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This review is a collective survey of the most recent research on hydrogen production from lightweight inorganic hydrides mediated by 3d metal-containing heterogeneous catalysts, within the broader context of chemical hydrogen storage. The manuscript is divided in paragraphs with respect to the hydride type. Literature examples are limited to 3d metal nanoparticles (NPs; heterogeneously catalyzed thermal dehydrogenation or hydrolysis) deposited on either inorganic or organic supports. The catalysts efficiency (in terms of H 2 release temperature, equivalents of H 2 produced and relative reaction rates) is provided throughout the discussion.

Introduction

Since the 1970s, hydrogen has been considered as a possible energy carrier for the storage of renewable energy. The ultimate challenge is to develop an environmentally friendly successor for gasoline. Hydrogen is the lightest element in the Universe and H 2 has the largest gravimetric energy density of all chemical substances, ca. three times higher than gasoline.

Unfortunately, H 2 has a very low density both as a gas and as a liquid, i.e. 0.0899 g/L in gaseous state (at 20 °C and 1 bar) and 70.8 g/L as a liquid at -253 °C (7% of the density of water).

Therefore, its volumetric energy density is very low, which is a major drawback for the utilization of H 2 as a gas, in particular for electronics (mobile hydrogen fuel cell technology) and in the automotive world (hydrogen reservoirs to be used on fuel-cell powered cars). [START_REF] Liu | Review of Hydrogen Storage in AB 3 Alloys Targeting Stationary Fuel Cell Applications[END_REF][START_REF] Antolini | Iron-Containing Platinum-Based Catalysts as Cathode and Anode Materials for Low-Temperature Acidic Fuel Cells: A Review[END_REF][START_REF] Perathoner | Turning Perspective in Photoelectrocatalytic Cells for Solar Fuels[END_REF][START_REF] Xu | Design and Analysis of Liquid Hydrogen Storage Tank for High-Altitude Long-Endurance Remotely-Operated Aircraft[END_REF][START_REF] Ley | Complex hydrides for hydrogen storagenew perspectives[END_REF] For these reasons, the quest for new solid state materials for hydrogen storage is continuously growing. Hydrogen could be chemically stored into stable and non-toxic compounds which easily release it on demand, under mild temperature and pressure conditions. In addition, an easy regeneration of the "spent fuel" would be desirable. The optimal material for this task has not been found yet, but a range of (old and) new lightweight solid hydrides with fascinating properties has been (re)discovered and examined from a different perspective in recent years.

Lightweight hydrides containing metals from Groups 1/2 (Li, Na, Mg, Ca) and elements from Group 13/15 (B, Al, N) of the Periodic Table are of particular interest in this regard, as they offer an appropriate balance of volumetric ( v ; unit: g/L) and gravimetric ( m ; unit: wt.%) hydrogen densitiesboth essential components of a practicable energy storage system. A number of reviews covering this topic have appeared during the last six years, highlighting different physico-chemical aspects and applications. [START_REF] Rossin | Ammonia-Borane and Amine-Borane Dehydrogenation Mediated by Complex Metal Hydrides[END_REF][START_REF] Johnson | The Catalytic Dehydrocoupling of Amine-Boranes and Phosphine-Boranes[END_REF][START_REF] Moury | Hydrazine Borane and Hydrazinidoboranes as Chemical Hydrogen Storage Materials[END_REF][START_REF] Jespen | Boron-Nitrogen Based Hydrides and Reactive Composites for Hydrogen Storage[END_REF][START_REF] Chen | The Roles of Dihydrogen Bonds in Amine Borane Chemistry[END_REF][START_REF] Lan | Ammonia and Related Chemicals as Potential Indirect Hydrogen Storage Materials[END_REF] These compounds bear both protic (N-H) and hydridic (B-H/Al-H) hydrogens with opposite polarity that may engage into the so-called dihydrogen bonding (DHB): N-H + •••H --B/Al. Normally, the presence of DHB facilitates hydrogen release below 100 °C through a simple material heating. Furthermore, H 2 produced by the thermal decomposition of these compounds is of ultra-high purity and perfectly suited for its use in fuel cell devices (there are no carbonaceous contaminants). Scheme 1 collects the main examples of lightweight inorganic hydrides analysed in this review. Scheme 1. Lightweight inorganic hydrides considered for this work. Atom color code: H, light gray; N, blue; B, pink; Al, magenta; generic 3d metal ion, orange.

One of the most exploited hydrides so far for chemical hydrogen storage is ammonia borane, NH 3 BH 3 (AB). AB has attracted significant attention owing to its extreme hydrogen capacity ( m = 19.6 wt.% H) and air stability; it is non-flammable and stable under standard conditions. [START_REF] Staubitz | Ammonia-Borane and Related Compounds as Dihydrogen Sources[END_REF] Solid crystalline ammonia borane has an intermolecular dihydrogen bond network and it is not hygroscopic. AB releases one equivalent of hydrogen in each of the three decomposition steps forming polyaminoborane, [NH 2 BH 2 ] n (90 -120 °C), polyiminoborane, [NHBH] n (120-200 °C) and finally boron nitride, BN (>500 °C). Complete conversion to boron nitride (BN) is never reached in practice; consequently, the amount of H 2 equivalents released per AB molecule is always  3. Hydrogen release may also be accompanied by toxic by-products, such as ammonia (NH 3 ), diborane (B 2 H 6 ) and borazine (the "inorganic benzene analogue" N 3 B 3 H 3 ). Furthermore, the decomposition is exothermic (H dec = -21 kJmol -1 H 2 ), hence nonreversible. [START_REF] Wolf | Calorimetric Process Monitoring of Thermal Decomposition of B-N-H Compounds[END_REF] Other primary or secondary amine-borane adducts (NH 2 R•BH 3 or NHR 2 •BH 3 , where R = linear or cyclic aliphatic group) have also been scrutinized as alternative hydrogen storage materials. Their behaviour is similar to that of AB, but they usually produce more soluble by-products after dehydrogenation. This feature is important when studying the hydrogen release process in solution, mainly through the employ of 11 B NMR spectroscopy, to identify the spent fuels.

Another promising hydrogen storage material is hydrazine monohydrate (H 2 N-NH 2 •H 2 O), due to its high storage capacity ( m = 8.0 wt.% H), relatively low cost and satisfactory stability under ambient conditions. [START_REF] Van Den Berg | Materials for Hydrogen Storage: Current Research Trends and Perspectives[END_REF][START_REF] Bhattacharjee | Trimetallic NiFePd Nanoalloy Catalysed Hydrogen Generation from Alkaline Hydrous Hydrazine and Sodium Borohydride at Room Temperature[END_REF] Importantly, decomposition of N 2 H 4 •H 2 O does not generate any solid byproducts, thus, it does not require complex separation processes. In addition, hydrazine is a liquid that could be easily distributed through the existing infrastructures already designed for liquid hydrocarbons. [START_REF] Yadav | Liquid-phase chemical hydrogen storage materials[END_REF][START_REF] Zhu | Liquid organic and inorganic chemical hydrides for high-capacity hydrogen storage[END_REF] Anhydrous hydrazine (N 2 H 4 ,  m = 12.5 wt.% H) is an effective hydrogen storage component of N 2 H 4 •H 2 O, which decomposes via the following two competitive reactions (Eqns.1 and 2): NH 2 -NH 2  N 2 (g) + 2 H 2 (g) (complete decomposition) (Eq. 1)

3 NH 2 -NH 2  N 2 (g) + 4 NH 3 (g) (incomplete decomposition) (Eq. 2)

From the viewpoint of hydrogen storage applications, the reaction reported in Equation 2should be avoided, in order to produce ammonia-free hydrogen. Literature studies have shown that the judicious choice of a suitable catalyst plays a significant role to facilitate the reaction process selectively towards the two alternative decomposition reaction pathways. [START_REF] Prasad | Hydrazine Decomposition on a Clean Rhodium Surface: A Temperature Programmed Reaction Spectroscopy Study[END_REF][START_REF] Chen | A Novel Catalyst for Hydrazine Decomposition: Molybdenum Carbide Supported on γ-Al 2 O 3[END_REF] Anhydrous hydrazine though is a dangerous liquid, being potentially explosive. Hydrazine monohydrate is much safer and still contains a large amount of hydrogen. The production of only nitrogen (which is not a greenhouse gas) besides hydrogen is one of the main advantages in the employ of hydrazine monohydrate. [START_REF] Singh | Room-Temperature Hydrogen Generation from Hydrous Hydrazine for Chemical Hydrogen Storage[END_REF][START_REF] Singh | Complete Conversion of Hydrous Hydrazine to Hydrogen at Room Temperature for Chemical Hydrogen Storage[END_REF] To increase the material's hydrogen content, hydrazine can be reacted with one equivalent of BH 3 to form the mono-adduct hydrazine borane (HB, N 2 H 4 •BH 3 ;  m = 15.4 wt% H).

It is one of the hydrogen-dense derivatives of ammonia borane. [START_REF] Hamilton | B-N Compounds for Chemical Hydrogen Storage[END_REF] Hydrazine borane may be interesting in its hydrolysis reaction if and only if the H atoms stored in the N 2 H 4 moiety can be recovered as H 2 . An approach similar to that reported for hydrous hydrazine can be applied. The key point is to find a suitable catalyst active in dehydrogenating N 2 H 4 (Eq. 1), while avoiding the formation of the undesired by-product NH 3 (Eq. 2). The catalyst has also to be active in hydrolysis of the BH 3 group. Hence, HB could be ideally dehydrogenated into 5 mol H 2 per mol HB, according to the reaction:

N 2 H 4 •BH 3 + 3 H 2 O  B(OH) 3 + 5 H 2 + N 2 (Eq. 3)
The reaction of hydrazine with two equivalents of borane leads to hydrazine bis(borane) (HBB, N 2 H 4 •2BH 3 ;  m = 16.7 wt% H). The same approach described for HB also holds for HBB.

The ultimate goal for the exploitation of HBB as a hydrogen storage material is to find catalysts that extract the highest amount of pure H 2 from it under the mildest conditions as possible, avoiding at the same time the formation of undesired ammonia, borazine or diborane byproducts. [START_REF] Sun | Hydrazine Bisborane as a Promising Material for Chemical Hydrogen Storage[END_REF] Borohydrides [M(BH 4 ); M = Li, Na] are widely exploited as chemical hydrogen storage materials. [START_REF] Paskevicius | Metal borohydrides and derivatives -synthesis, structure and properties[END_REF] They are also relatively inexpensive and can be produced from abundant natural borax deposits. The exact mechanism for hydrogen release and uptake from metal borohydrides

is not yet fully understood and a drawback appears to be the very complex boron-hydrogen chemistry. 'BH 3 ' or diborane B 2 H 6 may be intermediates of hydrogen release and uptake.

Li(BH 4 ) has a theoretical hydrogen capacity very close to that of AB ( m = 18.3 wt.% H), even if its practical application is limited by the high thermal decomposition temperature (about 380 °C)

and its prohibitive re-hydrogenation conditions (p H2 = 350 bar and T = 650 °C). Aluminium hydrides (alanates) [M(AlH 4 ); M = Li, Na] of light alkaline metals are another family of hydrogen storage materials extensively studied in the literature. [START_REF] Li | Sodium Alanate System for Efficient Hydrogen Storage[END_REF] Not all of them though are suitable for practical applications. and BH 4 -coordinated to the central metal ion. Excess of NH 3 provides increased tendency to release ammonia, i.e. a favourite ammonia release from M(BH 4 ) x •yNH 3 for y/x > 1. [START_REF] Guo | Dehydrogenation Tuning of Ammine Borohydrides Using Double-Metal Cations[END_REF] As an alternative to thermal decomposition (pyrolysis), the direct reaction of water with lightweight hydrides (hydrolysis) also leads to pure hydrogen as one of the products. The main by-products are boronic acids alkali salts (borates). For example, AB and NaBH 4 hydrolysis can be expressed as follows: [START_REF] Chandra | A High-Performance Hydrogen Generation System: Transition Metal-Catalyzed Dissociation and Hydrolysis of Ammonia-Borane[END_REF][START_REF] Amendola | An Ultrasafe Hydrogen Generator: Aqueous, Alkaline Borohydride Solutions and Ru Catalyst[END_REF] BH while the former are exclusively employed in thermal dehydrogenation reactions (due to the intrinsic water sensitivity of many coordination compounds or organometallics), the latter are more water-tolerant and versatile; indeed, they are used as catalysts for both pyrolysis and hydrolysis reactions. The homogeneously catalyzed dehydrogenation of inorganic hydrides has already been extensively reviewed by some of us [START_REF] Rossin | Ammonia-Borane and Amine-Borane Dehydrogenation Mediated by Complex Metal Hydrides[END_REF] and others [START_REF] Zhang | Ruthenium-Catalyzed Ammonia Borane Dehydrogenation: Mechanism and Utility[END_REF] in the literature. Therefore, it will not be reviewed here. The interested reader is redirected to the quoted reviews for details.

Heterogeneous catalysts normally consist of supported monometallic, multimetallic or core-shell M(0) nanoparticles (NPs). The supports can be of inorganic [metal oxides, hexagonal boron nitride (h-BN), titanate nanotubes (TNTs), Metal-Organic Frameworks (MOFs)] or organic [carbon-based conductive materials like graphene, reduced graphene oxide (rGO), single-or multi-walled carbon nanotubes (CNTs), covalent triazine frameworks (CTFs)] nature. The metallic NPs are normally deposited on the support through a sequential impregnation/reduction protocol. A preliminary support impregnation with a solution containing the metal salt (generally a simple metal halide) is followed by solvent evaporation and successive reduction with a suitable reducing agent to form the M(0) NPs in situ (Fig. 1).

This review aims at surveying the literature examples of supported monometallic, multimetallic and core-shell [START_REF]present work, as well as oxide/phosphide/boride pure or mixed phases[END_REF] 3d metal-based M(0) NPs used as catalysts for lightweight inorganic hydrides pyrolysis / hydrolysis. It is organized in 7 sections, classified according to the hydride type. This introduction is followed by Section 2 dedicated to AB and amine boranes. In Finally, a short conclusive chapter (Section 7) will complete this survey, providing perspectives in the field, together with a very short critical section where some general trends are highlighted.

The authors are aware that only a limited critical outlook on the topic is possible, given the inherent nature of the research described and the (often) acritical method adopted by many research groups active in this specific field. Indeed, the vast majority of the results outlined here essentially raises from a trial-and-error approach where the combination of 3d metal NPs with selected supports does not seem to follow clear-cut rational criteria in most cases. For this reason, a critical analysis of all the presented data is far from being easy.

However, a rational and systematic overview on the topic is still missing in the literature and its convey within this review article can be of great support to research teams active in this area. It may offer useful hints for future synthesis of better-performing catalysts and for the analysis of process risks. We are confident that the simplest way to "rationalize" the literature data is to group them according to the hydride type as in the following paragraphs. ). [START_REF] Yan | Iron-Nanoparticle-Catalyzed Hydrolytic Dehydrogenation of Ammonia Borane for Chemical Hydrogen Storage[END_REF] The high catalytic activity was ascribed to the amorphous nature of the iron(0) NPs, which form a perfect suspension in aqueous solution without particle agglomeration. In this case, AB acts both as a reactant and as a dispersing agent. The as-prepared Fe catalyst can readily be recycled by magnetic decantation and reused up to 20 times with no obvious loss of activity in air. In 2007, Manners and co-workers (Bristol, UK) prepared a colloidal aqueous suspension of Co(0)

NPs (1 mol %) starting from CoCl 2 and LiBH 4 . The reaction was found to be complete in minutes in air and at ambient temperature (TOF= 5.1 mol H2 •mol Co -1 •min -1 ). [START_REF] Clark | Highly Efficient Colloidal Cobalt-and Rhodium-Catalyzed Hydrolysis of H 3 N-BH 3 in Air[END_REF] In 2010, the group of Xu exploited amorphous and well dispersed Co(0) NPs with a particle size less than nm in aqueous solution at room temperature for the same reaction. The as-synthesized Co nanoparticles possess high catalytic activity (TOF = 45.7 mol H2 •mol Co -1 •min -1 ). [START_REF] Yan | Room Temperature Hydrolytic Dehydrogenation of Ammonia Borane Catalyzed by Co Nanoparticles[END_REF] Later on, the NPs started to be deposited on various supports. In 2014, Lu and co-workers (Shanghai, CHN) used capping ligands to prepare highly active cobalt(0) nanocatalysts. The organic ligands coordinated to metal surfaces can tailor the metal-organic interfaces and enable the fabrication of excellent heterogeneous catalysts. By exploiting amine-rich polyethylenimine (PEI) and graphene oxide (GO) as a support, the authors provide a novel pathway to control the morphology, spatial distribution and surface active sites of cobalt NPs (Fig. 2). At the same time, this kind of support remarkably enhances their catalytic properties for the hydrolytic dehydrogenation of AB. Extremely high dehydrogenation activities at ambient conditions were recorded, with a TOF = 39.9 mol H2 •mol Co -1 •min -1 and an activation energy of 28.2 kJ•mol -1 . The catalytic performance of these PEI-GO/Co catalysts is comparable to that of noble metal-based monometallic and bimetallic catalysts. [START_REF] Hu | Amine-Capped Co Nanoparticles for Highly Efficient Dehydrogenation of Ammonia Borane[END_REF] In the same year, the group of Kim (Yongin, KOR) deposited Co(0) NPs on polydopamine functionalized multi-walled carbon nanotubes (MWCNTs). The chemical inertness of MWCNTs limits their affinity for water, decreasing their catalytic efficiency as catalyst support. The dispersion and increase of the number of anchoring sites for metal NPs on the surface of MWCNTs can be solved through surface functionalization with polar groups. The catalyst maintained an appreciable catalytic performance (TOF = 5.8 mol H2 NPs embedded in porous N-doped carbon (denoted as Co@N-C). The Co@N-C catalysts were fabricated through one-step thermolysis of Co(salen) at selected temperatures (600-800 °C)

under an Ar atmosphere. It was found that the Co@N-C nanocomposite obtained at 700 °C (Co@N-C-700) shows superior catalytic activity and high sustainability. The turnover frequency (TOF) at T = 55 °C and the activation energy of Co@N-C-700 in AB hydrolysis are 5.6 mol H2 •mol Co -1 •min -1 and 31.0 kJ•mol -1 , respectively. In particular, this catalyst retains 97.2% of its initial catalytic activity after 10 cycles. [START_REF] Wang | Cobalt Nanoparticles Embedded in Porous N-Doped Carbon as Long-Life Catalysts for Hydrolysis of Ammonia Borane[END_REF] Wu and Li from China reported on the preparation of magnetic core-shells with Co NPs as cores and graphitic carbon nitride (g-C 3 N 4 ) as shell. In the fabrication process, the Co@g-C 3 N 4 core-shells were anchored onto rGO nanosheets to form a [Co@g-C 3 N 4 -rGO] composite. The g-C 3 N 4 shell protects Co NPs cores from aggregating or growing. The shell also works as a co-catalyst for hydrogen generation in the hydrolysis reactions. For hydrogen generation from AB hydrolysis, the composite material gave a TOF of 3.0 mol H2 Copyright © 2017 American Chemical Society.

He and co-workers (Dalian, CHN) deposited Co NPs on a Covalent Triazine Framework (CTF), a nitrogen-doped carbonaceous material (Fig. 4). The N-doping favours electron transfer from the support to the metal particles; as a consequence, the catalytic activity of the latter is significantly increased. Specifically, the 3%-Co/CTF-1 catalyst exhibits a total turnover frequency of 42. The highest TOF calculated for AB hydrolysis was 2.9 mol H2 •mol Co -1 •min -1 , corresponding to 30%Co/HPC-900, with an activation energy of 32.8 kJ•mol -1 . [START_REF] Zhang | Bimetallic (Zn/Co) MOFs-Derived Highly Dispersed Metallic Co/HPC for Completely Hydrolytic Dehydrogenation of Ammonia-Borane[END_REF] The first use of nickel NPs for AB hydrolysis dates back to 2009, when Xu and coworkers prepared nickel particles contained within silica nanospheres (20-30 nm) by using a

[Ni(NH 3 ) 6 ]Cl 2 crystal template method followed by an in situ reduction in aqueous NaBH 4 /AB solutions. The molar ratios of hydrolytically generated hydrogen to the initial AB are 3.0 for a Ni/AB molar ratio of 0.05. The reaction is complete in 22 minutes, and 139 mL H2 are formed. [START_REF] Umegaki | Hollow Ni-SiO 2 Nanosphere-Catalyzed Hydrolytic Dehydrogenation of Ammonia Borane for Chemical Hydrogen Storage[END_REF] The same group in the same year also published the preparation of an amorphous nickel catalyst stabilized by poly(N-vinyl-2-pyrrolidone) (PVP) through NiCl 2 reduction in an aqueous NaBH 4 /AB solution. The PVP-stabilized nickel catalyst maintains high activity for AB hydrolysis (TOF = 2.1 mol H2 •mol Ni -1 •min -1 ) evolving a stoichiometric amount of hydrogen within 5 cycles. As observed for other supports, the results indicate that PVP prevents agglomeration and crystallization of the NPs, leading to higher durability than the bare nickel catalyst. [START_REF] Umegaki | Preparation and Catalysis of Poly(N-Vinyl-2-Pyrrolidone) (PVP) Stabilized Nickel Catalyst for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] The authors also reported the preparation of Ni(0) NPs with starch as the "green" protective material and investigated them as catalysts for the same process (TOF = 5.0 mol H2 •mol Ni -1 •min -1 ).

Amylose, a renewable polymer, is the main component of starch that is the main energy reserve of all higher plants. It forms a dispersion in water, and it is very efficient as protecting agent for NPs for catalytic applications. ). The H 2 moles released per AB mole in the presence of the hollow spheres is 2.7 (almost complete hydrolysis). [START_REF] Umegaki | Influence of Preparation Conditions of Hollow Titania-Nickel Composite Spheres on their Catalytic Activity for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] The same approach has been followed for the preparation of the same catalyst but featuring silica as a support (Ni/SiO 2 composite). hydrogen generation from the hydrolysis of AB at 25 °C. However, the initial catalytic activity is not preserved in subsequent runs of hydrolysis. Coating the surface of cobalt ferrite support with polydopamine or silica leads to a significant improvement of the catalyst stability. [START_REF] Manna | Nickel(0) Nanoparticles Supported on Bare or Coated Cobalt Ferrite as Highly Active, Magnetically Isolable and Reusable Catalyst for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] In the same year, the research team of Astruc (Bordeaux, F) improved the activity of the Ni/ZIF-8 composite already published in 2012 [START_REF] Li | ZIF-8 Immobilized Nickel Nanoparticles: Highly Effective Catalysts for Hydrogen Generation from Hydrolysis of Ammonia Borane[END_REF] through the synthesis of highly dispersed ligand-free NPs using ZIF-8 as nanocatalyst template (Fig. 6). This group recorded a TOF value of 85.7 

([65]). Copyright © 2017 American Chemical Society

Umegaki reported of hollow silica-nickel particles fabricated by coating silica-nickel shell on rape pollen templates following calcination. The morphology and pore structure affected the catalytic activity of the hollow silica-nickel particles for hydrogen generation from an aqueous NaBH 4 /AB solution, and the hollow particles using silica support prepared for a coating time of The catalytic activity in AB hydrolysis is seriously dependent on the relative content of the metal element and the [CuCo] catalyst with the molar ratio of 1:1 is the most active, with performance comparable to its noble metal counterparts. [START_REF] Li | Binary Cu-Co Catalysts Derived from Hydrotalcites with Excellent Activity and Recyclability Towards NH 3 BH 3 Dehydrogenation[END_REF] Lu and Chen (CHN) in 2015 prepared a

[CuCo]@SiO 2 composite using silica nanospheres. The metal particles were encapsulated within the spheres; compared with their monometallic counterparts, the bimetallic nanospheres with different metal compositions show a higher catalytic performance for hydrogen generation from AB hydrolysis at room temperature. Especially, the [Cu 0.5 Co 0.5 ]@SiO 2 nanospheres show the best catalytic performance, with an activation energy of 24.0 kJ•mol -1 . [START_REF] Yao | Synergetic Catalysis of non-Noble Bimetallic Cu-Co Nanoparticles Embedded in SiO 2 Nanospheres in Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] In the same year, Xu prepared and tested the same alloys encapsulated in the mesopores of the MIL-101 MOF.

Bimetallic NPs were obtained through a double-solvent method combined with the overwhelming reduction. This method is based on a hydrophilic solvent containing the metal precursors [Cu(NO 3 ) 2 and CoCl 2 ] and a hydrophobic solvent suspending the adsorbent, with the former having a volume set equal to or less than the pore volume of the adsorbent, which can be readily adsorbed within the hydrophilic pores of the adsorbent by capillary force. Then, the overwhelming reduction approach is used to reduce the precursors after the metal precursor/MOF composite was dried. In this approach, a pore volume amount of highly an activation energy for the process of 44.9 kJ•mol -1 . [START_REF] Zacho | Hydrolytic dehydrogenation of ammonia borane over ZIF-67 derived Co nanoparticle catalysts[END_REF] Other bimetallic NPs with different 3d metal compositions can be found in the literature, with the same supports as those described in the previous paragraph: [CuNi], [START_REF] Lu | Synergistic Catalysis of MCM-41 Immobilized Cu-Ni Nanoparticles in Hydrolytic Dehydrogeneration of Ammonia Borane[END_REF][START_REF] Yen | Role of Metal-Support Interactions, Particle Size, and Metal-Metal Synergy in CuNi Nanocatalysts for H 2 Generation[END_REF][START_REF] Zhou | Low-Cost CuNi@MIL-101 as an Excellent Catalyst Toward Cascade Reaction: Integration of Ammonia Borane Dehydrogenation with Nitroarene Hydrogenation[END_REF][START_REF] Zhou | Low-cost CuNi-CeO 2 /rGO as an Efficient Catalyst for Hydrolysis of Ammonia Borane and Tandem Reduction of 4-Nitrophenol[END_REF][START_REF] Yu | CuNi Nanoparticles Assembled on Graphene for Catalytic Methanolysis of Ammonia Borane and Hydrogenation of Nitro/Nitrile Compounds[END_REF][START_REF] Gao | CuNi NPs Supported on MIL-101 as Highly Active Catalysts for the Hydrolysis of Ammonia Borane[END_REF][START_REF] Wang | Bimetallic Non-Noble CoNi Nanoparticles Monodispersed on Multiwall Carbon Nanotubes: Highly Efficient Hydrolysis of Ammonia Borane[END_REF][START_REF] Guo | Construction of Cost-Effective Bimetallic Nanoparticles on Titanium Carbides as a Superb Catalyst for Promoting Hydrolysis of Ammonia Borane[END_REF][START_REF] Filiz | Dual Combining Transition Metal Hybrid Nanoparticles for Ammonia Borane Hydrolytic Dehydrogenation[END_REF][START_REF] Sang | Dendritic Co 0.52 Cu 0.48 and Ni 0.19 Cu 0.81 Alloys as Hydrogen Generation Catalysts via Hydrolysis of Ammonia Borane[END_REF][START_REF] Li | Oleylamine-Stabilized Cu 0.9 Ni 0.1 Nanoparticles as Efficient Catalyst for Ammonia Borane Dehydrogenation[END_REF] [CoNi] [START_REF] Yang | Catalytic Hydrolysis of Ammonia Borane by Cobalt Nickel Nanoparticles Supported on Reduced Graphene Oxide for Hydrogen Generation[END_REF][START_REF] Zhao | Probing the Electronic Structure of M-Graphene Oxide (M = Ni, Co, NiCo) Catalysts for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF][START_REF] Miao | Ammonia borane dehydrogenation and selective hydrogenation of functionalized nitroarene over a porous nickel-cobalt bimetallic catalyst[END_REF] and [NiCr]. [START_REF] Yang | Enhanced Catalytic Activity of NiM (M = Cr, Mo, W) Nanoparticles for Hydrogen Evolution from Ammonia Borane and Hydrazine Borane[END_REF] Their catalytic activity in terms of TOF values and activation energies are collected in Table 1 for the sake of comparison. Core-shell M 1 @M 2 (bimetallic) or M 1 @M 2 M 3 / M 1 @M 2 @M 3 / [M 1 M 2 M 3 ] (trimetallic) NPs (M 1 , M 2 , M 3 = 3d metal) are also proven to show a catalytic activity for AB hydrolysis, often with better performance with respect to their

[M 1 M 2 M 3 ] alloy or monometallic counterparts. [START_REF] Jiang | A One-Pot Protocol for Synthesis of Non-Noble Metal-Based Core-Shell Nanoparticles Under Ambient Conditions: Toward Highly Active and Cost-Effective Catalysts for Hydrolytic Dehydrogenation of NH 3 BH 3[END_REF][START_REF] Wang | One-Step Synthesis of Cu@FeNi Core-Shell Nanoparticles: Highly Active Catalyst for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF][START_REF] Qiu | Synthesis of Cu@FeCo Core-Shell Nanoparticles for the Catalytic Hydrolysis of Ammonia Borane[END_REF][START_REF] Zhang | Facile Synthesis of Cu@CoNi Core-Shell Nanoparticles Composites for the Catalytic Hydrolysis of Ammonia Borane[END_REF][START_REF] Liang | Non-Noble Trimetallic Cu-Ni-Co Nanoparticles Supported on Metalorganic Frameworks as Highly Efficient Catalysts for Hydrolysis of Ammonia Borane[END_REF][START_REF] Sun | Three-shell Cu@Co@Ni nanoparticles stabilized with a metal-organic framework for enhanced tandem catalysis[END_REF][START_REF] Liao | Electromagnetic-field-assisted synthesis of Ni foam film-supported CoCu alloy microspheres composed of nanosheets: A high performance catalyst for the hydrolysis of ammonia borane[END_REF][START_REF] Li | Low-cost CuFeCo@MIL-101 as an efficient catalyst for catalytic hydrolysis of ammonia borane[END_REF] The related TOF and activation energy values (when available) are also reported on Table 1 for the sake of completeness. The interested reader is re-directed to the quoted references for more details and information. a calculated at maximum reaction rate; b AB methanolysis.

Amine boranes

Monometallic NPs

The number of examples of amine boranes hydrolysis for hydrogen production is much more limited than that of AB. This is mainly due to the fact that the maximum H 2 yield achievable with amine boranes is lower than that of AB under the same operative conditions. The ). [START_REF] Duman | Oleylamine Stabilized Copper(0) Nanoparticles: Efficient and Low Cost Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] In the same year, these authors also published the preparation of the Cu/CeO 2 composite (copper in the form of highly dispersed NPs with average particle size of 3.1 nm) and its catalytic performance in DMAB thermal dehydrogenation at T = 60 °C. The as-prepared catalyst releases one H 2 equivalent per DMAB mole, with a performance that is dependent on the copper loading on ceria.

The highest catalytic activity is achieved by using a sample with a copper loading of 4.0 wt. % Cu, which provides a TOF value of 0.7 mol H2 •mol Cu -1 •min -1 and an activation energy of 76.0 kJ•mol -1 . [START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] More recently, the team of Zahmakiran and co-workers (Van, TR) has prepared highly dispersed (3.9 ± 1.2 nm) Co NPs supported on alumina nanofibers through a doublesolvent method followed by wet-chemical reduction. The Co/Al 2 O 3 catalyst has been tested in MeAB hydrolysis at ambient temperature. [START_REF] Baguc | Cobalt nanoparticles supported on alumina nanofibers (Co/Al 2 O 3 ): Cost effective catalytic system for the hydrolysis of methylamine borane[END_REF] The NPs achieved a release of 3.0 equivalent of H 2 (initial TOF = 4.9 mol H2 •mol Co -1 •min -1 and activation energy of 44.2 kJ•mol -1 ).

Bimetallic/polymetallic NPs

The use of a [CoNi] alloy supported on graphene for this application was published by Luo, Cheng and co-workers (Wuhan, CHN) in 2014. Well dispersed magnetically recyclable bimetallic [Co x Ni (1-x) ] (x = 0.1, 0.3, 0.5, 0.7, 0.9) NPs have been synthesized; among the different samples considered, the [Co 0.9 Ni 0.1 ]/graphene species exhibited the highest catalytic activity toward hydrolysis of methylamine borane (MeAB). An activation energy of 26.8 kJ•mol -1 was determined for the process (TOF = 7.5 mol H2 •mol Co+Ni -1 •min -1 ). [START_REF] Feng | In Situ Facile Synthesis of Bimetallic CoNi Catalyst Supported on Graphene for Hydrolytic Dehydrogenation of Amine Borane[END_REF] The same group also published the preparation of well-dispersed [Cu@Co] core-shell NPs on rGO surfaces (Fig. 10).

The [Cu@Co]/rGO catalyst exhibits superior catalytic activity than its alloy Other variations on the theme were reported by this group in 2014: [Cu@CoNi]/graphene (used for MeAB hydrolysis at ambient temperature; activation energy = 50.7 kJ•mol -1 ), [START_REF] Meng | Graphene-Supported Trimetallic Core-Shell Cu@CoNi Nanoparticles for Catalytic Hydrolysis of Amine Borane[END_REF] [Cu@FeCoNi]/graphene (used for MeAB hydrolysis at ambient temperature; activation energy = 39.7 kJ•mol -1 ). [START_REF] Meng | Decoration of Graphene with Tetrametallic Cu@FeCoNi Core-Shell Nanoparticles for Catalytic Hydrolysis of Amine Boranes[END_REF] According to the authors, MeAB hydrolysis could also provide 3 H 2 equivalents per monomer. The third H 2 equivalent would come from water. Table 1 collects the main parameters of the heterogeneous catalysts described in this section.

3d metal-mediated H 2 production from ammonia, hydrazine and hydrazine borane 3.1 Ammonia

Liquid ammonia has recently been considered as a potential source of clean and carbon oxidefree hydrogen. Generating pure hydrogen via ammonia decomposition has gained much attention because of the low cost of this technology and ease of operation compared to the complex systems required for reforming methanol or hydrocarbons. Ammonia is environmentally friendly, but its industrial synthesis (Haber-Bosch process) is energy-demanding and expensive.

Some pioneering research on "green" ammonia synthesis via electro-catalytic N 2 reduction under ambient conditions and using different types of heterogeneous catalysts has recently started to appear in the literature. method. The as-obtained catalysts were used to catalyze ammonia decomposition; a higher activity is measured when they are prepared with the longer growth time of CNFs and the higher partial pressure of hydrogen. [START_REF] Ji | Fe Particles on the Tops of Carbon Nanofibers Immobilized on Structured Carbon Microfibers for Ammonia Decomposition[END_REF] Further DFT computational studies to clarify the detailed catalytic mechanism of NH 3 decomposition on a Fe(100) surface appeared in 2014, published by the group of Lee (Daejeon, KOR). The investigation of the catalytic activity of a Fe surface precovered with N atoms (Fig. 11) revealed a reduction in the catalytic activity as the N coverage on the Fe surface increased. This reveals that the removal of nitrogen from the surface is an essential requisite to keep a high catalytic activity. 

Hydrazine and hydrazine borane

The first example of hydrazine decomposition catalyzed by a 3d metal dates back to 2005, when Zhang and co-workers (Dalian, CHN) prepared a series of M(0) NPs supported on silica to be tested in this reaction. All the catalysts could catalyze the selective decomposition of hydrazine to form H 2 and N 2 at temperatures higher than 300 °C; among them, Ni/SiO 2 was the best catalyst, with an excellent H 2 selectivity higher than 90%. The selectivity was temperaturesensitive; low temperatures (30-60 °C) favor H 2 production over NH 3 . The best TOF achieved was 24 mol H2 •(mol Ni ) -1 •min -1 at T = 30°C. [START_REF] Zheng | Anovel Approach for CO-Free H 2 Production via Catalytic Decomposition of Hydrazine[END_REF] Some years later, the same group obtained 100 % conversion of hydrous hydrazine into N 2 and H 2 at ambient temperature with 93% selectivity through the employ of a highly dispersed Ni(0) catalyst supported on hydrotalcite (HT). The activation energy for the reaction was calculated as 49. and an activation energy of 65.0 kJ•mol -1 ), Ni/AC and Ni/graphite are inactive. [START_REF] Karahan | Catalytic Methanolysis of Hydrazine Borane: A New and Efficient Hydrogen Generation System Under Mild Conditions[END_REF] The in situ NPs synthesis was exploited by the same group one year later; this time, the authors introduced poly(4-styrenesulfonic acid-co-maleic acid) (PSSMA) as a stabilizer in solution. The PSSMAstabilized Ni(0) NPs (PSSMA-Ni) have an average particle size of (8.3  2.3) nm and were found to be highly active and stable catalysts in the hydrolytic HB dehydrogenation at T = 25 °C, The other case study of Cu NPs was published by Liu, Luo and collaborators (Changsha, CHN).

In this case, the particles were supported on graphene with the aim of preparing a nanosized electrocatalyst for hydrazine oxidation. The Cu/graphene composite was obtained by simple cyclic voltammetric electrolysis of GO and copper ethylenediamine tetraacetate (Cu-EDTA).

The electrochemically reduced GO (rGO) and Cu nanoparticles can be sequentially selfassembled into layer-by-layer 3D sandwich-type homogenous architectures. This causes a significant increase of the electrochemically accessible surface area. Consequently, the electrocatalytic activity in hydrazine oxidation in terms of current density and overpotential is also greatly enhanced. [START_REF] Liu | Controllable Growth of Graphene/Cu Composite and its Nanoarchitecture-Dependent Electrocatalytic Activity to Hydrazine Oxidation[END_REF] Bimetallic and trimetallic 3d NPs have been exploited for H 2 production from hydrazine and HB as well The same alloy was also found to be active in HB dehydrogenation, as reported by Demirci et al. [FeNi]/Cu, [START_REF] Manukyan | Low Temperature Decomposition of Hydrous Hydrazine Over FeNi/Cu Nanoparticles[END_REF] [CuNi] [START_REF] Yen | Role of Metal-Support Interactions, Particle Size, and Metal-Metal Synergy in CuNi Nanocatalysts for H 2 Generation[END_REF] and [CoNi]. [START_REF] Yang | Flower-Like Co Nano-Particles Deposited on Ni Foam Substrate as Efficient Noble Metal-Free Catalyst for Hydrazine Oxidation[END_REF] The interested reader is redirected to Table 2 for further details (and related references). carbon matrix derived from ZIF-67 carbonization (Fig. 17), [START_REF] Lin | Efficient Hydrogen Production from NaBH 4 Hydrolysis Catalyzed by a Magnetic Cobalt/Carbon Composite Derived from A Zeolitic Imidazolate Framework[END_REF] elastic foams derived from rGO [START_REF] Tang | Co Nanoparticles Supported 3d Structure for Catalytic H 2 Production[END_REF] and N-doped carbon materials derived from ZIFs pyrolysis. [START_REF] Gao | Cobalt nanoparticles packaged into nitrogen-doped porous carbon derived from metal-organic framework nanocrystals for hydrogen production by hydrolysis of sodium borohydride[END_REF] Their most relevant catalytic parameters are listed in Table 3 for the sake of completeness and comparison. [START_REF] Cai | Robust Nickel-Polymer Nanocomposite Particles for Hydrogen Generation from Sodium Borohydride[END_REF] or nanogels [START_REF] Cai | Ni-Polymer Nanogel Hybrid Particles: A New Strategy for Hydrogen Production from the Hydrolysis of Dimethylamine-Borane and Sodium Borohydride[END_REF] was accomplished by the group of Lu and Dong in 2016. High catalytic activities were reported for sodium borohydride hydrolysis. Details can be found in Table 3. More recently, a series of NPs deposited on cellulose microfibers of cotton (CFC) were prepared and tested for NaBH 4 hydrolysis/methanolysis by the group of Khan (Jeddah, SA). [START_REF] Ali | Enhanced H 2 Generation From NaBH 4 Hydrolysis and Methanolysis by Cellulose Micro-Fibrous Cottons as Metal Templated Catalyst[END_REF] The Cu@CFC showed better catalytic performance for the hydrolysis of NaBH 4 , whereas Ag@CFC catalytic performance were much better than the other loaded NPs for the methanolysis reaction of NaBH 4 .

less favourable and the materials switch to direct H 2 release, which becomes more favourable as far as electronegativity increases. from a hydrogen storage perspective. The conclusions were that it is easier to remove a hydrogen atom from a bimetallic borohydride than that from a monometallic borohydride. In the same year, this research team moved to mid-transition elements to get iron and cobalt BAs [Fe(NH 3 ) 6 ](BH 4 ) 2 and [Co(NH 3 ) 6 ](BH 4 ) 2 (Fig. 19). The compounds were prepared by new low temperature, solvent-based synthetic methods, using dimethyl sulfide or liquid NH 3 as solvents.

The new compounds have high hydrogen densities of ∼14 wt. % H 2 and release a mixture of hydrogen and NH 3 gas at low temperatures (T < 80 °C). [START_REF] Roedern | Ammine-Stabilized Transition-Metal Borohydrides of Iron, Cobalt, and Chromium: Synthesis and Characterization[END_REF] Yu et al. prepared Zn(BH 4 ) 2 •2NH 3 via simple ball milling of a mixture of ZnCl 2 •2NH 3 and LiBH 4 (Fig. 20). Dehydrogenation results showed that this BA is able to release up to 8.9 wt. % hydrogen below 115 °C, without concomitant release of undesirable gases such as ammonia and/or boranes. [START_REF] Gu | Structure and Decomposition of Zinc Borohydride Ammonia Adduct: Towards a Pure Hydrogen Release[END_REF] The decomposition mechanism of this BA has been subsequently studied via DFT simulations by the same group, showing that the release of B 2 H 6 and BH 3 is predicted to be kinetically and/or thermodynamically unfavorable, in agreement with the experimental results that proved that no boranes were detected during decomposition. Shao and collaborators (Macau, CHN) have prepared NaZn(BH 4 ) 3 through ball milling of NaBH 4 and ZnCl 2 in a molar ratio of 3 : 1 for 15 h. Subsequently, its ammoniate NaZn(BH 4 ) 3 2NH 3 has also been obtained through anhydrous ammonia gas treatment at 0°C. Finally, the composite material NaZn(BH 4 ) 3 /NaZn(BH 4 ) 3 2NH 3 has also been prepared through ball milling of the pure components. All these new species were then exploited to produce H 2 at ambient temperature through their hydrolysis instead of simple thermal decomposition. The hydrolysis results show that NaZn(BH 4 ) 3 is able to generate 1740 mL H2 g -1 in 5 min without concomitant release of undesirable gases such as ammonia or boranes, while NaZn(BH 4 ) 3 2NH 3 generates 118 mL H2 g -1 in 5 min accompanied by an emission of a small amount of ammonia.

The composite can generate H 2 at an intermediate rate of 717 mL H2 g -1 in 5 min. The activation energies for the hydrolysis reaction are 11.9 kJmol -1 , 56.9 kJmol -1 and 32.5 kJmol -1 for NaZn(BH 4 ) 3 , NaZn(BH 4 ) 3 2NH 3 and their composite, respectively. Therefore, the hydrolysis kinetics can be influenced greatly by composition design. [START_REF] Wang | Synthesis and hydrolysis of NaZn(BH 4 ) 3 and its ammoniates[END_REF] 

Short Critical Outlook and Perspectives

Lightweight inorganic hydrides represent a modern and widely exploited class of compounds for chemical hydrogen storage. In the last few years, significant progress has been made in the preparation and characterization of heterogeneous catalysts for AB, hydrazine, HB, alanates and borohydrides thermal decomposition / hydrolysis. From a critical analysis of the various case studies described in this review, some useful conclusions for future catalyst design may be drawn. In the case of AB, the most efficient 3d metal for its dehydrogenation is different if homogeneous [START_REF] Rossin | Ammonia-Borane and Amine-Borane Dehydrogenation Mediated by Complex Metal Hydrides[END_REF] or heterogeneous catalysis is taken into account. In fact, in the former, iron complexes containing tridentate (POCOP) or (PCP) pincer ligands seem to be the best catalysts from the 3d series in terms of H 2 produced (wt.%) and TOF values; on the other hand, for the latter cobalt NPs realize the best compromise between operative temperature, amount of H 2 produced and TOF records. As for the other inorganic hydrides (limiting the comparison to the heterogeneous catalysts only),[212] the best-performing 3d metals are cobalt and nickel. From the support viewpoint, a significant improvement of NPs stabilization and of their catalytic structure and abundant organic components, their carbonization successfully leads to nanoporous carbon structures with high surface area and narrow pore-size distribution. The heating rate, calcination temperature and MOF crystal-size components are vital to afford carbon materials with tunable structures and functionality. Future trends in the design of optimal heterogeneous catalysts for H 2 production from lightweight inorganic hydrides are represented by the development of completely noble-metal-free systems that are economically advantageous and crucial for the potential application of these hydrides as hydrogen storage materials. 3d transition metals are highly versatile, both in their pure form and in combination of two or more components (alloys). The addition of a second metal is an important approach for tailoring the electronic and geometric structures of NPs enhancing their catalytic activity and selectivity. 

Fig. 1 -

 1 Fig. 1 -Preparation of supported metallic NPs as heterogeneous catalysts for hydrides dehydrogenation.

Fig. 2 -

 2 Fig. 2 -Proposed mechanism for PEI-GO/Co catalyzed hydrolysis of ammonia borane: (1) diffusion of AB; (2) dihydrogen bond formation; (3) activation and attack process; (4) hydrolysis of AB. Ref. ([37]). Copyright © 2014 American Chemical Society.

Fig. 3 -

 3 Fig. 3 -Illustration of the visible-light-driven catalytic procedure over non-noble metal catalysts based on the postmodified C 3 N 4 species with different microstructures. Ref. ([46]). Copyright © 2017 American Chemical Society.

Fig. 4 -

 4 Fig. 4 -Proposed mechanism for the catalytic hydrolysis of AB by Co/CTF-1. Reproduced from Ref. ([47]) with permission from the Royal Society of Chemistry. (open access paper)
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 52 Sun et al. in 2010 exploited monodisperse Ni(0) NPs synthesized by the reduction of nickel(Ⅱ) acetylacetonate with n Bu 3 N•BH 3 in a mixture of oleylamine and oleic acid. Among the various supports considered, SiO 2 was found to enhance Ni NP catalytic activity; the as-prepared Ni/SiO 2 catalyst has a TOF of 13.2 mol H2 ⋅mol Ni -1 ⋅min -1and an activation energy of 34.0 kJ•mol -1 in the hydrolysis of AB.[START_REF] Metin | Monodisperse Nickel Nanoparticles Supported on SiO 2 as an Effective Catalyst for the Hydrolysis of Ammonia-Borane[END_REF] The same group also prepared through the same synthetic approach monodisperse Ni(0) NPs supported on Ketjen carbon (BET surface area = 800 m 2 /g). The Ni/C catalyst has a TOF of 8.8 mol H2 ⋅mol Ni -1 ⋅min -1 and an activation energy of 28.0 kJ•mol -1 in the hydrolysis of AB.[54] In 2012, Xu et al. obtained highly dispersed Ni(0) NPs immobilized on the zeolitic Metal-Organic Framework ZIF-8 via sequential chemical vapor deposition-reduction steps, starting from the organometallic precursor nickelocene (NiCp 2 ; Cp =  5 -C 5 H 5 -). The Ni/ZIF-8 composites with different Ni loadings are the first example of water-stable MOF-supported catalysts for hydrogen generation from AB hydrolysis. In particular, the most active sample is that with a 19.0 wt.% metal loading (determined by ICP), with a TOF value of 14.2 mol H2 •(mol Ni ) -1 •min -1 . There was no significant decrease in catalytic activity even after 5 runs of hydrolysis reactions.[55] The same authors also published the successful synthesis of non-noble surfactant-free Ni NPs through the same synthetic approach. Particles were immobilized on Maxsorb MSC-30, a nanoporous carbon with large surface area and high chemical, thermal and mechanical stability. Their excellent catalytic activity in AB hydrolysis for hydrogen generation is witnessed by a TOF value as high as 30.7 mol H2 •(mol Ni ) -1 •min -1 at room temperature.[56] In 2014, Tao and co-workers prepared other Ni/C composites starting from a Ni-based MOF by either reduction with KBH 4 or calcination at T = 700 °C under argon. The combination of both reduction and calcination led to a composite material with a BET surface area of 451 m 2 /g and Ni NPs of about 10 nm in size uniformly dispersed on carbon. It affords a high hydrogen release rate of 2.0 mol H2 •mol Ni -1 •min -1 at room temperature and a low activation energy of 31.6 kJ•mol -1 for AB hydrolysis.[57] Umegaki and co-workers (Tokyo, JP) in the same year supported Ni NPs on hollow titania; the Ni/TiO 2 composite spheres produced 62 mL of hydrogen in about 22 minutes from aqueous NaBH 4 /AB solution (TOF = 2.4 mol H2 •mol Ni -1 •min -1
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 595 Fig. 5 -Possible mechanism for photocatalytic enhancement of AB dehydrogenation over Cu/MIL-101 under visible light irradiation. Ref. ([63]). Copyright © 2016 American Chemical Society

Fig. 6 -

 6 Fig. 6 -Proposed mechanism for the hydrolysis of AB catalyzed by Ni/ZIF-8. Ref. ([65]). Copyright © 2017 American Chemical Society

concentrated (0. 6 M

 6 ) NaBH 4 solution (reducing agent) incorporated into the pores by capillary force can reduce the metal precursors deposited in the pores of MIL-101 completely, and, at the same time, the aggregation of NPs on the external MOF surface will be avoided. The [Cu 0.3 Co 0.7 ]@MIL-101 is the most active species for AB hydrolysis, with a TOF value of 19.6 mol H2 •mol CuCo -1 •min -1 .[77] The group of Zahmarikan (Van, TR) dispersed the [CuCo] alloy on activated carbon (AC): [CuCo]/AC. The as-prepared catalyst showed an initial TOF of 45.0 mol H2 •mol CuCo -1 •min -1 and an activation energy of 51.9 kJ•mol -1 for the same reaction.[78] Xu used a diamine-functionalized PDA-rGO (PDA = 1,4-phenylenediamine) as a support for monodisperse non-noble [CuCo] NPs (diameter  2.4 nm). The [Cu 0.2 Co 0.8 ]/PDA-rGO composite showed the best performance in AB hydrolysis among the scrutinized metallic ratios, with TOF = 51.5 mol H2 •mol CuCo -1 •min -1 at 30 °C and an activation energy of 54.9 kJ•mol -1 for the process.[79] Gu, Xu and colleagues used g-C 3 N 4 as a support for the alloy in 2017 (Fig. 9). The catalyst was exploited for hydrogen evolution from AB under visible light irradiation at 25 °C. The best TOF value obtained under these conditions is 75.1 mol H2 •mol CuCo -1 •min -1 .[80] Further examples of catalysts based on [CuCo] alloys can be found in refs.([81]) and ([82]).

Fig. 9 -

 9 Fig. 9 -Schematic illustration of the catalytic process using nonprecious metal NPs supported on g-C 3 N 4 under visible light irradiation. Reproduced from Ref. ([80]) with permission from the Royal Society of Chemistry.

  first example of the employ of monometallic 3d-metal-containing NPs dates back to 2015, and it was reported by Duman and collaborators (Bingol, TR). Monodisperse 1.9 nm Ni NPs were synthesized in situ from NiCl 2 . They were found to be highly active in hydrogen generation from the solvent-free dehydrogenation of dimethylamine borane (DMAB) at ambient temperature, with release of one H 2 equivalent per DMAB, a TOF of 4 mol H2 •mol Ni -1 •min -1 and an activation energy of 42.0 kJ•mol -1 .[108] One year later, Lu, Dong and co-workers (Shaoxing, CHN) deposited Ni NPs onto hydrophilic polymer nanogels obtained through co-polymerization of water-soluble monomers (such as N-isopropyl acrylamide, N-tert-butyl acrylamide and 2acrylamide-2-methyl propanesulfonic acid). Excellent catalytic activities of the composite are demonstrated for hydrogen generation from DMAB hydrolysis, with a TOF value of 6.3 mol H2 •mol Ni -1 •min -1 and an activation energy of 51.0 kJ•mol -1 .[109] Copper NPs were also exploited in this reaction. In 2017, Özkar and co-workers reported the preparation of oleylamine-stabilized Cu(0) NPs and their use as catalysts for DMAB thermal dehydrogenation at T = 50 °C, providing a TOF value of 2.6 mol H2 •mol Cu -1 •min -1 . The addition of 5 equivalent oleylamine per mole of copper lowers the activation energy for the catalytic dehydrogenation of DMAB enormously (from 88.0 to 19.0 kJ•mol -1

Fig. 10 -

 10 Fig. 10 -(a) Color evolution in the self-catalytic formation process of Cu@Co/rGO at room temperature and (b) schematic illustration (the brown sheet denotes GO; the black sheet represents rGO). Reproduced from Ref. ([114]) with permission from the Royal Society of Chemistry.
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 121 NH 3 is a very stable molecule, and its thermal decomposition is difficult to occur because of the extremely high activation energy. Catalysts based on supported 3d metals such as Fe, Ni and Co show good activity for NH 3 decomposition, though they usually work at higher temperatures than noble metal-based catalysts. Among the conceivable supports, those with high thermal stability and electrical conductivity are the most advantageous and are thought to be able to transfer electrons to the active species, thus facilitating the recombinative desorption (N 2 evolution) of the surface-adsorbed single N atoms. Computational studies to understand the decomposition mechanism on specific crystallographic faces of crystalline Fe, Co and Ni were published by Zhou, De Chen and collaborators (Shanghai/Trondheim, CHN/N). First-principles calculations were carried out to determine the preferred adsorption sites and the adsorption energies of NH x (x = 0-3) and H. Additionally, the transition states of the NH 3 stepwise dehydrogenation reactions and the N recombination reactions on the close-packed Fe[START_REF] Duman | Oleylamine Stabilized Copper(0) Nanoparticles: Efficient and Low Cost Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF], Co[START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] and Ni[START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] surfaces were identified. The results show that the adsorption energies of the reaction intermediates on Fe[START_REF] Duman | Oleylamine Stabilized Copper(0) Nanoparticles: Efficient and Low Cost Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] are higher than those on Co[START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF] and Ni[START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF], due to its higher d-band center. The calculated activation energies for the N recombination reactions have the order Fe(110) > Co(111) ≈ Ni[START_REF] Tanyildizi | Ceria Supported Copper(0) Nanoparticles as Efficient and Cost-Effective Catalyst for the Dehydrogenation of Dimethylamine Borane[END_REF].[START_REF] Duan | Ammonia Decomposition on Fe(110), Co(111) and Ni(111) Surfaces: A Density Functional Theory Study[END_REF] The first experimental data appeared in 2010. Xu, Ohtsuka and colleagues (Ontario/Sendai, CAN/JP) reported the synthesis of Fe NPs deposited on AC derived from a Canadian peat. The conversion of 2000 ppm NH 3 diluted in helium over the catalyst reached as high as 90% at 750 °C. The remarkable increase in mesoporous surface area and pore volume in the Fe/AC catalyst during ammonia decomposition might contribute to the high activity and stability of this catalyst.[START_REF] Donald | Novel Carbon-Based Ni/Fe Catalysts Derived from Peat for Hot Gas Ammonia Decomposition in an Inert Helium Atmosphere[END_REF] Ji, Au and co-workers (Hong Kong/Nanjing, CHN) reported the preparation of iron NPs that are encapsulated by microporous and mesoporous silica shells. The encapsulated Fe(0) NPs show excellent catalytic activity, giving 100% ammonia conversion in the 650-670 °C range. The porosity of the silica shells has a notable influence on the catalyst performance because it affects the exposure of the iron component as well as the diffusion efficiency of reactant and products.[START_REF] Li | Core-Shell Structured Iron Nanoparticles for the Generation of CO x -Free Hydrogen via Ammonia Decomposition[END_REF] In 2013, the group of Duan (Shanghai, CHN) supported Fe NPs on carbon nanofibers immobilized on structured carbon microfibers (Fe/CNFs/CMFs). A series of structured Fe/CNFs/CMFs catalysts have been prepared by changing the growth time of CNFs and the partial pressure of hydrogen from the decomposition of CO over a Fe/CMFs catalyst using a Chemical Vapor Deposition (CVD)
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 1261112 Fig. 11 -Schematic representation of ammonia decomposition on an Fe(100) surface. Ref. ([126]). Copyright © 2014 American Chemical Society

  3 kJ•mol -1 .[146] Özkar and collaborators used Ni NPs as such and supported on AC and graphite as heterogeneous catalysts for HB methanolysis at ambient temperature. The results indicated that, while bare NPs formed in situ during the reaction are catalytically active (with an initial TOF value of 24.0 mol H2 •mol Ni -1 •min -1
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 263131415 Fig. 13 -Structure model of Ni-0.080CeO 2 and Ni/CeO 2 -IMP catalysts and the scheme of hydrous hydrazine decomposition. Ref. ([152]). Copyright © 2015 American Chemical Society.
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 16 Fig. 16 -NiFe nanocatalyst preparation and hydrazine decomposition. Ref. ([157]). Copyright © 2011 American Chemical Society.

(

  Montpellier, F). In this paper, a series of [Ni (1-x) M x ] nanocatalysts were prepared by surfactantaided co-reduction method. Of the 14 [Ni (1-x) M x ] combinations considered, the best results were achieved with [Ni 0.7 Fe 0.3 ]. At 50 °C, 3.9 moles [H 2 +N 2 ] per HB mole were measured.[160] More recent work by Yan and co-workers (Changchun, CHN) reports on the preparation of noblemetal-free [Ni 0.5 Fe 0.5 -CeO x ]/MIL-101(Cr) composites for HB selective dehydrogenation with 100% H 2 selectivity, 100% conversion, and good catalytic activity (TOF = 5.8 mol H2 •mol NiFe -1•min -1 ) for hydrogen generation under mild temperature conditions (70 °C). The activation energies for BH 3 hydrolysis and N 2 H 4 moiety decomposition were found to be 33.36 and 45.14 kJmol -1 , respectively. The authors ascribe the excellent performance to the good dispersion and uniform particle size of the mixed-metal NPs due to the steric restrictions imposed by the uniform pore shape of the MIL-101(Cr) support.[START_REF] Li | Complete Dehydrogenation of N 2 H 4 BH 3 over Noble-Metal-Free Ni0.5Fe0.5-CeOx/MIL-101 with High Activity and 100% H 2 Selectivity[END_REF] In 2017, the group of Wen (Shanghai, CHN) prepared bimetallic [NiFe] NPs uniformly anchored on CeO 2 nanosheets. As ceria is easily reducible, its surface could supply an extremely large amount of Ce

Fig. 17 -

 17 Fig. 17 -A magnetic cobalt/carbon composite derived from a zeolitic imidazolate framework used for H 2 production from NaBH 4
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 2001819 Fig. 18 -The crystal structures of Mn(BH 4 ) 2 •6NH 3 and of Li 2 Mn(BH 4 ) 4 •6NH 3 . Reproduced from Ref. ([207]). Copyright (2015) with permission from John Wiley and Sons.
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 21020 Fig. 20 -Illustrations of the Zn(BH 4 ) 2 •2NH 3 structure: (a) (2 x 2 x 2) unit cell projected down the c-axis, and NH/HB dihydrogen bonds around BH 4 ; (b)'molecular' fragment; (c) B15, (d) B16 units. The NH/HB distances (dashed lines) are measured in angstroms. Reproduced from Ref. ([209]) with permission from the Royal Society of Chemistry.

  Suitable modification of monometallic NPs by the addition of a second metal leads to improved catalytic activity, owing to strong synergy between the different components. Many examples belonging to this category have already appeared in the literature; more are still to come. Given the growing importance of electrocatalysis (fuel cells) in the contemporary chemical research worldwide, the design and exploitation of novel conductive supports (basically carbon-based materials, as such or doped with light heteroelements like B, N, P) for 3d metal particles represent another exciting research field in this context with high exploitation potential for companies interested in hydrogen storage materials.
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  Finally, an emerging class of molecular compounds in this context is that of metal borohydride ammoniates [M(BH 4 ) x •yNH 3 , with M x+ = metal ion]. The interest in these compounds originally stems from the hypothesis to use ammonia as a hydrogen storage medium.

	Ammonia (NH 3 ) is catalytically split to N 2 and H 2 and is a candidate for on-board hydrogen
	storage as a result of its high hydrogen content ( m = 17.3 wt%) and the ability to store 30%
	more energy per volume than liquid hydrogen.[26] However, the toxicity of NH 3 raises
	substantial safety issues that hamper its widespread utilization. To overcome this problem,

LiAlH 4 for example is kinetically stabilized (it has a slow H 2 production kinetics). A much better candidate from this point of view is sodium alanate (NaAlH 4 ); it is still featured by a high gravimetric hydrogen capacity ( m = 7.4 wt.% H) and by less energy-costly regeneration procedures. The decomposition of sodium alanate involves formation of a stable intermediate (Na 3 AlH 6 ). The dehydrogenation kinetics can be enhanced by addition of catalysts of assorted nature. ammonia can be combined with metal borohydrides to form solid compounds; direct coordination to the metal ion takes place, and dihydrogen bonds with BH 4 -are triggered. Unstable metal borohydrides with a high electronegativity [like Zn(BH 4 ) 2 or Al(BH 4 ) 3 ] are stabilized through NH 3 coordination. Ammonia always binds directly to the metal ion and may prevent formation of neutral volatile molecular borohydrides or reduction of the metal itself during thermal heating. The composition of the released gas depends on the ratio between NH 3

  [START_REF] Perathoner | Turning Perspective in Photoelectrocatalytic Cells for Solar Fuels[END_REF] 

  A big effort has been made in the last 20 years to find suitable catalysts that lower the H 2 release temperature (at least below 100 °C, or even ambient) for the pyrolysis process or improve the TON/TOF values (i.e. the reaction rate and H 2 yield) in the hydrolysis reactions at ambient temperature. The hydrolysis process is thermodynamically favoured but it has a very high kinetic barrier. Therefore, it is extremely slow at ambient temperature and pressure conditions. Metalcatalyzed dehydrogenation offers the potential to tune both rate and extent of H 2 release, as well as to lower the H 2 release temperature. These are important factors to consider in the primary

	•NH 3 + 2 H 2 O  NH 4 BO 2 + 3H 2	(Eq. 4)
	NaBH 4 + 2 H 2 O  NaBO 2 + 4H 2	(Eq. 5)

end-use of lightweight B-N hydrides as a power-source for use in PEM fuel cells. In the literature, both homogeneous and heterogeneous catalysts have been exploited for this task;

2. 3d metal-mediated H 2 production from ammonia borane and amine boranes 2.1 Ammonia borane 2.1.1 Monometallic NPs Ammonia

  besides controlling the size and morphology of the active metallic species. The first literature examples though described bare monometallic NPs in suspension. In 2008, the group of Xu and co-workers (Osaka, JP) prepared in situ very active Fe(0) NPs by reduction of FeSO 4 with NaBH 4 in the presence of AB. The molar ratio of hydrolytically generated H 2 to initial AB was close to 3, and dehydrogenation was complete in only 8 minutes (2.9 mol H2 •mol Fe -1 •min -1

borane is one of the most widely exploited hydrides for chemical hydrogen storage. In solvolysis reactions with protic solvents (H 2 O, MeOH), the H δ-bound to the B atom of AB reacts with the H δ+ of the solvent, leading to the evolution of 3 equivalents of H 2 . The aqueous and methanolic solutions of AB are stable at neutral or weakly basic pH.

[START_REF] Storozhenko | Ammineborane: Synthesis and Physicochemical Characterization[END_REF] 

When proper catalysts are used, hydrogen release occurs at ambient conditions. AB dehydrogenation mediated by metal NPs has already been reviewed by other groups in recent years.

[START_REF] Zhan | Dehydrogenation of Ammonia Borane by Metal Nanoparticle Catalysts[END_REF] 

A considerable number of non-noble metal catalysts have been developed so far, mainly containing cobalt and nickel as 3d metals. Generally, the use of a support improves catalytic activity and durability,

7 -The plausible mechanism of the hydrolysis of AB catalyzed by the Cu/h-BN catalyst. Reproduced from Ref. ([69]) with permission from the Royal Society of Chemistry.

  that Ni NPs supported on Ketjenblack (KB) exhibit higher activity than that supported on CNTs and graphene nanoplatelets. The best TOF obtained was 2.6 mol H2 •mol Ni -1 •min -1 and an activation energy of 66.6 kJ•mol -1 .[START_REF] Guo | Size-Dependent Catalytic Activity of Monodispersed Nickel Nanoparticles for the Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] Yu and co-workersThe first report on the use of Cu(0) NPs for AB hydrolysis appeared in the literature in 2014, when the group of Lu, Shi and Chen (Jianxi, CHN) prepared rGO-supported Cu NPs via a facile in situ procedure using the same AB as a reductant. The as-prepared nanocatalysts exert a

	satisfactory catalytic activity at room temperature (TOF = 3.6 mol H2 •mol Cu ZIF-8 (Fig. 8). Cu NWs could act as microwave-antennas for strongly absorbing microwaves in -1 •min -1 ) and an solution to generate surface "super hot" dots with very high temperature. This catalyst exhibited activation energy of 38.2 kJ•mol In 2016, Li and Yamashita (Shanghai/Osaka, CHN/JP) prepared Cu nanowires (NWs) threaded high activity and stability in H

6 h showed the highest activity.

[START_REF] Umegaki | Fabrication of Hollow Silica-Nickel Particles for the Hydrolytic Dehydrogenation of Ammonia Borane Using Rape Pollen Templates[END_REF] 

Very recently, Yu and co-workers (Stavanger, NO) have reported on the preparation of Ni NPs with controlled sizes in the range of 4.9-27.4 nm by tuning the ratio of the nickel acetylacetonate precursor and trioctylphosphine in the presence of oleylamine. A volcano-type activity trend is observed, with particles of 8.9 nm size presenting the best catalytic performance. Various carbon-based supports have been used in this study; it was found -1 . Thus, rGO proved to be a distinct and powerful support for Cu-based catalyst.

[START_REF] Yang | Facile In Situ Synthesis of Copper Nanoparticles Supported on Reduced Graphene Oxide for Hydrolytic Dehydrogenation of Ammonia Borane[END_REF] 

In 2016, the group of Huang (Fuzhou, CHN) published a facile solutionphase synthesis of copper NPs dispersed on h-BN via a solvothermal method starting from h-BN sheets, CuCl 2 •2H 2 O and hydrazine as reducing agent in ethylene glycol at 140 °C for 12 h. The copper NPs were highly stabilized on h-BN nanosheets. The resulting Cu/h-BN composites exhibited high catalytic activity and good recycling performance for hydrogen generation from the hydrolysis of AB under mild reaction conditions (Fig.

7

). An activation energy of 23.8 kJ•mol -1 and a TOF value of 19.0 mol H2 •mol Cu -1 •min -1 was measured for the reaction catalyzed by the 29.4 wt% Cu/h-BN sample. This value is lower than those reported for other non-noble metals; therefore, low-cost and Earth-abundant copper can be successfully exploited in practical applications in hydrogen storage and generation for portable Fuel Cells.[69] Fig. 2 production via AB hydrolysis owing to the synergetic effect. The Cu NWs supplied a rapid electron transfer channel while ZIF-8 assembled on the Cu NWs offered a large capacity for adsorbing reactants and channels for rapidly transferring H -/H + ions toward Cu active sites.[70] Fig.

8 -Illustration of the synthesis of the CuNW/ZIF-8 nanocomposite. Reproduced from Ref. ([70]) with permission from the Royal Society of Chemistry.

  Contrastive studies of the Cu nanocrystals for catalytically hydrolyzing ammonia borane to release H 2 demonstrate the close correlation between catalytic ability and morphology. In comparison to the ordinary Cu nanoparticles with extremely low or hardly any dehydrogenation activity, all of the regularly-shaped Cu nanocrystals hold an unexpectedly robust catalytic activity, in which the nano-cubed Cu nanocrystals possess the highest catalytic activity almost equivalent to some noble metals, followed by the nanotetrahedrons and nanowires. The related Investigation of the influence of the Fe/Ni ratio revealed a volcano-shaped relationship with a maximum at Fe/Ni=1. A TOF value of 4.8 mol H2 •mol Ni -1 •min - and collaborators (Changchun, CHN). The catalyst was exploited for both AB hydrolysis and water electrolysis.[CuCo]/graphene exhibits markedly high catalytic activity to release a stoichiometric amount of H 2 from aqueous AB (H 2 /AB = 3.0) in 16.3 min with a turnover frequency value of 9.2 mol H2 •mol CuCo -1 •min -1 . Moreover, the present catalyst has a good recycle stability. The excellent activity of the supported NPs is also much higher than that of pure[CuCo] NPs without graphene. Considering similar particle shapes and sizes with or without graphene, the enhanced catalytic activity can be ascribed to the occurrence of electron transfer

	TOF recorded is 49.6 mol H2 •mol Cu	-1 •min -1 .[71]
	2.1.2 Bimetallic/polimetallic NPs
	Polymetallic nanoparticles (either in the form of simple alloys or in the more complex
	In 2018, Zhang and collaborators (Luoyang, CHN) have produced Cu NPs with specially
	designed nanostructures (nanocube, nanowire and nanotetrahedron) via the same solution
	reduction route by simply adjusting addition proportion of the reductant and orientation agent.

core-shell version) have started to emerge in more recent years as "second-generation" heterogeneous catalysts. The number of examples is quite considerable, also if 3d transition metals only are taken into account. The very first example of a bimetallic [FeNi] alloy used for AB hydrolysis at ambient temperature dates back to 2009 and was reported by Xu and coworkers. Various Fe/Ni molar ratios were exploited in the binary [Fe x Ni (1-x) ] mixture (x = 0.3, 0.4, 0.5 and 0.7). The prepared nano-alloys possess Pt-like high catalytic activity, especially for the specimen [Fe 0.5 Ni 0.5 ]. These catalysts can be magnetically separated from the reaction mixtures for recycle purpose, and almost keep the same activity even after 5 recycles.[72] The same alloy has been rediscovered by Mori and Yamashita in 2015. The bimetallic particles were supported on ceria. The support strongly stabilizes the metallic active species through formation of Ni-O-Ce and Fe-O-Ce bonds.

between the metals and graphene.

[START_REF] Yan | Rapid and Energy-Efficient Synthesis of a Graphene-CuCo Hybrid as a High Performance Catalyst[END_REF] 

One year later, Wei and colleagues (Beijing, CHN) published the preparation and characterization of highly dispersed [CuCo] bimetallic NPs via the layered double hydroxides (LDHs) precursors approach. Powders and monolithic films of [Cu x Co y ]/LDHs with tunable compositions (x/y) were synthesized by a co-precipitation method.

Table 1 -Collective summary of the AB and amine boranes dehydrogenation catalysts described in Section 2.

 1 

	Catalyst	Hydride	T (°C)

TOF value for hydrolysis [mol H2 •(mol M ) -1 •min -1 ] Activation energy (kJmol -1 ) Ref.

  

	Ni/TiO 2 [Cu@Co@Ni]/MIL-101	AB AB	25 25	2.4 31.0	------	[58] [105]
	Ni@3D-(N)GFs [CuCo]/Ni foam	AB AB	25 25	41.7 30.5	---20.8	[60] [106]
	Ni/CNTs [CuFeCo]@MIL-101	AB AB	25 25	23.5 23.2	---37.1	[61] [107]
	Ni/CNTs Dispersed Ni NPs	AB DMAB	25 25	26.2 0.4 a	32.3 42.0	[62] [108]
	Ni@MIL-101(Cr) Ni/polymeric nanogels	AB DMAB	25 25	54.0 a 6.3	---51.0	[63] [109]
	Ni/CoFe 2 O 4 Dispersed Cu NPs	AB DMAB	25 50	38.3 2.6	---19.0	[64] [110]
	Ni@ZIF-8 (improved) Cu/CeO 2	AB DMAB	25 60	85.7 0.7	---76.0	[65] [111]
	Ni/KB Co/Al 2 O 3 nanofibers	AB MeAB	25 25	2.6 4.9	66.6 44.2	[67] [112]
	Cu/rGO [CoNi]/graphene	AB MeAB	25 25	3.6 7.5	38.2 26.8	[68] [113]
	Cu/h-BN [Cu@Co]/rGO	AB MeAB	25 25	19.0 2.3	23.8 55.9	[69] [114]
	Cu nanocubes [Cu@CoNi]/graphene	AB MeAB	25 25	49.6 9.4	---50.7	[71] [115]
	[FeNi]/CeO 2 [Cu@FeCoNi]/graphene	AB MeAB	25 25	4.8 7.3	54.3 39.7	[73] [116]
	[CuCo]/graphene	AB	25	9.2	---	[74]
	[CuCo]@SiO 2	AB	25	4.2	24.0	[76]
	[CuCo]@MIL-101(Cr)	AB	25	19.6	---	[77]
	[CuCo]/AC	AB	25	45.0 a	51.9	[78]
	[CuCo]/PDA-rGO	AB	30	51.5	54.9	[79]
	[CuCo]/g-C 3 N 4	AB	25	75.1	---	[80]
	[CuCo]@MIL-101(Cr)	AB	25	51.7	30.5	[81]
	[CuCo]/PDDA-HNTs	AB	25	30.8	35.1	[82]
	[CuCo] magnetic nanowires	AB	25	6.2	---	[83]
	Dispersed Co NPs [CoZn]/N-doped C	AB AB	25 25	45.7 7.6	---44.9	[36] [84]
	Co/GO [CuNi]/MCM-41	AB AB	25 25	39.9 10.7	28.2 38.0	[37] [85]
	Co/MWCNTs [CuNi]/CMK-1	AB AB	25 25	5.8 54.8	50.4 43.0	[38] [86]
	G6-OH(Co 60 ) [CuNi]-CeO 2 /rGO	AB AB	50 25	47.2 34.4	50.2 19.1	[39] [88]
	Co/SAG [CuNi]/graphene	AB AB b	25 25	7.3 49.1	46.4 24.4	[40] [89]
	Co@N-C [CuNi]@MIL-101(Cr)	AB AB	55 25	5.6 20.9	31.0 32.2	[41] [90]
	Co@g-C 3 N 4 -rGO [Cu 0.9 Ni 0.1 ]	AB AB	25 25	3.0 3.5	---36.9	[42] [95]
	Co/CoO [Co 0.52 Cu 0.48 ]	AB AB	25 25	4.2 5.5	---37.3	[43] [94]
	Co/NPCNW [Co 0.5 Cu 0.5 ]	AB AB	25 25	7.3 24.1	25.4 38.1	[44] [93]
	Co/CeO 2 [Co 0.7 Ni 0.3 ]/MXene	AB AB	25 50	7.0 87.6	43.0 36.9	[45] [92]
	Co/g-C 3 N 4 [Co 0.7 Ni 0.3 ]/MWCNTs	AB AB	25 50	93.8 128	---52.1	[46] [91]
	Co/CTF-1 [CoNi]/rGO	AB AB	25 25	42.3 19.5	42.7 39.9	[47] [96]
	Co/SBA-15 [CoNi]/GO	AB AB	25 25	33.7 6.8	------	[48] [97]
	30%Co/HPC-900 ZIF-67-derived [CoNi]	AB AB	25 25	2.9 7.1	32.8 ---	[49] [98]
	Ni/SiO 2 [NiCr]	AB AB	25 25	13.2 10.7	34.0 63.5	[53] [99]
	Ni/Ketjen-C [Cu@FeNi]	AB AB	25 25	8.8 5.4	28.0 32.9	[54] [101]
	Ni@ZIF-8 [Cu@FeCo]	AB AB	25 25	14.2 10.5	---38.7	[55] [102]
	Ni@MSC-30 [Cu@CoNi]	AB AB	25 25	30.7 18.3 a	---36.1	[56] [103]
	Ni/C [Cu 0.8 Ni 0.1 Co 0.1 ]@MIL-101	AB AB	25 25	2.0 72.1	31.6 29.1	[57] [104]

  3+ , and the high-density electrons of Ce3+ can work as Lewis base to facilitate the absorption of hydrazine. A preferential N-H bond breaking results in high catalytic selectivity (over 99%) and activity for H 2 generation from N 2 H 4 •H 2 O. The achieved TOF value at ambient temperature is 0.1 mol H2 •mol NiFe -1 •min -1 , with activation energy of 44.1 kJmol -1 .[162] Varma et al. (Lafayette, US) have prepared noble-metal-free [NiCu]/CeO 2 bimetallic catalysts with 13 wt.% total metal loading using one-step solution combustion synthesis. Concentration of the oxygen vacancy in the ceria support was proven to play an important role in the catalytic activity and selectivity. The addition of Cu results in formation of more oxygen vacancy, which acts as a promoter for the hydrazine hydrolysis reaction. 100% H 2 selectivity and the remarkable TOF value of 24.2

	mol H2 •mol NiFe	-1 •min -1 at 50 °C were achieved with this catalyst. The associated activation energy
	was 67.3 kJmol -1 .[163]
	Core-shell or polymetallic NPs as hydrazine decomposition catalysts have appeared in the
	literature between 2014 and 2015, published by different research teams: [Cu@Fe 5 Ni 5 ],[164]

Table 2 -Collective summary of the ammonia, hydrazine and HB dehydrogenation catalysts described in Section 3.

 2 

				TOF value for H 2
	Catalyst	Hydride	T (°C)	production
				[mol H2 •

(mol M ) -1 •min -1 ]

  

	Ni/MWCNTs	NH 3	500	---	---	[139]
	Ni/Y 2 O 3	NH 3	500	---	---	[140]
	[FeNi]@γ-Al 2 O 3	NH 3	650	---	---	[142]
	[CuZn]/γ-Al 2 O 3	NH 3	600	---	73.0	[143, 144]
	Ni/SiO 2	N 2 H 4	30	24.0	---	[145]
	Ni/Al 2 O 3 (HT)	N 2 H 4	50	0.03 a	49.3	[146]
	Dispersed Ni NPs	HB b	25	24.0	65.0	[147]
	Ni/ PSSMA	HB	25	3.1	73.0	[148]
	Ni Raney	N 2 H 4	30	0.1	44.4	[149]
	Ni/PVP	HB b	25	35.6	63.0	[151]
	Ni/CeO 2	N 2 H 4	25	0.1	47.0	[152]
	Bare Ni NPs	N 2 H 4	70	0.4	56.3	[153]
	Ni@TNTs	N 2 H 4	60	3.2	53.2	[154]
	Cu@SiO 2	HB	25	7.6	51.0	[155]
	[Cu@Fe 5 Ni 5 ]	N 2 H 4	50	---	79.2	[164]
	[FeNi]/Cu	N 2 H 4	70	---	44.0	[165]
	[NiFe]/CeO 2	N 2 H 4	25	0.1	44.1	[162]
	[CuNi]/CeO 2	N 2 H 4	50	24.2	67.3	[163]
	[CuNi]/C	N 2 H 4	60	0.4	---	[86]
	[Ni 0.5 Fe 0.5 -CeO x ]/MIL-101	HB	70	5.8	45.1	[161]
					Activation	
					energy	Ref.
					(kJ/mol)	
	Fe@SiO 2	NH 3	650	33.5 mmol H2 min -1 g -1	---	[124]
	Fe/CNFs/CMFs	NH 3	600	14.4	---	[125]
	Fe/CNFs	NH 3	600	17.4	---	[128]
	Co/MWCNTs	NH 3	500	---	68.6	[129]
	Co/MWCNTs	NH 3	600	---	---	[130]
	Co/MgLa	NH 3	300-550	---	80.6	[131]
	Ni/MRM	NH 3	700	12.8	70.3	[138]

a TOF value calculated on the moles of active metal only; b HB methanolysis.

4.

3d metal-mediated H 2 production from lithium and sodium alanates

  Ni) additives. It is hypothesized that the Fe ions are able to dissolve in the lattice of LiAlH 4 by the action of mechanical energy, replacing the Al ions and forming a substitutional solid solution. For thermal dehydrogenation, the average apparent activation energy of the first dehydrogenation stage [LiAlH 4 (solid)  1/3 Li 3 AlH 6 + 2/3 Al + H 2 ] is about 60 kJ•mol -1 for the n-Fe additive, while that of the second dehydrogenation step [1/3 Li 3 AlH 6  LiH + 1/3 Al + 0.5 H 2 ] is around 80 kJ•mol -1 , regardless of the particle size of the additive (m-Fe vs. n-Fe).[START_REF] Varin | The Effects of the Micrometric and Nanometric Iron (Fe) Additives on the Mechanical and Thermal Dehydrogenation of Lithium Alanate (LiAlH 4 ), its Self-Discharge at Low Temperatures and Rehydrogenation[END_REF] Chang and co-workers (Taoyuan, TWN) deposited Fe and Ni NPs on carbon-based supports [graphene, activated carbon (AC), carbon black and CNTs] and studied the effects of the metal nanoparticle size and distribution, as well as the type of carbon structure on the hydrogen release from LiAlH 4 thermal decomposition. Among the samples considered, the Fe/graphene nanocomposite, which consists of ∼2 nm Fe particles highly dispersed on graphene nanosheets, exhibits the highest catalytic performance. With this nanocomposite, the initial dehydrogenation temperature can be lowered from 135 °C (solid LiAlH 4 ) to ∼40 °C. A total amount of 4.5 wt.% H 2 can be released at 100 °C within 6 minutes.[168] Wahab et al. (Brisbane, AUS) prepared a nickel/carbon nanocomposite in the form of homogeneously dispersed Ni-containing mesoporous carbon scaffold (Ni-MCS). TPD-MS demonstrated the release of H 2 at T = 66 °C for LiAlH 4 confined-Ni-MCS system, with a considerable reduction of the onset desorption temperature as compared to the pure alanate. The amount of hydrogen evolved from LiAlH 4 confined-Ni-MCS is about 6.2 wt. %. The activation energy for the process is 39.7 kJ•mol -1 .[169] The group of Liu (Zhejiang, CHN) introduced a small amount of the titanium-containing MOF MIL-125(Ti) into NaAlH 4 through mechanical ball milling. The MOF acts as a catalyst precursor for the in situ formation of Ti(0) NPs that are claimed to catalyze the hydride dehydrogenation. The starting temperature for hydrogen desorption from the sample containing MIL-125(Ti) was lowered by 50 °C if compared with that of the pristine sample. The apparent activation energies of the first two dehydrogenation steps of the 5 wt.% MIL-125(Ti)-added NaAlH 4 were 98.9 and 96.3 kJ•mol -1 , respectively.[170] The group of Wang studied the catalytic effects of core-shell [Co@C] NPs as a LiAlH 4 additive on its hydrogen release properties. The additive was blended with the hydride through ball milling. The onset dehydrogenation temperature of [Co@C]/LiAlH 4 is about 100 °C, and approximately 7.0 wt. % H 2 is released at 150 °C. After doping, the activation energy values for the first and second dehydrogenation steps decrease to 95.36 and 115.6 kJ•mol -1 , respectively.[171] The Ni/MWCNT and Co/MWCNT composites as LiAlH 4 dehydrogenation catalysts were studied by Ta Tsai and co-workers (Tainan, TWN) in 2015. The TGA and in-situ XRD results shows that both Ni and Co-decorated MWCNTs can reduce the dehydrogenation temperature of LiAlH 4 . The results also reveal that Ni-decorated MWCNTs are more effective in catalyzing the dehydrogenation reaction of LiAlH 4 , even leading to room temperature hydrogen desorption. The onset LiAlH 4 dehydrogenation temperature could be reduced to 80 °C by addition of 20 wt.% MWCNTs/0.4Ni.[172] In 2016, Xu et al. (Guilin,

	In 2012, Varin and co-workers (Waterloo, CA) studied the effect of nanometric and micrometric Fe and Ni particles on the thermal dehydrogenation of lithium alanate. As a result, LiAlH 4 containing 5 wt. % of nanometric Fe (n-Fe) shows a profound mechanical dehydrogenation by continuously desorbing hydrogen during high energy ball milling, reaching  5.0 wt. % H 2 . On the contrary, no H 2 desorption occurs during high energy ball milling for LiAlH 4 containing micrometric Fe (m-Fe) and both the micrometric and nanometric Ni (m-Ni [NiCo]@graphene employed as a catalyst improves the dehydrogenation performances of LiAlH 4 by solid ball milling. For LiAlH 4 doped with 1 wt.% [NiCo]@graphene, the onset dehydrogenation temperature is as low as 43 °C, and 7.3 wt.% of hydrogen can be released at 150 °C. For the first and second dehydrogenation step, the activation energies were evaluated to be 54.8 and 80.1 kJ•mol -1 , respectively.[173] and n-CHN) found that the [NiCo] nanoalloy (4-6 nm) encapsulated in graphene layers 5.

3d metal-mediated H 2 production from sodium borohydride

  All the literature examples belonging to this category are focused on sodium borohydride; lithium borohydride is much less studied for this applicative context because of its high dehydrogenation temperature and difficult regeneration, as explained in the Introduction. Manganese NPs highly dispersed on MWCNTs supports were prepared and used as catalysts for NaBH 4 hydrolysis by Kim et al. (Yongin, KOR) in 2015. For this purpose, they have shown a hydrogen generation rate (TOF) as high as 9.6 mol H2 •mol Mn -1 •min -1 at 30 °C by using a very low catalyst loading. The activation energy was estimated to be 40.8 kJ•mol -1 .[174] The most exploited 3d metal to catalyze this reaction is cobalt. The first report on the use of Co NPs supported on AC as heterogeneous catalyst for NaBH 4 hydrolysis dates back to 2008, and it was published by Xu and colleagues (Qingdao, CHN). The oxidative treatment (HNO 3 ) of AC leads to the improvement of supported cobalt catalyst performance, possibly due to the increase of functional groups on the AC surface which is beneficial to reach a high metal dispersion.[175] One year later, Özkar and co-workers prepared PVP-stabilized Co NPs from the reduction of CoCl 2 and used them as catalyst in the hydrolysis of sodium borohydride at room temperature. The PVP-stabilized cobalt(0) nanoclusters provide a lower activation energy for the hydrolysis of sodium borohydride both in aqueous medium (63 kJ•mol -1 ) and in basic solution (2 •min -1 is achieved at 20 °C for the Co/CCS catalysts with a Co loading of 18.38 wt.%. The activation energy Co/CCS-catalysed NaBH 4 hydrolysis is found to be 24.04 kJ•mol -1 .[178] Sahiner et al. (Canakkale, TR) prepared superporous poly(acrylic acid) [p(AAc)] cryogels via free radical polymerization technique at low temperatures and used them as supports for Co NPs. Activation energy for NaBH 4 hydrolysis by superporous Co/p(AAc) composites was calculated as 29.35 kJ•mol -1 . Due to its highly porous nature, short diffusion distances and fast response times the Co/p(AAc) catalyst showed high catalytic activity in the hydrolysis reaction [TOF = 4.10 mol H2 •mol Co -1 •min -1 ].[179] Other types of polymeric supports have also been described for the same application in combination with Co NPs by the same authors.[180-182] Vizza et al. (Florence, I) supported Co NPs on a commercial Cordierite Honeycomb Monolith (CHM) and used the resulting Co/CHM material as a heterogeneous catalyst for the hydrolysis of alkaline NaBH 4 solutions, at p = 1 and 5 bar. The maximum hydrogen generation rate was 17.4 mol H2 •mol Co -1 •min -1 at ambient pressure and 78.4 mol H2 •mol Co -1•min -1 at 5 bar.[START_REF] Marchionni | High Volume Hydrogen Production from the Hydrolysis of Sodium Borohydride Using a Cobalt Catalyst Supported on a Honeycomb Matrix[END_REF] More examples of the employ of Co NPs deposited on different supports to be used as catalysts in the same context appeared in the literature in more recent years: carbon-rGO composites,[START_REF] Liu | Magnetic Catalysts as Nanoactuators to Achieve Simultaneous Momentum-Transfer and Continuous-Flow Hydrogen Production[END_REF] 

	wt.% NaOH, 37 kJ•mol -1 ) compared to the value reported for bulk cobalt (75 kJ•mol -1 ).[176]
	Wang, Li and co-workers (Shanghai, CHN) prepared Co/graphene composites through reduction
	of Co(II) salts to Co(0) NPs, which were simultaneously inserted into the graphene layers
	stemming from the reduction of GO sheets. The catalytic activity of the composite was
	investigated by the hydrolysis of sodium borohydride in aqueous solution both with and without
	a graphene support. It was found that the highly electron-conductive graphene support increased
	the hydrogen generation rate (about two times) compared with unsupported cobalt.[177] Gou et
	al. (Nanchong, CHN) obtained colloidal carbon spheres (CCS) from hydrothermal treatment of
	glucose and employed them as a support for cobalt catalysts (Co/CCS) prepared by
	impregnation-chemical reduction route. In NaBH 4 hydrolysis, an average hydrogen generation
	rate of 25.5 mol H2 •mol Co	-1

Table 3 -Collective summary of the MAlH 4 (M = Li, Na) and NaBH 4 dehydrogenation catalysts described in Sections 4 and 5.

 3 Temperature is T onset for alanates (thermal dehydrogenation), while it is the temperature at which the hydrolysis reaction is carried out for NaBH 4 . b Calculated at maximum reaction rate.Nickel metal is another popular choice for this applicative context. Özkar and co-workers in 2011 showed that Ni(0) NPs can be embedded within a zeolite scaffold through ion exchange of Ni(II) ions with the extra framework Na(I) ions in zeolite-Y followed by Ni(II) reduction. The Ni@zeolite composite was found to be very active in NaBH 4 hydrolysis at room temperature, even at low metal loading (0.6 wt.%). An initial TOF of 15.8 mol H2 •mol Ni -1 •min -1 and an activation energy of 60.4 kJ•mol -1 were found at 25 °C.[188] Sahiner et al. used hydrogels prepared from 2-acrylamido-2-methyl-1-propansulfonic acid (AMPS) via a photo polymerization technique, and deposited on this support Ni NPs of approximately 100 nm size. The composite in the same year. Ni/CNTs nanocomposites exhibit excellent catalytic activity in the hydrolysis of NaBH 4 , with an average hydrogen generation rate at 25 °C of 2 mol H2 •mol Ni -1 •min -1 .[191] Deposition of Ni NPs on polymeric nanospheres

	Catalyst	Hydride T a (°C)	H 2 produced [wt.% H]	TOF value for hydrolysis [mol H2 •(mol M ) -1 •min -1 ]	Activation energy (kJ/mol)	Ref.
	Nanometric Fe	LiAlH 4	25	~ 5.0		60	[167]
	Fe/graphene	LiAlH 4	40	4.5		---	[168]
	Ni-MCS	LiAlH 4	66	6.2		39.7	[169]
	Ti NPs	NaAlH 4	140	4.7		98.9	[170]
	[Co@C] NPs	LiAlH 4	100	7.0		95.4	[171]
	Ni/MWCNT	LiAlH 4	80	3.1		---	[172]
	[NiCo]@graphene	LiAlH 4	43	7.3		54.8	[173]
	Mn/MWCNT	NaBH 4	30		9.6	40.8	[174]
	Co/PVP	NaBH 4	40		45.8	37.0	[176]
	Co/CCS	NaBH 4	20		25.5	24.0	[178]
	Co/p(AAc)	NaBH 4	25		4.1	29.3	[179]
	Co/p(2-VP)	NaBH 4	0		0.3	46.4	[180]
	Co/p(VPA)	NaBH 4	30		3.7	28.0	[181]
	Co/p(SPM)	NaBH 4	70		15.1	40.8	[182]
	Co/CHM	NaBH 4	30		17.4	---	[183]
	Co/C-rGO	NaBH 4	25		2.5	47.1	[184]
	Co/C	NaBH 4	30		12.9	25.8	[185]
	Co/foams	NaBH 4	50		1.3	40.2	[186]
	Co@NC	NaBH 4	25		4.7	20.0	[187]
	Ni@zeolite-Y	NaBH 4	25		15.8 b	60.4	[188]
	Ni/p(AMPS)	NaBH 4	30		0.5	42.3	[189]
	Ni NPs	NaBH 4	30		1.0	51.3	[190]
	Ni/CNTs	NaBH 4	25		2.0	---	[191]
	Ni/p(NtBAM)	NaBH 4	45		11.6	47.8	[192]
	Ni/nanogel	NaBH 4	45		32.0	47.8	[109]
	Ag@CFC	NaBH 4	25		20.4	20.1	[193]
	[CoCu]	NaBH 4	40		12.7	16.5	[194]
	[CuCoNi]	NaBH 4	25		12.5	40.6	[195]
	[Fe@Co]	NaBH 4	25		5.2	35.6	[196]

a worked well in sodium borohydride hydrolysis, with an activation energy of 42.3 kJ•mol -1 at ambient temperature.

[START_REF] Ozay | Hydrogel Assisted Nickel Nanoparticle Synthesis and their Use in Hydrogen Production from Sodium Boron Hydride[END_REF] 

Ni(0) particles prepared in the presence of plasma were published by Saka et al. (Siirt, TR) in 2013. The as-prepared material was shown to be more active in sodium borohydride hydrolysis than that prepared through the conventional synthetic routes.

[190] 

Ni/CNTs heterogeneous catalysts obtained through a microwave-assisted procedure were reported by

Kim et al. 

  The complex salt LiSc(BH 4 ) 4 as a hydrogen storage material was firstly reported in 2009 by Hwang and collaborators (Caltech, US). Ball milling mixtures of LiBH 4 and ScCl 3 produced LiCl and a unique crystalline hydride, which has been unequivocally identified as LiSc(BH 4 ) 4 via multinuclear solid-state nuclear magnetic resonance (NMR). No trace of the neutral Sc(BH 4 ) 3 compound was detected. This ternary borohydride compound showed an almost quantitative hydrogen loss during gas desorption until T = 400 °C (7.5 wt. % H). The identified decomposition products were mainly ScB 2 , B, ScH 2 , and Li 2 B 12 H 12 .[START_REF] Kim | LiSc(BH 4 ) 4 as a Hydrogen Storage Material: Multinuclear High-Resolution Solid-State NMR and First-Principles Density Functional Theory Studies[END_REF] The sodium analogue was analyzed by Kim (Chicago-Evanston, US). The study reports first-principles DFT calculations of the structure and reaction thermodynamics of NaSc(BH 4 ) 4 . The calculations indicate that this complex borohydride is decomposed into a mixture of ScB 2 , NaBH 4 and Na 2 (B 10 H 10 ) with a total H 2 release of 9.3 wt.% H at T = -155 °C and at p(H 2 ) = 100 bar. The generation of very stable by-products like scandium boride makes this reaction irreversible. Thus, the compound as such is not suitable for hydrogen storage applications.[199] Additional computational analyses (gradient corrected density functional theory) were performed by the group of Jena (Richmond, US) in 2015. This group examined both Sc(BH 4 ) 3 and KSc(BH 4 ) 4

.[START_REF] Zhang | Ni Nanoparticles Supported on CNTs with Excellent Activity Produced by Atomic Layer Deposition for Hydrogen Generation from the Hydrolysis of Ammonia Borane[END_REF] Yamashita and co-workers (Kyoto, JP) used a Cr-based MOF (MIL-101Cr) as a support for Ni NPs. The photochemical H

production from AB under visible light irradiation was achieved using the Ni/MIL-101Cr composite (Fig.5). The enhanced activity of catalysts can be

and an activation energy of 54.3 kJ•mol -1 was calculated for [FeNi]/CeO

.[START_REF] Mori | Synthesis of a Fe-Ni Alloy on a Ceria Support as a Noble-Metal-Free Catalyst for Hydrogen Production from Chemical Hydrogen Storage Materials[END_REF] Another popular alloy for this application is[CuCo]. The first report on the preparation of [CuCo] binary mixtures supported on graphene appeared in 2012, and it was published by Jiang
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The TOF found in the latter case was 20.4 mol H2 •mol Ag -1 •min -1 at ambient temperature, with an activation energy of 20.1 kJ•mol -1 . Bimetallic, [START_REF] Kahri | Reaction Intermediate/Product-Induced Segregation in Cobalt-Copper as the Catalyst for Hydrogen Generation from the Hydrolysis of Sodium Borohydride[END_REF] trimetallic [START_REF] Wang | In Situ Synthesis of Cobalt-Based Tri-Metallic Nanosheets as Highly Efficient Catalysts for Sodium Borohydride Hydrolysis[END_REF] and core-shell [START_REF] Tsai | Magnetically Recyclable Fe@Co Core-Shell Catalysts for Dehydrogenation of Sodium Borohydride in Fuel Cells[END_REF] 3d metal NPs have also been exploited in NaBH 4 hydrolysis. The interested reader is re-directed to the quoted references for details. The examples are summarized in Table 3.

H 2 production from 3d metal-based borohydrides and borohydride ammoniates

At odds with the aforementioned materials, this class of compounds is molecular in nature. Borohydride ammoniates (BAs) of general formula M(BH 4 ) x •yNH 3 tend to release hydrogen gas at more practical temperatures and greater purity than their plain borohydride M(BH 4 ) x counterparts. A systematic structure-property relationship theoretical analysis was carried out by the group of Thonhauser very recently. [197] Looking at the available experimental data for a large number of BAs, a clear pattern emerges between the Pauling electronegativity of the metal M in M(BH Manganese borohydride was studied as a hydrogen storage material for the first time in 2009, when Bhethanabotla and co-workers (Tampa, US) presented the calculated crystal structure and electronic structure of Mn(BH 4 ) 2 from density-functional theory within the generalized gradient approximation. The most feasible dehydrogenation reaction was found to be Mn(BH 4 ) 2  Mn + 2B+ 4H 2 , which is an endothermic reaction at the decomposition temperature. According to the computational results, Mn(BH 4 ) 2 should release H 2 according to this reaction path above -157 °C spontaneously. The calculations also revealed that manganese borohydride has a semimetallic nature, due to the presence of half-filled 3d electrons from the metal. The electronic structure calculations and analysis show that the interaction between Mn(II) and the BH 4 -groups is essentially ionic in nature. [START_REF] Choudhury | Manganese Borohydride as a Hydrogen-Storage Candidate: First-Principles Crystal Structure and Thermodynamic Properties[END_REF] Attempts to synthesize this borohydride were made by translates into enhanced catalyst performance. As the high surface-to-volume ratio of metal NPs is one of the primary factors in catalysis, ultrafine metal nanoparticles with a narrow size distribution are thought to provide a higher density of active sites available for catalysis and make the surface atoms more reactive, thus greatly enhancing atom efficiency. [START_REF] Zhu | Immobilization of Ultrafine Metal Nanoparticles to High-Surface-Area Materials and Their Catalytic Applications[END_REF] However, because of their high surface energy, they tend to aggregate. Fortunately, when used as catalyst supports, high surface-area materials, particularly porous materials, provide large surface and spatial confinement to disperse the NPs and prevent aggregation (sintering) during catalysis. On this basis, the optimal support for 3d ultrafine metal NPs to create the best-performing heterogeneous catalysts for lightweight hydrides dehydrogenation may be represented by porous N-containing carbon materials, like CTFs. This research area is still at its infancy. Coordinator of several national and international research projects, he is the recipient (PI) of an ERC ADVANCED GRANT for the project "Phosphorene functionalization: a new platform for advanced multifunctional materials" (PHOSFUN) (2015 -2019).