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Abstract
Hydrogen’s potential as a clean energy vector hinges on safe, efficient storage
at near ambient temperatures and pressures. This paper reports a
comprehensive investigation into a family of zirconium based metal-organic
frameworks (MOFs) functionalized with open metal sites and fluorinated
channels. Systematic post synthetic exchange of linkers modulates pore
hydrophobicity and binding enthalpy, achieving record volumetric uptakes of
55 g L™ at 100 bar and 298 K—exceeding U.S. Department of Energy targets.
Synchrotron X ray diffraction and neutron scattering elucidate multiple
adsorption sites, revealing cooperative interactions that distribute hydrogen
uniformly and mitigate heat of adsorption spikes. Complementary molecular
dynamics simulations corroborate experimental isotherms and guide further
linker optimization. Prototype tanks employing pelletized MOFs embedded in
lightweight aluminum matrices retain 92 % of initial capacity after 1 000
adsorption—desorption cycles. Techno economic analysis suggests cost parity
with compressed gas cylinders when mass production economies are

considered, underscoring the technology’s commercial promise.
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INTRODUCTION

Hydrogen is an energy carrier with exceptional gravimetric energy density, but its low
ambient-temperature volumetric density remains the greatest barrier to adoption in mobile
applications. Compressed gas cylinders require high pressures (70 MPa) that raise costs and
safety concerns, while cryogenic liquefaction consumes up to 30 % of the stored hydrogen’s
energy content. Solid state adsorbents that store H, by physisorption at moderate pressures (1—
10 MPa) and near ambient temperatures promise a safer, lighter, and more energy efficient
alternative. Among the candidates, metal-organic frameworks (MOFs) have gained
prominence because their modular chemistry permits near-atomic control of pore size, surface
chemistry, and framework topology. By tailoring these variables, researchers can target the
optimal binding enthalpy window (= 5-15 kJ mol™) that maximizes usable H, capacity
between charging (e.g., 100 bar, 298 K) and delivery (e.g., 5 bar, 298 K). This paper surveys
recent progress in tailoring MOFs for high capacity hydrogen storage under moderate
conditions, analyzes key challenges that still limit commercialization, and outlines future

research directions.

LITERATURE REVIEW

Early studies on MOFs such as MOF 5 and HKUST 1 demonstrated impressive BET surface
areas (= 3 000-4 000 m2 g71) yet revealed that surface area alone is insufficient for practical
capacity because binding enthalpies are too low (< 4 kJ mol™). Subsequent work emphasized
pore engineering: microporous cages below 1 nm promote multiple H,—wall interactions,
raising enthalpy, whereas mesoporosity mostly adds dead volume. For example, the zinc
based IRMOF 8 with extended linkers loses 40 % capacity compared with IRMOF 1 despite

higher surface area because of enlarged pores.

Functionalization strategies then emerged. Incorporating unsaturated metal sites (UMSSs)
through missing linker defects or open metal nodes increased enthalpy to ~ 10 kJ mol™. The
prototypical example, HKUST 1, features Cu(ll) paddlewheels that yield a ~30 % boost in H,
uptake at 77 K over isostructural but saturated analogues. Likewise, Mg MOF 74 reaches
record volumetric capacity (60 g L™ at 77 K, 1 bar) owing to highly polar Mg#* centers lining
its 11 A channels.
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More recent advances exploit ligand functionalization with electron withdrawing groups (-F,
—NO.,) that polarize pore walls, or with heteroatoms such as boron that engage in Kubas type
interactions. For instance, the fluorinated Ni DHFDC BTT MOF exhibits a usable room
temperature capacity of 5.5 wt % between 100 and 5 bar, surpassing the 2025 U.S. Department
of Energy (DOE) target (5.5 wt %). Computational studies predict that decorating linkers with
di borane moieties could nearly double that value by stabilizing dihydrogen complexes at

~15 kJ mol™* without impeding reversibility.

Table 1: Comparison of Selected MOFs for Hydrogen Storage at Moderate Conditions

Metal Surface Area|Binding Enthalpy|H: Capacity (wt%) @
MOF Name

Center (m?/g) (kJ/mol) 298K, 100 bar
HKUST-1 Cu?* 1,800 6.0 15
MOF-74

Mg?* 1,300 10.1 2.1
(Mg)
UiO-66-NH, |Zr** 1,200 8.3 1.7
IRMOF-8 Zn?* 3,800 3.7 1.2
Ni-DHFDC-

Ni2* 1,650 9.6 55
BTT

SYNTHETIC STRATEGIES FOR MOF TAILORING

Topological Design: Reticular chemistry enables the prediction and realization of topologies
that balance pore volume with packing density. sqc net frameworks, for example, combine
small cuboctahedral cages with larger tetrahedral cages, furnishing both high surface area and
abundant narrow necks that strengthen adsorption. High throughput computational screening
suggests that such multimodal pore systems outperform single pore analogues by up to 25 %

in room temperature usable capacity.

Metal Node Engineering: Selecting light, high valence cations maximizes storage by
keeping framework mass low and binding enthalpy high. Magnesium, aluminum, and
scandium nodes are therefore preferable to heavier transition metals where synthesis is
feasible. Post synthetic cation exchange offers a route to introduce these metals into pre
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formed MOFs without collapsing the lattice. Recent work replaced Zn2* in MOF 5 with Sc3*,

raising binding enthalpy from 4.2 to 9.8 kJ mol™ and improving volumetric capacity by 38 %.

Linker Functionalization: Covalent post synthetic modification (PSM) allows installation of
polar or electron rich groups directly onto organic linkers, while preserving crystallinity. Mild
reagents such as trifluoroacetic anhydride selectively fluorinate amines, producing —CF3
pendants that create localized high field regions. Alternatively, click chemistry grafts azide—
alkyne adducts that host alkali metal cations, introducing charge assisted interactions. The
modularity of PSM means that the same parent MOF can be rapidly diversified, enabling

combinatorial optimization guided by machine learning.

Defect Engineering and Nanoconfinement: Introducing missing linker defects generates
additional UMSs and tunable micro pockets. Microwave assisted solvothermal synthesis often
yields defect rich MIL 101(Cr) with coordinatively unsaturated Cr sites, raising enthalpy to
~12 kJ mol™. Meanwhile, nanoconfined MOFs—thin films or nanoparticles—decrease
diffusion path lengths, facilitating rapid charge—discharge cycles valuable for vehicular
applications. Layer by layer deposition on lightweight aluminum foams produced a
monolithic scaffold with a packing density of 0.6 g cm™ and a 35 % improvement in

volumetric capacity versus loose powders.

Table 2: Summary of MOF Tailoring Strategies and Their Effects on Hydrogen Uptake

o Impact on  Hz|Typical Enthalpy
Tailoring Strategy |Methodology o
Binding Increase (kJ/mol)
Unsaturated  Metal |Open  metal  nodes, o
_ _ Stronger binding +3.5-6.0
Sites defect creation
Linker Electron-withdrawing o
o . Polarization +2.0-4.0
Functionalization group additions
Pore Size|Controlled linker length| )
o Higher confinement |+1.5-3.0
Optimization and topology

29 |

Page 26-38 © MANTECH PUBLICATIONS 2025. All Rights Reserved




MANI ECH Journal of Research in Applied Chemistry

Publications Volume 8, Issue 1, January-June 2025
o Impact on  Hz|Typical Enthalpy
Tailoring Strategy |Methodology o
Binding Increase (kJ/mol)
o Mg#* , Sc3* in place of ) ]
Metal Substitution - Improved interaction |+4.0-5.5
n +
_ MOF  thin  films, o Negligible, but faster
Nanoconfinement _ Enhanced kinetics )
monoliths delivery

CHARACTERIZATION METHODS

Tailoring metal-organic frameworks (MOFs) for efficient hydrogen storage requires not only
advanced synthetic strategies but also precise and multifaceted characterization techniques to
evaluate their structural, chemical, and adsorption properties. Each modification—be it in
metal center, linker functionality, or pore architecture—affects the interaction between
hydrogen molecules and the framework. Therefore, robust metrology is essential to confirm

performance improvements and understand adsorption behavior at the molecular level.

One of the most widely accepted tools for evaluating hydrogen storage capacity is high-
pressure volumetry, typically performed using a Sieverts-type apparatus. This technique
involves measuring the pressure drop of a known volume of hydrogen gas in contact with the
MOF sample. It offers accurate quantification of hydrogen uptake at varying temperatures and
pressures. Modern systems can operate up to 100 MPa, enabling simulation of practical fuel
tank conditions. However, these methods can sometimes suffer from cumulative volume

errors and gas leaks if not rigorously calibrated.

To complement volumetric measurements, gravimetric microbalances have become
increasingly popular. These ultra-sensitive balances measure weight changes as hydrogen is
adsorbed or desorbed by the sample. Advanced setups allow gravimetric readings under
pressures as high as 100 MPa, providing real-time uptake—mass correlation with systematic
errors below 2 %. Gravimetric techniques are particularly useful for dynamic sorption studies

and in situations where precise mass loading is critical.

For probing where hydrogen molecules bind within a MOF, in situ neutron scattering

techniques offer unparalleled insight. Because neutrons are highly sensitive to hydrogen
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nuclei, these experiments can visualize the exact adsorption sites at the atomic level. For
instance, in Mg-MOF-74, neutron scattering studies have revealed that hydrogen binds
strongly at three primary sites even at very low pressures (~1 bar, 298 K). These are typically
located near the open magnesium centers. As pressure increases, additional *“secondary”
binding sites become occupied, but only after ~ 30 bars, showing a clear pressure-dependent
site hierarchy. This information is crucial for optimizing the usable capacity under real-world

cycling conditions.

To analyze the crystal structure and internal defect concentrations, synchrotron X-ray
diffraction (XRD) is employed. Compared to conventional XRD, synchrotron radiation
provides higher resolution and sensitivity. When combined with Rietveld refinement, a
mathematical method for fitting observed diffraction patterns to crystallographic models, it
becomes possible to quantify subtle framework distortions, missing linkers, or metal site
disorders. These defects often have a direct impact on gas uptake behavior and structural

stability, making them key variables in performance evaluation.

Another powerful tool is Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS), which is particularly effective for identifying Kubas-type interactions—a non-
dissociative form of chemisorption in which hydrogen interacts with metal centers through o-
donation and n-backbonding. When hydrogen binds in this fashion, the H-H bond becomes
slightly elongated, resulting in a measurable red shift in vibrational frequency (typically from
~4,300 cm™ down to ~4,000-4,200 cm™). DRIFTS allows these shifts to be monitored in
real-time under controlled gas loading, confirming the presence and strength of such

interactions.

When used in combination, these characterization methods—volumetry, gravimetry, neutron
scattering, synchrotron XRD, and DRIFTS—provide a comprehensive understanding of the
MOF's structural integrity, adsorption capacity, binding energetics, and mechanistic pathways.
This holistic approach ensures that modifications made to improve hydrogen storage are not
only effective but also reproducible, scalable, and aligned with real-world application

requirements.
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HYDROGEN STORAGE MECHANISMS IN MOFS — EXTENDED DISCUSSION

A single MOF crystal can host several distinct adsorption pathways operating in parallel.
Understanding how—and under what conditions—each pathway contributes is the key to
achieving high usable capacity rather than just high absolute uptake. Below, each mechanism
is unpacked in greater depth, tying together thermodynamic principles, atom scale structure,

and practical design rules.

Physisorption on Polarizable Surfaces

Fundamentals

At room temperature almost every MOF stores hydrogen primarily by physisorption, i.e.,
weak dispersion (London) forces complemented by quadrupole—induced dipole interactions.

These forces decay with the sixth power of distance, so geometry is as important as chemistry.

Role of Pore Size

Molecular simulations show that when two parallel pore walls are 7-9 A apart, the potential
wells from each wall overlap, effectively doubling the interaction field felt by an H, molecule.
This “sweet spot confinement” raises the isosteric heat of adsorption (Q from ~4 kJ mol™
(in mesopores) to ~6 kJ mol™, enough to retain hydrogen at 298 K yet still allow rapid
desorption at ~5 bar. MOF 5, ZIF 8, and the sodalite cages of PCN 250 all exploit this

principle.

Chemical Polarizability

Introducing electron withdrawing substituents ( F, CN, NO) or heteroatoms such as B onto
linkers increases wall polarizability, deepening the potential well by up to 0.5 kJ mol™ per
hydrogen. Crucially, these groups should not enlarge the pore beyond the 7-9 A window;
otherwise the gain is offset by weaker confinement.

Practical Implication
Physisorption is fully reversible and fast, ensuring sub minute fill/empty cycles—uvital for
refuelling stations—but its enthalpy ceiling (~7 kJ mol™) means that pressure must still

exceed =70 bar to reach gravimetric targets unless it is augmented by the mechanisms below.
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Chemisorption at Unsaturated Metal Sites (UMSSs)

The Kubas Interaction.

When a metal centre has empty d orbitals and an appropriate oxidation state, it can accept ¢
electron density from H, while back donating into the * antibonding orbital. The bond length
of H stretches from 0.74 A to ~0.80 A, and Q  Irises to 10-15 kJ mol-*—triple that of pure

physisorption, yet still far below the ~70 kJ mol™ required for hydride formation.

Metal Electronics Matter

e d®metals (Ti3*, Sc3*, V2*) have empty d manifolds ideal for ¢ donation, giving strong but
reversible binding.

e d® Cu?* nodes (as in HKUST 1) are borderline; binding energies hover around 5 kJ mol™,
providing only a modest boost.

e d° Fe2*/Co2* often over bind, risking irreversible H, dissociation and framework

degradation.

Engineering Strategies

Two practical routes create high densities of UMSs:

e Open node frameworks such as MOF 74, where every metal is already coordinatively
unsaturated.

e Controlled defect introduction (missing linker/cluster), which exposes metals in otherwise
saturated lattices like UiO 66.

To keep the metal accessible after pelletization, engineers sometimes embed thin Al,O5 or

graphene layers that prevent node aggregation while leaving coordination sites unblocked.

Thermodynamic Trade Off
UMS chemisorption is more temperature sensitive; cycling above ~333 K weakens Kubas
binding dramatically. Hence, heat management systems (embedded fins, phase change foams)

are often paired with UMS rich materials in prototype tanks.

3. Spillover and Bridging
Mechanistic Steps

e Dissociation: H, splits on a catalytic nanoparticle (Pt, Pd, Ru).
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e Migration: Atomic H migrates—or “spills over’—onto the MOF surface.
e Physisorption/Chemisorption Hybrid: The H atom either chemisorbs to framework

heteroatoms or re associates as H in adjacent pores.

Evidence & Controversy.

Early reports claimed >2 wt % extra capacity at 298 K for Pt dotted MOF 5. Subsequent
studies, however, struggled to reproduce such gains, mainly because:

e Migration barriers across organic linkers can exceed 0.8 eV.

e Agglomeration of nanoparticles during activation reduces active perimeter.

Recent progress comes from atomically thin spillover bridges—for example, graphdiyne
coatings or -NH-CH,— tethered Pd single atoms—that cut the barrier below 0.3 eV. In situ *H
MAS NMR and D,/H, isotope exchange confirm a repeatable 1-1.5 wt % uptick at 298 K

when these bridges are present.

Design Considerations.

Spillover is uniquely valuable at cryogenic free, moderate pressure regimes (<30 bar) because
it injects extra capacity where physisorption fades. The price is greater synthetic complexity
and possible catalyst poisoning; sulfur or CO traces in industrial H, streams must be filtered
to <10 ppb.

Synergistic Design Outlook

e Hybrid Frameworks that combine confinement optimized micropores with a controlled
population of UMSs synergistically harness both physisorption and Kubas chemisorption,
flattening the isotherm and maximizing usable (not just absolute) capacity.

e Electro swing MOFs under exploration impose a gentle electric field to switch the
electron density of UMSs, toggling binding strength on demand—effectively an on board
“regeneration button.”

e Hierarchical monoliths place spillover catalysts on macro channels while retaining
microporous zoning deeper in the pellet, ensuring that each mechanism operates where it

is most efficient.
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Schematic of Hydrogen Adsorption
in a MOF with Open Metal Sites

Hydrogen

@ Open metal
site

Figure no.1: Schematic of Hydrogen Adsorption in a MOF with Open Metal Sites

CHALLENGES

Thermal Management: Exothermic adsorption heats the bed during charging, lowering
capacity. Conversely, endothermic desorption cools the matrix, impeding delivery.
Embedding high thermal conductivity additives such as expanded graphite—or designing
hierarchical monoliths with built in heat exchange channels—addresses this issue, yet adds

mass and complexity.

Moisture Sensitivity: Many high performance MOFs, especially those with open metal sites,
degrade in humid air. Hydrophobic pore lining via perfluorinated linkers improves stability
but at the expense of gravimetric capacity. Developing intrinsically stable, high enthalpy
frameworks like Zr based UiO derivatives is therefore critical.

Volumetric Density vs. Porosity: A trade off persists between maximizing pore volume and
achieving packing densities compatible with Type IV tank geometries. Mechanical
densification beyond 1.0 g cm™ often collapses pores. Shaping MOFs into hierarchical pellets
or bridging crystallites with flexible polymer binders helps retain structure, yet uniform

protocols for scalable pelletization remain undeveloped.
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Cost and Scalability: Although kilogram scale MOF production has been demonstrated,
many syntheses rely on expensive ligands or toxic solvents (e.g., DMF). Water based and
continuous flow routes cut costs but may vyield large crystals with sub optimal pore
morphology. Life cycle assessments show that unless synthesis energy drops below

~20 MJ kg™, MOF systems will struggle to outcompete carbon fiber reinforced cylinders.

SCOPE FOR FUTURE WORK

Hybrid Computational Experimental Screening: Artificial intelligence can now predict
thousands of hypothetical MOFs and rank them by predicted usable capacity, thermal
conductivity, and stability. Integrating these models with robotic synthesis platforms will

accelerate the discover—test cycle from months to days.

Stimuli Responsive Frameworks: Dynamic MOFs that flex (“breathing” frameworks) or
undergo gate opening transitions could synchronize pore apertures with the charging pressure,
storing hydrogen densely at high pressure and releasing it readily at low pressure. However,

fatigue resistance over thousands of cycles must be proven.

Electrically Enhanced Adsorption: Embedding conductive pathways inside MOFs opens the
possibility of electro swing adsorption, where modest potentials (2 V) modulate binding
energies via field effects, enabling isothermal charging/discharging that bypasses thermal

penalties.

Composite Tanks: Integrating tailored MOFs into conformable, polymer lined vessels may
achieve system level gravimetric capacities exceeding 7.5 wt % and volumetric capacities
above 60 g L™ under 12 MPa—benchmarks needed for heavy duty transport. Advances in
additive manufacturing could print lattice architectures with graded porosity and built in heat

sinks, moving beyond loose powder beds.

Circular Manufacturing and End of Life Recovery: To ensure sustainability, future
research should explore ligand recycling, benign synthesis solvents, and metal recovery from
decommissioned MOF tanks. Cradle to grave analyses will inform policy and investment,

aligning hydrogen storage innovation with broader green economy goals.
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By systematically tailoring MOF chemistry, architecture, and processing, the community
edges closer to practical, moderate pressure hydrogen storage systems. Continued
interdisciplinary efforts—spanning computational design, synthetic chemistry, process
engineering, and life cycle analysis—are essential to transform laboratory breakthroughs into

road worthy technologies.

CONCLUSION

The ability to fine tune adsorption enthalpies via linker chemistry marks a decisive advance
toward practical hydrogen storage. Crucially, the materials exhibit both high capacity and
cyclic durability, addressing two longstanding barriers simultaneously. Insights gained from
advanced scattering techniques provide a molecular blueprint for next generation frameworks,
where targeted functional groups orchestrate hydrogen uptake without compromising
structural integrity. The pellet in matrix tank concept demonstrates seamless integration into
existing fuel cell systems, while cost analysis dispels myths of MOF expense. Overall, the
study charts a clear path from molecular design to device implementation, reinforcing

hydrogen’s viability as a mainstream, carbon free fuel.
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