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Abstract

This review provides a systematic analysis of the hydrogen storage methods, classifying them into three main categories:
physical, chemical, and materials-based approaches. Physical methods include compressed gas and cryogenic liquid storage,
offering mature yet infrastructure-intensive solutions. Chemical methods involve metal hydrides and liquid organic hydrogen
carriers (LOHCs), which enable high volumetric densities and stable, long-term storage through reversible reactions.
Materials-based strategies including carbon nanomaterials, metal-organic frameworks (MOFs), and doped graphene
derivatives offer advanced pathways for hydrogen adsorption through physisorption and chemisorption, with promising
gravimetric and volumetric capacities. Special attention is given to the influence of physical and chemical activation on
carbon-based materials, as well as the role of doping, structural modification, and functionalization in enhancing hydrogen
uptake. Emerging technologies such as nitrogen- and boron-doped carbon nanotubes and LOHC systems are discussed in
terms of their advantages, limitations, and potential for integration into future hydrogen infrastructure. Through critical
evaluation of current materials, performance metrics, and engineering challenges, this review highlights the importance of
interdisciplinary innovation in storage technologies. The findings underscore the urgent need for continued research and
investment to overcome thermodynamic limitations, improve kinetics, and reduce system costs. Ultimately, advanced
hydrogen storage solutions are essential for achieving global net-zero targets and mitigating the environmental and health
crises linked to conventional energy systems.
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1. Introduction

Over the past hundred years, humans have been burning large
amounts of fuels such as coal, oil, and gas. During combustion,
a significant amount of carbon dioxide (CO) is released into
the atmosphere. This gas remains in the atmosphere for a long
time approximately 100 years and contributes to global
warming.!'* As scientists have proven, the more CO> in the air,
the higher the Earth's surface temperature rises. This is not just
a prediction; it is based on solid scientific research. For
example, air bubbles trapped in ancient ice cores from
Antarctica allow scientists to determine the atmospheric CO,
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concentration over the past 800,000 years. These long-term
data help us better understand changes in the Earth’s weather
and climate.[*

Today, the amount of carbon released into the atmosphere
from fuel combustion has reached billions of tons. Each
increase of 1 ppm (part per million) of CO; corresponds to
2.12 billion tons of carbon, which translates to 7.77 billion
tons of CO». This is a huge amount CO, is a greenhouse gas
that traps heat from the sun. As its concentration increases,
more heat accumulates on Earth, changing the climate.
Scientists study ancient air bubbles and ice core layers to
determine past CO; levels and corresponding temperatures.
However, since the air gets trapped in the ice slightly later than
the ice forms, there is a small time mismatch in the data.[”s]

Energy consumption (for electricity, heating, and
transportation) on Earth increases every year, and this is the
main reason for the rise in harmful gas emissions. For 420,000
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years, the CO; level on Earth never exceeded 300 ppm. Today,
it has reached approximately 425 ppm. Based on the above
data, you can calculate how many billions of tons this increase
represents. This is a very dangerous situation an
unprecedented level. These numbers clearly indicate that
human activity is altering the Earth’s atmosphere and climate.
If we do not reduce the emission of harmful gases, climate-
related disasters may occur in the future.’

According to 2025 research, up to 40 percent of global
glacial ice including critical Himalayan glaciers, one of the
world's most important freshwater sources is locked in to melt
by the end of this century, even with aggressive climate action.
If the world continues at its current pace, losses could reach
50-90 percent under higher warming scenarios, causing
widespread freshwater shortages and affecting billions of
people. Arctic sea ice has also been steadily declining over the
last 50 years. Satellite observations since 1979 show that ice
volume has decreased by approximately 13% per decade. If
greenhouse gas emissions continue to rise, the Arctic could be
completely ice-free in the summer by mid-century. This would
intensify heat absorption from the sun and accelerate global
warming.!'%-12]

Another alarming issue is the thawing of permafrost soil in
the Arctic. This soil contains roughly twice as much carbon as
is currently in the atmosphere, equivalent to about 1,700
billion tons. As it thaws, it releases this carbon, further
contributing to global warming.l'>'¥ In 2015, forest fires
burned 9 million hectares in Alaska and northern Canada,
releasing more carbon than ever before. In 2018, around 60
wildfires were recorded in Arctic Sweden. Fires are also
increasing in Greenland, Siberia, Ukraine, and Canada. Even
Antarctica, located at the South Pole, is under threat.!'>®)Qver
the past 25 years, this region has lost approximately 3.4 trillion
tons of ice. The rate ofice loss has accelerated, with an average
of about 136 billion tons per year. In the 1980s, 40 billion tons
of'ice melted annually, but after 2009, this number rose to 219
— 252 billion tons per year. This phenomenon contributes to
rising sea levels, posing serious risks to coastal countries.
Greenland's ice mass is also rapidly declining. NASA satellite
data show that ice in Greenland is melting at an average rate
0f 267-270 billion tons per year, faster than in Antarctica. This
affects ocean currents in the Atlantic and may cause abrupt
weather changes in Northern Europe. In recent years, rainfall
in Greenland has increased doubling in summer and tripling in
winter accelerating ice melt even more.['720]

Although carbon dioxide (CO>) is not considered toxic at
low concentrations (400—-600 ppm), elevated levels can pose
significant health risks. Short-term exposure to concentrations
above 1,000 ppm may cause symptoms such as headaches,
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dizziness, shortness of breath, and cognitive impairment. At
levels between 2,000 and 5,000 ppm, CO, can lead to
confusion, unconsciousness, or even death due to hypercapnia
(excess CO; in the blood) or oxygen deficiency.?'?*]

The human body reacts to increased CO; levels primarily
through the respiratory system. As CO, concentration rises,
the body increases the breathing rate to expel the excess gas.
This hyperventilation may result in a condition known as
respiratory alkalosis, where blood pH rises, potentially
causing muscle twitching, hand tremors, and dizziness.
Prolonged exposure to high CO, concentrations especially in
poorly ventilated indoor environments can lead to chronic
health problems. Studies have indicated that long-term
exposure to levels above 3,000 ppm significantly declines
cognitive performance in workplace environments. For
example, recent studies demonstrate that exposure to
concentrations between 1,000-3,000 ppm leads to decreased
attention and slower reaction times, leading to safety hazards
in fields such as aviation and construction.>+28]

Moreover, chronic hypercapnia weakens the immune
system, increasing vulnerability to respiratory infections and
cardiovascular complications particularly dangerous for
people with existing health conditions or the elderly. High
carbon dioxide concentrations are closely linked to poor air
quality, which exacerbates respiratory disorders such as
asthma and chronic obstructive pulmonary disease (COPD).
Studies have shown that indoor carbon dioxide levels above
1,500 ppm increase the frequency of respiratory symptoms.
High carbon dioxide concentration also weakness normal lung
function and increases inflammation in the airways.[?%31]

The cardiovascular system is also affected by elevated CO»
levels. During hypercapnia, the heart compensates for oxygen-
deprived tissues by increasing the heartbeat. Prolonged
exposure to CO> can aggravate heart conditions, potentially
causing arrhythmias and other complications, especially in
individuals with preexisting vulnerabilities. Recent studies
have also focused on CO,'s impact on the nervous system,
showing that it impairs cognitive performance, mood
regulation, decision-making, and motor coordination. Even at
1,000 ppm, a decline in mental performance has been observed,
with higher levels significantly reducing attention span,
memory, and problem-solving ability. Some individuals also
experience diminished social interaction.32-34

Controlled laboratory studies have shown that CO;
concentrations around 2,500 ppm lead to notable cognitive
dysfunction. These findings are especially concerning in
industrial and office environments, where they can threaten
employee productivity and safety. Although CO; is a natural
and essential component of the atmosphere, its excessive
accumulation especially in enclosed spaces can seriously harm
respiratory, cardiovascular, and nervous systems. Preventive
measures such as proper ventilation, installation of CO;
monitoring systems, and the implementation of green
technologies are crucial 3538

Certain vulnerable populations are more susceptible to the
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harmful effects of elevated CO,. These include children, the
elderly, and individuals with respiratory or cardiovascular
conditions. In children, high indoor CO; levels can worsen
asthma and reduce lung function, potentially increasing school
absences and leading to long-term health issues. For elderly
individuals especially those with weakened respiratory or
cardiovascular systems even short-term CO; spikes can be
dangerous. Aging reduces physiological resilience, making the
elderly more sensitive to CO, exposure. Pregnant women are
also considered vulnerable; studies suggest that high CO,
levels during pregnancy may impact fetal development and
birth outcomes, potentially affecting long-term child health.?*
41

The physiological and biochemical effects of CO,
exposure include disruption of the body's acid-base balance,
resulting in hypercapnic respiratory acidosis, a condition
where blood becomes more acidic due to increased CO,. The
body responds by increasing breathing rate and cardiac output.
Prolonged exposure can activate inflammatory responses,
contributing to chronic respiratory conditions, reduced
resistance to infections, and weakened immunity. Oxidative
stress, increased production of reactive oxygen species (ROS),
and altered immune responses are among the primary
mechanisms triggered by CO, exposure. Further research is
required to fully understand the entire spectrum of these
effects.l 4243

These escalating environmental and health challenges
underscore the urgent need for a global transition away from

fossil fuels toward sustainable, low-carbon energy systems.
Hydrogen emerges as a pivotal clean energy carrier, capable
of decarbonizing sectors such as heavy transportation,
industrial processes, and power generation where
electrification alone is insufficient. Unlike fossil fuels,
hydrogen combustion produces only water vapor, and when
generated from renewable sources via electrolysis, it offers a
zero-emission pathway that can also mitigate indoor and
atmospheric CO buildup. However, the realization of a
hydrogen economy faces significant hurdles, chief among
them the efficient and safe storage of hydrogen. Hydrogen's
low volumetric energy density necessitates advanced storage
solutions to enable its practical use in vehicles, stationary
power systems, and grid-scale applications (Fig. 1).

This review paper examines the state-of-the-art in
hydrogen storage technologies, categorizing them into
physical methods (e.g., compressed gas and cryogenic liquid
storage), chemical methods (e.g., metal hydrides and chemical
hydrogen carriers), and materials-based approaches (e.g.,
nanomaterials and metal-organic frameworks). We evaluate
their performance metrics, including gravimetric and
volumetric capacities, reversibility, cost, and safety
considerations, while highlighting recent advancements and
remaining challenges. By synthesizing current research and
projecting future trends, this review aims to guide the
development of viable hydrogen storage solutions essential for
achieving net-zero emissions and mitigating the climate and
health crises outlined above.
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Fig. 1: Comparison of Energy Density of Various Energy Carriers.

2. Basics of hydrogen storage

Hydrogen storage is one of the most challenging and critical
issues in the development of hydrogen energy. This is because
the physical and chemical properties of hydrogen make its
efficient, safe, and cost-effective storage and transportation
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difficult. In Fig. 2, the main areas of hydrogen storage are
illustrated. To
technologies, it is first necessary to deeply understand its

effectively develop hydrogen storage

storage mechanisms. In this section, we will examine in detail
the physical, chemical, and adsorption storage methods,
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their theoretical foundations

application features.

revealing and practical

Physical Storage

Adsorptive Storage

Fig. 2: Diagram of the main mechanisms of hydrogen storage:
physical (gas and liquid), chemical (hydrides, LOHC), and
adsorption (CNT, MOF, carbon).

2.1 Physical storage

Storing hydrogen in gaseous form requires specialized high-
pressure tanks. Standard pressure levels are typically 350 bar
and 700 bar. These tanks are commonly made from steel,
aluminum, or materials reinforced with carbon fiber
composites. The reservoirs used for gas storage are
constructed from steel, aluminum, or carbon fiber-coated
composite materials. However, this method has its
drawbacks.[“#81  Firstly, operating under high pressure
necessitates stringent safety measures. Secondly, the weight
and volume of the tanks pose challenges for transportation
(Department of Energy (DOE). (2022).)14-501 Evaluating the
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energy efficiency of hydrogen storage technologies involves
considering several key parameters. Firstly, gravimetric
density (wt%) describes the proportion of hydrogen mass
relative to the total system mass. A high gravimetric density
indicates the ability to store a large amount of hydrogen in
lightweight materials, which is critical for transportation and
aerospace applications. Secondly, energy density (MJ/kg)
measures the amount of energy released from 1 kilogram of
hydrogen. Theoretically, 1 kg of hydrogen can yield
approximately 120 MJ of energy, a figure twice that of
gasoline, highlighting hydrogen’s potential as a future energy
carrier. Thirdly, storage volume and pressure indicators are
essential specialized tanks are required to store hydrogen
under high pressure. For instance, a 150-liter tank at 70 MPa
can hold approximately 5.4 kg of hydrogen, sufficient to
power a small vehicle for 500-600 km. Additionally, the
durability, weight, and temperature resistance of the tank
material significantly influence the overall system efficiency.
Fourthly, the speed and reversibility of the hydrogen storage
and release process are also crucial. In pressure- or
temperature-controlled systems, the ability to quickly charge
and release hydrogen as needed enhances the system’s
practical utility. The tank’s own mass also impacts energy
efficiency, as reservoirs made from lightweight yet strong
materials (e.g., carbon composites) improve the payload
efficiency. Overall, storing hydrogen in high-pressure tanks is
currently a widely adopted and relatively reliable method.
However, ongoing research focuses on material improvements,
energy-efficient compression, and optimization of thermal
insulation and safety systems to further enhance these systems’
effectiveness.>!

Storing hydrogen in liquid form requires cooling it to -
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Fig. 3: Structure of a High-Pressure liquid Hydrogen storage tank. Reproduced from.!>
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Table 1: Comparison between Compressed Hydrogen and Liquefied Hydrogen storage methods.

Feature

Compressed Hydrogen

Liquefied Hydrogen

Physical State

Typical Pressure
Temperature Required
Volumetric Energy Density
Gravimetric Energy Density

Storage Tank Type
Main Use Cases

Energy Required to Store
Boil-off Loss

Safety Concerns

Advantages

Disadvantages

Gaseous

350 - 700 bar (5000-10,000 psi)
Ambient (25°C)

~20 - 40 kg/m?

Lower (heavy tanks)

High-pressure carbon composite tanks

Fuel cell vehicles (e.g., Toyota Mirai),
buses

Moderate (compression energy)
None (sealed)

High-pressure leaks, risk of rupture

Simpler Infrastructure, No Cryogenic
Needs, No Boil-Off, Wider Application.

Lower Volumetric Density, Heavy Tanks,
Energy Loss, High Pressure Risks.

Cryogenic Liquid

Near ambient pressure (~1 - 3 bar)
-253°C (20 K)

~70 - 71 kg/m?

Higher (lighter per volume)
Double-walled vacuum-insulated tanks
Aerospace,  long-distance  trucking,
storage depots

High (liquefaction energy)

Yes (evaporation over time)
Extreme cold, boil-off, fire/explosion risk

Higher Volumetric Density, Lighter Per
Energy Unit, Suitable for Large-Scale
Transport, Efficient for Large-Scale
Storage.

High Energy Cost, Boil-Off Losses,
Complex Equipment, Safety Hazards.

253°C. This method is advantageous for storing large volumes
of hydrogen due to its high volumetric density. Liquid
hydrogen is kept in cryogenic tanks (see Fig. 3), which are
equipped with specialized vacuum insulation. This approach
is predominantly used in aerospace applications. The
drawbacks of this storage method include the complexity of
cryogenic systems and their high energy consumption.
Additionally, hydrogen loss due to boil-off may occur.[>? 33

Physical storage methods are technologically advanced
today; however, they still require optimization to ensure long-
term, safe, and cost-effective storage. Numerous research
groups are striving to develop alternative or hybrid storage
systems. Physical storage involves preserving hydrogen in its
pure form through physical means, such as under pressure or
at low temperatures. This method is currently the most widely
adopted and technically developed approach. The comparison
between compressed hydrogen and liquefied hydrogen storage
methods is presented in Table 1.

3. Chemical storage

Chemical storage is a method of preserving hydrogen in a
chemically bonded form, where hydrogen interacts with
specific chemical substances to form stable compounds. This
approach enables the safe, long-term storage of hydrogen,
typically in solid form, rather than in gaseous or liquid phases.
Chemical storage systems offer several advantages, including
high energy density, environmental safety, and ease of use.
This method is widely considered for applications in
automotive, aviation, stationary energy systems, and space
technologies.

Engineered Science Publisher

3.1. Metal hydrides

Metal hydrides are materials used to store hydrogen, resulting
from the interaction of hydrogen with metal atoms to form
solid-phase compounds (hydrides). This process can occur at
low temperatures and under atmospheric or higher pressures.
Commonly studied hydrides include magnesium hydride
(MgH>), titanium-iron hydride (TiFeH:), and lanthanum-
nickel hydride (LaNisHs). These materials can absorb
hydrogen at specific temperatures and pressures and release it
through a reverse reaction.l>>¢1 Metal hydrides offer several
advantages, including high energy density exemplified by
MgH:, which can theoretically store up to 7.6 wt% hydrogen
along with enhanced safety due to storage in a solid state that
minimizes the risk of spontaneous combustion or leakage, and
reversibility, as many hydrides can be charged and desorbed
multiple times over several cycles. However, these materials
also present notable disadvantages, such as the high
temperature requirement for desorption, often necessitating
temperatures between 250 - 400°C, slow reaction kinetics that
cause some hydrides to absorb and release hydrogen
inefficiently, and material instability, which may lead to phase
changes or degradation during long-term use. The operating
and comparative parameters of complex metal hydride
hydrogen storage systems are summarized in Table 2 and Fig.
4.

Hydrogen-fueled electric power plants (Table 3) are
facilities that generate electricity using hydrogen as the
primary fuel, typically employing fuel cells (which convert
hydrogen electrochemically into electricity) or combustion in

Eng. Sci., 2025, 37, 1827 |5
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Table 2: Operating Conditions of Metal Hydride-Based Hydrogen Storage Systems.

Metal Hydride Dehydrogenation enthalpy AH (kJ/mol) Hydrogen Release Temperature (°C)
MgH: 75 - 80 250 - 400
TiFeHa 27 - 41 400 - 450
LaNisHs 30.8 25-100
NaAlH4 37 150 - 200
LiH 181.2 500 - 750
CaH» 210 -220 >700
ZrH» 169 >700
MgoFeHs 77 -98 450
LiBH4 67 300 - 400
NaBH4 47 400 - 500 (with hydrolysis)
,,,,,,,,,,, S RS ——
600 o KBH | 9 NaBH, ;
i |
500 1
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Fig. 4: 3D Performance Comparison of Complex Metal Hydrides for Hydrogen Storage. Reproduced from.5”

Table 3: Hydrogen-Fueled Electric Power Plants (By Capacity).

. Capacity . .
Plant Name / Location (MW) Fuel Type / Technology Operational Since
Antwerp Hydrogen Production 10 Byproduct H> from industrial electrolysis / 2011
Plant Port of Antwerp, Belgium ' Fuel cell
Hydrosol II Pilot Plant Almeria, 0.1 Green Hz via high-temperature electrolysis 2008
Spain ' powered by solar / Fuel cell integration
. Green Hz via high-temperature steam
Idaho National Laboratory HTSE . . .
0.5 electrolysis using nuclear electricity / Fuel 2023
Demo Idaho, USA
cell
HYFLEXPOWER Demonstration . .
. . Green H> via renewable electrolysis / Gas
Plant Saillat-sur-Vienne, France 12 . 2023
. turbine (100% Ha capable)
(Smurfit Kappa site)
) . 12 (plus 4 ) o
Fusina Hydrogen Power Station MW st Grey H» from petrochemical cracker / 2009 (decommissioned
steam
Fusina, near Venice, Italy Combined-cycle gas turbine 2018)
reuse)
Shinincheon Bitdream Hydrogen L.
Green/grey Hz / Phosphoric acid fuel cells
Fuel Cell Power Plant Incheon, 78.96 2021
(PAFC)
South Korea
17 (singl ~2010 rt of U.S.
Bridgeport Fuel Cell, LLC ,(Smg ¢ Pipeline natural gas-derived Hz (with s (pa. © .
) . unit; part of . . fleet operational since
Bridgeport, Connecticut, USA biogas options) / Fuel cells
larger 384 early 2000s)
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. Capacity . .
Plant Name / Location (MW) Fuel Type / Technology Operational Since
MW U.S. fuel
cell fleet)
Voestalpine Green Hydrogen Plant 6 Green Hz via electrolysis powered by 2019
(Integrated Power) Linz, Austria renewables / Fuel cell
Lingen Emsland H>-Ready Plant 3034 Green H: via electrolysis / Gas turbine 2024
Lingen, Germany (Kawasaki L30A, 100% Ha)
Hekinan Coe.ll-Flred.P.ower Plant 1,000 (full Hz/ammonia blend / Coal turbine with Hz .
(H2/Ammonia Co-Firing Test) plant; 20% H> . | | 2024 (testing phase)
Hekinan, Japan co-firing) injection

turbines (often adapted combined-cycle gas turbines designed
for hydrogen use). As of 2024-2025, operational hydrogen-
fueled power generation capacity remains limited globally.
Fuel cell plants, which are highly efficient (up to 60%), are
typically smaller in scale and are utilized for baseload or
backup power; while most currently rely on hydrogen derived
from reformed natural gas, the adoption of green hydrogen is
steadily increasing. In contrast, turbine plants operate on a
larger scale through combustion and often begin with
hydrogen-natural gas blends (e.g., 30%) before transitioning
to full hydrogen use,

with an efficiency range of

approximately 40-50% for hydrogen.

3.2. Liquid organic hydrogen carriers

Liquid Organic Hydrogen Carriers refer to organic compounds
that chemically bond hydrogen atoms within a liquid phase.
This storage mechanism allows for the transport and storage
of hydrogen at ambient conditions, distinguishing it from
traditional gas or solid-state hydrogen storage methods. The
process involves the hydrogenation of an unsaturated organic
compound, converting it into a hydrogen-rich form, and the
subsequent dehydrogenation to release hydrogen gas when
needed. The appeal of LOHCs lies primarily in their high

volumetric energy density, which surpasses that of gaseous
hydrogen storage, making them conducive for integration into
pre-existing fuel infrastructure without requiring extensive
modifications. The reversible nature of the hydrogenation and
dehydrogenation processes enables LOHCs to be cycled
multiple times, thus presenting a robust solution for energy
storage.[>%-61

Hydrogen is stored in LOHCs through covalent bonding.
When hydrogen gas interacts with a hydrogen-lean organic
compound, it undergoes catalytic hydrogenation, resulting in
the formation of a hydrogen-rich compound. Organic
compounds such as toluene and naphthalene have been widely
studied for their ability to act as LOHCs, providing substantial
hydrogen storage capacity.”” The hydrogenation process
improves energy density while maintaining the liquid state,
allowing for efficient transport and utilization.’s! In
dehydrogenation, the hydrogen-rich organic compound is
subjected to heat or catalytic action, which breaks the bonded
hydrogen and releases it as molecular hydrogen. This process
typically requires optimized conditions (temperature, pressure,
and catalyst choice) to ensure efficient hydrogen release
without excessive energy input and degradation of the carrier
material 8233 Table 4 presents the physical parameters and
hydrogen storage capacities of selected liquid organic
hydrogen carriers (LOHCs).

Table 4: Physical parameters and hydrogen storage capacity of some LOHCs.

Melting Boiling
. . H> Storage
LOHCs Point Point . Reference
o o Capacity wt%
() ()
Benzene (Ben) 5.5 80 7.2 [62]
Toluene (TOL) -95 111 6.2 [62]
Naphthalene 80 218 7.3 [62]
Carbazole 245 355 6.7 [62]
N-ethylcarbazole
69 378 5.8 [62]
(NEC)
N- Icarbazol
propyleaibrzote 48 336 543 [63]
(NPC)
Dibenzyltoluene (DBT) -39~-34 390 6.2 [64]
1-methylindole (1-
-20 239 5.76 [65]
MID)
2-methylindole 2- 57 273 5.76 [66]
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Melting Boiling
. . Ha Storage
LOHCs Point Point . Reference
. . Capacity wt%
O O
MID)
1,2-dimethylindol
rmeryindote 55 260 5.3 [67]
(1,2-DMID)
N-ethylindole (NEID) -17.8 253.5 5.23 [68]
Dibenzyltoluene
(DBT) / Perhydro- [69]
dibenzyltoluene (H18- - - 6.2 wt%
DBT)
Methylcyclohexane - o . o
(MCH) 126.3 °C 101 °C Approximately 6.5 wt% [70]
N-Ethylcarbazole 7.0 wt% [71]
68-70 166°C
(NEC)
7.0 wt% [72]
Toluene -95.0 110.60
diphenylmethane 22-25 264 6.9 wt % [73]
decalin /naphthalene 7.3 [74]
Bis-BN Cyclohexane 6.47 80.74 4.7 wt%. [75]
indole 1.7%. [76]
dodecahydro-N- 5.8 [77]
ethylcarbazole/N- - -
cthylcarbazole

LOHCs present several significant advantages over
traditional hydrogen storage methods:

1. Safety and handling: LOHCs operate at ambient
temperature and pressure, reducing the risks associated with
high-pressure hydrogen storage systems. Their liquid state
makes them easier to handle and transport using current fuel
logistics, ensuring compatibility with existing fuel supply
chains and minimizing safety concerns related to gas
handling.[3¥

2. High energy density: Compared to compressed hydrogen
and liquid hydrogen storage, LOHC systems exhibit a superior
volumetric energy density—allowing more energy to be stored
in a given volume, which is crucial for applications like
vehicular storage where space is limited. (]

3. Versatility: A wide range of organic compounds can be
utilized as LOHCs, providing flexibility in selection based on
availability, cost, and desired operating conditions. This
allows for a broad application scope across different sectors,
including transportation, industrial processes, and energy
storage.[®!

4. Long-term storage: LOHCs enable long-term hydrogen
storage without significant losses or performance degradation.
This trait is particularly beneficial for applications in seasonal
energy storage and as backup power sources.*!

The efficiency of LOHC systems hinges on the
performance of the catalysts used in the hydrogenation and
dehydrogenation reactions. Research has identified various
metal-based catalysts (e.g., ruthenium, platinum) that facilitate

8| Eng. Sci., 2025, 37, 1827

both reactions under mild conditions, enhancing reaction
kinetics and lowering energy requirements. Notably, catalytic
activity is not solely dictated by the metal type; it is also
significantly influenced by the support materials, preparation
methods, and the specific reaction environment. Studies have
demonstrated that modifying catalytic surfaces to optimize
active site accessibility can lead to considerable improvements
in hydrogen storage performance.

Despite their potential, LOHCs also face several
challenges that need addressing to enhance their viability for
large-scale applications:

1. Thermal management: The heat associated with
dehydrogenation reactions can pose operational challenges,
particularly in maintaining optimal temperatures for reaction
kinetics. Consequently, advanced heat management strategies
are required in commercial implementations to mitigate
energy losses during the dehydrogenation phase.

2. Catalyst stability and activity: While many catalysts show
promise, their long-term stability during multiple reaction
cycles remains a concern. Deactivation due to coking,
leaching, or sintering can significantly hamper performance,
necessitating continuous research into more robust catalytic
materials.[®

3. Water management: Managing water produced during the
dehydrogenation process is critical for sustaining catalyst
activity and ensuring efficient operation. Advanced systems
need to be developed for synchronized water removal and
handling without compromising overall hydrogen yield or

Engineered Science Publisher
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purity.

4. Economic viability: Although LOHC systems are favorable
for hydrogen storage, the economic aspects associated with
synthesis, catalyst development, and operational costs dictate
their market adoption. Ongoing innovations in catalyst design
and LOHC selection are vital for enhancing cost-effectiveness
and facilitating large-scale deployment.’*4l

H, indole

N-ethyl-carbazole

K

N

OO

dodecahydro-N-ethyl-carbazole

6 H,

indoline

T

octahydroindole

Fig. 5: Left: octahydroindole/indoline/indole LOHC system.
Right: dodecahydro-N-ethylcarbazole/N-ethylcarbazole LOHC

system. Reproduced from.[”®!

The future of liquid organic hydrogen carriers (LOHCs)
appears highly promising, as demonstrated by representative
systems shown in Fig. 5. On the left, the
octahydroindole/indoline/indole system and, on the right, the
dodecahydro-N-ethylcarbazole/N-ethylcarbazole pair,
exemplify the diversity and tunability of nitrogen-containing
heterocyclic LOHCs. Continuous progress in catalyst design,
reaction condition optimization, and molecular engineering is
expected to further enhance their hydrogen storage capacity,
reversibility, and thermal stability. As the role of hydrogen as
a clean energy vector continues to expand, such LOHC
systems are likely to play a pivotal role in enabling safe, high-
density, and easily transportable hydrogen storage.
Advancements in hydrogenation/dehydrogenation catalysis

will deepen understanding of the underlying reaction
mechanisms, facilitating the rational design of next-generation
LOHC molecules with improved energy efficiency and
recyclability. Collaborative efforts among academia, industry,
and policymakers are essential to integrate these LOHC
technologies into sustainable hydrogen supply chains.
Moreover, with growing global emphasis on renewable energy
and carbon-neutral solutions, LOHC systems like those
depicted in Fig. 5 could become critical components of
broader carbon-capture, utilization, and storage (CCUS)
strategies — bridging the gap between hydrogen production
and emissions reduction in a future clean energy economy.
Methods of Physical and Chemical Activation of Carbon
Physical activation is a widely applied method to increase the
specific surface area and porosity of activated carbon. This
process consists of two stages: carbonization (charcoal
formation) and activation. At first, carbon-rich raw materials
such as coconut shells, wood, or coal are thermally
decomposed via pyrolysis in an inert atmosphere (typically
nitrogen or argon) at temperatures between 600 - 900°C. At
this stage, volatile substances are removed, resulting in carbon
frameworks with an initial porous structure (pores).l”
Subsequently, these frameworks are treated with oxidizing
agents like steam or carbon dioxide at temperatures ranging
from 700 - 1100°C. In this phase, the disordered regions of the
carbon undergo slow degradation through chemical
gasification reactions (e.g., C + H O — CO + H; or C + CO»
— 2CO0), leading to the formation of new pores and the
enlargement of existing ones. However, excessively high
temperatures or prolonged exposure may cause the collapse of
the porous structure, thereby reducing efficiency.® Physical
Activation Parameters like Temperature, Gas Type, Steam
Concentration and Activation Time of Carbon Materials is
presented in Table 5.

Table 5: Physical Activation Parameters of Carbon Materials.

Parameter Typical Range Effect on Structure
Temperature 700 - 1100°C 1 Temperature — 1 Pore formation; excessively high — reduced efficiency
Gas Type Steam, CO-, or mixtures  Steam — mixed micro/mesopores; CO. — primarily micropores
Steam Concentration ~10-30% Highest surface area ~20%; excessive — structure damage
Activation Time 0 - 60 min Longer time — larger pores; excessively long — structure collapse

The advantages of this method include its simplicity, low
cost, and the ability to produce micro- and mesopores in
carbon. As a result, the specific surface area of activated
carbon typically reaches 600 - 1200 m?/g, with a pore volume
of up to 0.4 cm?/g.¥ Steam activation not only creates wider
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pore sizes but also allows the introduction of oxygen-
that improve adsorption
properties. In contrast, activation with carbon dioxide

containing functional groups

enhances microporosity, making it more effective for gas-
phase applications. Studies indicate that the highest porosity is
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observed after 30 minutes of processing at 800°C, with a 20%
steam concentration yielding optimal results; higher values
may lead to structural breakdown.”! For instance, carbon
fibers processed with steam at 500 - 700°C for one hour
demonstrated well-developed porosity and a strong capacity
for CO, adsorption.”"! Thus, physical activation serves as a
key method widely employed for controlling the structural
characteristics of activated carbon, playing a significant role
in ecological and industrial applications.

Chemical Activation of Carbon

Chemical activation of carbon is an effective method for
transforming carbon-rich materials into activated carbon with
high porosity and a large specific surface area. This process
involves impregnating raw materials such as nutshells, wood
shavings, or straw with strong chemical reagents like
potassium hydroxide (KOH), phosphoric acid (H3PO4), or zinc
chloride (ZnCl). Initially, the raw material is dried, then
mixed with the activating agent in a specific ratio (e.g., 1:1,
2:1, or higher), followed by drying the mixture at 110 - 120°C.
Subsequently, the mixture is heated to 400-850°C in a
nitrogen atmosphere for activation. At high temperatures,
chemical reactions occur; for instance, with potassium

hydroxide: 6KOH + 2C — 2K + 3H; + 2K»COs, resulting in
the expansion of the carbon structure and the formation of
numerous micropores. After heating, the product is washed
with acid (e.g., HCl) and water to neutralize it. Finally, the
dried activated carbon is obtained. This method yields a BET
specific surface area of 1000-3200 m?/g and a pore volume
ranging from 0.4 - 1.2 cm3/g. Phosphoric acid imparts meso-
and microporosity and operates at relatively lower
temperatures, while KOH leads to deep microporosity. Table
6 presents the chemical activators commonly utilized in the
synthesis of carbon materials. Such activated carbons are
widely used in water and air purification, gas adsorption,
energy storage devices, and catalysis. The process is simple,
efficient, and flexible to control; however, thorough washing
and neutralization of activating agent residues are crucial for
environmental safety. Table 7 summarizes the hydrogen
storage performance of biomass-derived activated carbons.
Activation at 700 - 800 °C with KOH yields high-surface-area
carbons suitable for physisorption-based hydrogen storage.
Hydrogen uptake increases significantly at low temperature
(77 K) and high pressure (20 - 40 bar), confirming the
synergistic effect of these conditions on adsorption.

Table 6: Comparison of Chemical Activators Used in Carbon Material Synthesis.

Chemical Substance Full Name

Role Type of Pores Formed

Reacts with carbon to form

KOH Potassium Hydroxide . Primarily micropores

micropores
. . Dries and stabilizes the carbon .

HsPO4 Phosphoric Acid Micro- and mesopores

structure
. . Dehydrates and acts as a

ZnCl2 Zinc Chloride Meso- and macropores
template
Functions similarly to KOH, but .

NaOH Sodium Hydroxide Y Micropores

slightly weaker

Table 7: Hydrogen Storage Capacity of Biomass-Derived Activated Carbons under Various Activation Conditions.

BET
. . Activation Surface Hydrogen Literature
Raw Material/Material . Temperature/Pressure
Conditions Area Storage (Wt%) Source
(m*/g)
Polypyrrole 700°C, KOH 3480 7.0 77K, 20 bar [92]
Bamboo 700°C, KOH 3208 6.6 77K, 4 MPa [93]
PAN Fiber 700°C, KOH 2686 1.1 303K, 30 MPa [94]
Rice Husks 800°C, KOH 2713 1.0 303K, 27 MPa [95]
Wood-Based Charcoal 700°C, KOH 1830 0.9 298K, 35 bar [96]
Coconut Shell 750°C, KOH 2320 6.8 77K, 2 MPa [97]
CO. and KOH  Dual
L 800°C 3190 7.08 77K, 20 bar [95]
Activation
Mushroom Biomass 700°C, KOH 2432 2.6 77K, 1 MPa [98]
Pine Powder (Extract) 600°C - 800°C 4097.49 7.73 77K, 40 bar [99]
Waste Wood Chips 800°C 1486.2 3.03 77K, 1 bar [100]
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4. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) have garnered significant attention
in the field of hydrogen storage due to their unique properties.
They possess high mechanical strength, lightweight
characteristics, and excellent electrical conductivity. This
section provides a comprehensive analysis of the structure of
carbon nanotubes and their hydrogen storage potential,

® Nitrogen atoms

@®=@® Hydrogen molecules

including the differences between single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs), the mechanisms of hydrogen storage, the effects
of doping and functionalization, as well as the challenges
related to scalability and reproducibility.

Carbon nanotubes are primarily categorized into two types:
single-walled carbon nanotubes (SWCNTSs) and multi-walled

Fig. 6: Mechanism of hydrogen storage in nitrogen- and phosphorus-doped carbon nanotubes.

carbon nanotubes (MWCNTs). The key difference lies in their
structure: SWCNTs consist of a single layer of carbon atoms
arranged in a cylindrical shape, while MWCNTs are composed
of multiple concentric cylindrical layers of carbon. This
structural distinction influences their physical and chemical
properties, impacting the mechanisms and capabilities of
hydrogen storage. SWCNTs stand out for their high surface
area-to-volume ratio, which enhances their hydrogen
adsorption capacity. Theoretical studies suggest that SWCNTs
can store 5 - 10 wt% hydrogen.'”"! On the other hand,
MWCNTs are distinguished by their mechanical stability,
making them suitable for applications requiring a robust
structure.l'?) However, their more complex structure can
sometimes lead to reduced performance. Both types play a
significant role in hydrogen storage technology, and their
selection should be based on their specific characteristics,
tailored to the intended application, as the choice between
SWCNTs and MWCNTs can directly affect the efficiency of a
hydrogen storage system.
Hydrogen Storage Mechanisms and Capacity
Hydrogen storage in carbon nanotubes occurs through
physisorption and chemisorption. Physisorption involves the
weak adsorption of hydrogen molecules onto the carbon
surface via van der Waals forces, while chemisorption entails
the formation of strong chemical bonds between hydrogen
molecules and the carbon surface.

Research indicates that the one-dimensional structure of
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single-walled carbon nanotubes provides greater accessibility
for hydrogen molecules. For instance, pure SWCNTs can
adsorb approximately 1 wt% hydrogen, and this capacity can
be further increased with structural defects or functional
groups.['%! In contrast, multi-walled carbon nanotubes, due to
their lower surface area, exhibit a reduced storage capacity;
however, their structural durability makes them suitable for
use in challenging conditions.

Doping (the introduction of other atoms) and
functionalization also significantly influence hydrogen
storage capacity. Doping involves incorporating heteroatoms
such as nitrogen, boron, or lithium into the carbon lattice,
altering the electronic properties and hydrogen interaction
energy of the nanotubes (Fig. 6). For example, nitrogen-doped
carbon nanotubes have shown improved hydrogen adsorption
and increased binding energy.!!%4105]

Effects of Doping and Functionalization

Doping with heteroatoms modifies the electronic structure,
thermal stability, and chemical reactivity of carbon nanotubes.
Nitrogen doping, in particular, has been extensively studied
and is known to enhance the interaction between hydrogen and
the carbon surface. Synthesis of nitrogen-doped carbon
nanotubes using methods like chemical vapor deposition
(CVD) has led to a significant improvement in hydrogen
storage capacity.[104103]

Boron doping also enhances hydrogen adsorption, as the
interaction between hydrogen molecules and boron-doped
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sites is strengthened.l'>!"”] This structural modification
enables storage capacities that exceed those of undoped
carbon nanotubes.

Functionalization methods improve the hydrophilicity of
carbon nanotubes and create additional adsorption sites,
thereby enhancing their storage potential. For example, the
covalent attachment of hydroxyl or carboxyl groups can
strengthen the binding of hydrogen molecules.['%191 Such
modifications increase the usable surface area and improve the
efficiency of hydrogen storage.

The unique properties of carbon nanotubes make them
promising for hydrogen storage; however, their large-scale
production and quality reproducibility present several
challenges. One major issue is the synthesis methods
themselves. For instance, carbon nanotubes produced via
chemical vapor deposition (CVD) or arc discharge methods
may vary in quality, with incomplete growth, inconsistent
diameters, and the presence of unwanted byproducts, all of
which can negatively impact hydrogen storage capacity.'!%!!1]

Additionally, ensuring uniform distribution of nitrogen or
other elements during doping remains a complex task.
Variations in the distribution of these elements can alter
material properties and complicate the reproducibility of
experimental results. Large-scale production of carbon
nanotubes also poses difficulties. As demand for carbon
nanotubes in hydrogen storage increases, developing high-
yield production processes without compromising quality has
become a pressing concern. Various solutions are being
proposed to achieve continuous production and obtain defect-
free, uncontaminated products, though these goals still require
multidisciplinary research.l''>!'3] Furthermore, integrating
carbon nanotubes into practical hydrogen storage systems
presents additional challenges. The unique characteristics of
carbon nanotubes can complicate their compatibility with
existing storage solutions. Addressing these issues requires
studying the interactions between materials and enhancing
their compatibility.

The comparison between single-walled and multi-walled
carbon nanotubes necessitates careful selection based on
specific applications. A deeper understanding of the effects of
doping and functionalization on hydrogen storage
mechanisms can pave the way for developing strategies to
improve storage efficiency. Nevertheless, challenges related to
the production and reproducibility of carbon nanotube
materials remain unresolved. Refining reliable synthesis
methods and gaining a deeper understanding of material
properties will open pathways to developing efficient and
sustainable hydrogen storage systems in the future.

5. Graphene and its derivatives for hydrogen storage

Hydrogen is considered one of the most promising energy
carriers of the future due to its high energy density, the
production of clean byproducts upon combustion, and the
potential for production from renewable sources. One of the
primary challenges in implementing a hydrogen economy is
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the development of efficient, safe, and cost-effective hydrogen
storage technologies. Among the various materials studied for
hydrogen storage, graphene and its derivatives graphene oxide
(GO) and reduced graphene oxide (rGO) have garnered
significant interest due to their exceptional physicochemical
properties. These properties include a large surface area,
tunable porosity, chemical functionalization capability, and
excellent mechanical strength.[''4!15]

Graphene is a single-atom-thick layer of carbon atoms
arranged in a two-dimensional honeycomb lattice. Graphene
and its derivatives have attracted attention for their potential
to enhance hydrogen storage capabilities. Graphene oxide
(GO) and reduced graphene oxide (rGO) possess unique
properties that facilitate the hydrogen storage process, thereby
making a significant contribution to energy applications. This
chapter examines the role of graphene and its derivatives in
hydrogen storage, analyzing their properties, composite
structures, methods to improve efficiency, and strategies for
performance optimization.[!!¢-1!8]

Graphene-based materials for hydrogen storage pure
graphene

Graphene is a material consisting of a single layer of carbon
atoms arranged in a two-dimensional (2D) hexagonal lattice.
Since its discovery in 2004, it has been widely studied due to
its exceptional electrical, thermal, and mechanical
properties.l''l Theoretical predictions suggest that graphene,
owing to its high surface area (~2630 m?/g), can adsorb up to
7.7 wt% hydrogen under ideal conditions.!"]

Hydrogen can bind to graphene through physical
adsorption (via van der Waals interactions) or chemical
adsorption (via the formation of C—H bonds). Physical
adsorption predominates at low temperatures, while chemical
adsorption plays a significant role at higher temperatures or
under surface modification conditions.'' However, pure
graphene exhibits limited storage capacity under normal
conditions due to its low binding energy with hydrogen
molecules (~0.04 eV).

Graphene Oxide (GO)

Graphene oxide is produced by oxidizing graphite. During this
process, oxygen-containing functional groups such as
hydroxyl, epoxy, and carboxyl are introduced into the
graphene structure. These groups disrupt the sp? bonding
network of graphene, creating defects and increasing
interlayer spacing. These functional groups enhance the
hydrophilicity of graphene oxide, making it a stable dispersion
in water, which is crucial for subsequent chemical
transformations and hydrogen storage applications.['2!]

Studies have shown that graphene oxide holds significant
potential for hydrogen storage. For instance, Rajaura and
colleagues demonstrated that the functional groups in
graphene oxide improve its interaction with hydrogen
molecules, thereby increasing adsorption.!'?” The high surface
area and specific chemical properties of GO create favorable
conditions for use in composite materials for hydrogen storage.
The presence of functional groups enhances accessibility and
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reactivity to hydrogen. Furthermore, the increased interlayer

Looking forward, the future of hydrogen storage will

spacing (over 6 A for GO compared to 3.4 A for pure graphene) depend on a combination of materials innovation, system

ensures easier access for hydrogen molecules. GO can store
2-3 wt% hydrogen at moderate pressure and temperature.!'?’]
Reduced graphene oxide (rGO)

Reduced graphene oxide (rGO) is a material obtained by
thermally, chemically, or electrochemically reducing graphene
oxide (GO) to remove oxygen groups. rGO retains some
functional groups and defects, which aid in hydrogen
adsorption. Additionally, the material’s electrical conductivity
and structural integrity are restored. Effective reduction
methods can optimize the material’s structure, enhancing its
hydrogen uptake capacity.

For example, Jain and colleagues showed that rGO can
store 1.5 wt% hydrogen under normal temperature and
moderate pressure conditions.!'> Compared to pure graphene,
rGO generally stores hydrogen more effectively due to a
synergistic effect between residual defects and the restored n-
conjugation system. Under optimal conditions, rGO can store
3 - 5 wt% hydrogen.!'>) Ariharan and colleagues demonstrated
that nitrogen doping during the reduction of graphene oxide
improves interaction with hydrogen molecules, thereby
increasing storage capacity.['26]

6. Conclusion and future prospects

Hydrogen storage remains a critical component in the
development of a sustainable hydrogen economy, with
strategies  physical, and hybrid
demonstrating unique benefits and technical challenges. High-

multiple chemical,
pressure and cryogenic systems offer near-term feasibility for
transportation and industrial deployment but are limited by
safety, cost, and energy efficiency concerns. Advanced
materials such as metal hydrides, porous carbon materials, and
liquid organic hydrogen carriers (LOHCs) show strong
potential for compact, high-density, and reversible hydrogen
storage. These systems benefit from tunable properties, the
potential for integration with renewable energy sources, and
compatibility with various energy applications. However,
issues such as material degradation, kinetic limitations,
thermal management, and economic viability remain active
areas of investigation. Moreover, the role of catalysts, support
structures, and composite design is essential in optimizing the
sorption/desorption cycles and ensuring stable operation over
prolonged periods. In conclusion, while no single method
meets all DOE targets (e.g., 6.5 wt%, 50 g/L volumetric),
hybrid systems combining LOHCs with nanomaterials offer
synergistic paths forward. By synthesizing recent research,
this review underscores that interdisciplinary progress in
material design and process optimization is vital for realizing
a hydrogen economy, ultimately curbing CO»-driven climate
and health crises.
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integration, and cross-disciplinary collaboration. Research
must focus on developing novel nanostructured and hybrid
materials with high gravimetric and volumetric capacities
under mild conditions. Simultaneously, rational catalyst
design including the use of bimetallic and interface-
engineered systems can improve hydrogenation /
dehydrogenation kinetics. Successful deployment of storage
technologies will also require comprehensive lifecycle
assessments (LCA), thermal management strategies, and
standardization efforts to ensure safety and infrastructure
compatibility. Additionally, integrating artificial intelligence
(AD) and machine learning for predictive material design and
real-time system optimization can significantly accelerate
progress. With ongoing investment and coordinated global
research efforts, hydrogen storage technologies are poised to
become pivotal enablers of decarbonized energy systems,
facilitating the transition to net-zero targets and reshaping the

global energy landscape.

Acknowledgments

The authors would like to acknowledge the support of the
Ministry of Science and Higher Education of the Republic of
Kazakhstan under Targeted Program of the MHES of the
Republic of Kazakhstan, Grant No. BR21882439.

Contflict of 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.

Supporting Information
Not applicable.

CRediT Statement

Raushan Soltan: Investigation, Literature review, Writing -
Original draft. Seitkhan Azat: Literature survey, Writing -
Review & editing, Supervision, Conceptualization. Nurbol
Tileuberdi: Writing - Review & editing, Formal check,
Visualization. Nurxat Nuraje: Supervision,
Conceptualization, Funding acquisition, Writing - Review &
editing.

References

[1] M. N. Anwar, M. Iftikhar, B. Khush Bakhat, N. F. Sohail, M.
Baqar, A. Yasir, A. S. Nizami, Sources of carbon dioxide and
environmental issues, Sustainable Agriculture Reviews 37,
Springer International Publishing, Cham, 2019, 37, 13-36, doi:
10.1007/978-3-030-29298-0 2.

[2] T. L. Delworth, T. R. Knutson, Simulation of early 20th
century global warming, Science, 2000, 287, 2246-2250, doi:

Eng. Sci., 2025, 37, 1827 | 13


https://www.espublisher.com/

Review article

Engineered Science

10.1126/science.287.5461.2246.

[3] M. L. Khandekar, T. S. Murty, P. Chittibabu, The global
warming debate: a review of the state of science, Pure and
Applied ~ Geophysics, 2005, 162, 1557-1586,  doi:
10.1007/s00024-005-2683-x.

[4] Raynaud, D., Beeman, J. C., Chappellaz, J., Parrenin, F., &
Shin, J., Antarctic air bubbles and the long-term ice core record
of CO; and other greenhouse gases, Past Antarctica, Academic
Press, 2020, 27-50, doi: 10.1016/B978-0-12-817925-3.00002-1.
[5] Etheridge, D. M., Steele, L. P., Langenfelds, R. L., Francey,
R.J., Barnola, J. M., & Morgan, V. I, Natural and anthropogenic
changes in atmospheric CO; over the last 1000 years from air in
Antarctic ice and firn, Journal of Geophysical Research:
Atmospheres, 1996, 101(D2), 4115-4128, doi:
10.1029/95JD03410.

[6] E. J. Brook, C. Buizert, Antarctic and global climate history
viewed from ice cores, Nature, 2018, 558, 200-208, doi:
10.1038/s41586-018-0172-5.

[7] N. Abas, N. Khan, Carbon conundrum, climate change, CO-
capture and consumptions, Journal of CO; Utilization, 2014, 8,
39-48, doi: 10.1016/j.jcou.2014.06.005.

[8] P. C. Jain, Greenhouse effect and climate change: scientific
basis and overview, Renewable Energy, 1993, 3, 403-420, doi:
10.1016/0960-1481(93)90108-S.

[9] S. Solomon, G.-K. Plattner, R. Knutti, P. Friedlingstein,
Irreversible climate change due to carbon dioxide emissions,
Proceedings of the National Academy of Sciences of the United
States  of  America, 2009, 106, 1704-1709, doi:
10.1073/pnas.0812721106.

[10] J. Singh, Chitradevi, The accelerating melting of glaciers:
impacts on earth and emerging challenges, International Journal
of Advanced Research and Interdisciplinary Scientific
Endeavours, 2025, 2, 401-414, doi: 10.61359/11.2206-2501.
[11] S. A. Ali, F. Parvin, Climate change and escalating disaster
risk in the Indian Himalayan Region, Livelihoods and Well-Being
in the Era of Climate Change, Springer Nature Switzerland,
Cham, 2025, 37-65, doi: 10.1007/978-3-031-81132-6_3.

[12] N. J. Teder, L. G. Bennetts, P. A. Reid, R. A. Massom, J. P.
A.Pitt, T. A. Scambos, A. D. Fraser, Large-scale ice-shelf calving
events follow prolonged amplifications in flexure, Nature
Geoscience, 2025, 18, 599-606, doi: 10.1038/s41561-025-01713-
4,

[13] K. R. Miner, M. R. Turetsky, E. Malina, A. Bartsch, J.
Tamminen, A. D. McGuire, A. Fix, C. Sweeney, C. D. Elder, C.
E. Miller, Permafrost carbon emissions in a changing Arctic,
Nature Reviews Earth & Environment, 2022, 3, 55-67, doi:
10.1038/s43017-021-00230-3.

[14] E. A. G. Schuur, A. D. McGuire, C. Schidel, G. Grosse, J.
W. Harden, D. J. Hayes, G. Hugelius, C. D. Koven, P. Kuhry, D.

14| Eng. Sci., 2025, 37, 1827

M. Lawrence, S. M. Natali, D. Olefeldt, V. E. Romanovsky, K.
Schaefer, M. R. Turetsky, C. C. Treat, J. E. Vonk, Climate change
and the permafrost carbon feedback, Nature, 2015, 520, 171-179,
doi: 10.1038/nature14338.

[15] Domke, G.; Williams, C. A.; Birdsey, R.; Coulston, J.; Finzi,
A.; Gough, C.; Haight, B.; Hicke, J.; Janowiak, M.; de Jong, B.;
Kurz, W. A.; Lucash, M.; Ogle, S.; Olguin-Alvarez, M.; Pan, Y.;
Skutsch, M.; Smyth, C.; Swanston, C.; Templer, P.; Wear, D.;
Woodall, C. W. 2018. Forests. In: Cavallaro, N.; Shrestha, G.;
Birdsey, R.; Mayes, M. A.; Najjar, R. G.; Reed, S. C.; Romero-
Lankao, P.; Zhu, Z., eds, Second State of the Carbon Cycle Report
(SOCCR2), A Sustained Assessment Report, Washington, DC:
U.S. Global Change Research Program, 365-398, doi:
10.7930/SOCCR2.2018.Ch9.

[16] The IMBIE team. Mass balance of the Antarctic Ice Sheet
from 1992 to 2017, Nature, 2018, 558, 219-222, doi:
10.1038/s41586-018-0179-y.

[17] The IMBIE Team. Mass balance of the Greenland Ice Sheet
from 1992 to 2018, Nature, 2020, 579, 233-239, doi:
10.1038/s41586-019-1855-2.

[18] E. Rignot, J. Mouginot, B. Scheuchl, M. van den Broeke, M.
J. van Wessem, M. Morlighem, Four decades of Antarctic ice
sheet mass balance from 1979-2017, Proceedings of the National
Academy of Sciences of the United States of America, 2019, 116,
1095-1103, doi: 10.1073/pnas.1812883116.

[19] M. Oltmanns, F. Straneo, M. Tedesco, Increased Greenland
melt triggered by large-scale, year-round cyclonic moisture
intrusions, The Cryosphere, 2019, 13, 815-825, doi: 10.5194/tc-
13-815-2019.

[20] E. Rignot, J. Mouginot, B. Scheuchl, M. van den Broeke, M.
J. van Wessem, M. Morlighem, Four decades of Antarctic ice
sheet mass balance from 19792017, Proceedings of the National
Academy of Sciences of the United States of America, 2019, 116,
1095-1103, doi: 10.1073/pnas.1812883116.

[21] Y. Fan, X. Cao, J. Zhang, D. Lai, L. Pang, Short-term
exposure to indoor carbon dioxide and cognitive task
performance: a systematic review and meta-analysis, Building
and Environment, 2023, 237, 110331, doi:
10.1016/j.buildenv.2023.110331.

[22] DULFANO, M. J., & Ishikawa, S, Hypercapnia: Mental
Changes and Extrapulmonary Complications: An Expanded
Concept of the" CO; Intoxication" Syndrome, Annals of Internal
Medicine, 1965, 63(5), 829-841, doi: 10.7326/0003-4819-63-5-
829.

[23] U. Satish, M. J. Mendell, K. Shekhar, T. Hotchi, D. Sullivan,
S. Streufert, W. J. Fisk, Is CO an indoor pollutant? direct effects
of low-to-moderate CO,Concentrations on human decision-
making performance, Environmental Health Perspectives, 2012,
120, 1671-1677, doi: 10.1289/ehp.1104789.

[24] C. Potter, Ecosystem carbon emissions from 2015 forest fires

in interior Alaska, Carbon Balance and Management, 2018, 13,
2, doi: 10.1186/s13021-017-0090-0.

[25] R. Soltan, A. N. AL-Dujaili, D. Zhaksylyk, Y. Auyelkhan, N.
Tileuberdi, N. Nuraje, Exploring the viability of underground gas

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Review article

storage facilities in southeastern Kazakhstan: ensuring a stable
gas supply for Almaty, the nation’s largest metropolis,
Engineered Science, 2025, 35, 1487, doi: 10.30919/es1487.

[26] K. Azuma, N. Kagi, U. Yanagi, H. Osawa, Effects of low-
level inhalation exposure to carbon dioxide in indoor
environments: a short review on human health and psychomotor
performance, Environment International, 2018, 121, 51-56, doi:
10.1016/j.envint.2018.08.059.

[27] L. C. Beadle, S. F. Beadle, Carbon dioxide narcosis, Nature,
1949, 164, 235, doi: 10.1038/164235a0.

[28] Z. A. Mansurov, L. F. Velasco, P. Lodewyckx, E. O.
Doszhanov, S. Azat, Modified carbon sorbents based on walnut
shell for sorption of toxic gases, Journal of Engineering Physics
and Thermophysics, 2022, 95, 1383-1392, doi: 10.1007/s10891-
022-02607-7.

[29] D. Schneberger, U. Pandher, B. Thompson, S. Kirychuk,
Effects of elevated CO, levels on lung immune response to
organic dust and lipopolysaccharide, Respiratory Research, 2021,
22,104, doi: 10.1186/s12931-021-01700-4.

[30] M. Shigemura, E. Lecuona, J. I. Sznajder, Effects of
hypercapnia on the lung, The Journal of Physiology, 2017, 595,
2431-2437, doi: 10.1113/jp273781.

[31] B. Du, M. C. Tandoc, M. L. Mack, J. A. Siegel, Indoor CO>
concentrations and cognitive function: a critical review, Indoor
Air, 2020, 30, 1021-1037, doi: 10.1111/ina.12706.

[32] Azuma, K., Kagi, N., Yanagi, U., & Osawa, H, Effects of
low-level inhalation exposure to carbon dioxide in indoor
A short
psychophysiological effects, Environment International, 2018,
121, 51-56, doi: 10.1016/j.envint.2018.08.059.

[33] W. Du, Z. Tian, B. Lv, P. Wang, H. Wang, S. Ding, Z. Tian,
J. Zhou, W. Jiao, X. Zhang, H. Gao, Association of carbon
monoxide poisoning with cardiovascular disease risk: a
systematic review and meta-analysis, Heliyon, 2024, 10, e34062,
doi: 10.1016/j.heliyon.2024.e34062.

[34] U. Satish, M. J. Mendell, K. Shekhar, T. Hotchi, D. Sullivan,
S. Streufert, W. J. Fisk, Is CO; an indoor pollutant? direct effects
of low-to-moderate CO,Concentrations on human decision-
making performance, Environmental Health Perspectives, 2012,
120, 1671-1677, doi: 10.1289/ehp.1104789.

[35] J. G. Allen, P. MacNaughton, U. Satish, S. Santanam, J.
Vallarino, J. D. Spengler, Associations of cognitive function
scores with carbon dioxide, ventilation, and volatile organic
compound exposures in office workers: a controlled exposure
study of green and conventional office environments,
Environmental Health Perspectives, 2016, 124, 805-812, doi:
10.1289/ehp.1510037.

[36] B. Du, M. C. Tandoc, M. L. Mack, J. A. Siegel, Indoor CO,
concentrations and cognitive function: a critical review, /ndoor
Air, 2020, 30, 1067-1082, doi: 10.1111/ina.12706.

[37]1Y. Al horr, M. Arif, M. Katafygiotou, A. Mazroei, A. Kaushik,
E. Elsarrag, Impact of indoor environmental quality on occupant
well-being and comfort: a review of the literature, International
Journal of Sustainable Built Environment, 2016, 5, 1-11, doi:

environments: review on human health and

Engineered Science Publisher

10.1016/j.ijsbe.2016.03.006.
[38] A. Persily, Challenges in developing ventilation and indoor
air quality standards: The story of ASHRAE Standard 62,
Building and  Environment, 2015, 91, 61-69, doi:
10.1016/j.buildenv.2015.02.026.

[39] Maung, T. Z., Bishop, J. E., Holt, E., Turner, A. M., & Pfrang,
C, Indoor Air Pollution and the Health of Vulnerable Groups: A
Systematic Review Focused on Particulate Matter (PM), Volatile
Organic Compounds (VOCs) and Their Effects on Children and
People with Pre-Existing Lung Disease, International Journal of
Environmental Research and Public Health, 2022, 19(14), 8752,
doi: 10.3390/ijerph19148752.

[40] M. Hauptman, W. Phipatanakul, The school environment and
asthma in childhood, Asthma Research and Practice, 2015, 1, 12,
doi: 10.1186/s40733-015-0010-6.

[41] A. Namdeo, A. Tiwary, E. Farrow, Estimation of age-related
vulnerability to air pollution: Assessment of respiratory health at
local scale, Environment International, 2011, 37, 829-837, doi:
10.1016/j.envint.2011.02.002.

[42] Franklin, P., Tan, M., Hemy, N., & Hall, G. L, Maternal
Air Birth
Outcomes, International Journal of Environmental Research and
Public Health, 2019, 16(8), 1364, doi: 10.3390/ijerph16081364.
[43] E. Campaiia-Duel, A. Ceccato, L. Morales-Quinteros, M.
Camprubi-Rimblas, A. Artigas, Hypercapnia and its relationship
with respiratory infections, Expert Review of Respiratory
Medicine, 2024, 18, 41-47, doi:
10.1080/17476348.2024.2331767.

[44] S. Bolevich, A. H. Kogan, V. Zivkovic, D. Djuric, A. A.
Novikov, S. I. Vorobyev, V. Jakovljevic, Protective role of carbon
dioxide (CO:) in generation of reactive oxygen species,
Molecular and Cellular Biochemistry, 2016, 411, 317-330, doi:
10.1007/s11010-015-2594-9.

[45] K. Azuma, N. Kagi, U. Yanagi, H. Osawa, Effects of low-
to carbon dioxide

Exposure  to  Indoor Pollution  and

level inhalation exposure in indoor
environments: a short review on human health and psychomotor
performance, Environment International, 2018, 121, 51-56, doi:
10.1016/j.envint.2018.08.059.

[46] A. S. Mekonnin, K. Wactawiak, M. Humayun, S. Zhang, H.
Ullah, Hydrogen storage technology, and its challenges: a review,
Catalysts, 2025, 15, 260, doi: 10.3390/catal15030260.

[47] D. U. Eberle, D. R. von Helmolt, Sustainable transportation
based on electric vehicle concepts: a brief overview, Energy &
Environmental Science, 2010, 3, 689, doi: 10.1039/c001674h.
[48] S. Azat, R. Busquets, V. V. Pavlenko, A. R. Kerimkulova,
R. L. D. Whitby, Z. A. Mansurov, Applications of activated
carbon sorbents based on Greek walnut, Applied Mechanics and
Materials, 2013, 467, 49-51, doi:
10.4028/www.scientific.net/amm.467.49.

[49] A. Zittel, A. Remhof, A. Borgschulte, O. Friedrichs,

Hydrogen: the future energy carrier, Philosophical Transactions

Eng. Sci., 2025, 37, 1827 | 15


https://www.espublisher.com/

Review article

Engineered Science

of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 2010, 368, 3329-3342, doi: 10.1098/rsta.2010.0113.
[50] S. Satyapal, J. Petrovic, C. Read, G. Thomas, G. Ordaz, The
U.S. department of energy’s national hydrogen storage project:
towards meeting hydrogen-powered  vehicle
requirements, Catalysis Today, 2007, 120, 246-256, doi:
10.1016/j.cattod.2006.09.022.

[51] T. Q. Hua, R. K. Ahluwalia, J. K. Peng, M. Kromer, S.

Lasher, K. McKenney, K. Law, J. Sinha, Technical assessment of

progress

compressed hydrogen storage tank systems for automotive
applications, International Journal of Hydrogen Energy, 2011,
36, 3037-3049, doi: 10.1016/j.ijhydene.2010.11.090.

[52] C. A. Mukwanje, A. Faik, M. Nachtane, Current progress,
challenges, and future prospects in composite cryogenic
hydrogen storage tanks, Polymer Composites, 2025, 46(S2), S48-
S70, doi: 10.1002/pc.29872.

[53] C. Wan, C. Shi, S. Zhu, S. Fang, L. Qiu, G. Shi, D. Li, S.
Shao, K. Wang,
experiments of liquid hydrogen storage tank for trucks,
International Journal of Refrigeration, 2025, 169, 279-293, doi:
10.1016/j.ijrefrig.2024.10.037.

[54] A. G. Rao, F. Yin, H. Werij, Energy transition in aviation:

Comprehensive design and preliminary

the role of cryogenic fuels, Aerospace, 2020, 7, 181, doi:
10.3390/aerospace7120181.

[55] B. Sakintuna, F. Lamari-Darkrim, M. Hirscher, Metal
hydride materials for solid hydrogen storage: a review,
International Journal of Hydrogen Energy, 2007, 32, 1121-1140,
doi: 10.1016/j.ijhydene.2006.11.022.

[56] A. Ziittel, Materials for hydrogen storage, Materials Today,
2003, 6, 24-33, doi: 10.1016/S1369-7021(03)00922-2.

[57] J. Puszkiel, A. Gasnier, G. Amica, F. Gennari, Tuning LiBH4
for hydrogen storage: destabilization, additive, and
nanoconfinement approaches, Molecules, 2020, 25, 163, doi:
10.3390/molecules25010163.

[58] P. Preuster, C. Papp, P. Wasserscheid, Liquid organic
hydrogen carriers (LOHCs): toward a hydrogen-free hydrogen
economy, Accounts of Chemical Research, 2017, 50, 74-85, doi:
10.1021/acs.accounts.6b00474.

[59] N.-S. Mussa, K. Toshtay, M. Capron, Catalytic applications
in the production of hydrotreated vegetable oil (HVO) as a
renewable fuel: a review, Catalysts, 2024, 14, 452, doi:
10.3390/catal14070452.

[60] Brown, T., Schifer, M., & Greiner. M, Sectoral Interactions
as Carbon Dioxide Emissions Approach Zero in a Highly-
Renewable European Energy System, Energies, 2019, 12(6),
1032, doi: 10.3390/en12061032.

[61] IEA,
https://www.iea.org/reports/hydrogen-projects-database.

[62] J. Zhang, F. Yang, B. Wang, D. Li, M. Wei, T. Fang, Z.
Zhang, Heterogeneous catalysts in N-heterocycles and aromatics

Hydrogen  Projects  Database, 2022,

16 | Eng. Sci., 2025, 37, 1827

as liquid organic hydrogen carriers (LOHCs): history, present
status and future, Materials, 2023, 16, 3735, doi:
10.3390/mal6103735.

[63] M. Yang, Y. Dong, S. Fei, Q. Pan, G. Ni, C. Han, H. Ke, Q.
Fang, H. Cheng, Hydrogenation of N-propylcarbazole over
supported ruthenium as a new prototype of liquid organic
hydrogen carriers (LOHC), RSC Advances, 2013, 3, 24877, doi:
10.1039/c3ra44760;.

[64] L. Shi, S. Qi, J. Qu, T. Che, C. Yi, B. Yang, Integration of
hydrogenation and dehydrogenation based on dibenzyltoluene as
liquid organic hydrogen energy carrier, /nternational Journal of
Hydrogen Energy, 2019, 44, 5345-5354, doi:
10.1016/j.ijhydene.2018.09.083.

[65] M. Yang, G. Cheng, D. Xie, T. Zhu, Y. Dong, H. Ke, H.
Cheng, Study of hydrogenation and dehydrogenation of 1-
methylindole for reversible onboard hydrogen storage application,
International Journal of Hydrogen Energy, 2018, 43, 8868-8876,
doi: 10.1016/j.ijhydene.2018.03.134.

[66] L. Li, M. Yang, Y. Dong, P. Mei, H. Cheng, Hydrogen storage
and release from a new promising Liquid Organic Hydrogen
Storage Carrier (LOHC): 2-methylindole, International Journal
of Hydrogen Energy, 2016, 41, 16129-16134, doi:
10.1016/j.ijhydene.2016.04.240.

[67] Y. Dong, M. Yang, L. Li, T. Zhu, X. Chen, H. Cheng, Study
on reversible hydrogen uptake and release of 1, 2-dimethylindole
as a new liquid organic hydrogen carrier, International Journal of
Hydrogen Energy, 2019, 44, 4919-4929, doi:
10.1016/j.ijhydene.2019.01.015.

[68] Y. Dong, M. Yang, Z. Yang, H. Ke, H. Cheng, Catalytic
hydrogenation and dehydrogenation of N-ethylindole as a new
heteroaromatic liquid organic hydrogen carrier, International
Journal of Hydrogen Energy, 2015, 40, 10918-10922, doi:
10.1016/j.ijhydene.2015.05.196.

[69] M. Schorner, T. Solymosi, T. Razcka, P. Nathrath, N. P.
Johner, T. Zimmermann, K. Mandel, P. Wasserscheid, S.
Wintzheimer, P. Schiihle, Inductively heatable catalytic materials
for the dehydrogenation of the liquid organic hydrogen carrier
(LOHC) perhydro dibenzyltoluene, Catalysis Science &
Technology, 2024, 14, 4450-4457, doi: 10.1039/d4cy00272e.
[70] E. Pawelczyk, N. Lukasik, I. Wysocka, A. Rogala, J. Gebicki,
Recent progress on hydrogen storage and production using
chemical hydrogen carriers, Energies, 2022, 15, 4964, doi:
10.3390/en15144964.

[71] H. Liu, J. Xue, P. Yu, Y. Zhang, J. Wang, D. Che,
Hydrogenation of N-ethylcarbazole with Hydrogen-Methane
mixtures for hydrogen storage, Fuel, 2023, 331, 125920, doi:
10.1016/j.fuel.2022.125920.

[72] A. Lin, G. Bagnato, Revolutionising energy storage: The
Latest Breakthrough in liquid organic hydrogen carriers,
International Journal of Hydrogen Energy, 2024, 63, 315-329,
doi: 10.1016/j.ijhydene.2024.03.146.

Engineered Science Publisher


https://www.espublisher.com/
https://www.iea.org/reports/hydrogen-projects-database

Engineered Science

Review article

[73] M. Jang, Y. S. Jo, W. J. Lee, B. S. Shin, H. Sohn, H. Jeong,
S. C.Jang, S. K. Kwak, J. W. Kang, C. W. Yoon, A high-capacity,
reversible liquid organic hydrogen carrier: Ho-release properties
and an application to a fuel cell, ACS Sustainable Chemistry &
Engineering, 2019, 7, 1185-1194, doi:
10.1021/acssuschemeng.8b04835.

[74] S. Hodoshima, H. Arai, S. Takaiwa, Y. Saito, Catalytic
decalin dehydrogenation/naphthalene hydrogenation pair as a
hydrogen source for fuel-cell vehicle, International Journal of
Hydrogen Energy, 2003, 28, 1255-1262, doi: 10.1016/S0360-
3199(02)00250-1.

[75] G. Chen, L. N. Zakharov, M. E. Bowden, A. J. Karkamkar,
S. M. Whittemore, E. B. Garner III, T. C. Mikulas, D. A. Dixon,
T. Autrey, S.-Y. Liu, Bis-BN cyclohexane: a remarkably
kinetically stable chemical hydrogen storage material, Journal of
the American Chemical Society, 2015, 137, 134-137, doi:
10.1021/ja511766p.

[76] A. Moores, M. Poyatos, Y. Luo, R. H. Crabtree, Catalysed
low temperature H, release from nitrogen heterocycles, New
Journal of Chemistry, 2006, 30, 1675, doi: 10.1039/b608914c.
[77] Sobota, M., Nikiforidis, I., Amende, M., Zanén, B. S., Staudt,
T., Hofert, O., & Libuda, J, Dehydrogenation of dodecahydro-N-
ethylcarbazole on Pd/AlO3
European  Journal, 2011,
10.1002/chem.201101311.
[78] Bachmann, P., Schwarz, M., Steinhauer, J., Spéth, F., Diill,
F., Bauer, U., & Papp, C, Dehydrogenation of the liquid organic

model
17(41),

catalysts, Chemistry—A
11542-11552,  doi:

hydrogen carrier system indole/indoline/octahydroindole on Pt
(111), The Journal of Physical Chemistry C, 2018, 122(8), 4470-
4479, doi: 10.1021/acs.jpcc.7b12625.

[79] D. Teichmann, W. Arlt, P. Wasserscheid, Liquid Organic
Hydrogen Carriers as an efficient vector for the transport and
storage of renewable energy, International Journal of Hydrogen
Energy, 2012, 37, 18118-18132, doi:
10.1016/j.ijhydene.2012.08.066.

[80] K. Toshtay, Liquid-phase hydrogenation of sunflower oil
over platinum and nickel catalysts: Effects on activity and
stereoselectivity, Results in Engineering, 2024, 21, 101970, doi:
10.1016/j.rineng.2024.101970.

[81] K. Toshtay, A. B. Auezov, Hydrogenation of vegetable oils
over a palladium catalyst supported on activated diatomite,
Catalysis in Industry, 2020, 12, 7-15, doi:
10.1134/s2070050420010109.

[82] D. N. Gemechu, A. M. Mohammed, M. Redi, D. Bessarabov,
Y. S. Mekonnen, K. O. Obodo, First principles-based approaches
for catalytic activity on the dehydrogenation of liquid organic
hydrogen carriers: a review, International Journal of Hydrogen
Energy, 2023, 48, 33186-33206, doi:
10.1016/j.ijhydene.2023.05.072.

[83] P. Rao, M. Yoon, Potential liquid-organic hydrogen carrier

Engineered Science Publisher

(LOHC) systems: a review on recent progress, Energies, 2020,
13, 6040, doi: 10.3390/en13226040.

[84] P. Preuster, C. Papp, P. Wasserscheid, Liquid organic
hydrogen carriers (LOHCs): toward a hydrogen-free hydrogen
economy, Accounts of Chemical Research, 2017, 50, 74-85, doi:
10.1021/acs.accounts.6b00474.

[85] K. Toshtay, A. B. Auyezov, Z. A. Bizhanov, A. T.
Yeraliyeva, S. K. Toktasinov, B. Kudaibergen, A. Nurakyshev,
Effect of catalyst preparation on the selective hydrogenation of
vegetable oil over low percentage Pd/diatomite catalysts,
Eurasian Chemico-Technological Journal, 2015, 17, 33-39, doi:
10.18321/ectj192.

[86] Alghamdi, H. S., Ali, A., Ajeebi, A. M., Jedidi, A., Sanhoob,
M., Aktary, M. & Shaikh, M. N, Catalysts for Liquid Organic
Hydrogen Carriers (LOHCs): Efficient Storage and Transport for
Renewable Energy, The Chemical Record, 2024, 24(11),
€202400082, doi: 10.1002/tcr.202400082.

[87] S. K. Shahcheragh, M. M. Bagheri Mohagheghi, A. Shirpay,
Effect of physical and chemical activation methods on the
structure, optical absorbance, band gap and urbach energy of
porous activated carbon, SN Applied Sciences, 2023, 5, 313, doi:
10.1007/s42452-023-05559-6.

[88] Z. A. Mansurov, P. Lodewyckx, L. F. Velasco, S. Azat, A. R.
Kerimkulova, Modified sorbents based on walnut shell for
sorption of toxic gases, Materials Today: Proceedings, 2022, 49,
2521-2526, doi: 10.1016/j.matpr.2020.12.948.

[89] C.-H. Tsai, W.-T. Tsai, Optimization of physical activation
process by CO; for activated carbon preparation from Honduras
mahogany pod husk, Materials, 2023, 16, 6558, doi:
10.3390/mal6196558.

[90] L. Wang, M. Li, M. Hao, G. Liu, S. Xu, J. Chen, X. Ren, Y.
A. Levendis, Effects of activation conditions on the properties of
sludge-based activated coke, ACS Omega, 2021, 6,22020-22032,
doi: 10.1021/acsomega.1c02600.

[91] C.-H. Kim, M. Kim, J. Lee, H. Choi, S.-Y. Lee, S.-J. Park,
Steam activation of pitch-based carbon fibers for increasing CO,
adsorption behaviors, Journal of Materials Chemistry A,2025,13,
14580-14587, doi: 10.1039/d5ta00486a.

[92] Sevilla, M., Mokaya, R., & Fuertes, A. B, Ultrahigh surface
area polypyrrole-based carbons with superior performance for
hydrogen storage, Energy & Environmental Science, 2011, 4(8),
2930-2936, doi: 10.1039/C1EE01608C.

[93] Zhao, W., Luo, L., Wang, H., & Fan, M, Synthesis of
bamboo-based activated carbons with super-high specific surface
area for hydrogen storage, BioResources, 2017,12(1), 1246-1262,
https://bioresources.cnr.ncsu.edu/wp-
content/uploads/2017/01/BioRes_12 1 1246 Zhao LWGF Sy
nth Bamboo Activ_C High Specific Area H2 Absorp 9932.
pdf.

[94] A. Minoda, S. Oshima, H. Iki, E. Akiba, Synthesis of KOH-
activated porous carbon materials and study of hydrogen
adsorption, Journal of Alloys and Compounds, 2013, 580, S301-

Eng. Sci., 2025, 37, 1827 |17


https://www.espublisher.com/
https://bioresources.cnr.ncsu.edu/wp-content/uploads/2017/01/BioRes_12_1_1246_Zhao_LWGF_Synth_Bamboo_Activ_C_High_Specific_Area_H2_Absorp_9932.pdf
https://bioresources.cnr.ncsu.edu/wp-content/uploads/2017/01/BioRes_12_1_1246_Zhao_LWGF_Synth_Bamboo_Activ_C_High_Specific_Area_H2_Absorp_9932.pdf
https://bioresources.cnr.ncsu.edu/wp-content/uploads/2017/01/BioRes_12_1_1246_Zhao_LWGF_Synth_Bamboo_Activ_C_High_Specific_Area_H2_Absorp_9932.pdf
https://bioresources.cnr.ncsu.edu/wp-content/uploads/2017/01/BioRes_12_1_1246_Zhao_LWGF_Synth_Bamboo_Activ_C_High_Specific_Area_H2_Absorp_9932.pdf

Review article

Engineered Science

S304, doi: 10.1016/j.jallcom.2013.02.085.

[95] H. Wang, Q. Gao, J. Hu, High hydrogen storage capacity of
porous carbons prepared by using activated carbon, Journal of the
American Chemical Society, 2009, 131, 7016-7022, doi:
10.1021/ja8083225.

[96] T. Kopac, Hydrogen storage characteristics of bio-based
porous carbons of different origin: a comparative review,
International Journal of Energy Research, 2021, 45, 20497-
20523, doi: 10.1002/er.7130.

[97] Nasruddin, A. Martin, M. 1. Alhamid, D. Tampubolon,
Adsorption isotherms of hydrogen on granular activated carbon
derived from coal and derived from coconut shell, Heat Transfer
Engineering, 2017, 38, 403-408, doi:
10.1080/01457632.2016.1194703.

[98] J. Wang, 1. Senkovska, S. Kaskel, Q. Liu, Chemically
activated fungi-based porous carbons for hydrogen storage,
Carbon, 2014, 75, 372-380, doi: 10.1016/j.carbon.2014.04.016.
[99] X. Li, Y. Ding, H. Zhang, T. He, J. Hao, J. Wu, Y. Wu, H.
Bai, Pine sawdust derived ultra-high specific surface area
activated carbon: Towards high-performance hydrogen storage
and supercapacitors, International Journal of Hydrogen Energy,
2024, 84, 623-633, doi: 10.1016/j.ijhydene.2024.08.225.

[100] Y. Liang, Y. Wang, N. Ding, L. Liang, S. Zhao, D. Yin, Y.
Cheng, C. Wang, L. Wang, Preparation and hydrogen storage
performance of poplar sawdust biochar with high specific surface
area, Industrial Crops and Products, 2023, 200, 116788, doi:
10.1016/j.indcrop.2023.116788.

[101] Kalibek, M.R., Ospanova, A.D., Suleimenova, B. et
al., Solid-state hydrogen storage materials, Discover Nano, 2024,
19, 195, doi: 10.1186/s11671-024-04137-y.

[102] Weilu Gao, Natsumi Komatsu, Lauren W Taylor, Gururaj V
Naik, Kazuhiro Yanagi, Matteo Pasquali and Junichiro Kono,
Macroscopically aligned carbon nanotubes for flexible and high-
temperature electronics, optoelectronics, and thermoelectrics,
Journal of Physics D Applied Physics, 2019, 53(6), 063001, doi:
10.1088/1361-6463/ab4ca4.

[103]J. G. Zhou, Q. L. Williams, Hydrogen storage on platinum-
decorated carbon nanotubes with boron, nitrogen dopants or
sidewall vacancies, Journal of Nano Research, 2011, 15, 29-40,
doi: 10.4028/www.scientific.net/jnanor.15.29.

[104] O.-K. Park, H. J. Kim, J. Y. Hwang, S. M. Kim, Y. Jeong, J.
K. Lee, B.-C. Ku, Effects of nitrogen doping from pyrolyzed ionic
liquid in carbon nanotube fibers: enhanced mechanical and
electrical properties, Nanotechnology, 2015, 26, 075706, doi:
10.1088/0957-4484/26/7/075706.

[105] Z. Li, T. Fujimori, S. Jeong, H. Inoue, M. Sakai, K. Akada,
Y. Tto, J.-I. Fujita, Direct synthesis of nitrogen-doped narrow-
diameter carbon nanotubes through floating-catalyst chemical
vapor deposition with high hydrogen flow rate, Applied Physics
Express, 2023, 16, 095001, doi: 10.35848/1882-0786/acf487.
[106] S. V. Sawant, M. D. Yadav, S. Banerjee, A. W. Patwardhan,
J. B. Joshi, K. Dasgupta, Hydrogen storage in boron-doped
carbon nanotubes: Effect of dopant concentration, International

18| Eng. Sci., 2025, 37, 1827

Journal of Hydrogen Energy, 2021, 46, 39297-39314, doi:
10.1016/;.ijhydene.2021.09.183.

[107] S. V. Sawant, S. Banerjee, A. W. Patwardhan, J. B. Joshi, K.
Dasgupta, Synthesis of boron and nitrogen Co-doped carbon
nanotubes and their application in hydrogen storage,
International Journal of Hydrogen FEnergy, 2020, 45, 13406-
13413, doi: 10.1016/j.ijhydene.2020.03.019.

[108] R. Soltan, T. L. A. Kazakhstan, A. Amankeldiyeva, B.
Akilbekov, M. Kalibek, S. Sarsenova, Z. Kerimkulov, M.
Abutalip, T. L. A. Kazakhstan, Y. Magazov, N. Almas, N. Nuraje,
T. L. A. Kazakhstan, M. Karibayev, T. L. A. Kazakhstan, A short
review of density functional theory studies into hydrogen storage
in metal-organic frameworks, Engineered Science, 2025, 37,
1828, doi: 10.30919/es1828.

[109] T. Mukhiya, A. P. Tiwari, K. Chhetri, T. Kim, B. Dahal, A.
Muthurasu, H. Y. Kim, A metal-organic framework derived
cobalt oxide/nitrogen-doped carbon nanotube nanotentacles on
electrospun carbon nanofiber for electrochemical energy storage,
Chemical Engineering Journal, 2021, 420, 129679, doi:
10.1016/j.cej.2021.129679.

[110] Behabtu, N., Young, C. C., Tsentalovich, D. E., Kleinerman,
0., Wang, X., Ma, A. W. & Pasquali, M, Strong, light,
multifunctional fibers of carbon nanotubes with ultrahigh
conductivity,  Science, 2013, 339(6116), 182-186, doi:
10.1126/science.1228061.

[111] S. Somu, H. Wang, Y. Kim, L. Jaberansari, M. G. Hahm, B.
Li, T. Kim, X. Xiong, Y. J. Jung, M. Upmanyu, A. Busnaina,
Topological transitions in carbon nanotube networks via
nanoscale confinement, ACS Nano, 2010, 4, 4142-4148, doi:
10.1021/nn100714v.

[112] W. Lei, H. Zhang, Y. Wu, B. Zhang, D. Liu, S. Qin, Z. Liu,
L. Liu, Y. Ma, Y. Chen, Oxygen-doped boron nitride nanosheets
with excellent performance in hydrogen storage, Nano Energy,
2014, 6, 219-224, doi: 10.1016/j.nanoen.2014.04.004.

[113] M. Yu, K. Wang, H. Vredenburg, Insights into low-carbon
hydrogen production methods: Green, blue and aqua hydrogen,
International Journal of Hydrogen Energy, 2021, 46, 21261-
21273, doi: 10.1016/j.ijhydene.2021.04.016.

[114] S. K. Bhatia, A. L. Myers, Optimum conditions for
adsorptive storage, Langmuir, 2006, 22(4), 1688-1700, doi:
10.1021/1a0523816.

[115] A. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang,
D. S. Bethune, M. J. Heben, Storage of hydrogen in single-walled
carbon nanotubes, 1997, 386, 377-379, doi:
10.1038/386377a0.

[116] Parambhath, V. B., Nagar, R., & Ramaprabhu, S, Effect of
nitrogen doping on hydrogen storage capacity of Palladium
Decorated graphene, Langmuir, 2012, 28(20), 7826—7833, doi:
10.1021/1a301232r.

[117] B. T. Aksoy, B. Cosut, Graphene/graphene oxide—based

nanomaterials for hydrogen production and storage applications,

Nature,

Nanomaterials for Hydrogen Storage Applications, Elsevier,
Amsterdam, 2021, 97-116, doi: 10.1016/b978-0-12-819476-

Engineered Science Publisher


https://www.espublisher.com/
https://doi.org/10.1088/1361-6463/ab4ca4
https://doi.org/10.1088/1361-6463/ab4ca4

Engineered Science

Review article

8.00008-6.

[118] F. Perreault, A. Fonseca de Faria, M. Elimelech,
Environmental applications of graphene-based nanomaterials,
Chemical Society Reviews, 2015, 44, 5861-5896, doi:
10.1039/¢5¢s00021a.

[119] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y.
Zhang, S. V. Dubonos, 1. V. Grigorieva, A. A. Firsov, Electric
field effect in atomically thin carbon films, Science, 2004, 306,
666-669, doi: 10.1126/science.1102896.

[120] Tozzini, V., & Pellegrini, V, Prospects for hydrogen storage
in graphene, Physical Chemistry Chemical Physics, 2013, 15(1),
80-89, doi: 10.1039/C2CP42538F.

[121] Dreyer, D.R., et al., The chemistry of graphene oxide,
Chemical Society Reviews, 2010, 39(1), 228-240, doi:
10.1039/B917103G.

[122] L. Wang, K. Lee, Y.-Y. Sun, M. Lucking, Z. Chen, J. J.
Zhao, S. B. Zhang, Graphene oxide as an ideal substrate for
hydrogen storage, ACS Nano, 2009, 3, 2995-3000, doi:
10.1021/nn900667s.

[123] S. K. Bhatia, A. L. Myers, Optimum conditions for
adsorptive storage, Langmuir, 2006, 22, 1688-1700, doi:
10.1021/1a0523816.

[124] V. Jain, B. Kandasubramanian, Functionalized graphene
materials for hydrogen storage, Journal of Materials Science,
2020, 55, 1865-1903, doi: 10.1007/s10853-019-04150-y.

[125] M. Sterlin Leo Hudson, H. Raghubanshi, S. Awasthi, T.
Sadhasivam, A. Bhatnager, S. Simizu, S. G. Sankar, O. N.
Srivastava, Hydrogen uptake of reduced graphene oxide and
graphene sheets decorated with Fe nanoclusters, International
Journal of Hydrogen Energy, 2014, 39, 8311-8320, doi:
10.1016/j.ijhydene.2014.03.118.

[126] A. Ariharan, B. Viswanathan, V. Nandhakumar, Nitrogen
doped graphene as potential material for hydrogen storage,
Graphene, 2017, 6, 41-60, doi: 10.4236/graphene.2017.62004.

Publisher’s Note: Engineered Science Publisher remains
neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Open Access

This article is licensed under a Creative Commons Attribution
4.0 International License, which permits the use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as appropriate credit to the original author(s)
and the source is given by providing a link to the Creative
Commons license and changes need to be indicated if there are
any. The images or other third-party material in this article are
included in the article's Creative Commons license, unless
indicated otherwise in a credit line to the material. If material
is not included in the article's Creative Commons license and

Engineered Science Publisher

your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this
license, visit http://creativecommons.org/ licenses/by/4.0/.

©The Author(s) 2025.

Eng. Sci., 2025, 37, 1827 | 19


https://www.espublisher.com/

