellent catalysts
having the minimum hypothetical overpotential for OER.

5.3 OER electrocatalyst

In reference to their performance description there is a list
of some OER catalyst (Table 2). We will discussed further in
later with reference to their specification. There are the two
primary categories of OER electro-catalyst techniques one is
noble-metal based and the second one is non-noble metal
based. Ru as well as Ir base catalysts are regarded the most
advanced noble-metal electrocatalysts for the OER, particu-
larly in the acid electrolyte, that has a higher disbanding
struggle than other metals. There are numerous ways to
optimize the catalyst chemical composition, configuration,
as well as morphology in order to lower the high cost, in-
crease electro-catalyst action, strength, and even implement
the dissolving resistance in acidic conditions.74,75 In addition
to Ir and Ru, bi- or tri-functional electrocatalysts based on
additional noble-metals, such as Rh, Au as well as Pt plus Pd,
have also been produced.

M.N. Ayub et al.: Hydrogen generation with inorganic nano-catalyst 93



5.3.1 Electrocatalysts based on nobel metals

Themainly effective electrode resources inOERhave longbeen
thought to be noble-metal and M–O electrocatalysts. Examples
include the cutting-edge electrocatalysts for OER, RuO2 and
IrO2, which are frequently cited as examples. However, the
significant dissolution of RuO2 and IrO2 and their expensive
cost are the main issues, which focus a lot of attention on the
change of the catalysts’ chemical composition and configura-
tion as well as shape. Numerous methods have suggested
increasing the activity and constancy of electrocatalysts aswell
as lower their high cost. There is a lot of interest in heteroatom
doping as ameans ofmodification the chemical composition of
IrO2 base OER electrocatalysts. However, host systems diverse
guest atoms produced unique energy domains. By thermally
decomposing derivatives of Ru exchanged metal organic
framework (MOF)materials, Chen created Cu-doped RuO2with
empty porous polyhedral shape made up of extremely small
nanocrystals.65,78,85,86 Figure 10(a) shows the high index surface

facet of the Cu-doped RuO2 phase, which was created by
incorporating Cu into the RuO2 lattice. This information was
collectedbyhigh resolution transmission electronmicroscopy
(TEM) andXRD statistics. Figure 10(b) shows that the synthesis
ofOOHonRuO2(110) is caused by theRDS. Cu-dopantRuO2 can
enhance OER activity by changing the electronic arrange-
ment, which results in awide binding area closer to the Fermi
level of the p-band center. Additionally, Cu dopant generates
O positions on the surface and induces the formation of
unsaturated Ru sites. An innovative method to create OER
catalysts that can successfully change the electrical structure
and optimize the chemical reaction (Figure 18).2,26,87–89

5.3.2 Self-supported bi-functional electrocatalysts for
overall water splitting

In order to reduce the overpotential during the actual
electrolysis ofwater, theHER andOER catalysts are used in the
same electrolyte, which is a strongly acidic or basic solution.

Table : Performances of OER catalyst based on various nanomaterials.

Catalysts Electrolyte η (mV) I (mA cm−) Tafel slope Stability Refs

Cu-doped RuO .M HSO   . , cycles 

IrNi NPNW .M HClO   . min 

IrCo NPNW .M HClO   .
IrFe NPNW .M HClO   .
IrNiCu DNF .M HClO    , cycles 

IrO NN M HSO     h 

AuCo NPs .M KOH     h 

G-FeCoW M KOH    h 

Plasma-engraved CoO .M KOH    , cycles 

NiFe-LDH NPs .M KOH     h 

Ni.Fe.(OH) M KOH     h 

NixFe−xSe-DO M KOH     h 

Figure 18: Electrocatalysis of nobel metals. (a) Shows a high-resolution transmission electron microscopy (HR-TEM) image of Cu-doped RuO2 showing raised
surface features, and Figure 10(b) shows the free energy profile of optical emission spectra (OER) on surfaces (110) and (111) according to reference.90 Copyright
from Advance Materials (2018).
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The majority of HER catalysts that are based on nonprecious
metals, such as carbides, nitrides, phosphides, and chalcogens,
exhibit their best catalytic activity in acidicmedia. Conversely,
OER catalysts, like transitionmetal oxides andoxy/hydroxides,
are only effective in alkaline electrolytes. Finding two elec-
trocatalysts that couple well in a single electrolyzers for
overall water splitting (OWS) is made challenging by the
mismatching of operating conditions.66,80,91,92 It is preferred to
develop a bifunctional electrocatalyst that can efficiently
catalyze bothHER andOER at the same time inorder to reduce
device costs, simplify the design of the electrolyzer, and
prevent the negative crossover effect of different electro-
catalysts at two electrodes. Thus, great efforts have beenmade
to create high-performance bifunctional catalysts for the
electrolysis of water, primarily concentrating on establishing
the bifunctionality of the HER and OER catalysts that are now
under development (Figure 19).

By using a eutectic directed self-templating approach,94

created a group of Ir–M (M=Ni, Co & Fe) type of catalysts with
a distinctive system topology made up of interconnecting

nonporous nanowires. The findings reveal a property that
depends on the transition metal. Ir–Ni display the OER ac-
tivity in comparison to Ir–Fe and Ir–Co NWs and have the
minimum overpotential at 274mV at 09mA cm2. The DFT
calculation results (Figure 11) provided an explanation for the
increased activity of IrNi NW. Ir as well as M are oxidized at
maximum potential to create Ir–MOx during OER process.
IrO2, IrFeOx, IrCoOx, and IrNiOx had d-band centers of 3.61,
3.72, 4.09, and 4.34 eV, respectively (Figure 20(a)). The density
of state (DOS) has changed in a negative way. The d-band
electron distribution gone out the Fermi scale is induced
by the ligands that effect after alloying, according to the down-
shift of Ir d-band centre.

In order toward expose catalytically active areas and
benefit from the interfacial effect, surface structure alter-
ations are crucial. One component of the surface structure
change is morphology regulation, which has received. There
has been a negative change in the density-of-state (DOS). The
down-shift for Ir’s d-band centre indicates that the ligand
effect after alloying induces the d-band electron distribution

Figure 19: Water electrolysis using a self-supported electrode as a bifunctional catalyst for HER/OER. the following are reproduced with permission:
(a) SEMpictures; (b) Electrocatalytic water splitting performance; and (c) Schematic electrolyzer application of nanoporous copyright fromRoyal Society of
Chemistry, Copyright 2016. (d) SEM pictures, (e) Water electrolysis results, and (f) Nitrogen-doped tungsten carbide nanoarrays applied to an electrolyzer.
(d–f) Used with authorization.93 (2018) All rights reserved.
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further from the Fermi level. According to Figure 11(b)–(d),
the binding powers of various species like O, OH, plus OOH
having a prominent impact on OER activity. Surface chemi-
cal composition modifications are essential to expose cata-
lytically active regions and gain from the interfacial effect.
A single electro-catalyst could be created using straightfor-
ward one-step production, and the change in surface struc-
ture is.

According to findings from following instruments
HAADF-STEM, TEMas well as HRTEM, and from elemental
mapping, the intended Ir–Ni–Cu DNF arrangement (ternary
alloy) retains a rhombic dodecahedral morphology following
intense acidic etching and has a consistent factor distribution
throughout, whole DNF structure. Ir–Ni–Cu catalysts for ox-
ygen evolution reactions have exceptional electrocatalytic
activity and durability because its frame structure prevents
particles from becoming agglomerated and coarse and allows
for the in situ creation of a durable rutile IrO2 phase during
the OER process. Electrical conductance of catalyst is also
demonstrated to be impacted by morphology management,
which enhances OER electrocatalytic activity.

IrO2 nano-needleswere created byLee et al. using a scale-
able molten salt technique, and they exhibit greater OER ac-
tivity and stability than IrO2 nanoparticles Figure 12B(a) and
(b). According to Figure 12B(c) and (d), which compares the

electro-chemical activity of IrO2 NPs as well as IrO2 nano-
needles for OER, the IrO2 nano-needles have higher activity
and stability than IrO2 NPs do. The electrical conductance of
ultra-thin IrO2 nano-needles is 318.3 S cm, which is higher
than the electrical conductivity of IrO2 unshaped nano-
particles, which is 25.9 S cm.96 This suggests that the form of
the catalyst is critical for the high activity for OER caused by
electron transfer. In addition to Ir and Ru, additional Nobel
metals like (Rh, Au, and Pt as well as Pd) have also been
showing promising results for OER electrocatalysts. Hydrogen
evolution reaction (HER), oxygen reduction reaction (ORR),
and oxygen evolution reaction (OER) catalyst design entails
building bi- or tri-functional electrocatalysts from Pt, Pd, Ru,
or Au. It is common practice to study the OER behaviors of Rh,
Pt, Au, and Pd in alkaline solutions since their dissolving re-
sistances are lower than Ir’s and Ru’s in acidic electrolytes
with a high over-potential. To achieve the appropriate elec-
trocatalytic capabilities, the catalysts’ morphology and
composition must be under control.

To achieve the appropriate electrocatalytic capabilities,
the catalysts’ morphology and composition must be under
control. Structure of Au–Co nano-particles as OER catalysts
in basic conditions was demonstrated by.97 The Au–Co
nanoparticles have a core shell shape and a homogeneous
size distribution.

Figure 20: IrNiCu DNF structures. (A) Illustration of the HAADF-STEM, transmission electron microscope (TEM) as well as HRTEM, and elemental map of
preferred IrNiCu DNF structure.95 Copyright ACS Nano (2017) (B) (a, b) transmission electronmicroscope (TEM) imagery of IrO2 nano-particles along with
IrO2 nano-needles, (c, d) OER presentation before plus after 2 h galvano-static operation, (c) depiction of LSV curves of IrO2 NN and amorphous nano-
particles, (d) Tafel slope96 Copyright from Advance. Funct. Material (2018).
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5.3.3 Electrocatalysts based on non-noble metals

OER electrocatalysts without noble metals have generated a lot
of research attention due to their affordability and availability.
The search for effective noble-metal free OER electrocatalysts
has been become more intense. In the previous few decades,
significant progress has been made in exhibiting excellent
catalytic activity that is similar to the catalyst constructed of
noble metals. For the purpose of logically designing highly
effective OER electrocatalysts, we will highlight some recent
approaches to produce more active sites by controlling various
reaction factors like morphology, chemical composition of in-
termediates, tuning electronic shape as well as binding energy
through elemental doping method an also by inducing hybrid
materials into composites. Recently, Zhang et al.98 used sol-gel
fabrication to create a gelled versionof Fe–Co–Woxyhydroxide
with uniform metal allocation. The lowest overpotential was
190mV for the Fe–Co–W oxyhydroxide at 10mA cm2 current
density and 502 h cycle stability. This result shows that of the
benchmark catalystmade of NiFe. The outcome demonstrates
that on various substrates, G–FeCoW has a much better cat-
alytic activity than anneal A–Fe–Co–W, gelled FeCo rather
thanW (G–Fe–Co),with LDHFe–Co. The twodimensional (2D)
volcano plot (Figure 14(c)) shows that the computed theoret-
ical OER overpotential has dramatically increased catalytic
activity towards OER. The local electrical and geometrical
surroundings are modulated to obtain a hypothetical over-
potential of just 0.4 V.

Another efficientmethod for controlling the structural and
electrical characteristics of electrocatalysts is defect engineer-
ing. By varying the intermediate adsorption energy, the OER
activity can be increased, which occasionally results in unan-
ticipated active sites. A technique to produce enough oxygen
vacancies using a plasma engraving process on a Co3O4 nano-
sheet was described by Dai et al. According to X-ray photo-
electron spectroscopy (XPS), Ar plasma treatment partially
reduces Co3+ to Co2+ and creates oxygen vacancies. By manip-
ulating the Co2+/Co3+ ratio, by this techniquewe can change the
surface area of material but also alters the electronic structure
of material, resulting in good OER process catalytic action
having over-potential of 154 eV at current density of 10mA cm2.
For enhancingOERactivity, tuning the electron transit is just as
important as the fundamental change for ideal absorption
energy of the intermediate materials. On nickel foams, carried
out in situ formation of the 3D spongy films made of perpen-
dicularly aligned Ni–Fe–LDH nano-plates in (Figure 21(a)).

The catalyst displays a noticeable endurance and a mi-
nor over potential of 152 mV at 31 mA cm2 better by 20 wt% of
Ir/C catalyst.96 The 3D spongy arrangement, which offers
with high density of active sites of the large surface area, was
said to have a synergistic impact that led to the significant

electrocatalytic activity that was found. The porous features
and metallic electronic conductivity of Ni foam substrate, as
depicted in Figure 22A(b), are thought to make it an ideal
substrate for OER because they speed up the electron
transport process. The active phasewas investigated using in
situ Raman technology (Figure 22A(c)). The newly discovered
bands at oxygen evolution potential show that NiO2H was
the active part for OER by proving the conversion of LDH
into NiO2H.

By using a simple and universal cation-exchange tech-
nique96 created Fe doped Ni(OH)2 nano-sheets with numerous
defects and a nono-porous surface structure. There is an
increase in OER activity in these nano-sheets. A defect-rich
Ni(0.83), Fe(0.17) nano-sheet exhibits the lowest over-potential
of 246mV at a current density of 10mA cm2 when contrasted
with the conventional Ni–Fe layered double hydroxide (LDH)
nanosheet. Several factors, such as a high number of flaws, an
enhancement in surface wet ability, and an increase in active
surface sites, contribute to the remarkable OER activity. A new
approach to making highly effective OER catalysts has been
unveiled by the successful utilization of the cation exchange
method in the fabrication of the active Fe doped Co(OH)2
nanosheet.

Metal oxides as well as hydroxides are amongst the
non-precious metal catalysts that are most commonly used.
Recently, numerous more interesting electrocatalysts, which
include transition-metal phosphides, sulphides, and selenides,
have shown excellent OER catalytic activity. However, these
compounds exhibit unsatisfactory stability in an alkaline solu-
tionwith ahighoxidative potential. As a result, a lot of emphasis
has been paid to understanding the chemical makeup of real
active sites in the development of catalysts for OER. In order to
provide an in situ creation of a high active Ni–Fe oxide catalyst,
Hu and coworkers synthesized nanostructured nickel iron
di-selenide (NixFe1xSe2). The OER activity of this catalyst was
outstanding, with over-potential of just 195mV for 10mV cm2.

5.4 Mechanism of OER by involving oxygen
(lattice) species

Typical AEM involves a single metal active site for the whole
chemical reaction, with a minimum possible over-potential of
0.36 eV due to the scaling relation and the presence of OER
intermediates. A novel OERmechanism utilizing lattice oxygen
species, the lattice oxygen mediated mechanism (LOM), has
lately been suggested. The oxygen evolution reaction in LOM
involves the catalyst’s lattice oxygen. Lattice oxygen is involved
in gas phase catalytic oxidation processes, according to recent
research with alloy catalysts.96 That several reaction pathways
are thought of as this phenomenon is intriguing. On occasion,
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the most beneficial aspects of oxygen evolution reaction elec-
trocatalysis have been achieved, thanks to substantial progress
in our knowledge of the process involving oxygen species,
particularly lattice species. One DFT study proposed a basic
reaction route for OER by lattice oxygen through the reversible
production of surface oxygen vacancies. Their presentation of
several cobaltite Perovskites highlights the interdependence of
oxygen vacancies, metal oxygen covalency, and OER activity.
This correlation between oxygen vacancy content and Co–O
bond covalency is illustrated in Figure 23A(a).

The structural arrangement reduces the energy required
to attain a stable state by causing oxygen vacancies when O2 is

formed and released. A lower valence Sr2+ can be substituted
into the La1xSrxCoO3 (LSCO) structure tomanage the increased
vacancy concentration in the catalyst caused by the enhanced
covalency betweenmetal and oxygen bonds. According to DFT
modeling and experimental data, vacancies of oxygenand also
diffusion rate of oxygen, and OER activity are all directly
correlatedwith one another Figure 23A(b) Higher OER activity
is associated with faster vacancy and surface exchange ki-
netics, the results show. The response mechanism of the AEM
is illustrated in Figure 23A(c). A LOM technique is suggested
as a comparable one based on correlation. The formation of
an oxygen vacancy in the lattice is caused by the interaction

Figure 21: Performances of non-nobelmetals in OER. (a) The following potentials were determined using density-functional theory (DFT): oxyhydroxides
and W, Fe-doped Co oxyhydroxides, cobalt tungstate, and W oxides; and the surface of Au-(111) and GCE (glass carbon electrode). The measurements
were taken at 10 mA cm−2.96 Copyright from Science (2016).
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of adsorbed oxygen at the metal site with the oxygen in the
lattice.

This differs from the generally-proposed adsorbed oxygen
species-based AEM process. The respective stabilities of these
two intermediates are crucial in deciding whether the OER

carried out through AEM or else LOM for a specific LSCO
composition. The energy needed to produce O vacancies will
decrease and bulk stability will decrease as a result of the
predicted shift from theAEMtoLOM in theLa1xSrxCoO3 system.
Research by Shao-Horn utilizing in situ 18O-isotope-labeling

Figure 22: Electrocatalytic activity of OER. (a) A representation of NiFe-LDH nano-plates grown on nickel foam, (b) a scanning electron micrograph of
nickel fluff, and (c) an in situ Raman spectrum of Ni–Fe–LDH films with and without oxygen evolution reaction (OER) applied.50 The publication by
Chemical Communication in 2014. Potential energy surface polarization curves of Ni(OH)2 and Ni–Fe LDH and Ni0.83Fe0.17 (OH)2 after correction for
infrared light. The number 66 published in ACS Catalysis in 2018 by C (a) SEM pictures of NixFe1–xSe2 (b) pictures of NixFe1–xSe2–Do (c) evaluation of
NixFe1–xSe2 and NixFe1–xSe2 in images of elemental mapping.80,90 Copyright from the edition of Natural Communication 2016.

Figure 23: A depiction of the oxygen vacancy concentration and the covalency of the CO bond (a). (b) The CO2 vacancies, oxygen diffusivity, and OER
activity are associated. (c) Copyright from Natural Communication (2016) for the predicted LOM approach. A likely B OER pathway that releases
(a) 34O2(16O18O) and (b) 36O2(18O18O) via coordinated proton-electron transfer on oxygen sites70 credit from Natural Chemistry (2016). C for OER on
certain perovskites including AEM and LOM, a volcano strategy is proposed.74 Copyright from ACS Catalysis (2018).
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mass spectrometry provides experimental proof that lattice
oxygen is involved in OER oxygen molecule production. They
demonstrated that in high covalentmetal oxides such as La(0.5)
Sr(0.5) CoO3 and SrCoO3 (where vacancy parameter is repre-
sented), the OER activity of this process is pH-independent,
and that lattice oxygen aids in oxide production during OER.
Consequently, the OER process is activated by increasing
the metal-oxygen covalency. The purpose of this online electro-
chemical mass spectrometry (OLEMS) analysis is to find out
whether the lattice oxygen has been provided to the oxidation
reaction by the differentmetal oxygen covalencies of the Cobalt
based perovskites La0.5Sr0.5CoO3, SrCoO3, and Pr0.5Ba0.5CoO3. A
real-time measurement of oxygen gas was taken using mass
spectroscopy. As depicted in Figure 16B, the production of
34O2(16O18O) and 36O2(18O18O) is thought to result from the
interaction of two distinct lattice oxygen species. The chemical
process to create molecular oxygen (O2) and the oxygen va-
cancies activity carriedouton the surfaceof specificoxygenated
places were both implicated in these processes. Additionally, as
depicted in Figure 23C, volcano graph activity has been created
by Kolpak et al. of AEM as well as LOM by reducing the ther-
modynamically necessary overpotential, the LOM displays
greater OER activity as compared to AEM.99,100 AEM has a
minimal hypothetical over-potential of 0.37 eV based on the
scaling relation. The relative constant G for LOM, which is
roughly 1.5–1.7 eV for VO + OO VO + OH, is significantly lower
than G, which is 3.1 eV.

6 Summary and perspectives

By expanding the atomic, molecular, and nanoscales mate-
rial production methodologies, major advancements have
been designed in term of electro-catalysts for water splitting
to produce hydrogen. It has been proved that hydrogen has
the maximum gravimetric energy density and produces no
emissions; it is a possible alternative to fossil fuels since it
offers clean, renewable energy. Hydrogen production
greatly benefits from the advancement in splitting of water
as an effective energy alteration and storage system. How-
ever, the slow reaction kinetics of OER and HER caused by
large overpotential, which result in just 4 % of the world’s
hydrogen production fromwater splitting at present, restrict
the energy efficiency of water electrolysis. To achieve high-
current density in industry, the challenge of alkaline water
electrocatalysis for hydrogen productionmust be addressed.
One way to increase the number of H atoms produced is by
increasing the number of electrocatalytic active sites.
Conversely, the inherent cause of achieving a high current
density is the interaction between H atoms and active sites.
As a result, it’s critical to create fundamental electrocatalysts

using chemical and physical techniques. Given the impor-
tance of H2 as a fuel, greater research into the creation of
electrocatalysts is worthwhile. Despite all of the progress,
there are still several obstacles in the way of making this
technology truly helpful.

In order to reduce the overpotential and increase energy
efficiencies, effective catalyst design is crucial in both OER and
HER. This will make it easier for industries to use water split-
ting practically. We have summarized the data concerned
about the production of green hydrogen and role of various
electrocatalysts as well as recent advancements to design the
noble-metal based and non noble-metal based electro-catalysts
forOER andHER canbe seen in (Tables 1 and 2). These catalysts
exhibit high performance that is comparable to that of the
benchmark electro-catalysts Pt along with IrO2/RuO2 for the
HER and OER with low cost. Basic understandings of the syn-
ergistic structure,morphology, aswell as chemical composition
of the catalysts forHERandOER in variousmediumshavebeen
attained. AEM by opening up a fresh path for the creation of
superior OER electrocatalysts. Utilizing HER/OER catalysts that
are affordable, reliable, and efficient is essential for water-
splitting technology that produces hydrogen energy. Self-
supported electrodes that integrate in situ grown catalytically
active phase have several advantages over conventional elec-
trodes in powdery paste form, including simplified electrode
preparation, reduced interface resistance, increased stability,
and exposure of abundant active sites. These advantages hold
promise for practical applications in electrolyzers. First, the
demands of practical electrolyzers, which demand capable
electrocatalysts to afford a substantial current density beyond
500mA cm2 at overpotentials under 300mV, are difficult for
nonprecious catalysts’ catalytic activity and stability to achieve.
The slow kinetics are the primary bottleneck. Strategies like
compositional modulation, downsizing, active facet exposure,
or single site catalysis can increase the intrinsic activity and
density of catalytically active sites; 2) improving charge trans-
fer and mass transport through cation/anion doping, defect
control, interface engineering, porosity design, and other
means can be used in tandem for improvement.

By opening a novel path for the development of superior
OER electro-catalysts, the present thoughtful of the reaction
processes for HER as well as OER, particularly the upcoming
LOM for OER, may enable significant advancements in
overcoming the limitations of the conventional AEM. Despite
the enormous advancements in our understanding of the
OER and HER electrocatalytic processes, there are still a
number of obstacles in the way of commercially viable,
mass-scale hydrogen production via water splitting elec-
trolysis. To begin, studies and developments of OER electro-
catalysts based on non-noble metals that exhibit maximum
activity and long-term stability in acidic environments
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continue to face significant challenges. The vast majority of
efficient OER catalysts, however, are Ir and Ru based electro-
catalysts due to their greater dissolution resistance in acidic
environments. Such conditions are too much for most elec-
trocatalysts based on non-noble metals. Consequently, it is
evident that OER electro-catalysts based on non-noblemetals
must be developed in order to provide stability and reli-
ability. Proved a reasonable method for creating acid-
tolerant, non-noble metal electrocatalysts by isolating the
two properties of mixed metal oxides: activity and stability.

In the CoMnOx film, for instance, Mn has used as a
structural stabilizing agent that is connected to the catalyti-
cally active Cobalt center. Second, there is a lack of under-
standing of the precise catalytic pathways, particularly for
HER and OER electrocatalysts based on transition metals.
Based solely on the descriptor of TOF, the original active sites
of different electrocatalysts cannot be fully identified. Due to
their excellent OER performance in alkaline conditions, non-
noble metal-based carbides, phosphides, as well as chalco-
genides have recently received a lot of interest. However,
throughout the reaction proceed along OER conditions, the
nanostructured electrocatalysts go through structural and
compositional changes. To ascertain the actual active phases
and places, it is necessary to comprehend structural trans-
formation. For the rational design, understanding the intricate
mechanism, structural transformation, and genuine active
locations is essential.

Additionally, more focus needs to be placed on a trust-
worthy assessment of the catalytic efficacy of various elec-
trocatalysts. Merely contrasting the current density according
to the geometric area of the electrodes may obscure signifi-
cant influencing elements including the size of the catalyst,
mass loading101,102 substrate influence, and testing conditions.
Therefore, an assessment of comprehensive indexes including
overpotential, Tafel slope, exchange current density, TOF
value, specific activity based onmass and electrochemically
active surface area, and Faradaic efficiency should be taken
into account for convincing comparison.

An advanced strategy to learn more about the trans-
formation of pattern of structural configuration, reaction in-
termediates, as well as reaction mechanisms of the catalysts is
the integration of in situ chemical characterization of com-
pound by different analytical tools and techniques as well as
theoretical modeling. Thirdly, it is difficult to directly compare
different nanostructured catalyst materials based on perfor-
mance descriptors because of the different substrate materials
and the specific mass loadings of the catalysts on the electrode
surface. These factors can impact the electron transfer rate
measured by different electro-chemical methods. We need
more efficient screening procedures for electrocatalysts ifwe’re
going to have a standard way to compare the performance of

different catalysts developed by different research groups.
However, the recent rise in interest in catalyst engineering
including nanostructures and lattice oxygen is anticipated to
result in new advancements in the design of active and the
development of dynamic, long term stable, and affordable OER
as well as HER electro-catalysts for the widespread commercial
level water splitting based hydrogen production is anticipated
to benefit from the recent upsurge in interest in nano-structure
and lattice oxygen engineering of catalysts.
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