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Abstract

As a promising green energy carrier, hydrogen requires efficient storage solutions. Metal-
Organic Frameworks (MOFs) have gained significant attention due to their ultra-high
specific surface area, tunable porosity, and the capability for molecular, scale structural
engineering. This review critically examines the evolution of MOF design, transitioning from
molecular engineering to intelligent modeling. In this research, the interplay between
synthesis parameters and hydrogen adsorption performance is analyzed, and the
effectiveness of computational methods, specifically Density Functional Theory (DFT) and
Grand Canonical Monte Carlo (GCMC) simulations, in predicting material performance is
evaluated. Furthermore, the transformative role of machine learning in accelerating the
discovery of optimized materials is explored. Finally, key challenges in transitioning from
laboratory to industrial scales, including stability under real, world conditions, volumetric
density, and thermal management, are discussed, and a roadmap for future research aimed
at the commercialization of this technology is provided.
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Table 1. Analytical Classification of MOFs Based on Structural Characteristics and Functional
Implications for Hydrogen Storage [7]

Representati  Dominant Main Key Design/Applicati
ve Example  Structural = Advantage  Limitation on Implication
Feature for
Hydrogen
Storage
Zinc-based MOF-5 High High Poor Suitable for
MOFs specific | gravimetric | moisture fundamental
surface area H[ stability and studies and
and large uptake, relatively structural
pores particularly low comparisons, but
under adsorption of limited
cryogenic energy practical
conditions applicability
under ambient
conditions
Copper-based HKUST-1 | Presence of | Stronger Moisture Suitable for
MOFs open metal H sensitivity enhancing
sites framework | and reduced adsorption
(OMSs) interaction chemical energy, although
s and stability over stabilization

8 Benzene-1,4-dicarboxylate, Terephthalate
19 Open Metal Sites



increased long-term strategies are
adsorption cycling required
enthalpy
Zirconium- Ui0-66 Highly High Generally A suitable
based MOFs stable Zrp thermal, lower candidate for
clusters chemical, adsorption industrial
and capacity applications and
cycling than realistic
stability ultraporous operating
structures conditions
Chromium- MIL-101 Very high High Low Suitable for
based MOFs pore gravimetric | volumetric maximizing
volume and storage density and, gravimetric
specific capacity in some uptake, but
surface area and cases, requires
favorable complex optimization to
mass synthesis improve
transport volumetric
performance
Isoreticular IRMOF-8 Tunable Enables Increasing A suitable
MOFs linker targeted the linker platform for
length and | tuning of | length may | rational design
pore size | adsorption reduce and structure—
properties | mechanical performance
according stability engineering
to
application
requiremen
ts
MOFs with MOF-74 High Significant Greater Suitable for
open metal sites density of | increase in | sensitivity to | enhancing gas—
active HO water and surface
metal sites | adsorption certain interactions,
enthalpy impurities particularly
and when designing
improved materials for
uptake at near-ambient-
low temperature
pressures operation
Functionalized | NH[I-UiO- | Presence of | Enhanced Increased An appropriate
MOFs 66 polar dipole- synthetic strategy for
functional induced complexity locally tuning
groups interaction | and, in some adsorption
s with H[J cases, energy without
reduced substantially
altering the




effective parent
pore volume framework
Composite/Hyb | MOF/Carbo | Integration | Improved Complex A promising
rid MOFs n composites with mechanical | fabrication, approach for
carbonaceo | stability, phase transitioning
us materials | thermal | heterogeneit | from laboratory-
or conductivit y, and scale materials to
nanoparticl y, and reproducibili | practical storage
es volumetric | ty challenges systems
performanc
e
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Figure 1. The common approaches for the synthesis of MOFs
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Table 2. An Analytical Comparison of MOF Synthesis Methods in Terms of Structural Control,
Process Efficiency, and Scalability [5]

Synthesis Process Main Key Potential Scalability/Industr
Method Basis Advantage | Limitation Effect on ial Applicability
Final Assessment
Material
Properties
Diffusion Gradual Produces Time- High Suitable for
method diffusion highly consuming | crystallinity fundamental
of ordered and and low studies but
reactants crystals associated structural unsuitable for
and slow | suitable for with low defect large-scale
structural yields density production

A\



crystal determinati
growth on
Hydrothermal/ | Reaction Good High time Produces One of the most
Solvothermal at control over | and energy stable common methods
synthesis elevated | crystallinity | consumptio | crystalline for pilot- and
temperatu | , particle n structures semi-industrial-
re and size, and with good scale production,
pressure | framework reproducibili although
ina architecture ty economic
solvent optimization is
medium required
Mechanochemi | Reaction Green, Limited May Highly promising
cal synthesis activation | rapid, and | control over produce for green and
using cost- crystallinity smaller scalable synthesis,
mechanic effective and product particles provided that
al energy process uniformity | with higher | adequate quality
with little defect control is
or no densities achieved
solvent and, in some
cases,
greater
accessible
surface area
Ionothermal Use of High High cost Enables the Technically
synthesis ionic thermal and formation of valuable but
liquids as | stability and | difficulty in | distinctive economically
the the ability | recovering | phases and limited
reaction to control and controlled
medium specific recycling crystal
framework | the reaction growth
architecture medium
S
Microwave- Rapid and | Substantiall Requires Decreases Suitable for rapid
assisted uniform y reduces specialized | particle size production,
synthesis volumetri | synthesis equipment and although
¢ heating time and and precise promotes | industrial scale-up
facilitates control of more depends on
nanocrystal | operating uniform appropriate
production | conditions nucleation reactor design
Solid-state Direct Simple, Difficult May Potentially
synthesis solid— solvent-free | control over increase suitable for low-
solid or low- framework structural cost production,
reaction solvent architecture | defects and but improved
without a process and product | heterogeneit | structural control
solvent consistent | uniformity y is required

with green

AR



chemistry
principles
Sonochemical Rapid Short Limited Reduces Suitable for
synthesis nucleation | reaction control over | particle size producing
induced time and structural and nanostructured
by production | uniformity increases materials, but
acoustic of and surface requires further
cavitation | nanoparticl | morphology | accessibility assessment for
es with high industrial-scale
external implementation
surface area
Electrochemical | Controlle | Suitable for | Limited in Produces Suitable for
synthesis d release thin-film terms of uniform and sensors and
of metal fabrication substrate functional | electrodes, but not
ions from | and direct selection coatings on | necessarily for the
the anode | growth on and conductive large-scale
substrates | production surfaces production of
scale powdered
adsorbents
Spray drying Rapid Continuous, | Potential Produces One of the most
solvent rapid reduction in uniform promising
evaporatio process crystallinity spherical approaches for
n from compatible | or formation particles commercialization
fine with of suitable for and the mass
solution industrial | heterogeneo | shaping and production of
or production | us structures | processing adsorbent
suspensio powders
n droplets
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Table 3. Factors influencing hydrogen storage in MOFs

Key Role in the Effect of Functional and Operational Implications
Parameter H, Synthesis Method

Adsorption on This
Mechanism Parameter
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Pore size Determines Solvothermal Pore sizes of approximately (1.2—-2.6 nm)
and pore- the surface methods enable provide an optimal balance between
size potential precise tuning of | specific surface area and adsorption energy
distribution | energy field pore diameter at
[2,4] and molecular the angstrom
diffusion scale
behavior
Structural Generate Rapid synthesis | Controlled defects can increase adsorption
defects coordinatively | methods, such as energy; however, they may reduce
[8,15] unsaturated microwave- mechanical stability under high-pressure
metal sites assisted and conditions
and alter the | mechanochemical
framework routes, generally
arrangement | generate higher
defect densities
than diffusion-
based methods
Particle Controls Sonochemical Nanoparticles can accelerate hydrogen
morphology | mass-transfer | and microwave- charging/discharging Kinetics, but may
and size Kinetics and | assisted processes decrease the volumetric capacity of the
[22,23] bulk density | can reduce crystal storage vessel because of increased
size to the interparticle voids
nanoscale
Framework Preserves High-temperature | Insufficient stability may cause framework
stability [12] porosity methods, collapse in the presence of hydrogen-gas
during particularly impurities or under high operating
repeated solvothermal pressures
adsorption— synthesis,
desorption generally
cycles promote stronger
coordination
bonds and more
stable
frameworks
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MOF-5
[4]

2800—
3500

7.1
(at 77 K)

Table 4. Selected examples of MOFs for H» storage [4]

32

Solvothermal
synthesis

Exhibits excellent
gravimetric hydrogen-
storage capacity under
cryogenic conditions.
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However, its
pronounced moisture
sensitivity leads to
poor operational
stability.

UiO-66
[18]

1100-
1500

3.4
(at 77 K)

45

Microwave-
assisted / vapor-
assisted synthesis

Shows moderate
hydrogen capacity but
outstanding chemical

and mechanical

stability. Itisa
suitable platform for
integration with
catalytic species.

HKUST-1
[3]

1800—
2200

45
(at 77 K)

50

Mechanochemical
/ electrochemical
synthesis

Contains open Cu
metal sites that
enhance the H,
adsorption energy. Its
favorable volumetric
capacity makes it
attractive for
vehicular-storage
applications;
nevertheless, moisture
stability remains a
concern.

NU-1500
[7]

>7000

14.0
(at 77 K)

35

Advanced
solvothermal
synthesis

Demonstrates one of
the highest reported
gravimetric hydrogen-
storage capacities.
However, its synthesis
is complex and
expensive, and
industrial-scale
production remains
challenging.

MIL-
101(Cr)
[4,15]

3200-
4100

6.1
(at 77 K)

40

lonothermal /
hydrothermal
synthesis

Provides a favorable
balance between
hydrogen capacity and
framework stability,
combining high
surface area with
accessible chromium-
based metal sites.
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Figure 2. Diagram of future research and development landscape of MOFs material for hydrogen storage
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21 PBE (Perdew—Burke—Ernzerhof) is a widely used generalized gradient approximation (GGA)
exchange—correlation functional in density functional theory (DFT).

22B3LYP is a hybrid exchange—correlation functional in density functional theory (DFT) that combines
Hartree—Fock exchange with the Becke three-parameter exchange and the Lee—Yang—Parr correlation
functionals.

23Dispersion forces

%Lennard-Jones 12-6

25 Self-diffusion coefficient
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Table5. Comparison of hydrogen storage capacity in selected prominent MOFs: computational
versus experimental data

MOF Predominant Theoretical Experimental Operating Primary Cause of the

Synthesis Capacity Capacity Condition Discrepancy
Method (wWt%) (Wt%)
MOF-5 | Solvothermal 7.1 5.2 High Incomplete framework
[31,39] pressure activation, resulting in

(77 K, partially blocked pores
100 bar) and reduced accessible
surface area

HKUST- | Microwave- 4.5 3.8 High Partial occupation or
11[3,31] assisted pressure blockage of open metal
synthesis (77 K, sites, which reduces the

100 bar) number of accessible

strong adsorption sites

Mg- Solvothermal 3.4 2.8 Near- Adsorption/desorption
MOF-74 ambient | Kkinetic limitations at the

[2,31] conditions metal sites and

incomplete accessibility
of Mg open metal sites

26 Mean Squared Displacement (MSD)

27 Breathing phenomenon (in MOFs: reversible framework expansion/contraction upon adsorption or
pressure changes)

28 Flexible Force Fields
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NU- Solvothermal 14.0 12.5 Cryogenic | Its ultrahigh pore volume

1500 conditions may reduce packing
[3,7] (77 K, density and lead to
100 bar) deviations between

idealized theoretical
predictions and
experimentally accessible
adsorption sites
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2%Data Acquisition

30Feature Engineering

3"Model Training

32Machine learning models utilized: Random Forest (an ensemble of decision trees); XGBoost (an
optimized gradient boosting framework for high-performance prediction); and Graph Neural Networks
(GNNs, a deep learning architecture specifically designed to process the topological graph structure of
MOFs directly)."

33 Interpretation Evaluation
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34R? (coefficient of determination), RMSE (Root Mean Squared Error), and SHAP (SHapley Additive
exPlanations) analysis

35 Descriptors

36Graph Neural Networks (GNNs) — deep learning models designed to learn from graph-structured data
by message passing between connected nodes.

37Active Learning

38 Robotic Labs
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Table 6. Comparison of the performance of various ML algorithms in predicting
hydrogen absorption

Algorithm ~ Advantages | Limitations
Random Forest High Limited ability to capture highly complex nonlinear
(RF) [6,30] interpretability relationships
and strong
resistance to
overfitting
XGBoost / Very high Sensitive to hyperparameter selection and tuning
LightGBM computational
[6,30] speed and

suitability for
large datasets

Deep Neural Automatic Require very large datasets and are often difficult to
Networks feature interpret because of their black-box nature
(DNNs) [9] extraction
Graph Neural Accurate High computational complexity
Networks representation of
(GNNs) [30] atomic and
structural
information
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Figure 3. The interactive and synergistic cycle involving structural design, experimental synthesis, computational simulations
(DFT, GCMC, and MD), and machine learning in the process of high-throughput material discovery and screening.
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39 |n the fields of materials science and simulation, it refers to "high-throughput screening" or "high-speed
technology," which enables the examination and analysis of a vast number of structures or samples in the
shortest possible time.
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odlel g Sl Machine Learning ML
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