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Abstract
The investigation of supported metal nanoparticle in the presence of H2 is fundamental to better understand their behavior as hydrogenation catalysts. In this respect, this review will focus on the main recent results obtained by Inelastic Neutron Scattering (INS) spectroscopy, which is of particular interest thanks to its ability to provide very detailed vibrational spectra of the H-containing species in the sample. The review will cover the main results concerning the characterization of the H-species already present in the pristine catalyst, with a particular focus on carbon-based materials and their modification upon the interaction with metal nanoparticles. Successively, the forms in which H2 interacts with the catalysts will be examined, starting from H2 physisorption, to then pass to the metal hydride species formed through the splitting of dihydrogen upon the active metallic phase, and finally to the migration of atomic hydrogen from the metal nanoparticles onto the support as a result of hydrogen spillover. The aim of the review is to present an overview of all the hydrogenous species identifiable by INS spectroscopy in hydrogenation catalysts, focusing on the specific case of supported metal nanoparticles systems. 
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1. Introduction
Several transition metals, in the form of metal nanoparticles supported on different materials, such as carbon-based materials or metal oxides, constitute one of the main classes of heterogeneous catalysts employed for hydrogenation and dehydrogenation reactions.[1-2] They are employed for fine chemicals production,[2] while more specific examples include the hydrogenation of edible oils on supported Ni nanoparticles,[1] Pt on alumina for naphtha reforming,[3] or Pt on carbonaceous supports as electrode for fuel cells.[4] Albeit this category of catalysts has been routinely employed for several decades, many details regarding the effect of the metal nanoparticles dimension and morphology, the effect of the support and of its interaction with the metal phase, or the nature of the reactive intermediates still need to be better understood at the microscopic level. The final target will be the rationalization of the relationship between the preparation procedure, the physico-chemical properties of the obtained catalyst, and the resulting catalytic activity and selectivity, aiming to tailor the best catalyst for the target reaction.[5-7] In order to reach this result, a throughput characterization of the catalysts is fundamental. In this regard, in the last decades the trend has been directed towards the investigation of the catalytic system under realistic reaction conditions, in order to retrieve the information related to the nature of the reaction intermediates and the modifications underwent by the catalyst itself under such conditions.[8-9]
For the specific case of hydrogenation catalysts, the ability to probe the system’s changes in the presence of H2 is of particular interest. In this respect, Inelastic Neutron Scattering (INS) spectroscopy stands out as one of the most promising methods, thanks to its very high sensibility to all hydrogenous species present in a sample.[10] INS spectroscopy is a neutron-based technique that relies on the measurement of the energy and/or momentum exchanged between the incoming neutrons and the sample, providing information regarding vibrations in solids and molecules, molecular rotations and diffusion, Compton scattering, and so on.[10] A whole overview of the theoretical background on which the technique is based is beyond the scope of the current review and thus, in the following, we will provide only the basic principles required to understand the potential application of INS in the investigation of catalysts based on supported metal nanoparticles. More detailed coverage of the topic can be found in other excellent resources present in the literature.[10-11]
When applied to the study of catalysts, INS spectroscopy is mostly used for collecting the vibrational spectrum of the system, thus providing complementary information to the more commonly employed FT-IR or Raman spectroscopies. The results obtained by INS spectroscopy are distinct from those obtained by optical spectroscopies because of the absence of selection rules, and because the intensity of the spectra is proportional to the incoherent neutron scattering cross section and to the atomic displacement of the atoms involved.[10] So that 1H presents both a large neutron scattering cross section (80 barn, about one order of magnitude larger than for other nuclei) and large displacement (because of its light weight), the vibrational modes involving this isotope tend to dominate INS spectra. This makes the technique suited for the investigation of the H-containing species already present in the sample, because the resulting spectra will be dominated by their vibrational modes. For instance, the spectra of metal oxide such as Al2O3 tend to exhibit clear signals associated with the OH groups exposed at their surfaces.[12-13] Interestingly, in the last few years it was also demonstrated that the modern instrumental resolution is sufficient to investigate also non-hydrogenous materials and to focus on other elements with a sufficiently high neutron scattering cross section. One example is chlorine (total neutron scattering cross section = 16.8 barn) in the MgCl2 support employed in the Ziegler-Natta catalysts, for which it was possible to detect the effect of the decrease in particles dimension and of the increase of disorder as a function of the ball-milling time.[14] On the other hand, INS is also extremely powerful to investigate the species formed under in situ conditions in the presence of a H-donor, among all H2. This is particularly valuable when investigating hydrogenation catalysts, as the methodology provides a unique perspective over the hydrogenous species active for the hydrogenation process.[15-17]
INS spectroscopy also presents a few drawbacks when compared to techniques such as FT-IR or Raman spectroscopies. First of all, an INS experiment cannot generally be performed at a laboratory scale, as large-scale neutron sources are required to obtain the necessary neutron flux. For this reason, INS spectroscopy is generally less accessible than optical spectroscopies. Moreover, the neutron fluxes obtained are weaker compared the photon fluxes obtainable by other large-scale facilities such as synchrotrons. This factor, together with the relatively weak interaction of neutrons with matter, results in the necessity of performing experiments over larger amounts of samples and longer acquisition times. In order to collect spectra with a low signal-to-noise ratio, the employment of grams of sample and acquisition times of 8-12 hours are still the most common operating procedure to this day. However, in the last decade, a positive trend in the development of instruments and equipment able to work with lower amounts of sample, with a better time resolution and over a more extended range of temperature and gas pressure conditions is being observed.[11, 16, 18-19]
The majority of the INS spectra described in this review have been measured with indirect geometry INS filter spectrometers. Indirect geometry filter spectrometers are designed to scan over a precise path of exchanged momentum and energy values, and provide high-resolution spectra easily comparable with FT-IR and Raman, reporting the value of the scattering function S(ω) as a function of the exchanged energy. Examples include the IN1/Lagrange instrument at the ILL (France),[20] Tosca at ISIS (UK),[21] or VISION at SNS (US).[22] Alternatively, direct geometry instruments, such as MAPS at ISIS,[23] Panther at the ILL,[24] SEQUOIA at SNS[25] and 4SEASONS at J-Parc (Japan) [26] can be also employed. These instruments can provide bidimensional S(Q,ω) spectra expressed as a function of both transferred momentum and energy, and in catalysis they have been particularly useful to precisely detect signals at energy transfer values higher than 1600 cm-1 (200 meV).[15] It will be shown that INS spectra are generally rich of peaks, whose assignment is not always trivial. In this respect, the complementary use of DFT simulation was demonstrated to be a powerful tool for the analysis. The simulation of INS spectra is simpler than that of FT-IR or Raman spectra, as it does not require to compute dipoles nor polarizability, but only to calculate the vibrational frequencies and the associated atomic displacements, for each type of atom involved. These data are readily available in the output of frequency calculations performed with the most commonly employed DFT simulation software packages. Some packages, such as Crystal17 and following releases,[27] allow to directly calculate the neutron-weighted density of states, directly comparable with the results obtained with direct geometry spectrometers. Otherwise, many external programs, such as a-CLIMAX,[28] AbINS,[29] and OCLIMAX,[30] are also able to elaborate the outputs of the frequency calculation performed by the most common DFT software packages, and then calculate simulated spectra readily comparable with the experimental ones.
The relevance of INS spectroscopy in catalysis is highlighted by several papers and reviews on the topic that have been published in the last years. In this respect, Yu et al recently published a very extensive review covering the main applications of neutron techniques in catalysis,[31] Polo-Garzon et al summarised the findings related to the species formed upon interaction with H2 of supported metal nanoparticles and oxides.[32] The present review will focus on the specific case of supported metal nanoparticles catalysts, aiming to provide a comprehensive overview of the information that INS experiments can provide regarding their composition and their behaviour in the presence of H2, posing special attention to the most recent results of interest for the understanding of such catalytic systems.
Section 2 is devoted to the application of INS to the study of metal nanoparticles on carbonaceous supports, which are by far the most widespread in the field of hydrogenation catalysis, with emphasis on the information related to the hydrogenous species intrinsically present in the support and in the effects of the metal nanoparticles. In Section 3 we will discuss what INS spectroscopy can tell us regarding the interaction of H2 with these catalysts, focusing on dihydrogen physisorption (Section 3.1), the formation of metal hydrides on metal nanoparticles (Section 3.2), and the (possible) migration of atomic hydrogen from the nanoparticles to the support in the so-called H-spillover process (Section 3.3). 

2. Metal nanoparticles on carbon-based materials
2.1. Carbon-based supports: insights from INS
Carbon-based materials, such as activated carbons, carbon black, graphite oxide, reduced graphene oxide, or carbon nanotubes, constitute a class of materials largely employed and investigated both as catalytic supports for metal nanoparticles and as catalysts on their own.[33] The advantages of their employment include the very high levels of surface area and porosity obtainable, the possibility to finely tune their physico-chemical properties, and the ease of recovery of the metal from the spent catalyst. [34-35] Materials belonging to this class have in common a basal structure of sp2 carbon domains generally terminated by H atoms, and present differences in terms of structural defectivity and on the chemical composition (i.e. the concentration of heteroatoms-containing functional groups). Differences in morphology, porosity and composition of carbon-based supports can strongly affect the activity and selectivity of the resulting catalysts for specific reactions, making the characterization of said supports down to the atomic scale fundamental for a rational choice of the best catalytic support for each target reaction.[36-39] 
The complex and heterogeneous nature if carbon-based materials, however, hinders an easy characterization. Techniques such as X-ray Diffraction or Raman spectroscopy have been employed to study their structural properties,[40-41] while FT-IR spectroscopy, X-ray Photoemission spectroscopy, or Temperature Programmed Desorption could provide very important details about the typology and amount of heteroatoms-containing functionalities.[42-43] Instead, few techniques are able to provide information regarding the C-H terminations in the aromatic domains constituting these materials. In this regard, INS spectroscopy stood out the most as a promising technique to directly probe such terminations. Indeed, the detailed analysis of the INS spectra of carbon-based materials provided fundamental insights regarding the amount and morphology of aromatic domains’ terminations, as well as about their interaction with the metal nanoparticles. 
Figure 1 compares the INS spectra of several types of carbonaceous materials differing in the extension of their graphene-like domains and in their level of defectivity. Figure 1A shows the spectrum of an activated carbon obtained by physical activation of a wood precursor,[12] while Figure 1B those of a hydrogenated graphene[44] (blue circles) and of a hydrogenated micrographite[44] (black crosses). The three spectra are dominated by the signals due to the out-of-plane bending vibrations of the C-H terminations of the aromatic domains (750-1000 cm-1 range) and by the corresponding in-plane modes (1000-1600 cm-1 range). The low frequency region (ca. 400-700 cm-1 range) is dominated by the so called riding modes (i.e. deformation modes of the aromatic platelets enhanced in intensity by the presence of bonded H atoms at their borders).[45] Similar spectra were reported for other activated carbon samples in refs [45-48], carbon blacks,[46, 49] coal samples,[46, 50] and other sp2 carbon-based materials[44, 51-52] Figure 1C instead reports the INS spectra of two highly graphitic samples, i.e. a reduced graphene oxide[51] (brown) and neat graphite (black).[51] Both materials present a very low H concentration, and this explains why the two spectra are similar to one another but differ from the previously discussed ones. It was found that their spectral profiles show a very remarkable similarity with the calculated phonon dispersion for a single graphene layer.[51]
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[bookmark: _Ref139967894]Figure 1: A) INS spectrum of an activated carbon prepared by physical activation from a wood precursor, replotted from reference[12]. B) INS spectra of hydrogenated graphene (blue circles) and of micro-graphite (black crosses). Adapted from reference[44] C) INS spectra of a reduced graphene oxide sample characterized by a high degree of graphitization (brown) and of neat graphite (black), adapted from reference[51].

Both the intensity and the profile of an INS spectrum provide important information about the sample. The first is intuitively related to the concentration of the scattering centers in the sample, and in particular of 1H (whose scattering cross section is one order of magnitude higher than for other nuclei). Albers et al experimentally demonstrated that a linear relation exists between the integrated area of the spectra in the C-H bending modes region of activated carbon samples and their hydrogen concentration (as determined by elemental analysis).[45] This means that it is possible to compare quantitatively the hydrogen content of different samples measured under the same experimental conditions. 
Variations in the spectral profile, instead, reflect differences in the morphology of the aromatic domains constituting the sample, and in particular of the terminal C-H groups.[45-46, 48, 53] However, in order to retrieve this information it is necessary to precisely assign each specific sample morphology to a certain spectral feature. For at least two decades the most solid approach employed to fulfill this task came from DFT simulations.[44-46, 48, 51-53] In this respect, the most critical aspect is the choice of a suitable model, as it is imperative to find a compromise between the intrinsic high heterogeneity and complexity of the aromatic domains constituting real carbonaceous supports and what it is feasible to simulate in silico. Three main approaches to this problem from recent literature will be presented in the following. 
For the simulation of the INS spectrum of hydrogenated graphene reported in Figure 1A, Cavallari et al[44, 52] opted for the two models shown in Figure 2A’: i) an aromatic model with hexagonal shape and stoichiometry C96H24, and ii) a 2D graphene model containing a H-saturated intraplanar hole. A linear combination of the simulated spectra of the two models (red in Figure 2A) was the best description of the experimental spectrum, indicating that both the external C-H terminations and the C-H groups facing inner voids in the graphitic platelets are important for reproducing the INS spectrum of hydrogenated graphene. Furthermore, the authors extended their study by repeating the measurement upon heating of the sample up to 300 K, observing modifications that have been interpreted as a migration of H atoms onto adjacent vacant sites.
Later on, Albers et al[46, 51] simulated the INS spectrum of a glass carbon (Figure 2B) with a combination of the Γ-point spectra of the two models shown in Figure 2B’, i.e. 1D graphenic ribbons terminating with benzene rings either exposing one or two adjacent C-H groups. An analogous model exposing an alternation of the two typologies of sites was also simulated, but showed a worse matching with the experimental result. Focusing the attention on the most informative part of the spectrum (i.e. the C-H out-of-plane bending region), the peak at 880 cm-1 was assigned to the benzene ring exposing a single C-H termination, while the doublet at 785 and 935 cm-1 to benzene rings exposing two adjacent C-H terminations. The ratio between the two types of terminations was different depending on the samples.[46] 
In a more recent paper, we pointed to a slightly different approach.[48] Instead of analyzing the whole spectral range, we decided to focus on the 750-1000 cm-1 region only. This choice was made for two main reasons: i) this is the spectral region showing the greatest variations both in experimental spectra of different samples and in simulated spectra of different models,[45, 48] and ii) the vibrational modes in this spectral region are the most localized ones, meaning that the spectral features are representative of the vibration of a small and simple portion of the terminations of the aromatic platelets and not of the whole graphitic platelet.[45, 48] We simulated 27 aromatic models differing in geometry, regularity and defectivity, we identified 16 C-H terminal moieties repeating along their terminations, and we associated them to a characteristic fingerprint in the INS spectrum. The simulated spectra of each model were then used to fit the experimental ones, in order to identify and quantify the main contributions. Figure 2C-C’ shows the result of this approach applied to the spectrum of the activated carbon reported in Figure 1A. We demonstrated that benzene rings exposing a single or two adjacent C-H groups are indeed the two main components contributing to the spectrum, but also that other contributions arising from disordered terminations and from hydrogenated single vacancies are required.[48] A small contribution at about 920 cm-1 was not yet fully described, but preliminary measures and calculations strongly suggest that may be associated by the perturbation of some functional groups on the vibrations of vicinal C-H.[36]
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[bookmark: _Ref140065671]Figure 2: A) INS spectrum of hydrogenated graphene (blue) compared with the linear combination of the simulated spectra for the two models reported in part A’, namely an intra-platelet hole and an hexagonal aromatic model. Adapted from reference[44]. B) Experimental INS spectrum of glass carbon (red) compared with the simulated spectrum of a 1D nanoribbon only exposing zigzag terminations (model A in part B’, black) and of a nanoribbon exposing only armchair terminations (model B in part B’, blue). Adapted from reference[46]. C) Experimental INS spectrum of an activated carbon fitted by a linear combination of simulated INS spectra corresponding to specific C-H terminal geometries. The models utilised are schematised in part C’ with the same color code. Replotted from reference[48].



2.2. Effect of the metal nanoparticles deposition on the C-H terminations of the carbonaceous supports
The INS spectra of carbon-based supports change significantly after the deposition of metal nanoparticles. Figure 3A-D shows the spectral variation in the C-H out-of-plane bending region for four different activated carbons obtained via physical activation of either wood (Figure 3A-B) or peat (Figure 3C-D) upon deposition of either Pd or Pt nanoparticles via a deposition-precipitation method.[48] A systematic decrease in the intensity of the spectra is observed, and the central signal of the three observed in this spectral region is systematically the most affected by the phenomenon. Such a loss in spectral intensity indicates a decrease in the concentration of sp2 C-H terminations upon interaction with the metal nanoparticles. Figure 3E-E’ shows the change in the integrated area below the three peaks as a function of the metal dispersion. It is clear that Pd has a stronger effect on the support than Pt. Moreover, in the case of Pt a linear trend is observed between the decrease in integrated area (i.e. in the concentration of C-H terminations) and the metal nanoparticles dispersion as determined by CO chemisorption:[48] larger the dispersion (i.e. smaller the nanoparticles), more affected is the support. An analogous decrease in the spectral intensity was also observed in the past by Albers et al., when comparing the spectrum of an activated carbon to that of the corresponding catalyst obtained via impregnation with a Pt precursor.[45] This effect has been further investigated by means of DFT simulations and linear combination fits. It was found that the species mostly affected by deposition of metal nanoparticles are benzene rings exposing a single C-H termination.[48] Supports presenting a higher percentage of this typology of C-H terminations showed are the most affected but, at the same time, bring to a higher dispersion of the Pt nanoparticles 
These observations imply a close interplay between the morphology of the C-H terminations in the activated carbons and the location and dispersion of the deposited metal nanoparticles, but a definitive explanation for this relation has not yet been presented. Nevertheless, it is possible to speculate that a possible reason lies in the peculiar electronic structure of zigzag terminations in graphenic structures. Indeed, according to DFT simulations, extended borders with this geometry are characterized by a localization of unpaired p electrons,[54-55] which may result in a stronger bonding with the metal nanoparticles.[56]
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[bookmark: _Ref130913999]Figure 3: Parts A-D: detail over the out-of-plane C-H bending region of the INS spectra of four physically activated carbons and of the corresponding catalysts with supported Pd and Pt nanoparticles. Part E: difference in the integrated area below the C-H out-of-plane bending region by moving from the bare support to the corresponding catalyst versus the metal dispersion (as measured by means of CO chemisorption). The detail over the points related to Pt containing samples is shown in part E’, a linear trend is observed. All data are from reference[48].

3. H2 adsorption on catalysts based on supported metal nanoparticles
3.1. H2 physisorption
One of the greatest potentials of INS spectroscopy in the studies of hydrogenation catalysts lies in the possibility to investigate the changes in the sample upon dosing H2 on the catalyst under in situ conditions. First of all, during these experiments it is possible to investigate the interaction of dihydrogen physisorbed onto both the supports and the active phase, providing important information about H2 physisorption, the sample nanoporosity, and about their hydrogen storage potential. [57-59] The H2 molecule presents a few peculiarities, that we here briefly summarise. First of all, it is important to remember that H2 exists as two distinguished spin isomers, namely para-H2 (the two H atoms have opposite nuclear spins) and ortho-H2 (the two H atoms have parallel nuclear spins). Due to the fact that the singlet state (quantum number J = 0) has degeneracy equal to 1 and the triplet state (J =1) has degeneracy equal to 3, at room temperature the normal ratio between para and ortho hydrogen is 1:3. However, upon cooling to cryogenic temperatures a slow conversion to the lower energy para-H2 is observed, and the process can be significantly speeded up in the presence of metal centers or paramagnetic species able to catalyze the process.[10, 60] Very often INS experiments are performed on predominantly para-H2 mixtures, and this is the situation which will be considered for the rest of this section.
Dihydrogen in the condensed state has very characteristic signals in INS spectra, which are mainly attributed to transitions among the rotational energy levels. In this respect, the symmetry of the H2 molecule and the fermionic nature of the 1H atoms impose some restrictions on the overall wavefunction. In accordance with the Pauli’s exclusion principle, the wavefunction of the H2 molecule has to be antisymmetric with respect to the exchange of the two atoms. In order to respect this condition, only rotational levels with even J values are permitted for para-H2 (which has an antisymmetric nuclear wavefunction), while only odd J values are permitted for ortho-H2 (which has a symmetric nuclear wavefunction). When H2 is free to move isotropically, the rotational transition between the ground (J=0, MJ=0) and the first excited (J=1, MJ=0, ±1) rotational states falls at 118 cm-1, as observed in the INS spectrum of solid para-H2 reported in Figure 4A-A’.[60] In principle, all the rotational transitions are permitted in INS spectroscopy. However, the intensity of the signal is proportional to the incoherent scattering cross section of 1H (with the very high value of 80 barn) only when the transition is associated with a flip in the nuclear spin (i.e. in a para–ortho transition), with the result that practically only these transitions tends to be visible in the experimental spectra.[10] 
Beside the sharp peak at at 118 cm-1, the INS spectrum of solid para-H2 reported in Figure 4A-A’ shows a series of very broad oscillations, which are due to the so called molecular recoil. This phenomenon is due to the fact that the H2 molecules are weakly interacting with one another, and the scattering event with a neutron results in a significant exchange of kinetic energy and momentum. The broad oscillations are centered at the values of the J(1←0), J(3←0), J(5←0), J(7←0) rotational transitions summed to the translational energy acquired upon recoil.[10, 60] The recoil effect dominates the INS spectrum of liquid H2 (Figure 4B), where the interaction among the molecules is even weaker.[10, 60]
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[bookmark: _Ref139536493]Figure 4: A) INS spectrum of solid para-H2 collected at 12.2 K. A’) Detail over the low energy transfer region of spectrum A. B) INS spectrum of liquid para-H2 collected at 17.2 K. The spectra were retrieved from the ISIS INS spectra database[61] and originally published and commented in reference[60]. 

The INS spectra of H2 adsorbed on catalysts based on supported metal nanoparticles and on their supports contain contributions very similar to those observed in the INS spectrum of solid para-H2. As a case study, Figure 5A reports the difference INS spectra of H2 adsorbed on an activated carbon (grey) and on the corresponding Pt catalyst (blue).[12, 62] Both spectra are dominated by the recoiled J(1←0) and J(3←0) signals. In the spectrum of H2 adsorbed on the catalyst, a small increase in intensity is observed above 400 cm-1, which is due to the presence of chemisorbed H2 (vide infra). Focusing the attention on the low energy transfer region, a sharp signal split in three components is observed in both the spectra (Figure 5A’). The central peak, centered at about 120 cm-1, is attributed to H2 weakly adsorbed within the micropores of the carbon. The fact that this signal, typical for solid para-H2, is observed at a temperature above the H2 triple point has been one of the indicators that H2 can form a solid-like phase when trapped inside pores of a few nanometers of diameter. [10, 12, 57-58, 63] The other two peaks observed at 107 and 132 cm-1, instead, were attributed to H2 molecules trapped inside sub-nanometric slit pores and experiencing a strong anisotropic potential.[10, 12, 57-58, 63] Under these conditions the degeneracy between the (J=1, MJ=0) and (J=1, MJ=±1) rotational energy levels is lost, resulting in a split of the signal. This is shown in the simplified scheme in Figure 5B comparing the rotational energy levels of unhindered H2 molecules in the middle, side-on adsorbed molecules on the left and end-on adsorbed ones on the right. In the free rotor case, the three rotational energy levels associated with the quantum number MJ of the first excited state are degenerate. When H2 is in the presence of a potential, this will hinder the rotation in either 1 or 2 dimensions. The hindered MJ state(s) shift to a higher energy, giving a rotational transition peak at an energy above the free rotor, while unhindered MJ state(s) are stabilized and give rise to a peak below this energy. The position of the two peaks relative to the free rotor line and the ratio between their intensities provide information about the adsorption mode, since the degenerate energy peak has twice the intensity of the single state peak. In the case of H2 physisorbed on the activated carbon reported in Figure 5A’, the peak at lower energy is twice more intense than that at higher energy. This indicates that the (J=1, MJ=±1) levels are more stabilized than the (J=1, MJ=0) one, which is typical of a side-on adsorption geometry.[10] This kind of signal splitting has been observed for several carbon-based samples, and the detailed analysis of the obtained spectra provided important insights regarding the process of H2 physisorption on their surface, the strength of the interaction, and their potentiality as hydrogen storage materials.[57-59]
The spectrum of H2 adsorbed on the corresponding Pt/C catalyst is also shown in Figure 5A’. Two very weak additional satellite peaks, not present in the spectrum of H2 adsorbed on the bare carbon support, are observed at about 90 and 150 cm-1. The larger split between the two peaks with respect to what was observed for the bare carbon indicates that physisorbed dihydrogen is experiencing a stronger adsorption potential, and has been interpreted as a physisorption of H2 upon hydrides-covered Pt nanoparticles.[12]
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[bookmark: _Ref135821674]Figure 5: A) Difference INS spectra, measured at 24 K, for H2 adsorbed on an activated carbon and on the corresponding Pt/C catalyst. The observed features are mostly ascribed to the rotational transitions and the recoil profile of free and physisorbed H2. The data are from references[12, 62]. A’) Detail over the peak of the J(1 ← 0) rotational transition and its components. B) Simplified representation of the loss in degeneracy in the rotational energy levels upon physisorption over a surface, resulting in the split of the J(1 ← 0) transition. 

3.2. H-chemisorption: formation of metal hydrides
3.2.1. State of the art
Some metals, such as Ni, Pd or Pt, do not simply interact with dihydrogen by physisorption, as commented in section 3.1, but are able to activate and split the H2 molecule to form chemisorbed metal hydride species. Their reactivity makes them very active catalysts for hydrogenation and dehydrogenation processes, in particular in the form of supported metal nanoparticles.[1-2] The discovery of their catalytic activity dates back to a long time ago,[64] but many details regarding the nature of the reaction intermediates, the effect of shape and dimension of the nanoparticles, the contributions arising from the support and from the metal-support interaction and so forth are still object of debate to these days. In this respect, INS spectroscopy is a powerful tool able to provide fundamental information regarding the active species for the hydrogenation reaction, i.e. the metal hydride species.[15, 17, 62, 65] When a catalyst containing Ni, Pd or Pt nanoparticles is warmed in the presence of H2 prior to the measure, a strong decrease in intensity of the spectral features associated to physisorbed H2 is observed, if not their complete disappearance. This behavior is symptomatic of the desorption and, at higher temperature, of the dissociation of molecular hydrogen at the surface of the active metal phase, and may be accompanied by the appearance of new signals attributed to the chemisorption of atomic hydrogen onto the metal nanoparticles and the support.[12, 62, 66-67]
Over the last few decades, the improvement of the instrumentation sensitivity allowed to obtain more detailed results on smaller levels of metal loading and sample amounts. At the same time, the steadily increasing level of computational capacity allowed to simulate progressively more complex models, reducing the gap between the real system and the computational model.[16, 65] 
The INS investigation of the metal hydride species formed upon interaction with H2 with Au,[68], Ru,[69] Pt/Ru alloy,[70] Ni[71] or Co[71] based catalysts have been reported in the literature, but the most complete INS studies are from Pd and Pt based systems. They will thus be the focus of sections 3.2.2 and 3.2.3, respectively. 


3.2.2. Pd hydrides
Catalysts based on supported Pd nanoparticles are largely employed in the chemical industry, for instance in the purification of terephthalic acid,[72] for the chemoselective hydrogenation of acetylene to ethylene,[73-74] and for many hydrogenation processes of interest in the production of fine chemicals.[75] This metal can easily split the H2 molecule into atomic H, which then migrates into the bulk of the material. Two main PdH phases are known: i) α-PdH, observed at very low H concentrations and corresponding to an occupation of the octahedral interstices of the Pd fcc lattice without a significant change in the lattice parameters, and ii) β-PdH, corresponding to a further filling of the octahedral interstices accompanied by an expansion in the cell parameters. At 25°C, the maximum hydrogen concentration observed for α-PdH corresponds to a H/Pd ratio equal to 0.017, the β phase is observed at a ratio larger than 0.60, and in the intermediate concentration range the two phases coexist.[76] Significant changes in the PdH phase diagram are observed when reducing the particle size down to the nanoscale, which may be summarised by an increase in the H solubility in the α phase and a decrease for the β one, a narrowing in the miscibility gap between the two phases, and by a more marked hysteresis in the removal of H upon outgassing.[77-78] The understanding of the modifications undergone by the PdH system when passing from macroscopic to nanometric systems is of pivotal importance for catalysis, but is also hindered by the experimental difficulties associated with the investigation of complex catalytic systems.
	INS spectroscopy has been applied to the study of the PdH system since the early years of the technique.[79] Early studies mainly focused on pure Pd, in the form of single crystals, foils or coarse powders, in the presence of varying amounts of H2.[79-80] Figure 6 shows the INS spectra of bulk α-PdH (part A) and β-PdH (part B), respectively. The main signal, corresponding to the optical phonon modes, is observed at 556 cm-1 for α-PdH[15, 80-82]and in the 460-480 cm-1 range for β-PdH. The signals above 850 cm-1 corresponds to their first overtones.[15, 81] In both cases the main band is characterized by an asymmetric broadening, appearing as a shoulder at higher energy transfer values in the spectra. However, the nature of this broadening is not yet fully explained. Both the experimental and the simulated phonon dispersion are not fully able to describe this profile,[15, 83] and phenomena such as a Franck-Condon transition have been hypothesized to justify this signal.[84]
	Later on, the methodology was progressively employed on catalytic systems such as Pd black,[81, 85-86] Raney palladium,[87] the Lindlar catalyst,[88] and metal nanoparticles.[15, 17, 62, 81-82, 88-89] Most experiments conducted on catalysts were performed under an H2 equilibrium pressure of several mbar (i.e. conditions at which the β-PdH phase is generally observed). Under these experimental conditions the INS spectra of nanometric PdH show very similar features to those measured for bulk PdH. This is the case of the INS spectrum of PdH species formed on a 5 wt% Pd/Al2O3 catalyst (Figure 6C). 
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[bookmark: _Ref133922265]Figure 6: A) INS spectrum of α-PdH in Pd foil, adapted from reference[80] B) INS spectrum of β-PdH in cold-rolled hydrogenated Pd foil, adapted from reference[90] C) INS spectrum of PdH species formed in a 5 wt% Pd/Al2O3 sample at a H2 equilibrium pressure of 430 mbar (red spectrum, replotted from reference[62]).

	In metal nanoparticles, the percentage of surface and sub-surface hydrides greatly increases with respect to the bulk. These species can be very relevant for catalysis, yet their characterization is becoming more prominent in research only in recent years. Albeit the INS spectra of nanometric Pd in the presence of H2 tend to be dominated by the vibrational modes of bulk β-PdH, many literature works showed that a more detailed data treatment can also provide new insight into sub-surface and surface species. A weak signal attributed to the stretching modes of surface Pd-H species in linear configuration has been individuated at 2150 cm-1 by Parker et al[15] on a sample 20 w/w% Pd/carbon black sample in the presence of 700 mbar of H2, by measuring the INS spectrum. In the same work, the authors also simulated the spectrum of 3-fold surface Pd-H species on the Pd(111) surface, corresponding to signals at 815 and 1035 cm-1, and of the sub-surface species formed right below the first atomic layer of the same surface, resulting in a series of signals around 500 cm-1. Experimental signals in reasonable agreement with the simulated frequency of surface and sub-surface Pd-H species became visible in the spectra of Pd black and supported Pd samples after evacuation (i.e. after strongly reducing the intensity of the β-PdH signal). 
Signals ascribable to sub-surface PdH species in Pd nanoparticles were also independently observed in the form of an unusual increase in intensity of the shoulder in the INS spectra at about 650 cm-1 by us[62] and by Albers et al, [81] while a general increase of the signal above 660 cm-1 was observed by Kofu et al.[17] As an example, the difference in spectral profile observed between bulk PdH0.73 and nanometric PdH0.42 measured in the latter study are reported in Figure 7. In the first two instances, the phenomenon was not systematically observed: in particular, in reference[62] the signal was not present during the first measurement performed with an equilibrium H2 pressure of 230 mbar and appeared only during the second measurement, performed upon further dosing of H2 up to an equilibrium pressure of 430 mbar, while in reference[81] the signal disappeared after several hydrogenation-outgassing cycles. These observations suggested that this signal may be related to strain in the Pd nanoparticles, which may relax upon the subsequent removal and/or insertion of H. Further investigations were brought on by Kofu and colleagues,[17] who pointed out that the observed signal was compatible with H atoms within an anharmonic and trumpet-like energy potential well. The calculated fundamental vibrational energy of 983 cm-1 did not appear compatible with the expected value for H in octahedral interstices, and the occupation of the narrower tetrahedral interstices was thus considered. This assignment was also corroborated by parallel Rietveld analysis on neutron diffraction data, indicating the occupation of tetrahedral sites in the most external shell of the Pd nanoparticles,[91] and of computational simulations indicating that the occupation of tetrahedral sites in the sub-surface region is less unfavored than for the bulk.[92] Albeit the nature of surface and sub-surface PdH species is not yet fully clarified, INS spectroscopy demonstrated to have the potential to shade new light in this direction.
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[bookmark: _Ref140244615]Figure 7: Comparison between the INS spectra measured at 10 K on the 4SEASONS instrument with an incident energy of 331 meV for hydrogenated 8 nm Pd nanoparticles (black dots) and bulk Pd powder (blue broken line), as measured by Kofu et al.[17] The Pd nanoparticles were stabilised by capping with polyvinylpyrrolidone, whose contribution was subtracted from the reported spectrum. Plot adapted from reference[17].

3.2.3. Pt hydrides
Pt-based supported catalysts constitute another traditionally employed class of hydrogenation catalysts, and are for instance employed in the naphtha reforming process,[93-94] or as fuel cells catalyst.[4] Unlike Pd, Pt presents a very low solubility for H2 and only surface Pt-H species can be formed, where the H atom can be linearly bonded to a single Pt atom, or form 2-fold bridge and 3-fold hollow species by bonding to two or three Pt atoms, depending on the exposed facets. Their identification is not trivial, and INS spectroscopy provided fundamental insights into the matter.[12, 16, 62, 66, 95-98] The first INS spectra of supported Pt nanoparticles in the presence of H2 were measured on high metal-loading fuel cell catalysts, under H2 pressures between a few hundred mbar up to 1 bar, and at cryogenic temperatures.[66, 95-96] As an example, the INS spectra measured on three Pt/carbon black samples with a 40% w/w metal loading and differing in their dispersion are shown in Figure 8.[96] Upon interaction with H2, a broad and intense signal appears in the 400-750 cm-1 range, together with a series of less intense signals at higher energy transfer. Interestingly, a narrowing of the 400-750 cm-1 signal was observed upon increasing the dimension of the Pt nanoparticles (i.e. by moving from Figure 8A to C).[96] A further signal, usually too weak to be reliably observed with indirect geometry instruments, has been observed at 2080 cm-1.[66] 
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[bookmark: _Ref140486541]Figure 8: Differential INS spectra of three Pt/Carbon black fuel cell catalysts (Pt loading: 40% w/w) differing in their metal dispersion. The average particle sizes determined by TEM are 2.8 nm (panel A), 3.4 nm (panel B) and 4.5 (panel C). The difference spectra are calculated subtracting the spectrum of the sample collected after prolonged evacuation to those of the catalysts measured in the presence of a H2 equilibrium pressure between 800 and 1000 mbar. Plots adapted from reference[96].

All the signals observed in these spectra are attributed to Pt-H species formed upon the interaction of H2 with the catalyst, but the exact assignment of these species was not trivial. Early on, the signals have been assigned on the basis of the previous data obtained for H on extended Pt surfaces[99-100] which, however, were not able to account for the heterogeneity present in supported nanoparticles. A turning point was reached by simulating the theoretical INS spectra of hydrogenated Pt nanoparticles, which became feasible only in recent years due to its high computational cost. The first example in the literature was reported by Parker et al in 2019,[65] with the simulation of the INS spectrum of a Pt44H80 tetradecahedron. This simulation demonstrated the occurrence of a high degree of coupling among the vibrational modes of different Pt-H sites at a time, with 2-fold bridge species dominating the spectra. More in details, the band observed in the 400-800 cm-1 was attributed to the coupling of the bending modes of linear and two-fold bridge Pt-H species with the asymmetric stretching of 3-fold sites, the bands in the 900-1100 cm-1 region to the coupling of the asymmetric stretching of 2-fold Pt-H sites and the symmetric stretching of 3-fold ones, and those in the 1385-1585 cm-1 range to the symmetric stretching of 2-fold sites. Finally, the contribution at 2080 cm-1 was attributed to the stretching mode of linear Pt-H species, in agreement with FT-IR results.[97, 101-102]
INS spectroscopy also proved to be useful to shade new light into another challenging aspect of the chemistry of a few nanometers large supported Pt nanoparticles, which is their tendency to undergo a morphological reconstruction in the presence of H2. Computational simulations over Pt13Hx clusters supported over the dehydroxylated γ-Al2O3(100) surface[103] and the partially hydroxylated (110) one[104] predicted that the Pt clusters tend to reconstruct from a drop-shape in strong interaction with the support in the absence of H2, into cuboctahedral structures detached from the support upon rising the H2 pressure and/or decreasing the temperature (i.e. under conditions that favour a higher hydrogen coverage on the Pt clusters). Similar results were obtained by considering the effect of the H coverage on isolated clusters[105] or on different supports,[106] and the experimental observations confirming the occurrence of the phenomenon are increasing over time.[12, 104] 
INS spectroscopy, to this date, does not allow to follow this kind of process in a time-resolved experiment (as, for example, it is possible to do with FT-IR spectroscopy [97] or by XAS spectroscopy[97, 104]), yet interesting results were obtained by performing in situ experiments under different H2 pressures and temperatures. In particular, a Pt/Al2O3 sample was measured after dosing an excess of H2 at room temperature up to an equilibrium pressure of 160 mbar, and after dosing H2 to reach a H:Pt ratio of 0.76 at 180°C.[16] The spectra of the new hydrogenous species formed in the two cases, obtained by subtracting the spectrum of the sample under vacuum from the H2-dosed one, are shown in Figure 9A and B, respectively. The resulting spectral features exhibit significant differences, and have been interpreted on the basis of a systematic comparison with the simulated spectra obtained from 26 different PtxHy/γ-Al2O3 models, differing in their dimension, morphology, degree of H coverage, and facets exposed by the γ-Al2O3 support. The results of the simulations confirmed that the vibrational modes of the surface Pt-H species present a very large degree of coupling, resulting in complex spectral profiles strongly depending on both the morphology of the Ptx nanoparticle and the typology of Pt-H species. By fitting the high H-coverage profile in Figure 9A with a linear combination of simulated spectra, the authors clearly identified that the main contributions to the spectrum correspond to highly hydrogenated Pt55 models with a mainly cuboctahedral shape and in very weak interaction with the support, followed by more disordered structures and by smaller Pt13 cuboctahedral models. This result, together with the very poor matching of the spectral profile with different cluster morphologies and lower levels of H-coverage, confirmed the tendency of the supported Pt nanoparticles to assume a cuboctahedral morphology under excess H2 pressure. Very similar profiles were also later individuated for an analogous catalyst on an activated carbon.[62] The spectrum collected under low H-coverage conditions instead (Figure 9B) presents a broad feature centered at about 800 cm-1, which has been attributed to a small increase in the concentration of -OH groups at the surface of the Al2O3 support following a limited H-spillover effect (which will be better discussed in section 3.3). The low energy transfer shoulder centered at about 450 cm-1, instead, shows a remarkable resemblance with the Pt-H bending modes simulated for models exhibiting a low H-coverage level and a stronger degree of interaction with the support (see the simulated spectrum in Figure 9B). These results are a clear example of the potential of INS spectroscopy in recognizing morphological variations in supported metal nanoparticles system upon interaction with H2, which is of great interest for a better understanding of the functioning of hydrogenation catalysts under different operational conditions. 
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[bookmark: _Ref132621296]Figure 9: A) Difference INS spectrum of the Pt-H species formed upon a Pt/Al2O3 catalyst in the presence of excess pressure of H2 (equilibrium pressure 160 mbar), compared with the simulated spectrum of the cuboctahedric model Pt55H91/γ-Al2O3 reported in the inset. B) Difference INS spectrum of the hydrogenous species formed on the same Pt/Al2O3 catalyst at lower amounts of H2 (H:Pt ratio equal to 0.76), compared with the simulated spectrum of the Pt55H44/γ-Al2O3 model reported in the inset. The experimental spectra were obtained by subtracting the spectrum of the catalyst before H2 dosage to that measured in the presence of H2. Replotted from reference [16].

3.3. Hydrogen spillover
The spillover process consists in the migration of active species formed upon the active phase onto its support. Particular interest arose around the process of hydrogen spillover, involving the migration of the metal hydrides formed at the surface of the supported nanoparticles onto the underlying support.[107] The phenomenon immediately appealed to the experts of catalysis, as it may provide a reservoir of reactive species,[108-109] but also to those working in the field of hydrogen storage, as it can increase the storage capacity of the material.[109] The investigation of the spillover process posed several challenges, related (and not limited) to the quantification of spiltover species, the different behavior of reducible and non-reducible supports, and the chemical nature of the species resulting from spillover.[109-110] INS spectroscopy was particularly applied to elucidate this latter point, thanks to its ability to provide the vibrational fingerprint of any hydrogenous species.
INS studies mentioning H-spillover on oxidic supports are scarce. Non-reducible supports are known to undergo limited or no H-spillover,[110] and only a very limited increase in the concentration of surface -OH groups in a Pt/Al2O3 sample activated at high temperature was measured by INS (see the signal at 800 cm-1 in Figure 9B).[16] This effect was attributed to an H-spillover effect limited to the close proximity of the Pt nanoparticles, favored by the high initial level of dehydroxylation of the support.
The majority of INS studies regarding H-spillover focus instead on carbon-supported samples.[12, 15, 62, 81, 111-112] H-Spillover onto perfect graphenic planes is deemed unlikely because of the high activation barrier of the process,[113-114]however the likelihood of the process was found to increase in the presence of defects such as the domains terminations, dopants and heteroatoms, holes or curved regions in the aromatic structure.[115-116] In many studies regarding metal nanoparticles supported on carbon-based materials in the presence of H2 a slight increase in the intensity of the INS signals in the 750-1600 cm-1 range was reported. This is shown in Figure 10, reporting the INS spectra of a Pd/C catalyst before and after reaction with H2 (equilibrium pressure of 430 mbar) at room temperature, and the difference between the two.[62] On the other hand, the same increment was not observed when feeding H2 to the bare carbon support, indicating that an active metal phase is required and that the observed phenomenon is indeed H-spillover. So that the position of these increasing signals is typical of sp2 C-H moieties and no new signals ascribable to sp3 clearly arise, INS spectroscopy also indicates that H-spillover on carbonaceous supports does lead to a significant loss in aromaticity of the support.
Various results have been obtained regarding the degree of reversibility of the C-H species formed via spillover upon outgassing. Contescu et al observed on a Pd sample supported on activated carbon fibers that the increased C-H signals arose upon spillover would not decrease even upon evacuation at 300°C. Furthermore, they also noticed a reduced H2 uptake during the second adsorption cycle, which indicates a decrease in the available sites for bonding H atoms upon spillover.[111] On the other hand, Parker et al observed the restoration of the original C-H signals intensities upon outgassing on an activated carbon-supported Pd sample, but not on the more graphitic carbon-black supported ones.[15]
Overall, INS spectroscopy demonstrated to be able to provide significant results in the identification of the species formed upon H-spillover on carbon-based supports, and further studies may have the potential to clarify better their role in catalysis and in the H2-storage field. 
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[bookmark: _Ref140501293]Figure 10: A) Detail over the C-H bending modes region of the INS spectrum of a Pd/activated carbon catalysts under vacuum (grey line) and after dosing H2 up to an equilibrium pressure of 430 mbar (red line). B) Increase in the spectral intensity due to H-spillover. The spectrum was obtained by subtracting to the spectrum of the catalyst exposed to H2 the contribution of the same sample under vacuum and that of physisorbed H2. Replotted from reference[62].

4. Summary and outlook
This review proposed an overview of the very varied information that INS spectroscopy can provide about hydrogenation catalysts, with a particular focus on catalysts based on supported metal nanoparticles. INS is well known for its very high sensitivity to vibrational modes involving H atoms, and consequently the measure of the catalyst as such provides remarkable information regarding the nature of the hydrogenous species intrinsically present in it (most commonly, in its support). Additionally, the spectra measured in the presence of H2 provide fundamental details about its interaction with the catalysts both via physisorption and chemisorption, in a way hardly obtainable with any other technique. 
	A detailed understanding of the nature of catalytic supports is fundamental, as they are nowadays well known to affect the properties of the active phase and/or participate in the catalyzed reaction,[7] and INS spectroscopy can provide very detailed information on components hardly detectable with other techniques, such as the H terminations in carbonaceous supports and oxides. Carbonaceous supports like activated carbons, carbon blacks or reduced graphene oxides were to this date the most widely investigated with this technique, providing extremely detailed spectra profiles describing the morphology of the C-H terminations in the aromatic domains, how they change from one sample to the other, and the modifications they undergo upon functionalization or metal nanoparticles deposition. The approach can be in principle extended to other systems, and it was also recently demonstrated that it is nowadays possible to investigate the vibration of other elements presenting a sufficient neutron scattering cross section such as Cl in MgCl2.[14]
	Of even greater interest for catalysis is the capability of INS to investigate the sample in the presence of H2 under in situ conditions, providing in the same spectrum information about H2 physisorption, splitting of the H2 molecule occurring at the surface of the supported metal nanoparticles and the consequent formation of the metal hydrides, and also about the possible spillover of atomic hydrogen onto the support. The characterization of physisorbed and spiltover hydrogen species is of great interest for catalysis, as they constitute possible reservoir or active species. The same typology of investigation is also of interest in the field of hydrogen storage, as INS spectroscopy can help in the identification of the interaction mechanism between H2 and the material (physisorption or chemisorption), and in principle it can also provide quantitative details regarding the amount of hydrogen stored from each path.[45]
The characterization of the metal hydride species was instead fundamental for a better understanding of hydrogenation catalysts. INS is one of the few techniques able to distinguish among the numerous surface and bulk hydride species that may be formed at the surface and/or in the bulk of the metal nanoparticles. The most investigated systems with this methodology are based on Pd, and albeit their investigation started decades ago very recent research works still managed to provide new highlights on the distribution of the occupancy of H atoms in the bulk, in the subsurface and at the surface of the nanoparticles.[15, 17, 62] The second most investigated system is instead Pt, where recent DFT simulations and experiments performed under different environmental conditions allowed to shade new light concerning the preferred bonding geometry of H at the surface of the Pt nanoparticles, of the H:Pt stoichiometry, and of the reconstruction phenomena occurring when modifying the H2 pressure and temperature.[16, 65] Some experiments on metals such as Au,[68] Ru,[69] Ni[71] or Co[71] have been reported, but clearly there is still a large potential for application to other supported metal nanoparticles systems, for instance, by focusing on less noble metals, following the current trends in the development of heterogeneous catalysts. 
The fundamental contribution provided by the complementary use of computational simulations for a detailed assignment of the signals observed in the experimental INS spectra was also addressed in this review. In this respect, the huge increase in the available computational capacity is already reflected in many recent examples demonstrating the possibility to simulate complex and heterogeneous systems (such as supported metal nanoparticles catalysts) and to use the corresponding simulated spectra to obtain very detailed assignments for the interpretation of the experimental INS spectra.[16, 65]
INS spectroscopy in the characterization of heterogeneous catalysts is currently limited by the very long acquisition time (generally several hours) and the fact often only measurements at cryogenic temperatures are possible. Thus, the typical measure is performed under static conditions after quenching of the sample. However, following the general trend observed for the characterization of heterogeneous catalysts, evident efforts are made in developing new sample environment devices and instruments able to explore larger ranges of temperature and gas pressures to approach real reaction conditions,[11, 16, 19] or to follow the modifications undergone by the catalyst during time-resolved experiments by shortening the measurement times.[18] 
To conclude, over the years INS spectroscopy demonstrated several times its capability to provide fundamental insights into the physico-chemical properties of heterogeneous catalysts, with a particular emphasis on hydrogenation catalysts and supported metal nanoparticles systems. Considering the increase in the potentialities of the technique over time, the investigation of a wider range of systems and the use of more varied experimental conditions will become feasible in the next years. Overall, INS spectroscopy still has a significant potential to provide cutting-edge results in the field of catalysis in the future. 
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“Inelastic Neutron Scattering (INS) spectroscopy of supported metal nanoparticles catalyst provides fundamental details about the nature of the H-containing species present in the support, H2 physisorption, the formation of metal hydride and spillover. This review proposes an overview over the results obtained by INS on this class of hydrogenation catalysts”
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