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a b s t r a c t 

Hydrogen, a clean and versatile energy carrier, has gained significant attention as a potential solution for ad- 
dressing the challenges of climate change and energy sustainability. Efficient hydrogen production relies heavily 
on the development of advanced materials that enable cost-effective and sustainable methods. This review arti- 
cle presents a comprehensive overview of cutting-edge materials used for hydrogen production, covering both 
traditional and emerging technologies. This article begins by briefly introducing the importance of hydrogen 
as a clean energy carrier and various methods used for hydrogen production. This emphasizes the critical role 
of these materials in enabling efficient hydrogen generation. Traditional methods, such as steam methane re- 
forming, coal gasification, biomass gasification, and water electrolysis, are discussed, highlighting the materials 
used and their advantages and limitations. This review then focuses on emerging technologies that have shown 
promise for achieving efficient hydrogen production. Photocatalytic water splitting is explored with an emphasis 
on recent advancements in semiconductor-based photocatalysts and nanostructured materials for enhanced pho- 
tocatalysis. Solid oxide electrolysis cells (SOEC) are examined, discussing high-temperature electrolysis materials 
and advancements in electrolytes and electrode materials. Biological hydrogen production and chemical loop- 
ing are also discussed, highlighting the use of microorganisms, bioengineered systems, metal oxides as oxygen 
carriers, and catalysts for improved hydrogen generation. Advanced characterization techniques, including X-ray 
diffraction, spectroscopy, scanning electron microscopy, transmission electron microscopy, X-ray photoelectron 
spectroscopy, Auger electron spectroscopy, thermogravimetric analysis, and differential scanning calorimetry, 
have been used to gain insight into the properties and performances of materials. This review concludes by 
addressing the challenges and prospects in the field of hydrogen production materials. This highlights the im- 
portance of the durability, stability, cost-effectiveness, scalability, and integration of materials into large-scale 
hydrogen pchiroduction systems. This article also discusses the emerging trends and potential breakthroughs that 
could shape the future of hydrogen production. 
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. Introduction 

The global pursuit of clean and sustainable energy sources has led
o increased interest in hydrogen as a versatile energy carrier. Hydro-
en possesses several desirable characteristics, including high energy
ensity, zero greenhouse gas emissions when utilized, and the potential
or various applications, such as transportation, power generation, and
ndustrial processes. As the world shifts towards decarbonization and re-
uced dependence on fossil fuels, hydrogen is gaining recognition as a
ey player in clean energy transition [1–4] . Hydrogen has immense po-
ential as a clean energy carrier, because it can be produced from diverse
ources and used in a wide range of applications. When utilized, hydro-
en produces only water vapor as a byproduct, making it a highly at-
ractive alternative to traditional fossil fuels. The utilization of hydrogen
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an significantly contribute to the reduction of greenhouse gas emissions
nd mitigate the impact of climate change. Moreover, hydrogen can be
fficiently stored and transported, providing flexibility in energy distri-
ution and enabling energy access in remote areas [5–9] . Hydrogen can
e produced using various methods, each with its own set of advantages
nd limitations. The most common methods include steam methane re-
orming (SMR), coal gasification, biomass gasification, and water elec-
rolysis [10] . SMR involves the reaction of natural gas with steam to
roduce hydrogen and carbon dioxide. Coal and biomass gasification
onvert solid carbonaceous materials into a gas mixture containing hy-
rogen. Water electrolysis uses electricity to split water into hydrogen
nd oxygen [ 11 , 12 ]. These methods have different energy requirements,
osts, and environmental impacts, and the selection of a production
ethod depends on factors such as feedstock availability, infrastructure,
ember 2023 
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Fig. 1. Schematic of the hydrogen production process. 
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nd local regulations. Materials play a crucial role in hydrogen produc-
ion processes by enabling efficient and sustainable production [ 13 , 14 ].
he selection and design of appropriate materials are vital for improving
he reaction kinetics, enhancing catalyst performance, ensuring durabil-
ty, and minimizing energy consumption. Catalytic materials such as
ickel-based alloys are essential for efficient hydrogen generation in
team-methane reforming [ 15 , 16 ]. Gasification requires materials that
an withstand high temperature and corrosive environments. Electroly-
is techniques rely on materials with excellent electrocatalytic proper-
ies for water splitting and on robust ion-conductive membranes for ef-
cient proton and oxygen ion transport [ 17 , 18 ]. The schematic in Fig. 1
rovides an overview of the hydrogen production process. It visually de-
icts the different methods and materials involved in hydrogen produc-
ion, including steam methane reforming, water electrolysis, biomass
asification, and photovoltaic electrolysis. This figure illustrates the in-
erconnectedness of the various stages of hydrogen production and helps
eaders understand the overall process. 

The development of advanced materials is essential to overcome the
hallenges associated with hydrogen production methods. Researchers
re actively exploring innovative materials, including novel catalysts,
embrane materials, and nanostructured materials, to improve the reac-

ion efficiency, reduce energy requirements, and enhance the durability
f hydrogen production systems. The significance of hydrogen as a clean
nergy carrier is gaining worldwide recognition [ 19 , 20 ]. This offers a
romising solution for addressing climate change and achieving sustain-
ble energy production. Various hydrogen production methods, such as
MR, coal and biomass gasification, and water electrolysis, provide op-
ions for diverse feedstocks and energy sources. Materials are integral to
he success of hydrogen production processes, influencing reaction ki-
etics, catalyst performance, and system durability [ 21 , 22 ]. Continued
dvancements in materials science and engineering are crucial for re-
lizing efficient and sustainable large-scale hydrogen production meth-
ds. The aim of this review is to provide a comprehensive analysis of
ecent advancements in hydrogen production materials and their role
n advancing the field of clean energy. The objectives of this study are
ummarized as follows: 

1. To explore the importance of hydrogen as a sustainable and clean
energy carrier in the context of global energy transition and decar-
bonization efforts. 
65
2. To review the traditional methods and materials used for hydrogen
production, including steam methane reforming, water electrolysis,
biomass gasification, and photovoltaic electrolysis. 

3. To examine cutting-edge advancements in materials for hydrogen
production, including catalysts, membranes, and nanostructured ma-
terials, and assess their potential for improving efficiency, selectiv-
ity, and sustainability. 

4. To analyze the impact of material characteristics such as compo-
sition, structure, and morphology on the performance of hydrogen
production technologies. 

5. To discuss the challenges associated with integrating advanced ma-
terials into hydrogen production systems, including scalability, dura-
bility, cost-effectiveness, and long-term stability. 

6. To explore emerging trends and future prospects in material research
for hydrogen production, such as the utilization of renewable re-
sources, novel synthesis techniques, and the development of multi-
functional materials. 

7. To provide insights into the role of material characterization tech-
niques in understanding the structure-property relationships of hy-
drogen production materials and guiding the design of advanced ma-
terials. 

8. To emphasize the importance of interdisciplinary collaboration and
knowledge exchange among researchers, engineers, and policymak-
ers in advancing the field of hydrogen production materials. 

9. Identify key research directions and priorities for further advance-
ments in materials science and engineering to enable efficient, sus-
tainable, and economically viable hydrogen production technolo-
gies. 

. Traditional materials for hydrogen production 

.1. Steam methane reforming (SMR) 

Steam methane reforming (SMR) is the most widely used industrial
ydrogen production method. In SMR, methane (natural gas) reacts with
team over a catalyst to produce hydrogen and carbon dioxide. Cata-
ysts play a crucial role in facilitating the reactions and improving the
verall efficiency of the process [23] . Traditional catalyst materials for
MR include nickel-based alloys such as nickel-molybdenum or nickel–
uthenium supported on high-surface-area materials such as alumina
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Table 1 

Comparison of traditional hydrogen production methods. 

Hydrogen production method Advantages Disadvantages 

Steam methane reforming High hydrogen yield, mature technology, cost-effective Carbon emissions, reliance on fossil fuels 
Coal gasification Utilization of abundant coal resources, high hydrogen yield Carbon emissions, environmental concerns, gasification process complexity 
Biomass gasification Utilization of renewable biomass feedstock, carbon-neutral 

potential 
Lower hydrogen yield, feedstock availability, gasification process optimization 

Water electrolysis Direct production of pure hydrogen, no carbon emissions High energy input, cost-intensive, dependence on electricity generation methods 
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r silica [ 24 , 25 ]. These catalysts promote reforming reactions and help
chieve high rates of methane conversion into hydrogen. Nickel-based
atalysts are favored because of their excellent activity, selectivity, and
esistance to deactivation caused by carbon formation [26] . However,
hallenges persist in SMR owing to catalyst deactivation over time, pri-
arily resulting from carbon deposition on the catalyst surface [ 27 , 28 ].
he formation of carbonaceous species reduces the catalyst activity and
equires periodic regeneration or replacement. Researchers are actively
xploring advanced catalyst formulations and novel catalyst supports
o improve the stability and durability of the SMR catalysts [ 29 , 30 ].
able 1 highlights the advantages and disadvantages of traditional hy-
rogen production methods. Steam methane reforming (SMR) is a well-
stablished cost-effective method with a high hydrogen yield. However,
hey rely on fossil fuels for carbon emissions. Coal gasification offers
he advantage of utilizing abundant coal resources but also comes with
nvironmental concerns and process complexity. Biomass gasification
s a renewable option with carbon-neutral potential; however, it has
hallenges related to lower hydrogen yield and feedstock availability.
ater electrolysis offers a direct route to pure hydrogen without car-

on emissions; however, it requires significant energy input and can be
xpensive. 

.2. Coal gasification 

Coal gasification involves converting coal into a gas mixture con-
aining hydrogen, carbon monoxide, carbon dioxide, and other gasses.
his process offers an alternative pathway for hydrogen production and
tilizes various types of coal as feedstock [ 31 , 32 ]. Materials used in coal
asification must withstand extreme conditions, including high tem-
eratures and pressures, as well as corrosive environments. Refractory
aterials such as ceramics and metal alloys are commonly employed

n gasifiers to handle harsh operating conditions. These materials ex-
ibit excellent thermal stability, chemical resistance, and mechanical
trength, ensuring the integrity of gasifier components and preventing
remature failure [ 33 , 34 ]. 

.3. Biomass gasification 

Biomass gasification is a renewable approach to hydrogen produc-
ion that utilizes organic materials such as agricultural residues, wood
hips, and energy crops. Similar to coal gasification, biomass gasifica-
ion involves the conversion of biomass into a gas mixture containing
ydrogen, carbon monoxide, carbon dioxide, and other byproducts [35] .
he selection of materials for biomass gasification is influenced by the
omposition of the biomass feedstock and gasification process condi-
ions. Biomass gasification systems often require robust refractory mate-
ials similar to those used in coal gasification to withstand high temper-
tures and corrosive environments. Additionally, the choice of materials
hould consider the potential presence of alkali and tar contaminants,
hich can cause fouling and corrosion [ 36 , 37 ]. 

.4. Water electrolysis 

Water electrolysis is an electrochemical process in which water
olecules are split into hydrogen and oxygen gasses using an elec-

ric current. Two primary electrolysis methods are widely employed:
66
lkaline electrolysis (AE) and proton exchange membrane electrolysis
PEM). In AE, materials such as nickel or nickel-based alloys are typ-
cally used as electrode materials, while potassium hydroxide (KOH)
erves as the electrolyte [ 38 , 39 ]. Electrodes should have good electri-
al conductivity, corrosion resistance, and stability during electrolysis.
i-based electrodes are favored because of their high catalytic activ-

ty for hydrogen evolution and resistance to corrosion. PEM electrolysis
elies on proton-conducting membranes typically based on perfluoro-
ulfonic acid polymers such as Nafion [40–43] . These membranes allow
elective proton transport, while blocking the passage of other gasses.
he choice of the membrane material is critical for ensuring high pro-
on conductivity, mechanical stability, chemical resistance, and long-
erm durability under operating conditions. Continued research efforts
ave focused on developing advanced materials for electrolysis, includ-
ng new electrode catalysts, non-precious metal catalysts, and innova-
ive proton-exchange membrane materials, with the aim of enhancing
he energy efficiency, reducing costs, and improving the overall sys-
em performance. In summary, traditional materials for hydrogen pro-
uction such as steam methane reforming, coal gasification, biomass
asification, and water electrolysis play pivotal roles in the efficiency
nd performance of these processes [44–46] . The selection and devel-
pment of appropriate materials are crucial for achieving high conver-
ion rates, durability, and cost-effectiveness of hydrogen production sys-
ems [ 47 , 48 ]. Ongoing research on catalyst design, refractory materials,
nd electrolysis components will contribute to the advancement of tra-
itional hydrogen production methods and facilitate the transition to a
ustainable hydrogen economy [ 49 , 50 ]. Table 2 lists catalysts used for
ydrogen production via water electrolysis. Platinum (Pt) is widely rec-
gnized for its high electrocatalytic activity, which makes it suitable for
oth proton-exchange membrane (PEM) electrolysis and alkaline elec-
rolysis. Iridium (Ir) offers excellent stability at high current densities,
aking it valuable under demanding electrolytic conditions. Nickel (Ni)

s a low-cost and abundant catalyst with applications in alkaline and
olid oxide electrolysis. Ruthenium (Ru) exhibits enhanced catalytic ac-
ivity and is utilized in PEM and alkaline electrolysis. Cobalt (Co) shows
romise as a promising cost-effective alternative to noble metals and
s used in both PEM and alkaline electrolysis systems. These catalysts
lay vital roles in facilitating the efficient and sustainable production of
ydrogen through water electrolysis. 

. Emerging materials for hydrogen production 

.1. Photocatalytic water splitting 

Table 3 showcases nanostructured materials utilized for enhanced
hotocatalysis in hydrogen production. Titanium dioxide (TiO2 ) is
nown for its high photocatalytic efficiency and finds applications in
hotocatalytic water splitting and solar fuel production. Zinc oxide
ZnO) offers a wide bandgap and high electron mobility, making it suit-
ble for photocatalytic water splitting and pollutant degradation. Tung-
ten trioxide (WO3 ) exhibits visible light absorption, enabling its use in
hotocatalytic water splitting and environmental remediation [ 49 , 50 ].
ismuth vanadate (BiVO4 ) demonstrates visible light absorption and sta-
ility, making it valuable for photocatalytic water splitting and solar fuel
roduction. Graphene-based materials possess a high surface area and
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Table 2 

Catalysts for hydrogen production via water electrolysis. 

Catalyst Advantages Applications 

Platinum (Pt) High electrocatalytic activity Proton exchange membrane (PEM) electrolysis 
Iridium (Ir) Excellent stability at high current densities PEM electrolysis, alkaline electrolysis 
Nickel (Ni) Low cost, abundance Alkaline electrolysis, solid oxide electrolysis 
Ruthenium (Ru) Enhanced catalytic activity PEM electrolysis, alkaline electrolysis 
Cobalt (Co) Promising alternative to noble metals PEM electrolysis, alkaline electrolysis 

Table 3 

Nanostructured materials for enhanced photocatalysis. 

Material Advantages Applications 

Titanium dioxide (TiO2 ) High photocatalytic efficiency Photocatalytic water splitting, solar fuel production 
Zinc oxide (ZnO) Wide bandgap, high electron mobility Photocatalytic water splitting, pollutant degradation 
Tungsten trioxide (WO3 ) Visible light absorption Photocatalytic water splitting, environmental remediation 
Bismuth vanadate (BiVO4 ) Visible light absorption, stability Photocatalytic water splitting, solar fuel production 
Graphene-based materials High surface area, electron transport Photocatalytic water splitting, energy conversion 

Table 4 

Advances in semiconductor-based photocatalysts. 

Semiconductor material Advantages Applications 

Titanium dioxide (TiO2 ) Abundant, nontoxic, photochemical stability Photocatalytic water splitting, hydrogen production 
Zinc oxide (ZnO) Low cost, visible light activity Photocatalytic water splitting, solar fuel production 
Tungsten trioxide (WO3 ) Visible light activity, charge separation efficiency Photocatalytic water splitting, hydrogen generation 
Cadmium sulfide (CdS) High quantum yield, tunable bandgap Photocatalytic water splitting, hydrogen production 
Bismuth vanadate (BiVO4 ) Visible light absorption, good charge carrier mobility Photocatalytic water splitting, solar fuel production 
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fficient electron transport, contributing to their use in photocatalytic
ater splitting and energy conversion. 

.1.1. Advances in semiconductor-based photocatalysts 

Photocatalytic water splitting is a promising approach for hydro-
en production that utilizes sunlight to drive water splitting reactions.
emiconductor-based photocatalysts play a crucial role in this process by
bsorbing light and initiating the redox reactions. Significant advance-
ents have been achieved in the development of semiconductor-based
hotocatalysts [ 51 , 52 ]. Materials such as titanium dioxide (TiO2 ), zinc
xide (ZnO), and various metal oxides have shown promise because of
heir suitable bandgap energies, high stabilities, and abundant avail-
bility. Researchers are actively exploring strategies for enhancing the
hotocatalytic performance of these materials through surface modifi-
ation, doping, and nanostructuring. These approaches aim to improve
he light absorption, charge separation, and catalytic efficiency, lead-
ng to increased hydrogen production rates [ 53 , 54 ]. Table 4 highlights
dvances in semiconductor-based photocatalysts for water splitting and
ydrogen production. Titanium dioxide (TiO2 ) has been widely studied
wing to its abundance, nontoxicity, and photochemical stability. Zinc
xide (ZnO) is a low-cost material with visible light activity. Tungsten
rioxide (WO3 ) provides visible light activity and efficient charge sepa-
ation. Cadmium sulfide (CdS) exhibits high quantum yield and tunable
andgap. Bismuth vanadate (BiVO4 ) exhibits excellent visible light ab-
orption and charge carrier mobility. These materials exhibit potential
or photocatalytic water splitting and hydrogen generation applications.

.1.2. Nanostructured materials for enhanced photocatalysis 

Nanostructured materials have emerged as a key research area for
nhancing the efficiency of photocatalytic water splitting [55] . By ma-
ipulating the size, shape, and composition of nanoparticles or nanos-
ructured architectures, researchers can tailor the optical and electronic
roperties of materials. Various nanostructured materials, including
etal nanoparticles, metal oxides, quantum dots, and nanocomposites,
ave demonstrated improved photocatalytic performance [56] . These
anostructures provide an increased surface area, reduced charge carrier
ecombination, and enhanced light absorption, leading to enhanced hy-
rogen generation. Additionally, the integration of nanostructures with
67
ocatalysts or cocoon-like protective layers further boosts the stability
nd catalytic activity of the photocatalysts [57] . 

.1.3. Reaction mechanism of photocatalytic water splitting 

Photocatalytic water splitting utilizes light energy to split water
H2 O) into its constituent elements: hydrogen (H2 ) and oxygen (O2 ).
his process typically occurs on the surface of a photocatalytic material
hat absorbs photons and initiates a series of chemical reactions. Under-
tanding the reaction mechanism is crucial to understand the intricacies
f this sustainable and environmentally friendly hydrogen production
ethod. 

.1.3.1. Light absorption. 

The process begins with the absorption of photons by a photocata-
yst material, which is often a semiconductor such as titanium dioxide
TiO2 ), cadmium sulfide (CdS), or other suitable materials. The energy
f the absorbed photons promotes electrons from the valence band to
he conduction band of the semiconductor, creating electron-hole pairs
e− -h+ ). This electronic excitation is the fundamental step that initiates
he subsequent reactions. 

.1.3.2. Redox reactions. 

The separated electrons (e− ) in the conduction band and holes (h+ )
n the valence band of the photocatalyst participate in redox (reduction-
xidation) reactions at the surface of the photocatalyst. In water split-
ing, two half-reactions occur simultaneously: 

Oxygen evolution reaction (OER): At the anode, holes (h+ ) in the
alence band react with water molecules to generate oxygen gas (O2 )
nd protons (H+ ): 

h+ (at the photocatalyst surface) + 2H2 O → O2 + 4H+ . 

Hydrogen evolution reaction (HER): At the cathodic site, electrons
e− ) in the conduction band reduce protons (H+ ) to form hydrogen gas
H2 ): 

e− (at the photocatalyst surface) + 2H+ → H2 . 
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Fig. 2. Microorganisms for biohydrogen generation. 

Table 5 

High-temperature electrolysis materials for solid oxide electrolysis cells (SOEC). 

Electrolyte material Advantages Applications 

Yttria-stabilized zirconia (YSZ) High ionic conductivity, chemical stability Solid oxide electrolysis cells (SOEC) for hydrogen production 
Gadolinium-doped ceria (GDC) Enhanced oxygen ion transport, tolerance to carbon deposition Solid oxide electrolysis cells (SOEC), syngas production 
Scandia-stabilized zirconia (ScSZ) High conductivity, enhanced durability Solid oxide electrolysis cells (SOEC), hydrogen production 
BaZr0.1 Ce0.7 Y0.2 O3 (BZCY) Proton-conducting electrolyte, lower operating temperature Solid oxide electrolysis cells (SOEC), hydrogen production 
La0.9 Sr0.1 Ga0.8 Mg0.2 O3 (LSGM) High ionic conductivity, chemical compatibility Solid oxide electrolysis cells (SOEC), hydrogen production 
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These half-reactions are critical for the overall water splitting process
nd occur simultaneously at the surface of the photocatalyst. 

.1.3.3. Cocatalysts and surface reactions. 

In practice, to enhance the efficiency of photocatalytic water split-
ing, cocatalysts are often introduced onto the photocatalyst’s surface.
ocatalysts, which are typically noble metals like platinum (Pt) or co-
atalytic semiconductors such as nickel oxide (NiO), facilitate redox re-
ctions by serving as active sites for hydrogen and oxygen evolution.
he generated hydrogen and oxygen gasses can then be collected and
eparated for various applications such as fuel cells and other energy
onversion processes. 

In summary, photocatalytic water splitting relies on the absorption
f light by a photocatalyst material, generating electron-hole pairs that
nitiate redox reactions at the surface of the photocatalyst. These re-
ctions lead to the production of hydrogen and oxygen gasses, making
his process a promising method for sustainable hydrogen production.
he efficiency of photocatalytic water splitting can be further enhanced
hrough the introduction of cocatalysts and careful engineering of pho-
ocatalyst materials. 

.2. Solid oxide electrolysis cells (SOEC) 

.2.1. High-temperature electrolysis materials 

Solid-oxide electrolysis cells (SOECs) enable the direct electrochem-
cal splitting of water into hydrogen and oxygen at high temperatures.
he performance and efficiency of SOECs depend on the materials em-
loyed for the electrolyte and electrodes. Materials with high ionic con-
uctivities and stabilities at elevated temperatures are crucial for elec-
rolytes. Yttria-stabilized zirconia (YSZ) and doped ceria (CeO2 ) are
ommonly used as electrolyte materials in SOECs [ 58 , 59 ]. These materi-
ls offer excellent oxygen-ion conductivity and mechanical strength, en-
uring efficient ion transport and durability. Advancements in electrode
aterials have also played a significant role in improving the SOEC per-

ormance. Perovskite-type oxides, such as strontium-doped lanthanum
anganite (LSM) and nickelates, are widely employed as cathode ma-

erials owing to their good oxygen reduction kinetics. Anode materials
uch as nickel-based cermets and perovskites have been developed to
acilitate the hydrogen evolution reaction [60–62] . 
68
.2.2. Advances in electrolyte and electrode materials 

Research has focused on exploring new electrolytes and electrode
aterials to enhance the performance and efficiency of SOECs. Mate-

ials such as scandia-stabilized zirconia (ScSZ), gadolinium-doped ce-
ia (GDC), and proton-conducting oxides have been investigated as al-
ernative electrolytes to improve ionic conductivity and reduce ohmic
osses [ 63 , 64 ]. In addition, innovative electrode materials, including
ixed ionic-electronic conductors and novel catalysts, have been de-

eloped to enhance reaction kinetics and minimize electrode polariza-
ion. Strategies such as surface modifications, nanostructuring, and cata-
yst incorporation aim to improve electrode performance, ion transport,
nd overall cell efficiency[ 61,65 ]. Table 5 , presents high-temperature
lectrolysis materials used in SOECs for hydrogen production. Yttria-
tabilized zirconia (YSZ) offers high ionic conductivity and chemi-
al stability. Gadolinium-doped ceria (GDC) enhances the oxygen ion
ransport and carbon deposition tolerance. Scandia-stabilized zirconia
ScSZ) exhibits high conductivity and durability. BaZr0.1 Ce0.7 Y0.2 O3 

BZCY) is a proton-conducting electrolyte operating at low tempera-
ures. La0.9 Sr0.1 Ga0.8 Mg0.2 O3 (LSGM) exhibits high ionic conductivity
nd chemical compatibility. These materials are crucial for the devel-
pment of efficient and durable oxide electrolysis cells for hydrogen
roduction. 

.3. Biological hydrogen production 

Fig. 2 presents a visual representation of the microorganisms used
or biohydrogen generation. This may include images or diagrams il-
ustrating the specific microorganisms involved in hydrogen production
nd their metabolic pathways. This figure enhances our understanding
f biological hydrogen production and highlights the potential of har-
essing microbial systems for sustainable hydrogen generation. 

.3.1. Microorganisms for biohydrogen generation 

Biological hydrogen production utilizes microorganisms that are ca-
able of producing hydrogen through various metabolic pathways. Cer-
ain microorganisms, such as purple bacteria, green algae, and photo-
ynthetic bacteria can generate hydrogen through photosynthesis or fer-
entation processes [ 66 , 67 ]. Advances in the understanding of micro-

ial physiology and genetic engineering techniques have enabled the
evelopment of genetically modified microorganisms with enhanced hy-
rogen production capabilities. These bioengineered systems can opti-
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Table 6 

Microorganisms for biohydrogen generation. 

Microorganism Advantages Applications 

Clostridium spp. High hydrogen yield, broad substrate range Biohydrogen production from organic waste, biofuel production 
Rhodobacter capsulatus Photosynthetic bacteria, direct hydrogen production Biohydrogen production from sunlight and organic compounds 
Chlamydomonas reinhardtii Green algae, efficient hydrogen production Biohydrogen production from sunlight and water 
Escherichia coli Genetic engineering potential, hydrogen production via synthetic 

pathways 
Biohydrogen production using engineered microbial systems 

Thermotoga spp. Thermophilic bacteria, high-temperature hydrogen production Biohydrogen production from high-temperature environments 

Table 7 

Metal oxides as oxygen carriers in chemical looping for hydrogen production. 

Metal oxide Advantages Applications 

Iron oxide Abundance, low cost, strong oxygen-carrying capacity Chemical looping for hydrogen production, syngas production 
Nickel oxide High reactivity, excellent oxygen transport properties Chemical looping for hydrogen production, CO2 capture 
Copper oxide Efficient oxygen transfer, good redox stability Chemical looping for hydrogen production, syngas production 
Cobalt oxide Stable oxygen release, suitable for high-temperature applications Chemical looping for hydrogen production, syngas production 
Manganese oxide Moderate oxygen release, versatile oxygen carrier Chemical looping for hydrogen production, CO2 capture 
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ize hydrogen production pathways, improve substrate utilization, and
ncrease hydrogen yield [ 68 , 69 ]. 

.3.2. Bioengineered systems for enhanced hydrogen production 

Bioengineered systems for hydrogen production involve the integra-
ion of microorganisms with various support materials such as immo-
ilized cells or enzyme-coated electrodes. These systems provide a con-
rolled environment for microorganisms, optimize mass transfer, and
nhance the hydrogen production rates [70] . Furthermore, the coupling
f biological hydrogen production with waste treatment processes such
s anaerobic digestion or wastewater treatment allows for simultaneous
nergy recovery and environmental remediation. Integration with re-
ewable feedstocks such as lignocellulosic biomass or organic waste pro-
ides sustainable substrates for microbial hydrogen generation [ 71 , 72 ].
able 6 lists various microorganisms used for biohydrogen generation.
lostridium spp. are known for their high hydrogen yield and ability to
tilize a broad range of substrates, making them suitable for biohydro-
en production from organic waste and biofuel production. Rhodobac-
er capsulatus is a photosynthetic bacterium that produces hydrogen
irectly from sunlight and organic compounds. Chlamydomonas rein-
ardtii is a green algae that efficiently produces hydrogen from sun-
ight and water. Escherichia coli has genetic engineering potential, al-
owing the production of hydrogen via synthetic pathways. Thermotoga
pp. are thermophilic bacteria capable of producing hydrogen at high
emperatures, which is beneficial for biohydrogen production in high-
emperature environments. 

.3.3. Chemical looping for hydrogen production 

.3.3.1. Metal oxides as oxygen carriers. 

Chemical looping is a promising technology that uses metal oxides
s oxygen carriers to generate hydrogen. In this process, a metal ox-
de is exposed to a reducing agent such as methane or syngas, result-
ng in the reduction of the metal oxide and the release of oxygen. The
educed metal oxide is then re-oxidized using air or steam, regenerat-
ng the oxygen carrier for subsequent cycles [ 73 , 74 ]. Various metal ox-
des, including iron oxide (Fe2 O3 ), copper oxide (CuO), and manganese
xide (MnO), have been investigated as oxygen carriers for chemical-
ooping hydrogen production. These materials exhibit high reactivities,
ood oxygen capacities, and high stabilities over multiple redox cycles
 75 , 76 ]. 

.3.3.2. Catalysts for efficient hydrogen generation. 

Efficient hydrogen generation in chemical-looping systems requires
atalysts to facilitate the reactions involved in oxygen-carrier regener-
tion and hydrogen production. Catalysts promote desired reactions,
69
nhance reaction rates, and reduce energy requirements. Various cata-
yst materials, such as nickel-based catalysts, precious metals (e.g., plat-
num and palladium), and mixed metal oxides, have been employed to
mprove hydrogen generation efficiency in chemical looping processes
 77 , 78 ]. Catalyst design focuses on optimizing surface area, activity, and
electivity, enabling efficient oxygen carrier regeneration and hydrogen
roduction. In conclusion, emerging materials for hydrogen production
ffer exciting opportunities for enhancing efficiency, reducing costs, and
nabling sustainable hydrogen generation. Advances in semiconductor-
ased photocatalysts, nanostructured materials, solid oxide electrolysis
ells, biological hydrogen production, and chemical looping have con-
ributed to the development of efficient and environment-friendly hy-
rogen production technologies. Continued research and innovation in
hese materials holds great potential for driving the widespread adop-
ion of hydrogen as a clean energy source [79–81] . Table 7 lists the
etal oxides used as oxygen carriers in chemical looping for hydrogen
roduction. Iron oxide is advantageous because of its abundance, low
ost, and high oxygen-carrying capacity. Nickel oxide exhibits high re-
ctivity and excellent oxygen transport properties. CuO offers efficient
xygen transfer and good redox stability. Cobalt oxide provides a stable
xygen release, making it suitable for high-temperature applications.
anganese oxide exhibits moderate oxygen release and versatility as

n oxygen carrier. These metal oxides play crucial roles in the chemical
ooping processes for hydrogen production, syngas production, and CO2 

apture applications. 

. Advances in materials characterization techniques 

.1. X-ray diffraction (XRD) and spectroscopy 

X-ray diffraction (XRD) is a technique widely used for analyzing the
rystal structure and phase composition of materials. It provides valu-
ble information regarding the arrangement of atoms within a mate-
ial and helps determine the crystallographic phases present. Recent ad-
ancements in XRD include the development of high-resolution detec-
ors, such as charge-coupled devices (CCD) and area detectors, which
nable rapid data acquisition and improved sensitivity [ 82 , 83 ]. Addi-
ionally, synchrotron-based XRD techniques offer enhanced capabilities
uch as high credibility and tunable energy, allowing for detailed inves-
igations of the structural properties of materials. X-ray spectroscopy
echniques, such as X-ray photoelectron spectroscopy (XPS) and X-ray
bsorption spectroscopy (XAS), provide valuable insights into the elec-
ronic and chemical states of materials. These techniques help under-
tand the surface composition, oxidation states, and chemical bonding
haracteristics of materials, facilitating the study of catalysts, electrode
aterials, and functional coatings [84–86] . 
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Table 8 

Challenges and potential solutions in large-scale hydrogen production. 

Challenge Potential solutions 

Scalability of hydrogen production Development of efficient and modular 
production systems 

Cost-effectiveness of materials Advancements in material synthesis and 
manufacturing 

Durability and stability of materials Research on durable and long-lasting 
materials 

Integration with existing energy 
infrastructure 

Retrofitting and integration of hydrogen 
production systems 

Minimization of environmental 
impact 

Development of sustainable production 
processes 
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.2. Scanning electron microscopy (SEM) and transmission electron 

icroscopy (TEM) 

Scanning electron microscopy (SEM) and transmission electron mi-
roscopy (TEM) are powerful tools for visualizing the microstructure
nd morphology of materials at different scales. SEM provides high-
esolution imaging and allows for elemental analysis using energy-
ispersive X-ray spectroscopy (EDS). Recent advancements in SEM tech-
ology have led to improved resolution, better detection limits, and in-
egration of in situ capabilities [87–89] . Environmental SEM (ESEM)
nables imaging under controlled humidity or gas environments, pro-
iding insights into the behavior of materials under realistic conditions.
EM offers even higher resolution and enables the visualization of ma-
erials at the atomic scale. Advanced TEM techniques such as high-
esolution TEM (HRTEM), electron diffraction, and electron energy-loss
pectroscopy (EELS) provide valuable information on crystal defects,
nterfaces, and chemical mapping. In situ TEM techniques allow the
bservation of dynamic processes such as phase transformations and
anoscale reactions in real time [ 90 , 91 ]. 

.3. X-ray photoelectron spectroscopy (XPS) and Auger electron 

pectroscopy (AES) 

X-ray photoelectron spectroscopy (XPS) and Auger electron spec-
roscopy (AES) are surface-sensitive techniques used to analyze the ele-
ental composition, chemical bonding, and electronic states of materi-

ls. XPS provides information on the elemental composition and chemi-
al states of the surface species by measuring the binding energies of
he photoemitted electrons. Recent advancements in XPS include in-
reased energy resolution, multi-technique capabilities (e.g., combining
PS with depth profiling or angle-resolved measurements), and inte-
ration of imaging capabilities for spatially resolved analysis [ 92 , 93 ].
ES is a technique complementary to XPS that provides information
bout the elemental composition and chemical states of surface layers.
t involves the detection of Auger electrons emitted during relaxation
rocesses following core-level ionization. Advances in AES include im-
roved energy resolution, depth-profiling capabilities, and the ability to
erform elemental mapping [ 94 , 95 ]. 

.4. Thermogravimetric analysis (TGA) and differential scanning 

alorimetry (DSC) 

Thermogravimetric analysis (TGA) and differential scanning
alorimetry (DSC) are techniques used to investigate the thermal
ehavior, stability, and phase transitions of materials. Thermogravi-
etric analysis (TGA) measures the weight change of a material as
 function of the temperature. It provides information on processes,
uch as thermal decomposition, desorption, and oxidation. Recent
dvancements in TGA include the integration of evolved gas analysis
EGA) techniques such as mass spectrometry (MS) or Fourier transform
nfrared spectroscopy (FTIR), which enable the identification and
uantification of gaseous products released during thermal events
 96 , 97 ]. DSC measures the heat flow associated with exothermic or
ndothermic processes as a function of the temperature. It provides
nformation on phase transitions, crystallization, melting, and reaction
nthalpies. Recent advancements in DSC technology include improved
ensitivity, high-speed scanning capabilities, and the integration of hy-
henated techniques for simultaneous measurements, such as coupling
SC with FTIR or gas chromatography-mass spectrometry (GC–MS).

n conclusion, advances in material characterization techniques, such
s XRD, spectroscopy, SEM, TEM, XPS, AES, TGA, and DSC, have
reatly enhanced our ability to understand the structure, composition,
nd thermal properties of materials used in hydrogen production.
hese techniques provide valuable insights into the performance and
ehavior of materials, aiding the design and optimization of hydrogen
roduction systems [ 33 , 98 ]. 
70
. Challenges and future outlook 

.1. Durability and stability of materials 

One of the key challenges in the field of hydrogen production ma-
erials is ensuring their long-term durability and stability under harsh
perating conditions. Many hydrogen production methods involve high
emperatures, corrosive environments, and cycling between reducing
nd oxidizing atmospheres, which can degrade materials over time
 32,99–101 ]. Material degradation can result in reduced performance,
ecreased efficiency, and increased maintenance costs. Therefore, it is
ssential to develop materials that can withstand these challenging con-
itions without compromising their functionality. Research has focused
n exploring new materials and coatings with improved corrosion resis-
ance, thermal stability, and mechanical strength. In addition, advanced
haracterization techniques and accelerated testing methodologies have
een employed to evaluate and predict material degradation mecha-
isms, enabling the design of more robust materials for hydrogen pro-
uction [ 102 , 103 ]. 

.2. Cost-effectiveness and scalability 

Another significant challenge in the widespread adoption of hydro-
en production materials is achieving cost-effectiveness and scalability.
any materials used in hydrogen production processes, such as cata-

ysts and membranes, rely on scarce or expensive raw materials, which
inders their large-scale deployment. To overcome this challenge, re-
earchers have aimed to develop alternative materials that are abun-
ant, low-cost, and efficient [104] . For example, the exploration of non-
recious metal catalysts, earth-abundant materials, and nanomaterials
ith enhanced catalytic properties could significantly reduce the over-
ll cost of hydrogen production. Furthermore, advancements in manu-
acturing techniques such as scalable synthesis methods and innovative
eactor designs are being pursued to optimize production processes and
educe fabrication costs [105] . 

.3. Integration of materials in large-scale hydrogen production 

The integration of materials into large-scale hydrogen production
ystems poses unique challenges. As the demand for hydrogen increases,
t has become crucial to develop materials and technologies that can
e seamlessly integrated into existing infrastructure and processes. Effi-
ient coupling of materials with hydrogen production methods such as
team methane reforming or electrolysis requires careful consideration
f factors such as compatibility, performance, and system integration
 106 , 107 ]. Materials must be tailored to meet the specific requirements
f each hydrogen production method while ensuring compatibility with
ther components and system constraints. This integration also involves
ddressing issues related to heat management, safety, and process op-
imization [108] . Table 8 summarizes the challenges of large-scale hy-
rogen production and proposes potential solutions. The scalability of
ydrogen production can be addressed by developing efficient modular
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roduction systems that can be expanded easily. Cost-effectiveness can
e improved through advancements in material synthesis and manufac-
uring techniques, enabling the use of affordable and abundant materi-
ls. The durability and stability of materials can be enhanced through
edicated research efforts focused on the development of durable and
ong-lasting materials. Integration with existing energy infrastructure
equires retrofitting and integrating hydrogen production systems into
he current energy landscape. Finally, the environmental impact can be
inimized by developing sustainable production processes that utilize

enewable resources and minimize emissions. 

.4. Emerging trends and potential breakthroughs 

The field of materials for hydrogen production is witnessing several
merging trends and breakthroughs that hold promise for the future.
ome of these include [109–112] : 

1. Advanced catalysts: The development of novel catalysts with high
activity, selectivity, and stability is the focus of ongoing research.
Advances in catalyst design, such as single-atom catalysts, alloy cat-
alysts, and hybrid materials, have shown potential for improving the
efficiency of hydrogen production. 

2. Advanced membranes: Membranes play a crucial role in processes,
such as hydrogen purification and separation. Advanced membranes
with high selectivity, permeability, and stability can significantly en-
hance the efficiency and cost-effectiveness of hydrogen production
and purification. 

3. Energy-efficient processes: Energy efficiency is a critical aspect of
sustainable hydrogen production. Research has focused on devel-
oping energy-efficient processes such as electrochemical processes,
thermochemical cycles, and integrated systems that utilize waste
heat or renewable energy sources. 

4. Materials for energy storage: Hydrogen has significant potential
as an energy-storage medium. Advancements in materials for hydro-
gen storage, such as metal hydrides, chemical hydrides, and porous
materials, are being pursued to enable the efficient and safe storage
and release of hydrogen for various applications. 

5. Sustainable materials: The development of sustainable and envi-
ronmentally friendly materials has gained attention. These include
materials derived from renewable resources, materials with reduced
environmental impact throughout their lifecycle, and materials that
facilitate the use of renewable energy sources for hydrogen produc-
tion. 

In conclusion, addressing the challenges related to durability, cost-
ffectiveness, scalability, and integration of materials is crucial for
dvancing hydrogen production. Continued R&D efforts, along with
merging trends and potential breakthroughs, will play a vital role in
ealizing the full potential of these materials for sustainable and effi-
ient hydrogen production. 

. Conclusion 

In conclusion, the field of materials for hydrogen production is
apidly evolving, driven by increasing demand for clean and sustainable
nergy sources. Materials play a critical role in hydrogen production by
nfluencing their efficiency, performance, and cost-effectiveness. This
eview article provides an overview of cutting-edge developments in ma-
erials for hydrogen production, covering traditional materials, emerg-
ng materials, material characterization techniques, challenges, and fu-
ure prospects. The importance of hydrogen as a clean energy carrier has
een emphasized, highlighting its potential to mitigate greenhouse gas
missions and address energy sustainability challenges. Various hydro-
en production methods, including steam methane reforming, coal gasi-
cation, biomass gasification, water electrolysis, photocatalytic water
plitting, solid oxide electrolysis, biological hydrogen production, and
hemical looping, are discussed along with the materials associated with
71
ach method. This review also explores advances in material characteri-
ation techniques, such as X-ray diffraction, spectroscopy, scanning elec-
ron microscopy, transmission electron microscopy, X-ray photoelectron
pectroscopy, Auger electron spectroscopy, thermogravimetric analysis,
nd differential scanning calorimetry. These techniques provide valu-
ble insight into the structural, compositional, and thermal properties of
aterials, aiding in their design, optimization, and performance evalu-

tion. Furthermore, the challenges and prospects of materials for hydro-
en production were examined. The durability and stability of materials,
ost-effectiveness and scalability, integration into large-scale production
ystems, emerging trends, and potential breakthroughs have been identi-
ed as key areas of focus. Overcoming these challenges and capitalizing
n emerging trends is crucial for the widespread adoption of materials
or hydrogen production and the realization of a sustainable hydrogen
conomy. Materials for hydrogen production continue to evolve, driven
y advancements in materials science, catalysis, and energy conversion
echnologies. The development of durable, cost-effective, and scalable
aterials coupled with their seamless integration into large-scale pro-
uction systems holds great promise for unlocking the full potential of
ydrogen as a clean and sustainable energy source. Continued research,
nnovation, and collaboration across multidisciplinary fields are essen-
ial to accelerate the development and deployment of cutting-edge ma-
erials for hydrogen production, contributing to a greener and more sus-
ainable future. 

eclaration of Competing Interest 

The authors declare no conflict of interest regarding the publication
f this article. The content and findings presented in this paper are based
n objective research, scientific evidence, and the authors’ expertise in
he field. There are no financial, professional, or personal relationships
hat could potentially bias the content or interpretation of the informa-
ion presented. The authors have no affiliations with organizations or
ntities that may have a vested interest in the subject matter discussed.
his declaration ensures the integrity and impartiality of the informa-
ion provided in this review article. 

eferences 

[1] B. Shanmughan, A. Nighojkar, B. Kandasubramanian, Exploring the future of 2D
catalysts for clean and sustainable hydrogen production, Int. J. Hydrogen Energy
48 (2023) 28679–28693, doi: 10.1016/j.ijhydene.2023.04.053 . 

[2] A. Puga, Photocatalytic hydrogen production in the context of sustainable energy,
Photocatal. Hydrog. Prod. Sustain. Energy (2023) . 

[3] M.S. Herdem, D. Mazzeo, N. Matera, C. Baglivo, N. Khan, P.M. Congedo, M.G. De
Giorgi, A brief overview of solar and wind-based green hydrogen production sys-
tems: Trends and standardization, Int. J. Hydrogen Energy (2023) . 

[4] F. Qureshi, M. Yusuf, M.A. Khan, H. Ibrahim, B.C. Ekeoma, H. Kamyab, M.M. Rah-
man, A.K. Nadda, S. Chelliapan, A state-of-the-art review on the latest trends in
hydrogen production, storage, and transportation techniques, Fuel 340 (2023)
127574 . 

[5] A.Z. Arsad, M.A. Hannan, A.Q. Al-Shetwi, R.A. Begum, M.J. Hossain, P.J. Ker,
T.M. Indra Mahlia, Hydrogen electrolyser technologies and their modeling for sus-
tainable energy production: A comprehensive review and suggestions, Int. J. Hy-
drogen Energy (2023) . 

[6] Q. Hassan, V.S. Tabar, A.Z. Sameen, H.M. Salman, M. Jaszczur, A review of green
hydrogen production based on solar energy, techniques and methods, Energy Har-
vest. Syst. (2023) . 

[7] J.M. Woon, K.S. Khoo, A.A. Al-Zahrani, M.M. Alanazi, J.W. Lim, C.K. Cheng,
N.T. Sahrin, et al., Epitomizing biohydrogen production from microbes: Critical
challenges vs opportunities, Environ. Res. 227 (2023) 115780 . 

[8] T. Hai, N.M. Abd El-Salam, T.I. Kh, R. Chaturvedi, W. El-Shafai, B. Farhang, Com-
parison of two newly suggested power, refrigeration, and hydrogen production, for
moving towards sustainability schemes using improved solar-powered evolution-
ary algorithm optimization, Chemosphere 336 (2023) 139160 . 

[9] D. Patnaik, A.K. Pattanaik, D.K. Bagal, A. Rath, Reducing CO2 emissions in the iron
industry with green hydrogen, Int. J. Hydrogen Energy 48 (2023) 23449–23458 . 

[10] S. Zhironkin, M. Cehlár, Economic and technological advances of green energy and
sustainable development: The overview, Energies 16 (2023) 4193 . 

[11] M.R. Ahmed, T. Barua, B.K. Das, A comprehensive review on techno-environmental
analysis of state-of-the-art production and storage of hydrogen energy: Challenges
and way forward, Energy Sourc., Part A: Recov., Util., Environ. Eff. 45 (2023)
5905–5937 . 

https://doi.org/10.1016/j.ijhydene.2023.04.053
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0002
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0003
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0004
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0005
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0006
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0007
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0008
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0009
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0010
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0011


A. Alamiery ChemPhysMater 3 (2024) 64–73

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[12] A. Makhsoos, M. Kandidayeni, B.G. Pollet, L. Boulon, A perspective on increasing
the efficiency of proton exchange membrane water electrolyzers–a review, Int. J.
Hydrogen Energy (2023) . 

[13] Q.N. Tran, I.T. Kim, A review of biohydrogen production from saccharina japonica,
Fermentation 9 (2023) 242 . 

[14] G.M. Rani, D. Pathania, R. Umapathi, S. Rustagi, Y.S. Huh, V.K. Gupta, A. Kaushik,
V. Chaudhary, Agro-waste to sustainable energy: A green strategy of converting
agricultural waste to nano-enabled energy applications, Sci. Total Environ. 875
(2023) 162667 . 

[15] A.T. Hoang, A. Pandey, W.-H. Chen, S.F. Ahmed, S. Ni ž eti ć, K.H. Ng, Z. Said, et al.,
Hydrogen production by water splitting with support of metal and carbon-based
photocatalysts, ACS Sustain. Chem. Eng. (2023) . 

[16] L. Gnanasekaran, A.K. Priya, S. Thanigaivel, T.K.A. Hoang, M. Soto-Moscoso, The
conversion of biomass to fuels via cutting-edge technologies: Explorations from
natural utilization systems, Fuel 331 (2023) 125668 . 

[17] A. Akinpelu, M.S. Alam, M.S. Rahman, F.S. Al-Ismail, Greenhouse gas emission dy-
namics of Saudi Arabia: Potential of hydrogen fuel for emission footprint reduction,
Sustainability 15 (2023) 5639 . 

[18] E.T. Sayed, A.G. Olabi, A.H. Alami, A. Radwan, A. Mdallal, A. Rezk, M.A. Abdelka-
reem, Renewable energy and energy storage systems, Energies 16 (2023) 1415 . 

[19] O. Akande, B. Lee, J.A. Okolie, H.N. Museba, Hydrogen-rich syngas generation
through microwave plasma reforming of greenhouse gases, Int. J. Hydrogen Energy
(2023) . 

[20] S. Kakran, A. Sidhu, A. Kumar, A.B. Youssef, S. Lohan, Hydrogen energy in BRIC-
S-US: A whirl succeeding fuel treasure, Appl. Energy 334 (2023) 120670 . 

[21] S. Chakrabortty, R. Kumar, J. Nayak, B.H. Jeon, S.K. Dargar, S.K. Tripathy, P. Pal,
G.S. Ha, K.H. Kim, M. Jasi ń ski, Green synthesis of MeOH derivatives through in
situ catalytic transformations of captured CO2 in a membrane integrated photo-mi-
croreactor system: A state-of-art review for carbon capture and utilization, Renew.
Sustain. Energy Rev. 182 (2023) 113417 . 

[22] K. Qadeer, A. Al-Hinai, L.F. Chuah, N.R. Sial, H. Ala’a, R. Al Abri, M. Abdul Qyyum,
M. Lee, Methanol production and purification via membrane-based technology:
Recent advancements, challenges, and the way forward, Chemosphere (2023) . 

[23] H.H. Cho, V. Strezov, T.J. Evans, A review on global warming potential, challenges
and opportunities of renewable hydrogen production technologies, Sustain. Mater.
Technol. (2023) . 

[24] S. Wang, S.A. Nabavi, P.T. Clough, A review on bi/polymetallic catalysts for steam
methane reforming, Int. J. Hydrogen Energy 48 (2023) 15879–15893 . 

[25] E. Meloni, M. Martino, V. Palma, A short review on Ni based catalysts and related
engineering issues for methane steam reforming, Catalysts 10 (2020) 352 . 

[26] R.K. Singh, N.P. Nayak, DIVE method integration for techno-economic analysis of
hydrogen production techniques in India, in: Materials Today: Proceedings, 2023 . 

[27] R. Aguado, A. Baccioli, A. Liponi, D. Vera, Continuous decentralized hydrogen pro-
duction through alkaline water electrolysis powered by an oxygen-enriched air in-
tegrated biomass gasification combined cycle, Energy Conv. Manage. 289 (2023)
117149 . 

[28] D. Tang, G.-L. Tan, G.-W. Li, J.-G. Liang, S.M. Ahmad, A. Bahadur, M. Humayun,
H. Ullah, A. Khan, M. Bououdina, State-of-the-art hydrogen generation techniques
and storage methods: A critical review, J. Energy Storage 64 (2023) 107196 . 

[29] E. Monteiro, P.S.D. Brito, Hydrogen supply chain: Current status and prospects,
Energy Storage (2023) . 

[30] D. Xu, L. Dong, J. Ren, Introduction of hydrogen routines, in: Hydrogen Economy,
Academic Press, 2023, pp. 45–65 . 

[31] M. Arfan, O. Eriksson, Z. Wang, S. Soam, Life cycle assessment and life cycle costing
of hydrogen production from biowaste and biomass in Sweden, Energy Convers.
Manage. 291 (2023) 117262 . 

[32] A.L. Hananto, A.T. Mohammed, P.A. Paristiawan, I. Ghazali, M. Idris, S. Alam,
M.T. Kurnia, Recent trends in sustainable modeling for hydrogen production and
utilization, J. Polimesin 21 (2023) 278–284 . 

[33] M. Sharma, A. Pramanik, G.D. Bhowmick, A. Tripathi, M.M. Ghangrekar,
C. Pandey, B.S. Kim, Premier, progress and prospects in renewable hydrogen gen-
eration: A review, Fermentation 9 (2023) 537 . 

[34] T.X. Nguyen-Thi, P.Q.P. Nguyen, V.D. Tran, Ü. A ğbulut, L.H. Nguyen, D. Balasub-
ramanian, W. Tarelko, S.A. Bandh, N.D.K. Pham, Recent advances in hydrogen
production from biomass waste with a focus on pyrolysis and gasification, Recent
advances in hydrogen production from biomass waste with a focus on pyrolysis
and gasification, Int. J. Hydrogen Energy (2023) . 

[35] S. Dharani, S. Vadivel, L. Gnanasekaran, S. Rajendran, S-scheme heterojunction
photocatalysts for hydrogen production: Current progress and future prospects,
Fuel 349 (2023) 128688 . 

[36] G. Bilgiç, E. Bende ş, B. Öztürk, S. Atasever, Recent advances in artificial neural
network research for modeling hydrogen production processes, Int. J. Hydrogen
Energy (2023) . 

[37] M. Sharma, A. Pramanik, G.D. Bhowmick, A. Tripathi, M.M. Ghangrekar,
C. Pandey, B.S. Kim, Premier, progress and prospects in renewable hydrogen gen-
eration: A review, Fermentation 2023 (2023) 537 . 

[38] J. Hwang, K. Maharjan, H. Cho, A review of hydrogen utilization in power gener-
ation and transportation sectors: Achievements and future challenges, Int. J. Hy-
drogen Energy (2023) . 

[39] A.M. M, V.V. Valsan, Comparative simulation study of hydrogen production by
biomass gasification of different biomass feedstock with integrated carbon-diox-
ide capture, Compar. Simul. Study Hydrogen Prod. Biomass Gasif. Diff. Biomass
Feedstock with Integr. Carbon-Dioxide Capt. 19 (2023) 2023 . 

[40] G. Dziva, Z. Jia, Y. Xue, L. Zeng, Hydrogen production from biomass via moving
bed sorption-enhanced reforming: Kinetic modeling and process simulation, Fuel
352 (2023) 129024 . 
72
[41] F.R. Malik, H. Yuan, J.C. Moran, N. Tippayawong, Overview of hydrogen pro-
duction technologies for fuel cell utilization, Eng. Sci. Technol., Int. J. 43 (2023)
101452 . 

[42] C.K.R. Pocha, W.Y. Chia, T.A. Kurniawan, K.S. Khoo, K.W. Chew, Thermochemical
conversion of different biomass feedstocks into hydrogen for power plant electricity
generation, Fuel 340 (2023) 127472 . 

[43] J.M.M. Arcos, D.M.F. Santos, The hydrogen color spectrum: Techno-economic anal-
ysis of the available technologies for hydrogen production, Gases 3 (2023) 25–46 .

[44] R.S. El-Emam, C. Zamfirescu, K.S. Gabriel, Hydrogen production pathways for
Generation-IV reactors, in: Handbook of Generation IV Nuclear Reactors, 2023,
pp. 665–680 . 

[45] M. Anish, P. Bency, J. Jayaprabakar, V. Jayaprakash, P.S. Rao, K. Phanikumar,
J.A. Kumar, A. Saravanan, M. Rajasimman, Utilization of nano materials in hydro-
gen production-emerging technologies and its advancements: An overview, Int. J.
Hydrogen Energy (2023) . 

[46] Z. Zhen, Y. Wang, Y. Wang, X. Wang, X. Ou, S. Zhou, Hydrogen production paths
in China based on learning curve and discrete choice model, J. Clean. Prod. 415
(2023) 137848 . 

[47] J. Brito, F. Pinto, A. Ferreira, M.A. Soria, L.M. Madeira, Steam reforming of biomass
gasification gas for hydrogen production: From thermodynamic analysis to exper-
imental validation, Fuel Process. Technol. 250 (2023) 107859 . 

[48] Ş . Genç, H. Koku, A preliminary techno-economic analysis of photofermentative
hydrogen production, Int. J. Hydrogen Energy (2023) . 

[49] F. Qureshi, M. Yusuf, H. Kamyab, D.V.N. Vo, S. Chelliapan, S.-W. Joo,
Y. Vasseghian, Latest eco-friendly avenues on hydrogen production towards a circu-
lar bioeconomy: Currents challenges, innovative insights, and future perspectives,
Renew. Sustain. Energy Rev. 168 (2022) 112916 . 

[50] S.F. Ahmed, M. Mofijur, S. Nuzhat, N. Rafa, A. Musharrat, S.S. Lam, A. Boretti, Sus-
tainable hydrogen production: Technological advancements and economic analy-
sis, Int. J. Hydrogen Energy 47 (2022) 37227–37255 . 

[51] A. Ajanovic, M. Sayer, R. Haas, The economics and the environmental benignity of
different colors of hydrogen, Int. J. Hydrogen Energy 47 (2022) 24136–24154 . 

[52] Y. Wang, J. Li, S. Chen, Y. Xie, Y. Ma, Y. Luo, Y. Ling, J. Ye, CdS/ZnIn2 S4 type
II heterojunctions improve photocatalytic hydrogen production: Faster electron—
hole separation and wider visible light utilization, Sustain. Energy Fuels 6 (2022)
4893–4902 . 

[53] T. Capurso, M. Stefanizzi, M. Torresi, S.M. Camporeale, Perspective of the role
of hydrogen in the 21st century energy transition, Energy Convers. Manage. 251
(2022) 114898 . 

[54] B. Wang, X. Yu, J. Chang, R. Huang, Z. Li, H. Wang, Techno-economic analysis and
optimization of a novel hybrid solar-wind-bioethanol hydrogen production system
via membrane reactor, Energy Convers. Manage. 252 (2022) 115088 . 

[55] Simson Wu, Nicholas Salmon, Molly Meng-Jung Li, René Bañares-Alcántara, Shik
Chi Edman Tsang, Energy decarbonization via green H2 or NH3 ? ACS Energy Lett.
7 (2022) 1021–1033 . 

[56] M. van der Spek, C. Banet, C. Bauer, P. Gabrielli, W. Goldthorpe, M. Mazzotti,
S.T. Munkejord, et al., Perspective on the hydrogen economy as a pathway to reach
net-zero CO2 emissions in Europe, Energy Environ. Sci. 15 (2022) 1034–1077 . 

[57] R. Ye, S. Xiao, Q. Lai, D. Wang, Y. Huang, G. Feng, R. Zhang, T. Wang, Advances
in enhancing the stability of Cu-based catalysts for methanol reforming, Catalysts
12 (2022) 747 . 

[58] D. Lim, B. Lee, H. Lee, M. Byun, H. Lim, Projected cost analysis of hybrid methanol
production from tri-reforming of methane integrated with various water electroly-
sis systems: Technical and economic assessment, Renew. Sustain. Energy Rev. 155
(2022) 111876 . 

[59] S.P. Jiang, Q. Li, Fuels for fuel cells, in: Introduction to Fuel Cells: Electrochemistry
and Materials, 2022, pp. 123–170 . 

[60] E. Sanasvuori, The role of hydrogen and electrofuels in implementing the carbon
neutrality targets of the Finnish energy system and their integration into national
statistics, (2022). 

[61] G. Varvoutis, A. Lampropoulos, E. Mandela, M. Konsolakis, G.E. Marnellos, Recent
advances on CO2 mitigation technologies: On the role of hydrogenation route via
green H2, Energies 15 (2022) 4790 . 

[62] K. de Kleijne, S.V. Hanssen, L. van Dinteren, M.A.J. Huijbregts, R. van Zelm, H. de
Coninck, Limits to Paris compatibility of CO2 capture and utilization, One Earth 5
(2022) 168–185 . 

[63] H. Lin, S. Luo, H. Zhang, J. Ye, Toward solar-driven carbon recycling, Joule 6
(2022) 294–314 . 

[64] L. Menin, S. Piazzi, D. Antolini, A. Gasparella, M. Baratieri, Managing Editor/Action
Group 9 co-leader (2022) . 

[65] A. Alturki, The global carbon footprint and how new carbon mineralization tech-
nologies can be used to reduce CO2 emissions, Chem. Eng. 6 (2022) 44 . 

[66] J.D. Butson, III-V Semiconductor Alloys and Earth-Abundant Cocatalyst Foils for
Immersed Solar Water Splitting Devices, The Australian National University, 2022
Ph.D. dissertation . 

[67] M. Baldry, N. Gurieff, D. Keogh, Imagining sustainable human ecosystems with
power-to-x in-situ resource utilisation technology, Acta Astronaut. 192 (2022)
190–198 . 

[68] H. Karjunen, Analysis and design of carbon dioxide utilization systems and infras-
tructures, (2022). 

[69] Z. Alwahabi, z. Li, J. Zetterberg, M. Aldén, Infrared polarization spec-
troscopy of CO2 at atmospheric pressure, Opt. Commun. 233 (2004) 373–381,
doi: 10.1016/j.optcom.2004.01.012 . 

[70] M.H. Høvik, B.T. Johnsen, T.J. Wurschmidt, Green Ammonia Production For Mar-
itime Transport, NTNU, 2022 Bachelor’s thesis . 

[71] G.A. Lee, X. Shi, A.H.A. Park, arXiv preprint, 2022 . 

http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0012
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0013
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0014
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0015
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0016
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0017
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0018
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0019
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0020
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0021
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0022
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0023
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0024
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0025
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0026
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0027
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0028
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0029
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0030
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0031
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0032
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0033
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0034
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0035
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0036
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0037
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0038
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0039
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0040
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0041
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0042
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0043
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0044
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0045
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0046
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0047
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0048
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0049
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0050
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0051
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0052
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0053
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0054
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0055
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0056
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0057
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0058
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0059
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0061
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0062
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0063
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0064
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0065
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0066
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0067
https://doi.org/10.1016/j.optcom.2004.01.012
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0070
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0071


A. Alamiery ChemPhysMater 3 (2024) 64–73

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

 

[  

 

 

[  

 

[  

[  

 

[  

 

 

[  

 

 

[  

[  

 

[  

 

[  

 

[  

 

[72] C.R. Shyniya, T.R. Rajasekaran, Investigation on influence of manganese nanopar-
ticles loading in electrochemical activity of anatase titania catalysts and its role in
photocatalytic performance, J. Optics 51 (2022) 246–259 . 

[73] F.F. Orudzhev, S.M. Ramazanov, D. Sobola, N.M.R. Alikhanov, R.S. Dallaev,
Property multifunctional management perovskite of BiFeO3 -based nanomaterials:
Nanoparticles, ceramics, and thin films, in: Nanomaterials For Energy Conversion,
Biomedical and Environmental Applications, 2022, p. 111 . 

[74] C.M. Hussain, K.K. Patankar, Fundamentals and Industrial Applications of Magnetic
Nanoparticles, Woodhead Publishing, 2022 . 

[75] P. Chopade, S. Jagtap, S. Gosavi, 1Department of Physics, Savitribai Phule Pune
University, Pune, India, Department of Instrumentation Science, in: Nanoscale
Compound Semiconductors and Their Optoelectronics Applications, Savitribai
Phule Pune University, Pune, India, 2022, p. 105 . 

[76] T. Luukkonen, Alkali-Activated Materials in Environmental Technology Applica-
tions, Woodhead Publishing, 2022 . 

[77] T. Li, Correlating Chemical Activity and Structure in Mesoporous Metal Oxides
for Nerve Agent Decomposition, University of Maryland, College Park, 2022 Ph.D.
dissertation . 

[78] L.N. Walters, Thermodynamic and Electrochemical Models For Predicting Aqueous
Materials Formation, Northwestern University, 2022 Ph.D. dissertation . 

[79] S. Chai, J. Yao, Y. Wang, J. Zhu, J. Jiang, Mediating iodine cathodes with robust
directional halogen bond interactions for highly stable rechargeable Zn-I2 batteries,
Chem. Eng. J. 439 (2022) 135676 . 

[80] M. Zhang, H. Peng, K. Sun, X. Xie, X. Lei, S. Liu, G. Ma, Z. Lei, CeO2 C2 nanoparti-
cles with oxygen-enriched vacancies in-site self-embedded in Fe, N co-doped car-
bon nanofibers as efficient oxygen reduction catalyst for Zn-air battery, Chinese J.
Chem. 40 (2022) 2763–2772 . 

[81] Q. Tang, Y. Ma, K. Huang, Fe3 O4 /ZrO2 composite as a robust chemical looping
oxygen carrier: A kinetics study on the reduction process, ACS Appl. Energy Mater.
4 (2021) 7091–7100 . 

[82] S. Sharma, M. Kaur, C. Sharma, A. Choudhary, S. Paul, Biomass-derived activated
carbon-supported copper catalyst: An efficient heterogeneous magnetic catalyst for
base-free chan–lam coupling and oxidations, ACS Omega 6 (2021) 19529–19545 . 

[83] K. Yao, Y. Xia, J. Li, N. Wang, J. Han, C. Gao, M. Han, et al., Metal–organic frame-
work derived copper catalysts for CO2 to ethylene conversion, J. Mater. Chem. A
8 (2020) 11117–11123 . 

[84] Z. Lai, Q. He, T.H. Tran, D.V.M. Repaka, D.D. Zhou, Y. Sun, S. Xi, et al., Metastable
1T ′ -phase group VIB transition metal dichalcogenide crystals, Nat. Mater. 20 (2021)
1113–1120 . 

[85] J. He, D. Chen, N. Li, Q. Xu, H. Li, J. He, J. Lu, Controlled fabrication of meso-
porous ZSM-5 zeolite-supported PdCu alloy nanoparticles for complete oxidation
of toluene, Appl. Catal. B: Environ. 265 (2020) 118560 . 

[86] V. Patait, Preparation, characterization, properties and applications of lead zer-
conate titanate thin films: A review, Turkish J. Comput. Math. Educ. (TURCOMAT)
12 (2021) 1339–1356 . 

[87] O. Pryshchepa, P. Pomastowski, B. Buszewski, Silver nanoparticles: Synthesis, in-
vestigation techniques, and properties, Adv. Colloid Interface Sci. 284 (2020)
102246 . 

[88] H. Zhang, Z. Zeng, X. Shi, Y. Du, In-depth study on the structures and properties of
rare-earth-containing perovskite materials, Nanoscale 13 (2021) 13976–13994 . 

[89] C.N. Yonti, P.K. Tsobnang, R.L. Fomekong, F. Devred, E. Mignolet, Y. Larondelle,
S. Hermans, A. Delcorte, J.L. Ngolui, Green synthesis of iron-doped cobalt oxide
nanoparticles from palm kernel oil via CO-precipitation and structural characteri-
zation, Nanomaterials 11 (2021) 2833 . 

[90] Q. Yang, J. Wang, X. Lou, Z. Chen, B. Hu, Self-assembled 3D Nix Co3- x O4 pseudocube
superstructure as potential anode material for Li-ion batteries, J. Alloys Compd. 814
(2020) 152319 . 

[91] Q. Jia, G. Zou, W. Wang, H. Ren, H. Zhang, Z. Deng, B. Feng, L. Liu, Sintering mech-
anism of a supersaturated Ag–Cu nanoalloy film for power electronic packaging,
ACS Appl. Mater. Interfaces 12 (2020) 16743–16752 . 

[92] C. Tong, J. Zuo, D. Wen, W. Chen, L. Ye, Y. Yuan, Halide-free carbonylation
of methanol with H-MOR supported CuCeOx catalysts, Front. Chem. Sci. Eng.15
(2021) 1075–1087 . 
73
[93] N. Choudhary, T. Ghosh, S.M. Mobin, Ketone hydrogenation by using
ZnO− Cu(OH)Cl/MCM-41 with a splash of water: An environmentally benign ap-
proach, Chem.–Asian J. 15 (2020) 1339–1348 . 

[94] X. Li, B. Li, J. Lei, K.V. Bets, X. Sang, E. Okogbue, Y. Liu, et al., Nickel particle–en-
abled width-controlled growth of bilayer molybdenum disulfide nanoribbons, Sci.
Adv. 7 (2023) 1892 . 

[95] S. Zarska, D. Kulawik, V. Pavlyuk, P. Tomasik, A. Bachmatiuk, R. Szukiewicz,
W. Ciesielski, A facile and efficient bromination of multi-walled carbon nanotubes,
Materials 14 (2023) 3161 . 

[96] S.N. Basahel, M. Mokhtar, T.T. Ali, K. Narasimharao, Porous Fe2 O3 -ZrO2 and
NiO-ZrO2 nanocomposites for catalytic N2 O decomposition, Catal. Today 348
(2023) 166–176 . 

[97] H.A. Alalwan, L.J. Augustine, B.G. Hudson, J.P. Abeysinghe, E.G. Gillan, S.E. Ma-
son, V.H. Grassian, D.M. Cwiertny, Linking solid-state reduction mechanisms to
size-dependent reactivity of metal oxide oxygen carriers for chemical looping com-
bustion, ACS Appl. Energy Mater. 4 (2023) 1163–1172 . 

[98] Y. Li, S. Vallem, J. Bae, MXene-based composites for high-performance and
fire-safety lithium-ion battery, Curr. Appl. Phys. (2023) . 

[99] K. Qadeer, A. Al-Hinai, L.F. Chuah, N.R. Sial, H. Ala’a, R. Al Abri, M.A. Qyyum,
M. Lee, Methanol production and purification via membrane-based technology:
Recent advancements, challenges, and the way forward, Chemosphere 335 (2023)
139007 . 

100] C. Wang, R. Deng, M. Guo, Q. Zhang, Recent progress of advanced Co3 O4 -based ma-
terials for electrocatalytic oxygen evolution reaction in acid: From rational screen-
ing to efficient design, Int. J. Hydrogen Energy (2023) . 

101] T.D. Malevu, R.O. Ocaya, H. Soonmin, T.A. Nhlapo, Metal halide perovskite photo-
catalysts: Recent progress, challenges, and future directions, Crit. Rev. Solid State
Mater. Sci. (2023) . 

102] R.D. Nikam, J. Lee, K. Lee, H. Hwang, Exploring the cutting-edge frontiers of
electrochemical random access memories (ECRAMs) for neuromorphic comput-
ing: Revolutionary advances in material-to-device engineering, Small 19 (2023)
2302593 . 

103] A. Ahmad, K. Rambabu, S.W. Hasan, P.L. Show, F. Banat, Biohydrogen production
through dark fermentation: Recent trends and advances in transition to a circular
bioeconomy, Int. J. Hydrogen Energy (2023) . 

104] Q. Hassan, A.Z. Sameen, H.M. Salman, Hydrogen energy horizon: Balancing oppor-
tunities and challenges, Energy Harvest. Syst. (2023) . 

105] F. Guo, T.J. Macdonald, A.J. Sobrido, L. Liu, J. Feng, G. He, Recent advances in
ultralow-Pt-loading electrocatalysts for the efficient hydrogen evolution, Adv. Sci.
10 (2023) 2301098 . 

106] M. Anish, P. Bency, J. Jayaprabakar, V. Jayaprakash, P.S. Rao, K. Phanikumar,
J. Aravind Kumar, A. Saravanan, M. Rajasimman, Utilization of nano materials in
hydrogen production-Emerging technologies and its advancements: An overview,
Int. J. Hydrogen Energy (2023) . 

107] V. Harish, M.M. Ansari, D. Tewari, A.B. Yadav, N. Sharma, S. Bawarig, M.L. Gar-
cía-Betancourt, A. Karatutlu, M. Bechelany, A. Barhoum, Cutting-edge advances
in tailoring size, shape, and functionality of nanoparticles and nanostructures: A
review, J. Taiwan Inst. Chem. Eng. 149 (2023) 105010 . 

108] S.A. Gorji, Challenges and opportunities in green hydrogen supply chain through
metaheuristic optimization, J. Comput. Design Eng. 10 (2023) 1143–1157 . 

109] H. Shen, T. Wei, J. Ding, X. Liu, Copper phosphide nanowires as high-performance
catalysts for urea-assisted hydrogen evolution in alkaline medium, Materials 16
(2023) 4169 . 

110] C. Chinnasamy, N. Perumal, A. Choubey, S. Rajendran, Recent advancements in
MXene-based nanocomposites as photocatalysts for hazardous pollutant degrada-
tion-A review, Environ. Res. 233 (2023) 116459 . 

111] K.B.M. Ismail, M.A. Kumar, S. Mahalingam, J. Kim, R. Atchudan, Recent advances
in molybdenum disulfide and its nanocomposites for energy applications: Chal-
lenges and development, Materials 16 (2023) 4471 . 

112] H. Kim, Y.J. Lee, G. Byun, C. Choi, W.H. Yeo, Advances in ultrathin soft
sensors, integrated materials, and manufacturing technologies for enhanced
monitoring of human physiological signals, Adv. Electron. Mater. 9 (2023) 
2201294 . 

http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0072
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0073
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0074
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0075
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0076
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0077
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0078
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0079
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0080
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0081
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0082
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0083
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0084
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0085
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0086
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0087
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0088
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0089
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0090
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0091
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0092
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0093
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0094
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0095
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0096
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0097
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0098
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0099
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0100
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0101
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0102
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0103
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0104
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0105
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0106
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0107
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0108
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0109
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0110
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0111
http://refhub.elsevier.com/S2772-5715(23)00047-5/sbref0112

	Advancements in materials for hydrogen production: A review of cutting-edge technologies
	1 Introduction
	2 Traditional materials for hydrogen production
	2.1 Steam methane reforming (SMR)
	2.2 Coal gasification
	2.3 Biomass gasification
	2.4 Water electrolysis

	3 Emerging materials for hydrogen production
	3.1 Photocatalytic water splitting
	3.1.1 Advances in semiconductor-based photocatalysts
	3.1.2 Nanostructured materials for enhanced photocatalysis
	3.1.3 Reaction mechanism of photocatalytic water splitting

	3.2 Solid oxide electrolysis cells (SOEC)
	3.2.1 High-temperature electrolysis materials
	3.2.2 Advances in electrolyte and electrode materials

	3.3 Biological hydrogen production
	3.3.1 Microorganisms for biohydrogen generation
	3.3.2 Bioengineered systems for enhanced hydrogen production
	3.3.3 Chemical looping for hydrogen production


	4 Advances in materials characterization techniques
	4.1 X-ray diffraction (XRD) and spectroscopy
	4.2 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
	4.3 X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES)
	4.4 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

	5 Challenges and future outlook
	5.1 Durability and stability of materials
	5.2 Cost-effectiveness and scalability
	5.3 Integration of materials in large-scale hydrogen production
	5.4 Emerging trends and potential breakthroughs

	6 Conclusion
	Declaration of Competing Interest
	References


