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Abstract 

 

In the last decades, a broad family of hydrides have attracted attention as prospective 

hydrogen storage materials of very high gravimetric and volumetric capacity, fast H2-

sorption kinetics, environmental friendliness and economical affordability. However, 

constraints due to their high activation energies of the different H2-sorption steps and 

the Gibbs energy of their reaction with H2 has led to the need of high thermal energy to 

drive H2 uptake and release. High heat leads to significant degradation effects 

(recrystallization, phase segregation, nanoparticles agglomeration...) of the hydrides. In 

this context, this short review aims to summarize alternative non-thermal methods and 

non-straightforward thermally driven methods to overcome the previous constraints.  

The phenomenology lying behind these methods, i.e. tribological activation, sonication, 

and electromagnetic radiation, and the effect of these processes on hydrogen sorption 

properties of hydrides are described. These non-usual approaches could boost the 

capability of the next generation of solid-hydride materials for hydrogen conversion in 

energy sector, in mobile devices and as hydrogen reservoirs. 
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1. Introduction 

The hydrogen economy
[1]

  (an energy system based on hydrogen as an energy carrier) is 

still far from maturity but it can already enable mechanisms for a significant reduction 

of the impacts related to the current economic and environmental problems associated 

with the use of fossil fuels. 
[2]

 This system requires a cheap and clean hydrogen 

production, storage and distribution and currently it is not still able to compete with 

fossil fuels on cost, performance and reliability. In the case of hydrogen storage, finding 

a cheap and ecological way to store huge amounts of hydrogen remains a very 

challenging task. Well-investigated conventional methods such as compressed and 

liquid hydrogen exhibit problems related to high economic and energetic costs as well 

as low hydrogen density. Alternatively, solid compounds, i.e. hydrides, have a higher 

hydrogen density, which is more attractive.
[3]

 For enabling the broad application of solid 

hydrogen storage, it is necessary to find and synthesise hydrides with adequate 

thermodynamic and kinetic properties to enable the reversible release and uptake of 

hydrogen near the ambient conditions. Moreover, those compounds should be prepared 

in an ecologically acceptable way under moderate economic cost. Such a reversibility 

can be achieved if the enthalpy of the H2-soprtion reaction (Hr) is around 25-35 kJ/mol 

H2, whereas for fast uptake and release of H2 the activation energy of the reaction (Ea) 

should be lowered.
[4]

 This is strongly related to the different steps of the 

hydrogenation/dehydrogenation reactions: H2-dissociation and recombination, H-

diffusion, hydride phase nucleation and growth, etc.  

Among the different potential hydrogen storage materials, the well known intermetallic 

compounds are able to absorb/desorb hydrogen near ambient temperature but their 

application is limited due to environmental issues related to the production and cycle 

life of the systems as well as their low gravimetric H2 capacity thus making the ionic, 

complex and molecular hydrides more attractive, at least potentially, due to their very 

high hydrogen capacitie (Table.1). However, they are linked to high activation barriers 

(60-200 kJ/mol) and some of them have a high enthalpy of reaction with hydrogen.  

Over the past years, enormous efforts have been made in order to find new paths, that 

could lead to the highly desirable thermodynamic and kinetic target for the practical use 

of hydrides of high hydrogen storage capacity. Nanostructuring, nanoconfinement and 
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catalyst addition
[5]

 have been used to enhance the kinetics of the H2-sorption reactions. 

From the thermodynamic point of view, the main approach to tune up the enthalpy 

value of the sorption reaction has been via combining/reacting the hydride with other 

chemical elements or hydrides. For instance, by coupling magnesium hydride and 

lithium borohydride, the enthalpy values were substantially reduced.
[6]

 More recently, 

this approach has been also complemented with attempts to achieve thermodynamic 

tailoring via dimensional effects,
[7]

 i.e. the synthesis of hydride nanoparticles.  

 

Compound family H2-

capacity 

(% wt.) 

Kinetic 

properties, 

Tdesorption peak (ºC) 

Thermodynamic 

properties,  Hr  

(kJ/mol H2) 

Reaction 

peculiarities 

Metal hydrides 

TiFeHx 

<2.5  

1.8 

around RT 

40 

2535  

30 

Reversibility 

around RT 

Light-ionic 

hydrides 

MgH2 

>4  

 

7.6 

200400 

 

250300 

70100 

 

76 

Reversibility 

at high T 

Complex  

hydrides 

LiBH4 

>5  

19.6 

150500 

380 

50120  

74 

Reversibility 

at very high 

T 

Molecular 

hydrides 

NH3BH3 

>10  

18.3 

80250 

80120 

1020 

15 

Not thermally 

reversible 

Table.1. H-properties of main compound hydride family and one example of each 

family. As a simple rule: simple light ionic hydrides (MHx=1,2 M= light element of IA or 

IIA group) and complex hydrides (MBH4 M= light element of IA or IIA group and 

B=Al or B) have reaction enthalpies higher than 60-70 kJ/mol H2 and very sluggish 

kinetics .Some of these hydrides are also valuables materials for solid electrolytes or 

photovoltaics applications because of their optical and transport properties. 

Despite all these efforts, the desired high hydrogen storage capacity coupled with 

appropriate thermodynamic and kinetics  have not been reached. A huge input of 

thermal energy, i.e. temperatures higher than 200ºC, is still used to overcome the 

remaining energetic barriers. Thermal activation of H2 (ab)de-sorption is very 

inefficient because thermal energy is hardly selective. From a practical point view, the 
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use of thermal activation is also not necessarily the best approach because of the low 

heat conductivity of hydrides. In addition, heating leads to undesirable effects such as 

phase segregation, recrystallization and so on, and these strongly detrimental to the 

hydrides service life
[8]

 .A radically approach for driving the H2-sorption reactions in 

hydrides consists of using non-thermal or non-straightforward methods relying on the 

indirect generation of thermal energy from alternative energy sources.  

In this work, we present a concise review on these non-conventional methods. To this 

aim, the most important results concerning the influence of electromagnetic radiation 

(microwave, visible and ultraviolet light), sonication, and mechanical forces on the 

H2sorption properties of light hydrides are reviewed. We strongly believe that those 

different approaches are very promising since they open novel perspectives for more 

efficient cycling of hydrogen in hydrides without large and ineffective heat input. They 

also provide paths for the emergence of new hydrogen conversion energy technologies 

to generate hydrogen in mobile applications without the undesirable side effects of 

direct heating.  

2. Thermal hydrogen sorption method: Advantages and drawbacks  

The common way to drive H2-soption reaction in hydrogen storage materials is through 

thermal energy input. Considering that the thermodynamic constrains are set by the 

pressurecompositiontemperature diagram (Fig.1a), the mechanism of H2 sorption in 

a solid compound can be schematically depicted as a series of steps including the 

dissociation/recombination of H2 to individual H atoms, followed by H chemisorption 

on the surface and their diffusion in the bulk
 [9]

 (Fig.1b). All those steps involve energy 

barriers that should be surmounted, while the largest barrier determines the overall rate 

of the hydrogenation process. Thus, the sorption reaction can be defined as an energy 

driven process. At relevant temperatures (assuming the same driving force), an increase 

of temperature implies an increase of the rate of the sorption process in accordance to 

the Arrhenius equation (Fig.1b);  

  

         (1) 

where 

Ea = Activation energy  
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Kb = Boltzmann constant 

T = Temperature 

kstep = Step rate constant 

ko= Pre-exponential factor 

A temperature increase leads to the decrease of the exponential term in equation (1). For 

activated hydrides which have no surface oxide, the temperature at which a particular 

material reacts with H2 significantly depends upon the materials’ composition, size and 

morphology of the grains and particles. Intermetallic compounds of the AB2, AB5 or AB 

family can react with hydrogen even at room temperature. On the other hand, Mg-based 

compounds such as Mg, Mg2Ni, Mg2Cu have sorption temperatures close to 300 ºC. 

When a material is subjected to heating, in addition to the H2 driven sorption reactions, 

different thermally driven collateral reactions can occur. These include phase 

segregation, crystallite growth and elemental alloying. Phase segregation, i.e. the 

physical separation of the individual hydride components, is very common and harmful 

to many hydrides 
[10-12]

. For example, although theoretical calculations showed that 

doping or alloying of parent compounds with transition metals would cause their 

destabilization making low H2-sorption temperatures possible,
 [13-14]

 many experimental 

intents failed to prove this effect. This is the case of the metastable Mg6Ni system
[15-16]

 

that degrades into a mixture of two phases (Mg+Mg2Ni) even at low temperatures 

because of the thermally driven atomic diffusion and segregation of Mg and Ni. 

Similarly, the alloys including Mg6PdNi, Mg2Al3 or Mg2Si suffer from 

disproportionation at the high temperatures needed for H2-sorption.
[17-22]
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Figure 1. (a) Pressure-composition-temperature curves and van’t Hoff plot; and (b) 

reaction stages and related average activation barriers of hydrogen interaction with an 

absorbing material (Arrhenius equation) during the H2-sorption process.  

On the other hand, crystallite growth at elevated temperatures is detrimental for the H2-

sorption kinetics and cyclability since it leads to an increase of the diffusion length of 

H. 
[23,24]

 Nanoscale materials are extremely sensitive to crystallite growth, and this 

causes irreversible changes in their H2-sorption properties. Therefore, when designing 

and testing of nanosized composites care should be taken to avoid particle melting, 

elemental diffusion and coalescence. 
[25,26]

 All of these processes can affect both the 

kinetics and thermodynamics of H2 sorption. 

Finally, undesirable alloying can occur during heating. In thin film of hydrides a 

number of reactions such as the alloying of the thin film layers or oxygen diffusion from 

the substrates to the film have been reported. 
[27-29]

 These effects take place at relatively 

low temperatures and often limit the capability to cycle thin films across a broad 

temperature range. For example, in the case of Mg, it was reported that temperatures 

above 150 ºC cannot be maintained for a long time without a drastic modification of the 

Mg layer.
 [30-32]

  

3. Non-thermal and non-straightforward thermally driven methods   

In order to substitute/complement the thermal driven method, alternative energy sources 

such as electrochemical, mechanical, electromagnetic radiation and sonication have 

been explored for driving the desorption/absorption reactions of hydrogen in materials. 

They will be described in following sections.  

 

3.1. Electrochemical sorption  

The most classical non-thermal route to promote hydrogenation/dehydrogenation 

reactions is by electrochemical charge/discharge.This method is known since the early 

works of Thomas Graham on the Pd-H system in the second half of the XIX century
[33]

 

and it underlies the mechanisms used in nickel-metal-hydride (Ni-MH) batteries. 
[34]

 

The schematic reactions taking place in these batteries are depicted in Fig. 2. The 

metallic electrode (M) is transformed into a metal hydride (MH) upon charging, by 

taking protons from the aqueous electrolyte solution (usually an alkaline electrolyte). In 

this case, nickel hydroxide is used as the counter electrode, which transforms into nickel 
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oxyhydroxide by evolving protons. The reverse reactions take place upon discharge of 

the battery, supplying an electrical current at a typical cell voltage of 1.2 V.  

Due to the huge stresses induced during H absorption and desorption in metals (which 

cause the decrepitation of metallic particles) electrochemical sorption is usually done by 

using composite electrodes. These electrodes are typically made from the powdered 

metallic compounds mixed with carbon black and polytetrafluorethylene (PTFE), in 

order to provide mechanical integrity and allow electrical transport to the metal-hydride 

particles. The mixture is spread as a thin sheet and compressed on metallic grids 

(usually Ni) acting as current collectors. The use of thin metal films supported onto 

conducting substrates is also possible, although problems arising from the film peeling 

of the substrate upon hydrogenation reactions are commonly observed.
[35]

 

 

Figure 2. (a) Schematic drawing of the charge (red arrows) and discharge (green 

arrows) reactions of a Ni/MH battery. (b) Time evolution of electrode potential and 

current density during charge and discharge reactions of a LaNi4.5Mn0.5 electrode. 

Representative zones of electrode potential curves are indicated: (i) charge of the MH 

electrode, (ii) zone corresponding to HER reaction; (iii) rest potential after charge; (iv) 

discharge of MH electrode; (v) cut-off potential (-0.7 V, vs. Hg/HgO) imposed to avoid 

oxidation of the electrode.  

Electrochemical hydrogenation of a metal electrode can be expressed in three sequential 

steps: 

i) The charge transfer reaction at the electrode surface: 

M + H2O + e
-
  MHads + OH

- 
      (2) 

ii) Three near-surface processes in competition:  
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a) Lattice incorporation of adsorbed hydrogen: 

MHads  MHss          (3) 

   b) Recombinative desorption: 

2MHads  2M + H2 (g)        (4) 

c) Electrochemical desorption: 

 MHads + H2O + e
-
  M + H2 (g) + OH

-
     (5) 

iii) Hydride formation in the electrode bulk (which includes H diffusion and 

hydride nucleation and growth steps): 

MHss  MHhyd         (6) 

where Hads stands for H atoms adsorbed on the surface and Hss and Hhyd represent H 

atoms absorbed in the electrode as solid solution and hydride phases, respectively.  

Equations (2)-(5) are valid for alkaline media, but analogous reactions can also be 

written for acidic solutions. Discharge of the electrodes takes place through the reverse 

reactions of Eqs.(6), (3) and (2). It can be seen that electrochemical hydrogenation is in 

competition with H2 evolution reaction (HER), which may take place through steps (4) 

and (5). These side-reactions can limit the effectiveness of electrochemical charging and 

its relative influence increases when using high current densities. In the absence of HER 

reactions (i.e. when using low electrolytic current densities), every electron supplied to 

the electrode produces the bulk absorption of one H atom. Therefore, the amount of 

absorbed H atoms can be obtained from the total electric charge supplied to the 

electrode by using the Faraday’s law. Moreover, competing HER reactions impose a 

limit to the maximum H charging, since H contents corresponding to equilibrium 

pressures above atmospheric pressure are hardly achievable by electrochemical loading 

(unless the electrolytic cell is pressurized). Side-reactions can also occur during 

dehydrogenation, such as the oxidation of the metal electrode. To minimize these 

reactions, the use of low current densities and a limit in potential below the oxidative 

potentials of the metal are recommended.  

Electrochemical measurements can also provide valuable information on the 

thermodynamics of metal-hydrogen systems. Actually, there is a well-known 

correspondence between solid-gas and electrochemical hydrogen sorption.
[36-37]

 That 
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correspondence is based on the Nernst equation, which establishes a relation between 

the electrode potentials at equilibrium (EMH) and the equivalent hydrogen pressure in the 

solid-gas reactions (PH2). Therefore, electrode potential-composition isotherms can be 

obtained by recording open circuit potential voltage during a stepwise charge/discharge 

process.These can then be transformed into pressure-composition absorption/desorption 

isotherms. Due to the fact that alkaline solutions are the most common electrolytes in 

Ni-MH batteries, electrode potentials are usually determined versus the HgO/Hg 

reference electrode, although the following analysis could be done by referring 

electrode potentials to a different electrode couple. On the other hand, electrochemical 

charging is usually done at pressure and temperature conditions where the hydrogen gas 

fugacity can be taken to be equal to the pressure and the Nernst equation can be written 

as follows:
[36]

 

 

     OHaEEE
RT

F
eP HgHgOHMHH 2/

00
2 log

2
loglog    (7) 

where E
0

H and E
0

HgO/Hg are the standard electrode potentials of the H2O/H couple and 

the HgO/Hg couple, respectively; a(H2O) is the electrolyte activity; F the Faraday’s 

constant; R the gas constant and T the absolute temperature. Values of E
0

H-E
0

HgO/Hg and 

electrolyte activity in KOH-H2O solutions can be obtained from the reported 

dependence of these parameters on electrolyte concentration and temperature.
[37]

  

The use of electrochemical hydrogenation/dehydrogenation is particularly suited for 

investigating H sorption properties of thin films
[38]

, since tiny H contents can be easily 

controlled and measured (by tuning the electrochemical charge/discharge current), 

whereas volumetric techniques are not sensitive to small H contents.  

 

3.2. Tribological driven sorption  

 

Tribochemical activation in solid materials is a relatively new method, which emerged 

at the beginning of the century as a branch of mechanochemistry. Into the hydrogen 

related framework, mechanical milling was considered to enhance the hydrogen 

generation trough an hydrolysis reaction. For instance, by direct ball milling of metals 

in water enhancing water splitting process
 [39]

 or by milling of the metal before the 

hydrolysis reaction. 
[40-41]

 Mechanical treatment of hydrogen storage materials has been 

extensively used for mechanochemical synthesis of novel hydrides, enhancement of the 
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additives and/or catalysts dispersion, and improvement of the hydride materials 

thermodynamics and kinetics. Several detailed reviews on this topic have been 

published. 
[42-45]

 Despite the important advantages mechanochemical activation offers in 

the area of hydrogen storage, the physico-chemical mechanisms laying behind this 

phenomenon and in particular the associated tribological activation effects remained 

poorly understood. Recently, several experimental techniques have been developed, 

which allow for in situ and real-time monitoring the mechanochemical transformations 

during milling that bridges the gap in the mechanistic understanding of these complex 

processes. 
[46-50]

 Tribological activation correspond to the sliding of one surface against 

another.
 [51]

 Under mild loading conditions the thermal effect of tribological activation is 

negligible. 
[52,53]

 For example, for  a standard measurement, the contact zone of 0.1 mm 

in diameter between two surfaces, a normal load 0.4 N and a sliding speed 0.2 m/s the 

instant temperature increase is below 30 °C,  while the power density of mechanical 

energy is quite high (approx. 40 kWt/m
2
). 

 

 Although for a long time mechanochemical reactions including hydrogen effusion and 

permeation in steels were attributed to the heat generated by impacts and rubbing, 
[54,55]

  

, tribo-chemical techniques demonstrated that these processes can be related to non-

thermal mechanisms .
[52,56-59]

 Non-thermal nature of tribo-induced H2 sorption led to 

surprising results: formal application of Arrhenius equation to the tribo-induced 

hydrogen desorption yielded very low values of activation energies. 
[59]

 For H/Fe the 

apparent activation energy for tribological desorption (18.4 - 33.5 kJ/mole) 
[60]

 was 

several-fold lower than for thermal desorption (54-109 kJ/mole 
[61]

). In fact, this 

apparent activation energy for H2 desorption is close to that of the trap binding of 

hydrogen energy in ferrite. 
[62]

 Accordingly, it is believed  that H driven tribodesorption 

is assisted by bulk diffusion and other types of transport (dislocation motion, migration, 

etc.). In other words, detrapping and hydrogen transport from the bulk to the surface 

rather than H2 recombination are the rate limiting steps of tribo-induced hydrogen 

desorption in metals. Furthermore, quantitative characterization of the desorption 

kinetics
[63]

 as well as HD tribo-desorption from D-doped metals
[64,65]

 showed that 

hydrogen in the bulk of deformed materials is the only source of triboemitted gases.  

 

When tribo-activation is carried out in a gaseous atmosphere and not vacuum an 

increased sorption of gases onto the solid surfaces is usually accompanied by an 
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insertion of gas molecules into the volume of the mechanically affected material. This is 

a phenomenon known as tribo-absorption and it results in considerably amount of 

triboadsorbed gases (larger than the adsorption capacity of the material's surface). 

Although the rate of tribo(ad)-absorption linearly decreases with decreasing gas 

pressure, 
[59]

 some tribo-absorption can also occur from the remaining molecules  in 

vacuum. For example, in experiments with rolling friction of metal samples in a 5×10
−2

 

Torr D2 atmosphere , Deulin et al. 
[66,67]

 observed that with increasing friction duration 

the profiles of D concentration shifted deeper into the bulk (Fig. 3). In this case, it is 

noteworthy that mechanical activation led to dissociation of D2 on steel surface, while 

this is negligible on free surface under the same conditions. Similar results were 

reported for 
85

Kr/Cu, 
14

CO2/Cu, 
14

CO2/Ag and Ar/Ni systems. 
[68]

 Nonetheless, tribo-

absorption of Kr and Ar are more the result of intensive plastic deformation and 

tribomixing in the surface layer than interstitial diffusion . Heinicke
 [68]

 also suggested 

that mechanical energy caused unusual reaction of CO2 reduction by triboactivated 

metals at room temperature and the formation of elemental carbon.  

 

Figure 3. Deuterium concentration profiles in stainless steel as function of rolling 

duration in D2 atmosphere: a) no rotation (reference sample), b) 2000 cycles, c) 24 000 
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cycles. (From 
[67]

. Copyright © 2000 by John Wiley Sons, Inc. Reprinted by permission 

of John Wiley & Sons, Inc.) 

 

The efficiency of tribological effects on the activation of the tribo-chemical dehydration 

of light metal hydrides was investigated in. 
[69]

 A sintered cake of MgH2 was subjected 

to reciprocating sliding in vacuum and then taken to the atmosphere and analyzed by 

using a micro Raman-confocal. Intensive hydrogen desorption was observed 

simultaneously with the indenter motion. In addition, a low intensity retarded H2 

desorption was detected for several hundreds of seconds after the end of friction. 

Retarded hydrogen desorption is not unusual in tribo-activated reactions 
[59]

 and was 

interpreted from the perspective of a nucleation and growth mechanism, particularly a 

“shrinking core” model. 
[69]

 

 

Figure 4.  (a) Optical image of the mechanically affected zone . (b) Confocal-

microRaman x−z cross-section showing combined pseudocolor map of distribution of 

various phases corresponding to Raman spectra shown in panel C: (I) untouched 

material, (II) contact zone, and (III) adjacent zone. (c) Most representative Raman 

spectra with various combinations of phases.  MgO phase was found in the center of the 

deformed zone, while Mg(OH)2 was in the transition zone on the side of the deformed 
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zone.  These phases evidenced formation of metal Mg due to dehydrogenation of MgH2, 

which was oxidized in air. The differences between the central zone and the sides can be 

related to the fact that the central zone was subjected to more severe deformation due to 

elliptical theoretical distribution of the normal load (Reprinted with permission from 

[69]
. Copyright © 2015 American Chemical Society).  

 

 

Figure 5. Mass spectra of the gases evolved by EDAB under vacuum by (a)TDA-MS 

(b) MSGE  

 

The degree of MgH2 dehydrogenation was estimated between 79 and 99% by the 

comparison of the experimentally measured amount of desorbed H2 and the quantity of 

H2 contained in mechanically affected zone before deformation. Further insight into the 

mechanisms of non-thermally stimulated dehydrogenation of MgH2 has been provided 

by using isotopically marked samples in which H was partially substituted by 

deuterium. 
[70]

 The use of MS-MSGE (Mass-spectrometry Mechanical Stimulated Gas 

Emission)  was also reported to the study the tribo-chemical reactions of complex 
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hydrides (ammonia borane, ethane 1,2 diamineborane, etc.).
 [71]

 They exhibit reaction 

enthalpies (10-20 kJ/molH2) smaller than those of ionic hydrides such as MgH2 and 

their tribochemical behaviours are also different. For instance, the tribochemical 

desorption of ethane 1,2 diamineborane (EDAB) shows a different pathway than this 

exhibited by thermal heating. Whereas thermal decomposition of EDAB occurs though 

several reactions 
[72]

, tribochemical treatment of EDAB proceeds just in one step and, 

moreover a high number of species are detected by mass spectrometry during the 

mechanical treatment (Fig.5). Moreover, -Raman analysis does not show any 

difference between the mechanical treated and pristine regions supporting that 

tribochemical treatment promotes the EDAB sublimation and  species releasing 

(diborane) instead of the expected thermal pathway. 
[72]

  Those results suggest the 

influence of the hydride stability on the tribochemical reactions. 

 

3.3. Electromagnetic irradiation driven sorption 

Microwave is electromagnetic radiation in the frequency range of 300 MHz–300 GHz.
 

[73]
 Depending on the dielectric properties of materials, the interaction of charged 

particles with the electric field part of the electromagnetic wave interacts with polar 

molecules produces radiation heat.
 [73]

 Several investigations have been carried out on 

the possibility of using such effects to drive the hydrogen desorption process 
[74-79] 

and 

the effectiveness of microwave radiation varies as function of the hydrides. For 

example, no temperature increase was observed for simple ionic hydrides (LiH, NaH, 

MgH2 and CaH2) while metallic hydrides such as TiH2 is heated to 327 °C upon a 3.5 

min microwave irradiation. 
[74]

 Other transition metal hydrides, such as VH0.81, ZrH2 

and LaH2.48, also showed rapid temperature increase upon microwave irradiation 
[76]

 

but in all of them just a small amount of hydrogen was released (< 0.5 wt. %) 
[76]

.  The 

fast heating is attributed 
[80,81]

 to the higher conductivity loses of the metallic hydrides 

compared to those ionic. However, metallic hydrides are unable to desorb hydrogen 

due to the small penetration of microwave radiation on metals. 
[81]

 Therefore, H2-

desorption by microwave irradiation demands ionic hydrides (to reach reasonable 

penetration lengths) that exhibit a high ionic conductivity i.e. such as LiBH4 which is 

able to be fully desorbed. 
[81,82]

 Moreover, the hydrogen release property of hydrides 

can be improved by using a Ni-coated honeycomb ceramic monolith support as both 

the heating media and hydride holder. Under these conditions, full hydrogen release 
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was observed for MgH2, NaAlH4 and NaBH4 within 2-3 min by applying 200 W 

microwaves.
 [83] 

 

The use of sunlight to drive the uptake and release of hydrogen from materials can also 

provide a new path to design alternative hydrogen stores coupled to the photocatalytic 

production of hydrogen. Hydrogen generation by photocatalysis was initially 

investigated by Fujishima and Honda 
[84] 

in 1972 on the principle that water can be 

oxidized by photogenerated holes to produce O2 while H
+
 is reduced by the 

photogenerated electrons produces hydrogen 
[85]

. Since this initial report, various 

strategies have been developed to design better materials for water splitting . 
[86-88]

 In 

particular, Ingram et al. reported that the photocurrent of the water splitting process 

can be improved by 10 folds under visible light when plasmonic metal nanoparticles 

Ag were deposited on top of TiO2 .
[86] 

 

The idea of using of UV light for photosynthesis and photodecomposition of metal 

hydrides has also been reported in the 1980’s. 
[89-94]

 In particular, John et al. 

demonstrated that the UV photoexcitation of Mg atoms in a 10% H2/rare gas mixture 

could lead to the formation of MgH2 .
[94]

 Furthermore, Dougherty et al. 
[90]

 reported the 

photodecomposition under UV light of several metal hydrides including MgH2, CaH2, 

SrH and BaH2. Similarly, upon UV excitation, α-AlH3 was found to release hydrogen.
 

[91]
 In this case, the release of hydrogen is believed to be the result of a transfer of 

electrons from the hydrogen to neighbouring vacancies generated upon photoexcitation. 

However, in these initial attempts, the amount of hydrogen uptake or release was 

extremely low (e.g. 0.0008 wt. % H2 for MgH2) 
[90, 98, 99]

. An alternative is by 

considering the distinct optical properties of nanosized metals such as Au, Ag and Cu 

[96-98]
. Under light excitation, these nanomaterials are subjected to plasmonic effects, 

which can result in local heating. The concept of using metal nanoparticles as a source 

of heat is not new. It has been widespread after Mie’s work 
[99] 

and the recent progress 

in metallic nanoparticles synthesis. Nowadays, their plasmonic applications range from 

photocatalysis, 
[100]

 to biomedicine, 
[101,102]

 photothermal therapy 
[103]

 and photovoltaics 

to increase the photocurrent generated. 
[101,104]

 Hou et al. showed that when the 

frequency of photons matches the plasmon resonance of Au nanoparticles, the 

photocatalyst conversion of CO2 into CH4 was increased 24 fold. 
[100]

 Through this 

approach, it is also possible to alter the equilibrium electron Fermi distribution in the 
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light excited nanoparticle, and thus allow some charge injection in the conduction band 

of a nearby material to enhance catalysis
 [105]

 or the dissociative chemisorption of 

hydrogen at absorbing materials. 

Surface plasmon corresponds to an interaction of the electromagnetic field of light with 

matter, and this effect results in a collective oscillation of the conduction electrons. 

When a metallic particle is illuminated, the electromagnetic field of the incident light 

wave interacts with the conduction electrons causing a force that displaces the electrons 

from their equilibrium position to the particle’s surface. As the electrons are confined 

within the particles, one side of the particle gets charged negatively and the other side 

charged positively. The resulting electrical dipole creates an electrical field leading to 

the oscillation of the electrons at the plasmonic frequency () against the 

electromagnetic wave; hence the plasmonic resonance. In nanoparticles where the 

electrons are confined, this leads to a localised surface plasmon resonance, while in 

other structures including wires and films the surface plasmon can propagate along the 

interface between the metal and the light. 
[106]

 Due to their nanometric size, the plasmon 

resonance of nanoparticles is very sensitive to the particle size, shape, surface 

composition, e.g. organic stabilising shells, and the surrounding medium, e.g. gas or 

liquid density and temperature. 

The plasmonic oscillation inside nanoparticles cannot be determined directly, but is 

measurable by UV-visible spectroscopy as an absorption band corresponding to the 

surface plasmon resonance. In addition to the light absorbed by the excited nanoparticle, 

some light will be scattered by the nanoparticle (Figure 6a). Hence, the amount of light 

screened by the nanoparticle, and thus the light extinction cross-section (σext), is the sum 

of the light absorbed (σabs) and scattered (σsca):  

   .    (8) 

Considering spherical nanoparticles of radius r, the maximum value of σext is r
2
. 

However, for nanoparticles of a few nm, σext can be as large as 10% of the nanoparticle 

geometrical section .
[107]

. Nanoparticles with a large σsca are preferably used for 

biolabelling and sensing owing to their ability to modify the direction of the photons 

propagation. In contrast, when absorption dominates over scattering, i.e. when the 

nanoparticle size is significantly lower than the light wavelength, the relaxation of the 

photon energy into heat enables photothermal applications.
 [108]

 Once excited, a 
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damping of the plasmonic effect progressively occurs due to the scattering of the 

electrons with the ionic cores and the nanoparticle surface. This relaxation rate () 

depends upon: i) a radiative term (r) corresponding to the emissions of (de)accelerating 

charged particles, and ii) a non-radiative component (nr) generating heat: 
[109]

 

    .     (9) 

At low plasmonic frequencies and thus for small particles, the contribution of r is less 

pronounced. For example, for Au nanoparticles of 20 nm, r represents only a few 

percent of the damping rate. 
[110]

 Several factors contribute to nr. These include the 

scattering of the electrons with: i) other electrons (1/te-e), ii) phonons (1/te-ph), iii) defects 

(1/te-def), and additional damping effects related to surface effects (1/tsurf). Hence, nr. 

can be expressed by the Matthiessen law: 
[111]

 

 .   (10) 

The overall damping mechanism of the plasmonic resonance is summarised in Figure 

6b. After the electron-hole formation through the Landau damping, electron-electron 

scattering takes place and leads to the electrons thermalisation, and further dissipation 

of the heat through phonon-phonon interaction between the nanoparticle lattice and the 

surrounding medium. In absence of phase transformation of the nanoparticle, the heat 

transferred to the surrounding medium can be formally described by the general heat 

transfer equation 
[112] 

 and the local temperature around the nanoparticle can be 

expressed as
 [113]

: 

,     (11) 

where d is the distance from the centre of the nanoparticle, Km is the thermal 

conductivity of the medium, and I() the intensity of the exciting light at the frequency 

. 

Since abs is proportional to the volume of the nanoparticle, the total heat generated is 

directly related to the volume of the nanoparticle and the total heat transferred to the 

surrounding medium to its surface area. Therefore the most obvious way to increase the 

amount of heat generated is through an increase in number of nanoparticles excited and 

by optimising the shape of the nanoparticle to increase abs. 
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Owing to its efficient plasmon absorption in the visible, excellent photostability, low 

luminescence, and rapid relaxation of the plasmonic resonance 100 ps 
[111]

, main 

research efforts have focused on the use of Au for locally converting light into heat. 

This conversion has recently used to improve the desorption and uptake of hydrogen in 

hydrides such a magnesium, sodium alanate and lithium hydride 
[95] 

as well as other 

applications. 
[114-120]

 In this case, the H2-sorption relies on the local heat generated by 

Au nanoparticles decorating the surface of the hydride and this was sufficient to trigger 

the absorption/desorption of hydrogen in these materials (Fig. 6c). However, the low 

thermal conductivity of the hydride materials, and its large particle size reduce the 

amount of hydrogen uptake/release. Subsequently, a nanosizing route i.e. small particle 

size (< 50 nm), finding novel metal nanoparticles with adequate plasmonic properties as 

well as an efficient Au dispersion would promote an enable light driven hydrogen 

sorption at low temperatures . 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) Illustration of the scattering, and transmission process of light interacting 

with a nanoparticle and optical absorption spectrum resulting from the plasmonic 

resonance. The geometrical cross-section () does not correspond to the optical cross-

section (ext). Assuming non-interacting spherical nanoparticles of a size smaller than 

the light wavelength, the absorption spectrum can be determined by the Mie’s solution 

of Maxwell’s equation 
[99]

. (b) Schematic of the photoexcitation and subsequent 

relaxation processes following the illumination of nanoparticles (adapted from 
[105]

). At 
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first the localised surface plasmon creates a charge separation and oscillation. This is 

followed by Landau damping and the  thermal distribution of electron-hole pairs decays 

through re-emission of photons or carrier multiplication caused by electron-electron 

interaction. These hot-carriers redistribute their energy by electron-electron scattering 

and finally the heat is transferred to the surrounding. (c) TEM image of Mg 

nanoparticles decorated with 4-18 nm Au particles driving the uptake and release of 

hydrogen in Mg upon illumination. 
[95]

 

The possibility of using light to drive the uptake and release of hydrogen from materials 

may seem awkward. However, this has potential in leading to new applications for 

hydrogen storage materials such as innovative flexible hydride films 
[121]

 discreetly 

decorated with Au to feed a micro fuel cell for portable and wearable electronic or even 

large scale system producing, storing and releasing hydrogen with the sun and water as 

the sole energy sources. 

 

3.4. Sonication driven sorption 

  

Using mechanical waves is a method that has also been proposed as a non-direct-

thermal pathway to drive the thermodynamic and kinetic properties of hydrides. 

Sonication is based on the physical and chemical effects of ultrasonic irradiation which 

results in the formation, growth, and collapse of microbubbles into liquids. 
[122]

 The 

collapse of these bubbles results in two main effects: (i) very high temperatures (5000 

ºC) and pressures (several hundredths of bar) inside of the bubbles, and (ii) huge shear 

forces in the surrounding liquid upon bubble collapse. 
[123]

 Both these processes, 

schematically shown in Fig.7, are useful to activate novel reaction paths in many 

applications.  

 

 

 

 

 

 

 

 



This article is protected by copyright. All rights reserved 

21 

 

 

Figure 7.  Scheme of the two main processes involved during ultrasound irradiation 

into a  liquid and a liquid with suspended particles. A horn sonicator with a power of 

100 W can be used to generate an ultrasound irradiation (20 kHz-10 MHz) 

 

For instance, the high temperatures and pressures due to the bubbles cavitation have 

been used to form amorphous iron from the sonication of iron metal carbonyl (FeCO5) 

solved in decane. 
[124]

 Such an approach can also be used to break bonds of polymeric 

materials dispersed in liquids or dissociate water into H

 and OH


 radicals. 

[125]
 In 

contrast, the shear forces involved in sonication lead to a fast acceleration of the 

particles and, subsequently their collisions (at a very short time spam s) result in a 

rapid mass transfer and subsequently cooling. The formation of liquid microjets near 

particles can also produce local modifications of their surface. 
[124]

 

 

 It is noteworthy that the kinetic energy involved in the collisions depends on variables 

such as the liquid viscosity, mass, and speed of the particles but usually the speed of 

particles does not exceed half that the speed of sound i.e.500 ms
-1

. Therefore the 

energies involved in collisions are in the order of 10
5
 J/kg. Those collisions also result 

in the conversion of kinetic energy into thermal or mechanical energy depending on the 

mechanical properties of the materials involved. Ductile materials/elements such as Zn, 

Ni or Cr under sonochemical treatment melt ,
[126]

 whereas for brittle compounds like 

MgH2 the particle size is reduced. 

 

In solid hydrogen storage compounds, sonication has been used in different contexts. 

Hydrides that need very high temperatures to be synthesized such as zirconium hydride 

(ZrH2) are easily formed by sonication of mixtures containing zirconium chloride 

(ZrCl4), sodium bicarbonate (NaHCO3) and distilled water. 
[127]

 .Sonication also was 

used to synthesise borohydrides derivatives. 
[128]

 Ultrasound irradiation is also a very 

effective process to dope hydrides to enhance their H2-kinetic properties. This is 

particularly relevant with sodium alanate (NaAlH4) 
[129]

 where TiCl3 doping via 

sonochemical methods was found to drastically enhance the sorption properties of 

doped Ti-NaAlH4. This improvement was attributed to the finer dispersion of the 
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catalyst onto the alanate surface and a significant reduction of alanate particle size upon 

sonication.  

Ultrasonic irradiation has also been used to facilitate the generation of hydrogen from 

MgH2 during hydrolysis, i.e. MgH2 + H2O   Mg(OH)2 + 2H2. The fast generation of 

fresh surfaces 
[130]

 due to particles’ collisions increased the reaction rate by 15 folds as 

compared to a non-sonicated MgH2 powder. In this case  5.2 wt% H2 was released in 

just two hours. Ultrasound irradiation was also used to synthesize MgH2 sponges via 

Reactive Hard Template (RHT) in water leading to highly active magnesium hydrides 

with reduced stability. 
[131]

 The possible use of sonication in non-reactive solvents was 

also reported. 
[132]

  In this case, sonication led to a drastic reduction in MgH2 particle 

size (Fig 8a) and appears high-pressures MgH2 phases i.e. -phase due to the intense 

particle collision. However, the decomposition of decane during ultrasound treatment 

seemed to passivate the MgH2 surface, and this precluded significant hydrogen release 

(Fig.8b). Promising routes using more stable solvents and smaller particles size or 

hydride nanoparticles are still to be explored. 

 

 

Figure 8. (a) Effect of ultrasonic irradiation on the particle size of MgH2 (b) Release of 

hydrogen during sonication of MgH2 suspended into decane. (Reprinted with 

permission from 
[132]

. Copyright © 2009 Elsevier Editorial.) 

 

4. Other methods. 
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Besides the previous methods, other phenomenology has been also suggested to find 

novel reactional pathways and hydrogenation methods. For instance, the electrical 

influence on H-sorption reaction was investigated during hydrogenation of magnesium 

films. 
[133]

 By using voltages 20V, hydrogenation process at RT is enhanced due to the 

electromigration of H
-
 ions as well as due to the an small heating by Joule effect in the 

MgH2 film. The authors suggested to use this method on hydrides with similar 

electronic structure to enhance their H2-kinetics properties. As far as we know, no novel 

works about assisted electro-hydrogenation have been published. Concerning the 

hydride behaviour under a magnetic field, it is a wide area involving the investigation of 

magnetocaloric effect near RT 
[134]

 or the more recently the superconductivity expected 

in hydrides at high pressures 
[135]

. the influence of magnetic field on hydrogenation 

reactions was also investigated. Magnetic field affect to the thermodynamic of 

hydrogenation reaction due to the contribution of the magnetic energy term to the total 

Gibbs free energy of the reactants 
[136]

. For instance, equilibrium pressures of 

ferromagnetic hydrides based on (La,Nd,Y)-Co-H system are modified by applying a 

magnetic field ( 20-30T) 
[137].

 This magnetic field even may also enhance the heat 

transfer and, therefore the reaction hydrogenation kinetics 
[138].

 On the other hand, based 

on the observation of the electron beam induced decomposition of a wide range of 

hydrides (e.g. MgH2, LiH, LiBH4.), when they are analyzed by transmission electron 

microscopy, electronic irradiation could also be used to release hydrogen from hydrides. 

[139]
 In this case, the hydride decomposition is attributed to the inelastic scattering 

processes occurring during measurements due to the high electron dose i.e. 10
6 

e/nm
2
.   

 

5. Conclusions and outlook. 

 

Unconventional approaches to overcome the thermodynamic and kinetics constrains of 

solid hydrides have been summarized, described, and the influence of different energy 

sources based on the hydrogen sorption reaction has been discussed.  These alternative 

energy sources exhibit a higher selectivity and versatility compared to the widely used 

thermal energy. Table 2 shows an overview about the efficacy of the different methods 

applied to different hydride families. The use of most of these sources has been hardly 

explored except for the electrochemically driven H2- sorption process, which is a mature 

method widely used for battery purposes. Electromagnetic irradiation is a very 

promising approach due to the frequency selectivity and the possibility of tuning this 
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frequency for specific H2-reactions steps. For instance, whereas ultraviolet light 

enhances the H2-photodissociation, visible light improves the local-decomposition via 

plasmonic effect and microwave irradiation leads to a fast and indirect thermal heating 

on the hydride. In the case of mechanical bias, tribo-chemistry is a non-thermal process 

that provides means for additional, local and instantaneous release of hydrogen. High 

temperatures, pressures as well as shock waves due to the cavitation resulting from 

sonication process can also enable the emergence of new tools to improve the H2-

sorption process in hydride materials.  Besides, electrical voltage and electron 

irradiation also may enhance this process. Therefore, those approaches form a 

promising set of phenomenology to be deeply explored in order to optimize the hydrides 

not only as hydrogen storage materials but as energy conversion compounds.   

 

 

 

 

Table 2. Feasibility of different methods to be applied on hydride families. Color code: 

green (fairly applicable), red (less effective or special conditions are required), blue 

(barely explored) 
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