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ABSTRACT:Metal hydride heat pumps (MHHPs) are promising for utilizing low-grade renewable thermal energy
and waste heat in building heating, cooling, and temperature-upgrading applications. System performance and
reliability depend heavily on hydrogen storage materials, particularly on their thermodynamics, kinetics, capacity,
thermal conductivity, and resistance to cyclic pulverization. This review systematically examines these materials ther-
modynamically and kinetically across MHHP cycles: thermodynamics define the pressure-temperature equilibrium
and reaction direction, while kinetics govern absorption/desorption rates, ultimately determining thermal power
output and system responsiveness. Based on these requirements, selection guidelines are summarized, emphasizing
optimal operating pressures, high enthalpy, sufficient capacity, low hysteresis, rapid kinetics, good reversibility, and
long cycle life. Four major alloy families (i.e., AB5, AB2, AB, and A2B) are critically analyzed alongside emerging alter-
natives such as A2B7-type La-Y-Ni alloys. To overcome performance bottlenecks, two complementary enhancement
strategies are discussed: (i) thermal management via conductive additives and reactor design, and (ii) pulverization
mitigation through compositional tuning, coatings, porous frameworks, and specialized forms (i.e., slurries, thin
films, and amorphous alloys). Meanwhile, their economic feasibility, scalability challenges, and pilot-scale validation
are discussed. Finally, future research directions are highlighted, including establishing comprehensive databases,
developing high-precision kinetic models, evaluating real-world performance, and exploring novel alloys, all of which
are essential for scaling MHHP technology toward sustainable energy deployment.

KEYWORDS: Metal hydride heat pump (MHHP); hydrogen storage materials; reaction kinetics; heat and mass
transfer; thermal management

1 Introduction

Global energy demand continues to rise with population growth and rapid global economic develop-
ment [1,2]. However, the extensive and unsustainable use of fossil fuels has led to the emission of a large
number of greenhouse gases, such as carbon dioxide and methane, and the resulting climate change has
become an important environmental problem, which has aroused wide concern. Globally, the building
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sector is a major consumer of energy [3,4]. Building operation accounts for 30% of global final energy
consumption and 26% of global energy-related emissions, of which 8% are direct emissions from buildings
and 18% are indirect emissions from electricity and heat production used by buildings [5]. Therefore,
integrating renewable and sustainable energy into the built environment and improving building energy
efficiency are important measures to limit carbon dioxide emissions and mitigate climate change [6,7].

A heat pump (HP) is a device for thermal upgrading and energy saving, which can upgrade low-
temperature heat from renewable and sustainable energy to a higher temperature level (i.e., temperature
lift), enabling low-carbon heating and cooling in buildings [8,9]. There are many kinds of HP technolo-
gies [10–13], among which metal hydride (MH) based chemical HP systems, namely metal hydride heat
pumps (MHHPs), offer unique and often irreplaceable advantages [14–18]. Since the Argonne National
Laboratory in the United States built the first MHHP prototype in the mid-1970s using LaNi5-CaNi5 and
MmNi4.15Fe0.85-LaNiAl0.3 pairs for cooling and heating, MHHPs have been recognized as promising alterna-
tives to conventional HP systems [19–21]. MHHPs can be driven by low-grade heat sources (typically less
than 50◦C [18,20,22]), such as industrial waste heat, solar energy, geothermal energy, and ocean thermal
energy. Furthermore, owing to the flexibility in selecting MH pairs, MHHPs can operate over a wide tem-
perature range (e.g., from −50◦C up to 700◦C, with the upper limit determined by the reversible hydrogen
storage capability of the material [13,20,23]) for various applications [24].

MHHPs can be classified from multiple perspectives (e.g., function, operating temperature, driving
force, system configuration, and working medium), as shown in Fig. 1. Based on the function, they include
heating, temperature upgrading, refrigeration, dual-effect, and multi-effect types [21,25,26]. According to the
operating temperature, they are commonly divided into typical ranges, such as low temperature (−50◦C–20◦C),
room temperature (25◦C–45◦C), medium temperature (100◦C–150◦C), and high temperature (higher than
200◦C) systems [13,14,17]. By the driving force of hydrogen flow, they are divided into thermally driven or
compressor-driven closed MHHPs [27–30] and potential energy driven open MHHPs [31,32]. According to
the system configuration (i.e., number of metal alloys), they are grouped into single-stage, double-stage,
and multi-stage MHHPs [33–35]. By the working medium, they include pure alloy hydride systems and
hybrid systems combining organic hydrides and metal hydrides [17,36,37]. Among these, the dual-effect,
multi-stage, and hybrid MHHPs are derivative cycles based on the fundamental heating, cooling, and
temperature-upgrading configurations, and they are the main focus of this field.

Before examining these derived systems, it is instructive to recall the basic operating principle common
to all MHHPs. Any MHHP cycle is fundamentally based on a pair of MHs with different hydrogen
equilibrium pressures at the same temperature [15]. One MH undergoes hydrogenation (exothermic) while
the other undergoes dehydrogenation (endothermic). Through the significant thermal effects of these
reactions, temperature upgrading, heating, or cooling can be achieved. However, a single MH pair operates
intermittently and cannot provide continuous heating or cooling [38]. Hence, to achieve quasi-continuous
or fully continuous operation for a single-stage MHHP system, at least two pairs of MHs (i.e., four reactors)
are required theoretically, as illustrated in Fig. 2 (reactors MH1a/MH2a and MH1b/MH2b). In such a
configuration, typically two distinct MH alloys are used, each loaded into two reactors. More importantly,
according to the literature [21,35,39], to realize truly continuous cooling or heating without interruption
for dual-effect, multi-stage, and hybrid MHHPs, three or more distinct types of hydrogen storage alloys
are needed. This requirement directly links the system architecture to the selection of hydrogen storage
materials, which is the central theme of this review.
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Figure 1: Classification of MHHP systems.

 

Figure 2: A continuous operating hydrogen absorption-desorption cycle of a single-stage MHHP system [17].

Research on MHHPs has spanned various aspects, including system development and performance [20,
33,40,41], hydrogen storage materials [42–46], heat transfer within MH beds [47–50], and heat exchange
between hydrides and heat sources [27,51]. However, as observed by the authors, the annual publica-
tion output on MHHP technology has not grown steadily in recent years, suggesting that key technical
bottlenecks remain unaddressed [52–54]. To identify these bottlenecks and advance MHHP technology,
this review comprehensively examines hydrogen storage materials for MHHPs. To ensure the efficient
and stable heat pump operation, hydrogen storage materials need to be purposefully selected and paired.
Based on the operation characteristics of MHHPs, this review discusses the selection and classification of
hydrogen storage materials from both thermodynamic and kinetic perspectives. Thermodynamic properties
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determine the direction of the hydrogen reaction, and kinetic properties determine the rate of hydrogen
absorption and desorption. Furthermore, the classification of hydrogen storage materials and methods
to improve the properties of hydrogen storage materials are reviewed in detail. Finally, the material cost,
system economic feasibility, industrial scalability challenges, and current status of engineering applications
were analyzed and discussed, thereby providing future research directions.

2 Description of Hydrogen Storage Materials

2.1 Thermodynamic Properties

A metal hydride (MH) is a compound formed by the reversible reaction of hydrogen with one or more
metallic elements (or intermetallic compounds). The process of hydrogen absorption and desorption is a
reversible reaction, which can be expressed by Eq. (1) [53,55].

2
nM + H2

absorption
⟶
⟵

desorption

2
nMHn + ΔHMH (1)

where M represents the hydrogen storage material, which is normally a metal alloy for low-, room-, and
medium-temperature applications, though high-temperature alloys also exist, and MHn stands for the
corresponding metal hydride; n is the hydrogen atom number. The reaction enthalpy ΔHMH kJ/mol H2 is a
measure of the heat exchanged during the reaction: a negative ΔHMH corresponds to exothermic absorption,
while a positive ΔHMH corresponds to endothermic desorption.

Hydrogen is the working medium of MHHP in the reaction process. The heat pump uses hydrogen
storage materials as energy carriers, converting them during the cycle into substances needed for the next
reaction. For each reaction process, the equilibrium pressure-temperature relationship of selected hydrogen
storage materials is governed by the van’t Hoff law (see Eq. (2)) [56,57], which forms the thermodynamic
basis for MHHPs.

lnPeq = −
1000 × ΔHMH

RT +
ΔSMH
R (2)

where Peq is the equilibrium pressure of hydrogen under the temperature T, Pa; ΔSMH is the entropy change
of the hydride reaction, J/(mol⋅K); R is the ideal gas constant, which is 8.134 J/(mol⋅K).

The thermodynamic properties of MHs determine a specific correlation among equilibrium hydrogen
pressure (Peq), hydrogen concentration (C), and temperature (T) during hydrogen absorption/desorption
reactions. Fig. 3a,b presents the ideal pressure-concentration-temperature (P-C-T) curve of an MH alongside
its corresponding van’t Hoff diagram [58–61], illustrating the qualitative pressure-temperature (P-C)
relationship under isothermal conditions (i.e., constant T). The transitions between the solid solution phase
(α phase) and hydride phase (β phase) correspond to the hydrogen absorption and desorption processes in
MH alloys. At the beginning of the absorption reaction, hydrogen atoms dissolve in the metal to form a
solid solution (α phase). With increasing hydrogen pressure and hydrogen concentration in the α phase, the
local interactions between hydrogen atoms and the host lattice atoms leads to the nucleation and growth of
the hydride (β phase) [61]. When the two phases coexist, the P-C-T curve exhibits a plateau, where the
ordinate represents the hydrogen equilibrium pressure, and the length of the plateau corresponds to the
hydrogen absorption capacity. By substituting the temperature and equilibrium pressure into the van’t Hoff
equation, thermodynamic properties such as the reaction enthalpy and entropy can be obtained, as shown
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in Fig. 3b. Specifically, the reaction enthalpy change (ΔHMH) and entropy change (ΔSMH) can be derived
from the slope and intercept of the linear fit, respectively [59,60].

Figure 3: The P-C-T schematic diagram and corresponding van’t Hoff plot [58,60,62]. (a) Ideal P-C-T schematic
diagram [58,60]; (b) Ideal van’t Hoff plot [58,60]; (c) Ideal versus real P-C-T schematic diagram [62].

However, in practice, pressure-composition isotherms of metal hydrides deviate from the ideal flat
plateau in Fig. 3c. Two key non-ideal features are plateau slope and hysteresis [59]. The plateau slope
refers to the gradual pressure change with hydrogen concentration during the α↔β transformation,
primarily due to compositional inhomogeneities [63]. The hysteresis is the pressure difference between
absorption and desorption plateaus, quantified as ln(Pab/Pde) [64], primarily resulting from lattice strain
caused by volumetric mismatch (typically 10%–30% expansion [65]) between phases. Both characteristics
degrade MHHP performance [62,66,67]: under limited driving temperature differences, even modest slope
or hysteresis reduces system efficiency. Fortunately, alloy composition tuning can mitigate these effects.
For instance, Sn or Co substitution in AB5 (e.g., LaNi5-based) reduces hysteresis [68], V and Cu substituting
in AB2 (e.g., TiMn2-based) improve sloping properties [69], whereas Mn and Co modifications in AB2
(e.g., TiCr2-based) enhance both slope and hysteresis performance [70]. Therefore, the plateau slope and
hysteresis should be explicitly considered alongside capacity and kinetics when selecting MH alloys for
HP applications.

2.2 Reaction Kinetics

The reaction kinetics of hydrogen absorption and desorption in MH alloys directly determines the rate
of the hydrogenation/dehydrogenation reaction, and thus affects the rates of heat absorption and release.
For a heat pump system, improving the reaction kinetics of hydrogen storage alloys is one of the important
ways to enhance the energy conversion efficiency of the system. To date, a large body of literature has
reported on the relevant mechanisms and theoretical studies concerning the kinetics of these reactions in
hydrogen storage alloys [71–76].

The hydrogen absorption kinetics of the alloys is governed by a number of different microscopic
processes, including gas phase transport of hydrogen molecules, surface physical adsorption, chemisorption,
and the nucleation and growth of the α and β hydride phases. The kinetic models used for hydrogen
absorption reactions of MHs are mainly divided into two categories [77]: the geometrical contraction
model and the nucleation-growth-impingement model. The geometrical contraction model includes the
Contracting Volume model [78,79], the Jander model [80,81], the Ginstling-Brounshtein model [82], the
Valensi-Carter model [83,84], and the Chou model [85,86]. The nucleation-growth-impingement model
includes the classical JMAK (Jonhson Mehl Avrami Kolomogorov) model [87,88] and the nucleation index



6 Front Heat Mass Transf. 2026;24(5):6

incorporated JMAK model [89,90]. However, these models are not universal, as different models tend to
apply to different MH alloys. Analysis methods based on these models mainly include the isothermal fitting
method [91,92], the non-isothermal calculation method [93], and their simultaneous fitting approach [90].
Moreover, the assumptions and derivation steps of these models are often not readily available, and the
selection of corresponding analysis methods is sometimes confusing. In response to the above issues,
Pang et al. [77] systematically summarized the analysis methods based on these kinetic models of MH alloys,
and proposed a relatively novel analysis method, as shown in Fig. 4. For the geometrical contraction models,
interface-controlled equations govern steps (A1–A3 and A5), while diffusion-controlled ones govern step
(A4). For the nucleation-growth-impingement models, diffusion-controlled equations govern step (B1 or
D2), while interface-controlled ones govern step (B2 or D1) [77]. This indicates that both model categories
can involve either diffusion or interface control, depending on the specific rate-controlling step.

 
Figure 4: The schematic diagram of kinetic steps of hydrogenation and dehydrogenation [77].

The thermal conductivity of MH is usually one of the key factors determining the hydrogenation
and dehydrogenation reaction rates. When the hydrogenation reaction rate is high, accompanied by a
large amount of reaction heat release, the MH alloy has an obvious self-heating effect, resulting in an
instantaneous temperature increase of 10◦C during the hydrogenation process [94]. However, the thermal
conductivity of MHs is typically significantly lower than that of their constituent alloys, with values
generally ranging from 0.1 to 2 W/(m⋅K) [95,96], which means that for alloys with faster reaction kinetics,
this low thermal conductivity becomes the limiting factor [55,96–98]. Consequently, the absorption and
desorption rates of hydrogen in the hydride reaction are determined by the hydrogenation kinetics and the
overall heat transfer performance of the reactor, and thus the heat transfer of MH alloys should be taken
into particular consideration when designing MHHP systems.
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In addition to classical models, data-driven approaches offer new routes for predicting hydrogen
storage kinetics. For instance, the U.S. Department of Energy’s publicly available hydride database, covering
intermetallic compounds (AB, A2B, AB2, and AB5), Mg-based alloys, solid solutions, and complex hydrides,
has been analyzed using supervised machine learning (ML) methods, where decision tree regression models
achieved a coefficient of determination of 0.93 in predicting hydrogen storage capacity based on charging
pressure and temperature [99], demonstrating that ML can help determine optimal operating conditions for
MH reactors without relying on detailed mechanistic assumptions. Such methods complement mechanistic
models and enable rapid screening of alloy candidates for MHHP applications.

2.3 Selection Criteria of Hydrogen Storage Alloys

The heat required for MHHP operation is provided by the thermal effects of the hydrogen absorption
and desorption processes of the MH alloys. Therefore, the rate of heat absorption and release per unit
mass plays a critical role in the performance of the MHHP system. As mentioned above, the continuous
operation of the MHHP unit requires at least one pair of hydrogen storage alloys. This means that the
factors that affect the performance of the MHHP system are not only the hydrogen storage properties of
each individual alloy, but also the compatibility between the paired alloys.

The selection of hydrogen storage alloys for MHHP systems should consider multiple criteria, which
can be categorized into three groups:

(1) Thermodynamic and kinetic criteria

Each alloy should possess suitable operating temperatures and pressures [21], high enthalpy values
(with ΔHMH,A and ΔHMH,B for the paired alloys in the range of −9 to −7 kcal/mol H2, approximately −37.7
to −29.3 kJ/mol [100]), a significant equilibrium pressure difference between the high- and low-temperature
ends (particularly for thermally driven systems, where this difference serves as the driving force for
hydrogen circulation [100]), good reversibility, rapid kinetics, and high hydrogen diffusivity [21].

(2) Capacity and plateau characteristics

Each alloy should exhibit a large hydrogen absorption capacity under standard conditions, typically
requiring either a gravimetric capacity of 1.8 wt% (equivalent to 200 L (STP) per kg of alloy) or an H/M ratio
exceeding 1.5 wt% [100]. Additionally, a small hysteresis coefficient [ln(Pab/Pde) < 0.25] and a flat P-C-T
plateau [d(lnPde)/d(H/M) < 1.0] are desirable to ensure efficient and stable operation [100].

(3) Engineering practicality and reliability

The alloys should have excellent heat transfer performance, with thermal conductivity generally
required to exceed 0.5 W/(m⋅K) [100]. Beyond these performance-oriented criteria, practical considerations
such as stability in air, safety, environmental friendliness, long service life, and low cost are also essential.
For example, life cycle assessment of large-scale metal hydride systems identifies the metal hydride alloy
itself, particularly titanium in TiFe-based systems, as the largest environmental burden [101]. Energy
consumption during operation accounts for less than 7% of most impact categories, underscoring that
material production dominates the environmental footprint [101]. Substituting primary with recycled
feedstock can substantially reduce emissions: for AB2-type alloys, using 100% recycled material yields up
to an 80% reduction in global warming potential [102].

Meanwhile, different alloy families present distinct safety profiles. LaNi5 is classified as water-reactive
(releasing flammable gases), skin sensitizer, and suspected carcinogen [43]. Mg-based hydrides exhibit
pyrophoricity and significant dust explosion hazards, with the lower explosion concentration limit ranging
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from 25 to 60 g/m3 [103] and the maximum explosion pressure reaching 1.17 MPa [104]. In contrast, TiFe-
based alloys offer a lower-toxicity alternative but require high-temperature activation [105,106]. During
cyclic operation, hydrogen flammability (4%–75% in air) [107] and the volumetric expansion ratio (10%–30%)
that may exert pressure equivalent to several times the hydrogen pressure on reactor walls constitute
additional safety concerns [108]. Mitigation strategies include increasing recycled feedstock content,
applying protective surface coatings against oxidation and poisoning, and using appropriate operating
pressure, implementing proper thermal management and pressure relief devices, and establishing end-of-life
recycling protocols for rare earth elements [43]. These factors should be weighed alongside thermodynamic
and kinetic criteria in alloy selection for MHHP systems.

The above criteria, based on the early screening guidelines proposed by Xiao [100] and Ni et al. [21],
provide useful benchmarks. However, they should be interpreted with consideration of specific application
requirements and advances in alloy development over the past decades. Based on the criteria discussed above
and the specific temperature requirements of different heat sources, Fig. 5 provides a systematic decision
flowchart to guide the preliminary selection of appropriate alloy families, balancing thermodynamics,
kinetics, and practical engineering constraints.

 

Figure 5: Schematic diagram of hydrogen storage alloy selection process in MHHP system.

In addition, a key factor limiting the service life of MH alloys is the volumetric expansion (10%–30% [100])
and contraction (10%–25% [21]) that occur during repeated hydrogen absorption and desorption cycles.
Long-term cyclic expansion and contraction lead to cracking and pulverization of the metal particles [109–111],
which increase hydrogen flow resistance and reduce heat and mass transfer efficiency [112,113]. Such
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repeated expansion also induces significant local pressure buildup within the reactor, potentially causing
mechanical damage and hydrogen leakage. Therefore, the number of working cycles of MHs is generally
required to exceed 10,000 [100].

2.4 Metal Hydrides for Thermochemical Energy Storage Applications

Besides their role in MHHPs, MHs also serve as promising thermochemical energy storage (TCES)
materials for high-temperature applications such as concentrated solar power generation and industrial
waste heat recovery [114]. Among these, NaMgH3 has attracted increasing attention due to its high
thermal storage density (2881 kJ/kg) [115] and considerable hydrogen capacity (6.0 wt% or 88.0 g/L),
with dehydrogenation occurring at approximately 673 K under 0.2 MPa H2 [116]. However, its practical
application is hindered by sluggish kinetics and thermal management challenges, which can be mitigated
by nanosized catalyst doping [115]. System-level techno-economic studies have further indicated that
NaMgH3-based storage can be among the lower-cost MH options relative to some other hydrides [117], and
coupling MH-based TCES with heat pump cycles offers a promising pathway to enhance overall energy
utilization efficiency [12,118].

In recent years, the TCES field has progressively advanced to pilot-scale investigation, where system
performance under transient thermal inputs and long-term cyclic conditions has been evaluated [114,119].
These experiences, particularly in reactor thermal management, cycle stability requirements, and techno-
economic validation, offer valuable reference for MHHP scale-up, as both technologies share common
challenges in managing coupled heat and mass transfer within hydride beds.

3 Classification of Hydrogen Storage Alloys

Ga, Mg, Ti, Zr, V, Nb, Pd, and rare-earth elements are all pure metals that can form metal hydrides.
However, a single pure metal usually requires high hydrogen absorption pressure and operating temperature,
so it is mainly used for high temperature heat storage [30]. When these metals are alloyed with other metals,
the hydrogen absorption and desorption processes can be carried out at lower temperatures and pressures,
which facilitates the application of MHHPs in the field of low-temperature waste heat recovery. Hydrogen
storage alloys exist in various forms, such as powder, slurry, glassy state, thin films, and microparticles. In
terms of chemical composition, however, typical hydrogen storage alloys are classified into four main types
(as shown in Fig. 6): AB5 [120], AB2 [121], AB [106] and A2B [122].

Figure 6: Comparison of crystal structures of four main hydrogen storage alloy families. (a) LaNi5 as a representative
of AB5-type alloy [123]; (b) MgNi2 Laves phase as a representative of AB2-type alloy [124]; (c) TiFe as a representative
of AB-type alloy [125]; (d) Mg2Ni as a representative of A2B-type alloy [126,127].



10 Front Heat Mass Transf. 2026;24(5):6

The designation of hydrogen storage alloys as AxBy is based on the distinct hydrogen affinities of their
constituent elements [128]. A-site elements are those with strong affinity for hydrogen, capable of forming
thermodynamically stable hydrides; this category includes alkaline-earth metals, rare-earth (lanthanide)
elements, and early transition metals such as Ti, Zr, and Hf [17,128,129]. In contrast, B-site elements have
weak affinity for hydrogen and do not form stable hydrides themselves; they are typically late transition
metals (e.g., Ni, Co, Mn, Cr, Fe, Cu) and p-type elements (e.g., Al, Sn) [128,130]. The association of A- and
B-type metals to form AxBy intermetallics enables reversible hydrogen storage under practical conditions
of temperature and pressure.

Importantly, the site occupancy of a given element is not strictly intrinsic but depends on the specific
alloy stoichiometry and crystal structure [131]. For example, Ti occupies the A-site in TiFe (AB-type)
and TiMn2 (AB2-type) alloys [105,128], yet it can act as a B-site substituent in certain multicomponent
rare-earth-based AB5-type alloys [129,132]. Similarly, Zr predominantly occupies A-sites in C14/C15 Laves
phase structures (e.g., ZrMn2, ZrCr2) [133], but can also be incorporated into B-sites in modified AB5-type
alloys [134,135]. Substitutional doping at either A or B sites (i.e., partial replacement of the original A-
or B-site elements with other metals) is a key strategy for tuning hydrogen storage properties, including
plateau pressure, hysteresis, capacity, and cycling stability [128]. By adjusting the stoichiometric ratio x
and y, as well as the elemental composition at each site, the properties of AxBy alloys can be tailored to
meet the specific requirements of MHHP applications [17].

3.1 AB5-Type Hydrogen Storage Alloy

LaNi5 is the most typical representative of AB5-type (rare-earth-based) alloys and is also the earliest
developed MH alloy, exhibiting excellent overall properties [136,137]. It offers advantages such as moderate
equilibrium pressure, low hysteresis, easy activation, and strong poisoning resistance. However, its main
drawbacks include severe pulverization and capacity degradation during long-term cycling, as well as
relatively high material cost [136–138]. To reduce costs, researchers have developed a series of alloys,
such as CeNi5, PrNi5, NdNi5, ZrNi5, YNi5, CaNi5, TiNi5, MmNi5, and MlNi5, by using single rare-earth
elements (e.g., Ce, Pr, Nd, Sm, and Y), single alkaline-earth elements (e.g., Ca), mixed rare-earth metals
(e.g., cerium-rich mischmetal (Mm) and lanthanum-rich mischmetal (Ml)), or by substituting Zr or Ti for
La [139–143]. Subsequently, many scholars attempted to substitute Cu, Mn, Fe, Cr, Zr, and Al for Ni to
prepare rare-earth-based multi-element hydrogen storage alloys and improved the hysteresis and activation
properties by adjusting the plateau pressure. In particular, the addition of Zr can not only increase the ΔH
value of the hydride but also inhibit the pulverization of the alloy [144].

In addition, to improve the performance and cycle life of mixed rare-earth-based hydrogen storage
materials, it is usually necessary to add Co and Al. By adjusting the composition of different elements in
the alloy, a series of rare-earth hydrogen storage alloys suitable for various applications can be obtained.
The typical compositions of multi-element hydrogen storage alloys include LaNi5−xMx (M = Al, Co, Mn, Cu,
Ga, Sn, In, Cr, and Fe) [145,146], LaNi5−x−y−zAlxSnyFez, La0.78Ce0.22Ni3.73Co0.30Mn0.30Al0.17Fe0.5−xSix, and
LaNi5−x−y−zAlxCoyMnz [120].

3.2 AB2-Type Hydrogen Storage Alloy

There are three main series of AB2-type alloys (laves phase structure based on Ti and Zr) [133,147,148]:
Zr-V, Zr-Cr, and Zr-Mn series, with typical representatives being ZrM2, TiM2 (M = Mn, Ni, V, etc.), and
other common examples including Zr(VxNi1−x)2, ZrMn0.8−xCrxNi1.2, and TiMn1.5. The composition of these
alloys varies greatly due to the characteristics of their lattice structures; therefore, good comprehensive
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properties can be achieved through doping substitution [147,149]. Furthermore, Ti, Zr, Ta, and Hf can be
used to replace the A-site in AB2, while transition metals (such as Fe, Co, Ni, Mn, Cr, and V) can be used to
replace the B-site [150]. Accordingly, various multi-element alloys Ti-Zr-Ni-M (M represents one or more
elements among Mn, V, Al, Co, Mo, and Cr) with different properties have been developed [150,151].

However, these alloys typically suffer from difficult initial activation, i.e., slow hydrogen absorption kinetics.
To address this issue, researchers have found that adding rare-earth metals (including mischmetal) to AB2 alloys
can effectively improve their activation behavior, as demonstrated in the M0.93Mg0.07Ni2.96Co0.60Mn0.37Al0.17
(M = rare-earth elements, Ce, Y, etc.) [152] and the La1−xCexMgNi3.5Mn0.5 [153] series. In fact, the constituent
elements in these multi-element alloys contribute uniquely to hydrogen storage performance: Ti, Zr, and V serve
as the basic hydride-forming elements; Ni provides rapid catalytic activity; Co and Mn offer surface activity
related to improving hydrogen exchange; and Cr, Al, and Fe enhance the stability of the alloys in hydrogen
storage applications [121]. According to the literature [144], multi-element alloying products based on ZrMn2
and TiCr2 with MgZn2-type laves structures show the greatest application potential.

3.3 AB-Type Hydrogen Storage Alloy

The earliest developed AB-type alloy (Ti-based) is TiFe [154], which is cheap and resource-abundant [106],
and can be hydrogenated and dehydrogenated at room temperature and atmospheric pressure after proper
activation [155]. The alloy has a large theoretical hydrogen storage capacity of up to 1.9 wt% [106]. However,
its main drawbacks are its susceptibility to oxidation and poor poisoning resistance. Its activation requires
high temperatures and pressures (T = 400–450◦C, P = 65 bar [106]), which greatly limits its large-scale
industrial application.

At present, the most common method to activate TiFe is alloying with single or multiple elemental
substitutions, such as TiFe1−xMx (M = V, Cr, Mn, Sn, Mo, Ni, Ta, and Al), TiFe0.8−xNi0.2Cox, TiFe0.8Mn0.1Vx,
and Ti1.1−xMxFe0.8Mn0.2 (M = Pr, Sm, and Nd) [156–159]. Although alloying can improve the initial hydrogen
absorption kinetics of TiFe, adding other elements may lead to a decrease in hydrogen storage capacity and
desorption plateau pressure. More importantly, elemental substitution can also induce hysteresis, namely,
the separation between absorption and desorption plateau pressures. Hysteresis primarily arises from lattice
strain caused by volumetric expansion [65,160] and reduces the effective pressure difference in MHHPs,
degrading system efficiency [62,66,67]. In this regard, Shang et al. [161] found that the addition of Pr can
promote the TiFe phase, generate a Pr segregation phase, increase the lattice unit cell volume, and refine the
grains of TiFe, thus significantly improving the hydrogen storage performance of Pr-containing alloys. The
increase in Pr content leads to an increase in the enthalpy change (ΔH) of the Ti1.1−xFe0.7Ni0.1Zr0.1Mn0.1Prx
alloy, and the hydrogenation capacity and kinetics of the alloy with x = 0.02 reach their maximum values
within 1000 s. Zhai et al. [162] found that partially substituting Ti with La not only significantly improved
the hydrogen absorption kinetics of Ti1−xLaxFe0.8Mn0.2 alloy but also increased the equilibrium plateau
pressure of the alloy hydride. Key research directions for achieving large-scale application of TiFe-based
alloys include reducing the surface density, providing fast diffusion channels for hydrogen atoms, increasing
the diffusion rate of hydrogen atoms via crystal defects, and increasing the phase interface [163].

3.4 A2B-Type Hydrogen Storage Alloy

The typical representative of A2B-type alloys is Mg2Ni, which has a large theoretical hydrogen
storage capacity of up to 3.67 wt% [164]. The raw materials are abundant and inexpensive. However, its
main drawback is poor hydrogen desorption kinetics [165], which typically requires higher operating
temperatures (above 250◦C [164,166]). The kinetic properties of hydrogen absorption and desorption of
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Mg-based alloys can be effectively improved via mechanochemical methods [122] or by adding a certain
amount of TiFe and TiNi via ball milling [167]. In recent years, improving Mg-based hydrogen storage
alloys has attracted extensive research interest [168–174]. Yong et al. [174] prepared Mg90Ce5Y5 alloy with
high capacity and stability by the vacuum induction melting method. This multi-phase alloy exhibited
enhanced kinetic properties.

Zhong et al. [168] prepared Mg2Ni0.7M0.3 (M = Al, Mn, and Ti) alloys by the solid-state sintering
method. The results showed that the hydrogen absorption and desorption properties of the Mg2Ni0.7M0.3
alloys were significantly improved. The apparent dehydrogenation activation energies of the Mg2Ni0.7Al0.3,
Mg2Ni0.7Mn0.3, andMg2Ni0.7Ti0.3 alloys decreased significantly by 46.12, 59.16, and 73.15 kJ/mol, respectively.
Matheus et al. [122] obtained a highly active Mg2Ni hydrogen storage alloy through high-energy reactive
ball milling, annealing heat treatment, and pre-absorption and desorption cycling treatment, which can
adsorb and desorb hydrogen below 300◦C. The desorption kinetics of the alloy is similar to that of alloys
obtained by nanoparticle synthesis or hydrogenation combustion synthesis, and it exhibits even better
absorption capacity.

3.5 Other Types of Alloys

AB5 alloy is the most widely used hydrogen storage material in MHHPs, and most of the prototypes
developed to date employ this alloy. However, due to its inherent structural limitations (CaCu5-type), the
optimized maximum theoretical hydrogen storage capacity of this alloy type usually makes it difficult to
meet the required targets [175]. In addition, the activation of AB2- and AB-type alloys is difficult, while the
cyclic stability of A2B-type alloys is poor. Despite considerable efforts to enhance these properties, further
improvements remain desirable.

M-Mg-Ni hydrogen storage alloys, as a substitute for traditional AB5 alloy, are widely studied in metal
hydride materials. Active Mg is one of their main components. Owing to the high vapor pressure of Mg, the
chemical composition of M-Mg-Ni alloys is difficult to control during high-temperature melting processing.
The ultrafine Mg powder formed by the volatilization of Mg also poses safety risks [175,176]. Although
new manufacturing techniques, such as helium/argon melting protection [177–180], sintering [181–184],
suppression of Mg volatilization via additives or alloying [185,186], and high-energy ball milling [167,187,188]
have been investigated, these approaches still suffer from high costs or complex procedures.

To address the above issues, scholars have developed Mg-free hydrogen storage alloys with high
capacities, such as A2B7-type La-Y-Ni alloys with various La/Y ratios [189–192], as well as AB3-, A2B7-,
and A5B19-type La-Y-Ni and La-Y-Ni-Mn-Al series alloys [175]. Xiong et al. [192] prepared A2B7-type
LaY2Ni10.5−xMnx (x = 0.0, 0.5, 1.0, and 2.0) alloys by vacuum induction melting, quenching, and annealing,
replacing part of Ni with Mn. The results showed that the hydrogen storage capacity was the highest
at x = 0.5, but the cycle stability was inferior to that of the other alloys. Wang et al. [190] pointed out
that the effect of Al on improving the cyclic stability of A2B7-type LaY1.9Ni10.2−xAlxMn0.5 (x = 0–0.6) alloy
was limited.

Liu et al. [191] prepared A2B7-type La3−xYxNi9.7Mn0.5Al0.3 (x = 1, 1.5, 1.75, 2, 2.25, and 2.5) alloy via the
magnetic levitation induction melting method. They found that with increasing Y content, the structural
stability of the alloys was improved, but the corrosion, pulverization, and dissolution of Al were also
intensified. Li et al. [189] found that as the Y content increased, the hydrogen storage capacity of A2B7-type
La-Y-Ni alloys gradually rose from 1.309 wt% (La:Y = 1:1) to 1.713 wt% (La:Y = 1:5), which was closely related
to the increase in the hydrogen diffusion rate. Therefore, the determination of Y content needs to take into
account both alloy stability and hydrogen storage capacity. Yan et al. [175] prepared LaY2Ni8.2Mn0.5Al0.3
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(AB3-type), LaY2Ni9.7Mn0.5Al0.3 (A2B7-type), and LaY2Ni10.6Mn0.5Al0.3 (A5B19-type) hydrogen storage alloys
by the induction melting and rapid quenching method. The results showed that all three alloys had stable
multi-phase microstructures, and the activation properties and cycle stability of the A2B7 and A5B19 alloys
were superior to those of AB5.

In addition to the above classification based on alloy composition, hydrogen storage materials for
MHHPs are also categorized by operating temperature into high-temperature (above 500◦C, e.g., TiH2 and
NaH) [30,193], medium-temperature (200–500◦C, e.g., Mg-based MH) [193,194], and low-temperature (room
temperature, e.g., TiFe and LaNi5) groups [30,195], each serving distinct heat pump cycles.

3.6 Summary of Alloy Performance Metrics

Based on the detailed discussions in Sections 3.1–3.5, it is evident that each alloy family exhibits distinct
advantages and drawbacks when considered for MHHP applications. To provide a clear and rapid reference
for material selection, Table 1 summarizes the quantitative and qualitative performance metrics of the
five major alloy families, including their hydrogen storage capacity, reaction kinetics, cycle stability, anti-
pulverization capability, relative cost, and operating temperature range. This comparison highlights that no
single alloy universally satisfies all MHHP requirements. On the contrary, the optimal choice depends on
the specific operating temperature, power density, and economic constraints of the target application.

For low-temperature building heating/cooling applications, AB5-type alloys remain the first choice due
to their mature technology and fast kinetics, despite their limited capacity. For high-temperature thermal
upgrading (>150◦C), A2B-type alloys are more suitable, provided that kinetic enhancement measures are
applied. AB2 and AB-type alloys offer a compromise between cost and performance but require careful
activation and anti-pulverization design.

4 Thermal Performance Improvement of Hydrogen Storage Alloys

The heat and mass transfer mechanisms in hydrogen storage alloys are extremely complex, involving
heat conduction through metal particles, contact heat transfer between particles, hydrogen flow, as well
as radiative and convective heat transfer in the voids [207]. The effective thermal conductivity of these
alloys is generally small, typically in the range of 0.1–1 W/(m·K), particularly when the inter-particle
contact thermal resistance is high [208]. Moreover, during cyclic operation, the repeated expansion and
contraction of the alloy due to heat uptake and release lead to cracking and pulverization. These effects
not only further reduce the effective thermal conductivity but also increase the resistance to hydrogen
flow within the reactor, thereby degrading the absorption/desorption kinetics and the overall heat pump
performance [21,209].

When the thermal conductivity is low, the heat released during absorption cannot be dissipated
promptly and thus accumulates in the reactor, raising both the system temperature and the equilibrium
pressure. This, in turn, suppresses the hydrogen absorption capacity and rate, and may even halt the
absorption reaction in severe cases. Therefore, enhancing the heat and mass transfer characteristics of
metal hydride alloys is critical for improving the performance of MHHP systems.

To systematically address the inherent limitations of hydrogen storage alloys, Fig. 7 illustrates a
comprehensive logic diagram linking the two primary performance bottlenecks (i.e., low effective thermal
conductivity and cyclic pulverization) to their corresponding enhancement strategies. This framework
serves as a roadmap for the detailed discussions presented in Sections 4.1 and 4.2.
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Table 1: Comparisons of key performance metrics for major alloy families in MHHP applications.

Alloy Family Hydrogen
Storage Capacity

Ab/Desorption
Kinetics

Cycle Life
(Stability)

Anti-
Pulverization Relative Cost Temperature

Range References

AB5 (LaNi5-based) 1.0–1.5 wt% Fast/fast Moderate (<1000
cycles decay) Poor High ~100◦C [57,138,196]

AB2 (Laves phase) 1.6–2.1 wt% Moderate/moderate Good (up to 5000
cycles) Moderate Medium ~150◦C [197,198]

AB (TiFe-based) 1.8–1.9 wt% Slow (needs activa-
tion)/moderate Moderate Moderate Low ~100◦C [126,196,199,200]

A2B (Mg2Ni-based) 3.3–3.7 wt% Slow (unless
modified)/slow Poor (rapid decay) Moderate Low >250◦C [201–204]

A2B7
(La-Y-Ni-based) 1.3–1.8 wt% Fast/fast Improved (better

than AB5)
Improved Lower than AB5 ~60◦C [189,205,206]

Note: Capacity values represent typical ranges for representative compositions; actual values vary with specific stoichiometry and operating conditions. Cost estimates are
qualitative rankings based on raw material abundance and processing complexity.
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Figure 7: Schematic diagram of performance bottlenecks and improvement strategies.

4.1 Enhancement of the Effective Thermal Conductivity

It has been well established that the effective thermal conductivity (ETC) of hydrogen storage alloys is
significantly influenced by both hydrogen pressure and hydrogen concentration [47,208,209]. Additionally,
several other factors, including the porosity of the hydride bed [209], the structural shape of the MHs [210–212],
and the thickness of the hydride layer [14,213–216], have been identified as critical determinants of thermal
transport and hydrogen flow behavior.

Hahne et al. [208] demonstrated that the ETC of metal hydride alloys depends primarily on hydrogen
pressure, with temperature exerting only an indirect effect. They further noted that the ETC increases
with the rising concentration of hydrogen atoms participating in the reaction. In a systematic study using
LaNi4.7Al0.3 as the hydrogen storage alloy, Raju et al. [217] investigated the dependence of hydrogenation
and dehydrogenation performance on key parameters such as hydrogen pressure, operating temperature,
and heat transfer fluid flow rate. Their results confirmed the influence of these parameters and provided a
basis for recommending favorable operating conditions.

To enhance the ETC from the material perspective, various high-conductivity additives or structural
components have been incorporated into the hydride bed, including copper wire [218], aluminum foam [219],
carbon nanotubes [220], phase change material [221], and naturally expanded graphite [211]. Table 2
summarizes some studies on ETC of enhanced hydrogen storage alloys. Overall, these additives and
structural modifications have been shown to considerably increase the effective thermal conductivity of
metal hydrides.

However, the introduction of metals such as aluminum and copper, while beneficial for thermal
conductivity, inevitably reduces the gravimetric hydrogen storage capacity and increases the sensible
heat loss of the hydride bed. Furthermore, Chaise et al. [229] observed that when solid-state diffusion
occurs between the magnesium hydride and the metal matrix, a significant degradation in storage capacity
is also evident at elevated temperatures. Kim et al. [210] proposed a novel method to fabricate dense
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composite materials by mixing light expanded natural graphite (ENG) with MHs, effectively mitigating the
issue of bed porosity. Nevertheless, this approach still suffers from high energy consumption during the
high-pressure compaction process. Gkanas et al. [216] determined that the optimal heat transfer coefficient
of 2000 W/(m2·K) could be achieved when the compact thickness was controlled at 10.39 mm. Additionally,
Yasuda et al. [110] incorporated aramid pulp and carbon fiber into TiFe0.9Ni0.1 and La0.6Y0.4Ni4.9Al0.1 alloys,
reporting that the in-plane thermal conductivity increased to 3.20W/(m·K) with higher carbon fiber fractions.

Table 2: Studies on ETC of enhanced hydrogen storage alloys.

References Alloys Augmentation Technique ETC (W/(m⋅K))

Kapischke et al. [222] Mg Adding 2% Ni 4–9

Ghafir et al. [218] MmNi4.46Al0.54 Copper wire net matrix 0.5–2.75

Lloyd et al. [223] LaNi5
Powder plated with copper and
cold pressed with tin binder 2.9–6.2

Wang et al. [219] LaNi5
Compact with expanded

graphite 3–6

Ron et al. [224] LaNi5
Aluminum matrix of the

composite 8–23

Suda et al. [225] MmNi4.51Al0.47
Multilayer waved sheet of

copper Up to 14

Yasuda et al. [110] TiFe0.9Ni0.1; La0.6Y0.4Ni4.9Al0.1 Aramid pulp and carbon fiber Up to 3.2

Sánchez et al. [211] LmNi0.485Sn0.15
Compact with expanded

graphite 19.45

Atalmis et al. [226] LaNi5
Copper coating and/or

expanded natural graphite
(ENG)

~6 times with copper coating;
~12 times with ENG

Dieterich et al. [227] Hydralloy@ C5 Expanded natural graphite 10–15

Madaria and Kumar [228] La0.8Ce0.2Ni5

Graphite flakes (CMPGF);
Graphite flakes with copper

wire mesh structure
(CMPGFCu)

CMPGF: 4.7;
CMPGFCu: 6.8

It is worth noting that the relationship between thermal conductivity and absorption performance is
not strictly monotonic. Raju and Kumar [230] reported that increasing the hydride thermal conductivity
from 2 to 8.5 W/(m·K) enhanced the hydrogen absorption capacity in the reaction bed; however, a further
increase from 8.5 to 24 W/(m⋅K) led to a continuous decrease in absorbed hydrogen mass. Similarly,
Freni et al. [231] pointed out that raising the thermal conductivity from 10 to 15 W/(m⋅K) produced no
significant improvement in absorption reaction time. These findings show that thermal conductivity is not
the sole factor governing heat and mass transfer rates in metal hydride systems.

Despite the effectiveness of these enhancement strategies in improving ETC, alleviating porosity issues,
and accelerating kinetics, they often introduce supplementary drawbacks. For instance, Madaria et al. [209]
showed that filling the bed with metallic structures increased ETC but simultaneously added substantial
weight to the reactor. Wang et al. [219] proposed that the aluminum foam content in the packed bed
should remain below 10%, as higher fractions compromise the hydrogen absorption/desorption capacity.
Kim et al. [232] demonstrated that ENG mixing significantly boosted ETC with negligible negative impact
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on permeability. However, the fabrication of composite blocks requires high-pressure equipment, leading
to considerable electrical energy consumption and stringent processing requirements.

In addition to material modifications, reactor geometric design has emerged as another effective route to
enhance the heat and mass transfer performance of hydrogen storage alloys. Various reactor configurations,
including tubular, annular-disc, micro-channel, and finned-tube designs [233–237], have been developed
to optimize thermal management and hydrogen reaction kinetics. Among these, fin optimization has
received particular attention. Keshari et al. [238] demonstrated that increasing fin diameter and array
density effectively improves absorption efficiency, while variable cross-section annular fins and corrugated
fins substantially reduce absorption time compared to conventional designs [239,240]. Spiral fin and spiral
microchannel reactors have also shown superior heat transfer rates and reaction kinetics due to enhanced
turbulence intensity [241,242].

More recently, the integration of fins with metal foam or phase change materials (PCMs) has demon-
strated synergistic effects. For instance, reactors combining fins and metal foam achieved thermal resistance
as low as 0.0099 K/W, with a 38% improvement in hydrogen absorption efficiency over fin-only reactors [243].
Similarly, PCM-integrated reactors, particularly those embedded with metal foam, have shown significant
improvements in both heat release and heat recovery during cyclic operation [244,245]. Despite these
advances, systematic comparisons of different reactor configurations under identical operating conditions
remain limited, and the compatibility between various reactor designs and specific MHHP cycles warrants
further investigation.

4.2 Enhancement of Pulverization Resistance

In addition to thermal conductivity, the severe pulverization of metal hydride particles during repeated
hydriding/dehydriding cycles poses a critical obstacle to long-term durability. As summarized in Fig. 8,
current anti-pulverization strategies can be classified into three categories according to their underlying
mechanisms: (i) intrinsic material toughening (e.g., alloy composition modification [190,191,246,247] and
surface coatings [248–251]), which reduces lattice expansion strain or provides a ductile shell to inhibit
crack propagation; (ii) structural strain buffering (e.g., porous frameworks [110,211,219,252] and thin-film
geometries [253–255]), which accommodates volumetric changes via internal void spaces or dimensional
confinement; and (iii) physical state engineering (e.g., fluid-like [256–259] and amorphous [260–263]
hydrides), which eliminates particle-to-particle stress transfer or suppresses grain-boundary fracture. The
following subsections will examine these strategies in detail, with particular emphasis on their specific
implementations, performance trade-offs, and remaining challenges.

4.2.1 Compositional Modification for Anti-Pulverization

To address the severe pulverization of hydrogen storage alloys during cyclic operation, compositional
modification, either by introducing a third element or substituting a constituent element, has been widely
adopted to enhance the intrinsic cracking resistance of the material. However, extrinsic approaches, such
as the fabrication of composite particles, have proven insufficient. For instance, Wang et al. [266] reported
that while Al powder/hydride compressed composites exhibited high crack resistance, slight cracks still
emerged after 1000 cycles, and similar polymer-based composites (e.g., MlNi5-polyurethane) failed to
withstand temperatures exceeding 393 K. Regarding elemental additives, Wang et al. [190] pointed out
that the beneficial role of Al in improving long-term cycling stability is quite limited, as severe powdering
persisted during extended tests. Liu et al. [191] prepared La3−xYxNi9.7Mn0.5Al0.3 (x = 1, 1.5, 1.75, 2.25, and 2.5)
alloys via magnetic levitation induction melting and found that raising Y content enhanced the structural
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stability of the host lattice. Nevertheless, the overall cyclic stability deteriorated due to the concurrent
corrosion, pulverization, and Al dissolution.

 

Figure 8: Schematic diagram of different metal hydride structures. (a) Compositional modification of hydrogen
storage alloy [190], (b) porous metal hydrides [264], (c) porous metal hydride compacts [229], (d) surface treatment
of hydrogen storage alloy [248], (e) fluid-like metal hydrides [256], (f) thin film-like metal hydrides [265], and
(g) amorphous metal hydrides [260].

In contrast, Wan et al. [246] demonstrated that in Zr0.8Ti0.2Co1−xNix (x = 0, 0.1, 0.2, and 0.3) alloys
prepared by vacuum arc melting method, partial substitution of Co by Ni notably strengthened the anti-
pulverization ability. At 573 K, the hydrogen storage capacity retention increased from 58.7% (x = 0) to
76.3% (x = 0.3), although a higher temperature of 673 K led to hydrogen-induced disproportionation, which
severely degraded the performance. More recently, He et al. [247] revealed that tuning the [AB5]/[A2B4]
subunit ratio effectively alleviates lattice strain accumulation, reducing pulverization and enhancing cyclic
stability, providing theoretical guidance for La-Y-Ni-based alloys. Despite these efforts, no single hydrogen
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storage alloy has yet been developed that can undergo multiple absorption/desorption cycles without
encountering significant pulverization issues.

4.2.2 Porous Metal Hydrides and Compacts

To simultaneously address the pulverization and poor thermal conductivity of loose alloy powders,
porous metal hydrides have been developed by mixing hydride powders with highly ductile metals (e.g., Cu,
Al) or high-conductivity materials (e.g., expanded graphite) to form a rigid porous skeleton that anchors
the hydride particles. Based on the fabrication routes, these structures can be broadly divided into two
categories: sintered/porous frameworks and compressed compacts.

For sintered or bonded porous frameworks, Kim et al. [210] prepared LaNi5 composites with re-
compressed expanded graphite (REG), which increased the effective thermal conductivity from 0.1 to
3–6 W/(m·K) while effectively suppressing powdering. Rodríguez et al. [211] reported that the expanded
natural graphite (ENG)/hydride compacts achieved a much higher thermal conductivity of up to 19 W/(m⋅K),
but this came at the cost of a reduced hydrogen absorption rate. Yasuda et al. [110] developed hydride sheets
using aramid pulp and carbon fiber, whose porosity was twice that of conventional packed beds, significantly
mitigating the pulverization caused by repeated volumetric expansion/contraction. Pohlmann et al. [252]
demonstrated that, compared with loose Mg90Ni10 sheets, the dense melt spinning hydride-graphite com-
posite cylindrical particles exhibited superior thermal conductivity and anti-pulverization performance.
Furthermore, to reduce reactor weight, Wang et al. [219] analyzed the relationship between Al foam addition
and thermal conductivity, finding that the required Al foam amount for forced-convection cooling was 20%
less than that for natural convection under maximum hydrogen storage conditions.

Regarding compressed compacts (i.e., pressing hydride powder with Al, Cu, or graphite powders into
blocks), the primary goal is to prevent the loss of effective thermal conductivity caused by powdering.
Ron et al. [224] found that when the Al mass fraction ranged from 0.075 to 0.3, the thermal conductiv-
ity of LaNi5-Al matrix compacts was 16 to 46 times higher than that of pristine LaNi5 powder. Notably,
Ron et al. [267] also pointed out that LaNi5 and MmNi4.15Fe0.85 compacts with an Al matrix could op-
erate stably without pulverization even after 30,000 hydrogenation/dehydrogenation cycles. However,
Klein et al. [268] noted that the effective thermal conductivity of REG/LaNi5 compacts decreases with
increasing mass ratio of hydride to graphite, although REG is significantly more cost-effective than Al foam.
In addition, the incorporation of expanded natural graphite has little influence on thermodynamic properties
but reduces hydrogen permeability, particularly along the direction parallel to the compression axis, which
imposes specific requirements on the thickness of the compacted block [229]. Despite these extensive
efforts, reports on porous metal hydrides with comprehensively optimized performance remain scarce.

4.2.3 Surface Treatment of Hydrogen Storage Alloys

Surface treatment of hydrogen storage alloys involves forming a protective coating or film on the
material surface via specific techniques to mitigate the pulverization problem. For instance, Kim et al. [232]
coated metal hydride powder with copper and compressed it into porous compacts, which effectively sup-
pressed pulverization while also improving thermal conductivity. Considering that pulverization originates
from excessive expansion stress during cycling, Wang et al. [266] mixed MlNi5 powder with 6 wt% silicone
oil and found that the expansion stress of alloy particles was significantly reduced, thereby suppressing
hydride fragmentation. Subsequently, Li et al. [248] demonstrated that adding 3 wt% silicone oil could effec-
tively alleviate expansion stress; they also noted that the maximum expansion stress increased with rising
charging pressure during the cycling process. The underlying mechanism for stress reduction is attributed
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to the silicone oil film formed on the particle surfaces, which acts as a “buffer pad” between particles. This
film reduces particle aggregation and enhances particle mobility during hydrogen absorption/desorption
cycles [248]. To sum up, silicone oil surface treatment proves to be an effective strategy for tackling the
pulverization of hydrogen storage alloy materials. However, the inert oil phase contributes extra mass
without participating in hydrogen storage, thereby reducing the gravimetric hydrogen storage capacity of
the alloy. For instance, Zheng et al. [269] reported that the addition of 5 wt% silicone oil slightly reduced
the initial hydrogen storage capacity of a V40Ti26Cr26Fe8 alloy, although it simultaneously improved the
absorption reversibility. Therefore, the dosage of silicone oil must be carefully optimized to balance stress
mitigation against capacity retention in practical MHHP applications.

4.2.4 Metal Hydrides with Special Structures

Beyond conventional powdermodifications, fabricatingmetal hydrides into special physical forms, such
as fluid-like slurries, thin films, and amorphous alloys, has emerged as an effective strategy to circumvent
pulverization while tailoring reaction kinetics and thermal management.

(1) Slurry-phase hydrogen storage materials

Slurries refer to fluid-like suspensions formed by dispersing hydride powders in carrier liquids (e.g.,
n-undecane, ammonium fluoride solution, benzene, ethanol, isooctane, cyclohexane, benzyltoluene, n-
ethylcarbazole, and silicone oil [257,270–272]). Reilly et al. [273] investigated the isothermal absorption
kinetics of LaNi5Hx suspended in n-undecane and identified that the rate-limiting step was hydrogen
dissolution in the solvent. Further, Reilly et al. [274] reported that dissolved CH4 in n-decane reduced the
surface tension of the suspension, thereby lowering both the activation energy (Ea) and the pre-exponential
factor. Gamo et al. [275] found that the hydrogen absorption rate in a 0.1% surfactant solution was markedly
higher than that in pure water. Regarding catalytic applications, Chen et al. [36] demonstrated that a
Mg2Ni-C6H6 slurry treated with NH4F first absorbed hydrogen to form hydrides, which then catalytically
hydrogenated benzene to cyclohexane. Chen et al. [37] further confirmed that La1.8Ca0.2Mg14Ni3 suspended
in C6H6 exhibited hydrogenation performance similar to that of gas-solid reactions, with a strong catalytic
effect on benzene hydrogenation. Notably, Chen et al. [258] showed that NH4F/C6H6-treated cast alloys
yielded a much higher hydrogenation rate than untreated cast-alloy slurries. An et al. [276] found that
suspending MlNi5 in C6H6 not only improved thermal conductivity but also alleviated pulverization.
Cai et al. [277] further revealed that the standard entropy values for slurry-phase hydrogenation were
comparable to those of gas-solid systems. As summarized by Wu et al. [256], solid hydride and liquid
organic carrier slurries offer highly complementary advantages.

Despite the promising features of hydride slurries, several intrinsic limitations hinder their practical
deployment in MHHP systems. First, the hydrogen dissolution in organic liquid carriers is typically rate-
limiting, particularly when the solubility of H2 in the carrier is low (e.g., approximately 0.035 mol/L at 30◦C
and 1013 kPa), which severely restricts the overall hydrogen transfer rate [273]. Second, although the metal
hydride slurries can accommodate volumetric expansion, mitigate pulverization, and prevent irreversible
capacity degradation commonly observed in dry packed beds, the long-term cycling induces particle
agglomeration and sedimentation, which necessitates periodic re-dispersion interventions to maintain
stable slurry flowability and hydrogenation performance [257]. Third, the chemical compatibility between
hydride particles and organic carriers, especially at high temperatures, can induce undesirable side reactions,
carrier hydrogenation, or surface poisoning of the hydride particles [278].
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To overcome these barriers, future breakthroughs are expected in three directions: (i) development
of high-H2-solubility carriers with enhanced thermal stability (e.g., modified benzyltoluene), (ii) surface
treatment of hydride particles using thin catalytic coatings (e.g., Pd, Ni) to accelerate interfacial H2 dis-
sociation without compromising suspension stability, and (iii) incorporation of modifying additives or
nanostructured stabilizers to prevent particle settling and aggregation over extended cycle life [257,270].

In terms of application scenarios, slurries are particularly attractive for compact, mobile, or modular
MHHP systems where continuous pumping and flow-through reactor designs are advantageous. Unlike
fixed packed beds, slurry-based reactors eliminate the need for complex internal heat exchangers, as the
convective heat transfer within the flowing slurry can be significantly higher than the effective thermal
conductivity of packed beds [279]. However, for large-scale stationary MHHP applications where simplicity
and maintenance are prioritized, the added complexity of slurry circulation and separation systems may
exceed the benefits. Therefore, the most promising application for slurry-based MHHPs is likely in
transportation waste heat recovery (e.g., marine vessels) and distributed solar-thermal cooling systems,
where compactness, rapid response, and modularity are key performance drivers.

(2) Thin-film metal hydrides

Thin-film metal hydrides, typically fabricated via reactive plasma sputtering [253], direct current
(DC) magnetron sputtering [254], radio frequency sputtering [280], flash evaporation [281], or vacuum
thermal evaporation [282], exhibit unique anti-pulverization properties due to dimensional constraints.
Adachi et al. [281] found that LaNi5 and MmNi4.5Mn0.5 films with thicknesses below 1.0 × 105 nm did
not suffer pulverization even after 150 cycles. However, substrate effects are critical. For instance,
Huy et al. [253] prepared 1.8-µm-thick MgH2 films by one-step reactive plasma-assisted sputtering and
observed that films deposited on graphite substrates maintained fully reversible capacity over 28 cycles,
whereas those on polyimide foils delaminated and transformed into loose powder. Platzer et al. [280]
noted that porous, easily oxidized films could be produced by increasing pressure, H2/Ar ratio, or reducing
power. Matsuda et al. [283] reported that after 200 cycles, hydrogenated 6Mg-Ni films contained Mg2NiH4,
MgH2, and Mg nanocrystals, with Mg crystallization degrading desorption kinetics and cycling ability.
Jangid et al. [254] prepared Mg/Ti/Ni multilayer films via DC magnetron sputtering and through compre-
hensive surface/structural/optical/electrical characterization, concluded that such multilayers are promising
for solid-state storage. Importantly, Le et al. [284] found that, compared with less-reactive SiO2 substrates,
the interfacial formation of Mg2Si on Si substrates significantly enhanced desorption kinetics.

The primary advantage of thin-film metal hydrides lies in their size restriction: when the film thickness
is below a critical thickness (experimentally identified to be on the order of 1.0 × 105 nm for LaNi5-based
systems [281]), the mechanical strain can be effectively accommodated without catastrophic pulverization.
This size-dependent anti-pulverization behavior offers a potential path to ultra-long cycle life. However,
several critical limitations must be addressed before thin films can be considered for practical MHHP
applications. As demonstrated by Le et al. [284], films deposited on Si substrates form irreversible Mg2Si
interfacial layers, causing irreversible capacity decay, whereas inert substrates (e.g., SiO2) maintain better
reversibility but at much slower desorption kinetics. Furthermore, the gravimetric and volumetric hydrogen
storage density of the entire film-substrate assembly is substantially lower than that of bulk hydrides
because the active hydride layer typically accounts for less than 10% of the total mass/volume [285].
This low active-material fraction fundamentally limits the practical energy density of film-based systems.
Additionally, although the scalability and manufacturing cost of physical vapor deposition techniques (e.g.,
sputtering, thermal evaporation) has made significant progress [286], its economic feasibility still needs to
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be evaluated in detail when applied to prepare thin-film metal hydrides for large-scale MHHP reactors that
require loading kilograms to tons of hydrogen storage material.

To address the aforementioned constraints, future research should focus on the following three aspects:
(i) development of roll-to-roll deposition processes on flexible, low-cost substrates (e.g., polymer foils or
metal sheets [253]) to reduce manufacturing costs and increase throughput, (ii) exploration of self-supported
nanoporous hydride films or 3D thin-film structures that decouple the mechanical robustness from the
substrate constraint, and (iii) integration of thin-film hydrides into micro-scale MHHP devices [287] or
on-chip thermal management systems [288], where the amount of hydrogen stored is small but the cycle
speed and reliability are crucial.

Thin-film hydrides are unlikely to compete with bulk hydrides in large-scale heating or cooling
applications due to their low active-material fraction and high cost. Instead, their application scenarios lies
in micro-scale MHHP devices for localized cooling/heating of electronic components, sensor systems, and
hydrogen purification membranes where rapid kinetics, pulverization-free operation, and precise control of
hydrogen flow are more critical than capacity. The cycle stability observed in thin films (e.g., 150 cycles
without pulverization [281]) makes them particularly suitable for high-frequency switching applications
where conventional HM beds would rapidly fail due to pulverization.

(3) Amorphous metal hydrides

Amorphous alloys can absorb large amounts of hydrogen while offering superior resistance to pulver-
ization. Zhang et al. [289] reported that amorphous Mg11Y2Ni2 transforms into amorphous, metastable, and
stable phases at different temperatures, all of which can be hydrogenated to MgH2, Mg2NiH4, and YH2/YH3.
Han et al. [262] identified nano-amorphous alloys as promising candidates for reversible storage at moderate
temperatures. Compositionally, Bu et al. [290] found that increasing Nd content in (Mg24Ni10Cu2)100−xNdx
(x = 0–20) alloys significantly enhanced the degree of amorphization, while Żywczak et al. [291] obtained
amorphous Ti45Zr38Co17 compounds by substituting Co for Ni. Han et al. [261] pointed out that hydro-
genation of amorphous Zr2Co produces highly stable ZrH2, Zr2CoH5, and ZrCoH3. Zhou et al. [263]
demonstrated that amorphous Mg85Ni5Y10 alloy exhibited much higher hydrogen storage capacity, ab-
sorption/desorption kinetics, and stability than its crystalline counterpart. Therefore, amorphous alloys
represent another effective route to mitigate pulverization in hydrogen storage materials.

Amorphous metal hydrides offer a fundamentally distinct hydrogenation behavior compared to their
crystalline counterparts. The absence of long-range order, combined with a high density of chemically
disordered environments, creates a broad distribution of interstitial sites with varying hydrogen binding
energies [292]. This generally results in absence of a distinct P-C-T plateau, broader hydrogen absorp-
tion/desorption pressure ranges, and in some cases, higher hydrogen storage capacities due to the accom-
modation of hydrogen in both tetrahedral and octahedral sites [260]. Furthermore, the amorphous alloy
exhibits multiple cracks after cycling, which are beneficial for hydrogen storage kinetics by providing
additional diffusion pathways and exposing uniformly distributed catalytic particles [263].

However, the practical application of amorphous hydrides in MHHPs faces three main bottlenecks.
First, amorphous alloys are thermodynamically metastable; after heating (typically above 150–300◦C,
depending on composition), they undergo irreversible crystallization, which drastically alters the hydro-
genation properties and often leads to slightly slower kinetics [289]. For MHHP systems that involve
temperature fluctuations during cycling, this crystallization risk imposes severe constraints on the allow-
able operating temperature condition. Second, while Mg-based amorphous alloys can achieve capacities
exceeding 3 wt% [263], certain amorphous systems (e.g., Zr-based) exhibit reversible capacities lower than
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their crystalline forms due to the hydrogen-induced disproportionation and slow kinetics [261]. Third,
the broader application of amorphous alloys is constrained by the limited critical size and poor room-
temperature workability compared with conventional crystalline alloys [293]. Potential future directions
to overcome these limitations include: (i) development of nanostructured amorphous alloys that retain
the high anti-pulverization capability of amorphous phases while exhibiting excellent cycling stability
due to the fully recoverable amorphous structure and reduced particle aggregation at lower operating
temperatures [262], (ii) exploration of high-entropy amorphous alloys where the sluggish diffusion kinetics
and high configurational entropy characteristics at high temperatures [294], and (iii) Alloying strategies
(e.g., addition of Zr or Y) can effectively increase the hydrogen solubility [295] or significantly refine the
nanocrystalline microstructure and stabilize it against grain growth [296].

Due to their generally superior anti-pulverization performance compared to crystalline counterparts,
amorphous alloys are suitable for medium-temperature MHHP systems (up to 150◦C), provided that
operating temperatures remain below the crystallization threshold of the specific optimized composition.
However, for high-temperature applications (>300◦C) where crystallization becomes inevitable, crystalline
Mg-based or high-temperature hydrides remain more appropriate. Additionally, the absence of a distinct
pressure plateau in amorphous alloys can be advantageous in temperature-upgrading systems requiring
smooth, continuous output rather than stepwise pressure changes, although the potential impact of
pressure-composition hysteresis on system efficiency would require careful evaluation for specific material
and system.

In summary, while slurries, thin films, and amorphous alloys each offer unique advantages in mitigating
pulverization and tailoring reaction kinetics, they also introduce distinct trade-offs in terms of stability,
scalability, and cost. The selection among these special structures should be guided by the specific operating
temperature, power density requirements, and economic constraints of the target MHHP application, and
future research should prioritize cost-effective fabrication methods and comprehensive long-term stability
assessments under realistic cyclic conditions.

4.3 Economic Feasibility and Scalability Challenges

In addition to the technical performance metrics discussed above, the economic viability and scalability
of MHHP systems are critical factors determining their industrial adoption. Although hydrogen storage
alloys offer unique advantages in thermal upgrading applications, their high material costs, manufacturing
complexity, and system-level integration challenges remain substantial barriers to large-scale deployment.

4.3.1 Material Cost Analysis

The cost of hydrogen storage alloys varies significantly across different families. According to market
reports, the global solid-state hydrogen storage alloy market reached a production volume of 19,400 t in 2024,
with an average selling price of USD 14,285/t [297]. Active material costs for metal hydrides generally range
from USD 12–25/kg, translating to USD 8–15/(kW⋅h) of hydrogen stored, depending on alloy composition
and rare-earth content [298]. For AB2-type alloys, which generally have lower raw material costs and higher
hydrogen storage capacity than AB5-type alloys, the global market for metal hydride alloys was estimated
at USD 423 million in 2031, with an average global market price of approximately USD 133/kg [299].

Recent techno-economic analyses have provided quantitative comparisons of different hydride systems
on a levelized cost basis. Wang et al. [300] demonstrated that metal hydride systems can be cost-competitive
with 35 MPa compressed gas systems, with TiFe0.85Mn0.05 achieving USD 0.45/(kW⋅h) and complex metal
hydride Mg(NH2)2-2.1LiH-0.1KH achieving USD 0.38/(kW⋅h). Extending hydrogen absorption times and
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increasing operating cycles significantly reduce the levelized cost of storage, especially for complex metal
hydrides [300]. Key strategies to further enhance competitiveness include using waste heat, reducing the
use of valuable minerals, and achieving metal hydride production costs of USD 10/kg [300].

For Mg-based hydrides specifically, the cycle life of the storage material is a key determinant of
levelized cost. After 3000 cycles, the levelized cost of storage for Mg-based hydrides has been estimated to
reduce to USD 0.44/kg H2 [301]. This highlights the economic benefit of developing alloys with extended
cycle life, as longer-lasting materials amortize their initial cost over more operating cycles.

4.3.2 System-Level Economic Analysis

Although material costs offer a useful economic indicator, the overall economic feasibility of MHHP
systems depends on multiple system-level factors, including reactor design, heat exchanger complexity,
manufacturing scale, and operational parameters.

The DLR (German Aerospace Center) has provided a first estimation of system mass, volume, and
investment cost for a 15 kW MHHP cooling system. The system would contain approximately 24 kg or
20 L of metal hydride material, corresponding to a total system mass of 50 kg and a system volume of
100 L [302]. The estimated investment cost for small-series production is USD 9254.4 [302]. Under typical
operating conditions (electricity price: USD 0.23/(kW⋅h), 3750 operating hours/year), such a system could
achieve annual energy cost savings of approximately USD 6478, suggesting a rapid return on investment in
continuous hydrogen flow applications (e.g., dual-effect, multi-stage, and hybrid MHHPs) [302].

For hydrogen infrastructure integration, a comprehensive thermodynamic assessment of MHHPs has
quantified fuel savings of approximately 10%–20% and additional heat supply of 10%–30% in open-loop
industrial process-heating applications [13]. The study further examined scaling behavior, integration
challenges, and economic feasibility, assuming an MH unit price of USD 57.84/kg and a total system cost of
four times the MH material cost [13].

In residential applications, integrating metal hydride storage with heat pump systems and photovoltaics
has demonstrated a 7.1-year payback period and 83% energy self-sufficiency, with annual energy cost savings
of USD 294.98 [303]. However, other studies have reported that the payback period can exceed 35 years
under less favorable conditions, primarily owing to the high initial cost of metal hydrides [304]. This wide
variation underscores the importance of application specific economic assessments. A techno-economic
analysis of metal hydride energy storage system for residential heat pumps similarly concluded that long
payback periods are primarily due to high initial cost and hydrogen compression costs [304].

4.3.3 Scalability Challenges for Industrial Adoption

Despite promising techno-economic indicators, several challenges must be addressed before MHHP
technology can achieve widespread industrial deployment.

Engineering and manufacturing scalability. The transition from laboratory-scale (g to kg) to industrial-
scale (t) production of hydrogen storage alloys presents significant challenges in composition control, phase
homogeneity, and cost management. A case study on a 1.25 t batch of AB2 alloy for large-scale stationary
systems demonstrated the need for systematic experimental characterization, modeling, and life cycle-cost
assessment at this industrial scale [102]. Such large-batch evaluations are essential for validating material
properties and establishing reliable manufacturing protocols. The life cycle assessment of this scale-up case
revealed that scaling from 10 kW to 10 MW reduces storage costs by nearly 85%, driven by economies of
scale [102].
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Reactor design and thermal management. As reactor size increases, the ratio of heat exchange surface
area to hydride volume decreases, exacerbating the thermal management challenges discussed in Section 4.1.
For large-scale MHHP systems, system design strategies such as coil optimization, exploitation of material
thermal inertia, and heat pump selection are critical factors to further enhance performance [118]. The
increasing complexity of heat exchangers with scale directly impacts manufacturing costs and reliability.

Material cost and supply chain constraints. The global solid-state hydrogen storage alloy market is
forecast to reach USD 1802 million by 2032, with a CAGR (Compound Annual Growth Rate) of 26.7% [305].
Despite this growing market, the high production and processing costs remain a major restraint. Rare-earth
price volatility poses significant cost pressure. For example, in late 2025, the price of praseodymium-
neodymium oxide fluctuated around USD 74,907–75,352/t (data from Domestic Bulk Commodity Data
Platform), while dysprosium oxide remained stable at USD 241,779–244,746/t (data from China Tungsten
Industry Online). The availability and cost of critical minerals (particularly Co in AB5 alloys) represent
ongoing supply chain risks. For large-scale stationary applications, using waste heat and reducing the use
of critical minerals are key strategies to enhance the competitiveness of MHHP systems [300].

Standardization and performance validation. Most reported performance data are obtained under
idealized laboratory conditions, and there is a lack of standardized testing protocols and performance
metrics for MHHP systems. Current prototypes are typically at TRL (Technology Readiness Level) 3–5,
indicating that significant engineering development remains before commercial deployment [306]. This
impedes fair comparison across different materials and system configurations, as well as the development
of industry-wide design guidelines.

In summary, while MHHP technology offers unique advantages for low-grade thermal upgrading, its
economic feasibility and scalability depend on a combination of material cost reduction, manufacturing
process optimization, reactor design innovation, and strategic integration with available waste heat sources.
Continued advances in these areas will be essential for transitioning MHHP technology from laboratory
prototypes to commercially viable systems.

4.4 Field Demonstration and Pilot-Scale Validation

Despite the abundance of laboratory-scale material characterizations, documented field demonstrations
and pilot-scale validations of MHHP systems are still remarkably scarce. The few existing installations
have revealed that real-world performance is strongly influenced by dynamic thermal conditions, im-
purity buildup, and long-term cyclic degradation which are often mitigated or overlooked under ideal
benchtop testing [67,307]. These site-specific challenges, rather than material thermodynamics alone,
represent the primary bottleneck for system scale-up and necessitate dedicated pilot campaigns prior to
commercial deployment.

One of the earliest and most thoroughly documented demonstration efforts is the HYCSOS chemical
heat pump developed at Argonne National Laboratory in the late 1970s. The demonstration test facility
employed four stainless steel tanks, each holding about 5 kg of either LaNi5 or CaNi5 hydride, with internal
heat transfer tubing and three fluid heat transfer loops [308,309]. Initial operation demonstrated that
approximately 5 mol of hydrogen could be transferred from CaNi5 at 106◦C to LaNi5 at 8◦C, with half-cycle
times of less than 1 min for 50% hydrogen transfer [308]. However, the system’s thermal losses were
found to be non-negligible despite the use of thermal insulation, and the experimentally measured heat
transfer rates deviated from predictions based on idealized laboratory-scale material property data [309].
The HYCSOS experience revealed that reactor-scale heat transfer limitations, particularly the low effective
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thermal conductivity of hydride beds (typically 0.1–1 W/(m⋅K)), could not be fully captured by small-sample
measurements, necessitating iterative design refinements.

More recent compressor-driven metal hydride heat pump (CDMHHP) demonstrations have provided
quantitative performance benchmarks under near-practical conditions. Park et al. [40] built a CDMHHP
using a commercial oil-type compressor and demonstrated a maximum cooling power of 353 kcal/(kg⋅h) and
an energy efficiency (COP) of 1.8 with a half-cycle time of 3 min, achieving a minimum cooling temperature
of 6◦C at an airflow rate of 7 Nm3/min. In a separate CDMHHP configuration employing porous metal
hydride compacts, a cold output of approximately 0.25 kW/kg of LaNi5 was achieved with a cycle time of one
minute [310]. While these values compare favorably with laboratory-scale expectations, the demonstrations
also highlighted that compressor efficiency (only 31%) and additional thermal losses significantly degrade
the overall system COP relative to thermodynamic predictions [310]. The discrepancy between ideal cycle
analysis and measured performance underscores the critical role of system-level inefficiencies that are often
overlooked in material-focused laboratory studies.

The DLR has recently advanced MHHP demonstration toward integrated system applications. Their
HP project targets the integration of metal hydride heat pumps into hydrogen infrastructure, with a 15 kW
cooling system containing approximately 24 kg of metal hydride material [302]. Experimental validation
has demonstrated a specific cooling power of 585 W per kilogram of metal hydride mass in reactors with
total weight under 30 kg and volume below 20 dm3 [311]. However, even this advanced prototype operates
under controlled laboratory conditions rather than true field environments; issues such as long-term
cyclic degradation, hydrogen impurity effects, and transient heat source variability remain insufficiently
characterized. These demonstration experiences collectively indicate that while MHHP technology has
proven its fundamental feasibility, the path to commercial deployment requires systematic attention to
reactor-scale heat transfer enhancement, long-term material stability under realistic operating cycles, and
the development of standardized testing protocols that bridge the gap between laboratory characterizations
and field performance.

5 Recommendations for Future Research

The preceding sections have surveyed the state of the art in hydrogen storage materials for MHHPs,
covering thermodynamic and kinetic fundamentals, alloy classification, and performance enhancement
strategies. Despite the considerable progress reviewed above, several critical gaps remain in the development
and deployment of hydrogen storage materials for MHHP systems. Addressing these gaps will require
efforts across fundamental materials science, engineering characterization, and system-level integration.

5.1 Establishment of a Comprehensive Database and High-Precision Kinetic Models

Accurate prediction of hydrogenation and dehydrogenation reaction rates is essential for determining
the exothermic and endothermic heat flows inMHHPs, which directly govern system performance. However,
current kinetic models often rely on empirical parameters that lack extrapolation capability, limiting their
applicability to alloy compositions and operating conditions beyond those experimentally tested. To
overcome this bottleneck, systematic experimental studies covering a broad range of alloy compositions,
temperatures, and pressures are urgently needed. A database integrating reaction rates, activation energies,
enthalpy-entropy pairs, density, and full P-C-T curves for representative MH alloys would provide a
solid foundation for developing universally applicable kinetic models. In parallel, advanced modeling
approaches, such as ML-assisted kinetic prediction, hold promise for accelerating the discovery of optimal
alloy pairs without exhaustive trial-and-error approaches. Recent work based on the U.S. Department
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of Energy’s publicly available hydride database has preliminarily demonstrated the feasibility of using
ML for rapid hydrogen storage capacity prediction and material classification, offering a pathway to
reduce experimental screening efforts [99]. Future efforts should focus on extending such ML models
to incorporate kinetic rate parameters (rather than just equilibrium capacity), thereby enabling direct
prediction of absorption/desorption rates under dynamic MHHP operating conditions.

5.2 Performance Evaluation under Realistic Cyclic Operating Conditions

Most reported performance data for MH hydrogen storage materials are obtained under idealized
laboratory conditions (e.g., pure hydrogen, constant-temperature baths, and fresh alloys). However, practical
MHHP operation involves hydrogen sources containing impurities, fluctuating heat source temperatures,
and inevitable material degradation over thousands of cycles. Therefore, future research should place greater
emphasis on: (i) long-term cycling tests under simulated real operating conditions, particularly variable
and intermittent heat-source temperatures and realistic hydrogen purity levels, to quantify degradation
mechanisms such as impurity poisoning and thermal-conductivity loss; (ii) optimized reactor thermal
management strategies that mitigate the coupled effects of pulverization-induced conductivity degradation
on overall system efficiency; and (iii) the development of standardized testing specifications and performance
metrics to enable fair cross-comparison across different materials and system configurations. In this context,
the established engineering practices from pilot-scale TCES systems, such as those based on Mg- and
NaMgH3-based hydrides for concentrated solar power applications, offer valuable and directly transferable
insights, particularly in reactor design, thermal buffering, and cyclic stress management, to accelerate
MHHP scale-up.

5.3 Development of Integrated Material-System Design Strategies

As discussed in Sections 3 and 4, the selection of MH alloys for heat pump applications involves
multiple, often conflicting, criteria: thermodynamic compatibility, fast kinetics, high capacity, thermal
conductivity, pulverization resistance, and cost. Currently, most studies focus on optimizing individual
material properties in isolation, which rarely translates into optimal system-level performance. A paradigm
shift toward integrated material-system co-design is recommended, wherein material selection is guided
by system-level simulation that incorporates reactor configuration, heat exchanger design, and operating
strategies from the outset.

5.4 Exploration of Novel Alloy Systems beyond Conventional Types

While AB5-type alloys remain the workhorse of current MHHPs due to their well-established properties,
their limited hydrogen capacity fundamentally constrains system performance. Emerging alloy systems,
such as Mg-free high-capacity A2B7-type La-Y-Ni alloys, show promise but require further optimization
in terms of cycle stability and cost reduction. Future research should also explore high-entropy alloys,
which may offer tailorable thermodynamic properties and enhanced resistance to pulverization through
multi-principal-element effects, as well as systematically evaluate the feasibility of replacing expensive
rare-earth components with low-cost abundant elements (e.g., Fe, Mn, and Ti), particularly for large-scale
applications where material cost is a major barrier. Beyond compositional exploration, alternative material
forms (e.g., slurries, thin films, and amorphous alloys) also warrant further investigation. While these
configurations offer distinct advantages in mitigating pulverization through size confinement and the
suppression of grain-boundary fracture, their scalability and cost-effectiveness remain open questions that
require targeted attention before they can be considered for practical MHHP applications.
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6 Conclusion

Metal hydride heat pumps (MHHPs) represent a promising thermal upgrading technology capa-
ble of utilizing low-grade renewable thermal energy and waste heat for building heating, cooling, and
temperature-upgrading applications. The performance and reliability of MHHPs are fundamentally gov-
erned by the hydrogen storage materials employed, particularly their thermodynamic properties, hydro-
genation/dehydrogenation kinetics, reversible hydrogen capacity, thermal conductivity, and resistance to
pulverization during cyclic operation.

This review has systematically examined hydrogen storage materials for MHHPs from both thermody-
namic and kinetic perspectives, following the operational characteristics across various cycle configurations.
The thermodynamic properties determine the equilibrium pressure-temperature relationship and the direc-
tion of the hydrogenation reaction, while the kinetic properties govern the rates of hydrogen absorption
and desorption, which in turn dictate the heating/cooling power and system responsiveness.

The selection criteria for MH alloys in heat pump applications are summarized, emphasizing the
need for appropriate operating pressures, high enthalpy values, a large hydrogen capacity, low hysteresis,
fast kinetics, good reversibility, and long cycle life. Four major alloy families, i.e., AB5 (rare-earth based),
AB2 (Laves phases), AB (TiFe-based), and A2B (Mg2Ni-based), have been critically reviewed, highlighting
their respective advantages, limitations, and recent compositional optimization strategies. Emerging high-
capacity alternatives, such as A2B7-type La-Y-Ni alloys, have also been discussed as potential successors to
conventional AB5 alloys.

To address the inherent performance bottlenecks of MH materials, this review has further summarized
two complementary enhancement approaches: (i) improving thermal conductivity through the addition of
high-conductivity materials (e.g., expanded graphite, aluminum foam, and copper matrices) and advanced
reactor designs; and (ii) enhancing pulverization resistance via compositional modification, surface coatings,
porous framework fabrication, and special physical forms (e.g., slurries, thin films, and amorphous alloys).
Their economic feasibility, scalability challenges, and pilot-scale validation are discussed. Each approach
involves inherent trade-offs among thermal conductivity improvement, hydrogen capacity retention,
fabrication complexity, and cost, which must be balanced according to specific applications.

Despite significant progress, several critical challenges remain. They span multiple scales from the lack
of fundamental property data and predictive kinetic models at the material level, to insufficient performance
validation under realistic operating conditions, and finally to the need for integrated material-system
co-design and cost-effective manufacturing of novel alloy systems. Addressing these multiscale challenges
through the research directions outlined in Section 5 is essential for advancing MHHP technology toward
practical, large-scale deployment in the renewable and sustainable energy landscape.
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