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SUMMARY 

The development of efficient storage materials for hydrogen is important for the viable 

implementation of hydrogen-powered fuel cell automobiles. In this review, we summarize 

progress towards the development of state-of-the-art porous materials, including metal–organic 

frameworks (MOFs), covalent organic frameworks, porous organic polymers, carbon-based 

materials, and zeolites, for hydrogen storage. In particular, we illustrate the fundamental 

considerations for the targeted design and synthesis of MOFs with better hydrogen storage 

performance aided by reticular chemistry and a simulation-aid strategy. Additionally, we 

highlight some progress related to porous material-based composites with encapsulated hydrides 

of light elements (HLEs). Finally, we provide an outlook for the future path of porous materials 

as a viable technology for hydrogen storage, including the discovery of materials with improved 

gravimetric and volumetric storage capacities at ambient temperatures, the engineering of 

materials into practical gas vessels, and future commercialization.   

 

1. Introduction 

The current global energy supply primarily relies on fossil fuels, including coal, oil, and 

natural gas.1 These traditional energy sources have empowered humans with extraordinary 

agricultural and industrial technological capabilities since the dawn of the industrial revolution; 

however, environment-related issues that result from the consumption of fossil fuels are 

increasingly raising public concerns about global climate change.2 In 2013, the global average 

atmospheric carbon dioxide concentration reached an unprecedented 400 parts per million (ppm) 

and has continued to increase since then.3 With continuous population and economic growth, the 

world’s energy consumption is projected to grow rapidly and can lead to further environmental 

and climate risks.2,4 To that end, the transformation of existing fossil fuels to alternative, 

diversified energy sources that are affordable, obtainable, and renewable is of great importance 

in both the near- and long-term. Among these potential energy sources, hydrogen is considered a 

clean and sustainable energy carrier capable of realizing a carbon-neutral energy cycle and 

envisioned as the “fuel of the future”.5-8 Since water is the only by-product that forms during the 

consumption of hydrogen as an energy supply, the world-wide usage of hydrogen in fuel cell 
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cars could mitigate challenges related to the emission of greenhouse gases and air pollution that 

face our planet today.  

With the chemical formula H2, hydrogen is one of the simplest molecules known and 

possesses a much higher gravimetric, yet lower volumetric energy density, compared to gasoline 

(120 MJ kg-1 and 8 MJ L-1 for liquid hydrogen versus 44 MJ kg-1 and 32 MJ L-1 for gasoline).9 

Despite this favorable energy density, an efficient hydrogen storage system is one of the major 

technological barriers that limits the development and large-scale commercialization of zero-

emission hydrogen-powered fuel cell vehicles.10 In order to achieve practical driving ranges for 

automobiles comparable to that of gasoline-powered vehicles, the current established 

technologies for on-board hydrogen storage mainly rely on compressed gas or liquified gas tanks 

to attain reasonable energy densities. Compressed hydrogen requires the use of expensive and 

potentially unsafe type IV carbon fiber-reinforced composite tanks to load hydrogen up to about 

700 bar.6,11 In contrast, liquid hydrogen tanks are refrigerated at a temperature of ⁓20 K to 

liquify hydrogen at atmospheric pressure. In both cases, these approaches are complicated and 

costly, and their extreme operating conditions raise safety concerns that currently limit the 

implementation of hydrogen in transportation-related applications.11  

In this regard, hydrogen storage materials that aim to reduce the operational pressures 

while also maintaining the high storage capacities of hydrogen offer an alternative solution to 

these conventional technologies.11 In order to inspire the development of materials for on-board 

hydrogen storage in light-duty automobiles, the US Department of Energy (DOE) set system-

level technical hydrogen storage targets of 5.5 wt % and 40 g L-1 by 2025 and an ultimate target 

of 6.5 wt % and 50 g L-1.12 These targets describe usable storage capacities under the related 

operating conditions. Over the past two decades, solid-state porous materials and their related 

composites have stood out as promising candidates in the context of hydrogen storage materials 

due to their unique characteristics, including functionalizable pore environments, significant 

tunability, and large, accessible surface areas and high porosities. In particular, researchers have 

widely studied metal–organic frameworks (MOFs),13-16 covalent organic frameworks (COFs),17-

19 porous organic polymers (POPs),20,21 carbon-based materials,22 zeolites,23 and their related 

composites8,24 with encapsulated hydrides of light elements (HLEs) for hydrogen storage 

applications.  
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The objective of this review is to provide an overview of recent progress in the 

development of porous materials for hydrogen storage, as well as to offer proposed guidelines to 

develop even better hydrogen storage materials. Specifically, we will highlight representative 

examples that employ both experimental and theoretical approaches to develop advanced 

hydrogen storage MOFs, beginning with an emphasis on the importance of reticular chemistry 

for the design and synthesis of these frameworks. Precise molecular-level control enabled by a 

reticular approach is essential to fine-tune the porous MOF structures for desired applications 

and will act as an important tool for the design of even better storage materials in the future. 

Next, we will detail examples of high-throughput simulations that can identify potential MOF 

materials with high hydrogen storage capacities. Additionally, we will highlight MOFs that 

exhibit balanced gravimetric and volumetric hydrogen storage capacities, as well as MOFs that 

aim to store hydrogen at ambient temperature, and we will summarize the progress of other 

adsorbents, such as COFs, POPs, carbon-based materials, and zeolites for hydrogen storage. We 

will touch on the advantages and drawbacks of HLEs and highlight representative examples of 

promising hybrid systems that contain HLEs encapsulated in porous materials for hydrogen 

storage. Finally, we will offer our thoughts for future prospects in the context of materials design, 

process engineering, and commercialization of porous materials for hydrogen storage. We hope 

that this review will provide young researchers in particular with an overview in the application 

of porous materials and their related composites to hydrogen storage, as well as inspire efforts 

towards the development of next-generation hydrogen storage materials required for the eventual 

realization of a carbon-neutral energy cycle.  

 

2. MOF adsorbents for hydrogen storage 

2.1 A brief overview of MOFs for hydrogen storage 

Metal–organic frameworks (MOFs) are a class of porous framework materials assembled 

from inorganic building units (i.e., metal ions or clusters) and organic ligands via coordination 

bonds.25,26 The exploration of MOFs for use in hydrogen storage applications has been ongoing 

for nearly two decades since the pioneering example by the Yaghi group in 2003.13 In recent 

years, however, there has been significant progress regarding the design and synthesis of MOFs 

for hydrogen storage from both experimental and theoretical perspectives. For example, highly 
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porous MOFs display impressive gravimetric and volumetric hydrogen deliverable capacities 

under combined temperature and pressure swing conditions.27,28 Other examples leverage strong 

backbonding interactions between hydrogen molecules and exposed low-valent metals in the 

nodes, such as Cu(I) and V(II), to enhance the binding energy between the MOF and H2 that 

leads to improved hydrogen storage capacities at ambient temperatures.29,30 In addition, 

theoretical strategies have emerged in which researchers can computationally screen databases 

that contain nearly half a million real and hypothetical MOFs to identify materials that might 

exhibit outstanding hydrogen storage performance28 or apply machine learning methods to 

accelerate the discovery of MOF candidates that are predicted to be excellent candidates for 

hydrogen storage.31 Despite numerous successful examples from these strategies, the use of 

MOFs as practical on-board hydrogen storage systems remains a challenging opportunity due to 

the requirement for balanced gravimetric and volumetric storage capacities at ambient 

temperature, system-level operation, and cost.  

In this part, we summarize some of the representative examples regarding the design and 

synthesis of MOFs for hydrogen storage (Figure 1). It is worth noting that the deliverable 

capacity at a certain temperature is defined as the difference between the uptake at the maximum 

refueling pressure (e.g, 100 bar) and the uptake at the minimum delivery pressure (e.g, 5 bar). 

100 bar is suggested as the highest loading pressure because relatively inexpensive, all-metal 

type I pressure vessels can be safely applied at this pressure, and the type IV carbon fiber-

reinforced composite tanks do not need to be employed.11,32 The deliverable hydrogen capacity 

can be maximized when using a combined temperature and pressure swing operational condition 

(77 K/100 bar →160 K/5 bar), which is from the tank design proposed by the DOE center 

Hydrogen Storage Engineering Center of Excellence.33 Additionally, if not specified, the 

volumetric hydrogen uptakes for MOFs in this review are calculated based on crystallographic 

density, which are obtained from literature, or calculated using a geometry-optimized 

computational approach. 

 

2.2 Reticular chemistry and molecular simulation 

Currently, hydrogen storage in MOFs primarily relies on the inherent pore size, pore 

environment, pore volume, and surface area of the MOF. Both the rational design and precise 
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synthesis of targeted MOFs with a desired pore geometry and functionality are vital for the 

development and discovery of better storage materials for hydrogen. Pioneering work from 

Yaghi and coworkers revealed the extended MOFs such as MOF-210 with larger pore volumes 

and surface areas show better total hydrogen uptakes at 77 K than MOF-177.34,35 Reticular 

chemistry enables the architectural assembly of framework-type materials by connecting the pre-

chosen building units with the aid of blueprint topological networks.36-40 In particular, edge-

transitive nets with only one type of net are among the most prominent networks for the design 

and synthesis of MOFs, and this reticular chemistry approach has been widely deployed to 

design and synthesize porous MOFs based on edge-transitive nets for diverse applications, 

ranging from gas separation41,42 to methane and hydrogen storage.43,44 One of the early examples 

in this field involves the reticular extension of rht-MOFs45-47 to the de novo synthesis of an 

ultraporous MOF with the 3,24-connected rht net, NU-100, which exhibits excellence hydrogen 

storage performance.44 The ability for researchers to control the assembly of MOFs at the 

molecular level via the use of reticular chemistry will continue to empower the synthesis of 

better hydrogen storage materials.   

Apart from the precise synthesis aided by reticular chemistry, large-scale molecular 

simulation is another important tool that allows researchers to identify potential MOF candidates 

best suited for hydrogen storage. For example, Snurr and coworkers pioneered the use of a 

computational approach to generate a large number of hypothetical MOFs, and from this set, 

identified promising candidates for gas storage via large-scale screening.48-50 Molecular 

simulation often accelerates the selection of candidate MOF materials, which can be previously 

reported or hypothetical, for hydrogen storage. Siegel and coworkers applied grand canonical 

Monte Carlo (GCMC) simulations to predict MOFs that would exhibit better usable capacities 

than that of MOF-5 under relevant operating conditions for on-board storage systems (77 K/100 

bar →  160 K/5 bar).51 The combined simulation and experimental results from this study 

revealed that IRMOF-20, an isoreticular extended structure of MOF-5, shows a better 

gravimetric, yet a slightly lower volumetric, H2 working capacity compared to those of MOF-5 

(9.1 wt% versus 7.8 wt% and 51.0 g L-1 versus 51.9 g L-1) under the aforementioned operating 

conditions. They further computationally screened nearly half a million MOF structures to 

identify high-capacity MOF materials for hydrogen storage, and among these, PCN-610/NU-100 

emerged as a promising candidate with an experimental H2 usable capacity of 13.9 wt% and 47.6 
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g L-1 under a combined temperature and pressure swing condition between 100 bar/77 K and 

5 bar/160 K.28 Recently, the Snurr group reported a combined machine learn prediction and 

GCMC simulation approach to accelerate screening of MOFs for hydrogen storage. One of the 

best candidates identified using this strategy – MFU-4l – displays an excellent experimental 

volumetric hydrogen deliverable capacity when operating at a combined temperature and 

pressure swing condition (77 K/100 bar →160 K/5 bar).31 

Once a MOF that is based on a specific topological net is identified by high-throughput 

computational screening, the application of reticular chemistry as a practical synthetic tool is 

crucial to rationally synthesize the targeted MOF. For example, PCN-22452 with the 4,6-

connected edge-transitive she net is based on 4-connected square organic linkers and 6-

connected Zr6 nodes. A high-throughput model identified this topological net as potentially 

favorable for hydrogen storage, and reticular chemistry enabled the synthesis of a series of 

isoreticular she-MOFs to validate this prediction. 53 These she-MOFs are comprised of 4-

connected square copper paddlewheel building units and 6-connected hexagonal organic ligands, 

and this representative example highlights the power of reticular chemistry as it enables access to 

designed, reticular materials that are based on the same underlying nets but assembled from 

different chemical building blocks. The marriage of reticular chemistry and molecular simulation 

will continue to facilitate the discovery and subsequent synthesis of high-performance MOF 

materials towards hydrogen storage.  

2.3 Highly porous MOFs for cryo-adsorbed hydrogen storage 

Highly porous MOFs are promising candidates for hydrogen storage due to their high 

accessible surface areas and porosities, particularly at cryo-temperatures such as 77 K. Apart 

from the highly porous MOFs based on Cu2 and Zn4 clusters discussed in the previous section 

(i.e., Cu-she-MOFs, IRMOF-20, and NU-100), we give an overview of some representative 

examples of stable MOFs based on high-valent metal clusters, such as Zr6, Al3, and Fe3 building 

units, and carboxylate linkers for hydrogen storage (Table 1 and Figure 2). The strong 

coordination bonds that form between these high-valent metal nodes and carboxylate groups in 

the linkers impart exceptional stability to these MOFs, which is required for the implementation 

of these materials in gas tanks.  
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Gómez-Gualdrón et al. applied both experimental and computational methods to study a 

series of highly stable zirconium-based MOFs (Zr-MOFs), NU-1101, NU-1102 and NU-1103, 

for cryo-adsorbed hydrogen storage to understand the trade-off between gravimetric and 

volumetric usable capacities.54 These Zr-MOFs are assembled from Zr6 clusters and 

tetracarboxylate linkers and based on the highly connected 4,12-connected ftw net, and they 

show very high Brunauer−Emmett−Teller (BET) areas that range from 3720 m2 g-1 to 6245 m2 g-

1. Experimental hydrogen adsorption measurements revealed that NU-1103, which exhibits a 

BET area of 6245 m2 g-1, displays a high gravimetric deliverable uptake of 12.6 wt% (43.2 g L-1) 

under the pressure and temperature swing operating conditions (77 K/100 bar →160 K/5 bar). In 

comparison, NU-1101 (BET area: 4340 m2 g-1) and NU-1102 (BET area: 3720 m2 g-1) show 

slightly higher volumetric usable capacities of 46.6 g L-1 (9.1 wt%) and 43.7 g L-1 (9.6 wt%), 

respectively. Recently, Chen, Zhou, Zhang, and coworkers reported empirical equations they 

obtained from previous experimental data to predict the highly porous and stable Zr-MOF, NPF-

200, as an effective MOF for cryo-adsorbed hydrogen storage at 77 K.55 NPF-200 is a cage-type 

MOF with a BET area of 5830 m2 g-1 (2268 m2 cm-3) built from the assembly of Zr6 clusters and 

tetrahedral carboxylate ligands. Hydrogen adsorption experiments revealed a very high 

volumetric deliverable capacity of 37.2 g L-1 (8.7 wt%) under the operating conditions (77 K/100 

bar →77 K/5 bar) for NPF-200, validating this predictive method. 

Recently, our group reported the rational design and synthesis of a highly porous MOF 

platform – NU-1500 – from the assembly of trigonal prismatic ligands and metal trimer-based 

Al3O and Fe3O building units.57 NU-1500 is based on the 6-connected edge transitive acs net and 

is amenable to isoreticular expansion, and NU-1500-Al demonstrates a BET area of 3560 m2 g-1 

and a deliverable H2 capacity of 44.6 g L-1 (8.2 wt%) under the operating condition (77 K/100 

bar →160 K/5 bar).27 The reasonably high volumetric capacity and moderate gravimetric 

capacity motivated us to further explore the trade-off between gravimetric and volumetric 

deliverable H2 capacity for this acs-MOF platform under the previously mentioned operating 

conditions, so we conducted molecular simulations based on a database containing 2800 

MOFs.27 The structure-property relationship from molecular simulations revealed that NU-1501, 

which is an isoreticular anaolgoue of NU-1500 based on the same metal trimers and extended 

ligands that contain one additional phenyl group in each arm of the linker, was at the ideal region 

that balanced gravimetric and volumetric deliverable H2 capacities. We applied reticular 
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chemistry to precisely design and synthesize this class of targeted MOF materials, including NU-

1501-Al and NU-1501-Fe. Based on calculations from the N2 adsorption isotherm, NU-1501-Al 

displays a gravimetric BET area of 7310 m2 g-1 after fulfilling four BET consistency criteria.58,59 

Importantly, NU-1501-Al shows a very high H2 deliverable capacity of 14.0 wt% while 

maintaining a reasonably high volumetric deliverable capacity of 46.2 g L-1 under the operating 

conditions (77 K/100 bar →160 K/5 bar). Interestingly, the highly porous NU-1501-Al can 

adsorb ~2.9 wt% (~8.4 g L-1) of H2 at 296 K and 100 bar, and this gravimetric uptake is much 

higher than the values of most reported MOFs under these conditions. In addition, the 

isoreticular NU-1501-Fe analogue that is based on iron trimers shows similarly high H2 capacity, 

illustrating the generality of outstanding hydrogen storage performance for this MOF platform.  

Recently, we reported the enhancement of hydrogen capacity of a robust azolate-based 

MOF via a post-synthetic modification strategy.56 MFU-4l-Li, obtained from the post-synthetic 

treatment of MFU-4l based on triazolate-based ligands and Zn5 nodes, displays an improved 

storage capacity towards hydrogen than the parent MOFs. Under the operating condition (77 

K/100 bar →160 K/5 bar), MFU-4l-Li shows an impressive deliverable capacity of 50.2 g L-1 

and 9.4 wt% for H2, which are higher than those values of MFU-4l (44.3 g L-1 and 7.3 wt%). 

Such increase of the hydrogen strogen performance can be attributed to the enhancement of pore 

volume and surface area after the post-synthetic modification. 

2.4 MOFs for hydrogen storage at ambient temperature 

Generally, hydrogen can only weakly interact with the surfaces of MOF materials due to 

its low polarizability and the lack of interactions between hydrogen and most MOFs. For 

example, the highly porous MOFs described in previous sections display isosteric heats of 

adsorption (Qst) of about -5 kJ mol-1 due to weak interactions with H2, so cryogenic temperatures 

are essential to achieve reasonable hydrogen capacities and to supply satisfactory driving ranges 

in fuel cell vehicles when using adsorption-based hydrogen storage technology. The ideal Qst 

range of hydrogen in MOFs is believed to be between -15 and -25 kJ mol-1; this domain 

represents efficient hydrogen storage capacity at room temperature under automobile-relevant 

conditions,60-62 but the values of hydrogen binding enthalpies for most MOFs are less than -8 kJ 

mol-1.16 Therefore, one strategy to enhance hydrogen storage in MOFs at ambient temperatures 
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focuses on increasing the hydrogen binding affinity of the MOFs while maintaining high surface 

areas and porosities.  

Enhancing the charge density of MOFs has been reported as an efficient approach to 

improve the interactions between H2 and MOFs. For example, Eddaoudi and coworkers studied a 

series of M-soc-MOFs with different inorganic trinuclear clusters (i.e., In3+ and Fe3+) and 

counterions (i.e., NO3
–, Cl– and Br–) for H2 sorption.63,64 Highly localized charge density, as well 

as favorable pore sizes and geometries result in the strong interactions between soc-MOFs and 

H2, as evidenced by a high H2 Qst of -7.9 kJ mol-1 for Fe-soc-MOF-1a with a NO3
– counterion. In 

another example, Chen, Thomas and coworkers reported that a MOF with a narrow pore size of 

less than 0.56 nm maximizes the interactions between H2 and open copper sites, displaying a 

high H2 Qst of -12.3 kJ mol-1.65 Similarly, Zhou et al. systematically studied a series of M-MOF-

74 (M = Mg, Mn, Co, Ni, Zn) with open metal sites for H2 adsorption.66 M-MOF-7467 is also 

known as CPO-27-M68 and M2(dobdc), where dobdc4– refers to 2,5-dioxido-1,4-

benzenedicarboxylate. These experimental results revealed that the Qst of H2 for M-MOF-74, 

which contains transition metal ions in similar coordination environments, follows the trend of 

Zn-MOF-74 < Mn-MOF-74 < Mg-MOF-74 < Co-MOF-74 < Ni-MOF-74.66 This trend of H2 

binding can be empirically predicted by the radius of the transition metal ion and is consistent 

with the Irving−Williams series69, which empirically describes the order of stability of high spin 

transition metal complexes.  

In order to further increase charge density of MOFs and improve their H2 binding 

strengths, Long and coworkers synthesized a series of structural isomers of MOF-74, M2(m-

dobdc), where m-dobdc4– is 4,6-dioxido-1,3-benzenedicarboxylate (Figure 3).70 Experimental 

results revealed M2(m-dobdc) (M= Ni, Co, Fe, Mn and Mg), which consist of open metal sites 

with enhanced charge density, have higher H2 binding enthalpies relative to those of M-MOF-74, 

due to the modification of the ligand field at the metal sites. The Qst of H2 for Ni2(m-dobdc) and 

Co2(m-dobdc) at low loadings are -12.3 kJ mol-1 and -11.5 kJ mol-1, respectively, which are 

higher than those of Ni2(dobdc) (-11.9 kJ mol-1) and Co2(dobdc) (-10.8 kJ mol-1). The overall 

trend for the H2 binding strength for M2(m-dobdc) matches well with the Irving−Williams 

series69, similar to that of M2(dobdc). The authors combined a variety of spectroscopic tools (e.g., 

powder neutron and X-ray diffraction, inelastic neutron scattering and infrared spectroscopy) 

with computational simulations to understand the relationship between the structural 



11 

 

modifications and the enhancement in H2 adsorption properties. For example, neutron diffraction 

experiments revealed that the distance between the center of electron density for D2 and the 

metal center at the primary binding site is 2.23(5) Å for Co2(m-dobdc), which is shorter than that 

of Co2(dobdc), 2.32(2) Å, and suggests stronger metal-H2 interactions for Co2(m-dobdc) than 

Co2(dobdc). The team conducted additional high-pressure hydrogen adsorption studies and 

revealed that this class of MOFs shows very good volumetric H2 capacities at near-ambient 

temperatures, as exemplified by a working capacity of 11.0 g L-1 between 100 bar and 5 bar at 

298 K for Ni2(m-dobdc). However, the gravimetric hydrogen storage performance of these 

MOFs needs further improvement to be considered for practical on-board hydrogen storage 

applications.71 

Apart from MOFs with high charge density, MOFs with low valent metal sites, which can 

interact with H2 via π-backbonding, are also considered promising candidates for H2 storage at 

ambient temperatures. We will highlight two MOFs with high H2 binding enthalpies: CuI-MFU-

4l (-32 kJ mol-1)29 and V2Cl2.8(btdd) (-21 kJ mol-1)30, where btdd refers to bis(1H-1,2,3-

triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin (Figure 4). MFU-4l is a robust Zn-MOF assembled 

from ZnCl2 and azolate-based ligands (btdd) and based on the edge-transitive 6-connected pcu 

net.72 CuII-MFU-4l can be obtained from the transmetalation of MFU-4l, and further treatment of 

CuII-MFU-4l with a solution of lithium formate hydrate yields CuII-MFU-4l-formate. Finally, 

heating CuII-MFU-4l-formate under vacuum at 180 °C generates CuI-MFU-4l, which contains 

trigonal pyramidal open Cu+ sites .29 The Qst of H2 for CuI-MFU-4l is -32 kJ mol-1, based on the 

calculation from adsorption isotherms at different temperatures using the Clausius–Clapeyron 

equation, and such high Qst suggests CuI-MFU-4l chemisorbs H2 via nondissociative hydrogen 

binding. In further mechanistic investigations, researcheres observed a metastable physisorbed 

precursor intermediate during chemisorption process and emphasized the importance of studying 

kinetics of adsorption for the design of future hydrogen adsorbent.73 Similarly, Long and 

coworkers recently successfully synthesized a vanadium-based MOF, V2Cl2.8(btdd), which 

contains π-basic low-valent V2+ sites, from the assembly of vanadium salts and btdd.30 Low-

pressure gas adsorption experiments revealed V2Cl2.8(btdd) has a H2 binding enthalpy of -21 kJ 

mol-1, and further mechanistic studies suggested a weak Kubas-type interaction between V2+ 

sites and H2 during adsorption. This Qst lies in the ideal rang of hydrogen storage at ambient 

temperatures due to the backbonding from V2+ into the σ* orbital of dihydrogen. Indeed, high-
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pressure H2 adsorption experiments revealed V2Cl2.8(btdd) displays a high volumetric uptake of 

10.7 g L-1 at 298 K and 100 bar. Similar to Ni2(m-dobdc), V2Cl2.8(btdd) shows a moderate 

gravimetric H2 uptake of 1.64 wt %.  

Overall, these noteworthy studies on CuI-MFU-4l and V2Cl2.8(btdd) revealed that MOFs 

comprise a class of promising materials for hydrogen storage at ambient temperatures, although 

the development of better MOF adsorbents with improved hydrogen capacities will require 

continued efforts. Optimal pore sizes and pore geometries, together with higher density of low-

valent transition metal sites, could yield a MOF with a favorable H2 binding enthalpy and 

optimal deliverable capacities at ambient temperatures.  

3. Other adsorbents (i.e., COFs, POPs, carbon-based materials, and zeolites) for hydrogen 

storage 

Other Physical Sorbents 

Beyond the use of MOFs as physical sorbents towards hydrogen storage, there has been a 

growing interest in the use of other materials, such as COFs, POPs, zeolites, and carbon-based 

materials, as hydrogen sorbents. Similar to MOFs, COFs and zeolites are porous solids with 

crystalline, ordered structures. On the other hand, POPs and carbon-based materials typically 

have amorphous structures, yet maintain permanent porosity. Similar to the MOFs described in 

previous sections, researchers are targeting the development of porous sorbents within these 

classes of materials to exhibit high H2 uptake and affinity. In this section, we summarize the 

apparent advantages and disadvantages of these porous materials towards hydrogen storage 

(Figure 5).  

 

Covalent Organic Frameworks 

COFs are a class of porous, crystalline materials constructed from organic building units 

that are connected through covalent bonds to form two- or three-dimensional frameworks that 

exhibit good chemical and thermal stability.17-19 Yaghi first reported the discovery of 2D COFs 

in 2005 and followed up with 3D COFs in 2007.17,77 Advancements in both organic chemistry 

and reticular chemistry has enabled the formation of these porous, crystalline materials – as 

opposed to non-porous and amorphous organic solids – through controlled reaction conditions 
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and the thoughtful design of organic precursors. Extensive computational studies have 

investigated the use of COFs as hydrogen adsorbents owing to their large surface areas and pore 

volumes, as well as their ability to form low-density materials since they consist of light 

elements rather than the relatively heavier metals present in MOFs.78  

Inspired by reticular chemistry, Yaghi and co-workers first synthesized three-dimensional 

COFs (3D-COFs) based on the ctn and bor nets77 as these 3D-COF have been theorized as low-

density alternatives to MOFs that do not contain open-metal sites.78 If disregarding the impact of 

the open-metal sites of MOFs in hydrogen-framework interactions, a COF with a similar surface 

area to a MOF is expected to exhibit a comparable volumetric uptake but a significantly higher 

gravimetric uptake due to the relatively lower density of the COF.79 In 2009, Furukawa and 

Yaghi studied the hydrogen adsorption on a series of seven porous COFs at 1−85 bar and 

77−298 K and divided the systems into three groups based on their structural dimensions and 

corresponding pore sizes.80 High-pressure H2 isotherms for these COFs measured at 77 K 

showed a wide-range of saturation uptakes (surface excess amount): 14.8 and 22.6 mg g−1 for 

group 1 (2D-COFs with small 1D pores), 35.8, 35.0, and 39.2 mg g−1 for group 2 (2D-COFs with 

large 1D pores), and 72.4 and 70.5 mg g−1 for group 3 (3D-COFs with medium 3D pores). At the 

time of publication, the authors found that group 3 (COF-102 and COF-103), were far better than 

the 2D-COFs and rivaled the best MOFs and other porous materials in their hydrogen uptake 

capacities. At 77 K, COF-103 displays a total deliverable uptake of 6.4 wt % (29.2 g L-1) for 

hydrogen when operating between 85 bar and 5 bar. Furthermore, these materials had already 

been studied theoretically by Klontzas et al. with significant agreement between the 

experimental and theoretical analysis.81 The authors also noted that the comparable H2 uptake 

capacities of the group 3 COFs and MOFs in this study indicated that capacity is independent of 

the composition of the structure’s backbone and is more correlated with the pore size of the 

framework. This phenomenon presents a physical limitation for these materials as COFs with 

large pore volumes are needed to obtain high H2 uptake capacities, yet designing such a COF 

sacrifices the microporosity and strong adsorption sites that are prerequisites to increase gas 

uptake densities within these materials. This drawback was also evident from the gradual 

decrease in isosteric heats of adsorption (Qst) in group 3 COFs, which suggests the saturation of 

strong adsorption sites. This trend is characteristic of materials with high pore volumes because 
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low-pressure H2 adsorption at 77 K is stronger in small pockets or corrugated surfaces relative to 

flat surfaces or edges.  

Rather than sacrificing the high pore volume in COFs to achieve a higher density of 

strong binding sites, metal doping was proposed to introduce high-affinity sites and enhance H2 

storage performance at ambient temperatures. In 2009, Cao et al. calculated the hydrogen uptake 

of a series of Li-doped COFs compared to their undoped anglogues.82 In addition to stronger H2 

affinities, these simulations also revealed H2 uptake for Li-doped COF-105 and COF-108 more 

than doubled relative to that of the pristine versions, reaching 6.84 and 6.73 wt %, respectively, 

at 298 K and 100 bar. The authors attributed the higher H2 affinity to formation of a dative bond 

between the H2 and the Li atom. A similar strategy has been extended to other 3D-COFs that 

contain anchored lithium alkoxide groups,83 and substitutional doping84 has been proposed and 

explored computationally. Finally, while experimental and computational results suggest COFs 

as potential materials for hydrogen storage, the practical implementation of COFs has yet to be 

realized.  

Porous Organic Polymers 

Amorphous porous organic polymers (POPs) have also been explored as potential 

candidates for hydrogen storage due to their ease of processibility and good mechanical stability. 

POPs are further divided into four groups: (1) hypercrosslinked polymers (HCPs), (2) conjugated 

microporous polymers (CMPs), (3) porous aromatic frameworks (PAFs), and (4) polymers of 

intrinsic microporosity (PIMs).  

HCPs are co-polymers synthesized via Friedel–Crafts reactions that lead to the formation 

of very fine pore structures suitable for hydrogen storage applications. For example, 

poly(styrene-co-vinylbenzyl chloride) (PS-VBC) exhibited a surface area of approximately 2000 

m2 g-1 with a hydrogen storage capacity of 5 wt % (77 K, 80 bar).85 CMPs are 3D amorphous 

porous polymers constructed from rigid blocks and connected through π-conjugated bonds. 

Notable examples include HCMP-186 and POP-187, which demonstratre moderate H2 capacities 

of 0.95 wt % (77 K, 1.13 bar) and 2.78 wt % (77 K, 60 bar), respectively. No significant 

improvement has yet to be shown among other CMPs.88,89  

In 2009, Ben et al. synthesized the porous aromatic framework PAF-1 constructed from 

tetrahedral tetraphenylene methane building units, which showed a high BET surface area of 
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5600 m2 g−1. PAF-1 exhibites good thermal and hydrothermal stabilities owing to its diamond-

like structure, and hydrogen isotherms at 77 K for PAF-1 demonstrated very high excess 

hydrogen uptake of 7.0 wt% at 48 bar.90 Following this study, Yuan et al. synthesized a series of 

PAF-1 analogues by exchanging the central carbon atom of the tetrahedral monomers with 

adamantane (PPN-3), silicon (PPN-4), and germanium (PPN-5) and demonstrated a higher BET 

area for PPN-4 (6461 m2 g−1) compared to PAF-1, along with a higher excess hydrogen uptake 

of 8.34 wt% (77 K, 55 bar).91 The isosteric heats of adsorption for H2 were 4 kJ mol−1 and 4.6 

kJ mol−1 for PPN-4 and PAF-1, respectively, which show similar weak physiosorbed H2 affinity, 

leading the authors to mainly attribute the higher H2 uptake capacity to the higher surface area. 

PIMs attain their porosity from the inefficient packing of monomers during crosslinking 

of rigid, non-linear linkers. Extensive studies were performed on PIM-1 towards hydrogen 

storage, which demonstrated a relatively high surface area of approximately 1000 m2 g-1 and a 

moderate H2 uptake of 1.7 wt % (77 K, 10 bar).92,93 In 2019, Rochat et al. assessed the aging 

process and long-term stability of PIM-1 for hydrogen storage and found that the surface area 

was mostly retained after 400 days with a slight loss in hydrogen capacity that decreased 2.60 wt % 

(77 K, 100 bar) on day 1 to 1.90 wt % (77 K, 100 bar) on day 400.93 In 2018, Bera et al. 

synthesized a series of triptycene-based microporous polymers (TMPs), which are similar to 

PIMs in their rigid backbones yet contain flexible benzylic bonds, and found that TMP-3 

outperformed other PIMs in terms of low-pressure hydrogen uptake (2.21 wt % at 77 K and 1 

bar).94   

Carbon-based Materials 

Carbon-based materials, including porous carbons, carbon nanotubes, fibers, and 

fullerenes, have also been proposed as suitable sorbents for gas storage owing to their structural 

diversity. As a result, the porosity and structural composition of these materials can be tailored 

towards H2 storage. Furthermore, the abundance, ease of processibility, ultra-light materials, and 

high chemical and thermal stability have also drawn great interest to investigations on carbon-

based materials as H2 sorbents.95 This great interest paved the way to advances in the field during 

the late 1990s and early 2000s but plateaued soon after as it seemed an upper limit had been 

reached after the development of super-activated, porous carbons with large surface areas.96 

Activated carbons were first proposed due to their low cost, but typically form a large amount of 
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mesopores along with broad pore size distributions.95 In contrast, super-activated carbons posses 

higher surface areas and more uniform pore size distributions.97  

Another approach to synthesize high surface area carbon-based materials with uniform, 

ordered structures is through nano-casting onto a sacrificial template, such as silica,98 zeolites,99 

aluminosilicates,99 and MOFs.100 From this, new classes of carbon-based materials emerged, 

including ordered mesoporous carbons (OMCs)101-103 and zeolite-templated carbons (ZTCs)104-106 

that are synthesized from nano-casting onto mesoporous silica and zeolite templates, respectively. 

Lu et al. reported the first experimental results of hydrogen storage in a templated nanocarbon 

OMC, which exhibits a surface area of approximately 2310 m2 g-1 and hydrogen capacity of 1.78 

wt % at 77 K and 1 bar.107 In 2015, Gadiou et al. examined a series of OMCs, as well as 

previously published data towards hydrogen storage, and concluded that hydrogen storage at 77 

K heavily relies on the presence of micropores as opposed to mesopores.108 This was further 

confirmed in later studies that increased the amount micropores in OMCs to achieve higher 

hydrogen capacities.109-111 The importance of micropores toward hydrogen storage was also 

evident in ZTCs, which are purely microporous materials. Notably, Yang et al. demonstrated this 

using a ZTC structure with H2 uptake of 5.7 wt % at 77 K and 10 bar.112 

Other efforts towards improving hydrogen capability in carbon-based materials include 

introduction of heteroatomic species such as nitrogen or boron, as well as other functional groups 

onto the framework.113,114 In 2017, Blankenship et al. synthesized an oxygen-rich microporous 

carbon derived from cellulose acetate with high surface area of approximately 3800 m2 g-1 and 

gravimetric hydrogen excess uptake of 7.0% at 77K and 20 bar.115 The authors also calculated 

the isosteric heat of adsorption to be 10 kJ mol-1, suggesting strong physisorption for this 

material. Finally, metal doping has also been shown to improve storage capability by providing 

stronger binding sites within the framework for hydrogen adsorption.116  

In addition to synthesized carbon-based materials, commercially available carbon-based 

materials were also explored for hydrogen adsorption for comparison when studying other 

classes of materials. For example, Yaghi and coauthors reported the hydrogen adsorption 

performance of BPL carbon with a BET area of 1250 m2 g-1.80 At 77 K and 85 bar, BPL carbon 

displays a total hydrogen uptake of 3.9 wt % and a volumetric uptake of 35.6 g L-1 considering 
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the bulk density of 0.87 g cm-3. At 77 K, the 5-85 bar deliverable capacity of BPL carbon is 1.86 

wt % (16.5 g L-1). 

Zeolites 

Zeolites are microporous adsorbents constructed from aluminosilicate materials with 

well-defined structure and accessible pores. Zeolites typically contain counterions that could 

affect the binding energies and interactions of guest molecules. Nonetheless, the binding energies 

of H2 in silica are generally quite similar to those of carbon.23 Furthermore, zeolites are 

constructed from relatively heavier elements and typically contain lower void fractions, which 

hinders their implementation as hydrogen sorbents. As a result, limited research has been done 

regarding zeolites for hydrogen storage. In one notable example from 2003, Langmi et al. 

investigated the use of zeolites A, X, Y, and RHO to include a wide range of different 

compositions and pore geometries. Hydrogen capacities at 77 K and 15 bar were shown to be the 

higher for NaX, NaY, and MgY with 1.79, 1.81, and 1.74 wt %, respectively.76 Other reports of 

FAU-type zeolites have also shown relatively low volumetric hydrogen uptake and delivery at 77 

K and 298 K compared to other porous materials.23,117 

 

4. Confinement of Hydrides of light elements in porous materials. 

Overview of HLEs and Initial Studies in Nanoconfinement 

Hydrides of light elements (HLEs), which are molecules that store hydrogen in the form 

of chemical bonds, hold great promise for on-board storage applications due to their extremely 

high gravimetric and volumetric densities, especially in the case of B-, N-, and C-based hydrides. 

Owing to the rich diversity in potential structures that can form between H and B, N, or C, the 

nature of the hydrogen species can range from hydridic to protonic depending on the identity of 

the bonding partner. HLEs can be broken down into four classes (Figure 6): 1) simple HLEs 

(e.g., NH3, B2H6, NH3–BH3); 2) metalated HLEs (e.g., LiBH4, Mg(BH4)2); 3) composites 

(2LiBH4–MgH2); and 4) complexes (Mg(BH4)2·2NH3). While each class of HLEs offers various 

advantages and drawbacks, in addition to featuring unique strategies to tune dehydrogenation 

thermodynamics, these topics have been reviewed in depth elsewhere, so we refer the reader 

there for further discussion.8 As a class of materials, HLEs are typically limited in practical 
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applications by slow kinetics, irreversible H2 loss, high temperatures required for H2 desorption 

(reaching up to 350 °C in some cases), or the formation of unwanted by-products during 

operation (e.g., B2H6 upon dehydrogenation of LiBH4). Researchers have investigated strategies 

to address these challenges and improve the performance of HLEs, and nanoconfinement of 

HLEs within porous materials has emerged as one of the most promising strategies, especially in 

the context of overcoming kinetic limitations. For example, both insufficient contact between 

reacting species and the relatively large particle sizes of HLEs limit the kinetic release of H2, and 

aggregation of HLE particles upon cycling further compounds this problem (Figure 6).8 

Confinement of the HLE particles within a porous framework can resolve both limitations, while 

also decreasing mass diffusion pathways and improving contact between reactants, ultimately 

affording a significant improvement in kinetic H2 desorption properties. 

In 2005, Gutowska et al. reported that confinement of NH3–BH3 in the silica-based 

framework SBA-15, which contains nanoporous 1-D channels, led to a significant improvement 

in ammonia–borane dehydrogenation properties, and this early success stimulated subsequent 

investigations into HLE nanoconfinement.118 Since then, researchers have expanded studies with 

SBA-15 to include other classes of HLEs, such as LiBH4
119,120 and NaZn(BH4)3

121, with 

promising results, while also exploring complementary strategies to improve performance, such 

as the incorporation of transition metal nanoparticles122 within the nanoporous channels of SBA-

15. As the materials community searched for more sophisticated materials to improve HLE 

confinement properties, exciting developments in emerging classes of porous materials offered 

new avenues for exploration. As a result, studies on HLE nanoconfinement have expanded to 

include a wider range of porous materials, particularly porous carbons, metal–organic 

frameworks, and zeolites, with exciting results that may soon result in practical applications that 

leverage HLEs. 

 

HLEs in Mesoporous Carbons 

 Carbon-based materials are perhaps the most widely used nanoscale host materials for 

HLE confinement as they are extremely lightweight, which minimizes the energy density penalty 

that results from the dead-weight of the host material, and they are thermally stable under 

conditions required for reversible H2 release.123 Additionally, researchers have reported 
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straightforward strategies to access mesoporous carbon scaffolds with narrow pore size 

distributions from polymer-based precursors;124,125 these scaffolds improve hydrogen desorption 

performance of LiBH4 by significantly decreasing the onset desorption performance and 

eliminating the formation of unwanted diborane (B2H6) by-products during this process. The 

identity of the carbon host can also influence performance, as evidenced by the incorporation of 

graphene into the mesoporous host using a graphene hydrogel precursor that results in improved 

LiBH4 loadings.126 Alternatively, doping a mesoporous carbon framework with nitrogen presents 

a strategy to access reversible H2 release from LiAlH4 via enhanced host-guest interactions 

between the carbon scaffold and the HLE particles.123 As a complement to extended carbon 

framework structures, hollow carbon nanospheres (HCNs) also show promise as mesoporous 

adsorbents for nanoconfinement of borohydride-based HLEs.127-130 HCNs are potentially 

advantageous compared to extended porous scaffolds as the host material dead-weight is 

minimized, and the thin porous HCN shell may be relatively easier for HLEs to infiltrate.130 

 Although confinement of HLEs in porous materials presents a viable strategy to 

significantly reduce hydrogen desorption temperatures by at least 100 °C compared to those of 

their bulk hydrides (e.g., 400 °C for bulk LiBH4
131 to temperatures as low as 150 °C for 

LiBH4/SBA-15119), these desorption temperatures are still high for practical implementation in 

on-board storage systems. One promising approach to further decrease the onset temperature 

involves the incorporation of catalytic metal nanoparticles (NPs) within the mesoporous carbon 

frameworks, offering access to systems that release hydrogen reversibly at room temperature. 

One of the most straightforward strategies to incorporate metal NPs into porous carbon scaffolds 

includes the in situ generation of NPs within the scaffold starting from metal salt precursors.132-

135 Notably, this method offers access to metal NPs with tunable sizes that vary based on the pore 

structure of the carbon scaffold, and alloys are easily attainable by using additional metal salt 

precursors during synthesis. Alternatively, researchers have demonstrated that using MOFs or 

ZIFs as templates enables access to well-defined, hierarchically porous carbon scaffolds upon 

pyrolysis that contain evenly dispersed metal nanoparticles throughout the host material. 

Importantly, this strategy affords NPs encapsulated by the porous carbon shell (i.e., NP@Carbon 

architectures) that can both limit aggregation and prevent leaching of the metal NPs, while also 

ensuring close contact between the NP catalyst and HLE upon incorporation of the HLE within 

the porous carbon shell. Finally, mesoporous carbon-supported NP composites are also 
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accessible without the use of porous templates as precursors, further exemplifying the large 

synthetic diversity available to porous carbon scaffolds used for HLE confinement.136,137 

 

HLEs in Metal Oxides and Aluminosilicate Clays 

To access more chemically diverse scaffolds, researchers shifted to other porous hosts, 

such as metal oxides and aluminosilicate clays, to alter the reactivity of the encapsulated HLE 

beyond just preventing agglomeration. In one example, Liu et al. confined LiBH4 inside TiO2 

microtubes through a chemical impregnation approach and investigated increasing equivalences 

of TiO2 on the LiBH4 reactivity.138 The LiBH4@TiO2 (26 wt % LiBH4) composite exhibited a 

peak H2 desorption temperature at 183 °C, while decreasing LiBH4 loadings 14 wt % resulted in 

a release temperature of 100 °C. Importantly, these temperatures are well below that observed for 

bulk LiBH4 (445 °C). Powder X-ray diffraction (PXRD) analysis of post-hydrogenated materials 

illustrated the formation of LiTiO2 in the composite, suggesting a redox reaction during the 

dehydrogenation process. The Ea of dehydrogenation decreased by over 20 kJ mol-1 in the LiBH4 

composite as compared to bulk LiBH4, which the authors attributed to the confinement of the 

HLE in addition to a destabilizing effect imparted by the non-innocent TiO2 support. Beyond 

encapsulating HLEs into existing supports via solvent impregnation, atomic layer deposition was 

explored by Leick et al. to coat porous γ-Mg(BH4)2 with Al2O3 as an outer shell support.139 

While the coating failed to prevent the HLE from heat-induced agglomeration during the 

dehydrogenation process, the interesting proof of concept composite doubled the low-

temperature H2 capacity, increased the dehydrogenation kinetics by a factor of 3, and prevented 

the release of diborane as a side product in comparison to γ-Mg(BH4)2. Thus, this study 

motivates the further development of Al-based scaffolds to encapsulate HLEs yet highlights the 

importance of more rigid pores within a HLE composite to prevent particle agglomeration. Some 

porous scaffolds offer favorable pendant linkers that can interact with HLEs. With this strategy 

in hand, Zhang and co-workers explored the encapsulation of ammonia borane (AB) in Pd-

decorated halloysite nanotubes (Al2Si2O5(OH)4·nH2O; HNT) given the abundant hydroxyl 

groups present in the natural clay.140 The Pd-doped HNT support facilitated the dehydrogenation 

of AB while also preventing the formation of volatile impurities like ammonia, diborane, and 

borazine. The authors attributed these phenomena to hydroxyls from the HNT forming interfacial 
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coordination bonds with -BH3 on AB and Pd interacting with -NH3 on AB, thus weakening the 

B-H and N-H bonds as observed in Fourier transformed infrared spectroscopic (FTIR) 

experiments. 

 

HLEs Encapsulated within Metal–Organic Frameworks   

While the previously mentioned porous materials offer favorable confinement effects to 

stabilize HLEs, the pore sizes are often heterogeneous and lack structural handles for precise 

tuning.8,141 In contrast, hybrid porous materials known as MOFs feature pores that are well-

defined by the self-assembly of inorganic nodes and multitopic organic linkers. In addition to 

offering adsorptive sites for the selective storage and delivery of H2, as discussed in previous 

sections, MOF pores can also serve as supports for the immobilization of hydrogen-rich guests, 

such as HLEs. In this section, we will highlight recent studies that chronicle the effects of MOF 

pore functionalization on anchored HLEs and the corresponding hydrogen storage and delivery 

properties.  

Early work demonstrated the incorporation of HLEs within MOF pores, yet the HLEs 

persisted as nanoclusters limited by only the MOF pore size.142-148 Thus, the challenge remained 

to anchor one HLE to a MOF support without further agglomeration. Allendorf, Stavila, and 

teams investigated the confinement of Mg(BH4)2 within UiO-67-bpy, a MOF consisting of Zr6O8 

nodes and 2,2′-bipyridine-5,5′-dicarboxylate (bpydc2-) linkers.24 The authors selected the bpydc2- 

linkers to utilize the N atoms (1) to anchor discrete molecules of Mg(BH4)2 and (2) to affect the 

hydrogen release pathway, as demonstrated from prior work in porous carbons.149,150 Solvent 

impregnation of Mg(BH4)2 inside UiO-67-bpy formed Mg(BH4)2@UiO-67bpy, with Mg 

coordinated to the N on the bpy linker as determined through IR and X-ray adsorption 

spectroscopy and complemented through DFT calculations. Thermogravimetric analysis (TGA) 

demonstrated a H2 desorption onset temperature at 120 °C in Mg(BH4)2@UiO-67bpy, which is 

~150 °C lower than the desorption temperature observed in Mg(BH4)2. Residual gas analyzer-

based mass spectrometry (RGA-MS) confirmed the identity of released H2, as opposed to 

undesired boron-containing species like [B12H12]2− and [B10H10]2−, from Mg(BH4)2@UiO-67-bpy 

at low temperatures. Thus, the favorable nanoconfinement of the HLE in the MOF pore (~1 nm) 

likely precluded the formation of such bulkier species. However, despite the lower H2 desorption 
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temperature, the HLE/MOF composite only released 0.22 wt % H2 at 150 °C or 1 wt % H2 when 

normalized to Mg(BH4)2. Moreover, 11B variable temperature NMR spectroscopic studies 

suggested the formation of additional stable B-O species at the MOF node, which could account 

for the poor H2 desorption. Furthermore, the composite displayed a decrease in the long-range 

order after dehydrogenation from weak intensity observed in PXRD patterns and the absence of 

MOF-hydride IR signals. Attempts to rehydrogenate the composite were unsuccessful given the 

higher hydrogen pressures and temperatures required for Mg(BH4)2, which are beyond the limits 

of the parent host UiO-67-bpy. Modeling calculations indicated that the low H2 desorption 

temperature is favored by chelation of the Mg(BH4)2 to the O and N sites on the MOF. 

Ultimately, this study demonstrated a pivotal design strategy to target molecular dispersion of an 

HLE within a porous host, possible only with the tunability and long-range order that MOFs 

offer.   

In addition to the MOF linker, the MOF node can help anchor nanoconfined HLE species. 

To this end, Zou and co-workers impregnated MgH2 onto a Ni-based MOF composed of trimesic 

acid linkers to encapsulate 3 nm MgH2 nanocrystals.151 However, they observed that the Ni 

nodes reacted with the edges of the MgH2 nanocrystals to form Mg2Ni/ Mg2NiH4 sites on the 

outer shell of the nanocrystals through high-resolution transmission electron microscopy 

(HRTEM) and PXRD. Following the formation of the composite, the respective hydrogen uptake 

and release enthalpies were -65.7 ± 2.1 and 69.7 ± 2.7 kJ mol-1 H2, lower than those reported of 

bulk MgH2.152 Moreover, the Mg@Ni-MOF composite demonstrated rapid adsorption of H2, 

uptaking 1 wt % H2 within the first 110 s at 673 K and 623 K, which were comparable to that of 

MgH2. MgH2@Ni-MOF desorbed 1.5 wt % and 0.52 wt % H2 in 150 s at 623 K and 473 K, 

while MgH2 released 0.42 and 0.16 wt % in 2 hours at 548 and 498 K, respectively. The authors 

attribute the improved H2 storage and release properties to the nanoconfinement of MgH2, the 

aggregation prevention offered by the Ni-MOF, and the dissolution of H2 into H atoms facilitated 

by the Mg2Ni outershell.  

Beyond serving as anchoring sites for HLEs, MOF structural elements can influence the 

hydrogen storage kinetics of encapsulated HLE clusters. For example, Peil et al. investigated the 

H2 release from ammonia borane (AB) confined within a family of MIL-53 MOFs varying in 

linker functionality and metal node identity.153 First, the authors probed the effect of 

functionalized terephthalic acids (e.g., 2-hydroxylterephthalic acid and 2-aminoterephthalic acid) 
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following the favorable effect of N and O sites observed in the aforementioned Mg(BH4)2@UiO-

67-bpy study.24 The amino and hydroxy functionalized linkers in Al-MIL-53-NH2 and Al-MIL-

53-OH, respectively, achieved H2 evolution < 100 °C, surpassing that of bulk AB at 100 °C, yet 

only achieved a normalized H2 release of 67% and 38%, respectively, in comparison to the 100% 

achieved by bulk ammonia borane. The AB encapsulated in unfunctionalized Al-MIL-53 

released H2 at ~150 °C, yet desorbed 86% H2 from the encapsulated ammonia borane. 

Interestingly, the amino and hydroxy substituents likely caused a structural change in the 

confined AB as determined by a change in the 11B NMR of the bulk HLE with the encapsulated 

HLE. Next, the authors studied the combination of terephthalic acid with Al, Cr, Fe, and V nodes 

to form MIL-53 or structurally similar MIL-47. Fe-MIL-53 exhibited rapid H2 release around 

100 °C, greater than that of Al-MIL-53, V-MIL-47, Cr-MIL-53, and bulk AB. AB in Fe-MIL-53 

released 226% of H2 as normalized to the corresponding wt % of bulk AB, suggesting a partial 

decomposition of the Fe-MIL-53 framework to liberate the detected H2. Such an unexpected 

decomposition route was also suggested through a lower crystallinity PXRD pattern of Fe-MIL-

53 after dehydrogenation. As compared to bulk AB, the other MOF nodes (Al, V, Cr) neither 

reduced the H2 desorption temperature nor improve the H2 release percentages, suggesting that 

modifying MOF linkers is a more efficacious route for imparting nanoconfinement effects in 

MOF HLE hosts. In summary, the tunability that MOF scaffolds offer remains unparalleled, 

while the uniform pore environments can engender consistent sizes, and subsequently unique 

reactivity patterns, of the encapsulated HLE that allows for more informed material design. 

However, the practical incorporation of MOF-based HLE composites in hydrogen delivery 

settings is challenged by the excess weight of the heavy metal-oxo based scaffolds, as well as the 

thermal sensitivity of most frameworks.  

 

5. Outlook 

Despite efforts in developing solid-state porous materials for hydrogen storage 

applications, the gap between the performance of current storage materials and the need for high-

performing storage system capable of meeting the DOE requirements at near room temperature 

remains a grand challenge in the hydrogen storage economy. In this regard, we offer an outlook 

on the future implementation of hydrogen storage materials in hydrogen-powered fuel cell 
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automobiles from three aspects, including chemistry and material science, engineering, and 

commercialization. We hope to encourage both fundamental and applied research in the field of 

solid-state porous materials for hydrogen storage, which will be necessary to realize hydrogen as 

a viable energy source for transportation. If widely adopted on large scales, this clean energy 

platform could enable the introduction of carbon-neutral energy systems capable of mitigating 

both energy and environmental problems facing our world today.  

5.1 Chemistry and material science 

Researchers will continue to seek to leverage synthetic and computational tools to design 

better porous materials for hydrogen storage that exhibit large, balanced volumetric and 

gravimetric capacities at ambient temperatures. To achieve this objective, new high-throughput 

methodologies, which consist of both state-of-art simulation and automated synthesis, can be 

applied to direct the precise synthesis of high-performing hydrogen storage materials. Further 

enhancing hydrogen storage performance at ambient temperatures might require a higher density 

of accessible, low-valent metal sites, or the incorporation of moieties with higher affinities to 

hydrogen within respective porous materials to increase the strength of hydrogen–framework 

interactions, all while maintaining the optimal porosities and surface areas of the parent 

frameworks. In addition, clear fundamental understandings of both the kinetics and 

thermodynamics during hydrogen adsorption and desorption processes could offer insight on 

achieving fast adsorption-desorption cycling with high storage capacities. 

5.2 Engineering 

System-level hydrogen capacities are more relevant than material-level values in term of 

practical performance. The calculation of volumetric capacity for crystalline materials like MOFs 

is often based on the crystallographic density. The actual packing density is generally lower than 

ideal crystallographic density because of the inherent mechanical stability of materials and 

packing-related voids. Thus, it is important to develop shaping techniques using tools such as 3-

D printing, high-pressure compaction, or the addition of chemical binders to integrate high-

performing adsorbent powders into viable adsorptive pellets, eventually enhancing the packing 

efficiency. Specifically, researchers should consider the balance of processability, mechanical 

stability, and gas adsorption performance. In addition, the thermal management of pressed pellets 

of porous materials is another vital factor that influences refueling time. For example, strategies 
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to improve the thermal conductivity of adsorbents, such as high-performing MOF materials, can 

dissipate the heat generated during adsorption, thus decreasing refueling time of hydrogen. Since 

the storage system is expected to last over the entire life of hydrogen-powered vehicles, 

researchers should investigate the chemical, hydrolytic, thermal, and mechanical stability of the 

pressed pellets to achieve long-term utility for on-board hydrogen storage.  

5.3 Commercialization  

Once a high-performance hydrogen adsorbent and related adsorptive system are fully 

developed, the next step involves the scale-up and commercialization of this technology. In this 

regard, environmentally friendly, inexpensive, and safe synthetic approaches are favorable for 

the large-scale manufacturing of porous materials; in particular, electrosynthesis, 

mechanochemical synthesis, and water-based synthesis of porous materials offer attractive and 

potentially scalable routes.154-156 Moreover, some startup companies have already begun 

commercializing MOFs by employing large-scale syntheses with cost-saving solvent recycling 

systems. In addition, techno-economic analysis is important consideration when developing 

porous materials for pratical implementation.157 Ideally, in the case of MOF production, 

researchers can take advantage of precise self-assembly strategies to select metal salts and 

ligands with reasonable prices for the synthesis of targeted porous material candidates with 

reduced cost. Ultimately, solid-state porous materials are poised for realization of next-

generation hydrogen storage systems capable of large-scale commercialization and 

implementation. 
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Figure 1. An overview of hydrogen storage using metal–organic frameworks. 

 

Figure 2. Crystal structures of selected MOFs and their deliverable capacities under the 

operating conditions (77 K/100 bar →160 K/5 bar).  

 

Figure 3. Structures of (A) MOF-74 and (B) M2(m-dobdc). (C) The isosteric heat of adsorption 

of H2 for M2(m-dobdc). (D) The comparison of M-D2 distance for Co2(dobdc) and Co2(m-dobdc) 

revealed by neutron diffraction experiments. Figures C and D are adapted with permission from 

Kapelewski et al70. Copyright 2014 American Chemical Society. 
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Figure 4. Structures, respective inorganic building units, and isosteric heats of adsorption for H2 

of (A) CuI-MFU-4l29 and (B) V2Cl2.8(btdd)30.  

Figure 5. An overview figure showing the advantages and disadvantages of all materials and 

selected materials’ performance towards hydrogen storage. The representative figures of COFs, 

POPs, carbon-based materials, and zeolites are reprinted with permission from Côté et al.17 

Copyright 2005 American Association for the Advancement of Science, Ghanem et al.74 

Copyright 2007 Royal Society of Chemistry, Zhang et al.75 Copyright 2020 American Chemical 

Society, Langmi et al.76 Copyright 2003 Elsevier, respectively. 

 

Figure 6. Benefits of nanoconfinement of HLEs in porous materials. (A) describes the four 

different classes of HLEs. (B) describes drawbacks of using bulk HLEs. (C) shows advantages of 

confinement of HLEs within porous materials.  

 

 

 

Table 1. Gravimetric and volumetric BET area, pore volume (PV), crystallographic density, 
topological nets, and H2 working performance for selected highly porous MOFs.a 

Materials 
BET 

area 

(m2 g-1) 

PV  

(cm3 g-1) 
Density 

(g cm-3)b 

Vol. 

BET 

areac (m2 

cm-3) 

Nets 

∆H2@(77 

K/100 bar 

→160 K/5 

bar) 

Qst 

(kJ 

mol-1) 

Ref. 

wt% g L-1 

MOF-5 3510 1.36 0.59 2070 pcu 7.8 51.9 - 51 
IRMOF-20 4070 1.65 0.51 2080 pcu 9.1 51 - 51 

NU-1101 4340 1.72 0.459 1990 ftw 9.1 46.6 5.5 54 
NU-1102 3720 1.65 0.403 1500 ftw 9.6 43.7 4.5 54 
NU-1103 6245 2.72 0.298 1860 ftw 12.6 43.2 3.8 54 
SNU-70 4940 2.14 0.411 2030 pcu 10.6 47.9 - 28 

UMCM-9 5040 2.31 0.37 1860 pcu 11.3 47.4 - 28 
NU-100/PCN-610 6050 3.17 0.29 1755 rht 13.9 47.6 - 28 

NPF-200 5830 2.17 0.389 2268 - 11.4 49.8 4.5 55 
NU-1500-Al 3560 1.46 0.498 1770 acs 8.2 44.6 4.9 27 
NU-1501-Fe 7140 2.90 0.299 2130 acs 13.2 45.4 4 27 
NU-1501-Al 7310 2.91 0.283 2060 acs 14.0 46.2 4 27 
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a Related values are obtained from the reported literature. The H2 capacity in wt% is calculated 
according to wt% = (mass of H2)/(mass of H2 + mass of MOF) × 100%. b Crystallographic 
density is calculated from crystal structures or optimized structure. c Volumetric BET area is 
calculated based on crystallographic density.  
 

 

MFU-4l-Li 4070 1.66 0.479 1950 pcu 9.4 50.2 5.4 56 


















