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Abstract

This review critically examines recent Density Functional Theory (DFT) studies on hydrogen storage in Metal-Organic
Frameworks (MOFs). We focus on how DFT provides fundamental insights into the electronic-level interactions governing
hydrogen uptake. The analysis reveals that MOFs can be rationally designed for enhanced hydrogen storage capacity by tuning
their structural and electronic properties. DFT has found several key techniques, including changing pore size and linker
chemistry, substituting or functionalizing frameworks with light metals such as Li and Sc, and introducing open metal sites.
The article discusses how DFT simulations accurately anticipated optimal binding energies for H, physisorption and
highlighted the importance of backdonation from metal d-orbitals to hydrogen o* orbitals in strengthening interactions.
Furthermore, we show that DFT-guided material design results in anticipated capacities that meet or surpass DOE
requirements for onboard hydrogen storage. This work underscores the indispensable role of DFT as a predictive tool,
enabling the efficient screening and development of MOF materials with superior performance for the future hydrogen
economy.
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oxidation yields just water vapor, avoiding carbon dioxide and
other hazardous emissions associated with fossil fuel

1. Introduction
1.1 Hydrogen storage needs for the hydrogen economy

Hydrogen has emerged as one of the most promising clean
energy carriers for enabling a sustainable, low-carbon energy
economy. Its high gravimetric energy density (120 MJ/kg)
significantly exceeds that of conventional fossil fuels, and
when used in fuel cells or combustion, hydrogen produces
only water as the by-product, avoiding greenhouse gas
emissions.'?l These attributes make hydrogen a central
element in future energy transition scenarios, supporting
applications ranging from stationary power generation to fuel-
cell electric vehicles (FCEVs) and portable electronics.
Furthermore, in a hydrogen fuel cell operation, hydrogen
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combustion. This combination of great energy efficiency and
zero greenhouse gas emissions establishes hydrogen as a
superior and sustainable energy carrier for a low-carbon
future.*! However, the practical implementation of a hydrogen
economy is critically constrained by the challenge of safe,
efficient, and cost-effective hydrogen storage.

Unlike liquid hydrocarbons, hydrogen exists as a light
diatomic gas under ambient conditions, with a low volumetric
density of only 0.089 g/L at 298 K and 1 bar. The challenge
occurs because hydrogen, as the smallest and lightest molecule,
is particularly difficult to confine efficiently. Because of its
low volumetric density and high diffusivity, storing enough
hydrogen for practical application necessitates the
employment of high pressures, cryogenic temperatures, or
sophisticated solid-state materials, all of which present safety,
cost, and reversibility trade-offs.s) Each approach carries
inherent limitations.[*'Y) High-pressure gaseous storage
(typically 350—700 bar) requires robust containment systems
that are heavy, energy-intensive, and costly to manufacture.
Cryogenic liquid storage at 20 K offers high volumetric
densities but suffers from boil-off losses, high energy input for
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liquefaction, and long-term safety concerns. These limitations
have motivated intense research into materials-based storage
technologies, where hydrogen can be reversibly adsorbed or
absorbed into engineered solids. As a result, building a storage
system that is lightweight, compact, safe, and economical
remains one of the most persistent hurdles to achieving the
hydrogen economy.

The U.S. Department of Energy (DOE) and other
international agencies have set ambitious system-level targets
for hydrogen storage. These include high gravimetric (=5.5
wt%, in earlier plans) and volumetric (>40 g H,/L, in earlier
plans) capacities, fast uptake and release kinetics, ambient
operating conditions, long cycle life, and low cost.[o!!]
Achieving such performance in a single storage system
remains a formidable challenge, stimulating worldwide efforts
to develop advanced adsorbent materials such as metal
hydrides, complex hydrides, porous carbons, and framework
materials. Metal-organic frameworks (MOFs) have received a
lot of attention as a hydrogen storage material due to their
hybrid  organic-inorganic  structures. This structural
adaptability enables fine control over pore size, shape, and
functionality, allowing for the optimization of hydrogen
adsorption sites. MOFs' extraordinarily high surface area
increases storage capacity, while their variable porosity and
functionalization potential allow for the control of binding
strength and adsorption kinetics. As a result, MOFs stand out
as a promising platform for attaining reversible, high-density
hydrogen storage that is consistent with DOE system-level
goals.

For vehicular applications, hydrogen storage systems
must provide a driving range comparable to gasoline vehicles
while maintaining safety and efficiency. This requires not only
high storage capacity but also rapid refueling times, thermal

management, and compatibility with onboard fuel cell systems.

In stationary applications, long-term stability and low
operating costs are equally crucial. Thus, hydrogen storage
research must simultaneously address multiple, sometimes
conflicting requirements.

In this context, atomistic modeling and simulation play a
vital role by revealing the fundamental interactions that
govern hydrogen uptake, diffusion, and release in candidate
materials. Insights from DFT calculations guide rational
design strategies for tailoring framework structures toward
meeting DOE targets. Therefore, a systematic understanding
of hydrogen storage challenges is essential as the foundation
for evaluating the role of MOFs in the hydrogen economy.

1.2 Why MOFs are attractive (tunable pores, high surface
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area, functionalization potential)

MOFs are a unique class of crystalline porous materials
assembled from metal-containing clusters or ions connected
by organic linkers. This hybrid composition allows
unprecedented structural and chemical diversity, making
MOFs highly attractive candidates for hydrogen storage
applications.'? Compared to traditional porous adsorbents
such as activated carbons or zeolites, MOFs offer far greater
tunability in pore architecture, chemical functionality, and
framework stability, enabling the rational design of materials
that approach the ambitious performance targets set for
hydrogen storage in the hydrogen economy.

One of the defining features of MOFs is their
extraordinarily high surface area. Many MOFs exhibit
Brunauer—Emmett-Teller (BET) surface areas exceeding
5,000 m*g, with pore volumes that can surpass those of any
other known porous material. This immense internal surface
area provides abundant adsorption sites for hydrogen
molecules, directly correlating with high gravimetric and
volumetric storage capacities. For example, benchmark MOFs
such as MOF-5 and HKUST-1 have demonstrated impressive
hydrogen uptake capacities under cryogenic conditions,
underscoring the potential of MOFs as next-generation storage
media.l®13

Equally important is the tunability of MOF pore structures.
By carefully selecting the organic linkers and metal nodes,
researchers can synthesize frameworks with a wide range of
pore sizes, geometries, and topologies. This tunability allows
optimization of pore environments for hydrogen adsorption,
ensuring that interactions are neither too weak to retain
hydrogen nor too strong to hinder release. The pore size of
MOFs plays a crucial role in governing hydrogen adsorption
behavior. Pores within the 0.7—1.2 nm range are considered
optimal, as they are large enough to accommodate hydrogen
molecules while narrow enough to enhance van der Waals
interactions between the gas and the pore walls.l*'4l This
balance maximizes physisorption capacity without impeding
molecular diffusion or hydrogen release, making fine pore
tuning an essential strategy in the design of high-performance
MOF-based hydrogen storage materials.

Beyond structural design, MOFs offer tremendous
potential for chemical functionalization. Introducing open
metal sites, unsaturated coordination positions, or specific
functional groups into the framework enhances the interaction
energy between hydrogen molecules and the host material. For
instance, doping with light metals such as Li, Mg, or Ca can
increase the binding enthalpy to values closer to the ideal
range (15-20 kJ/mol), facilitating hydrogen storage at near-
ambient  temperatures.l'”!5]  Similarly,  post-synthetic
modification allows the incorporation of electron-rich groups,
catalytic moieties, or polar sites that strengthen hydrogen
adsorption and improve selectivity.

Another compelling advantage of MOFs lies in their
modular synthesis. Thousands of distinct MOF structures have
already been reported, and high-throughput computational
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screening combined with atomistic simulations continues to
expand the discovery space.['>?%1 This versatility means that
MOFs can be purpose-designed to meet specific performance
metrics, whether for mobile storage in fuel-cell vehicles or for
large-scale stationary energy storage.

MOFs' hybrid organic-inorganic composition allows for
greater flexibility in processing and integration. MOFs may be
inserted into composites, pellets, or membranes without
significantly reducing porosity, which is critical for converting
laboratory results into practical devices. MOFs are among the
most promising materials for solving the fundamental
problems of hydrogen storage in a clean energy economy due
to their large surface areas, adjustable porosity, and
functionalization possibilities.

1.3 MOFs nomenclature

MOFs have swiftly emerged as a popular class of porous
crystalline materials due to their variable composition and
structural variety. These compounds are often formed by
connecting metal ions or clusters to multidentate organic
ligands, resulting in extended frameworks with persistent
porosity. In the literature, such systems have been referred to
by wvarious names, including hybrid organic-inorganic
materials, metal-organic polymers, coordination polymers,
and organic zeolite analogues. Among these, the term MOF
has become the most extensively used, stressing both their
inorganic-organic hybrid origin and their strong three-

dimensional architecture.?!%]

The abbreviation MOF is widely used as a generic
designation for the entire class of materials. When preceded
by a numeral, such as MOF-5 or MOF-177, it refers to a
specific framework inside the class. This number naming
standard has resulted in a clear and identifiable system that
allows academics to differentiate between different structures
and trace the progress of increasingly complicated frameworks.
Members of the isoreticular MOF (IRMOF) series, such as
IRMOF-1 and IRMOF-8, have the same topology but varied
in pore size and functionality, demonstrating how systematic
expansion within a family can result in frameworks with
tunable properties. 2030

Many MOFs are identified not only by their numerical
names, but also by the institutions or research organizations
where they were first synthesized. Common examples include
UiO (University of Oslo), MIL (Institut Lavoisier Materials),
HKUST (Hong Kong University of Science and Technology),
and LIC (Lanzhou Institute of Chemical Physics). Such terms
have grown common in the field, frequently denoting families
of frameworks with related synthetic techniques or topological
properties.[31-34

Table 1 provides an overview of the major Metal—
Organic Frameworks (MOFs) reviewed in this work,
highlighting their structural features, composition, and
functional characteristics. Each MOF is described based on its
metal node, organic linker, and pore architecture, which

Table 1: List of MOFs reviewed in this work with their general description.

Names Description

IRMOF-1 Zn4O(BDC); framework with large cubic pores and high surface area.

IRMOF-10 Expanded IRMOF with longer linkers (BDC derivative), offering larger pore volume.

IRMOF-16 Highly porous Zn-based framework with extended linkers enhancing surface area and
tunable pore size.

MOF-5 Zn4O(BDC); cubic network; archetype MOF with exceptional crystallinity.

MOF-74 Open metal sites (e.g., Mg, Ni, Co) with helical channels and strong gas—framework
interactions.

MOF-199 Cus(BTC). framework with open Cu(Il) sites and high adsorption capacity.

205 Zn-based MOF with hierarchical microporous—mesoporous structure and high
connectivity.

MOF-525 Zirconium-based porphyrinic framework (Zrs nodes linked by TCPP ligands).

MOF-650 Zn-based large-pore MOF with aromatic linkers providing extended n—m stacking.

MOF-801 Zirconium—fumarate framework with robust structure and hydrophilic pores.

Triphenylene-hexathiol-based MOF
Mn(IT)-based MOF [(Mn4Cl1)3(BTT)s]s
M:Clx(btdd) MOFs

Prototypical MOFs, Zn4sO(BDC); and Cu3(BTC)2
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Conductive 2D n— stacked framework formed via sulfur coordination.
Magnetic MOF with Mn clusters linked by BTT ligands forming 3D cages.
Microporous frameworks with open metal sites and btdd ligands.

Benchmark MOFs with high stability and tunable pore environments.
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Names Description

Heterofullerene-linked MOF, C4sB12-MOF
conductivity.

Hafnium—melamine metal-organic framework (Hf-
MEL MOF)

M(BDC)(TED)0.5 metal organic framework
Sodalite-Type Metal-Organic Framework
Borazocine-based metal-BN frameworks (MBFs)

MFM-300(In)

Framework connected by boron-doped fullerene linkers enhancing electronic

Hfs clusters coordinated with melamine-derived ligands forming stable 3D networks.

Pillared-layered MOF formed by metal-BDC layers connected via TED linkers.
3D cubic topology resembling zeolitic sodalite with small pore windows.
Metal-boron—nitrogen frameworks with borazocine ligands offering thermal stability.

Indium-based MOF with p2-OH bridges and flexible channels.

govern its adsorption and catalytic behavior. The table also
summarizes their primary applications, including hydrogen
storage, gas separation, catalysis, and environmental
remediation.

1.4 Scope of review: atomistic-level insights

The current review focuses solely on the impact of DFT in
enhancing our understanding of hydrogen storage in metal-
organic frameworks. While other computational approaches,
such as classical molecular dynamics or grand canonical
Monte Carlo simulations, have yielded useful results, our
focus here is on first-principles computations. DFT provides a
powerful quantum-mechanical framework for investigating
the fundamental characteristics of hydrogen interaction with
MOFs, allowing predictions that exceed empirical findings
and force-field-based approaches.

One of the primary benefits of DFT in hydrogen storage
investigations is its ability to capture the electrical structure of
MOFs with atomic precision. It enables direct evaluation of
adsorption energies, binding sites, charge transfer, and orbital
hybridization, all of which are critical for understanding how
hydrogen interacts with open metal sites, functionalized
linkers, or confined pores. Importantly, DFT calculations may
discriminate between physisorption, which is usually
regulated by weak van der Waals interactions, and
chemisorption, which is frequently related with Kubas-type
binding or charge transfer from metal centers. DFT
calculations discriminate between physisorption and Kubas-
type chemisorption of hydrogen based on differences in
adsorption energy, geometry, and electronic structure.
Physisorption is characterized by weak van der Waals forces,
adsorption energies of less than 10 kJ/mol, and minimal
perturbation of the H-H bond, whereas Kubas-type
chemisorption has moderate binding energies (20-40 kJ/mol)
and slight H-H bond elongation due to partial covalent
interaction with metal d orbitals. Charge-density difference
and projected density of states (PDOS) investigations
demonstrate orbital hybridization and charge transfer in Kubas
binding, which are missing in physisorption, allowing DFT to
clearly distinguish the two adsorption modes."** This atomistic
knowledge helps to explain not just the storage capacity, but
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also the reversibility of hydrogen uptake, both of which are
essential for practical applications.

The scope of this review encompasses DFT studies
applied to diverse classes of MOFs, including Zn-, Cu-, Mg-,
and Sc-based frameworks, as well as functionalized
derivatives where pore size, topology, and linker
modifications significantly influence hydrogen adsorption.
Special emphasis will be placed on studies that use advanced
dispersion-corrected DFT (e.g., DFT-D2/D3, vdW-DF) to
address the challenge of accurately describing weak Hy—
framework interactions. Additionally, we highlight cases
where DFT has been integrated with thermodynamic modeling
to estimate usable gravimetric and volumetric capacities under
practical conditions.

Our intention is not to provide an exhaustive catalog of
MOFs reported in the literature, but rather to curate
representative case studies where DFT has offered critical
insights into design principles. This includes identification of
optimal adsorption sites, evaluation of binding energy
distributions, assessment of linker functionalization strategies,
and prediction of metal substitution effects. By synthesizing
these results, we aim to clarify how DFT has guided the
rational design of next-generation MOFs with enhanced
hydrogen storage performance.

In summary, this review narrows its scope to DFT-based
atomistic studies of MOFs, positioning them as a cornerstone
methodology for understanding and optimizing hydrogen
storage at the molecular level.

2. DFT calculations findings

2.1 Classified MOF's

2.1.1 IRMOF-1

Ganz et al. employed periodic DFT to examine the energetics
of hydrogen spillover in prototypical IRMOF-1 and COF-5
frameworks, offering crucial atomistic insights into the initial
stages of storage.’! The DFT calculations revealed that in
pristine IRMOF-1, the first hydrogen binding is energetically
unfavorable, generating a kinetic barrier. However, zinc
vacancies or hole doping significantly lower this barrier,
facilitating hydrogen uptake and aligning with experimental
observations on bridged IRMOFs. Importantly, DFT predicted

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Review article

distinct optical absorption features in zinc vacancy models,
providing an experimentally testable signature of doping. For
COF-5, however, hole doping did not resolve the energy
barrier, consistent with experimental reports of limited
spillover efficiency (<1 wt%). By linking Gibbs and
Helmholtz free energy changes to sorption thermodynamics,
the study underscores how DFT can clarify why MOFs benefit
from doping strategies while COFs remain resistant, guiding
the rational design of improved spillover-enabled hydrogen
storage systems.

2.1.2 IRMOF-10

Majid El Kassaoui et al. investigated lithium and scandium
decorated c-IRMOF-10 as promising hydrogen storage
candidates, using DFT coupled with ab initio molecular
dynamics (AIMD).’I DFT calculations confirmed the strong
thermodynamic stability of c-IRMOF-10, with Li and Sc
binding preferentially to the organic linker, exhibiting
significant adsorption energies (—306.82 and —411.02 kJ/mol,
respectively). Li and Sc functionalization enhances hydrogen
adsorption primarily by introducing electropositive centers
that polarize H, molecules, thereby increasing physisorption
strength while maintaining reversibility through moderate
binding energies. Importantly, these decorated frameworks
achieved gravimetric hydrogen capacities of 8.27 wt% (Li)
and 6.78 wt% (Sc), exceeding the U.S. DOE 2025 hydrogen
storage target. The DFT-derived adsorption energies fell
within the optimal range for reversible storage, indicating
balanced binding strength. Furthermore, AIMD simulations
validated the stability of adsorption—desorption cycles under
ambient conditions and revealed low diffusion barriers
(~1.59-2.18 kJ/mol), confirming rapid H> migration across
pore channels. This combined DFT-AIMD approach
highlights the potential of linker functionalization strategies in
tailoring MOF energetics, providing predictive insights for
experimental realization of lightweight, high-performance
hydrogen storage systems.

2.1.3 IRMOF-16

Yiiksel et al. explored the hydrogen storage performance of
Mg-decorated IRMOF-16 using DFT with the WB97XD
hybrid functional, which incorporates dispersion corrections
critical for physisorption.’¥ DFT calculations showed that
hydrogen adsorption on Mg-IRMOF-16 is energetically
favorable, with a negative enthalpy of —4.2 kJ/mol at room
temperature, indicating potential for reversible storage. Mg
decoration introduces sites that enhance van der Waals
interactions with hydrogen, resulting in increased uptake
while maintaining physisorption due to minimal charge
transfer, thus preserving reversibility. Decorating IRMOF-16
with four Mg atoms significantly enhanced uptake, achieving
a gravimetric hydrogen storage capacity of ~5.8 wt%, aligning
with DOE’s 2025 targets. Reduced density gradient (RDG)
analyses revealed that the adsorption mechanism is dominated
by weak van der Waals interactions, with minimal charge
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transfer between H, and Mg sites. Electronic structure
analyses confirmed negligible changes in the HOMO-LUMO
gap, suggesting Mg-IRMOF-16 is unsuitable as an electronic
hydrogen sensor but remains effective as a storage medium.
Overall, DFT insights identified Mg functionalization of
IRMOF-16 as a promising route to optimize hydrogen storage
through enhanced physisorption.

2.1.4 MOF-5

Fu et al. systematically evaluated the use of classical DFT for
predicting hydrogen adsorption in MOFs, including MOF-5.53]
They compared four versions of mnonlocal density
functionals—mean-field, two weighted-density
approximations (WDA), and the density expansion (FMSA)
method—against extensive Monte Carlo simulation data.
Their results show that DFT, despite earlier concerns about its
applicability, can provide reliable adsorption isotherms and
molecular density profiles at a fraction of the computational
cost. Among the tested models, the FMSA approach
performed best under U.S. DOE target conditions, while WDA
yielded the most accurate predictions at cryogenic conditions
(77 K, 1 bar), commonly used in experimental characterization.
Importantly, each DFT calculation required only seconds to
minutes per material, enabling the screening of over 1200
MOFs. This study highlights classical DFT as a
computationally efficient and sufficiently accurate tool for
large-scale screening of porous frameworks for hydrogen
storage.

Venkataramanan et al. conducted a DFT investigation on
lithium functionalization of MOF-5 frameworks with different
metal centers (Fe, Co, Ni, Cu, and Zn) to evaluate their
potential for hydrogen storage. The study revealed that Li
incorporation induces significant structural distortions and
volume changes in most cases, except for Zn-based MOF-5,
which maintained its structural integrity (Fig. 1). Importantly,
Li doping in Zn-MOF-5 resulted in favorable hydrogen
adsorption energies of ~0.2 eV, a range considered ideal for
reversible hydrogen storage applications. The calculations
demonstrated that each Li atom can bind up to three H:
molecules in near-molecular form, enhancing the overall
storage capacity. In contrast, frameworks with Fe, Co, Ni, or
Cu centers displayed reduced stability due to unfavorable
structural modifications upon Li addition. Overall, the work
highlights Zn-MOF-5 as the most promising candidate among
MOFs for efficient and reversible hydrogen storage through Li
functionalization.

The enhanced hydrogen storage capacity in ADC-
substituted MOF-5 arises from synergistic electronic and
steric effects. The azulenedicarboxylate linker promotes
greater electron delocalization and local electric field
induction, which strengthen hydrogen—framework
interactions through increased polarization forces. At the same
time, the reduced steric congestion around adsorption sites,
due to the unique non-planar structure of azulene, facilitates
better hydrogen accessibility and adsorption efficiency,
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(a)

(b)

Fig. 1: Optimized structures of hydrogen molecules adsorbed on Li-functionalized Zn-MOF-5 with one (a), two (b), three (c), and
four (d) hydrogen molecules. Reproduced from.!"! Copyright 2009, MDPI. Reproduced from.['"!

collectively contributing to improved storage performance
compared to unmodified MOF-5. Yu et al. evaluated the
hydrogen storage capability of azulenedicarboxylate (ADC)-
substituted MOF-5 using DFT and GCMC simulations. ! At
high pressures, ADC substitution improves hydrogen uptake
by lowering steric hindrance around metal sites and forming
new adsorption regions such as corners, organic linkers, and
central pore areas. At 77 K, ADC-MOF-5 shows a significant
improvement in adsorption over 12 bar, but at 297 K,
hydrogen absorption is improved above 5 bar. Importantly,
DFT-derived density of states (DOS) analysis demonstrated
that ADC linkers contribute extra electrons and narrow the
band gap, resulting in increased electron delocalization and a
local electric field impact. DFT accurately specifies the
interaction potentials and adsorption sites utilized as input
parameters in GCMC, whereas GCMC converts this
information into quantitative uptake behavior across different
thermodynamic states. Together, these strategies close the gap
between molecular-scale understanding and experimentally
quantifiable storage performance, allowing for more accurate
prediction and optimization of MOF-based hydrogen storage
materials.!'?!

Kassaoui et al. used DFT to comprehensively study
methods for increasing hydrogen storage in MOF-5.41 The
Zn-MOF-5 framework has a storage capacity of 1.57 wt% at
300 K, which can be extended to 4.09 wt% by incorporating
numerous H» adsorption sites and orientations. However, this
fell short of DOE targets, prompting the researchers to
investigate cation substitution and surface ornamentation.
DFT studies show that replacing Zn with Mg or Cd and
adorning cyclic sites with Li, Be, or Na considerably improves
H> adsorption. The most promising system, Li>-decorated Mg-
MOF-5, attained a gravimetric storage capacity of 5.41 wt%
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and a desorption temperature of 513 K, which roughly
matches DOE's 2025 target.

Yu et al. combined DFT and GCMC simulations to
investigate hydrogen storage in MOF-5 and IRMOF-10
impregnated  with  varying numbers of C48BI2
heterofullerenes.[*?l  DFT  calculations revealed that
impregnation in S6 symmetry is energetically more favorable
than in Ci symmetry, reflecting the stronger stabilization of the
IRMOF-C48B12 composites. The DOS analysis further
indicated that hybridization between C p and B p states in
C48B12 enhances the electronic environment, generating
stronger electrostatic interactions that promote H» adsorption.
GCMC adsorption isotherms at 77 K demonstrated that while
MOF-5 with four C48B12 molecules showed improved uptake,
excessive loading produced steric hindrance. By contrast,
IRMOF-10 with eight C48B12 molecules achieved superior
gravimetric (7.1 wt%) and volumetric (41.4 g/L) storage at 12
bar, owing to its larger free volume. Overall, DFT insights
clarified how electronic effects and framework confinement
govern hydrogen uptake trends.

Kassaoui et al. performed a detailed DFT study to
investigate hydrogen adsorption mechanisms in MOF-5, with
special emphasis on the connector structure.*! Using the
GGA-PBE functional and plane-wave basis sets, they
characterized the electronic and bonding properties, finding
good agreement with experimental data. The calculated band
gaps (1.10 eV before and 0.70 eV after H, adsorption)
confirmed a semiconductor nature, while charge density
analysis revealed covalent Ce—H, Zn—C, and C—C interactions,
contrasted by ionic Zn—-O bonds. Adsorption studies at
metallic, carboxylic, and cyclic sites with vertical, horizontal,
and sloping H, orientations identified the cyclic site—
particularly the sloping configuration—as the most stable,
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with an adsorption energy of 37.8 kcal/mol. Multiple H»
adsorption scenarios showed stable trapping at metallic and
cyclic sites, allowing up to 12 molecules per connector and
achieving a gravimetric storage capacity of 4.57 wt%.
Importantly, the desorption temperature was significantly
enhanced, surpassing the 77 K benchmark.

Kassaoui et al. applied first-principles DFT calculations
to address a critical limitation of MOF-5: its low enthalpy of
adsorption and poor desorption temperature.** By substituting
Zn with Mg and Cd in the MOF-5 connector, the authors
systematically probed changes in structural stability,
thermodynamics, and hydrogen uptake at the atomistic level.
DFT optimization confirmed that Mg- and Cd-substituted
connectors retain the cubic Fm-3m symmetry of Zn-MOF-5,
validating the connector approach as a reliable computational
shortcut. Importantly, substitution decreased formation
energies, enhancing stability and raising desorption
temperatures to 191.79 K (Mg) and 175.81 K (Cd), compared
to Zn. Zn serves as a more stable host than Fe, Co, or Ni in Li-
functionalized MOF-5 because its filled d!° electronic
configuration and stable +2 oxidation state minimize redox
activity and structural distortions, thereby preserving the MOF
framework’s integrity during functionalization. Electronic
structure and charge density analyses clarified the improved
binding characteristics, while adsorption studies revealed
significantly increased hydrogen gravimetric (up to 6.37 wt%)
and volumetric (40.16 g L') capacities for Mg-connectors.
These results highlight how DFT-driven substitution strategies
can fine-tune MOF-5’s thermodynamic behavior, offering a
promising pathway to design MOFs with optimized hydrogen
storage performance.

2.1.5 MOF-74
Witman et al. reported the in silico design of a new MOF-74
analogue, Mx(DHFUMA) [M = Mg, Fe, Co, Ni, Zn],
constructed from the aliphatic 2,3-dihydroxyfumarate
(DHFUMA) ligand.*! Compared to the conventional
Mz(DOBDC) framework, the DHFUMA-based MOF exhibits
reduced channel diameter, leading to a higher volumetric
density of open metal sites. This structural refinement
significantly enhances both hydrogen and CO,adsorption.

Dispersion-corrected DFT calculations and classical
simulations revealed a doubling of volumetric H> storage
capacity in Mgy(DHFUMA) relative to Mgx(DOBDC),
achieving the DOE 2020 target of 40 g/L at ~0.5 bar and 77 K.
Furthermore, CO: uptake was markedly improved, with
stronger binding energies due to cooperative adsorption at
adjacent metal sites spaced 6.0 A apart (vs. 8.3 A in DOBDC)
(Fig. 2). Importantly, the framework demonstrated enhanced
CO: selectivity over H,O and reduced ligand cost by ~80%,
making Ma(DHFUMA) a promising candidate for both H»
storage and CO> capture (Fig. 3).

Suksaengrat et al. DFT and AIMD simulations to examine
Ti-functionalized Mg-MOF-74 for hydrogen storage.*) Their
DFT calculations identified three stable Ti adsorption sites,
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Fig. 2: The DOBDC ligand and its framework are visually
compared with the DHFUMA ligand and framework.
Reproduced from.*1 Copyright 2017, American Chemical
Society. Reproduced from.
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Fig. 3: Simulated H: adsorption isotherms for
Mg:(DHFUMA) and Mg:(DOBDC) at 77 K, plotted per
framework volume. Reproduced from.*]. Copyright 2017,

American Chemical Society. Reproduced from.**!

1.0

with the site near the metal oxide unit being the most
favorable.The hydrogen adsorption energies at this site ranged
between 0.26-0.48 eV per H> molecule, which lies within the
optimal window for practical storage as specified by the U.S.
DOE. These binding intensities indicate an equilibrium
between adsorption and  desorption, making Ti-
functionalization a potential method. AIMD simulations
examined hydrogen uptake at three different temperatures (77,
150, and 298 K) under ambient pressure, yielding capacities
of 1.81, 1.74, and 1.29 wt%, respectively. These findings
highlight the importance of Ti ornamentation in improving Ha
binding while maintaining structural integrity. Overall, DFT-
guided predictions point to Ti-decorated Mg-MOF-74 as a
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contender for efficient, reversible hydrogen storage.

Nguyen-Thuy et al. used DFT and AIMD simulations to
study the microscopic process of H, adsorption in two Mg-
MOFEF-74 isoreticular frameworks with BDC or DHF linkers.[*”]
AIMD annealing accurately recreated reported adsorption
sites in BDC-based Ni- and Zn-MOF-74, whereas DFT
computations accurately evaluated Hs4 binding strengths,
including vibrational zero-point energy corrections. The study
found four unique adsorption sites (P1-P4) in BDC-based Mg-
MOFEF-74, which were dominated by open metal sites and
oxygen atoms, but the DHF-based variation had only two main
adsorption sites due to the lack of aromatic stabilization.
Electrostatic interactions within a 3.5 A local environment
influence adsorption locations and energies, as revealed by
detailed electron density measurements.

Gygi et al. systematically investigated the hydrogen
storage properties of a new family of isostructural frameworks,
My(dobpdc), expanding on the well-known Ma(dobdc)
topology.*¥ The larger dobpdc linker generates higher surface
areas and pore volumes, which significantly improve
gravimetric hydrogen uptake. However, neutron diffraction
studies on Fey(dobpdc) revealed additional secondary
adsorption sites, highlighting subtle changes in adsorption
mechanisms compared to non-expanded analogues. Despite
these gains, volumetric capacities decreased due to the larger
pores, underscoring a central design challenge in MOFs for
practical on-board storage: balancing gravimetric and
volumetric performance. Importantly, the reported adsorption
enthalpies (—8.8 to —12.0 kJ/mol) are consistent with weak
physisorption at open-metal sites. Here, DFT calculations are
essential to probe site-specific binding energies, understand
electronic structure contributions, and rationalize trends across
the M series. Future computational-experimental synergy will
be crucial in guiding design strategies that optimize both high
surface area and dense distributions of open metal sites.

2.1.6 MOF-199

Zhang et al. conducted a comprehensive study combining
high-throughput screening, GCMC and DFT to enhance
hydrogen storage performance of MOFs under moderate
conditions.*! Using GCMC, 7622 MOFs were screened,
revealing that frameworks with pore-limiting diameters of 7—
10 A, porosity of 0.75-0.90, and pore volume of 1.4-2.2 cm*/g
exhibited the highest hydrogen uptake at 298 K and 1 bar.
HKUST-1 (MOF 199) was selected as the target structure, and
DFT was employed to optimize composite design. Specifically,
DFT identified the optimal incorporation ratio of activated
carbon (AX-21) and Ni loading to maximize spillover-induced
hydrogen storage. Further DFT calculations determined the
optimal mass ratio between AIH3; and Ni for nano-confinement
within MOF@carbon@Ni composites, yielding favorable
adsorption energies and improved stability. These results
highlight DFT’s central role in rationally tuning material
compositions, predicting adsorption energetics, and guiding
the experimental synthesis of spillover-enhanced and nano-

8| Eng. Sci., 2025, 37, 1828

confined MOF composites with improved reversibility.
Srivastava et al. investigated hydrogen adsorption in four
Cu-based MOFs- MOF-199, MOF-399, PCN-60, and PCN-20
- sharing a twisted boracite (tbo) topology but differing in
surface area and porosity. GCMC simulations were performed
at 298 K and 77 K, across 0-50 bar, in alignment with DOE
conditions.*” The results revealed that hydrogen uptake is
strongly dependent on temperature, pressure, and structural
characteristics. At low pressures, isosteric heat governed
adsorption, whereas at higher pressures, pore volume and
surface area were dominant factors. Among the studied
systems, PCN-60 exhibited the highest hydrogen uptake at
both room and cryogenic temperatures due to its high density
and smaller pore volume, while MOF-399 showed excellent
uptake at 77 K due to large porosity. The work highlights that
MOFs with optimized surface area and moderate pore size
provide superior adsorption. These computational insights,
rooted in molecular simulations and DFT-level validation,
guide the design of efficient hydrogen storage materials.

2.1.7 MOF-205

Zhang et al. provide a valuable theoretical framework for
understanding how structural and electronic factors govern
hydrogen adsorption in MOFs.Fl By systematically
comparing different ligands with the same metal (IRMOFs,
MOF-205, DUT-23-Zn) and different metals with the same
ligand (DUT-23-M, M = Co, Ni, Cu, Zn), their study
highlights the importance of rational, coordination-chemistry-
guided design rather than trial-and-error synthesis. Using DFT,
supported by charge density and adsorption energy analysis,
the authors reveal how metal identity, coordination
environment, and pore geometry affect hydrogen binding.
DFT calculations clarify the local electronic interactions
between H. molecules and open metal sites, providing
quantitative insight into adsorption enthalpies. Importantly,
the work stresses that low temperature and high specific
surface area remain critical parameters, but electronic tuning
through metal substitution also plays a decisive role. This
combination of crystal engineering and atomistic-level
modeling offers guiding principles for designing next-
generation MOFs for hydrogen storage.

2.1.8 MOF-525

Suksaengrat et al. employed first-principles van der Waals
density functional theory (vdW-DFT) to investigate the
structural and hydrogen adsorption properties of M-MOF-525
frameworks (M =Ti, V, Zr, Hf).13? Their calculations revealed
that M—O bond lengths scale with the atomic radius of the
metal, directly influencing the electric dipole moments of the
frameworks, with the trend p(Hf-MOF-525) > p(Zr-MOF-
525) > w(Ti-MOF-525) > u(V-MOF-525). A systematic search
of adsorption sites identified five stable positions for H», with
both parallel and perpendicular orientations considered.
Results showed that Ti- and V-MOF-525 cannot effectively
bind hydrogen, whereas Zr- and Hf-MOF-525 exhibit
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measurable adsorption, governed by dipole strength and
dispersive interactions. The hydrogen binding energies ranged
from 0.04-0.15 eV/H; for Zr-MOF-525 and 0.06-0.16 eV/H»
for Hf-MOF-525, with stronger adsorption near the metal-
oxide cluster compared to the TpCPP linker. These vdW-DFT
insights highlight electronic structure—adsorption correlations
critical for rational MOF design.

2.1.9 MOF-650

Yu et al. combined DFT and GCMC simulations to investigate
the effects of heteroatom substitution on the hydrogen storage
performance of Zn-based MOF-650. Their study showed that
B- and N-substituted MOF-650 did not significantly enhance
H: uptake.’’! In fact, B substitution damaged the original
spherical-hole structure, while N doping failed to provide
additional active electrons near the Fermi level. By contrast,
incorporation of boronic acid [B(OH).] linkers slightly
reduced the band gap and improved H, distribution around
organic linkers. More notably, when Mg or Ca atoms replaced
Zn centers in combination with B(OH), linkers, hydrogen
adsorption increased by nearly 20 wt%. The DFT results
highlighted that H> adsorption strength followed the order N—
C < C=C < B-C < C-0 < B-0, reflecting the role of electron-
rich sites and low-electronegativity metals in facilitating
adsorption. These findings suggest that Mg/Ca and B(OH):
co-doping provides a promising strategy to boost Hz uptake in
MOF-650.

2.1.10 MOF-801

Prasetyo and Pambudi applied periodic DFT calculations to
investigate the structural properties and hydrogen adsorption
behavior of fluorinated MOF-801.554 Their study revealed that
substituting hydroxyl groups with fluorine atoms directly
bonded to zirconium modifies the framework geometry,
slightly decreasing cell parameters and reducing the unit cell
volume by about 1.5%. The calculated Zr-F bond distance of
0.225 nm is longer than both Zr—O bonds in pristine MOF-801
and those in zirconium fluoride compounds, consistent with
the larger ionic radius of fluorine. Importantly, fluorination
enhanced the hydrogen binding energy to approximately —5
kcal/mol per Hz> molecule, significantly higher than pristine
MOF-801 while still below values achieved in metal-
decorated MOFs. Charge distribution analysis further
supported the role of fluorine in tuning the adsorption sites
through its strong electronegativity. Overall, fluorination was
shown to improve hydrogen affinity and framework stability,
highlighting it as a promising modification strategy for MOF-
801.

Sathe et al. investigated the hydrogen storage potential of
R-graphyne-based MOFs (GR-MOFs) functionalized with
lithium using DFT.1%! The unique graphyne linker provides a
large pore size of 2.069 nm, enabling high hydrogen uptake.
Functionalization with Li (GR-MOF-Lis) significantly
enhanced sorption, with each Li atom adsorbing up to four
hydrogen molecules. Additional hydrogen molecules were
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accommodated within the central cavity and along acetylenic
linkages, achieving a maximum storage capacity of 11.95 wt%.
The adsorption mechanism was attributed to Kubas-like
interactions, with sorption energies in the optimal range of
0.25-0.27 eV, ensuring reversible binding. Thermodynamic
analysis and Born—Oppenheimer molecular dynamics
confirmed that GR-MOF-Lis operates efficiently under DOE-
specified conditions (100-300 K, 1-3 atm). The findings
highlight Li-functionalized R-graphyne MOFs as highly
promising for practical onboard hydrogen storage, combining
high gravimetric density, favorable thermodynamics, and
reversible kinetics.

2.2 Unclassified MOFs

2.2.1 Triphenylene-hexathiol-based MOF

Vasanthakannan ef al. investigated hydrogen storage in a
triphenylene-hexathiol-based MOF incorporating Fe and Cu
centers using DFT and AIMD. DFT calculations revealed
that FeMOF could adsorb up to 12 H> molecules on its six Fe
atoms with an average binding energy of 0.18 eV/H,, while
CuMOF adsorbed only six H, molecules with 0.17 eV/H,. The
adsorption mechanism on Fe sites was attributed to Kubas-
type interactions, which were further validated through
density of states and Bader charge analysis, confirming
electron transfer from H: to the metal centers. Substitution
with electron-donating methoxy groups did not enhance
storage capacity. Gravimetric hydrogen density was estimated
as 1 wt% for FeMOF, higher than CuMOF (0.5 wt%), and
competitive with reported materials. AIMD simulations
confirmed thermal stability up to desorption temperatures of
~686 K. Overall, DFT insights into energetics and charge
transfer mechanisms established FeMOF as a promising
candidate for reversible hydrogen storage.

2.2.2 Mn(II)-based MOF [(Mn4Cl);(BTT)s]3

Jose et al. employed periodic DFT to explore hydrogen
adsorption in the Mn(Il)-based MOF [(Mn4Cl)3(BTT)s]s,
focusing on binding pockets, interaction strengths, and
magnetic effects.’” Their calculations identified four distinct
adsorption sites, with the Mn?" center (site I) providing the
strongest binding via n? coordination of Ha, with a distance of
2.27 A and binding energy of 15.4 kJ/mol. NBO and AIM
analyses confirmed significant 6(H2) — d# orbital donation,
imparting partial covalency. Other sites, including Cl and BTT
ligands, showed progressively weaker binding, with the
average computed energy (9.6 kJ/mol) closely matching the
experimental heat of adsorption (~10 kJ/mol). DFT results
further revealed that while multiple H» adsorption lowers per-
site binding energy due to steric and electronic competition,
uptake trends agree with the experimental capacity of 6.9 wt%.
Magnetic coupling analysis suggested only marginal changes
upon adsorption, indicating spin-state effects are negligible for
H: storage in this MOF.

2.2.3 MxClx(btdd) MOF's
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Kwon and Jiang conducted a comprehensive periodic DFT
investigation to unravel the electronic origins of hydrogen
adsorption in M)Clx(btdd) MOFs, with emphasis on the
recently reported V,Clog(btdd).*8! Their study revealed a
striking trend: while Sc, Ti, and V analogues exhibit strong H:
binding, the interaction strength drops sharply at Cr due to
partial occupancy of the dx*>-y? orbital. The analysis
pinpointed the critical role of an empty dx®>—y? orbital at the
open metal sites in stabilizing H,, leading to stronger
adsorption for Sc(Il), Ti(Il), and V(II). Charge density
difference plots and Bader charge analysis further
demonstrated electron redistribution between V(II) and V(III),
highlighting the unique flexibility of mixed-valence systems
in mediating adsorption. With computed adsorption enthalpies
consistent with experimental observations, the DFT results not
only confirmed V,Clog(btdd) as a top candidate but also
predicted promising performance for Ti and Sc analogues,
offering clear design principles for future MOFs.

2.2.4 Prototypical MOFs, ZnsO(BDC); and Cu3(BTC),
Mahmoud et al. reported the eco-friendly synthesis of two
prototypical MOFs, ZnsO(BDC)3; and Cuz(BTC)., via a sol-
gel method using water, ethanol, and sustainable 1-decanol.l>”!
Structural and textural characterizations confirmed their
crystalline microporous architectures, while DFT-D3
vibrational analyses validated experimental FT-IR spectra.
Hydrogen storage in both frameworks occurs through
physisorption, with a sorption enthalpy of ~4.3 kJ/mol. At 77
K and high pressures, Zns«O(BDC)3 achieved a maximum H»
uptake of 5.38 wt%, surpassing many reported crystalline
microporous materials, whereas Cu3(BTC), exhibited
enhanced adsorption at low pressures, indicating its advantage
in near-ambient conditions. Quantum Theory of Atoms in
Molecules (QTAIM) and Electron Localization Function (ELF)
analyses provided atomistic insights into adsorption sites,
confirming weak dispersive interactions as the dominant
mechanism. Overall, these findings demonstrate the synergy
between eco-friendly synthesis, experimental validation, and
DFT-based electronic analysis, positioning ZnsO(BDC); and
Cu3(BTC), as strong candidates for sustainable hydrogen
storage applications.

2.2.5 Heterofullerene-linked MOF, C48B12-MOF

In this theoretical study, Xu er al. designed a novel
heterofullerene-linked MOF, C48B12-MOF, and investigated
its hydrogen and methane storage potential using DFT, first-
principles AIMD, and GCMC simulations.®” DFT
calculations established the structural stability of C48B12-
MOF and revealed the favorable role of Li doping, where
charge transfer from Li to the framework enhances
polarization interactions with H, and CH4 molecules. AIMD
confirmed the thermal stability of both pristine and Li-doped
structures under ambient conditions. GCMC simulations
demonstrated outstanding storage performance: Li-doped
C48B12-MOF achieved hydrogen uptakes of 7.09 wt% (233
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K, 100 bar) and methane uptakes of 0.79 g/g (233 K, 40 bar),
meeting or surpassing DOE targets. The strong gas—Li
interactions, attributed to charge redistribution identified in
DFT analysis, underpin these improvements. This work
highlights the promise of heterofullerene-based MOFs as next-
generation gas storage materials.

2.2.6 MOF/GO composites

Liu et al. systematically explored hydrogen storage in
MOF/GO composites using GCMC simulations supported by
DFT-level considerations of Li" interactions with GO
functional groups.®l The study revealed that pore size plays a
decisive role: composites with small-pore MOFs exhibited
enhanced storage due to interfacial pore formation and
increased accessible surface, while large-pore MOF/GO
combinations showed decreased performance as their
interfacial pores restricted effective adsorption. The density
and type of oxygen-containing functional groups (—-OH, —
COOH, epoxy) were found to reduce pore volume and surface
area, thereby suppressing storage capacity. DFT-level insights
into Li* doping clarified that low Li* loadings create additional
adsorption sites through strong electrostatic interactions with
H., enhancing storage. However, at high loadings, ion
aggregation diminished site accessibility, decreasing uptake.
The optimal balance was achieved with MOF-5/GO at
moderate Li* doping, reaching ~29 mg/g. These molecular-
level insights highlight the importance of combining pore
engineering with controlled functionalization and Li*
incorporation for room-temperature hydrogen storage.

2.2.7 Hafnium-melamine metal-organic framework (Hf-
MEL MOF)

Mohand Saidi et al. introduced a hafnium—melamine metal-
organic framework (Hf-MEL MOF) as an efficient catalyst for
hydrogen production through NaBHs methanolysis,
combining experimental characterization with DFT analysis.
Structural elucidation via FTIR, XRD, Raman, and SEM-EDX
confirmed the successful synthesis of a crystalline and stable
MOF.1?l Catalytic evaluation revealed an impressive hydrogen
generation rate of 78.75 L/min-g under mild conditions
(30 °C), with an exceptionally low activation energy of 10.7
kJ/mol derived from Arrhenius kinetics. The stability across
five cycles without performance loss highlights its reusability
for practical applications. Complementary DFT calculations
provided molecular-level insight, showing a band gap (AEgap)
of 2.122 eV that supports strong catalytic activity by
facilitating charge transfer. This integration of experimental
and theoretical approaches underscores the role of Hf as a
robust active center and melamine ligands in enhancing
structural integrity. Overall, H-MEL MOF emerges as a
promising, sustainable catalyst for portable hydrogen
generation systems.

2.2.8 Open metal sites (OMS) into MOF
Tsivion et al. employed DFT calculations to investigate the
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potential of incorporating open metal sites (OMS) into MOF
structures for hydrogen storage, highlighting how
computational methods can predict performance close to DOE
targets.[) Their study focused on catechol and thiocatechol
linkers coordinated with alkaline-earth metals (Ca, Mg) as
OMS, showing that multiple H> molecules can bind with
significant interaction energies. The presence of OMS
facilitates stronger hydrogen uptake by providing
coordinatively unsaturated metal centers that act as localized
electrostatic fields, enhancing H- polarization and binding
strength, yet maintaining reversibility due to the absence of
full charge transfer or covalent bonding. Importantly, the DFT
analysis revealed that solvent molecules strongly influence
adsorption behavior by partially blocking binding sites and
reducing adsorption energy, particularly for Mg complexes.
Remarkably, Ca—catechol OMS retained stable adsorption
energies even in the presence of strongly coordinating solvents
such as acetonitrile, suggesting robustness against desolvation
effects. Through normal mode analysis, the study further
confirmed that H> molecules occupy a spherical adsorption
region around the OMS. These DFT-driven insights
underscore the role of alkaline-earth OMS functionalization in
enhancing MOF-based hydrogen storage.

2.2.9 M(BDC)(TED)0.5 metal organic framework

Huynh et al employed van der Waals—corrected DFT
alongside GCMC simulations to explore hydrogen storage in
M(BDC)(TED)o 5 frameworks (M =Mg, V, Co, Ni, Cu).l* The
DFT calculations were critical in identifying the most
favorable adsorption sites, showing that the metal cluster—
TED intersection region consistently provides the strongest
binding environment. Particularly, Ni-MOF exhibited the
largest adsorption energy (—16.9 klJ/mol), attributed to the
hybridization between H» s* states and metal d orbitals, while
Mg substitution significantly enhanced surface area and pore

volume, leading to superior gravimetric and volumetric uptake.

Importantly, DFT clarified that the H>-MOF interactions are
primarily physisorption, governed by dipole rearrangements
without charge transfer, a finding essential for reversible
storage. This atomistic insight enables rational comparison of
metal substitutions and establishes Mg-MOF as a promising
candidate for hydrogen storage under practical temperature
and pressure conditions.

2.2.10 Sodalite-type metal-organic framework

Asgari et al. investigated hydrogen adsorption in Cu-BTTri, a
robust MOF with open metal coordination sites, using in-situ
neutron diffraction and DFT modeling.l®s Diffraction
investigations revealed four unique D: adsorption sites and
structural characteristics necessary for hydrogen binding. DFT
computations corroborated these experimental results with
minor variance, proving the computational approach's
accuracy in locating and ranking adsorption sites. Importantly,
energy decomposition analysis within DFT indicated that, in
addition to coordination at open Cu sites, van der Waals

Engineered Science Publisher

interactions  considerably increase binding energies,
highlighting their importance in adsorption thermodynamics.
The combination of diffraction and DFT revealed molecular-
level insights into the adsorption mechanism, providing
predictive capability for screening both current and
hypothetical MOFs.

2.2.11 Cu(II) and Zn(IT) MOFs

The study by Ozturk et al. highlights the significance of DFT—
based molecular simulations in complementing experimental
investigations of hydrogen storage in Cu(ll) and Zn(II)
MOFs.[1 While sorption experiments provided direct uptake
values at 77 K and 1 bar, the simulations enabled precise
mapping of hydrogen adsorption sites and validated the
storage capacity with excellent agreement (90% for Cu-MOF,
85% for Zn-MOF). This strong consistency underscores the
reliability of computational approaches for predicting MOF
performance under experimentally relevant conditions. More
importantly, DFT calculations elucidated the microscopic
adsorption mechanisms, identifying preferential adsorption
regions and highlighting the role of metal centers and organic
linkers in hydrogen binding. Such insights are not readily
attainable from experiments alone. By clarifying structure—
property relationships, the computational analysis not only
validates experimental data but also provides a predictive
framework for designing next-generation MOFs with
optimized hydrogen storage capacity.

2.2.12 Metal-organic framework linkers and metalated
linkers

The work by Tsivion et al. demonstrates how DFT and energy
decomposition analysis (EDA) can unravel the subtle
mechanisms of hydrogen physisorption in MOFs. By applying
cluster models, the study systematically separates dispersion,
polarization, and charge transfer (CT) contributions to the
interaction energy.”? This computational dissection provides
a molecular-level explanation of why bare linkers exhibit only
weak binding (—3 to —5 kJ/mol), while metalated linkers
significantly enhance adsorption through o(H;) — metal
Rydberg donation and adsorbent — o*(H>) CT. Importantly,
the simulations highlight that electrostatic polarization,
enabled by specific metal coordination geometries, is critical
for achieving binding enthalpies approaching practical storage
targets. The predictive power of DFT in quantifying CT
contributions (—2 to —10 kJ/mol depending on geometry)
underscores its indispensability in guiding experimental
synthesis. Ultimately, the computational insights identify
motif (C) as the most promising design strategy, where
exposed, low-coordination metal sites maximize polarization-
driven interactions with Ho.

2.2.13 Zn40-based MOFs with systematically varied linker
lengths

The work of Nikravesh et al. illustrates how DFT provides
critical atomistic insights into hydrogen adsorption across
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Zn.0-based MOFs with systematically varied linker lengths.[¢®)
By employing Dmol3/PBE calculations, the study quantifies
binding energies (BE), step energies (ES), and consecutive
binding energies (CBE), thereby elucidating the effect of
linker geometry on sorption behavior. Notably, the NEW-
MOF with nine phenyl rings exhibited the most favorable
binding energy (—4.165 kcal/mol), surpassing MOF-177 and
MOF-200. DFT simulations attribute this stabilization to
reduced steric hindrance at extended linkers, which facilitates
stronger Ho—linker interactions. However, the packing density
analysis revealed a trade-off: longer linkers support higher
binding energy per site but lower overall uptake per unit cell
due to decreased active site density. By capturing both
energetic and structural dependencies, the DFT results
underscore the dual importance of linker architecture and Zn-
cluster contributions, offering a predictive framework for
tailoring MOF structures to optimize hydrogen storage.

2.2.14 V,Clr.3(btdd), a MOF

Jaramillo et al. present a compelling DFT-driven analysis of
hydrogen adsorption in V,Cl,s(btdd), a MOF featuring
exposed vanadium(II) sites capable of Kubas-type binding.[*”)
DFT calculations were crucial in elucidating the electronic
origin of the unusually strong yet reversible H, binding
enthalpy (=21 kJ/mol), which lies within the optimal window
for ambient-temperature storage. Theoretical results
confirmed that backdonation from vanadium dr orbitals into
the H>. o* orbital stabilizes the complex, complementing
experimental findings from neutron diffraction and IR
spectroscopy. The predicted V-H, bond distance and redshift
in H-H stretching provide strong validation of the DFT results,
highlighting the method’s reliability in capturing orbital-
mediated interactions in MOFs. Importantly, DFT analysis
showed that the unique m-basic character of vanadium centers
enhances adsorption compared to conventional open metal
sites. This study demonstrates how electronic structure
calculations not only rationalize experimental observations
but also guide the design of next-generation MOFs for
practical hydrogen storage.

2.2.15 Borazocine-based metal-BN frameworks (MBFs)
functionalized with Li and Sc

Kumar et al investigated borazocine-based metal-BN
frameworks (MBFs) functionalized with Li and Sc using DFT
within the GGA-PBE level with a DNP basis set." The DFT
results revealed that both Li and Sc anchor strongly to the BN
ring via Dewar coordination, ensuring stability of the
decorated framework. Crucially, DFT calculations confirmed
that H> molecules interact with the metal sites through the
Kubas—Niu—Rao—Jena mechanism, resulting in physisorption
with slight elongation of the H-H bond, consistent with
reversible binding. Each Sc atom can adsorb up to four H-
molecules, while Li binds three, leading to calculated
gravimetric densities of 7.80 and 8.25 wt%, respectively.
Importantly, adsorption/desorption energy profiles derived
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from DFT demonstrated low energy barriers, confirming facile
reversibility under ambient conditions. Complementary
BOMD simulations validated structural robustness and
desorption behavior. Overall, this DFT-guided study
establishes Sc-decorated MBF as a promising candidate for
high-density, reversible hydrogen storage.

2.2.16 Zn,O(COO)s-based MOF

Li et al. performed a twofold interpenetrated ZnsO(COO)s-
based MOF with imidazole-functionalized linkers, exhibits
one of the highest reported hydrogen uptakes among Zn-based
MOFs, reaching 14.8 mmol g (2.96 wt%) at 77 K and 0.1
MPa."l While its experimental uptake performance is
remarkable, theoretical investigations provide crucial
atomistic insights. GCMC simulations reproduced the
experimental isotherms accurately only when Feynman—
Hibbs quantum corrections were included, highlighting the
importance of quantum effects in light-gas adsorption. More
importantly, DFT calculations identified two dominant
adsorption sites: site A at the edge of the Zn.O(COO)s SBU,
with H---O interactions at 2.97 and 3.31 A, and site B between
interpenetrated nets, where H:--O and H---N distances were
3.06 and 3.01 A, respectively. DFT-derived binding energies
(-11.66 and —11.05 kJ mol!) confirm weak, reversible
interactions that synergize with pore confinement to enhance
uptake. These DFT insights clarify why UPC-501 outperforms
non-functionalized Zn-MOFs.

2.2.17 MFM-300(In)

Savage et al. did MFM-300(In), a hydroxyl-decorated
microporous framework, demonstrates exceptional storage
capacities for CHa4 (202 v/v at 298 K, 35 bar) and H» (488 v/v
at 77 K, 20 bar).” Beyond experimental validation, DFT
modeling plays a critical role in unraveling the adsorption
mechanism. DFT calculations, combined with neutron
diffraction and inelastic neutron scattering, directly visualize
binding sites and quantify host—guest interactions at atomic
resolution.

For CH4, DFT confirms the presence of a unique
CHy4'--H-O interaction between adsorbed molecules and
hydroxyl groups, distinct from CHj4 clathrates (Fig. 4). These
interactions, supplemented by CHa---CHy dispersion forces
and phenyl ring confinement, create a cooperative
environment that maximizes volumetric density.

For Ho, DFT highlights weak but synergistic adsorbate—
adsorbent and adsorbate—adsorbate interactions, which evolve
with loading (Fig. 5). The agreement between DFT-predicted
binding geometries and experimental data underscores its
predictive power, offering valuable design principles for
tailoring pore functionality and optimizing future CH4 and H»
storage frameworks.

2.2.18 Palladium nanocube coated with a metal-organic

framework
Nanba ef al. used DFT to investigate hydrogen adsorption and
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Fig. 4: Hydrogen and methane gases loaded on MFM-300(In). Panels (a, b) show the corner view, whi
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view. Reproduced from.[”?! Copyright 2016, American Chemical Society.
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Fig. 5: Adsorption isotherms of Hz> in MFM-300(In) at specified conditions. Reprinted with permission from Reproduced from.["?!

Copyright 2016, American Chemical Society.

diffusion in Pd nanocubes coated with HKUST-1, providing
important mechanistic insights into hydrogen storage
kinetics.”*! DFT enabled the exact measurement of adsorption
energies, charge transfer, and diffusion barriers by creating a
Pd(100)/Cu-HKUST-1 interface model. The Pd@HKUST-1
system has a lower hydrogen diffusion barrier compared to
bare Pd. This is due to both chemical and steric effects,
including electronic redistribution between Pd and Cu atoms
and the formation of a novel channel via the PdsCu octahedral
site. DFT charge density analysis corroborated the instability
of hydrogen adsorption near Cu, allowing for rapid subsurface
penetration. Furthermore, diffusion via Pd,Cu and PdsCu sites
reduced the overall kinetic barrier compared to pristine Pd.
Substitution studies with Ni, Co, and Fe indicated excessive
charge displacement, which impaired diffusion, underscoring
the necessity of controlled electronic tuning. These DFT-
driven insights highlight MOF—metal interfaces as a promising
route to accelerate hydrogen absorption in nanostructured
materials.
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2.2.19 Naphthalene dicarboxylate-based mof linkers

Agarwala et al. used DFT and high-level DLPNO-CCSD(T)
computations to evaluate hydrogen adsorption at post-
synthetically modified naphthalene dicarboxylate (NDC)
linkers in MOFs.l"4 The study investigated the possibility of
reversible H, physisorption by including alkaline earth (Ca?",
Mg?") and transition metals (Zn**, Cd*") into the linker. DFT
adsorption energies show that Mg-, Zn-, and Cd-
functionalized NDC sites have good binding (2.5 to —4.9
kcal/mol), consistent with U.S. DOE objectives. However, Ca
displayed insufficient stability for multilayer H. absorption.
Local energy decomposition study confirmed the bonding
mechanism: charge transfer dominates for tiny cations like
Mg?*, and exchange interactions dictate adsorption at
transition-metal sites like Zn?>" and Cd*". Importantly, DFT
confirmed that Mg offers strong yet reversible binding, and Zn
provides an environmentally benign alternative compared to
Cd. These findings highlight DFT-guided post-synthetic
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Table 2: Summary of key MOFs, modification strategies, and hydrogen storage characteristics reviewed in this work.

Modification  Functionalization = Binding Energy = Predicted Reported Hz
MOF Type . Remarks
Strategy (kJ/mol) Storage Capacity
~1.5 wt% at 77 K, 1 Reft tructure for hyd
IRMOF-1 Unmodified (baseline framework) ~ —4.0 to —7.0 W d elerence structure for ycrogen
bar physisorption studies.
) ) . ) ) Electropositive ~ metal  sites
Li and Sc decoration on organic —306.82 (Li), 8.27 wt% (Li), 6.78 L.
IRMOF-10 . enhance polarization and
linkers —411.02 (Sc) wt% (Sc) .
adsorption strength.
M it t! th d
. Moderate Increased uptake with g Stes .S reng. en van .er
IRMOF-16 Mg decoration ) ) . L. Waals interactions while
physisorption energy reversible binding . o
maintaining reversibility.
) Enhanced H: uptake ADC induces electronic
Azulenedicarboxylate (ADC) 20-40 (Kubas-type), . L . .
MOF-5 Lo . . L o beyond pristine MOF- polarization; Zn stabilizes Li-
substitution; Li-functionalization moderate binding . L
functionalization.
MOF-74 Mejcal substitution (Mg, Ni, Co, Zn 10 to —20 1.3-2.0 wt% at 298 K, O.per.l rr.letal .site.s improve
variants) 100 bar binding via polarization.
OMS improve reversible
MOF-199 (HKUST-1)  Cu(Il) open metal sites -8.5 2.5 wt% at 77 K, 1 bar adsorption via weak electrostatic
forces.
MOF-205 High-connectivity Zn-based Moderate adsorption Porosity tuning enhances
network performance diffusion pathways.
High H> uptake under n— tacki d hyri
MOF-525 Porphyrinic Zrs framework — '8 2 Hpta f,:,un ermm s al.c e .an ) porpiyrn
cryogenic conditions  centers aid physisorption.
Triphenylene-hexathiol- Sulfur coordination and 7= Conductive MOF with tunable
based MOF stacking adsorption potential.
Mn(IT)-based MOF . L Magnetic framework enabling
Mn cluster functionalization —10 to —15 — . .
[(Mn4Cl)2(BTT)s]3 multi-site adsorption.
OMS t t t
M:Cly(btdd) MOFs Metal substitution (Ni, Co, Cu) 10 2.0-3.0 wi% _ promote stronget ye
reversible adsorption.
B dopi h
Ca4sB12-MOF Heterofullerene linkers — — oron L. opmg .en ances
electronic interaction with Ho.
Hyds bondi h
MEM-300(In) M,-OH bridging in In-based MOF — — yarogen  bondig - eriances
adsorption at OMS.

metalation as a viable route to enhance MOF-based hydrogen
storage.

2.3 Summary of DFT findings
Table 2 summarizes the main findings from this review,
including representative MOFs, their modification or
functionalization strategies, corresponding binding energies,
and predicted hydrogen storage capacities. The table provides
a concise overview of how metal substitution, linker
functionalization, and incorporation of open metal sites
influence adsorption energetics and reversibility, offering
valuable insight into the design of next-generation MOFs for
hydrogen storage.!>-%"]

The DFT findings summarized in Table 1 reveal that the
hydrogen storage performance of MOFs is highly dependent
on their structural topology, metal node chemistry, and linker
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functionality. Frameworks such as MOF-5, IRMOF-10, and
MOF-74 exhibit strong correlations between pore size,
electronic environment, and adsorption energetics. DFT
calculations demonstrate that metal decoration (e.g., Li, Sc,
Mg) and linker modification (e.g., azulenedicarboxylate
substitution) significantly enhance hydrogen binding through
polarization and electrostatic interactions, while maintaining
reversible physisorption within the optimal energy range (20—
40 kJ/mol). Similarly, the incorporation of open metal sites
(OMS) and heteroatom-functionalized linkers increases
charge localization around adsorption sites, strengthening van
der Waals forces without inducing chemisorption.[5]
Collectively, these DFT-based insights highlight that tunable
pore geometry and controlled electronic effects are key to
achieving high-capacity and reversible hydrogen uptake in
next-generation MOFs.
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2.4 Experimental works for performance of the best MOF
Recent experimental studies have identified several high-
performing MOFs, including UiO-67, MOF-177, SNU-70,
UMCM-9, and PCN-610/NU-100, which exhibit exceptional
hydrogen storage capacities under practical operating
conditions. These materials have demonstrated both high
gravimetric and volumetric uptake, attributed to their large
surface areas, tunable pore structures, and presence of
accessible metal sites. While MOF-5 continues to serve as a
benchmark for volumetric capacity, newer MOFs such as
SNU-70 and UMCM-9 have achieved usable hydrogen
capacities exceeding that of the well-known IRMOF-20,
reaching or surpassing 40 g H»/L under optimized temperature
and pressure swing adsorption (TPSA) conditions.

The experimental results consistently show that hydrogen
storage performance depends strongly on operating
temperature and pressure. Studies employing combined
temperature and pressure swing (TPS) cycles demonstrate a
significant enhancement in usable hydrogen capacity, as the
desorption process becomes more efficient at cryogenic
temperatures (around 77 K) and pressures up to 100 bar.
Furthermore, measurements of isosteric heat of adsorption
(Qst), along with surface area and pore volume
characterization, provide insight into adsorption mechanisms.
MOFs containing open metal sites (OMS), such as Niz(m-
dobdc), show enhanced binding energies that enable hydrogen
storage even at relatively higher temperatures and lower
pressures. For example, Ni2(m-dobdc) achieved 11.0 g/L at
25°C and 23.0 g/L with a temperature swing between —75°C
and 25°C, emphasizing the importance of electronic tuning
and thermal management in maximizing hydrogen uptake.*-
105]

Integrating  experimental  characterization  with
computational modeling has become a key trend in advancing
MOF-based hydrogen storage systems. Experimental
adsorption data under varying temperatures and pressures are
now used to validate DFT and machine learning predictions,
enabling targeted design of MOFs with optimized pore
geometry and electronic structure. These combined
approaches confirm that high-performing MOFs can meet or
exceed DOE targets (>5.5 wt% and >40 g H»/L) under realistic
conditions, reinforcing the relevance of atomistic-level
insights for practical hydrogen storage applications.

3. Conclusion

This review has critically examined the indispensable role of
DFT as a predictive and diagnostic tool for advancing
hydrogen storage in MOFs. The analysis confirms that DFT
provides fundamental, atomistic-level insights that are
difficult to obtain from experiments alone, revealing the subtle
electronic and structural factors governing H uptake. We have
highlighted how DFT calculations successfully predict
optimal binding energies for H, physisorption and reveal the
crucial role of electronic interactions, such as backdonation
from metal d-orbitals to H, o* orbitals, which strengthen the
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binding.

The findings show that MOFs can be rationally
engineered to increase hydrogen storage capacity by
modifying their characteristics using DFT-driven insights.
This research found and wvalidated several key tactics,
including changing pore size and linker chemistry, substituting
or functionalizing frameworks with light metals such as Li and
Sc, and introducing open metal sites. For example, research on
IRMOF-10 and MOF-5 have demonstrated that decorating
frameworks with Li and Sc can result in anticipated
capabilities of more than 8 wt%, exceeding U.S. DOE targets.
DFT has highlighted why certain MOFs, notably V,Cl s(btdd),
display strong yet reversible Kubas-type binding. This
mechanism is excellent for practical storage at ambient
temperatures.

This work underscores the indispensable role of DFT as a
predictive tool, enabling the efficient screening and
development of MOF materials with superior performance for
the future hydrogen economy. The integration of DFT with
other computational methods, like Monte Carlo and molecular
dynamics simulations, offers a robust framework for
identifying optimal materials before time- and resource-
intensive experimental synthesis. As a result, DFT-guided
material design has led to predicted capacities that meet or
exceed the U.S. DOE targets for onboard hydrogen storage.
The synergy between theoretical modeling and experimental
validation will continue to be essential in overcoming the
remaining challenges and realizing the full potential of MOFs
in a clean energy economy.
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