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Hydrogen storage represents a thermodynamic “Goldilocks Challenge”
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Design of hydrogen storage materials faces numerous tradeoffs

• Thermodynamics vs. useable capacity
• Thermodynamics vs. kinetics
• Physical properties (e.g. melting point 

or viscosity) vs. capacity

Metal Hydrides
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The application space for hydrogen energy carriers has expanded dramatically
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undesirable reaction conditions to store, release or regenerate the 
material. In contrast, kinetic barriers are often rate limiting for LOHCs 
and complex metal hydrides, requiring new strategies to enable H2 
release/uptake under practical conditions. Moreover, high selectivity 
for X–H bond activation (where X = C, N, B, O or metal) is essential to 
avoid kinetic sinks and control hydrogen purity. Consequently, material 
development must start with the use case requirements rather than 
simply the theoretical maximum hydrogen capacity.

LOHCs
LOHCs—small organic molecules that are liquid under ambient condi-
tions and can be reversibly hydrogenated and dehydrogenated, such 
as methanol, formic acid or cycloalkanes—are attractive because they 
are readily adapted to existing infrastructure. Recent reviews discuss 
their benefits and efforts to develop effective catalysts for their hydro-
genation and dehydrogenation14,29–32. Here, we consider the specific 
demands (power, energy, hydrogen capacity and average dehydroge-
nation rate) for various use cases (Table 1) and propose optimal LOHC 
physiochemical properties (Supplementary Table 2). To define these, 
we considered the efficiency of H2 release and regeneration, transport, 
storage, handling, separations and purification, as well as reaction rates 
and mass transport limits for catalysed H2 release and regeneration. 
Thus, not only basic thermodynamics and kinetics must be considered, 
but also properties such as the melting point, vapour pressure, viscos-
ity, reversibility and conversion.

In general, LOHCs having only liquid-phase dehydrogenated prod-
ucts facilitate the use of existing infrastructure and avoid the transport 
and capture of gas-phase species such as CO2 and CO. However, this cre-
ates a conflict, as the desirable reaction thermodynamics cause other 
physical properties to be suboptimal. A low melting point (<−20 °C) 
and vapour pressure (<0.01 atm at 50 °C), for example, facilitate H2 
separation (>99% pure H2 is achievable using a simple air condenser), 
while low viscosity reduces the pumping requirements, but these 
properties are frequently in opposition. Comparing methylcyclohex-
ane with other LOHCs provides a useful illustration. Although the H2 
content of methylcyclohexane (47 kgH2 m−3) is less than that of decalin 
or cyclohexane, it is nevertheless >50% higher than 250-bar compressed 

∆S°9,10, which are often approximated as 8R (that is, 66.5 J mol−1 K−1, 
where R is the gas constant) for sorbents9 and 130.7 J mol−1 K−1 (gase-
ous H2) for metal hydrides, probably because it is difficult to predict 
and structure–property relationships are lacking. As will be evident 
below, however, thermodynamics is only one of several hydrogen 
storage challenges.

In this Perspective, we assess the primary challenges within the 
major storage material classes: liquid organic hydrogen carriers 
(LOHC)11–14, metal hydrides (both bulk15 and nanoscale16); and metal–
organic framework adsorbents (MOFs)7. The chemical challenges are 
defined in part by engineering considerations, which are in turn set 
by application-specific energy and power requirements (Table 1). For 
example, the development of robust catalysts to meet H2 release rates 
for specific use cases must take into account the practical limitations 
of industrial reactors. It is also clear that surmounting the challenges 
facing practical hydrogen storage will engage subdisciplines on the 
forefront of chemistry: single-site17, electrochemical11 and homoge-
neous18,19 catalysis; nanoscale and chemical confinement effects16,20; 
reactions at buried interfaces21; quantum chemistry of weak interac-
tions7,22; sorption at strong binding sites23,24; dynamic or phase-change 
sorbents25–27; and machine learning and data science10,28.

Hydrogen use cases
Although hydrogen has long been recognized as a versatile energy 
carrier, much of the research has focused on transportation, driven 
by detailed US DOE technical targets (Fig. 1)5. For the many other use 
cases (Table 1), such targets do not exist. For example, compensating 
for intermittent renewable energy generation is an often-cited motiva-
tion for developing reversible hydrogen storage materials, but research 
has typically focused on cross-cutting needs rather than specific use 
cases (for example, robust catalysts to enable reversible hydrogen 
release from LOHCs). The range of delivery rates (Table 1), reaction 
conditions (Supplementary Table 1) and purity requirements indi-
cate there is no one-size-fits-all material. Instead, material selection 
is typically governed by trade-offs among thermodynamics, kinetics 
and capacity. Thermodynamics typically limits the capacity of sorbents 
and main-group hydrides such as MgH2 and LiH (Fig. 2), which require 

Table 1 | Examples of use cases for hydrogen carriers, illustrating a range of power, energy, hydrogen usage and storage 
requirements

Use casea Relative size Power (MW)b Energy (MWh)c H2 usage (kg d−1)d Use duration (d)e H2 rate (kg h−1)f Basis reference

Mobile applications

 Light-duty vehicle Small 0.08 0.078 0.76 365 0.56 Ref. 5

 Long-haul truck Medium 0.24 0.8 60 365 5.4 Ref. 146

 Refuel medium-duty fleet Large 0.83 NA 1,000 365 41.7 Ref. 147

 High-speed ferry Very large 4.9 17 2,000 365 210 Ref. 148

 Regional fuel depot Extreme 41.7 NA 50,000 365 2,083 Ref. 149

Stationary applications

 Telecom backup Small 0.003 0.2 3.5 3 0.14 Ref. 150

 Seasonal microgrid storage Medium 0.027 85 39 130 1.6 Ref. 151

 International shipping Large 0.48 N/A 575 365 24 Ref. 152

 Hospital backup Large 0.59 99 709 7 29 Ref. 153

 Data centre backup Very large 20 1,440 30,000 3 1,250 Ref. 154

 Grid-scale long-duration storage Extreme 100 1,000 120,000 0.42 5,000 Ref. 155

 Steel mill DRI Extreme 250 NA 300,000 365 12,500 Ref. 45

This table shows how the number of applications under consideration has expanded dramatically from the early focus on transportation (especially light-duty vehicles) to include stationary 
(grid-scale storage), mobile energy storage (international shipping) and chemical reductant (for example, decarbonizing heavy industries such as steel production). aFor details on the basis for 
the values in the table, see the Supplementary Information (Section 1). bMaximum instantaneous power required, or that would be produced from the fuel cell. cMaximum energy or hydrogen 
storage required between refuelling events. dAverage H2 usage per day based on the yearly average. ePeriod of expected continuous operation, up to 1 year. fAverage H2 usage during operation, 
or equivalently, required dehydrogenation rate of the hydrogen storage material or carrier. DRI, direct reduced iron; NA, not applicable.

Examples of use cases for hydrogen carriers, illustrating a range of 
power, energy, hydrogen usage and storage requirements 

Allendorf, Stavila, et al. 
Nature Chemistry 2022
DOI 10.1038/s41557-022-01056-2



How do the energy densities of SOTA battery technology compare with metal 
hydrides?
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Targets of the battery community are 1 kWh/L and 1 kWh/kg, which are lower than many main-group metal hydrides

* J. Phys. Chem. Lett. 2010, 1, 14, 2193–2203 https://pubs.acs.org/doi/10.1021/jz1005384 
** https://physicsworld.com/a/lithium-ion-batteries-break-energy-density-record/ 

Allendorf, Stavila et al. Nature Chemistry, DOI 10.1038/s41557-022-01056-2

https://pubs.acs.org/doi/10.1021/jz1005384
https://physicsworld.com/a/lithium-ion-batteries-break-energy-density-record/


The hydrogen economy: it’s not just production. Transport and 
storage are critical
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Efficient transport of hydrogen from 
point of production to fueling station is 
not possible using compressed gas:

• 1 kg H2 = 1 gallon of gasoline (~4 L) 

• Steel tubes: 280 kg per tanker

• Composite tanks: 550 kg of hydrogen 

at 250 bar

• Typical gas station stores 75,000 – 

230,000 L (20,000 – 60,000 gallons)



Processes accompanying hydrogen storage reactions in metal 
hydrides

Thermodynamics Kinetics

DHeffective = DHreact    +     Eactivation



Seedling Projects
• Applied material development 
• Novel material concepts
• High-risk, high-reward

• Concept feasibility demonstration
• Advanced development of viable concepts

Hydrogen Materials Advanced Research Consortium (HyMARC): accelerating 
materials discovery à scaleup à demonstration of materials-based storage

HyMARC responsibilities
• Comprehensive: metal hydrides, sorbents, 

hydrogen carriers (e.g. LOHCs, NH3)
• Materials discovery & optimization
• Multiscale modeling
• Systems modeling
• Advanced characterization tools
• Validation of material performance
• Database development
• Guidance to FOA projects

DOE
User 

Facilities

Hydrogen Materials Advanced Research Consortium

HyMARC Phase 1: 
• FY16 – FY18
• 3 DOE Labs
• Budget $3M/yr
HyMARC Phase 2: 
• FY19 – FY22
• 5 DOE Labs
• Budget $6 M/yr
HyMARC Phase 3:
• FY23-26
• 5 DOE Labs
• FY23 budget $9M

https://www.hymarc.org/
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Systems analysis + material synthesis & characterization = “Co-Design”

Reverse engineer

Reverse 
engineer

Example: what’s needed to make a nanoscale metal hydride practical?
Reduce the temperature for H2 desorption to £250 ºC
à Enables aluminum fuel tank instead of stainless steel
à Reduces number of cooling tubes and H2 consumption by burner

Storage system modeling tool workflow



ML-based discovery of destabilized high entropy alloy (HEA) hydrides
(1) HEA overview:

Ø ³ 4 elements, ~ equimolar
Ø Defined lattice type
Ø Solid solution character necessitates a 

compositional ML model

(2) Enumerating refractory HEA space

𝐸 = {Al, Ti, V, Cr, Zr, Nb, Mo, Pd, Hf, Ta} 

𝐸
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(3) Screening refractory HEA space

Destabilized 
hydrides 

experimentally 
confirmed!

Witman, Ek, Ling, Chames, Agarwal, Wong, Allendorf, Sahlberg, Stavila. Chem. Mater. 30 (11), 2021

Predicted by ML model

Experimental 
values

HyMARC is dramatically accelerating material discovery and optimization 
using data science and machine learning methods

(2) Fit model parameters using known training data, then 
assess accuracy based on the known test set
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Translating laboratory discoveries to higher TRL: High-pressure hydride 
scale-up reactor

Objective: bring on-line the GM Hydride Station, a multi-bed hydride 
PCT reactor designed and fabricated for the GM hydride tank project, 
to enable measurements and testing to increase the TRL of HyMARC-
developed storage materials.

Capabilities:
§ 2 separate hydride beds
§ H2 source volumes up to 8 L at 2500 psi (167 bar)
§ Pressures up to 230 bar feasible with compressor
§ 1000 W heating units
§ Calibrated desorption volumes up to 40 L



Systems analysis conducted in concert with material development defines 
pathway to successful materials

K. P. Brooks et al. Int. J. Hydrogen Ener. 45 (2020) 24917-24927

Required model inputs:
Intrinsic material properties:
• Composition (hydride loading)
• Reaction thermodynamics
• H2 desorption kinetics

• Thermal conductivity
System design parameters:
• Tank material
• Bed density (hydride packing density)

• Max. operating T, P

11



Moving beyond bulk: Nanoscale Hydrides
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• Improved thermodynamics and accelerated kinetics 
• Increased surface energy à greater thermodynamic driving force
• Reduced diffusion lengths à decreased/eliminated mass transport limitations
• Host-guest charge transfer à weakened M-H bonds

• Stabilizes hydride nanoclusters against agglomeration
• Pathway for heat management

A. Schneeman et al. Chem. Rev. 2018, 118, 10775−10839 

anisms by which thermodynamics and kinetics are altered
upon nanosizing or nanoconfinement of metal hydrides.
We begin by discussing the effects of surfaces, which play an

increasingly dominant role for nanoscale systems. Next, we
give an overview of effects associated with internal interfaces in
metal hydride NPs and nanostructures, including the roles of
grain boundaries and internal phase boundaries. Third, we
introduce some additional effects of nanosizing on kinetics,
including diffusion and plateau pressure behavior. Finally, we
discuss potential effects associated with the confining medium,
including hydride-host interactions. Particular emphasis is
given to experimental and theoretical studies designed to probe
specific mechanisms associated with nanosizing and nano-
confinement.
6.1. Effects of Surfaces

Among the most obvious thermodynamic implications of
particle size is the high surface energy introduced by
unsatisfied chemical bonds. At the nanoscale, the relative
contribution of surface energies to the reaction enthalpy
becomes increasingly large due to the high surface-to-volume
ratio.
6.1.1. Effects on Reaction Enthalpy. Certain simple

binary metal hydrides have higher surface energies than their
dehydrided phases, which allows some portion of the enthalpy
of formation to be stored as an excess surface energy and
contributes to decreasing the magnitude of ΔH. Kim et al. used
DFT to compute the reaction enthalpy for NPs of several
archetypical binary metal hydrides.301 The authors mixed bulk
enthalpy calculations with surface energies, invoking a Wulff
construction to generate realistic nanoparticle shapes and
properly weight energies of different surfaces. Among their
tested binary simple metal hydrides (VH2, LiH, ScH2, TiH2,
AlH3, MgH2, and NaH), only MgH2 and NaH exhibited a
reduction in the magnitude of the reaction enthalpy upon
nanosizing (Figure 28). In all other cases, the dehydrided
phases had higher surface energies and led to significant
increases in the magnitude of the reaction enthalpy.
Perhaps for this reason, much of the effort in surface-

induced hydride destabilization has focused on MgH2, which
has an average surface energy of 2.08 J m−2 compared with

0.55 J m−2 for Mg.473 Wagemans et al. studied the surface-
induced destabilization effect in MgH2 using DFT calculations
on clusters, predicting a significant reduction of reaction
enthalpy (>10%) for clusters below 2 nm in size due to surface
effects alone.14 These results generally agreed with the later
DFT calculations of Kim et al.,301 as well as direct
hydrogenation simulations by Cheung et al. using the ReaxFF
method.15 Experimentally reported values for reaction enthalpy
reduction in MgH2 upon nanosizing show a somewhat greater
variation. Paskevicius et al. reported a reduction of <4% for
MgH2 particles of ∼7 nm, similar to the predicted value for
that size.186 However, experiments performed by Zhao-Karger
et al. on nanconfined MgH2 particles with <3 nm diameter
found much greater reductions, up to twice the predicted value
based on surface effects alone.273 A possible explanation for
this discrepancy may lie in additional enthalpic contributions
from internal interfaces or confinement stress, as discussed in
sections 6.2 and 6.4.
It is important to note that surface-induced thermodynamic

changes can be activated only if very small particles are
produced without agglomeration, which tends to reduce
surface area during synthesis and cycling. Even within a
confining medium, particles are likely to interact with one
another, particularly as they undergo dramatic changes in
volume and morphology during cycling. Likewise, catalyst
additives or synthesis byproducts (e.g., solvents) may also alter
effective surface energies via additive-particle interactions.
Berube et al.473 explored the reduction of effective surface
areas due to agglomeration by considering the van der Waals
interactions between MgH2 NPs. In noninteracting ideal MgH2
particles, the reaction enthalpy shift increases monotonically
with smaller particle size, exceeding 5 kJ mol−1 for particles
smaller than ∼15 nm radius (compared with the 75 kJ mol−1

reaction enthalpy of bulk MgH2). However, at the same time,
the authors suggested that the effective surface area
exponentially decreases with smaller particle sizes due to van
der Waals-induced particle clustering. Considering these two
competing factors, the enthalpy shift due to surface energies
has a maximum at ∼7 nm radius, and never exceeds 4 kJ mol−1.
It is worth noting that not only is there an optimum particle
size to achieve the maximal enthalpy shift, but the magnitude
of energy contribution by particle surface energies is also
constrained to <5−6% of the total reaction enthalpy. Such a
small contribution indicates that even for cases like MgH2 for
which the surface energy ordering favors hydride destabiliza-
tion at the nanoscale, this factor alone may not appreciably
manipulate the hydrogen storage thermodynamics. Never-
theless, it may be possible to mitigate particle clustering within
a properly structured confining medium.
In contrast to MgH2, most complex metal hydrides are

loosely packed molecular salts. These compounds typically
have rather low surface energies, often far below that of their
denser dehydrogenation products. For instance, the average
surface energy of NaAlH4 is only 0.06−0.15 J m−2, far lower
than those of the dehydrogenated products NaH and Al
(∼0.20 and 0.74 J m−2, respectively).359,474,475 This implies
that surface energy contributions within nanoscale NaAlH4
should increase the equilibrium desorption temperature for the
full reaction, contrary to the preferred outcome.
Such undesirable surface energy effects on enthalpy have

been generalized to other complex metal hydrides. Hazrati et
al.476 computed the energy of (LiBH4)n, (Li)n, (B)n, (LiB)n,
and (LiH)n (n = 2 to 12) nanoclusters using ab initio

Figure 28. Variation in the enthalpy of the metal/metal hydride
reaction as a function of metal particle size for seven different metal
hydrides. (Reproduced with permission from ref 301. Copyright 2009
IOP Publishing.)

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.8b00313
Chem. Rev. 2018, 118, 10775−10839

10811

Kim, K. C. Nanotech. 2009, 20, 204001 



Temperature-programmed H2 desorption of nano-NaAlH4 in a MOF host
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• Highly improved kinetics vs bulk
– Tonset = ~30 °C

• Capacity almost 2X bulk at 200 °C

• Ti does not affect H2 desorption kinetics
à Difference almost entirely due to 

nanoscale and template effects
à This is very different from bulk NaAlH4

• Initial desorption = 4.5 wt% 
à Suggests nearly complete dissociation to 
NaH + Al + H2

V. Stavila et al. ACS Nano 2012, 6, 9807

STAVILA ET AL. VOL. 6 ’ NO. 11 ’ 9807–9817 ’ 2012

www.acsnano.org
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This suggests that the catalyst has little or no role in
the desorption of NaAlH4, which is another consider-
able difference in behavior relative to bulk hydride. It
also contrasts with the previous work by Nielsen et al.,
who observed a reduction in the onset of H2 desorp-
tion by a NaAlH4-infiltrated porous carbon preloaded
with TiCl3 catalyst.

1 Hydrogen desorption from the bulk
requires titanium or other transition-metal catalyst to
bring the desorption temperature to below 150 !C.13,25

We quantified the NaAlH4(Ti)@MOF-74(Mg) desorp-
tion kinetics by measuring the H2 evolution rate under

isothermal conditions. Samples were decomposed in a
PCT instrument, using a calibrated volume and tem-
peratures ranging from 150 to 195 !C. The quantity of
desorbed hydrogen (in wt %) versus time (in min) was
monitored and is depicted in Figure 4 for each tem-
perature. Since the desorption reactions were per-
formed at temperatures below 200 !C, the amounts
of hydrogen produced are less than expected on the
basis of TPD results shown in Figure 3. The data clearly
show, however, that the H2 desorption process is
thermally activated. The fit of these data to the Ar-
rhenius equation (inset of Figure 4) yields 57.4( 2.4 kJ
mol!1 for the desorption activation energy for Ea(d) of
NaAlH4(Ti)@MOF-74(Mg), which is considerably lower
than the value reported for bulk Ti-catalyzed NaAlH4,

26

that is, 79.5 kJ mol!1 (Table 2).
Reversibility of Nanoconfined NaAlH4. A series of charge/

discharge experiments using the PCT apparatus de-
monstrate that the kinetic enhancements described
above are preserved over several cycles. We find that
the undoped NaAlH4@MOF-74(Mg) displays limited
reversibility (<2.0 wt % at 160 !C under 10.5 MPa
hydrogen; see Figure S4, Supporting Information). In
contrast, the NaAlH4(Ti)@MOF-74(Mg) samples were
cycled through four dehydrogenation/rehydrogena-
tion sequences that display minimal capacity losses.
Plots of the desorbed hydrogen weight percentage as
a function of temperature are shown in Figure 5. After
each dehydrogenation cycle (∼4 h), the samples were
rehydrogenated by heating to 160 !C under 10.5 MPa
H2 pressure for 2 h, then gradually cooled to room
temperature under H2 pressure. The first dehydrogena-
tion cycle releases 4.1 wt % hydrogen, after which the
capacity decreases to 3.9, 3.7, and 3.6 wt % for the
second, third, and fourth cycles, respectively. In addi-
tion, the rehydrogenation reaction is faster than bulk
Ti-doped material, where absorption to 95% capacity
takes over 1 h at 2 mol % and about 0.5 h at 4 mol % Ti
doping.26 In contrast, NaAlH4(Ti)@MOF-74(Mg) sam-
ples are saturated with hydrogen in less than 20 min

TABLE 2. Measured Activation Energies for Bulk NaAlH4

and Nanoconfined NaAlH4

Ti (mol %) H2 capacity (% M/M) Ea(d) (kJ mol
!1) ref

0 (bulk) 5.12 118.1 26
2% (bulk) 4.25 79.5 26
0 (10 nm pores) 58 3
0 (4 nm) 46 4
0 (1 nm) 53.3 7
3 (e1.2 nm) 4.2 57.4 this work

Figure 4. Isothermal desorption of NaAlH4(Ti)@MOF-74(Mg)
at 150, 165, 180, and 195 !C. The inset shows the Arrhenius
plot at these temperatures. Thewt%Hvalues are normalized
to the NaAlH4 loading.

Figure 5. Desorption (left) and absorption (right) of NaAlH4(Ti)@MOF-74(Mg) for four consecutive cycles. The dehydrogena-
tionwas done upon heating from room temperature to 200 !C,while the rehydrogenationwas done at 160 !Cunder 10.5MPa
H2 pressure. The wt % H values are normalized to the NaAlH4 loading.
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13V. Stavila et al. ACS Nano 2012, 6, 9807



HyMARC partnerships with DOE/Office of Science user facilities link 
foundational science with application- driven materials discovery

Example: Advanced Light Source at LBNL

• Dedicated time on 3 beamlines (XAS and STXM); HyMARC is the 
only EERE-funded project to be granted this status

• 22 publications in high-impact journals, including JACS, Nat. 
Mater., Adv. Mater., Nat. Commun.

• Installed new high-pressure/high-temperature cell for 
operando observation of storage material chemistry

• ALS measurements generated new structure-property 
relationships:
• Discovery of reversible metastable metal hydrides
• Inverse core-shell mechanism of H2 release by the lithium 

amide storage system (LiNH2+2LiH)
• Single-site catalysts for reversible dihydrogenation of Liquid 

Organic Hydrogen Carriers

• Renewal proposal extending AP for 3 years approved June 2023

HyMARC-designed high-pressure gas flow cell for probing 
storage materials using X-ray absorption spectroscopy



Paradigm shift: STXM composition maps show H2 release from the surface is 
rate-limiting

Absorption: 
• Proceeds as predicted previously

Dehydrogenation:
• Inverted core-shell à opposite microstructure from 

phase-field/Wulff prediction

Possible explanations:
• Surface energies alter thermo, favoring H-rich surfaces
• Surface dehydrogenation kinetics are slow
• Nucleation kinetics favor Li3N in interior due to lower 

interface energies

J. L White et al. ACS Appl. Mater. Interfaces 11, 4930 (2019)

Scanning Transmission X-ray Microscopy (STXM)
H2 desorption at 450 °C (ALS BL5.3.2.2)

Hydrogenation and dehydrogenation steps for complex metal hydrides are conducted at different 
temperatures and pressures, which can lead to different rate-limiting steps.

15



Design Parameters Bulk-Li3N KH-6nm-
Li3N

Reversible cap. (theory) wt% 8.2 5.4
Thermal cond., W m-1 K-1 1.0 9.6
Density of hydride bed, kg m-3 710 760
Total system mass, kg 312 252
Total hydride mass, kg 112 116
Tank outer diameter, m 0.46 0.45
Tank length, m 2.21 2.19
System volume, m3 0.256 0.227
% 2025 Gravimetric Target 33 40
% 2025 Volumetric Target 55 62

Nanoscale metal hydrides have faster H2 uptake and release
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Key results
à Bulk material: unusable due to slow kinetics
à Nanoscale material produces 55 bar H2 at 250 ºC
à Porous C host accelerates H2 release throughout 

the tank due to faster heat transport

Simulation of desorption over 2.5x104 sec (~ 7 hours)

US06 drive cycle with Li3N@(3nm-PC)
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Disruptive strategies are needed to overcome scientific and technical barriers 
to accelerated materials discovery: Metastable Metal Hydrides

Graetz & Reilly 
Scripta Mater. 56 (2007), 835 

AlH3 chemistry:
• AlH3 à Al(s) + 1.5H2
• DG = -48.5 kJ/mol
• Experimental re-hydrogenation of aluminum:

• 4.9 GPa (49000 bar), 330 C

17

Calculated van’t Hoff plots for several stable and 
metastable hydrides
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Bulk AlH3 properties:
• Earth-abundant composition
• ~10.4 wt% grav. capacity
• Vol. capacity 2X L-H2 (148 g H2/L)
• Fast desorption
• Rehydrogenation thought to be 

thermodynamically impossible
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Nanoconfinement of alane (AlH3) in Covalent Triazine Frameworks (CTF)

Rehydrogenation at 60 °C, 700 bar H2N2 adsorption isotherms (77 K)

Sieverts data for H2 desorption
AlH3@CTF-bipy AlH3@CTF-biph

Cycle 1 1.52 wt% 1.00 wt%

Cycle 2 0.65 wt% 0 wt%

Cycle 3 0.58 wt% --

Cycle 4 0.57 wt% --

Bulk rehydrogenation:
• 330 °C/49000 bar (4.9 GPa) (Saitoh et al. 2008)
• Ab initio: DG < 0 above 7000 bar at 27 °C 
 (Graetz et al. 2006)
à Nanoscaling reduces equilibrium rehydrogenation 
pressure by 10X – 70X
V. Stavila et al. Angew. Chem. Int. Ed. doi.org/10.1002/anie.202107507 



In conclusion…
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• Hydrogen storage is an essential component of a renewable energy 
economy

• HyMARC is addressing the critical problems blocking the translation of 
materials discovery to pilot-scale deployment

• HyMARC is discovery science à system modeling à TEA à scale up

• Co-design of materials is critical to developing successful materials for 
complex, but highly constrained, applications
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