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Green hydrogen production through water electrolysis has emerged as an outstanding and compatible
source of sustainable energy. The zero-carbon emission with high purity marks its footprint towards
industrialization. However, achieving commercial-scale current density with utmost durability has been
a challenge for the research community. Several technical obstacles need to be overcome before its full
promise can be realized as a potential alternative to fossil fuels. This review explores the advantages and
limitations of non-noble electrocatalysts, highlighting promising strategies such as 3D substrate
integration and binder-free synthesis, which enhance water electrolysis and electrochemical
performance for industrial hydrogen generation. Promising approaches to effective water dissociation
using 3D substrate material are outlined in the work, along with the advantages of binder-free synthesis

and sophisticated manufacturing processes that could simplify electrode design while lowering costs and
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Accepted 21st May 2025 improving performance. This review offers an essential viewpoint on the engineering of green hydrogen

in the future by combining these methods. The creation of next-generation water electrolysis systems
ensures a sustainable and profitable hydrogen economy while also directly advancing the Sustainable
Development Goals (SDGs) of the UN, which include clean energy, industrial innovation, and climate action.
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1 Introduction

The over-reliance on hydrocarbons has disrupted the environ-
mental balance of our ecosystem. The relentless consumption
of fossil fuels has led to increased carbon emissions, posing
a significant threat to all forms of life.** In response, the
scientific community is actively exploring alternative renewable
energy sources that can support future advancements while
prioritizing the safety of our planet and maintaining efficiency.?

Hydrogen energy production acts as a boon for mankind by
reducing the emissions of hydrocarbons generated by fossil
fuels.* Hydrogen is a renewable energy source that maintains
a balance between economic and environmentally friendly
strategies. The dissociation of water molecules into hydrogen
and oxygen is facilitated by two half-cell electrochemical reac-
tions: the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER).>® The primary focus area revolves
around the performance of an electrocatalyst that can be
anchored to the electrochemical cell. To date, noble metal-
based electrocatalysts have played a crucial role in the libera-
tion of H,. However, the increasing scarcity and high cost have
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heightened the urgency to study catalysts that can compete with
the growing demand.

Numerous non-noble electrocatalysts, including transition
metal-based electrodes, have been reported in recent decades.
These electrodes can exhibit low potential and longer durability
at milliampere scale current densities ranging from 10 to 100
mA cm ™25 However, the criteria for the commercialization of
these electrode materials include larger current densities,
exceeding 1000 mA cm 2, as well as longer and corrosion-free
durability.” Therefore, the research focus has shifted toward
producing electrocatalysts capable of sustaining higher current
densities.® Nonetheless, increased current density also presents
significant technological challenges, including higher energy
requirements, issues with heat control, and potential degrada-
tion of electrolyzer materials. Consequently, developing
advanced materials and technologies is imperative to endure
these high current densities and the associated challenges.’

In the following review, we have abridged the current prog-
ress made for the upliftment of the current density and our
views on the development of electrocatalysts that can outper-
form large scale in harsh conditions. We have elaborated on
different non-noble electrocatalysts delivering higher current
densities along with longer stability. The descriptive analysis
involving the designing strategies of the binder-free catalysts
over 3D frameworks, their physical viability, and their

This journal is © The Royal Society of Chemistry 2025
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performance have been included in this review. We have also
discussed the factors that hinder the growth of current density
and ongoing operational strategies to overcome them.

2 Electrode/electrolyte design
configurations for high current density
water electrolysis system

The three main electrolyzer methods are elaborated in Table 1
are frequently used for water splitting are Alkaline Water
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Electrolysis (AWE), Proton Exchange Membrane Water Elec-
trolysis (PEMWE), and Alkaline Exchange Membrane Water
Electrolysis (AEMWE) Fig. 1. To effectively go from lab-scale
configurations, these systems must be modified under care-
fully monitored operating conditions. Chen et al. have
addressed common factors that hinder the commercialization
of these electrolyzers. These parameters include ohmic losses
with increasing current, and disturbed gas management leads
to poor mass transport and uneven current distribution.
Moreover, the degradation of catalysts due to high potentials

Table 1 The technical parameters for AWE, PEMWE, and AEMWE to achieve high current density and commercial durability are described

herett2
Parameter AWE PEMWE AEMWE
Electrolyte KOH (20-30%) Pure water Alkaline solution (dilute)/pure water
Working temperature °C (60-90) (50-80) (40-70)
Current density (mA cm ?) <0.5 1-2 1-2
Membranes Diaphragm Proton exchange membrane Anion exchange membrane
Electrocatalysts Ni, NiFeO, Platinum-based/IrO,, RuO, PGM-free
Local pH Alkaline Acidic Alkaline
Expected cost Low High Targeting low
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Fig. 1 Water electrolysis system electrode/electrolyte design configurations: (a) alkaline water electrolyzers (AWE), (b) proton exchange
membrane water electrolyzers (PEMWE), (c) alkaline exchange membrane water electrolyzers (AEMWE), (d) key strategies influencing water
electrolyzers with for operating in high current density and long-term stability. Reproduced from ref. 10. Copyright the Cell Press, 2021.
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invites unwanted material breakdown
performance.

According to Sun et al., the benefits of employing alkaline
water electrolyzers include high hydrogen production, a concise
design, and minimal resistance loss. In discussing PEMWE, the
combination of the membrane and electrode not only enhances
performance but also regulates the liquid—gas flow. The merger
of AWE and PEMWE has led to the establishment of AEMWE,
which utilizes electrolysis in an alkaline medium and structures
the solid polymer electrolyte to address leakage issues. Sun et al.
also acknowledged the advancement of industry-relevant cata-
lyst designs alongside cost management, stating that a practical
approach can connect laboratory-scale work to the industrial
production of hydrogen™

and degraded

2.1 Electrode material and catalyst selection for high current
density electrolyzer

The recent research on high current density water electrolysis
ought to concentrate on fine-tuning crucial elements that
greatly impact energy efficiency and cell performance. Some of
these elements are mentioned in Scheme 1, which should be
kept in mind before selecting the electrode material. These
parameters also support in bifurcation of electrode material
based on the electrochemical applications. (1) Thermal
management upgrades the performance of the electrochemical
cell by reducing the degradation of the catalyst. Addressing this,
researchers should study sophisticated thermal management
approaches to decrease temperature-induced inefficiencies.
Similar to this, the liquid water flow rate increases the reactant
supply and gas removal up to a point where benefits start to
wane. (2) Future studies should seek to discover ideal operating
pressure levels that decrease the stress on the material caused
by the excessive production of hydrogen. This also affects the

Pressure
levels

Factors
affecting

water
splitting

Resistance of
electrolyte

Scheme 1 Factors affecting high current density water electrolysis.

3552 | Sustainable Energy Fuels, 2025, 9, 3550-3576

View Article Online

Review

active surface area of the electrode, leading to a decrease in the
system's performance. (3) The selection of a separator/
diaphragm is a crucial step as it withstands both chemical
and thermal stress. Additionally, an increase in the flow of ionic
charges and prevention of the mixing of gas incredibly support
the electrolyzer's efficiency at the commercial level. (4)
Controlling gas accumulation is still important since higher
temperatures and ohmic resistance make this problem worse by
blocking active sites, which lowers efficiency. Innovative
designs, such as porous electrode materials anchored with
hydrophilic surfaces, can reduce gas and provide a uniform
current distribution. (5) Moreover, solution resistance plays
a significant role in elevating the current density. The number
of ionic carriers in the electrolyte encourages the easy flow of
current by reducing the resistance and supporting the higher
conductivity. These can also be reduced by maintaining the
appropriate distance between the electrodes. The distance
among the electrodes plays a vital role in managing the voltage
drop and lower mass transport. (6) The electrode anatomy has
been the most researched topic in the last few decades because
connecting the lab-scale work to commercial conditions
requires electrode species that can withstand harsh conditions.
Industrial electrolyzers often require >500 mA cm > current
densities for the generation of hydrogen and oxygen gas.
However, this leads to wear-out of the catalyst's material after an
extended period due to the excessive formation of bubbles on
the cathode-anode interface, restricting the intrinsic activity,
and the corrosion effect due to the highly alkaline medium.
Interestingly, researchers have reported various non-noble
electrocatalysts based on their design technique, among
which powdered-based catalysts have shown outstanding
results at the laboratory scale, but these electrodes lack dura-
bility and efficiency when employed at large production houses
due to their degradation in terms of both efficiency and survival.
To overcome this, self-supported binder-free electrocatalysts
have made their mark in mass hydrogen production. These
electrodes not only lower the production cost by eliminating the
requirement of binder or adhesion but also directly grow cata-
lysts on the supporting substrate, prolonging the life cycle of the
electrocatalysts. Moreover, the space between the 3D arrays
provides space for the penetration of ions that can lead to faster
adsorption and desorption of gases. Additionally, the powdery
electrocatalysts are post-coated on the substrates, which might
result in the wear-out of layers when exposed to multiphase
reactions. In the case of self-supported electrocatalysts, the
material is tightly bound within the substrate, which favors the
high mechanical stability for multiple desired periods.™ Direct
contact prioritizes the electrode/electrolyte interface activities
by reducing the charge transfer resistance and by providing
a higher enlarged active surface area."*

The selection of substrate plays a vital role in lowering the
overpotential by forming a synergistic effect with the loaded
catalyst material, which is essential for exposing a higher
number of active sites for a higher electron transfer mecha-
nism. Scheme 2 showcases some of the actively used substrate
materials, such as carbon cloth, metal foams, and cellulose
paper, and their efficiency for being chosen for the evaluation at

This journal is © The Royal Society of Chemistry 2025
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» Increased surface area.

» Enhanced electrical conductivity
» Efficient mass transport

» Binder-free

» Robust mechanical properties

» Synergistic effects
» Cost-effective
» Environmentally sustainable

» Customizable pore size and density

\\\ » Excellent thermal and chemical stability

Scheme 2 Advantages of fabric and foam-based heterostructure catalysts for electrocatalytic hydrogen production.

higher current density. All of these substrates hold a specialty in
terms of conductivity, mechanical and electrical strength, and
survival rate in the electrolyte system. Keeping this in mind, the
performance optimization of the electrocatalysts is done.
Enhanced strength and flexibility are observed in carbon-
based substrate materials and cellulose paper electrodes. They
also provide higher electron conductivity, which enables the
flow of ions, successively increasing the catalytic performance.
Sharma et al. presented an innovative method to transform
ordinary cotton-polyester fabric into a flexible catalytic current
collector for water and urea electrolysis aimed at industrial-
scale hydrogen production, addressing energy and environ-
mental sustainability challenges. The electroactive sites present
in the interfacial spaces between the fabric provide bridges for
the transportation of electrons subconsciously increasing the
catalytic activity The NiP-fabric electrodes demonstrated
outstanding HER performance across various environments,
achieving overpotential values of 159 mV in alkaline, 127 mV in
acidic, and 94 mV in artificial seawater at a current density of 10
mA cm 2. In addition to the fabric material, carbon cloth has
made its way to industrialization due to its excellent porous
structure and electrical-mechanical strength. The carbon fiber
allows vivid electron configurations with the catalyst material
ensuring longer durability and stability for a longer period. The
study of enhanced minimal resistance supporting higher
charge transport of carbon cloth was done by Chauhan et al. by
synthesizing NiCo-LDH@Mo0S,/CuS heterostructure on it. The
results claim the multi-use of 3D electrodes for electrochemical
applications. The catalyst material was held in the interstices of
the carbon fibres, withstanding the industrial current density
for an extended time. The work significantly elaborates on the
property of a self-supported electrocatalyst directly grown on
carbon cloth using a single-step hydrothermal method.

This journal is © The Royal Society of Chemistry 2025

Moreover, the asymmetric study for the supercapacitor perfor-
mance reveals the fact that carbon cloth holds a remarkable
position in the field of flexible electronics.*®

Although carbon cloth has numerous advantages, the
degradation of the anode is due to the vigorous oxidation
reactions with increasing current densities. Therefore, metal-
foam-based electrodes provide interlinked network-generating
pathways for ion species to interact with the electrolyte. Addi-
tionally, active sites generated during electrocatalytic reactions
improve the overall performance. Chauhan et al. synthesized
Fe,B/MXene directly on nickel foam using a chemical reduction
technique for the evaluation of the overall water-splitting
mechanism. The electrocatalyst displayed tremendous
stability at high current density, and eventually, the increased
active number of sites is due to the synergistic effect formed
between the metal borides and metal oxides."” Shao et al
fabricated a porous Cu-Ni/Ni-Cu alloy within a nickel foam,
substantially improving the number of reactive sites for the
liberation of adsorbed hydrogen. The study also revealed an
outstanding overpotential of 31 mV at 10 mA cm™ 2, which is
much lower compared to that of the commercial platinum
electrode. This marks the footprint of improved catalysis using
a porous 3D substrate.’® Table 2 showcases electrocatalysts
anchored with various 3D substrates to evaluate their HER,
OER, OWS, and UOR performance, durable at high current
densities for long periods.

Fig. 2 depicts different substrates withstanding high current
density when decorated with a variety of transition metal-based
nano materials. Shah et al. developed a nickel-based composite,
specifically self-supported Mn-doped Ni;Se, electrocatalysts, for
water and urea electrolysis aimed at energy-saving hydrogen
production. In Fig. 2(a), the lattice distortion intentionally
enhanced the adsorption and desorption of hydrogen atoms

Sustainable Energy Fuels, 2025, 9, 3550-3576 | 3553
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Table 2 Cutting-edge electrocatalysts embedded in various 3D frameworks with high current density and commercial durability®

Current density Robustness

Electrocatalysts Matrix Medium Reactions performed (mA em~?) achieved (h @ mA em™?)
Cr doped FeNi,/NiFe,0, Ni foam Alkaline HER/OER/OWS 1000 200 @ 1000
(ref. 19)
NiCoMn?*° Ni foam Alkaline HER/OER/OWS 1000 300 @ 100
Fe,B/MXene@NF'’ Ni foam Alkaline HER/OER/OWS 400 80 @ 300
CuCoSnO; (ref. 21) Ni foam Alkaline HER/OER/UOR/OWS 400 48 @ 300
Mn/NiBP?* Ni foam Alkaline HER/OER/OWS 2000 120 @ 1000
Pt-MoS,-Co@CHNF>* Cu foam Alkaline HER 500 24 @ 500
Co-MOF(ZIF-67)** Poplar wood Alkaline HER 500 50 @ 10
FeCoCuS,/CFF*® Co Fe foam Alkaline HER 1000 100 @ 100
PdRu@Mo, (ref. 26) Ni foam Alkaline HER 1000 10 @ 1000
Cu-Ni-MosS, (ref. 27) Carbon cloth Alkaline HER 500 20 @ 500
Ni3S,/Cr,S; (ref. 28) Ni foam Alkaline HER 1000 50 @ 500
h-NiMoFe?*® Ni foam Alkaline HER 1000 10 @ 1500
NiFe-P@NC*° Ni Fe foam Alkaline HER/OER/OWS 500 12 @ 500
NC/NizMo;N** Ni foam Alkaline HER 1100 50 @ 1100
Ni,P/NiMoP?? Ni foam Alkaline HER/OER/UOR/OWS 500 80 @ 10
NC/NiNPs* Glassy carbon Alkaline HER 1400 260 @ 1400
electrode
RuFe-Ni,P** Ni foam Sea water HER/HzOR/OHzS 1000 100 @ 1000
Cu NWs@NiFe-Pt;Ir*° Cu foam Alkaline HER 500 7 days @ 500
Ru/CuMnBP*® Ni foam Alkaline HER/OER/OWS 2000 10 @ 2000
NiFeOOH@NiFe/Ni*’ Ni mesh Alkaline HER/OER/OWS 1000 100 @ 500
FCN-MOF*® Ni foam Alkaline OER 1000 50 @ 1000
MoS,/Mo,C?*° Pt foil Alkaline HER 1000 24 @ 200
MnO,/NiFep*’ Ni foam Alkaline HER/OER/OWS 1000 70 @ 1000
Ni(OH),/Ni;S, (ref. 41) Ni foam Alkaline HER 1000 1000 @ 1000
F-Co,P/Fe,P*? Iron foam Alkaline HER 3000 10 @ 2000
FeNiO*? Ni foam Alkaline HER/OER/UOR/OWS 400 20 @ 300
CuCo,S, (ref. 44) Ni foam Alkaline HER/OER/UOR/MOR/OWS 300 72 @ 25
Cu,CoSnS, (ref. 45) Whatman Acidic, alkaline, HER 700 118 @ 0.3V
filter paper neutral vs. RHE
TS-NiFe LDH*® Ni foam Alkaline, alkaline HER, OER, OWS 1000 350 @ 1000
seawater

“ HER: hydrogen evolution reaction; OER: oxygen evolution reaction; UOR: urea oxidation reaction; HzOR: hydrazine oxidation reaction; OHzS:
overall hydrazine splitting; OWS: overall water splitting; MOR: methylene blue oxidation reaction

(H*) on the active sites. Additionally, the direct growth of nickel
foam contributes to a synergistic effect, reducing charge trans-
fer resistance. The manganese Mn-doped NizSe, exhibited
remarkable chemical stability, ensuring excellent long-term
performance, which is essential for practical applications. The
multivalency of Mn improves the overpotential by accelerating
mass diffusion at the electrode interface. In a two-electrode
electrolyzer, the system achieved low cell voltages of 2.02 V for
water electrolysis and 1.77 V for urea electrolysis to generate
a current density of 100 mA cm ™2, showcasing its potential for
efficient hydrogen generation.*” Fig. 2(b) is the detailed study of
vanadium-doped Cu,S nano catalyst for the evaluation of HER
and OER performance. Sharma et al. directly synthesised the
electrocatalyst on copper foam using the hydrothermal tech-
nique. It is noted that the vanadium doping increases the ionic
interaction by forming the electron density around the Cu-sites,
which is essential for improved HER and OER. Moreover, the
porous structure enables electron transport by lowering the
charge transfer resistance and improving the mass transport
mechanism.*® Trivedi et al. reported a one-step hydrothermal

3554 | Sustainable Energy Fuels, 2025, 9, 3550-3576

synthesis of bifunctional Cr-Cu,S nanoflakes supported on
copper foam (Cr-Cu,S@CF) for use in alkaline water electro-
lyzers aimed at industrial-scale hydrogen production Fig. 2(c).
The study displays the change in the electronic structure of
Cu,S after the incorporation of Cr as a dopant, which leads to
enhanced HER performance. The vertically oriented Cr-Cu,S
nanoflakes form a hierarchical network providing the electro-
chemical active surface area of about 3525 cm®. The formation
of Cr’* electron density around the Cu" sites enhances electro-
catalytic activity by faster adsorption and desorption of the ions.
Hence, the advanced morphological features and binder-free
electrocatalytic performance of Cr-Cu,S@CF for both HER
and OER at high current densities are suitable for industrial
applications.*

Frederiksen et al. designed a customized electrolyzer cell
developed by Advanced Surface Plating, capable of operating
under industrial-relevant conditions, as shown in Fig. 2(d). The
aim was to link the lab-based development to the industrial
scale.”®

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Nanostructured Mn—NizSe,@NF acts as an electrocatalyst for overall water splitting. Reproduced with permission from ref. 47

copyright ACS Applied Materials & Interfaces, 2024. (b) Self-supported

V—-Cu,S@CF (copper foam) electrode for green hydrogen production

through alkaline water electrolysis. Reproduced with permission from ref. 48 copyright International Journal of Hydrogen Energy, 2024, (c) Cr—
Cu,S Nanoflakes supported on Cu-foam (Cr—Cu,S@CF) for alkaline water electrolyzer for H, production at an industrial scale. Reproduced with
permission from ref. 49 copyright International Journal of Hydrogen Energy, 2024, (d) electrolysis cell for testing at industrial conditions: Co—
Co(OH),/NF electrolyzer tested at industrial conditions. Reproduced with permission from ref. 50 copyright International Journal of Hydrogen

Energy, 2024.

The catalyst-anchored, Ni-foam, self-supported electrode
demonstrated a reduction in cell potential by 200 mV at
a current density of 200 mA cm ™2, sustaining performance for
over 118 h of electrochemical testing at 80 °C in a 30 wt% KOH
electrolyte.*® One of the most important aspects of developing
water electrolysis for the creation of green hydrogen is material
selection, particularly when large current densities are involved.
To guarantee effective and long-lasting performance, the
materials selected for catalysts, membranes, and other elec-
trolyzer components must balance activity, durability, and cost.
Because of the improved electrode distribution made possible

This journal is © The Royal Society of Chemistry 2025

by the larger surface area, each site's local current density is
decreased. The kinetics of the evolution reactions of hydrogen
and oxygen are enhanced as a result, as there is less burden on
each reaction site, which minimizes energy loss from over-
potentials. Gui et al. developed a one-step electrodeposition
process to synthesize NiFePS on carbon cloth (CC) to create self-
supported electrodes for total water splitting. There were two
main reasons for these electrodes' remarkable electrocatalytic
activity. First, the high conductivity of the carbon cloth reduces
charge transfer resistance between the electrode and electrolyte,
improving electron transfer rates by acting as an efficient

Sustainable Energy Fuels, 2025, 9, 3550-3576 | 3555
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(a) Digital pictures of three common open-pore foam-type electrodes, including carbon, copper, and nickel, together with an SEM image

of Ni foam and a schematic of catalyst-embedded Ni foam. (b) Schematic representation of electrolyte filling the pores of a foam-type electrode
due to capillary action. HER polarization curves for “dry” (solid line) and “wet” (dotted line) Ni foam electrodes in 1.0 M KOH. Together with an
illustration of the "wet" electrode, the preparation procedures for both “dry” and “wet” Ni foam electrodes are also displayed. Reproduced with
permission from ref. 53. Copyright ACS Applied Materials & Interfaces, 2024.

growth substrate. Second, the electrochemical surface area of
the catalyst is increased by the ultra-thin nanosheets that grow
on its surface, which offer more active reaction sites and
increase the catalytic efficiency overall.”* Liu et al. synthesized
ultra-small ruthenium-nickel alloy nanoparticles, stably
anchored on reduced graphene oxide papers (Ru-Ni/rGOPs), as
versatile electrocatalysts for the HER in acidic and alkaline
environments. The self-supported hybrid electrode demon-
strated an impressively low overpotential of approximately
106 mV to achieve a current density of 1000 mA cm?® while
maintaining excellent stability for over 1000 h in 1 M KOH.**
Kuang et al. produced cobalt-nickel-iron phosphides (CoN-
iFeP) on Ni foam (NF) using a simple one-step electrochemical
deposition method, creating self-supported electrodes for effi-
cient water splitting.

Zheng et al. claimed that the 3D porous metal frames
Fig. 3(a) allow easy passage of electrolyte and gas, acknowledge
the high specific surface area, and hold the loaded catalyst
material firmly for the electrochemical process at high current
density. They studied various aspects of metal frames, which
might be problematic for utilizing the 3D electrodes at a large
scale. One of such is the capillary effect, where in Fig. 3(b), the
metal foam is partially dipped; however, the few mm of porous
foam above the electrolyte also takes part in the chemical
reaction by absorbing liquid molecules. This can subcon-
sciously disturb the current density study. To address these
issues, scientists have utilized the method of plugging epoxy
glue in the pores of foams. Moreover, Zheng et al. studied this
effect by dipping different lengths of the Ni foam into 1 M KOH,

3556 | Sustainable Energy Fuels, 2025, 9, 3550-3576

to which vivid current responses were recorded. The one that
was first completely immersed in the electrolyte and then sus-
pended at a particular length showed increased current density
owing to the more active sites compared to the partially dry
electrodes. Additionally, the type of catalyst loading also affects
the current density. Hence, the troubleshooting of problems
arising from the experimental setups can increase the survival
and competence rate of 3D frames at commercial levels.>

The high catalytic performance was attributed to the
formation of 3D spherical clusters by introducing Fe into
CoNiP, which increased the number of active sites and
enhanced gas diffusion. Furthermore, surface reconstruction
into metal oxides/hydroxides synergistically improved the
intrinsic activity of CoNiFeP. The prepared catalysts demon-
strated excellent durability, remaining stable for 100 h even at
a high current density of 50 mA cm 2.5 Mo et al. produced
a novel self-supported nickel-iron foam covered with Ni,B
particles through a solid-phase boronization method called
NFF-B. This bi-functional setup for overall water splitting
required only 1.49 V to drive electrolysis at 10 mA cm™ > and
maintained exceptional stability for 115 h, surpassing most
previously reported bifunctional electrocatalysts. The enhanced
activity and durability were attributed to the high conductivity
of the NFF-B substrate, the synergistic effect with Co-doped
NiSe, the optimized electronic structure from Co-doping, and
the petal-shaped nanosheets that provided more active sites.>

The electrolyzer is the main element of a water electrolysis
system, which is where the actual water splitting takes place. An
anode, or positive electrode, and a cathode, or negative

This journal is © The Royal Society of Chemistry 2025
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electrode, make up the electrolyzer. Water is oxidized at the
anode to release protons, electrons, and oxygen gas. Electrons at
the cathode reduce protons to create hydrogen gas. The results
of the investigations demonstrated how important self-
supported electrodes are to obtaining high current density in
water electrolysis. Self-supported designs with high conductivity
and expanded electrochemically active surface area, like cobalt-
nickel-iron phosphides and nickel-iron foam covered with
novel catalysts, showed improved catalytic performance. To
preserve stability and performance at high current densities,
these characteristics reduced charge transfer resistance and
promoted effective mass transport. Self-supported electrodes
have the potential to outperform conventional electrocatalysts,
as demonstrated by these examples of sustained operation over
extended periods. This makes them essential for the advance-
ment of water-splitting technologies and the promotion of
sustainable energy solutions.

2.2 Electrolyte selection for high current density water
electrolysis

In water electrolysis systems, choosing the right electrolyte and
membrane is essential to maximizing durability, performance,
and efficiency. These elements impact ionic conductivity, reac-
tion kinetics, and system stability. The alkaline water
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Power
connection

d

Fig. 4 Flow electrolyzer setup for lab-scale electrocatalyst testing:

Water
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electrolyzers (AWE) are the most historic way of large-scale
green hydrogen production. The cost to produce hydrogen per
kg using AWE is estimated to be $2 to $3. The system employs
two electrodes immersed in the highly concentrated electrolyte,
which can be either potassium or sodium hydroxide. The
porous oxide diaphragm is appointed for the exchange of OH™
ions between the electrode and also bifurcates the H, and O,
gases produced on the cathode and anode, respectively.
However, the electrolyte concentration plays a vital role in
uplifting the functions of the AWE, as it enhances the produc-
tion of hydrogen by encouraging the chemical reactions. The
conducting electrolytes, such as KOH and NaOH, are respon-
sible for the availability of OH™ ions essential for the generation
of hydrogen gas. Apart from this, researchers have also shown
great interest in evaluating other highly alkaline electrolytes
such as LiOH, Ba (OH),, K,CO;, and many more. Potassium
Hydroxide (KOH) is widely employed in alkaline water elec-
trolysis because of its high ionic conductivity and stability in
alkaline settings, and better conductivity.***”*® Typical concen-
trations of KOH range from 20% to 40% by weight. The selec-
tion of the electrolyte affects critical parameters, including
temperature stability (alkaline electrolytes frequently function
at high temperatures up to 90 °C to improve reaction kinetics)
and ionic conductivity, which is essential for reducing ohmic
losses and optimizing system efficiency.*>*® To guarantee
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Flow
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Water
bath

bath
Anolyte

(a) fully assembled electrolyzer cell, (b) exploded view illustrating the

electrolyzer and its components, (c) electrolyzer in operation, and (d) process flow diagram of the electrolyzer system. Reproduced with

permission from ref. 57 copyright ACS Energy Letters, 2024.
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dependable and effective functioning, the electrolyte must
preserve stability and withstand heat degradation under these
circumstances.

For the practical scale applications, evaluation of the model
at the lab scale is essential. Therefore, Marquez et al. in Fig. 4
proposed a zero-gap configuration with realistic AWE condi-
tions to predict criteria and protocols that can help to optimise
the conditions for the commercialization of lab-employed
experiments. They designed a prototype where the continuous
flow of electrolytes was performed for bubble management.
Also, the temperature of the electrolyte was maintained using
a water bath, which helped in the detailed analysis of the
behavior of the electrolyzer in the presence of different
temperatures and at various concentrations. The results suggest
that managing the temperature, electrolyte concentration, and
gas accumulation can soften the route to survive a lab-scale
electrolyzer at commercial scale.>”

Before employing the lab-prototypes, the compatibility of the
electrode along the electrodes needs to be identified. Therefore,
Fig. 5 displays vivid types of electrolytes, and the effect of
temperature is analysed for different catalyst materials
anchored to various 3D frameworks. For instance, Sharma et al.
reported the synthesis of V,Ni; ,O catalysts supported on
a three-dimensional Ni-foam scaffold for catalytic water and
urea electrolysis, as illustrated in Fig. 5(a)-(c). The self-
supported 3D architecture significantly increased the catalyst's
surface area, exposing numerous electrocatalytically active sites.
The V,Ni; ,O catalysts demonstrated exceptional HER, OER,
and UOR performance, driven by the incorporation of

View Article Online
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vanadium, which reduced interfacial resistance, enhanced
electrochemical surface area, and accelerated reaction kinetics.
The electrode was also tested at different temperatures ranging
from 20 °C to 60 °C. With increasing temperature, an
improvement in the overpotential is noted, which can be
attributed to faster ionic diffusion. The catalyst required 2.01 V
in 1 M KOH to achieve the current density of 100 mA cm 2,
which was reduced to 1.74 V to achieve 100 mA cm ™2 in 1 M
KOH + 0.33 M Urea. Due to the formation of the NiOOH phase,
the number of active sites increases, which significantly reduces
the OER overpotential by 266 mV for the urea oxidation reac-
tion. Stability was assessed with a current density of 20 mA
em 2 for 70 h during water electrolysis, and 100 mA cm™? for
67 h during urea electrolysis.®® Rezaee et al. reported the
development of a cMOF/LDH heterostructure, self-supported on
carbon cloth, as an efficient conductive support for enhanced
electron transport, improved catalytic sites, and superior elec-
trocatalytic activity for overall water splitting, as shown in
Fig. 5(d). Electrocatalyst displayed the excitingly low over-
potentials of 49 mV and 230 mV to achieve the current density of
10 mA cm > for HER and OER, respectively, in alkaline elec-
trolyte. The factors responsible for the excellent performance of
work highlight the benefits of 3D-network-based conducting
substrates in promoting efficient and sustainable electro-
chemical processes.®® Liu et al presented a “one for two”
strategy in which a cobalt-based metal-organic framework
array-derived CoFeNi-layered double hydroxide anode and CoP/
FeNi,P heterojunction cathode for an alkaline seawater elec-
trolyzer. The CFN-LDH/NF displayed an overpotential of 352 mV
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(a—c) Digital image of alkaline water electrolyzer, (b) LSV polarization curves of Vg 10Nig90O/NF in 1.0 M KOH at various temperatures

ranging from 20 to 60 °C, (c) SEM images of Vg 10Nig 90O@NF after stability testing at 1000 mA cm~2in 1.0 M KOH. Reproduced with permission
from ref. 56 copyright International Journal of Hydrogen Energy, 2024, (d) cMOF/LDH hetero-nano petals decorated with metal-N sites shelled
over WNO nanowire show superior bifunctional activity with stability and post-stability measurements. Reproduced with permission from ref. 58
copyright Journal of Colloid and Interface Science, 2024, (e) CFN-LDH/NF at 1 A cm™2 current density with SEM and TEM of CFN-LDH/NF after
100 h stability test. Reproduced with permission from ref. 59 copyright 2024 Journal of Colloid and Interface Science, 2024, (f) chro-
noamperometric stability of the Co,P—VP@N-C/Co device for 100 h at 100 mA cm™2 with post stability SEM image. Reproduced with permission
from ref. 60 copyright Journal of Colloid and Interface Science, 2024.
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Table 3 Comparison of different electrodes in different electrolytes
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Overpotential Overpotential for Cell potential

Electrocatalysts Electrolytes for HER at OER/UOR at 7 atn Durability
V,Ni,_,0°° 1 M KOH 175 mV at 7,0 1.684 V at 1100 1.7 V at 4 17 h at 91000

1 M KOH + 0.33 M urea 1.34 V at n190 1.53 Vat ny9 67 h at 9499
RuCoFe-NPs@WNO-NWs>8 1 M KOH 49 mV at 74, 230 mV 7y 1.49 V at 1y 12 h at 750

Alkaline seawater 1.55 V at 140
CFNP/NF||CFN-LDH/NF>° 1 M KOH 281 mV at 11000 352 mV at 11000 1.71V at 1100 100 h at 71900

Alkaline seawater 312 mV at 91900 392 mV at 7100 1.791 V at 1190 100 h at 9500
Co,P-VP@N-C/Co (+, —)*° 1 M KOH 68 mV at 11 280 mV at 73 1.49 V at 1y 100 h at 7100
C0-Ni3S,/NF®! 1 M KOH 340 mV at 100

1 M KOH + seawater 368 mV at 1190 50 h at 7500
Ni;S,foam/NF®? 1 M KOH 329 mV at 1100

NCP/PC and NCP/PC||DSA%

1 M KOH + seawater
1 M KOH + seawater
1 M KOH + seawater

92 mV at 1499

369 mV at 1190

2.65 V at Na00

1000 h at 7se0
1000 h at 74000
150 h at 700

to gain the current density of 1000 mA cm ™2 in 1 M KOH due to
the synergistic effect of tri-metal. Moreover, CFNP/NF was
evaluated for the HER performance, where it attained the 1000
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Fig. 6 Alkaline water electrolysis: (a) HER polarization curve of self-supported SnS/MoOs electrocatalyst. Reproduced with permission from ref.
64 copyright Journal of Energy Storage, 2024, (b) electrocatalytic HER activity of catalyst-embedded CuCo,S, electrode. Reproduced with
permission from ref. 44 copyright International Journal of Hydrogen Energy, 2024, (c) HER polarization curve of self-supported V-Cu,S
catalysts. Reproduced with permission from ref. 48 copyright International Journal of Hydrogen Energy, 2024, (d) polarization curves for HER
performance on catalyst-embedded Co—-P-O fabric. Reproduced with permission from ref. 65 copyright Journal of Electroanalytical Chemistry,

2024.
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cm 2 which is lower compared to that of RuO,/NF||Pt/C/NF
which is 1.9 V. Additionally, 100 h durability was tested at 1 A
cm ™~ owing to the excellent formation of heterojunctions that
increases the electrocatalytic activity and can open doors for the
industrial applications Fig. 5(e).*

Dhakal et al. formed the heterostructure by the in situ
confined cobalt nanoparticles in nitrogen-doped carbon, which
was derived from the zeolitic imidazolate framework-67, along
with the composition of bimetallic cobalt vanadium phosphide,
using a different technique. The Co,P-VP@N-C/Co (+, —) was
verified in an alkaline electrolyzer, which achieved low cell
potentials of 1.49 Vand 1.71 V at current densities of 10 and 100
mA cm 2, respectively. This is attributed to the modulation of
the d-electronic configuration and the synergistic effect of the
various heterointerfaces. The electrode demonstrated excep-
tional stability, operating continuously for 100 h at 100 mA
cm 2. This work highlights the potential of metal foam-based
catalyst-embedded electrodes as reproducible materials for
green hydrogen production, offering a sustainable alternative
for clean energy applications Fig. 5(f).*° The detailed analysis of
the catalysts in different electrolytes is presented in Table 3.

Modi et al. reported on the performance of a self-supported
SnS/MoO; electrocatalyst, which achieved a high current
density of 400 mA cm ™~ at an overpotential of —0.43 V vs. RHE.*
This performance was attributed to the catalyst's unique porous
structure with uniformly arranged nanosheets, as shown in
Fig. 6(a). Joshi et al. presented the electrocatalytic HER activity
of a CuCo,S, electrode, tested in KOH, KOH + urea, and KOH +
methylene blue dye electrolytes, as depicted in Fig. 6(b). The
high current density was attributed to the low oxidation
potential of urea and organic dye, which facilitated rapid
oxidation at the anode and accelerated hydrogen evolution at
the cathode.** Sharma et al studied the electrochemical
performance of self-supported V-Cu,S nanoparticles on copper
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foam using a three-electrode system in 1 M KOH, achieving
a current density of 1000 mA cm ™ Fig. 6(c). The enhanced HER
activity was attributed to the V-doping strategy, which opti-
mized the hydrogen-adsorption-free energy.*® Additionally,
Sharma et al. investigated the HER performance of Co-P-O
fabric in 1.0 M KOH, reporting stability at high current densities
ranging from 10 to 100 mA cm 2, as shown in Fig. 6(d). The
rapid change in potential during cathodic current switching
was linked to effective and stable electronic and mass transport,
made possible by the self-supported nature of the electrode.®

Wau et al. presented a facile strategy for synthesizing a highly
efficient HER catalyst composed of Pt single atoms (PtSA)
anchored in Fe vacancies and Pt quantum dots (PtQD) on the
surface of NiFe LDH. The catalyst demonstrated remarkable
stability, withstanding 4000 CV cycles and 200 h of continuous
hydrogen production. When used as the cathode in an alkaline
water electrolyzer, it achieved exceptionally low cell voltages of
1.48 V and 1.73 V to reach current densities of 10 and 1000 mA
cm™?, respectively.®® Similar to Alkaline Water Electrolysis
(AWE), Potassium Hydroxide (KOH) is frequently employed in
Alkaline Exchange Membrane Water Electrolysis (AEMWE).””*
In contrast to conventional alkaline solutions, the alkaline
exchange membrane is less tolerant of high pH, hence the
electrolyte selection is crucial to ensuring compatibility.®®*
Because of its advantageous ionic conductivity, KOH is a desir-
able option for the electrolyte because it must effectively
conduct hydroxide ions (OH™).”*”* To avoid degradation and
preserve performance, the electrolyte and membrane must also
get along. Thus, to guarantee membrane lifetime and overall
system efficiency, the electrolyte's concentration and pH must
be regulated (Fig. 7).7%”>

Since sulfuric acid (H,SO,4) has high ionic conductivity and
can be corrosive to some materials, it has been employed in
proton exchange membrane water electrolysis (PEMWE).”>7*

(c) 20
10mA cm™2

1.8
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Fig. 7 High current density alkaline water electrolysis: (a) schematic illustration of the synthesis of Pt single atoms and quantum dots on NiFe
LDH, (b) chronoamperometric analysis showing long-term stability, (c) long-term stability test for overall water splitting at 10 mA cm™2, (d) 1 A
cm~2. Reproduced with permission from ref. 66 copyright International Journal of Materials Science & Technology, 2025.
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Phosphoric acid (H3PO,) is also occasionally utilized. To guar-
antee excellent performance and efficiency, protons (H') must
be conducted efficiently by the electrolyte from the anode to the
cathode.?””"”® To prevent deterioration or unfavorable reactions
with the membrane and other components, it must also be
chemically stable in acidic environments. Furthermore, to
preserve membrane conductivity and performance in PEM
systems, appropriate hydration management is necessary; the
electrolyte should facilitate sufficient hydration without
contributing to excessive swelling or membrane deteriora-
tion.**”*7¢ Since they are based on perfluorosulfonic acid (PFSA)
polymers, proton exchange membranes (PEM) like Nafion are
well-known for their superior proton conductivity and chemical
stability in membrane design for electrolysis systems.”””®
However, research is still being done to investigate alternative
materials, such as hydrocarbon-based and composite
membranes, to improve performance and reduce costs. High
proton conductivity, chemical stability at high voltages and in
acidic environments, and efficient water management to avoid
dehydration or excessive swelling are important factors for
PEMs.**%* Common varieties of Alkaline Exchange Membranes
(AEM) based on quaternary ammonium polymers conduct
hydroxide ions (OH ). These membranes must be able to
effectively transport hydroxide ions, withstand high pH condi-
tions, and have enough mechanical strength to withstand long-
term operation.*” Thicker membranes have lower resistance,
but they must balance durability to prevent leaks or failure.
Advanced designs, on the other hand, may combine composite
or multi-layer topologies to improve conductivity and overall
performance.

2.3 Effect on current density and voltage management: the
use of binder and monomer

The performance of the electrolysis system is greatly impacted
by the use of binders and monomers in the membrane and
electrode materials, particularly current density and voltage
control. In addition to distributing active components
uniformly and maintaining high porosity for improved reactant
access and gas release, binders—which offer structural integrity
and guarantee good contact between active materials and
current collectors—also aid in the achievement of high current
densities.*® As the building blocks of polymerization, mono-
mers control the conductivity and structure of the polymer,
which has an impact on ion transport and total current density.
Regarding voltage control, monomers affect electrical resis-
tance and chemical stability, which are essential for sustaining
constant voltage performance, while binders help to mechan-
ically stabilize and lower overpotential by guaranteeing enough
electrical contact and heat dissipation.*” To maximize ion
transport, maintain structural integrity, and reduce resistive
losses—all of which contribute to improved performance at
high current densities and steady voltage operation—careful
selection of binders and monomers is necessary.** Self-
supported electrodes, which offer advantages in terms of both
structure and performance, represent a breakthrough in elec-
trolysis technology. These electrodes' inherent stability and

This journal is © The Royal Society of Chemistry 2025
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durability mean that they don't require extra support structures
or current collectors, which simplifies system design and lowers
material costs. Higher current densities and more effective
mass transfer are made possible by their sophisticated mate-
rials and nanostructured or porous designs, which also increase
active surface area and ionic conductivity. Additionally, this
design decreases overpotential and resistive losses, hence
lowering the additional voltage needed for electrochemical
reactions.

Furthermore, self-supported electrodes help with efficient
heat management, consistent voltage maintenance, and
performance preservation. Constructed from conductive poly-
mers, metal foams, or composites, these materials provide
exceptional mechanical strength and conductivity.*® However,
for maximum longevity and performance, they must be
compatible with particular membranes, such as PEM or AEM.
Self-supported electrodes are a significant advancement in
electrolysis technology since they enhance system performance,
economy, and efficiency overall. Guan et al reported the
development of a multistage structural self-supported electrode
through structural engineering on carbon nanofibers for effi-
cient hydrogen evolution reaction at high current densities. The
stable mechanical structure, along with the robust catalytic
surface and electron donor design in the multi-level structure,
provided exceptional stability. In a 100 h stability test at 100 mA
cm 2, the voltage variation was only 50 mV. Additionally, when
the Pt@Co/CNFs self-supported electrode was used directly in
an AEM water electrolysis system, a low cell voltage of 2.18 V was
achieved at 500 mA cm 2. As shown in Fig. 8, the electrode also
demonstrated outstanding operational stability for over 200 h
without significant performance degradation.® Park et al. re-
ported the synthesis of self-supported Co-Ni-Cu-Mn electro-
catalysts on porous carbon paper. This electrocatalyst was
applied as a highly efficient cathode gas diffusion electrode for
proton exchange membrane water electrolyzers (PEMWE). The
PEMWE single cell, equipped with a Pt-free cathode, demon-
strated excellent performance, achieving 2.57 A em™> at a cell
voltage of 2.0 V, with exceptional stability maintained for 60 h at
a high current density of 2.0 A cm™2.* Therefore, the perfor-
mance of water electrolysis systems is greatly improved by the
use of self-supported electrodes, particularly when binders and
monomers are applied strategically. When self-supported elec-
trodes, like those made of multi-metal alloys (like Co-Ni-Cu-
Mn), are used, supplementary conductive elements are not
required, which lowers interfacial resistance and improves
electron transport. High current densities are dependent on
effective mass transfer, which is made possible by the catalyst's
direct integration with the electrode substrate, which also
maximizes the exposure of active sites.

2.4 Gas management and separation at high current density
operation

The rate of evolution of hydrogen and oxygen gases increases
dramatically at high current densities, causing gas bubbles to
develop on the electrode surface. A process known as bubble
masking occurs when these bubbles stick to the surface

Sustainable Energy Fuels, 2025, 9, 3550-3576 | 3561
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(a) The AEM electrolyzer setup using self—supported Pt@Co/CNFs electrode, (b) polarization curves of the AEM electrolyzer measured at

50 °C in KOH, (c) electrochemical stability measurement of the electrode showing durability of the electrode. Reproduced with permission from

ref. 83. Copyright Separation and Purification Technology, 2024.

preventing access to active areas and decreasing the effective
area for electrochemical reactions.?®®” The structural properties
of nanostructured and porous electrodes enhance gas release,
providing a solution to this problem. The pores and nano-
features serve as pathways that let gas bubbles leave easily,
keeping big bubbles from building up and guaranteeing that
the active sites are always exposed to the electrolyte. Further-
more, hydrophobic characteristics can be incorporated into
nanostructured surfaces to facilitate the quick detachment of
gas bubbles and preserve a high active surface area even during
aggressive gas production.®**° Additionally, because of their
higher surface-to-volume ratio, these surfaces promote the
development of smaller gas bubbles, which are simpler to
separate and diffuse more quickly.*”***> A flow-through
configuration further enhances gas management in some
porous electrode designs, including foams or meshes, by
allowing gas bubbles to be transported away by the electrolyte
flow, lowering the possibility of gas build-up and enabling
prolonged high current density operation.">* The effects of gas
development at high current densities in zero-gap alkaline
water electrolyzers were studied quantitatively by Deng et al.
The electrolysis process's efficiency is greatly impacted by gas
evolution, especially when current density is high. The principal
methods by which gas bubbles result in reduced efficiency are
the screening and voidage effects, which both interfere with the
current and ion transport distribution, as further detailed in
Fig. 9. When bubbles stick to the electrode surface, the

3562 | Sustainable Energy Fuels, 2025, 9, 3550-3576

electrolyte gets displaced and localized current density spikes
are produced. This is known as the screening effect. In the
meantime, bubbles disrupt ion channels, increasing ohmic
resistance and causing the voidage effect. Careful electrode and
electrolyte design is essential to reduce these impacts and
improve the efficiency and sustainability of electrolysis systems.
Electrolysis efficiency can be increased by controlling gas
bubble formation and optimizing electrode designs, particu-
larly in high-demand applications such as hydrogen
production.®*

Sharma et al. conducted a dynamic-specific resistance test at
a current density of 300 mA cm ™~ to investigate the behavior of
gas bubble evolution and superhydrophobicity on self-
supported nickel foam electrodes Fig. 10(a). The study high-
lighted the role of the nickel foam's 3D structure in improving
gas management and sustaining efficient hydrogen production
under high current densities. The study observed that sudden
increases in specific resistance were attributed to the nucleation
of hydrogen gas bubbles and their accumulation on the elec-
trode surface, while sudden decreases in resistance corre-
sponded to the expulsion of these bubbles.>® The findings
demonstrated that foam-based 3D electrodes can significantly
enhance hydrogen production at high current densities without
negatively impacting bubble evolution Fig. 10(b) and (c). This
method allowed for analyzing bubble behavior on the electrode
surface during electrolysis, offering insights into how gas
bubble nucleation, build-up, and expulsion affect the

This journal is © The Royal Society of Chemistry 2025
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electrode's performance. Thus, by using self-supported 3D
network electrodes, the problems caused by gas evolution
during electrolysis, specifically the screening and voidage
effects, can be successfully reduced.* These advanced electrode
configurations provide notable benefits in resolving the prob-
lems of bubble adhesion and ion route interference.****% Better
gas bubble management is made possible by the greater surface
area and increased number of open channels that 3D network
electrodes offer over traditional flat electrodes.®® Gas bubbles
quickly detach from the linked porous structure, lessening their
adherence to the electrode surface and the screening effect. The
increased surface area also aids in more uniformly dispersing
the local current density, preventing current density spikes that,
in the absence of the Tafel equation's prediction, would raise
the electrolytic voltage.>***

2.5 Optimizing cell stack design for efficient scale-up in
commercial electrolyzers

The design of the cell stack in commercial electrolyzers plays
a critical role in increasing hydrogen production while
preserving dependability and efficiency. To maximize output,
many electrolysis cells are stacked together; nevertheless,
maintaining consistent performance across all cells depends on
optimizing the stack design.®® Effective flow control is crucial
because it avoids localized fluctuations in current density,
temperature, and performance, which can cause inefficiencies
and uneven wear. Instead, water or electrolyte is distributed
uniformly throughout the stack.” Vinodh et al. reviewed recent
advancements in catalyst-coated membranes for water elec-
trolysis, intended for use in various types of water electrolyzers.
The study emphasized that the synergy between membrane
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materials, catalyst layers, and supporting structures was crucial,
highlighting the need for an integrated approach to refine
membranes for improved electrochemical performance and
extended operational longevity.*® Phillips et al. presented
a study on minimizing the ohmic resistance of an alkaline
electrolysis cell through effective cell design. The effect of
electrode morphology on the cell's ohmic resistance was
demonstrated. The investigation examined how gas evolution
influenced the ohmic resistance of the alkaline electrolysis cell.
The reduction in ohmic resistance resulting from the use of
a zero-gap design was quantified. Alkaline electrolysis at high
current densities was shown to achieve both high efficiency and
low cost.”

Furthermore, controlling the current distribution lowers the
possibility of performance loss by guaranteeing that every cell
functions at optimal levels. Effective heat dissipation is crucial
for the stack to prevent overheating, which can deteriorate
materials and decrease efficiency.*®” Another important
consideration is mechanical integrity, since the cell stack needs
to be strong enough to endure high temperatures, high pres-
sures, and the strains of continuous operation without breaking
down®”** A sturdy, well-thought-out cell stack is necessary for
the consistent, scalable production of hydrogen in commercial
electrolyzers.

2.6 Enhancing operational stability for commercialization at
high current densities

Commercializing water electrolysis systems requires improving
their operational stability at high current densities since larger
output rates put a lot of strain on the system's components.
Dissipating the heat produced by resistive losses, which can
deteriorate materials, dry membranes, and lower overall effi-
ciency, requires effective thermal management.'*>'** Heat-
dissipating materials, optimum cell stack designs, and sophis-
ticated cooling systems contribute to temperature management
that keeps performance from declining. Another important
consideration is electrode endurance; materials must be able to
resist strong electrochemical reactions without degrading.
Long-term performance is ensured by self-supported, nano-
structured, and porous electrodes, which give increased
mechanical strength and resistance. Furthermore, gas bubble
formation might obstruct active sites and reduce efficiency at
high current densities. Key obstacles to the commercialization
of water electrolyzers were outlined by Grigoriev, including the
requirement for global integration, harmonization, unification,
and standardization of components made by different
suppliers. Al-driven automation and robots have the potential
to significantly lower costs and accelerate large-scale imple-
mentation in the PEM water electrolyzer production process.
Sustained innovation and extensive industrial expertise are
essential for developing PEM electrolyzers of the next genera-
tion. Furthermore, policies, investments, subsidies, and assis-
tance from the legislature all significantly contribute to the PEM
water electrolyzer market's rapid expansion.’® Gas masking is
lessened by the use of nanostructured and porous electrodes,
which enable effective gas escape and encourage the creation of
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smaller bubbles. Improving the surface architecture of self-
supported electrodes is one way to improve bubble release
during electrolysis. This can be accomplished by building nano-
arrays, which reduce the contact area between gas bubbles and
the electrode, or by increasing surface porosity and roughness.
Faster bubble detachment is made possible by these changes,
which enhance mass transfer and catalytic efficiency over-
all.**t1% Since alkaline exchange membranes (AEMs) and
proton exchange membranes (PEMs) need to withstand chem-
ical and mechanical deterioration while retaining ionic
conductivity, proper membrane stability is also essential.’*
Improved water management membranes save you from drying
out and maintain conductivity for extended high-density oper-
ations. Uniform water or electrolyte flow across the stack is
essential for system integration and design, as inefficient flow
distribution can result in localized differences in current
density and lower system efficiency.'* To provide a theoretical
model for analyzing energy efficiency and forecasting physical
and chemical changes under complex operating settings, Chen
et al. looked into the heat and mass transport characteristics of
PEMWE. Their research can inform performance forecasting
and large-scale applications by providing insightful information
on how to optimize PEMWE's structure and operating circum-
stances. This model establishes the theoretical groundwork for
further developments in PEMWE, especially when it comes to
attaining high current density in practical uses.'® Optimizing
the porous transport layer (PTL) is necessary to achieve efficient
polymer electrolyte membrane water electrolysis (PEMWE) with
low noble metal-free-loaded electrolyzers. The PTL is important
but has not received enough attention, particularly concerning
its impact on overpotentials. Investigating the effects of PTL
porosity, thickness, and structure on PEMWE performance,
Hasa et al. discovered that adding a microporous layer enhances
the PTL-catalyst layer contact, improving electron transfer and
oxygen removal. This tactic lowers cell voltage and increases
efficiency, and it is especially effective at low catalyst loadings.'
Bi et al. used experimental data to validate their voltage model
as they examined the voltage characteristics of an alkaline
electrolyzer at various temperatures, pressures, and current
densities. The findings demonstrated that raising the temper-
ature and current density increased system efficiency and
decreased energy consumption, however, there were ideal
values for each parameter. Efficiency was most closely corre-
lated with current density, and performance was improved at
greater temperatures, although equipment and financial
constraints had to be taken into account. Pressure fluctuations
had little impact on system efficiency and energy consumption,
showing limited advantages from pressure adjustments.'*®
Long-term operation at high pressures and temperatures
depends on the mechanical integrity of the electrolyzer stack,
necessitating the use of materials that can resist these condi-
tions without deforming or failing.'*>'*” Since catalysts must
withstand structural alterations or degradation, which can
happen at high current densities, catalytic stability is equally
crucial. The creation of long-lasting catalysts is essential to
lowering overpotentials and guaranteeing sustained effective-
ness.'”® Water electrolysis systems can be optimized to produce

This journal is © The Royal Society of Chemistry 2025
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hydrogen on a large scale with dependability by taking into
account the following factors: thermal management, gas bubble
accumulation, membrane durability, system integration, and
catalyst stability. This will make the systems sustainable and
commercially viable for the future.'® In hydrogen generation,
the integration of self-supported electrodes is essential to
achieving key performance indicators (KPIs). These electrodes
make production processes more standardized and straight-
forward, which promotes industrialization and scale-up. Self-
supported designs increase overall system efficiency by
reducing the amount of electrical energy needed to produce one
unit of hydrogen through increased catalytic efficiency.
Furthermore, self-supported electrodes’ resilience increases the
electrolyzers' operating lifespan, which lowers expenses by
spreading the initial investment across a higher amount of
hydrogen production and improving the technology's economic
viability.

3 Advances in water electrolysis for
industrial-scale hydrogen production

As was mentioned, scaling up for high current densities, high
temperatures, and fluctuating pressures necessary for large-
scale hydrogen production poses several difficulties for water
electrolysis systems working under industrially relevant
circumstances.””'” By addressing these problems, recent
research has significantly improved the effectiveness, robust-
ness, and commercial viability of electrolysis systems. In
commercial electrolysis, reaching high current densities (=1 A
em™?) is crucial because it optimizes the production of
hydrogen.?** To reduce overpotentials and enhance mass
transport, however, sustained performance at these high
densities necessitates optimizing both the catalyst and elec-
trode designs. PGMs and non-precious metal oxides are exam-
ples of advanced nanostructured catalysts that have
demonstrated increased activity and durability; self-supported
electrodes, on the other hand, are better able to withstand the
mechanical and thermal stresses that these catalysts must
withstand."® More effective gas evolution is made possible by
nanostructured and porous electrode materials, such as carbon-
based supports and nickel foam, which also improve gas bubble
release and lower mass transport constraints."' Another
important consideration is thermal control because industrial
electrolyzers produce a lot of heat, which, if left unchecked, can
result in overheating, membrane drying, and decreased system
efficiency. Both passive and active cooling methods, such as
liquid-cooled cell stacks and heat-resistant materials that aid in
evenly dispersing heat throughout the stack, have been studied
recently. It has been demonstrated that operating at high
pressure and temperature improves hydrogen purity and
improves reaction kinetics, but it also puts stress on sealing
mechanisms and membranes.'” Cutting-edge membrane
materials have proven to have improved thermal and chemical
stability, retaining mechanical integrity and ionic conductivity
in industrial settings.'*> Long-term performance depends on
membrane hydration, and materials that efficiently control

This journal is © The Royal Society of Chemistry 2025
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water transport have been created through research to avoid
dehydration and provide operational stability at high current
densities.®* Because prolonged high-current operations can
cause catalyst sintering, corrosion, or surface deterioration,
catalyst stability continues to be a major concern."* High-
entropy alloys (HEAs) and transition metal-based alloys, which
resist degradation and retain high activity in harsh environ-
ments, are examples of durable catalysts that have been the
subject of study to address this. Additionally, self-healing
catalysts that renew while in use have come to light as a poten-
tial way to increase the lifespan of catalysts.'>'** Finally, opti-
mizing stack design to manage rising current and production
demands is necessary for expanding electrolysis systems to
industrial capacity.'’® To improve mass transport and heat
dissipation, computational fluid dynamics (CFD) models have
been used to design more effective flow fields.’>"'”'** Mean-
while, advances in mechanical stack design, such as modular
configurations and resilient seals, guarantee long-term opera-
tional integrity under high pressure and temperature.** All of
these developments are opening the door for the commerciali-
zation of water electrolysis devices that can reliably and effi-
ciently create hydrogen on an industrial scale."’

3.1 Benchmarking protocols for industrial-scale green
hydrogen production

To advance green hydrogen production by water electrolysis at
industrial scales, state-of-the-art catalyst development and
appropriate benchmarking techniques are necessary. Recent
research has produced major advancements in catalyst inno-
vation with an emphasis on lowering overpotentials and
increasing the effectiveness of hydrogen and oxygen evolution
processes (HER and OER)."”**** Advances in nanostructured
catalysts, like high-entropy alloys (HEAs)"** and transition metal
oxides,"* have shown to be very successful, providing greater
mass transport, bigger surface areas, and long-term stability in
challenging industrial settings. Particularly noteworthy is HEAs'
ability to withstand sintering and corrosion, which makes them
perfect for long-term high-current density operations.”® Gas
diffusion, active charge transport, stability, and durability were
all improved by self-supported electrodes that made use of
strong 3D nickel foam or carbon scaffolds, which also increased
durability and efficiency."**'*” Furthermore, system designs are
becoming simpler, and total prices are decreasing due to
bifunctional catalysts that can drive both HER and OER. Addi-
tionally, innovative materials that show promise are performing
better at high current densities.””® To supplement these devel-
opments, thorough benchmarking techniques were created to
evaluate the viability of catalysts in practical applications.
Advanced techniques such as cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), and linear sweep vol-
tammetry (LSV) are utilized to evaluate key metrics, such as
durability, turnover frequency (TOF), and overpotential.'*®
These techniques offer valuable insights into reaction kinetics,
mass transport, and long-term stability under a range of
industrial conditions.”*****> These developments in catalyst
design and standardized benchmarking are driving the
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development of green hydrogen generation systems for indus-
trial use. For electrolysis systems to produce green hydrogen
that is scalable, dependable, and efficient, they must meet
benchmarking requirements.'?®*33-133

In situ electrochemical measurements, including X-ray
photoelectron spectroscopy (XPS), Fourier-transform infrared
spectroscopy (FTIR), and Raman spectroscopy, have been
significantly integrated into these protocols in recent research,
improving our understanding of catalyst performance, material
stability, and reaction dynamics.?®"*® For example, real-time
monitoring of the vibrational modes of molecules on the cata-
lyst surface during electrolysis can be achieved through Raman
spectroscopy.”* This real-time monitoring provides insights
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into the oxidation states and reaction intermediates involved in
the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER)."*”**® Comparably, FTIR spectroscopy provides
insightful information on the surface chemistry and functional
groups of catalysts while they are in use, clarifying the kinetics
and reaction processes that are essential for comparing catalyst
performance, efficiency, and scalability.'?*3%

As depicted in Fig. 11, Chen et al. presented an illustration of
the in situ cell configurations for differential electrochemical
mass spectrometry (DEMS), in situ Raman spectroelec-
trochemistry, in situ UV-vis Spectro electrochemistry, and in situ
attenuated total reflectance infrared (ATR-IR) spectroelec-
trochemistry.”*® These configurations are employed in typical
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electrochemistry; (c) in situ UV-vis Spectro electrochemistry; (d) in situ attenuated total reflectance infrared (ATR-IR) Spectro electrochemistry.
Reproduced with permission from ref. 138. Copyright Journal of Catalysis, 2024.
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electrochemical reactions, offering valuable insights into
promising pathways for environmental remediation, energy
conversion, and the production of value-added chemicals.
When it comes to examining the surface composition and
chemical states of catalysts both before and after electrolysis,
XPS is a priceless tool for identifying variations in surface
species and oxidation states that affect catalytic activity and
stability.***** An effective method for comprehending the
electrical and local structure of electrocatalysts during opera-
tional conditions is X-ray spectroscopy. Non-electroactive
substances are also essential to electrocatalytic processes,
even though electroactive species are what initiate the catalysis
process. The efficiency of these reactions is strongly influenced
by cations, anions, solvents, and reactants. Mendoza et al.
examined the current status of in situ/operando X-ray spectros-
copy experiments focused on electroactive species in their
discussion of the electrochemical reduction of carbon dioxide.
They also offered insights into methods and configurations that
could be used to study non-electroactive species.*> Zhu et al.
conducted an iz situ Raman study on intermediate adsorption
engineering through high-index facet control during the
hydrogen evolution reaction.® The representative results,
shown in Fig. 12, highlight emerging trends in measurements
aimed at understanding material stability. These findings are
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crucial for evaluating the suitability of materials for
commercial-scale hydrogen production and assessing the long-
term stability of electrodes.

Recent research has shown how successful these methods
are, showing how they may offer a thorough comprehension of
molecular structural alterations and their impact on overall cell
function. According to studies, for instance, in situ measure-
ments make it easier to evaluate long-term stability since they
show how catalysts change over extended periods of operational
stress, which is essential for creating durability benchmarks.***
This comprehensive method helps to build efficient, long-
lasting, and affordable hydrogen production systems in addi-
tion to helping to optimize operational variables, including
temperature, pressure, and current density.**® The incorpora-
tion of these sophisticated characterization methods into
benchmarking protocols is consistent with the scientific com-
munity's continuous endeavours to facilitate the shift to
sustainable energy sources, which in turn propels progress in
the generation of green hydrogen.***'¢

3.2 Best practices for high current density operation in water
electrolysis systems

Recent developments in water electrolysis systems highlight the
necessity for best practices to handle the enormous mechanical
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In situ Raman spectra of Ti@TiO,-6H nanosheets recorded from 0 V to —0.6 V vs. RHE in different solutions: (a) 1 M KOH and (b) 0.5 M

KOH + 0.5 M KOD. (c) Time-dependent intensity of the Raman peak at 1650 cm™ on Ti@TiO,-6H nanosheets at —0.5 V vs. RHE. (d) Normalized
intensity of the Raman peak at ~1650 cm ™ on the surface of Ti@TiO,-6H nanosheets, along with the corresponding LSV curves from 0 V to
—0.9Vvs. RHE, scanned at 10 mV s, (e) In situ Raman spectra of Ti@TiO,-18H nanosheets from 0 V to —0.6 V vs. RHE. (f) Normalized intensity of
the Raman peak at ~1650 cm™* at —0.5 V vs. RHE, and overpotentials at 10 mA cm~2 on Ti@TiO, nanosheets with varying hydrothermal times. All
experiments were conducted in 1.0 M KOH solution, except for isotope labeling experiments. Reproduced with permission from ref. 143.
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and thermal loads on system components, especially for those
running at high current densities (=1 A cm ?).**¢ Efficient
thermal management is essential to avoid problems like
membrane dehydration and catalyst degradation. Newer
developments in this area include integrated cooling technol-
ogies that ensure uniform temperature distribution and reduce
localized hotspots by integrating cooling channels into the
electrode and membrane structures.*”” Industrial-scale opera-
tions with significant heat loads are also successful with hybrid
cooling systems that include liquid and air cooling. Simulta-
neously, advances in electrode and catalyst design have led to
the development of nanostructured and porous electrodes.’
Examples of these electrodes include those composed of
graphene-based materials or 3D nickel foam, which improve
efficiency by reducing bubble build-up and enhancing gas
diffusion.*® Stronger than ever, self-supported electrodes with
built-in catalysts provide longevity and mechanical strength
without requiring additional supports.'*”**® Computational
fluid dynamics (CFD) simulations optimize flow-field designs to
ensure equal electrolyte distribution and minimize pressure
differentials, ensuring stable operation. Effective flow manage-
ment is another crucial component.®>******'*® Improvements in
resistance to deterioration and hydration maintenance have
resulted from advances in membrane technology, particularly
composite proton exchange membranes (PEMs) and alkaline
exchange membranes (AEMs), which are essential for
preserving performance at high current densities. Additionally,

3568 | Sustainable Energy Fuels, 2025, 9, 3550-3576
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by evaluating operational data to anticipate possible problems
like membrane dehydration or catalyst deactivation, machine
learning (ML) is being used more and more to improve system
performance and predictive maintenance.””** These best
practices are essential for scaling up water electrolysis systems
for industrial green hydrogen production, as they ensure both
efficiency and cost-effectiveness in large-scale applica-
tions.’”**7** They are driven by state-of-the-art research in
thermal management, electrode and catalyst design, flow
distribution, membrane stability, and predictive
maintenance.?*!

4 Conclusion and future outlook

The review briefly elaborates the key parameters for the
production of green hydrogen at high current density. The
design of electrolyzers that can outperform at an industrial
scale requires the detailed study of electrocatalysts, the effect of
highly alkaline-acidic electrolytes, and optimizations of the
results. The number of electrodes is reported for that perfor-
mance at higher current density (>1000 mA cm~?). However, the
electrodes are well-justified in lab-scale surroundings, but the
employment of the catalyst at a commercial scale requires
evaluation in similar harsh conditions. In this review, we have
summarised the role of self-supported electrodes and their
study in various electrolytes. The review consists of vivid 3D
supports that can sustain in highly alkaline and seawater

This journal is © The Royal Society of Chemistry 2025
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conditions. Moreover, the bifunctional study of these catalyst
materials and their durability (>100 h) at high current density
(>500 mA cm?) has been briefly mentioned in this review.

To push up hydrogen production at higher current densities,
some important parameters should be optimized. Scheme 3
prioritized key performance indicators (KPIs) to provide better
insight into electrolyzers' assessment. The durability of the
electrolyzers plays a vital role in enhancing their lifespan. The
commercial-scale hydrogen production requires >1000 mA
cm? to survive for approximately >100 h.***> additionally, the
aggressive environment, such as highly acidic-alkaline electro-
lytes, extreme temperatures, and immense evolution of gases,
blocks the productivity of the industrial-scale electrolyzer. The
tailoring of the mechanical stability of the material during the
detachment of the gas molecules can enable the electrode to
withstand the high current density.*®* The generation of green
hydrogen from the ocean has attracted direct electrolysis on
a commercial scale. However, the seawater is home to highly
concentrated chlorine anion (Cl7), which, on oxidation,
degrades the anodic electrode, resulting in faster corrosion and
a decrease in its efficiency. Therefore, the self-supported NiCoP
foam was synthesized over nickel foam using the dynamic
hydrogen bubble template technique (DHBT). The work
significantly focuses on producing green hydrogen from the
alkaline seawater. The electrocatalyst displayed recognizably
low overpotentials of about 328 mV and 356 mV for the HER and
OER mechanisms, respectively, to achieve the large current
density of 1000 mA cm 2. This is due to the formation of oxy-
hydroxy group and PO,**, which provides more active sites
and reduces the effect of C1™ ions. Additionally, the work has
outperformed reported catalysts by surviving for over 300 h in
alkaline seawater at 1000 mA cm >.*** Green hydrogen
production in the US using water electrolyzers is roughly $4 per
kg which is estimated to be reduced to $2.16 per kg by the year
2030. The US government aims to reduce production costs by $1
per kg. The optimization of various barriers, like the develop-
ment of self-supported non-noble electrocatalysts with equiva-
lent efficiency. As per the Oxford Institute of Energy Studies, the
electrolysis system makes up 15% of the total cost share in the
hydrogen generation system.

Lowering the cost of its components, like the membrane in
the PEM electrolyzers, can drastically reduce the cost per
unit.**>**¢ Thermal control plays a critical role in preserving the
efficiency and stability of the system, avoiding overheating, and
guaranteeing smooth operation at high current densities. The
channels for coolant along the setups can rapidly cool down the
system's heat. Apart from this, designing the electrolyzers that
can be adjusted with the heat generation can successfully
encourage industrial applications. Electrode material capable
of sustaining at high temperatures can not only produce
hydrogen faster without compromising its efficiency. Main-
taining a high current density (e.g., 500-1000 mA cm ™) without
sacrificing efficiency is critical for scaling up production.*>*'*”
The increase in current density directly increases the number of
reactions occurring on the interstitial sites of the electrodes.
These reactions are responsible for the damage to the electrode
in the long term. Therefore, a detailed analysis and the

This journal is © The Royal Society of Chemistry 2025
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performance of the electrode should be optimised before
anchoring as excellent electrocatalysts.® The current density is
directly linked to the cell voltage of the electrolyzer. The amount
of hydrogen produced is controlled by the current density, while
the amount of power utilized is controlled by both the cell
voltage and current. Currently, the electrolyzers require high
cell voltage to achieve the desired current density, which
hinders the efficiency of the system. The increase in cell voltage
is associated with the higher electrolyte resistance due to the
temperature rise. Therefore, the solution to the increased
temperature and medium resistance can lower the cell voltage.
This is connected to the longer life cycle of the electrode.
Furthermore, maintaining low cell voltages (e.g., 1.48 V for 10
mA cm > and 1.73 V for 1000 mA cm™?) guarantees that oper-
ations remain energy-efficient even when subjected to heavy
loads.*5*1%

Keeping the key parameters and the criteria for the devel-
opment of robust 3D electrocatalyst which can withstand the
harsh conditions and could perform outstanding results for
industrial purposes can open the idea of utilizing hydrogen
driven technology in place of fossil fuels can be achieved in near
future.
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