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Review 

Advancing hydrogen storage: critical insights to 
potentials, challenges, and pathways to sustainability☆ 

Nisha T Padmanabhan1, Laura Clarizia2 and Priyanka Ganguly3   

Research in green hydrogen production is advancing through 
photocatalysis and electrocatalysis, but storage remains a 
challenge. Promising hydrogen carriers, such as methanol, 
ammonia, formic acid, liquid organic hydrogen carriers, and metal 
hydrides, face issues like low hydrogen content and high energy 
demands. This review highlights innovations in hydrogen storage, 
focusing on carrier synthesis and photocatalytic hydrogen release 
for sustainable, energy-efficient solutions. Advancing catalysts, 
reactors, lifecycle assessments, and economic feasibility is crucial. 
Hybrid approaches and augmented intelligence are essential for 
developing cost-effective, high-efficiency storage systems, driving 
progress toward a sustainable hydrogen economy. 
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Introduction — the current state of hydrogen 
production and storage 
Hydrogen plays a pivotal role in the global transition 
toward net-zero emissions, offering the highest gravi
metric energy density among fuels at 33.3 kWh/kg 
(120 MJ/kg). Hydrogen is crucial for reducing fossil fuel 
dependence and meeting energy demands, but produc
tion remains energy intensive. Traditional methods like 
steam methane reforming and coal gasification produce 
gray hydrogen, while emerging green hydrogen tech
nologies, including electrolysis, electrochemical, photo
catalytic, and photoelectrochemical processes, focus on 
sustainability and reducing carbon emissions. 

Global efforts to transition from gray to green hydrogen 
by leveraging renewable energy sources such as solar and 
offshore wind have been documented [1]. These in
itiatives often adopt public–private partnership models 
to address technological and economic barriers. Photo
catalytic hydrogen production relies on solar energy and 
semiconductors with suitable band gaps. Despite pro
mising advancements, challenges remain in catalyst 
stability, minimizing charge carrier recombination, and 
optimizing reactor designs for scalability. Large-scale 
reactors have been explored, but commercial viability 
remains elusive due to issues such as nanomaterial pro
duction, immobilization, and efficient extraction. 

Recently, Sparc Hydrogen, a joint venture between 
Sparc Technologies, Fortescue, and the University of 
Adelaide, announced progress on a pilot plant utilizing 
photocatalytic water splitting technology. This cutting- 
edge method produces hydrogen directly from sunlight 
and water, eliminating the need for electrolyzers and 
electricity, thereby reducing costs and decoupling pro
duction from renewable power price fluctuations [2]. 
Like the photocatalytic approach, electrochemical hy
drogen production faces challenges in designing efficient 
cathode and anode materials. Across all methods, scaling 
up remains a critical obstacle. However, in a recent     
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breakthrough, UK-based startup Electrogenos in
troduced a revolutionary catalyst designed to enhance 
the efficiency and longevity of green hydrogen produc
tion [3]. The company’s advanced disc-shaped stainless- 
steel electrodes for alkaline electrolyzers are manu
factured through electroplating, enabling high current 
densities at lower voltages. These electrodes exhibit a 
degradation rate of under 3% during prolonged testing, 
potentially lowering production costs and accelerating 
large-scale adoption, with commercial products expected 
by 2025. 

Recent advancements in combining multiple techniques 
for water splitting show promise at an industrial scale. 
For instance, HGenium has announced plans to develop 
a pilot plant dedicated to green hydrogen production[4]. 
Unlike conventional methods reliant on electricity, this 
approach utilizes thermal or thermochemical processes 
to split water. The required heat can be sourced from 
industrial processes, concentrated solar power, or even 
nuclear energy, presenting a versatile and innovative 
pathway for sustainable hydrogen generation. 

Hydrogen storage, a critical component of its adoption as 
an energy source, has not progressed as rapidly as pro
duction technologies. Since hydrogen is a gas at ambient 
temperature and pressure, it must be transported in 
compressed or liquefied forms, introducing substantial 
technical and economic obstacles. Storing hydrogen in 
these states poses safety risks, requires robust systems to 
prevent leaks, and demands efficient containment solu
tions. Hydrogen can be stored as compressed gas, li
quefied hydrogen, or cryo-compressed gas. However, 
challenges related to weight, volume, and hydrogen 
embrittlement remain significant concerns. 

Bridging the gap between hydrogen production and storage 
is essential to realizing its potential as a clean energy carrier. 
Research has increasingly focused on integrating hydrogen 
production with storage, particularly exploring the potential 
of photocatalytic hydrogen release from carriers. Instead of 
relying on a single approach, integrating multiple techniques 
for both production and storage offers a promising pathway 
toward commercial-scale applications. Figure 1 illustrates an 
artificially generated depiction of a hydrogen production and 
storage system that combines various techniques working in 
tandem. 

Potential hydrogen carriers and their 
underlying challenges 
An optimal chemical hydrogen source must meet several 
criteria, including high gravimetric and volumetric en
ergy densities, low toxicity, eco-friendly production, 
mild storage conditions, compatibility with existing in
frastructure, and ease and safety in handling and 

transport. Moreover, hydrogen storage and release pro
cesses should be energy-efficient and cost-effective. 

Methanol (MeOH) and ammonia (NH3) are produced on 
an industrial scale and have high hydrogen content, but 
they are classified as toxic and flammable under the 
United Nations’ Globally Harmonized System [6]. 
Urban and industrial wastewater often contains high 
levels of NH3. Developing technologies to remove NH3 
while producing hydrogen energy presents a sustainable 
solution for environmental remediation and green en
ergy generation. 

Formic acid (FA) offers favorable thermodynamics, de
hydrogenation at ambient conditions, and direct synth
esis from CO2. However, it is corrosive and has a low 
hydrogen content (< 5 wt%). Liquid organic hydrogen 
carriers (LOHCs) are manageable and offer moderate 
hydrogen densities (5.8–7.3 wt%), yet they face chal
lenges like restricted availability and toxicity. 

The following discussion on MeOH, NH3, FA, LOHCs, 
and metal hydrides (MHs) highlights advancements in 
catalysts, reactor designs, and innovative materials, of
fering promising directions for efficient and scalable 
hydrogen storage solutions [7]. 

Hydrogen’s low volumetric density (Table 1) necessitates 
the use of 700-bar compressed tanks for storage and 
transportation, which presents both significant cost and 
safety challenges. To facilitate the widespread adoption 
of hydrogen-powered fuel-cell vehicles, the United States 
Department of Energy has set specific targets for hy
drogen storage systems: a gravimetric storage capacity of 
6.5 wt% and a volumetric storage capacity of 50 gH2/l [8]. 
The development of storage materials, such as LOHCs, 
that can surpass these system-level benchmarks is thus 
highly desirable. Significant advancements have been 
made in hydrogen storage, yet most materials still exhibit 
limited volumetric capacity. From an industrial perspec
tive, volumetric capacity is often more critical than 
gravimetric capacity. This is primarily due to space con
straints in automobiles, where the size of the storage tank 
is a limiting factor. Additionally, the volumetric capacity 
of a hydrogen storage system has a greater influence on 
the driving range of fuel-cell vehicles compared to its 
gravimetric counterpart. Consequently, the development 
of hydrogen storage materials with the highest possible 
volumetric capacity, while also maintaining excellent 
gravimetric performance, remains a key priority [9]. 

MeOH offers advantages such as low volatility, high 
hydrogen content (12.5 wt%, Table 1), and aligns with 
carbon neutrality when synthesized via CO₂ capture and 
green hydrogen. Electrochemical CO₂ reduction faces 
solubility and efficiency challenges, but Cu-based 
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electrocatalysts show promise [10]. Global MeOH pro
duction is projected to reach 190 Mt by 2030 [11]. 

Hydrogen release from MeOH typically requires cata
lytic steam reforming at 200–300°C. Cu/ZnO/Al2O3 
catalysts are effective but face stability issues [21]. Ni- 
based catalysts improve durability but require higher 
temperatures [22], while PdZn and Pd-Cu alloys offer 
stability with cost-performance trade-offs [23]. 

Solar-driven photocatalytic MeOH reforming has gained 
attention as an alternative to water splitting, producing 
hydrogen and valuable by-products like formaldehyde 
and FA. Enhancing yield requires innovation in photo
catalysts, including carbon- and silver-based materials. 
Promising strategies involve exploring double per
ovskites, optimizing Z-scheme systems, and standar
dizing quantum yield metrics [24]. 

NH3 contains 17.8 wt% hydrogen, but 96% is produced 
via Haber–Bosch, contributing 1.2% of global emissions 
[17]. To improve sustainability, research focuses on re
newable-powered electrolysis for hydrogen, catalysts for 
NH3 synthesis at lower pressures/temperatures, and al
ternative synthesis methods. Key catalysts include iron- 
based materials, Ru-supported systems, and Ni/Co cat
alysts with promoters like barium [25–27]. Electro
chemical NH3 production using solid-state electrolytes 
and low-temperature membranes is under study but 
needs refinement for scalability [28]. Hydrogen release 
from NH3 is energy intensive due to high N–H bond 

activation. Advances include noble metal catalysts (Ru, 
Ir), optimized supports (Al2O3, carbon materials), and 
promoters like K and Ba [29–31]. Photocatalytic NH3 
splitting using TiO2, ZnO, and graphene in alkaline 
conditions is a promising room-temperature method  
[32,33]. Yuan et al. demonstrated Cu-Fe-AR effective
ness under laser illumination [34]. 

FA production from CO₂ benefits from Ru- and Ir-based 
catalysts, while FA dehydrogenation utilizes metal na
noparticles. Non-noble catalysts like CoP and FeP show 
promise, though FA adsorption mechanisms remain 
under study [35,36]. 

As shown in Figure 2, different approaches (i.e. the use 
of proper cocatalysts, the formation of heterojunctions, 
and Z-scheme photocatalysts) to improving photo
catalysts would be beneficial for hydrogen release from 
MeOH, NH3, and FA by facilitating charge separation 
and enhancing reaction kinetics. 

LOHCs enable efficient hydrogen storage via reversible 
hydrogenation–dehydrogenation. The benzene–cyclo
hexane system offers 7.2 wt% capacity but requires 
∼300°C for dehydrogenation [37]. The toluene–
methylcyclohexane system (6.2 wt%) is cost-effective 
but relies on expensive Pt-based catalysts and ultra-pure 
hydrogen [38]. Advances in Fe-promoted Mo carbide 
and RuNi/TiO2 catalysts enhance efficiency under mild 
conditions [39]. Electrochemical hydrogenation [40] and 
Ni/CeO2 solar-assisted catalysts [41] lower energy costs. 

Figure 1  

Current Opinion in Chemical Engineering

Artificially generated image of hydrogen production and storage solution combining different techniques simultaneously (generated through ChatGPT 
with the prompt; generate an image of a futuristic outlook of green hydrogen production and storage solutions working in tandem) [5].   
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Naphthalene–decalin (7.3 wt%) faces by-product issues, 
while dibenzyltoluene (6.2 wt%) ensures safety [17]. 
Innovations in microchannel reactors drive scalable 
LOHC applications [42]. Hybrid solutions have been 
proposed to further enhance hydrogen storage and ad
dress technical issues observed at the industrial scale. 
For instance, when evaluating heating oils, the high 
viscosity of these hydrides plays a crucial role in de
termining their feasibility for real-world hydrogen sto
rage applications. Some researchers suggest that 
combining different hydrides (e.g. benzyltoluene/di
benzyltoluene-based mixtures [43]) could provide a 
more effective solution by reducing viscosity and accel
erating reaction times. MHs offer up to 18.5 wt% hy
drogen storage but face kinetic challenges. Additives, 
nanostructuring, and alloying improve efficiency, while 
NaBH4 regeneration and MgH2 destabilization remain 
key research areas [44,45]. While MXenes (layered car
bides or nitrides of transition metals) facilitate both 
chemical and physical hydrogen adsorption, notably 
through Kubas-type interactions, where hydrogen mo
lecules bind to metal centers without dissociation, al
lowing reversible storage under ambient conditions [46]. 
In contrast, MOFs like MOF-177 utilize physisorption 
within their expansive surface areas and adjustable 
pores, achieving hydrogen uptakes of approximately 
7.5 wt% at 77 K and 70–80 bar [47]. Carbonaceous ma
terials, for instance, carbon nanotubes (CNTs), store 
hydrogen via physisorption on their surfaces, with sto
rage capacities influenced by surface area, pore structure, 
and defects; however, significant storage at ambient 
conditions remains challenging, often requiring cryo
genic temperatures and high pressures. The electro
chemical hydrogen storage however can also show a flip- 
in and kick-in insertion mechanisms into CNT walls, 
with activation barriers of approximately 1.5 eV and 
2.0 eV [48]. 

The stability of these materials is critical for under
standing the long-term usage in case of nanomaterials. 
Hydrogen storage materials, especially those that rely on 
adsorption, like MOFs, COFs, MXenes, porous carbons, 
and MHs, depend on their long-term stability. 
Prolonged exposure of H2 in case of MOFs and COFs 
especially in high temperature and pressure can result in 
collapse of the pore structure and structural degradation. 
In an effort to mitigate this, researchers focus on de
veloping air-stable materials. Using a mix of Cu and Zn 
precursors, Sengupta et al. reported synthesizing a Cu(I)- 
based MOF called NU-2100 [49]. Zinc acts as a catalyst 
in this process, converting an intermediate MOF into 
NU-2100 without becoming part of the finished struc
ture. Under ambient conditions, NU-2100 has a great 
capacity to store hydrogen (10.4 g/l, 233 K/100 bar to 296 
K/5 bar), is air stable, and has one of the highest initial 
isosteric heats of adsorption (32 kJ/mol). Often open 
metal sites are good for bonding of H2, while these sites T
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are susceptible to oxidation. Ligand oxidation commonly 
occurs at ambient temperatures and in moisture and 
could result in reduction of the adsorption and overall 
stability [50]. In case of MHs, these materials offer high 
volumetric density and ideal for small- and large-scale 
deployment. However, these materials come with their 
own challenges, such as the kinetic degradation, particle 
coarsening [51]. Frequent hydrogenation and dehy
drogenation can lead to formation of passive layer on the 
surface and can lead to reduction of the kinetics over 
time. The use of catalysts can prevent in slowing down 
of the overall kinetics due to repeated cycles. Similarly, 
repeated cycles can also result in sintering on the surface 
of the MHs resulting in coarsening of the particles. 
Tuning the structure of the MHs to nano dimensions 
and its pore can also contribute toward improved ki
netics and reduce the coarsening [52]. 

Sustainability metrics and future directions of 
hydrogen storage 
Sustainable hydrogen deployment depends on efficient, 
cost-effective, and environmentally friendly storage 

solutions. While promising hydrogen carriers exist, chal
lenges such as high energy demands for hydrogen release 
and poor carrier recyclability limit widespread adoption. 
Photocatalytic and photoelectrocatalytic dehydrogenation 
offer low-carbon hydrogen release using sunlight and ad
vanced catalysts, but by-product formation remains a key 
challenge. For instance, FA dehydrogenation often produces 
CO due to formate/bicarbonate interconversion. An opti
mized reaction system using trace Ru-5 complexes can en
able CO-free hydrogen release with high stability in 
formate/bicarbonate-based storage [53]. 

Ammonia-based hydrogen storage presents toxicity 
concerns, including NOx and hydrazine by-products. 
While photocatalytic NH3 decomposition operates under 
milder conditions than thermal or plasma-based 
methods, it suffers from low hydrogen yield and im
mature photoreactor designs (TRL=1–2) [54]. NH3 
electrolysis, however, achieves comparable energy effi
ciency (1.32 Wh/g) to thermal decomposition (3 Wh/g) 
while producing 25 kg/h of hydrogen and benefiting 
from phase separation for easier recovery. Future efforts 

Figure 2  

Current Opinion in Chemical Engineering

Possible approaches for improving photocatalysts for effective hydrogen release from MeOH, NH3, and FA.   

H2 storage:potentials, challenges, sustainability Padmanabhan, Clarizia and Ganguly 5 

www.sciencedirect.com Current Opinion in Chemical Engineering 2025, 48:101135 



should focus on developing advanced photo-electro
catalysts with enhanced kinetic activity and resistance to 
nitrogen adatom poisoning. 

For MeOH photoreforming, rational catalyst design and 
advanced material integration can help overcome current 
limitations. Jiao et al. demonstrated that a flow mem
brane reactor at low temperatures and atmospheric 
pressure produces hydrogen 1.63 times more efficiently 
than batch reactors due to improved mass transfer [55]. 
Low-cost, durable catalysts and advanced membranes 
can enhance energy efficiency by reducing MeOH 
crossover and improving proton conductivity. Sustain
able MeOH production via CO₂ electrochemical reduc
tion or biomass conversion could further lower 
environmental impact. 

FA has lower toxicity than NH3 or MeOH and releases 
hydrogen efficiently at low temperatures. While NH3 is 
ideal for large-scale hydrogen transport, its high energy 
demand for cracking, purification costs, and low energy 
recovery hinder efficiency [56]. Additionally, NH3 hy
drophilicity and corrosiveness necessitate leak-proof in
frastructure, posing technical and societal challenges. 

In LOHCs, an ideal candidate for electrochemical cy
cling should offer high hydrogen capacity, fast reaction 
rates, and high Faradaic efficiency to minimize side 
products. Inspired by photosynthesis, hydroquinones 
enable safer hydrogen storage, mimicking photosystems 
I and II through photocatalytic reduction and oxidation. 
Recent studies highlight hydroquinone/quinone fuel 
cells as a promising energy application [57]. 

The large-scale deployment of LOHCs in mobile ap
plications should address energy-intensive hydrogen 
release processes, system integration complexities, and 
the need for efficient, durable catalysts. Umicore has 
initiated a breakthrough in long-term research focusing 
on LOHC technology, specifically targeting the devel
opment of advanced platinum group metal-based cata
lysts to optimize hydrogenation and dehydrogenation 
processes [58], aiming to enhance the practicality of 
LOHC systems in fuel-high entropy alloyscell electric 
vehicles. Whereas, Axens has partnered with Chiyoda 
Corporation to facilitate efficient hydrogen storage and 
transportation using methylcyclohexane and toluene as 
carriers [59]. 

Beyond FA, MeOH, NH3, and LOHCs, nanomaterial- 
based hydrogen storage faces stability challenges, as 
materials degrade under environmental fluctuations or 
lose structural integrity after repeated cycling [60]. 
CNTs, MOFs, and graphene struggle with volumetric 
hydrogen density, pressure and temperature limitations, 
slow kinetics, and long-term stability. MOFs require 
improved dehydrogenation, high-pressure stability, and 

lower energy demands for reconstruction. Enhancing 
adsorption enthalpies and pore volumes could improve 
storage capacity. 

MHs offer high volumetric density, stability, and rever
sibility at ambient conditions. Nanoporous Mg(BH4)2 
structures achieve 144 g/l hydrogen storage, surpassing 
conventional methods [61]. High-entropy alloys like 
TiV2ZrCrMnFeNi demonstrate 1.6 wt% hydrogen ab
sorption with rapid kinetics [62]. Coupling hydrides with 
photocatalytic systems enhances hydrogen dissociation 
and diffusion during cycling [63]. Further research 
should focus on improving metal alanates and MOFs by 
addressing slow kinetics and stability issues while in
tegrating carbon-based materials like graphene to opti
mize thermodynamics and kinetics for practical 
hydrogen storage applications. 

Beyond the development of hydrogen carriers, hydrogen 
embrittlement is a major challenge in metal-based sys
tems like steel, where the small size and high mobility of 
hydrogen weaken materials, especially high-strength 
steels, over time. Meda et al. emphasize that hydrogen 
embrittlement is exacerbated by a combination of cri
tical hydrogen concentration, applied stress levels, and 
the material’s intrinsic properties, which together ac
celerate the weakening and failure of metal structure  
[64]. To address large-scale storage challenges, in
novative solutions like Vallourec’s ‘Delphy’ system offer 
scalable underground hydrogen storage, using steel 
tubes to reduce surface footprint 30-fold, with capacities 
from 1 to 100 metric tons for safe, durable solutions [65]. 
Similarly, high-entropy alloys (HEA) such as FeMnCo
CrAl or TiVCrMnMoCe made of multi-element exhibit 
less susceptibility to hydrogen embrittlement as they 
introduce lattice distortions, preventing the diffusion of 
H2 molecules to cause any early fractures [66]. The BCC 
phase has been the subject of recent research, allowing 
for changes to improve storage characteristics. The de
velopment of the Ti–V–Cr–Mn–Mo–Ce alloy, which was 
created by vacuum arc melting with Ce doping, re
presents a major advancement in this research [67]. This 
alloy offers a remarkable 3.6 wt percentage hydrogen 
storage capacity, fast absorption (40 s for 1% Ce doping), 
and a −17.96 kJ/mol H2 desorption enthalpy. 

Integrating photocatalytic hydrogen storage with power 
electronics and energy management is feasible but re
quires cost reduction for commercial viability [68]. AI- 
driven systems optimize hydrogen production, storage, 
and utilization, enabling predictive maintenance and 
adaptive control [69]. Machine learning (ML) enhances 
infrastructure design, refining efficiency, and operational 
strategies for sustainable hydrogen energy solutions [70]. 
Density functional theory (DFT) integrated with ML 
could be used to predict the hydrogen adsorption be
havior of the nanomaterials. In a recent such effort, the 
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authors reported the use of DFT + ML to predict the 
activation energy of an efficient amorphous NiFeP cat
alyst for chlorine evolution [71]. Similarly, Jia et al. re
ported the use of DFT + ML to predict the bilayer- 
modified graphene doped with B atoms and modified 
with Li and Ti atoms to improve the hydrogen storage 
ability [72]. Such calculations with the aid of artificial 
intelligence (AI) enable in shortening the material pre
diction time. Larger institutions such as Google’s 
DeepMind have AlphaFold prediction tool that is pre
sently serving to find novel protein structures. Such 
amino acid analysis serves to understand the funda
mentals of life and the importance of smaller molecules 
in it. Such prediction tools could be used to provide 
insights about nanomaterials for different applications. 
AI enhances hydrogen storage by improving perfor
mance, reducing waste, minimizing energy loss, and 
extending system lifespan. By spotting deviations from 
regular operations, anomaly detection techniques like 
Autoencoders and Isolation Forest are essential for 
maintaining safety and efficiency in hydrogen storage 
facilities. These ML methods identify anomalies by 
analyzing common patterns. By learning a compressed 
representation of typical data and detecting deviations 
through reconstruction errors, autoencoders are able to 
identify anomalies. Isolation Forest, on the other hand, 
effectively identifies outliers by isolating anomalies and 
randomly dividing the data [73]. Figure 3 outlines a 

sustainable hydrogen economy enabled by catalytic 
pathways, CO₂ management, and AI- and policy-driven 
support. 

Global hydrogen initiatives target decarbonization but face 
infrastructure challenges. Projects like Germany’s 
Energiepark Mainz and the UK’s NH3 exploration offer 
scalable solutions [74]. Power-to-gas integrates hydrogen 
into gas grids, while underground storage advances sus
tainability [75]. Strategies like the U.S. ‘hydrogen shot’ and 
EU’s hydrogen plan drive market adoption. Various opti
mization strategies have been explored [76,77] to integrate 
hydrogen storage with intermittent renewable energy 
sources like wind and solar, improving grid stability and 
reducing operational costs. Combining hydrogen and battery 
storage systems captures surplus energy during peak pro
duction and releases it during high demand [77]. Advanced 
control strategies, such as deep reinforcement learning [78], 
optimize real-time scheduling, while particle swarm algo
rithm models [79] determine optimal sizing and placement 
of hydrogen storage, considering demand fluctuations, re
newable variability, and economic constraints to balance the 
grid effectively. 

Lifecycle assessments on hydrogen storage technologies 
are contingent upon the factors such as energy con
sumption during storage, material selection for storage, 
and indeed on integrating renewable sources. Using 

Figure 3  

Current Opinion in Chemical Engineering

Envisioning a sustainable hydrogen economy through electrocatalytic and photocatalytic pathways for H2 and H2 carrier production, coupled with 
simultaneous CO2 capture, effective storage and large-scale transport, photocatalytic hydrogen release, together with enhanced AI and policy 
support. AI, artificial intelligence.   
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wind/solar energy for hydrogen production and sub
sequent storage in salt caverns will provide lowest cu
mulative environmental impact, rather than relying on 
systems based on grid electricity. Projects like HySHIP 
advance hydrogen shipping, but economic feasibility 
remains underexplored [80]. Policymakers must support 
investments, safety regulations, and global trade plan
ning while leveraging subsidies and advanced tools for 
scalable, cost-effective commercialization. 

Techno-economic considerations for 
hydrogen carriers 
The integration of hydrogen carriers into the energy sector 
depends on production methods, transport logistics, infra
structure, and policy support. Economic feasibility requires 
linking hydrogen carrier production to renewable energy 
sources. Ammonia-based systems emit less carbon than 
LOHCs, with the toluene/methylcyclohexane supply chain 
being the most cost-effective. However, costs remain highly 
sensitive to electricity prices and electrolyzer expenses. 
LOHC applications face economic challenges due to the 
high cost of dehydrogenation, which could be mitigated by 
integrating industrial waste heat. Additionally, the recycl
ability of carbon-based carriers depends on effective CO₂ 
capture and LOHC recovery. 

The maritime sector faces decarbonization challenges due to 
strict weight and energy constraints. Hydrogen proton ex
change membrane fuel cells are ideal for voyages under a 
week, while methanol steam reforming and ammonia with 
solid-oxide fuel cells are options for longer trips. Rail 
transport favors ammonia and compressed hydrogen over 
MHs and LOHCs. Infrastructure development is crucial, 
particularly for port refueling stations and hydrogen dis
tribution networks. Logistics significantly impact hydrogen 
costs, with LOHCs preferred for long-distance transport and 
CH₂ for shorter routes. Policy measures, including in
centives and carbon taxation, could accelerate adoption, 
while a global logistics framework is essential for an efficient 
hydrogen supply chain. 

Conclusions and perspectives 
Optimizing adsorption/desorption kinetics, thermal stability, 
storage density, and economic scalability are key challenges 
in commercial hydrogen storage. Advanced materials like 
HEAs, MOFs, and MXenes show promise but have lim
itations. MXenes offer tunable chemistry and fast kinetics 
but require structural modifications to enhance hydrogen 
binding and prevent degradation. MOFs excel in adsorption 
due to their high surface area but suffer from low volumetric 
density and require cryogenic conditions for efficient deso
rption. HEAs provide stable, high-density storage but face 
challenges with hydrogen diffusion and energy-intensive 
desorption. Addressing these issues requires innovative 
strategies such as catalyst integration, hybrid materials, and 
nanostructuring. Enhancing thermal stability with protective 

coatings and alloy tuning is crucial. Green, scalable synthesis 
methods, like solvent-free MOF fabrication or alternative 
metal HEAs, will boost commercial viability. Infrastructure 
development, energy integration, policy support, and in
vestments are essential for large-scale adoption, making 
hydrogen a key player in achieving net-zero goals. 

Data Availability 

No data were used for the research described in the article. 

Declaration of Competing Interest 
The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper. 

Declaration of Generative AI and AI-assisted 
technologies in the writing process 
During the preparation of this work, the author(s) used 
ChatGPT in the writing process to generate an image. 
After using this tool/service, the author(s) reviewed and 
edited the content as needed and take(s) full responsi
bility for the content of the published article. The 
credits for the image used according to the LLM source 
are mentioned in Figure 1. 

References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest  

1. Hassan NS, Jalil AA, Rajendran S, Khusnun NF, Bahari MB, Johari 
A, et al.: Recent review and evaluation of green hydrogen 
production via water electrolysis for a sustainable and clean 
energy society. Int J Hydrog Energy 2024, 52:420-441. 

2. 〈https://sparctechnologies.com.au/wp-content/uploads/Sparc- 
Hydrogen-A-New-Era-for-Ultra-Green-Hydrogen-Production.pdf〉. 

3. 〈https://electrogenos.co.uk/〉. 

4. 〈https://www.hgenium.com/〉. 

5. OpenAI. (2025). ChatGPT [Large language model]. 〈https://chatgpt. 
com〉. 

6. GESTIS Substance Database (Institut für Arbeitsschutz Deutsche 
Gesetzliche Unfallversicherung, 2022); 〈https://gestis-database. 
dguv.de〉. 

7. Sang R, Wei Z, Hu Y, Alberico E, Wei D, Tian X, et al.: Methyl 
formate as a hydrogen energy carrier. Nat Catal 2023, 
6:543-550. 

8. Target Explanation Document: Onboard Hydrogen Storage for 
Light-duty Fuel Cell Vehicles (US DOE, 2014); 〈https://www.energy. 
gov/eere/fuelcells/downloads/target-explanation-document- 
onboard-hydrogen-storagelight-duty-fuel-cell〉. 

9. Zhang R, Dağlar H, Tang C, Li P, Feng L, Han H, et al.: Balancing 
volumetric and gravimetric capacity for hydrogen in 
supramolecular crystals. Nat Chem 2024, 16:1982-1988. 

10. Bagchi D, Raj J, Singh AK, Cherevotan A, Roy S, Manoj KS, et al.: 
Structure-tailored surface oxide on Cu–Ga Intermetallics 
enhances CO2 reduction selectivity to methanol at ultralow 
potential. Adv Mater 2022, 34:2109426. 

8 Solar photocatalytic and photoelectrochemical hydrogen  

www.sciencedirect.com Current Opinion in Chemical Engineering 2025, 48:101135 

http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref1
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref1
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref1
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref1
https://sparctechnologies.com.au/wp-content/uploads/Sparc-Hydrogen-A-New-Era-for-Ultra-Green-Hydrogen-Production.pdf
https://sparctechnologies.com.au/wp-content/uploads/Sparc-Hydrogen-A-New-Era-for-Ultra-Green-Hydrogen-Production.pdf
https://electrogenos.co.uk/
https://www.hgenium.com/
https://chatgpt.com
https://chatgpt.com
https://gestis-database.dguv.de
https://gestis-database.dguv.de
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref2
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref2
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref2
https://www.energy.gov/eere/fuelcells/downloads/target-explanation-document-onboard-hydrogen-storagelight-duty-fuel-cell
https://www.energy.gov/eere/fuelcells/downloads/target-explanation-document-onboard-hydrogen-storagelight-duty-fuel-cell
https://www.energy.gov/eere/fuelcells/downloads/target-explanation-document-onboard-hydrogen-storagelight-duty-fuel-cell
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref3
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref3
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref3
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref4
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref4
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref4
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref4


11. Palone O, Gagliardi GG, Mechelli M, Cedola L, Borello D: Techno- 
economic analysis of sustainable methanol and ammonia 
production by chemical looping hydrogen generation from 
waste plastic. Energy Convers Manag 2023, 292:117389. 

12. Chadwick SS: Ullmann’s Encyclopedia of Industrial Chemistry. 
John Wiley & Sons, Inc; 1998. 

13. Shenna F, Chaz L: Important Chemical Properties and Concepts; 
2014. 145 Seiten, World Technologies (Verlag), ISBN: 978–81- 
323–0639-9. 

14. D.A. Lensing, Study on the integration of a sodium borohydride 
(NaBH4) fuelled hybrid system for a small inland vessel, Conf Proc 
INEC (2020) ISSN: 2515-818X.2020.060. 

15. Jie Wu Y, Scarponi J, Powell AC, Jayachandran JJF : Magnesium 
Hydride Slurry: A Potential Net-Zero Carbon Dioxide Emitting 
Aviation Fuel; 2023. 

16. Al-Breiki M, Bicer Y: Technical assessment of liquefied natural 
gas, ammonia and methanol for overseas energy transport 
based on energy and exergy analyses. Int J Hydrog Energy 2020, 
45:34927-34937. 

17.
•

Clematis D, Bellotti D, Rivarolo M, Magistri L, Barbucci A: 
Hydrogen carriers: scientific limits and challenges for the 
supply chain, and key factors for techno-economic analysis. 
Energies 2023, 16:6035, https://doi.org/10.3390/en16166035. 

This review thoroughly examines the key attributes of different hydrogen 
carriers, focusing on their production, transport, and hydrogen release, 
while highlighting the challenges hindering broader adoption. The final 
section presents a thermo-economic comparison from the literature, 
outlining critical factors for choosing the most appropriate technology. 

18. Lam A, Wilkinson DP, Zhang J: Control of variable power 
conditions for a membraneless direct methanol fuel cell. J 
Power Sources 2009, 194:991-996. 

19. Openshaw D, Lang WT, Goldstone L, Wildsmith J, Freeman B, 
Bagnato G: Hydrogen storage methods by lithium borohydride. 
Int J Hydrog Energy 2024, 69:1188-1198. 

20. Zhong H, Iguchi M, Chatterjee M, Himeda Y, Xu Q, Kawanami H: 
Formic acid-based liquid organic hydrogen carrier system with 
heterogeneous catalysts. Adv Sustain Syst 2018, 2:1700161. 

21. Cheng Z, Zhou W, Lan G, Sun X, Wang X, Jiang C, et al.: High- 
performance Cu/ZnO/Al2O3 catalysts for methanol steam 
reforming with enhanced Cu-ZnO synergy effect via 
magnesium assisted strategy. J Energy Chem 2021, 63:550-557. 

22. Yang W-W, Ma X, Tang X-Y, Dou P-Y, Yang Y-J, He Y-L: Review 
on developments of catalytic system for methanol steam 
reforming from the perspective of energy-mass conversion. 
Fuel 2023, 345:128234. 

23. Tanaka Y, Utaka T, Kikuchi R, Takeguchi T, Sasaki K, Eguchi K: 
Water gas shift reaction for the reformed fuels over Cu/MnO 
catalysts prepared via spinel-type oxide. J Catal 2003, 
215:271-278. 

24. Chang L, Yong ST, Chai SP, Putri LK, Tan LL, Mohamed AR: A 
review of methanol photoreforming: elucidating the 
mechanisms, photocatalysts and recent advancement 
strategies. Mater Today Chem 2023, 27:101334. 

25. Ghoreishian SM, Shariati K, Huh YS, Lauterbach J: Recent 
advances in ammonia synthesis over ruthenium single-atom- 
embedded catalysts: a focused review. Chem Eng J 2023, 
467:143533. 

26. Gao W, Wang Q, Guan Y, Yan H, Guo J, Chen P: Barium hydride 
activates Ni for ammonia synthesis catalysis. Faraday Discuss 
2023, 243:27-37. 

27. Sato K, Miyahara S-i, Tsujimaru K, Wada Y, Toriyama T, Yamamoto 
T, et al.: Barium oxide encapsulating cobalt nanoparticles 
supported on magnesium oxide: active non-noble metal 
catalysts for ammonia synthesis under mild reaction 
conditions. ACS Catal 2021, 11:13050-13061. 

28. Xu G, Liu R, Wang J: Electrochemical synthesis of ammonia 
using a cell with a Nafion membrane and SmFe0.7Cu0.3−xNixO3 

(x = 0−0.3) cathode at atmospheric pressure and lower 
temperature. Sci China Ser B Chem 2009, 52:1171-1175. 

29. Lezcano G, Realpe N, Kulkarni SR, Sayas S, Cerrillo J, Morlanes N, 
et al.: Unraveling the promoter role of Ba in Co–Ce catalysts for 
ammonia decomposition using microkinetic modeling. Chem 
Eng J 2023, 471:144623. 

30. Sayas S, Morlanés N, Katikaneni SP, Harale A, Solami B, Gascon J: 
High pressure ammonia decomposition on Ru–K/CaO 
catalysts. Catal Sci Technol 2020, 10:5027-5035. 

31.
•

Utsunomiya A, Okemoto A, Nishino Y, Kitagawa K, Kobayashi H, 
Taniya K, Ichihashi Y, Nishiyama S: Mechanistic study of reaction 
mechanism on ammonia photodecomposition over Ni/TiO2 
photocatalysts. Appl Catal B Environ 2017, 206:378-383. 

The authors conducted a detailed study on the photocatalytic decom
position of ammonia using TiO2 loaded with different metals, suggesting 
three potential reaction pathways. Of these, the route involving the 
coupling of NH2 radicals to form NH2-NH2 is energetically more favor
able than those that involve hydrogen removal from NH2 radicals. The 
most plausible pathways for NH2-NH2 formation, either through NH2 
coupling or interaction with NH3, have activation energies of 74.4 kcal/ 
mol and 59.2 kcal/mol, respectively. 

32. Reli M, Edelmannová M, Šihor M, Praus P, Svoboda L, Mamulová 
KK, et al.: Photocatalytic H2 generation from aqueous ammonia 
solution using ZnO photocatalysts prepared by different 
methods. Int J Hydrog Energy 2015, 40:8530-8538. 

33. Iwase A, Ii K, Kudo A: Decomposition of an aqueous ammonia 
solution as a photon energy conversion reaction using a Ru- 
loaded ZnS photocatalyst. Chem Commun 2018, 54:6117-6119. 

34.
••

Yuan Y, Zhou L, Robatjazi H, Bao JL, et al.: Earth-abundant 
photocatalyst for H2 generation from NH3 with light-emitting 
diode illumination. Science 2022, 378:889-893. 

The authors found that Cu-Fe-AR, which is inefficient as a thermo
catalyst, exhibits remarkable photocatalytic performance for NH3 de
composition when exposed to short-pulse laser light. The excited states 
formed by hot carriers between the adsorbate and metal reduce acti
vation barriers, enhance active site regeneration, aid in product deso
rption, and deliver efficiency on par with Cu-Ru-AR when subjected to 
continuous-wave LED illumination. 

35. Aakko-Saksa PT, Cook C, Kiviaho J, Repo T: Liquid organic hydrogen 
carriers for transportation and storing of renewable energy – 
review and discussion. J Power Sources 2018, 396:803-823. 

36. Farajzadeh M, Alamgholiloo H, Nasibipour F, Banaei R, Rostamnia 
S: Anchoring Pd-nanoparticles on dithiocarbamate- 
functionalized SBA-15 for hydrogen generation from formic 
acid. Sci Rep 2020, 10:18188. 

37. García A, Marín P, Ordóñez S: Hydrogenation of liquid organic 
hydrogen carriers: process scale-up, economic analysis and 
optimization. Int J Hydrog Energy 2024, 52:1113-1123. 

38. Obodo KO, Ouma CN, Bessarabov D: Low-Pt-based Sn alloy for 
the dehydrogenation of methylcyclohexane to toluene: a 
density functional theory study. Catalysts 2022, 12:1221. 

39. Zhou S, Liu X, Xu J, Zhang H, Liu X, Li P, et al.: Low-temperature 
hydrogenation of toluene using an iron-promoted molybdenum 
carbide catalyst. Catalysts 2021, 11:1079. 

40. Pashchenko D: Liquid organic hydrogen carriers (LOHCs) in the 
thermochemical waste heat recuperation systems: the energy 
and mass balances. Int J Hydrog Energy 2022, 47:28721-28729. 

41.
•

Lv C, Lou P, Chang J, Wang R, Gao L, Li Y: Nickel single atoms/ 
cerium oxide hybrid for hydrogen production via solar-heating 
catalytic dehydrogenation of methyl Cyclohexane. J Power 
Sources 2023, 559:232674. 

The authors developed a hybrid material consisting of single-atom nickel (Ni 
SA) supported on cerium oxide nanosheets (CeO2 NS) has been success
fully synthesized, demonstrating exceptional thermal catalytic activity for 
methylcyclohexane dehydrogenation with an H2 generation rate of 
2756 mmol g−1h−1 at 400°C. Additionally, a new solar-to-heat device utilizing 
a Ti2O3 thin film/Cu combination was developed, enabling a solar-driven 
catalytic process. This system achieved H2 generation rates of 404 and 
2604 mmol g−1h−1 offering a potential route for scalable methylcyclohexane 
dehydrogenation without the need for external energy sources. 

H2 storage:potentials, challenges, sustainability Padmanabhan, Clarizia and Ganguly 9 

www.sciencedirect.com Current Opinion in Chemical Engineering 2025, 48:101135 

http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref5
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref5
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref5
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref5
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref6
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref6
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref7
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref7
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref7
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref7
https://doi.org/10.3390/en16166035
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref9
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref9
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref9
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref10
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref10
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref10
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref11
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref11
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref11
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref12
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref12
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref12
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref12
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref13
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref13
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref13
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref13
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref14
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref14
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref14
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref14
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref15
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref15
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref15
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref15
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref16
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref16
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref16
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref16
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref17
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref17
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref17
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref18
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref18
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref18
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref18
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref18
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref19
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref19
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref19
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref19
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref20
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref20
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref20
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref20
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref21
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref21
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref21
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref22
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref22
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref22
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref22
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref23
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref23
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref23
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref23
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref24
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref24
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref24
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref25
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref25
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref25
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref26
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref26
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref26
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref27
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref27
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref27
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref27
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref28
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref28
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref28
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref29
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref29
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref29
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref30
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref30
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref30
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref31
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref31
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref31
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref32
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref32
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref32
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref32


42. Ali A, Rohini AK, Lee HJ: Dehydrogenation of perhydro- 
dibenzyltoluene for hydrogen production in a microchannel 
reactor. Int J Hydrog Energy 2022, 47:20905-20914. 

43. Jorschick H, Geißelbrecht M, Eßl M, Preuster P, Bösmann A, 
Wasserscheid P: Benzyltoluene/dibenzyltoluene-based 
mixtures as suitable liquid organic hydrogen carrier systems 
for low temperature applications. Int J Hydrog Energy 2020, 
45:14897-14906. 

44. Schneemann A, White JL, Kang S, Jeong S, Wan LF, Cho ES, et al.: 
Nanostructured metal hydrides for hydrogen storage. Chem 
Rev 2018, 118:10775-10839. 

45. Ouyang L, Chen W, Liu J, Felderhoff M, Wang H, Zhu M: 
Enhancing the regeneration process of consumed NaBH4 for 
hydrogen storage. Advanced Energy. Materials (19) 2017, 
7:1700299. 

46. Kopac T: Recent computational insights into hydrogen storage 
by MXene-based materials and shedding light on the storage 
mechanism. J Energy Storage 2024, 97:112807. 

47. Li Y, Yang R: Gas adsorption and storage in metal−organic 
framework MOF-177. Langmuir ACS J Surf Colloids 2008, 
23:12937-12944. 

48. Fernández P, Castro EB, Real S, Martins ME: Electrochemical 
behaviour of single walled carbon nanotubes – hydrogen 
storage and hydrogen evolution reaction. INT J Hydrog Energy 
INT J Hydrog ENERG 2009, 34:8115-8126. 

49. Sengupta D, Melix P, Bose S, Duncan J, Wang X, Mian MR, et al.: 
Air-stable Cu(I) metal–organic framework for hydrogen 
storage. J Am Chem Soc 2023, 145:20492-20502. 

50. Sutton AL, Mardel JI, Hill MR: Metal-organic frameworks (MOFs) 
as hydrogen storage materials at near-ambient temperature. 
Chem A Eur J 2024, 30:e202400717. 

51. Klopčič N, Grimmer I, Winkler F, Sartory M, Trattner A: A review on 
metal hydride materials for hydrogen storage. J Energy Storage 
2023, 72:108456. 

52. Tarasov BP, Fursikov PV, Volodin AA, Bocharnikov MS, Shimkus 
YY, Kashin AM, et al.: Metal hydride hydrogen storage and 
compression systems for energy storage technologies. Int J 
Hydrog Energy 2021, 46:13647-13657. 

53.
••

Sang R, Stein CAM, Schareina T, Hu Y, Léval A, Massa J, et al.: 
Development of a practical formate/bicarbonate energy 
system. Nat Commun 2024, 15:7268. 

The authors report an important step toward the practical realization of a 
carbon – neutral hydrogen storage system. In this study, the inter
conversion of metal bicarbonates and formates through (de)hydro
genation was systematically investigated. The optimized reaction 
system, utilizing Ru-PiPrN(H)PiPr (Ru-5), facilitates CO-free hydrogen 
generation. Key highlights include exceptional catalyst stability (> 40 
cycles over 6 months) and high productivity for both reaction steps at a 
low operating temperature of 90°C. 

54. Li N, Zhang C, Li D, Jiang W, Zhou F: Review of reactor systems 
for hydrogen production via ammonia decomposition. Chem 
Eng J 2024, 495:153125. 

55. Jiao H, Yang J, Li X, Wang C, Tang J: On-demand continuous H2 
release by methanol dehydrogenation and reforming via 
photocatalysis in a membrane reactor. Green Chem 2022, 
24:8345-8354. 

56. Chatterjee S, Parsapur RK, Huang K-W: Limitations of ammonia 
as a hydrogen energy carrier for the transportation sector. ACS 
Energy Lett 2021, 6:4390-4394. 

57.
•

Xiao M, Baktash A, Lyu M, Zhao G, Jin Y, Wang L: Unveiling the 
role of water in heterogeneous photocatalysis of methanol 
conversion for efficient hydrogen production. Angew Chem, Int 
Ed 2024, 63:e202402004. 

The authors demonstrate that water serves as both a solvent and re
actant in photocatalytic methanol conversion but adversely affects 
methanol adsorption and the desorption of oxidation products on 

platinized carbon nitride (Pt/C3N4), altering reaction pathways. In situ 
spectroscopy, isotope effects, and computational studies confirm these 
impacts. To overcome this, a photothermal-assisted photocatalytic 
system was developed, achieving a remarkable solar-to-hydrogen 
conversion efficiency of 2.3%, among the highest reported. This study 
underscores the critical role of solvents in governing adsorption/deso
rption behaviors in liquid-phase heterogeneous catalysis. 

58. https://www.umicore.com/en/media/newsroom/lohc-technology/. 

59. https://www.axens.net/expertise/low-carbon-hydrogen/lohc- 
compelling-hydrogen-transport-and-storage-solution. 

60. Manzoor S, Ali S, Mansha M, Sadaqat M, Ashiq MN, Tahir MN, 
et al.: Exploring nanomaterials for hydrogen storage: advances, 
challenges, and perspectives. 2024, 19:e202400365. 

61.
••

Oh H, Tumanov N, Ban V, Li X, Richter B, Hudson MR, et al.: Small- 
pore hydridic frameworks store densely packed hydrogen. Nat 
Chem 2024, 16:809-816. 

Nanoporous materials are highly promising for gas storage, but 
achieving high volumetric capacity remains challenging. Using techni
ques like neutron powder diffraction, volumetric gas adsorption, and 
first-principles calculations, the authors studied a magnesium borohy
dride framework with small pores and a partially negatively charged 
interior. The study found hydrogen densely packed at twice the density 
of liquid hydrogen and revealed unique adsorption behavior, including a 
penta-dihydrogen cluster stabilized in small pores at ambient pressure. 

62. Dangwal S, Edalati K: High-entropy alloy TiV2ZrCrMnFeNi for 
hydrogen storage at room temperature with full reversibility 
and good activation. Scr Mater 2024, 238:115774. 

63. Wan H, Zhou S, Wei D, Qiu J, Ding Z, Chen Y, et al.: Enhancing 
hydrogen storage properties of MgH2 via reaction-induced 
construction of Ti/Co/Mn-based multiphase catalytic system. 
Sep Purif Technol 2025, 355:129776. 

64. Meda US, Bhat N, Pandey A, Subramanya KN, Lourdu Antony Raj 
MA: Challenges associated with hydrogen storage systems due 
to the hydrogen embrittlement of high strength steels. Int J 
Hydrog Energy 2023, 48:17894-17913. 

65. https://www.vallourec.com/news/vallourec-revolutionizes- 
hydrogen-storage-with-delphy-its-large-scale-vertical-solution/. 

66. Qureshi T, Khan MM, Pali HS: The future of hydrogen economy: 
role of high entropy alloys in hydrogen storage. J Alloy Compd 
2024, 1004:175668. 

67. Hu H-Z, Xiao H-Q, He X-C, Zhou W-H, Zhang X-X, Tang R-Z, et al.: 
Development of Ti–V–Cr–Mn–Mo–Ce high-entropy alloys for 
high-density hydrogen storage in water bath environments. 
Rare Met 2024, 43:5229-5241. 

68. Hannan MA, Abu SM, Al-Shetwi AQ, Mansor M, Ansari MNM, 
Muttaqi KM, et al.: Hydrogen energy storage integrated battery 
and supercapacitor based hybrid power system: a statistical 
analysis towards future research directions. Int J Hydrog Energy 
2022, 47:39523-39548. 

69. Mullanu S, Chua C, Molnar A, Yavari A: Artificial intelligence for 
hydrogen-enabled integrated energy systems: a systematic 
review. Int J Hydrog Energy 2024, https://doi.org/10.1016/j. 
ijhydene.2024.08.013 

70. Shahin M, Simjoo M: Potential applications of innovative AI- 
based tools in hydrogen energy development: leveraging large 
language model technologies. Int J Hydrog Energy 2025, 
102:918-936. 

71. Zhang X, Chen H, Li K, Wen B, Ma J, Wu Q: Machine-learning 
accelerated DFT to predict activation energies on amorphous 
nanocatalysts for the chlorine evolution reaction. ACS Appl 
Nano Mater 2024, 7:14288-14296. 

72. Jia Z, Lu S, Song P, Peng T, Gao Z, Wang Z, et al.: Machine 
learning accelerates design of bilayer-modified graphene 
hydrogen storage materials. Sep Purif Technol 2025, 
352:128229. 

10 Solar photocatalytic and photoelectrochemical hydrogen  

www.sciencedirect.com Current Opinion in Chemical Engineering 2025, 48:101135 

http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref33
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref33
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref33
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref34
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref34
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref34
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref34
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref34
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref35
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref35
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref35
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref36
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref36
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref36
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref36
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref37
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref37
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref37
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref38
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref38
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref38
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref39
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref39
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref39
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref39
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref40
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref40
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref40
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref41
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref41
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref41
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref42
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref42
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref42
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref43
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref43
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref43
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref43
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref44
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref44
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref44
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref45
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref45
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref45
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref46
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref46
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref46
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref46
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref47
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref47
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref47
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref48
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref48
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref48
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref48
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref49
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref49
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref49
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref50
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref50
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref50
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref51
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref51
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref51
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref52
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref52
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref52
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref52
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref53
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref53
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref53
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref53
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref54
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref54
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref54
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref55
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref55
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref55
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref55
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref56
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref56
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref56
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref56
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref56
https://doi.org/10.1016/j.ijhydene.2024.08.013
https://doi.org/10.1016/j.ijhydene.2024.08.013
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref58
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref58
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref58
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref58
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref59
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref59
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref59
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref59
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref60
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref60
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref60
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref60


73. Allal Z, Noura HN, Salman O, Vernier F, Chahine K: A review on 
machine learning applications in hydrogen energy systems. Int 
J Thermofluids 2025, 26:101119. 

74. 〈https://www.energiepark-mainz.de/〉. 

75. 〈https://energix-group.com/storage/〉. 

76.
•

Wang B, Zhaoxiang B: Hydrogen energy storage: mitigating 
variability in wind and solar power for grid stability in Australia. 
Int J Hydrog Energy 2025, 97:1249-1260. 

This study explores the unpredictability of renewable energy sources 
like wind and solar, assessing the hydrogen energy storage needed for 
grid stability in Australia. It highlights the typical electrolysis capacity of 
46 GW, with a maximum of 269 GW, and 169 GW from hydrogen gen
erators. The findings suggest significant efficiency gains using high-ef
ficiency storage like flow batteries. These results align with the Royal 

Society’s 2020 report on the UK’s 2050 net-zero goals, where hydrogen 
is central to energy storage. 

77. Kwon K, Lee H-B, Kim N, Park S, Joshua SR: Integrated battery 
and hydrogen energy storage for enhanced grid power savings 
and green hydrogen utilization. Appl Sci 2024, 14:7631. 

78. Zhu W, Wen S, Zhao Q, Zhang B, Huang Y, Zhu M: Deep 
reinforcement learning based optimal operation of low-carbon 
island microgrid with high renewables and hybrid 
hydrogen–energy storage system. J Mar Sci Eng 2025, 13:196. 

79. Yu D, Yang P, Zhu W: Capacity optimization of photovoltaic 
storage hydrogen power generation system with peak shaving 
and frequency regulation. Sustain Energy Res 2025, 12:3. 

80. 〈https://hyship.eu/〉.  

H2 storage:potentials, challenges, sustainability Padmanabhan, Clarizia and Ganguly 11 

www.sciencedirect.com Current Opinion in Chemical Engineering 2025, 48:101135 

http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref61
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref61
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref61
https://www.energiepark-mainz.de/
https://energix-group.com/storage/
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref62
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref62
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref62
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref63
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref63
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref63
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref64
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref64
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref64
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref64
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref65
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref65
http://refhub.elsevier.com/S2211-3398(25)00046-2/sbref65
https://hyship.eu/

	Advancing hydrogen storage: critical insights to potentials, challenges, and pathways to sustainability
	Introduction — the current state of hydrogen production and storage
	Potential hydrogen carriers and their underlying challenges
	Sustainability metrics and future directions of hydrogen storage
	Techno-economic considerations for hydrogen carriers
	Conclusions and perspectives
	Data Availability
	Declaration of Competing Interest
	mk:H1_8
	References and recommended reading




