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Abstract 

We report a complete experimental characterization of the surface Pt-hydride species on an 

industrial 5wt% Pt/Al2O3 catalyst (average particle size of 1.4 ± 0.4 nm) under different 

hydrogenation/dehydrogenation conditions. By combining Inelastic Neutron Scattering, FT-IR 

spectroscopy and synchronous DRIFT/XAS/MS, we identified n-fold coordinated Pt-hydrides and 

four different types of linear Pt-hydrides characterized by different adsorption strength, whose 

relative proportion depends on the experimental conditions. In particular, we observed that the n-

fold coordinated hydrides convert into the linear ones upon decreasing the hydrogen coverage, and 

viceversa, and we traced this phenomenon to a morphological and electronic reconstruction of the 

Pt nanoparticles. Although only a fraction of the surface Pt-hydrides are directly involved in the 

hydrogenation of toluene, all the others play an indirect but fundamental role, maintaining the Pt 

nanoparticles electronically and morphologically stable during the reaction and hence avoiding the 

occurrence of deactivation processes. Our results, which are in good agreement with the 

theoretical predictions reported in the literature, offer the first comprehensive picture of the 

dynamics of Pt nanoparticles in hydrogenation conditions. This involves always a change in the 

relative proportion of the Pt-hydride species, and only in some cases an electronic and 

morphological reconstruction of the Pt particles.  
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1. Introduction 

Pt-based heterogeneous catalysts are systems of pivotal industrial relevance, since they are 

employed in a wide range of industrial processes involving hydrogen, ensuring high selectivity and 

conversion rates at relatively mild operating conditions.1-4 The key-step of the process is the 

homolytic dissociation of molecular hydrogen at the Pt surface, with the consequent formation of 

different Pt-hydride species. These atomic hydrogen species are directly involved in the 

hydrogenation (or hydrogenolysis) of a wide range of organic substrates. Hence, establishing a 

realistic adsorption model for hydrogen on nanosized Pt particles as a function of the reaction 

conditions is of crucial importance to design increasingly performing catalysts and/or to correctly 

choose the operating conditions. Although the first experimental evidences of hydrogen splitting 

over Pt date back to the early 1800,5,6 and despite the intense research activity by means of both 

experimental and theoretical approaches, the nature of the Pt-hydrides (i.e. the involved Pt 

adsorption sites) and their relative concentration under different operating conditions are still a 

matter of discussion.7,8 

Part of the difficulty is associated to the intrinsic complexity of nanosized noble metals 

clusters.9-17 In the last decades a large number of experimental evidences demonstrated that the Pt 

clusters undergo electronic and morphological reconstructions as a function of the support, of the 

adsorbate and of the reaction temperature.15,18-26 Pt L3-edge XAS spectroscopy (in both XANES and 

EXAFS regions) has been one of the main techniques employed to investigate the structural and 

electronic changes experienced by nanometric Pt particles supported on different materials in the 

presence of hydrogen. As far as the XANES region is concerned, it has been early observed that H2 

adsorption on small Pt particles causes dramatic changes in the spectra: the “white line” intensity 

decreases and the spectra broaden to higher energy as hydrogen is added.15,20-24,27-35 There have 

been many efforts to interpret these effects, which are due to both electronic and geometric 

phenomena.22,27-42 Most of the analysis are based on subtracting the Pt L3-edge spectrum of the 

catalyst in the absence of adsorbed hydrogen ((Pt)) from those in the presence of adsorbed 

hydrogen ((Pt-H)), also known as ΔXANES approach.43 The resulting difference spectra  = (Pt-

H) - (Pt) contain several features that have been ascribed to specific geometry of the adsorption 

site on the basis of DFT calculations, although bridged (two-fold coordinated) and hollow (three-

fold coordinated) sites cannot be distinguished.18,32,35 On the basis of the ΔXANES approach, the 

group of Koningsberger proposed a three-site model for hydrogen adsorption on small Pt particles 

(coordination number NPt-Pt < 6.5).35 The model suggests the presence of three types of hydrides, 

whose relative concentration depends on the hydrogen coverage. At very low coverages, hydrogen 

strongly adsorbs forming linear hydrides, called “atop”. At intermediate coverages, due to lateral 

interactions, the strong “atop” hydrides migrate to n-fold coordinated sites (bridged or hollow). 

Increasing further the coverage, the previously freed “atop” sites are refilled, but this time the 

interaction is much weaker, giving rise to linear hydrides labelled as “on-top”.  

As far as the effect of hydrogen adsorption on the Pt L3-edge EXAFS region is concerned, an 

elongation of the Pt-Pt first shell distance and a small but noticeable increase in the Pt-Pt 

coordination number upon increasing the amount of hydrogen have been highlighted in many 

works.11,20,22,29,30 The former observation was explained taking into account the electron 
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withdrawing properties of hydrogen, that induces a weakening of the Pt-Pt bond. The increase in 

the Pt-Pt coordination number was explained in terms of a change of the cluster morphology 

towards a more spherical shape.  

The three-site model was largely improved some years later, by the group of Raybaud and 

Sautet.19 The authors simulated, by means of DFT and molecular dynamic calculations, the 

morphology of a Pt13 cluster on -Al2O3 at increasing hydrogen coverages. In the absence of 

hydrogen, the Pt cluster is strongly anchored to the -Al2O3 support with a biplanar morphology. 

Increasing the hydrogen coverage, linear and n-fold coordinated Pt-hydrides are formed, that 

gradually solvate the Pt13 cluster. At the saturation coverage (Pt13H34), the cluster assumes a 

cuboctahedral morphology, largely detached from the support due to the presence of atomic 

hydrogen at the particle-support interface. Linear and bridge sites are the most favored adsorption 

modes, and their relative amount is a function of the hydrogen coverage. Similar conclusions were 

made by Wang and Johnson18, on the basis of DFT calculations performed on a carbon-supported 

Pt37 nanoparticle with and without hydrogen passivation. The authors found that a hydrogen 

atmosphere stabilizes a truncated cuboctahedral morphology, with three (111) and three (100) 

facets. H atoms prefer to adsorb on bridge sites on the (100) faces and on hollow sites on the (111) 

ones. When all the bridge and hollow sites are occupied (46 H atoms adsorbed for Pt37 clusters), the 

energy reduction arising from the addition of a further H atom strongly decreases, giving rise to 

weakly adsorbed linear (on-top) hydrides, in well agreement with the three-site model proposed by 

Koningsberger.35 As for the Pt13Hn cluster on -Al2O3 discussed above, also in this case the Pt-

support interaction is reduced significantly with the H passivation, due to the appearance of 

hydrogen at the interface between the Pt37 cluster and the carbon. Both models have the potential 

to explain most of the experimental evidences reported in the literature.  

In such scenario a relevant missing detail is the capability of discriminating among several Pt 

hydrides belonging to the same type. Indeed, there are many reasons to believe that, in a 

nanometric Pt cluster, the linear Pt-hydrides are not all the same, as well as the bridged or hollow 

sites may differ depending on the environment. For example, up to six different features have been 

observed in hydrogen TPD curves for polycrystalline Pt,44-46 suggesting the presence of at least six 

different adsorption sites characterized by different Pt-H bonding energies. Vibrational 

spectroscopies might have the capability to discern between different Pt-H species, since the Pt-H 

vibration is sensitive to even small changes in the coordination geometry. Although some relevant 

works adopted the IR spectroscopy to investigate the behavior of Pt-supported catalysts in the 

presence of hydrogen since the early 1960s,47-52 the use of FT-IR spectroscopy for the direct 

characterization of the Pt-H species has been largely overlooked, especially in comparison to the 

huge amount of works based on XAS. This is primarily due to the relatively low dipole moment 

involved in the Pt-H bond, that reflects into extremely weak ν(Pt-H) absorption bands. The second 

reason is that in practice only linear Pt-H species can be detected by FT-IR spectroscopy, since the 

vibrational features of bridged and hollow Pt-H species fall in the region usually obscured by the 

framework modes of the most employed support materials.47-50 Incoherent Inelastic Neutron 

Scattering (INS) might be a powerful alternative, since it is extremely sensitive to hydrogenous 

species. Indeed, the INS signal is proportional to the neutrons cross section of the probed element 

and to its displacement with respect to the equilibrium position.53 Hydrogen has the largest 
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incoherent cross section among all the elements and also the largest amplitude of motion because 

of its lightweight.53 The use of INS in this field has been limited so far,54-57 due to the difficulty in 

having access to the neutron sources, the time requested for collecting high-quality data (especially 

in comparison with X-rays based techniques that in the last decades have seen the rapid 

development of ultra-fast methods) and the large amount of sample necessary for the 

measurements. Only in recent years the neutron instruments have progressed enough, in terms of 

both neutron flux on the sample and efficiency in the neutron detection, to allow an easier 

investigation of samples of interest in catalysis.58 

In this work we discuss some recent results obtained by coupling INS, FT-IR and XAS 

spectroscopies to investigate the dynamic behavior of a highly dispersed Pt/Al2O3 catalyst in the 

presence of hydrogen. At first, we will show that INS and FT-IR spectroscopies may offer a 

complementary insight into the type and relative abundance of the Pt-hydride species, since INS 

detects more efficiently n-fold coordinated Pt-hydrides while FT-IR spectroscopy discriminates 

between at least four types of linear Pt-H species, whose relative amount is a function of the 

hydrogen coverage. In the light of this experience, we successively designed a series of 

DRIFT/XAS/MS experiments aimed at correlating the dynamic behavior of the Pt-hydrides in 

different reaction conditions with the electronic and structural changes occurring at the Pt 

nanoparticles. To the best of our knowledge, such an approach was never applied to the study of 

H2-induced phenomena occurring on supported Pt nanoparticles.  

 

 

2. Experimental 

2.1 Catalyst synthesis and reduction procedures  

The 5wt% Pt/Al2O3 catalyst was prepared in the Chimet S.p.A. laboratories employing a high-surface 

area activated transitional alumina as a support (SSA = 116 m2 g1; pore volume = 0.41 cm3 g1), and 

following a deposition-precipitation method similar to the one reported by Kaprielova et al.59 After 

preparation, the sample was carefully water washed and dried at 120 °C overnight.  

For the INS experiment, Pt/Al2O3 (ca. 6.0 grams) was activated in dynamic vacuum (final 

equilibrium pressure Peq = 10-4 mbar) at 120 °C and successively reduced in a H2 atmosphere (two 

absorption/desorption cycles in hydrogen, absorption pressure: ca. 800 mbar, desorption pressure: 

dynamic vacuum), at the same temperature for about 1 hour, followed by a prolonged evacuation 

at the same temperature.  

For all the operando experiments, the catalyst activation and reduction were accomplished 

following two subsequent steps: 1) the catalyst was heated up to 120 °C (heating rate 5 °C/min) 

under an inert flow (N2 or He) and left at this temperature for ca. 30 minutes, in order to eliminate 

most of the physisorbed water; 2) the catalyst was treated at 120 °C in a H2/inert flow for ca. 15 

minutes. During this step, the platinum oxide phase is reduced forming water as a reduction by-

product, followed by formation of Pt-hydrides. We conducted several experiments by changing the 

total flow rate (in the range 10 - 50 mL/min) and the H2 concentration in the gas feed (2, 5, 10 

mol%). We found that these two variables do not change the phenomena occurring on the catalyst, 

but only the involved kinetics (see below).  
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2.2 Methods 

2.2.1 High Resolution-Transmission Electron Microscopy (HR-TEM) 

High Resolution Transmission Electron Microscopy (HR-TEM) analysis was performed by means of a 

JEOL 3010-UHR TEM microscope operating at 300 kV, equipped with a LaB6 filament, with a 2k x 2k 

pixels Gatan US1000 CCD camera and with an OXFORD INCA EDS instrument for atomic recognition 

via Energy Dispersive Spectroscopy. The sample was quickly deposited (in the dry form, i.e. without 

using any solvent) on a copper grid covered with a lacey carbon film. Histogram of the Pt particle 

size distribution was obtained by considering a statistical representative number of particles on the 

HR-TEM images (more than 700), and the mean particle diameter (dm) was calculated as 

<d m>=
∑ dini

∑ ni
, where ni is the number of particles of diameter di.

16 

 

2.2.2 Inelastic Neutron Scattering (INS) 

The INS measurements were performed on the LAGRANGE spectrometer at the ILL facility in 

Grenoble (France).60 LAGRANGE is a high resolution filter spectrometer facing an hot 

moderator allowing the collection of spectra in the 5-525 meV (40-4234 cm-1) energy 

transfer range with a resolution of ΔE/E of about 2%. The INS spectra were recorded at 20 K 

to reduce thermal effects that broaden the spectral features. The raw data are opportunely 

reduced to the scattering function S(ω) plotted versus energy transfer (in units of cm-1). The 

INS spectra were collected in the whole available range, by properly merging the ranges 

acquired with three different monochromators: Si(111) for the 7.5-20.0 meV range, Si(311) 

for the 16.0-30.7 meV range, and Cu(220) for the 26.0-525.0 meV range. The integral of the 

counts of the three data collections in the two overlapped regions have been used to obtain 

a unified properly normalized spectrum in the whole range. 

After activation, a weighted amount of the sample in the powder form was inserted in a 

volume-calibrated cylindrical shaped Al-cell (4 cm high, 16 mm of diameter) within an Ar-filled 

glovebox to avoid exposure to air. The cell was sealed with an indium-wire, connected to a gas 

injection stick and inserted into a CCR cryostat. The Ar contained in the cell was evacuated and the 

sample was cooled down to 20 K and a first spectrum of the bare activated sample in vacuum was 

recorded. Successively, the stick was removed from the cryostat and warmed up to room 

temperature. Hydrogen was dosed at room temperature by means of a Hiden Isochema gas 

volumetric device, at an equilibrium pressure of 420 mbar. The sample was cooled again at 20 K, 

and the INS spectrum in the presence of hydrogen was collected. 

 

2.2.3 Operando FT-IR spectroscopy 

For the operando FT-IR measurements, ca. 10 mg of the undiluted Pt/Al2O3 catalyst were pressed 

into self-supported pellet and placed inside a commercial FT-IR reactor cell (AABSPEC, no. 2000-A 

multimode), which allows recording the FT-IR spectra under controlled temperature and gas 

atmosphere. The FT-IR spectra were recorded every 60 sec during the reduction step, and every 5 

minutes during the successive treatment in N2 flow. The FT-IR spectra were recorded in 

transmission mode, at a resolution of 2 cm–1, on a Perkin-Elmer System 2000 spectrophotometer 

equipped with a MCT detector. 
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2.2.4 DRIFT/XAS/MS  

Operando DRIFT/XAS/MS experiments were carried out at the BM23 beamline61 of the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France). Combined Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy (DRIFT), X-Ray Absorption Spectroscopy (XAS) and Mass 

Spectrometry (MS) experiments were performed using a low-volume cell developed at BM23/ID24 

for transient experiments.62 The cell was coupled to a Varian 680 FT-IR spectrophotometer 

equipped with a high-sensitivity MCT detector.  

The Pt/Al2O3 catalyst (ca. 5 mg) was loaded in the powder form into a cylindrical channel in the 

sample holder ca. 1 mm in diameter, with two thin glassy carbon windows to ensure the X-Ray 

beam passing through the sample. The dimension of the channel holder was selected to maximize 

the quality of the XAS spectra. The sample holder was then placed inside the cell, that was sealed 

on the top with a CaF2 IR-transparent window. The cell was resistively heated, monitoring the 

sample temperature by a thermocouple inserted in the cell body. The loaded cell was then 

mounted into a dedicated infrared optical system designed for DRIFT measurements and connected 

to the gas line. The outlet was connected to a Balzers Prisma MS via a stainless-steel capillary kept 

at a temperature of 423 K, allowing the detection of a number of pertinent masses at each 

experiment.  

The DRIFT spectra were collected continuously during the XAS measurements, from 900 to 

4000 cm1, at 4 cm1 resolution. Each spectrum (128 scans) required 160 seconds to be recorded. 

The spectra were collected in reflectance mode and successively converted into F(R) (Kubelka-

Munk). The background was acquired in the same configuration using powdered KBr as a reference.  

For Pt L3-edge XAS, the white beam was monochromatized using a double-crystal Si(111) 

monochromator and harmonic rejection was performed by using two flat Si mirrors (grazing angle 

of 2 mrad). The spectra were acquired in transmission using ion chambers for the detection of the 

reference (I0) and transmitted (It) X-rays. A third ionization chamber recorded a Pt foil reference for 

energy calibration. The XAS spectra were recorded at the Pt-L3 edge (11564 eV) with a beam size of 

ca. 800 x 100 μm (HxV) through the cell. The energy range was scanned from 11400 eV to 12500 

eV, with an energy step of 5 eV and an integration time of 1 s/point in the pre-edge region, 0.5 eV 

step and 3 s/point in the XANES region, while the step in the EXAFS region was chosen to obtain a 

0.04 Å−1 step in the k-space with the acquisition time increasing quadratically with k from 3 to 8 

s/point. Each spectrum required an acquisition time of about 18 minutes as a compromise between 

fast acquisition and quality of the spectra.  

 

2.2.5 XAS data analysis  

The XANES spectra were aligned and normalized with the Athena software,63,64 by means of 

standard procedures. EXAFS data analysis was performed using the Arthemis software.63,64 The 

k2
(k) functions were Fourier transformed (FT) in the k = 2.6-13.0 Å-1 interval. The first-shell fits 

were performed in the R space (ΔR = 1.0 - 3.5 Å), resulting in a number of independent parameters 

nind = 2kR/ larger than 16, a value that gives good confidence for a single shell fit.  

A preliminary fitting analysis was performed by varying the following parameters: the 

coordination number (N), the Pt-Pt interatomic distance (R), the correction to the threshold energy 



7 
 

(ΔE0) and the Debye-Waller factor (σ2). The third-order cumulant, which takes into account the 

anharmonic correction to the interatomic pair potential, was also included in the analysis, following 

the indication of previous works.22,23 The passive electron amplitude reduction factor (S0
2) was fixed 

to 0.80(4), as obtained by analysing the Pt reference foil. The coordination numbers (N) have been 

obtained by multiplying the amplitude determined by the fit for the first-shell coordination number 

in platinum bulk (12), and dividing it for the S0
2 value. Phase and amplitudes were calculated by 

FEFF6.0 code65 using as input the structure of Pt bulk. In order to limit the number of variables, the 

fit was performed simultaneously on four spectra collected under different H2 coverage at the same 

reaction temperature (120 °C). Multiple-scattering paths were not included, since the data analysis 

was limited to the first coordination shell and the first-neighbour single-scattering path is well 

isolated from single- and multiple-scattering paths at longer distance. On the basis of this first 

analysis a second series of fit were performed, where the σ2 were fixed to increasing values from 

0.007 to 0.011 Å2 while a single ΔE0 value was fit across the four H2 coverages. Advantages and 

disadvantages of the two fitting strategies are described in more details in the main text.  

 

 

3. Results and Discussion 

 

3.1 Preliminary characterization of the Pt/Al2O3 catalyst 

Figure 1 shows a representative HR-TEM micrograph of Pt/Al2O3. Very small Pt nanoparticles, 

homogeneously distributed on the support, and with an almost spherical shape and a regular size 

are observed. Most of them have a diameter smaller than 2 nm.  

 

 
Figure 1. Representative HR-TEM micrograph of Pt/Al2O3 and corresponding particle size distribution (inset). 

Instrumental magnification 200000X. 

 

The particle size distribution and the average particle size were determined by analysing more than 

700 particles. The estimated average particle size is 1.4 ± 0.4 nm, which is in fair agreement with 
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the nominal dispersion D = 63 %, as determined by means of H2/O2 titration method.66 Such kind of 

particle size distribution has been demonstrated to be narrow enough to ensure that EXAFS 

characterization is representative of the whole distribution of particles.25,26 

 

3.2 n-fold coordinated Pt-hydrides as detected by Inelastic Neutron Scattering (INS) 

The Pt/Al2O3 system in the presence of H2 was investigated with the Incoherent Inelastic Neutron 

Scattering (INS) technique. Figure 2a shows the INS spectrum of reduced Pt/Al2O3 in the absence 

(black) and in the presence (red) of H2 (PH2 e.p. = 420 mbar). Both spectra have been collected at 

20 K. The two spectra are dominated by an intense peak centred around 905 cm1 (with a shoulder 

at 760 cm1) and by a series of overlapping bands at ca. 640 and 550 cm1, which are all assigned 

to deformation modes of hydroxyl groups at the alumina surface.67 Figure 2b shows the difference 

between the two spectra, S(Q,), that is the INS spectrum of hydrogen chemisorbed on the 

catalyst. Indeed, the absence of relevant porosity in the alumina support prevents the observation 

of physisorbed hydrogen, as reported for example for Pt/C catalysts at comparable H2 equilibrium 

pressure.58 The S(Q,) spectrum is characterized by two series of bands having a broad envelope: 

1) the most intense signals are in the range 400-800 cm-1 (maxima at 470, 535, 590, 670, 750 

cm1); 2) a second group of bands having medium intensity is observed in the range 800-1200 

cm1.  

 
Figure 2. Part a): INS spectra of the reduced Pt/Al2O3 catalyst in the absence (black) and in the presence (red) of 420 

mbar of H2. Part b): Difference between the two spectra reported in part a).  

 

According to the literature,54,56,57,68,69 all these bands are due to Pt-H vibrations of n-fold 

coordinated (bridged, hollow and 4-fold coordinated) Pt-H species. Bands in similar positions were 

previously reported for platinum hydrides on Pt single-crystals,69 on 40wt% Pt/C catalysts,54,56,57 

and very recently by some of the authors on a very low loaded, industrially relevant, 5wt% Pt/C 
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catalyst having a particle size comparable with our Pt/Al2O3.58 The exact assignment of these bands 

is challenging and would require an accurate modelling of the Pt nanoparticles in the presence of 

hydrogen, which will be the subject of a successive work. The important message to retain here is 

that INS clearly reveals the presence of variable n-fold coordinated platinum hydrides even in low 

loaded catalysts. 

 

3.3 The formation of linear Pt-hydrides and their evolution upon dehydrogenation, as monitored by 

operando FT-IR spectroscopy  

A series of preliminary FT-IR measurements during hydrogen adsorption/desorption cycles 

on Pt/Al2O3 were performed by using the FT-IR operando set-up described in the Experimental 

section. Figure 3a shows the FT-IR spectra of the catalyst before (black) and after (red) the 

reduction step. The two spectra are dominated by an intense and very broad absorption band 

centred at ca. 3500 cm1, which is due to the (OH) of the hydroxyl groups at the alumina surface. 

Due to the relatively low activation temperature (120 °C), the fraction of the surface OH species is 

large, and they interact with each other’s via hydrogen-bonding. The spectra are cut below 1000 

cm1, where the intense vibrational modes of the alumina framework saturate the detector. For this 

reason, the absorption bands ascribed to n-fold coordinated Pt-H species (detected by INS) cannot 

be detected by means of FT-IR spectroscopy. The spectrum collected at the end of the reduction 

step (red) shows a small amount of physisorbed H2O ((OH) at ca. 3500 cm1 and (HOH) at ca. 

1630 cm1), which derives from the reduction of the supported PtOx phase, and a series of very 

weak bands in the 2200 – 1700 cm1 range. This spectral region is magnified in Figure 3b, that 

shows the spectra collected during the reduction of the Pt/Al2O3 sample after subtraction of the 

spectrum prior to H2 dosage. Four absorption bands (labelled as I, II, III, and IV) are clearly 

observable at 2115, 2041, ca. 1990 and ca. 1740 cm1, respectively. All these bands gradually grow 

in intensity during the reduction step, and then reach a steady state situation. According to the 

literature,47,48,50,51,70 the 2115 cm1 band is attributed to a weak linearly adsorbed hydride, whereas 

the two bands at 2041 and 1990 cm1 are related to strongly adsorbed linear hydride species. The 

difference between these two strongly adsorbed species was never clarified in the literature, but it 

might be related to the type of environment around the hydride. A linear hydride strongly adsorbed 

nearby another hydride (either linear or n-fold coordinated) might indeed vibrate differently than 

an isolated linear one. Finally, the band at ca. 1740 cm1 was never discussed in the literature. We 

anticipate that it might be assigned to linear platinum hydrides in interaction with the Lewis acid 

sites exposed at the alumina surface. Hence, this band is strictly correlated with the interface 

between the platinum nanoparticle and the support.  

It is worth noticing that as expected these bands are very weak, because of the rather weak 

dipole moment associated to the stretching mode of linear Pt-H species. This is the reason why the 

observation of Pt-H hydrides by FT-IR spectroscopy has been limited so far, and often 

questioned.49,52 In particular, one of the most frequent criticisms is that the observed bands might 

be due to chemisorbed CO eventually present as an impurity in the H2 feed. To be sure that the 

observed bands are really related to hydride species and not to chemisorbed CO as reported in 

some cases in the literature,70 a further experiment was performed by dosing deuterium after the 
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reduction step in H2 (Figure 3c). The FT-IR spectrum of Pt/Al2O3 drastically changes, because about 

half of the surface OH groups undergo exchange with deuterium, hence the ν(OH) absorption band 

at ca. 3500 cm1 shifts to 2600 and the δ(OH) band at ca. 1070 cm1 downward shifts to the 

spectral region dominated by the alumina framework modes. On top of this, four bands are 

observed at 1515, 1465, 1422 and 1220 cm1 (Figure 3d), corresponding to bands I, II, III and IV in 

Figure 3b.  

 

 

 
Figure 3. Part a): FT-IR spectra of the Pt/Al2O3 catalyst before (black) and after (red) the reduction step, accomplished in 

a H2/N2 flow (10% H2, 20 mL/min). Part b): magnification of the 2200-1700 cm1
 range, where linear Pt-hydrides 

contribute to the spectra. The spectra in part b) are reported after subtraction of the spectrum prior reduction (black 

curve in part a). Part c) FT-IR spectra of the Pt/Al2O3 catalyst after the reduction step (black), and the effect of dosing D2 

(red). The spectrum in part d) is the difference between the two.  

 

The four bands are isotopically shifted by a factor of ca. 1.39, confirming the assignment to hydride 

species.48 The relative intensity of the four bands is slightly different, but this can be due to the 
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change of the profile of the overall spectrum. The Pt-H bands in the 2150 – 1750 cm-1 region do not 

disappear completely in the presence of D2, suggesting that the H-D exchange is subjected to a 

complex equilibrium. 

After the reduction step, the gas feed composition was switched to pure N2 at the constant 

temperature of 120 °C. Figure 4a shows the evolution of the FT-IR spectra collected in these 

conditions as a function of time in the form of a 2D map (the intensity increases from blue to red), 

while Figure 4b shows three selected spectra in the map. The band at 2115 cm1 (species I) 

immediately disappears, proving that it is associated with a very weakly adsorbed Pt-H species, 

which is stable only in the presence of a H2 atmosphere. The other three bands, instead, evolve in a 

counterintuitive way. In particular, the two bands at 2041 and 1990 cm1 (species II and III) slowly 

increase reaching approximately the double of their original intensity after around 235 minutes, 

while the band at ca. 1740 cm1 (species IV) remains almost unchanged. After reaching the 

maximum, all the three bands rapidly disappear.  

 

 

Figure 4. Part a): 2D map showing the evolution of the FT-IR spectra as a function of time for the Pt/Al2O3 catalyst 

during dehydrogenation in N2 flow (20 mL/min) at 120 °C. The previous reduction step was accomplished in the 

presence of 10 mol% H2 in N2. The intensity increases from blue to red. Part b): Three FT-IR spectra selected at specific 

times (1, 2 and 3 in the 2D map shown in part a). The four bands are labelled as I, II, III and IV (see main text for further 

discussion). The spectra are shown after subtraction of the spectrum of the catalyst at 120°C before reduction, in the 

2150-1850 cm1
 range. Part c): Evolution of the intensity of the band at 2041 cm1

 (species II, dotted vertical line in part 

b) as a function of time, for the spectra shown in part a (20 ml/min, red curve), and for a similar experiment performed 

with a higher flux (50 mL/min, blue curve).  

 

Similar experiments were performed by changing either the H2 concentration during the 

reduction step and/or the total flow rate. The FT-IR spectra evolve in the same way, although with a 

different velocity. In general, a higher H2 concentration in the flow caused longer dynamics, while a 

higher total flow rate was responsible of a shortening. As an example, Figure 4c shows the evolution 

of the intensity of the band at 2041 cm1 (species II) as a function of time for two experiments 

performed at the same H2 concentration (10 mol%) but at a different total flow rate (50 mL/min 

and 20 mL/min). It is evident that the evolution has the same character, but occurs much faster at 

50 mL/min. The reason for these differences has to be ascribed to the experimental set-up. Indeed, 
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our operando FT-IR cell is characterized by a large dead-volume that, once filled with hydrogen 

during the reduction step, requires time before being completely cleaned by N2. In other words, our 

experimental set-up allowed serendipitously decreasing the hydrogen partial pressure in the cell at 

a very slow speed, thus permitting to follow the dynamic of the platinum hydrides as a function of 

the hydrogen coverage. The evolution of our FT-IR spectra is in very good agreement with the 

theoretical model proposed by Raybaud and Sautet19, according to which a decrease in the 

hydrogen partial pressure is responsible of a reconstruction of the Pt particles from a cuboctahedral 

morphology prevalently solvated by n-fold coordinated (bridged and hollow) hydrides, to a biplanar 

morphology mostly covered by linear hydrides. The model predicts that during the reconstruction 

of the Pt particles, the relative concentration of the linearly adsorbed hydrides (visible by FT-IR 

spectroscopy) should increase at the expenses of the n-fold adsorbed hydrides (which are invisible 

by FT-IR spectroscopy, but clearly detected by INS, Figure 2). The theoretical model also predicts 

the existence, in a large range of hydrogen coverages, of hydrogen at the interface between the Pt 

cluster and the support, corroborating our assignment of the absorption band at ca. 1740 cm1 to 

platinum hydrides in interaction with alumina. Our FT-IR data fit very well also with the simpler 

three-site model proposed earlier by Koningsberger.35 At the maximum hydrogen coverage, the Pt 

particles are covered by adsorbed “on-top” hydrides (species I) and n-fold coordinated hydrides 

(not visible by IR). Upon decreasing the H2 coverage, the “on-top” hydrides are easily removed and 

the n-fold coordinated hydrides slowly transform themselves into “atop” species, causing the 

appearance and the transient increase in the intensity of bands II and III.  

 

3.4 A simultaneous DRIFT/XAS/MS experiment  

3.4.1 Experimental results 

In order to validate our interpretation, we designed an ad hoc DRIFT/XAS/MS experiment to 

investigate the evolution of the FT-IR bands ascribed to linear Pt-hydrides and at the same time the 

electronic and structural changes occurring at the Pt particles upon decreasing the hydrogen 

coverage. The main difficulty in coupling DRIFT and XAS spectroscopies in this particular case 

resides in the unequal time requested for the collection of a single spectrum: the collection of a 

good DRIFT spectrum requires around two minutes, while that of a high-quality XAS spectrum in 

both XANES and EXAFS regions requires 18 minutes. Thus, it was of pivotal importance prolonging 

the duration of the hydrogen removal step in order to collect a significant number of good-quality 

XAS spectra during the Pt particle reconstruction. This problem was overcome by adding to the set-

up, prior to the measurement cell and tangential to the flow, a dead volume filled with the same 

hydrogen concentration adopted during the hydride formation step (10 mol%). The dead volume 

was left open during the dehydrogenation treatment under He flow at 120 °C, so that a tiny and 

gradually decreasing amount of H2 was constantly stripped by He. The result was that, after a first 

sudden drop, the H2 concentration in the feed decreased very slowly, as detected also by MS at the 

outlet of the cell (Figure 5a). Only after closure of the dead volume, the H2 concentration in the 

feed rapidly fell down to zero (and the m/Z =2 mass detected by MS reached the end of scale 

value).  

Figure 5b shows the evolution of the DRIFT spectra, in the form of a 2D map, for the 

Pt/Al2O3 catalyst during the dehydrogenation step, while Figure 5c shows four selected spectra in 
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the map. The evolution of the absorption bands attributed to linear Pt-H species is even more 

complex than that observed during the operando FT-IR experiments in transmission mode (Figure 

4a), likely as a consequence of the longer dynamics. However, the general behaviour is the same. 

Band I rapidly disappears, while bands II and III slowly increase up to double their original intensity, 

although at a different rate. A change in the relative intensity of bands II and III is observed with 

time, with band III prevailing at longer dehydrogenation times (i.e. at lower hydrogen 

concentration). After closing the dead volume, bands II and III reach the maximum, and then rapidly 

disappear. Band IV is the less affected by the whole dehydrogenation process, and remains almost 

unchanged in intensity until the end when it disappears swiftly as bands II and III.   

 

Figure 5. Part a): Evolution of the signal corresponding to H2 (m/Z=2) as detected by the mass spectrometer placed at 

the outcome of the reaction cell. Part b): 2D map showing the evolution of the DRIFT spectra as a function of time for 

the Pt/Al2O3 catalyst during dehydrogenation in N2 flow (20 mL/min) at 120 °C, for the operando DRIFT/XAS/MS 

experiment. The reduction step preceding the dehydrogenation was accomplished in the presence of 10 mol% H2 in N2. 

The intensity increases from blue to red. Part c): Four FT-IR spectra selected at specific times (1, 2, 3 and 4 in the 2D 

map shown in part b). The spectra are shown after subtraction of the spectrum of the catalyst before reduction, in the 

2150-1850 cm1
 range. 

 

Figure 6 shows the XAS spectra collected simultaneously to the DRIFT and MS spectra 

previously discussed. The dehydrogenation induces relevant changes in the Pt L3-edge XANES 

spectrum of the catalyst (Figure 6a). Either the shape and the intensity of the white-line are 

affected. Specifically, the white-line is shifted to lower energy upon decreasing the hydrogen 

coverage, and becomes sharper (inset in Figure 6a). This is a typical phenomenon well known in the 

literature, which has been explained mainly in terms of an electronic effect of the 

adsorbate.18,22,24,27-30,34-42 Spectrum 4 is collected at the end of the dehydrogenation step and can 

be considered as representative of bare platinum nanoparticles. As far as the EXAFS part of the 
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spectra (Figure 6b-c) is concerned, the dehydrogenation process induces a small, but well visible 

decrease in the intensity of the first shell contribution to the FT, and a shift towards shorter 

distances, which more visible by looking to the imaginary part of the FT (Figure 6c).  

 
Figure 6. Part a): Evolution of the normalized Pt L3-edge XANES spectra of the Pt/Al2O3 catalyst during dehydrogenation 

in N2 flow (20 mL/min) at 120 °C, collected during the operando DRIFT/XAS/MS experiment (E0 = 11564 eV). The inset 

shows a magnification of the white-line region. Part b): Modulus of the Fourier-transforms of the k
2
-weighted EXAFS 

signals collected along with the XANES spectra reported in the part a. The experimental signals (dotted) are overlapped 

to the first shell fits (full line). Part c): the same as part b, for the imaginary part of the Fourier Transforms. Spectra 1-4 

closely correspond to the DRIFT spectra 1-4 in Figure 5.  

 

3.4.2 EXAFS data analysis 

As widely documented in the literature, the EXAFS data analysis of nanometric and sub-nanometric 

Pt particles in the presence of adsorbates should be done with caution, since it is difficult to 

discriminate between the effects of temperature, particle size and disorder, based on the 

magnitude of the FT alone.25,26  

As a first attempt, the fit was performed simultaneously on the four spectra collected under 

different H2 coverage at the same temperature (Figure 6bc), by varying ΔE0, N, R, σ2, and the third 

cumulant. The results are summarized in the first part of Table 1. Without chemisorbed hydrogen 

(spectrum 4), the Pt-Pt interatomic distance R is 2.70(2) Å. Thus, the Pt-Pt bond is contracted by 

0.074 Å compared to bulk Pt (Reff = 2.774 Å), corresponding to R = 2.7 %. Contraction values up 

to 0.10 Å have been reported for particles having similar size.22,23,71 The mean Pt-Pt bond relaxes in 

the presence of chemisorbed hydrogen reaching the value R = 2.74(1) Å (R = 1.2 %) for spectrum 

1. This is also well documented in the literature and is explained in terms of the electron-

withdrawing properties of chemisorbed hydrogen, that leads to a reduced electron density among 

the platinum atoms.22 The interpretation of the coordination number N and of the Debye-Waller 

factor σ2 is more delicate. Without chemisorbed hydrogen (spectrum 4), the Pt nanoparticles are 

characterized by N = 8.0(8) and σ2 = 0.0105(9) Å2. Although these values look reasonable, the trend 

across the spectral series does not. Indeed, N does not vary within the experimental error and the 

experimentally observed decrease in the amplitude of the FT is all accounted for by σ2, that drops 
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to 0.0085(5) Å2 for spectrum 1 (i.e. σ2 = -19%). These results are doubtful because the change in 

σ2 values look much larger than expected. In this respect, it is useful to recall that σ2 contains a 

static (σ2
s) and a dynamic (σ2

d) part, σ2=σ2
s+σ2

d. As demonstrated by Sanchez et al.,26 the static part 

σ2
s depends on both the particle size and the type of adsorbate. For example, for 1.1 nm Pt 

nanoparticles (similar to 1.4 nm particles in the current work) σ2
s was reported to be 0.0045(2) Å2 in 

He and 0.0037(2) Å2 in H2 atmosphere (extrapolated close to 0 K from σ2(T) curve), indicating that 

H-passivation induces a strong ordering in the Pt nanoparticles. On the other hand, the dynamic 

part of the Debye-Waller factor, σ2
d, depends on both the temperature and the adsorbate. In 

particular, it was demonstrated that σ2
d increases with temperature more rapidly in H2 than in He.26 

The consequence for Pt nanoparticles is that, although σ2
s measured in H2 is lower than that 

measured in He, for temperatures above a certain threshold the total σ2 measured in H2 starts to 

exceed that measured in He. This threshold is very close to 120 °C for 1.1 nm Pt nanoparticles, 

meaning that at this temperature the total σ2 of hydrogenated and bare particles should be very 

similar to each other. Indeed, from the data of Sanchez et al. the expected difference between the 

two σ2 is less than 10-4 Å2, which is well below our fitting error.26 

 
Table 1. Results of the first shell EXAFS data analysis for spectra 1-4 reported in Figure 6. The fits were performed 

simultaneously in the R space (ΔR = 1.0 - 3.5 Å, Δk = 2.6 - 13.0 Å
-1

, resulting in 2kR/ = 16.55), following two 
approaches. At first, we varied the correction to the threshold energy (ΔE0), the first shell Pt-Pt coordination number 
(N), the Pt-Pt interatomic distance (R), the Debye-Waller factor (σ

2
), and the third cumulant (σ

3
). In a second moment, 

we fit a single ΔE0 common to the four spectra, and we fixed σ
2
 to increasing values in the 0.007 – 0.011 Å

2
 range. We 

report here the results of the best fit, obtained for σ
2
 = 0.009 Å

2
. The results of the other fits are summarized in Figure 

7.  

FIRST FITTING APPROACH – Rfactor = 0.012 

Spectrum ΔE0 (eV) N R (Å) σ2 (Å2) σ3 10-4 (Å3) 

1 5.7(6)  8.0(5) 2.738(9) 0.0085(5) 0(1) 

2 5.6(5)  7.7(5) 2.717(8) 0.0086(4) 0(1) 

3 5.9(9)  8.0(7) 2.71(1) 0.0094(8) 2(2) 

4 5.7(9)  8.0(8) 2.70(2) 0.0105(9) 2(2) 

SECOND FITTING APPROACH – Rfactor = 0.015 

Spectrum ΔE0 (eV) N R (Å) σ2 (Å2) σ3 10-4 (Å3) 

1 

5.7(3) 

8.4(3) 2.737(7) 

0.009 

0(1) 

2 8.1(2) 2.722(6) 0(1) 

3 7.7(4) 2.711(9) 1(1) 

4 7.0(4) 2.702(9) 1(2) 

 

The consideration above, and the observation of a very strong correlation between N and σ2 

in our fit, induced us to use another, more conservative, approach in analysing the EXAFS data, 

starting from the assumption that for 1.4 nm Pt nanoparticles measured at 120 °C we do not expect 

σ2 to vary with any statistical significance with the H2 concentration. On this basis, we performed a 

series of fit by varying ΔE0, N, R, and the third cumulant, and fixing σ2 at different values in the 

0.007 – 0.011 Å2 range. The main results are summarized in Figure 7, that shows the behaviour of N 

and R as a function of the H2 coverage (decreasing from spectrum 1 to spectrum 4), and the R-

factor of all the fits. It is evident that the behaviour of N and R across the spectral series is the same 
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irrespective of σ2: N decreases of ca. 20% during the dehydrogenation (from spectrum 1 to 

spectrum 4), and R decreases of ca. 1.3%. Considering the Rfactor trend, σ2= 0.009 Å2 is a well-

behaved absolute minimum for the fit. The corresponding fitted parameters are reported in the 

second part of Table 1.  

 

 
Figure 7. Summary of the results of the EXAFS data analysis on spectra 1-4 reported in Figure 6bc, performed by varying 

ΔE0, N, R, and the third cumulant, and fixing σ
2
 at different values in the 0.007 – 0.011 Å

2
 range. Parts a) and b) show 

the behaviour of N and R across the spectral series, while part c) reports the quality of the fits (Rfactor) as a function of σ
2
.  

 

The validity of this approach is testified by the fact that the coordination number N 

estimated by considering the average particle size as determined by HR-TEM72,73 and assuming a 

truncated cubo-octahedral model (which is the shape more similar to that expected for 

dehydrogenated particles)19 is 7.6, that is just 8% above the N value determined by EXAFS in the 

absence of H2. 

Overall, the spectroscopic data discussed so far and the detailed EXAFS data analysis clearly 

demonstrate that the Pt nanoparticles in our Pt/Al2O3 catalyst undergo a slow and progressive 

reconstruction upon hydrogenation/dehydrogenation, in very good agreement with theoretical 

predictions.19 XANES and EXAFS techniques were already largely adopted in the past to 

demonstrate this effect, and our data reproduce those present in the literature. However, the 

novelty of our work is the simultaneous observation of what happens at the surface of the Pt 

nanoparticles. The DRIFT spectra collected synchronously to the XAS ones reveal for the first time 

which kind of platinum hydrides are present at each moment of the dehydrogenation step. 

Interestingly, species IV survives for prolonged time (i.e. also at low hydrogen coverage), suggesting 

that the platinum hydrides at the Pt/Al2O3 interface are quite stable irrespective of the particle 

morphology. We will see in the following that the observation of what happens at the surface of the 

Pt nanoparticles will be particularly relevant during the catalysis.  

 

3.5 The behaviour of Pt-hydrides during the hydrogenation of toluene  

We also investigated the structural and surface dynamics of the Pt nanoparticles in Pt/Al2O3 

applying the same DRIFT/XAS/MS approach described above, during the catalytic hydrogenation of 

toluene to methylcyclohexane. The reaction was selected as a model for catalytic hydrogenation of 

substituted benzenes, because toluene has a high vapor pressure (i.e. it is easily extracted from the 

liquid phase by an inert flow also at room temperature) and because the IR absorption bands 
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characteristic of reagents and products are clearly discernable and do not overlap with the ν(Pt-H) 

features we want to monitor. After the reduction step, the 10% H2 in He flow (20 mL/min) was used 

to strip toluene vapours from a saturator, and DRIFT/XAS/MS data were collected continuously for 

ca. 1 hour. We selected the aforementioned conditions in order to be far enough from the 

stoichiometric toluene hydrogenation; in this way, we are sure to avoid the total depletion of the 

Pt-hydride species that we are interested in during the reaction. The DRIFT and MS results are 

summarized in Figure 8, while the XANES and EXAFS results are shown in Figure 9.  

 

 

Figure 8. Part a): Evolution of the signals corresponding to H2 (m/Z=2), toluene (m/Z=91) and methylcyclohexane 

(m/Z=55), as detected by the mass spectrometer placed at the outlet of the reaction cell. Part b): 2D map showing the 

evolution of the DRIFT spectra as a function of time for the Pt/Al2O3 catalyst during hydrogenation of toluene to 

methylcyclohexane at 120 °C. The reduction step preceding the reaction was accomplished in the presence of 10 mol% 

H2 in He. The intensity increases from blue to red. Part c): FT-IR spectra selected at specific times as indicated in the 2D 

map shown in part b). The spectra are shown after subtraction of the spectrum of the catalyst before reduction, in the 

2150-1850 cm1
 range. 

The MS data (Figure 8a) indicate that toluene conversion starts instantaneously and 

proceeds at a constant rate for the whole investigated time. At the same time, relevant changes are 

observed in the DRIFT spectra (Figure 8b-c): bands I and II immediately disappear, while band III 

rapidly increases in intensity. In contrast, band IV is almost unaffected. The spectra remain then 

constant along the whole reaction. The reverse behaviour is observed when, after ca. 1 hour of 

reaction, toluene is removed from the reaction feed. Band III decreases in intensity, and band II and 

I are restored again. The spectrum collected in these conditions (spectrum 3) is almost equal to that 

collected before the onset of the reaction (spectrum 1). Interestingly, no changes are observed 

neither in the XANES spectra (Figure 9a) nor in the EXAFS ones along all the reaction time (Figure 

9b-c). This univocally demonstrates that, in the adopted experimental conditions, the Pt 

nanoparticles are structurally and electronically stable during the whole reaction time.  
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Figure 9. Part a): Evolution of the normalized Pt L3-edge XANES spectra of the Pt/Al2O3 catalyst during hydrogenation of 

toluene to methylcyclohexane at 120 °C, collected during the operando DRIFT/XAS/MS experiment (E0 = 11564 eV). The 

inset shows a magnification of the white-line region. Part b): Modulus of the Fourier-transforms of the k
2
-weighted 

EXAFS signals collected along with the XANES spectra reported in part a. Part c): the same as part b, for the imaginary 

part of the Fourier Transforms. Spectra 1-3 closely correspond to the DRIFT spectra 1-3 in Figure 8 (i.e. spectrum 1 is 

collected before introducing toluene in the reaction feed, spectrum 2 during the toluene hydrogenation reaction, and 

spectrum 3 after removal of toluene from the reaction feed).  

Taken as a whole, these results indicate that, under the adopted experimental conditions, 

the changes occurring at the Pt surface during the catalysis are not accompanied by a change in the 

structure and morphology of the Pt nanoparticles. Moreover, the DRIFT data shown in Figure 8bc 

suggest that only a fraction of the platinum hydrides are directly involved in the hydrogenation 

reaction. Species I, which are the weakly adsorbed hydrides (hence more available), are 

immediately consumed and no more observed during the reaction, a behaviour that indicates their 

direct participation to the reaction. The destiny of species II is less straightforward. Indeed, also 

band II immediately disappears as soon as toluene reaches the sample. However, a careful 

inspection to the sequence of the spectra suggests that it is converted into band III. Indeed, an 

isosbestic point is observed at 2006 cm1. Hence, in the presence of toluene, the strongly adsorbed 

hydrides of type II are converted into hydrides of type III. This is the same effect observed during 

the dehydrogenation, when band III increases in intensity at the expenses of band II (Figure 5b-c). 

This evidence further corroborates the assignment of bands II and III to very similar strongly 

adsorbed “atop” platinum hydrides that differ in terms of the surface environment. Species III is 

more isolated than species II, and hence is favoured in the presence of toluene, that competes for 

the adsorbing sites at the platinum surface. Finally, species IV seems unaffected by the occurrence 

of the reaction, as also observed during the dehydrogenation. Even though the majority of the 

observed linear Pt-hydrides do not participate directly to the hydrogenation reaction (i.e. they are 

not used to hydrogenate the substrate), they play a fundamental role, maintaining the Pt 

nanoparticles shape along the reaction.  
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4. Conclusions 

It is a well-known phenomenon that supported Pt nanoparticles subjected to hydrogenation 

conditions undergo electronic and morphological reconstructions depending on a range of 

parameters, among which the employed support, the adopted temperature and pressure, the 

atmosphere composition and the hydrogen coverage. So far, the occurrence of these 

reconstruction phenomena has been predicted by theoretical calculation on different Pt-based 

systems,18,19,35 which are in good agreement with the structural and electronic information derived 

from EXAFS and XANES data. However, a complete experimental characterization of all the surface 

Pt-hydride species and of their dynamic behavior in different reaction conditions was still missing, 

despite its crucial importance in hydrogenation catalysis. In this work we have tried to fill this gap, 

by investigating an industrial 5wt% Pt/Al2O3 catalyst (average particle size of 1.4 ± 0.4 nm) under 

different hydrogenation/dehydrogenation conditions with a multi-techniques approach, including 

HR-TEM, INS and FT-IR spectroscopy, and synchronous DRIFT/XAS/MS.  

Shortly, we have been able to identify at the Pt surface both n-fold coordinated Pt-hydrides 

and four different types of linear Pt-hydrides characterized by different adsorption strength. We 

have observed experimentally the conversion of the n-fold coordinated hydrides into the linear 

ones upon decreasing the hydrogen coverage, and viceversa, and correlated it to the morphological 

and electronic reconstruction of the Pt nanoparticles, in fair agreement with the theoretical 

predictions.19 Even more important for the catalysis, we have demonstrated that only the weakest 

adsorbed hydrides (species I) are directly involved in the hydrogenation of toluene (chosen as a 

model hydrogenation reaction). All the other surface hydrides, however, play an indirect but 

fundamental role, since they maintain the Pt nanoparticles H-solvated, and hence electronically and 

morphologically stable during the reaction, avoiding the occurrence of deactivation processes.   

From a more general point of view, the data shown in this work clearly reveal how the 

catalytic phenomena occurring at metal nanoparticles arise from a delicate balance of electronic, 

geometric and surface properties. Understanding how to optimize all these features is of extreme 

importance to design increasingly performing catalysts, but it requires the concerted application of 

several complementary characterization techniques. In this respect, we wish to underline that each 

technique employed in this work, if taken as a single measurement, cannot lead to a complete 

picture of the whole problem. For example, XAS spectroscopy is not able to distinguish the surface 

Pt-hydride species directly involved in catalysis, while FT-IR and INS spectroscopies detect only a 

fraction of the surface Pt-H species and are unable to determine the structure and morphology of 

the Pt nanoparticles.  
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