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ARTICLE INFO ABSTRACT

Keywords: Hydrogen is among the most promising energy carriers and plays an important role on the way to sustainable
Platinum catalyst technologies. Platinum holds great promise for unlocking the potential of renewable hydrogen, as it is an
Hydrogen

essential component of proton exchange membrane technologies and in various hydrogenation reactions. For the
variety of applications of energy harvesting, conversion, and storage, the optimization and reduction of Pt
loading is crucial. In view of this, a platinum catalyst using a stable SiO5 support is synthesized to investigate the
adsorption/desorption behavior of hydrogen on platinum nanoparticles of different sizes, obtained by treating
the sample at different calcination temperatures. Pulsed chemisorption and subsequent temperature-
programmed desorption are described mathematically to obtain kinetic parameters. It is shown that higher
adsorption capacities could be obtained using smaller particles. However, for particles smaller than 2.4 nm,
higher Pt>" content decreases Hy adsorption. Adsorption inhibition due to the presence of monatomic Pt cannot
be excluded. The size of the Pt nanoparticles does not significantly affect the desorption/adsorption energy, but
there is evidence that the hydrogen adsorbed per Pt atom at the surface varies with size: about 1 for single crystal

Nanoparticle size
Temperature programmed desorption
Kinetic modelling

planes and 2 for nanoparticles <3 nm.

1. Introduction

In recent decades, energy demand has increased rapidly. Although
the use of fossil resources is declining, they are still an important source
of energy, making the use of renewable energy sources essential to meet
the ever-increasing demand for energy. One of the most prominent
technologies among the alternatives is hydrogen technology, which can
contribute significantly to carbon neutrality. Hydrogen is not only the
most abundant and simplest element in the universe, but also has the
highest energy content among existing energy sources and is therefore
considered a sustainable fuel. Moreover, its oxidation product consists
only of water, so it does not pollute the atmosphere [1,2].

Due to its unique chemical and physical properties, platinum plays
an important role in the hydrogen industry as it is a key element in
proton exchange membrane (PEM) technology. PEMs are used both in
electrolysis for hydrogen production as well as in hydrogen fuel cells, the
latter also being used to power electric vehicles, due to their low
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operating temperature and high efficiency [3-6]. In PEM fuel cells
platinum nanoparticles are used as the most effective catalyst currently
available for both the oxidation of hydrogen at the anode and the
reduction of oxygen at the cathode [3]. Both gasses are adsorbed and
dissociated into atoms, so one of the important parameters is also the
activation energy barrier of adsorption (Ea,gs) and the activation energy
of desorption (Eages) of a gas molecule on the catalyst. Reactants must
adsorb strongly enough to atomize, but also be able to desorb and not
block the active sites of the catalyst. Catalysts that bind hydrogen too
weakly are limited by hydrogen adsorption, while catalysts that bind
hydrogen too strongly are limited by hydrogen desorption [7]. Among
all metals, Pt has the best-known properties for the described phenom-
enon. In general, catalysts are supported on carriers to ensure homo-
geneous distribution of the catalyst [3,7,8]. Here, adsorption in the gas
phase was determined. Since solvation has a great influence on
adsorption in electrolysis, other investigations should be carried out for
this purpose. Platinum catalysts are widely used in industrial processes
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and in scientific research, especially for hydrogenations, hydro-
deoxygenations, and/or decarbonylations [9]. Moreover, the sustain-
able and environmentally friendly production of hydrogen is an
essential component of green energy. Currently, 96 % of the world’s
hydrogen is still produced from fossil resources [4]. The most promising
method for green hydrogen production is water electrolysis powered by
electricity from renewable energy sources [10]. High purity hydrogen
needed for storage and subsequent electricity generation can be pro-
duced using PEM electrolyzers. Most electrolyzers contain PEM and thus
platinum as an integral component [4,11]. Carbon-based Pt materials
are used for HER (hydrogen evolution reaction) because Pt gives
excellent HER activity and stability in acidic environment [12,13].

One of the biggest challenges in the transition to a hydrogen econ-
omy and thus in shaping a sustainable society is also the efficient and
safe storage of hydrogen. Currently established storage technologies,
such as pressurized liquid or gas storage, require heavy cylinders and/or
extremely low temperatures and therefore pose a safety risk [14]. In
recent years, research has focused on solid hydrogen storage materials
such as complex metal hydrides (e.g., LiBH4) [15] and metal-organic
frameworks (MOFs) [14]. Additional doping of the latter with rare
metals, particularly platinum or palladium, is expected to improve the
material’s ability to store hydrogen at ambient temperature. For
example, UiO 66 (Zr-terephthalate MOF) [16] doped with platinum
nanoparticles, Pt@ZIF-8/GO [17], and Pt-doped IRMOF-8 [18] have
shown improved hydrogen storage capacity due to hydrogen spillover
compared to undoped materials at room temperature. The kinetics of
hydrogen adsorption and desorption is a crucial parameter for
comparing different materials and their suitability for hydrogen storage
[14,16-19].

When hydrogen molecules are adsorbed on the surface of a platinum
catalyst, a dissociative chemisorption process takes place. Hydrogen is
molecularly chemisorbed onto platinum so that the antibonding c*
orbital of the hydrogen molecule is filled by electrons from the platinum
surface. After chemisorption, the hydrogen molecules dissociate on the
platinum surface [20]. Unfortunately, Pt-based catalysts are expensive,
so efforts have been made to reduce the Pt loading or to find an alter-
native to Pt-based electrocatalysts [21-23]. The amount of Pt used can
be reduced by proper use - it is important to understand the influence of
nanoparticle structure and size [23,24], as the findings could be
extended to other metals to optimize environmentally relevant reactions
such as methanol and ammonia synthesis. It was observed that Au
single-atom catalysts can be efficiently used for the CO PrOx reaction
(CO preferential oxidation) in the presence of Oy and Hy. With clustering
of Au atoms, the selectivity for this reaction decreased, leading to
parasitic Hy oxidation [25]. The size effect of the catalytic properties of
Pt nanoparticles was studied for quinoline hydrogenation, and a drastic
decrease in activity was observed when the size of Pt NP was decreased
to 0.7 nm [26]. However, to the best of our knowledge, there are no data
on Hj adsorption capacity and detailed kinetics measured at different Pt
particle sizes.

The focus of this study was to synthesise the platinum catalyst with
different NP (nanoparticle) sizes on a SiO5 support and to mathemati-
cally describe the adsorption and desorption of hydrogen on platinum to
better understand the underlying process and to compare the obtained
parameters between the materials. Extensive characterizations were
performed to understand the structure and chemistry of material,
including X-ray diffraction (XRD), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), scanning electron mi-
croscopy with energy dispersive spectroscopy (SEM-EDS), and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES). Pulsed
chemisorption followed by temperature programmed desorption (TPD)
was performed on each sample. To characterise the adsorption and
desorption behaviour, the data from TPD were then further analysed
using kinetic modelling, determining the kinetics of adsorption and
desorption. A quantitative structural/mechanistic understanding of the
adsorption/desorption of Hy onto/from Pt, while critical to a variety of

Renewable Energy 226 (2024) 120467

energy harvesting, conversion, and storage processes, has not been fully
consolidated or understood to date.

2. Results and discussion
2.1. Structural characterization

All XRD powder patterns of the reduced catalyst (Pt/SiO2) show a
broad diffraction peak at 22° 20, indicating the amorphous nature of the
SiO support (Fig. 1) like previously observed in the literature [26]. The
XRD powder patterns of catalyst calcined at 100 °C and 200 °C do not
show characteristic diffraction peaks for Pt, indicating the absence of a
significant number of Pt particles above ~5 nm previously identified
under similar conditions (Pt loading, SiO support) [26]. The linear
dimension of NP is so small that it contains only a few unit cells.
Consequently, they show amorphous nature. As expected [26], calci-
nation leads to coarsening of the Pt, resulting in an increase in Pt-based
signals when the temperature is raised above 400 °C. Generally, the
positions of the Pt peaks agree well with the values of the standard
pattern of Pt (PDF No. 00-004-0802), as the representative diffraction
peaks for the face-centered cubic (fcc) Pt crystallites were observed at
39.7° (111), 46.3° (200), 67.4° (220), and 81.2° (311). Furthermore, the
(111), (200), (220) planes of Pt were used to calculate the average
crystallite sizes (dxrp) using the Scherrer equation. The average crys-
tallite size of the samples calcined at 600 °C and 400 °C is about 15 nm
and 6 nm, respectively.

As can be seen in Fig. 2, as the calcination temperature increases,
aggregation of the Pt-NP occurs, with the red arrows showing particles
and the yellow arrows showing aggregates. It can be seen that the
average particle size increases at higher calcination temperatures. In
addition, the histograms of Pt particle size distribution were obtained by
measuring the sizes of 150 randomly selected particles from each of the
corresponding TEM images (Fig. 3). The Gaussian function was used to
fit the experimental data. The average Pt particle sizes (drgy) for cata-
lyst calcined at 100 °C, 200 °C, 400 °C, and 600 °C are (1.3 + 0.5) nm,
(2.4 + 0.8) nm, (3.0 £ 0.9) nm, and (3.4 + 1.0) nm, respectively.
Catalyst calcined at 400 °C, and 600 °C also contain large particles (up to
16 nm). Compared to the smaller particles, their occurrence is lower and
their contribution to the Pt surface area is therefore small. Hence, the
values obtained from TEM analysis are more relevant than the values
obtained from XRD analysis. As can be seen from the TEM images, the Pt
NPs are only up to a few nm in size, therefore the samples calcined at
100 °C and 200 °C do not show representative Pt diffraction peaks. As
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Fig. 1. XRD patterns of the Pt standard and Pt/SiO, catalyst, calcined at
different temperatures.
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50 nm

Fig. 2. TEM images of Pt/SiO, catalyst, calcined at different temperatures: a) 100 °C and Pt interplanar spacing, b) 200 °C, ¢) 400 °C, d) 600 °C and then reduced in
H, at 250 °C.
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Fig. 3. Pt nanoparticle size distribution and Gaussian fit for different calcination temperatures.

can be seen from interplanar spacing (measured d = 2.353 A) of Pt in sample (Fig. S2). Fig. 4 shows the part of the sample on which the EDS
Fig. 2a, the Pt nanoparticle belongs to the (111) crystal plane. analysis was performed and a uniform spatial distribution of silicon (Si),
From the ICP-OES analysis the actual Pt content in Pt/SiOy was oxygen (O) and platinum (Pt) elements, indicating a uniform distribu-
estimated to be 1.31 wt%, which is close to the expected Pt loading of tion of Pt NPs on the surface of the SiO, support. Conductive carbon tape
1.38 wt% from the synthesis. The EDS elemental mapping of the catalyst was used for the EDS analysis therefore, carbon was also detected.
calcined at 600 °C was performed to verify the homogeneity of the Hj pulsed adsorption (Hy PA) followed by temperature programmed-
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Fig. 4. A part of the sample on which SEM analysis was performed and EDS elemental mapping of three elements (Si, O, Pt) of the sample calcined at 600 °C.

desorption (Hp TPD) was used to determine the kinetics of Hy adsorption
and desorption on the synthesized catalyst. The repeatability of the
measurements was confirmed (Fig. S3) with a relative error of approx-
imately 3 % (Table S1). The Hy consumption per mass of sample varied
significantly for catalyst, treated at different calcination temperatures.
Fig. 5 shows pulsed chemisorption and TPD analyzes for the catalyst (Pt/
SiO5) calcined at different temperatures. Three consecutive pulsed
chemisorption and TPD measurements were performed for each sample.
In the first measurement, the largest amount of H, was adsorbed. A
slight decrease in adsorption was observed in the second and third cy-
cles, due to incomplete desorption between successive cycles (Fig. S4).
Fig. 8 shows the average amount of hydrogen adsorbed with an absolute
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Fig. 5. Comparison of pulsed chemisorption and TPD measurements for a
catalyst calcined at different temperatures.

error. Normalized to the mass of the sample, the highest Hy adsorption is
observed for the catalyst synthesized at a calcination temperature of
200 °C. As expected, the lowest adsorption is observed for the sample
calcined at 600 °C (see Fig. 5).

The size of the Pt nanoparticles has a significant effect on the amount
of Hy adsorbed. As shown in the TEM analyses, the use of different
calcination temperatures before reduction results in Pt nanoparticles of
different sizes. As the size of the nanoparticles decreases, the ratio of
surface to bulk atoms increases, making more surface atoms available
for the reaction. Nevertheless, the catalytic performance is not always
directly proportional to the increased surface area of the nanoparticles
[27]. Here, a volcano shaped dependence of the catalytic activity on the
size of the Pt nanoparticles was observed. Nanoparticles of (2.4 + 0.8)
nm exhibited the highest activity in the adsorption of hydrogen.

No desorption peak was observed for the catalyst calcined at 600 °C,
although some amount of H, was adsorbed. The signal does not return to
baseline immediately after the adsorption step, therefore the desorption
peak is hidden in the baseline. The latter can be clearly seen when
comparing the TPD signal with the kinetic model.

XPS analysis revealed the presence of two platinum species in the
materials at lower reduction temperatures (Fig. 6). The corresponding
binding energies of 71.2 and 72.4 eV for the first two peaks can be
attributed to Pt° and Pt>*, respectively [28]. We believe that the Pt>*
species is the lowest layer of Pt nanoparticles bound to the support via
the Pt-0O-Si oxygen bridges, as shown by Pt-O instead of Pt-Pt in the
EXAFS of 1.2 nm Pt on SiO5 [26]. As a remainder, oxidized Pt is observed
here even though it was exposed to 1 bar of Hy at 250 °C for 2 h. When
the temperature is increased during thermal treatment, the relative in-
tensity of the peak at 72.4 eV gradually decreases. We assume that this is
a very good indication of particle growth. The larger the particles, the
smaller the relative amount of Pt atoms that form these oxygen bridges.
Very small particles, such as those produced by heat treatment at 100 °C,
have a high relative amount of Pt-O that may not bind Hy (Fig. 9).There
are at least two reasons for this. Oxidation of Pt reduces H-Pt bonding,
and the other reason is that a fraction of Pt is in the form of single Pt
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Fig. 7. Comparison of pulsed chemisorption and TPD

atoms. Similar to Au [25], Pt single atoms might be able to adsorb and
cleave Hy molecules. Density functional theory calculations have shown
that the type of Pt atom support coordination determines the Gibbs free
energy of H-Pt, which varies between —0.26 eV and 0.57 eV (H at Pt
(111) equals —0.17 eV) [29]. At first glance, replacement of oxidic
support with carbonaceous one could decrease the amount of Pt-O
bonds and possibly increase Hy adsorption. However, EXAFS results
show Pt-O in the Pt single atom/graphene sample even after reduction
in 0.2 bar Hy at 200 °C [29], demonstrating a strong environmental
impact on reactive Pt at high dispersion. In contrast, larger particles,
such as those formed at 400 °C and above, have a lower relative pro-
portion of surface Pt atoms that bind H,. To substantiate this

for samples, calcined at different temperatures.

quantitatively, we plotted H/Pt (. as a function of XPS Pt/Si ratio and
found that there is a rough correlation between metallic Pt and adsorbed
hydrogen (Fig. S5). The optimal temperature, balancing Pt dispersion
and the oxidation state/structure, for treating the materials presented is
therefore 200 °C yielding uniform Pt NPs with the average size of 2.4
nm.

Another possible explanation is that the particles are so small that
they have a low ratio of ensembles, which are crucial for adsorption. In
the field of catalysis, a promising hypothesis is derived from ensemble
theory. According to this hypothesis the availability of specific ensem-
bles of surface atoms influences reactivity. As the size of the particle
decreases, the ratio of these ensembles changes. Since certain metal sites
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Fig. 9. H, molecules dissociatively adsorb on Pt°, but cannot adsorb on PtO as
oxidation of Pt reduces Pt-H bonding.

are believed to be primarily responsible for the reactivity of a metal
nanoparticle, the decreased proportion of the latter may lead to
decreased reactivity, in this case hydrogen adsorption [30,31]. Bai et al.
also observed a volcano shaped dependence of the catalytic activity on
the size of the Pt NPs for the hydrogenation of quinoline [26].

2.2. Calculation of dispersion and Pt nanoparticle size from TPD
measurement

Selective chemisorption is commonly used for the characterization of
metal catalysts. Quantitative measurement of the adsorbed gas on the
metal, assuming the formation of a monolayer, enables the dispersion to
be calculated when the stoichiometry of the chemisorption reaction is
known. Generally, Hy adsorbs dissociatively on platinum with a stoi-
chiometry of one hydrogen atom per metal atom (H/Pt gurf) [32,33]:

Hy +2Pt—> 2Pt-H

Once the amount of gas chemisorbed/desorbed on a monolayer has
been determined (n,4s), the metal surface area can be determined. The
metal surface area can then be conventionally expressed in terms of the
metal weight in the catalyst:

Amet :NA'nads.FS ® Umet 1
Xmel

where N is the Avogadro constant, Fs is the stoichiometric factor, apmet is

the square section of a metal atom (8.07 A2) [34]1, and Xy is the per-

centage of metal (wt%, determined by ICP OES). The metal dispersion,

Renewable Energy 226 (2024) 120467

defined as the ratio between the number of adsorbing metal atoms and
the total number of metal ions in the catalyst, was calculated using the
following equation:

H 7nads.FS.Mmel

= Dpet =

P tot Xmel

where My, represents the molecular weight of Pt. In addition, the
average size of the metal aggregates was also calculated as follows:

S¢
dme( Amel ° pmet 3

Assuming that Pt NPs are spherical, the S¢ factor is equal to 6, while
Pmet Tepresents the metal density [35].

As can be seen from Table 1, the measured particle sizes differ
significantly among different methods. From TEM images it can be seen
that larger nanoparticles form at calcination temperatures of 400 °C and
600 °C (up to 16 nm), but their abundance is quite low compared to
smaller nanoparticles. The latter is also the reason for the significant
difference in particle size determined by XRD and TEM mentioned
above. Relatively small particles, only up to a few nanometers in size,
contain only a few unit cells in the linear dimension. Consequently, the
peaks in XRD are so broad that they are hidden in the background and
only the diffraction peaks of larger particles are visible in the diffraction
pattern. In general, all methods show that the nanoparticles have a
larger size at higher calcination temperatures. The highest value for H/
Pt (ot (or dispersion) calculated from TPD experiments, was also ob-
tained for a calcination temperature of 200 °C. At 100 °C, the calculated
dispersion is much lower than the literature value reported by Miller
et al. (0.95) at the same calcination temperature, which is explained
above by the structure and/or Pt oxidation state. The measured H/Pt (o
at calcination temperatures of 200 °C, 400 °C, and 600 °C, are in better
agreement with the literature data. The reported H/Pt o at 400 °C and
600 °C were 0.47 and 0.11, respectively, while H/Pt of the sample
calcined at 200 °C should be between 0.8 and 0.9, which is similar to the
measured value [36].

A single value for H/Pt g stoichiometry has a limited use. The
typical H/Pt g stoichiometry on Pt(111) was reported to be around 1
[33], and in the case of >3 nm sized Pt NPs similar CO/Pt o and H/Pt ot
have been observed [32]. However, recent calculations show that for
small clusters [37] or single Pt atoms [38] the H/Pt g ratio can reach or
even exceed a value of 2. Based on the size and shape of the observed
NPs with TEM, we estimated the dispersions and found that the
measured H/Pt is about 2 times higher than the estimated dispersion
using TEM data in the case of the sample calcined at 200 °C, while for the
other samples other parameters could affect the correlation, such as the
oxidation state of Pt at low calcination temperature or strong agglom-
eration at high calcination temperature. By combining all the data, we
present here an experimental evidence of the actual H/Pt g values.

Table 1
Pt NP size, dispersion and Pt/Si atomic surface ratio obtained with different
techniques and dispersion.

Tcalcination H/Pt dmet dTEM dXRD DTEM Pt/Si XPS
[°C] /1 [nm] [nm] [nm] 71 [0.001]
100 °C 0.55 2.02 1.3+ / 0.86 4.24

0.5
200 °C 0.93 1.20 2.4 + / 0.47 4.17

0.8
400 °C 0.36 3.14 3.0+ 6 0.37 3.25

0.9
600 °C 0.08 13.84 3.4+ 15 0.33 1.85

1.0
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2.3. Kinetic modelling of pulsed chemisorption and temperature
programmed desorption

The kinetic model describes both the concentration of the gas phase
and the coverage of the active sites of the catalyst throughout the fixed-
bed reactor (in this case, the reactor is a quartz tube) as a function of
time. Catalytic activity was investigated in the dynamic regime as a
function of the catalyst layer length and time. Axial convection of the gas
through the void space in the catalytic bed, axial diffusion in the gas
phase, adsorption, and desorption kinetics were considered in the
model.

In each time interval or axial coordinate increment, the adsorption
rate (raqs) for the given adsorbate (j) is influenced by the adsorption rate
constant (kj"ds) [39], the concentration of the adsorbate in the gas phase
(Gj), and a fraction of the vacant active sites (fas) (Equation (4)).
However, the desorption rate (rjies) depends only on the desorption rate
constant (kjies) and the surface coverage of compound j (Equation (5)):

S YRy 4

des des
. =K. [ Nv i
r; ki 0 0; 5

The model includes balances for both gas concentrations and surface
cover to predict kinetic parameters. The differential equations for the
gas concentrations (Cj) consist of the contribution of convective flux and
adsorption and desorption rates, while diffusive and radial flux were
neglected (Equations 6 and 7). v,, Vg and nag represent the linear ve-
locity of the gas in the axial direction (x), the volume of the void in the
bed, and the total amount of available active surface sites, respectively.
The calculation of set parameters if explained further in the supporting
information (Equation S1 to S5).

9G; J ads | .des"'TS
W:—;Z[VZ.CI']_,} +1"06 6
agj — adsV_G _ r_des 7

a_t o nrs J

Pulsed chemisorption and TPD data were used as input data to
determine the adsorption and desorption rates (rpqs and rges), and the
corresponding activation energies Ea. As mentioned earlier, the
adsorption and desorption rates, activation energy, and number of
active sites were used as input data for the regression analysis. The
calcination of the catalyst particles at different temperatures affects the
number of metallic active sites, available for Hy adsorption. Fig. 7 shows
the experimental (red line) and modelled (blue line) data from four
experiments at the fixed-bed outlet.

Unlike other techniques for estimating desorption activation energy,
such as Redhead analysis, leading edge analysis, or others, full finite
difference modelling of the system allows us to consider every param-
eter, resulting in data with higher accuracy and fewer assumptions. The
rate constants for adsorption and desorption at 0 °C are 717 + 13 min*
and 14.1 + 0.5 min~}, respectively, which is consistent with the data
where H» introduced at the entrance of the fixed bed is adsorbed at all
available active sites. Once there are no more available adsorption sites,
the Hy molecules pass through the catalyst bed. However, since the
peaks are not symmetrical, either some desorption occurs even when the
temperature of the bed is 0 °C, or Hs is adsorbed onto the tube material
or other surface that occurs upstream of the TCD sensor. When TPD is
initiated, temperature affects the adsorption/desorption rate constant
ratio, and Hj is desorbed from the surface. The activation energies of the
adsorption and desorption reactions are 16 + 1 and 41 + 3 kJ mol’,
respectively. Because the activation energy of desorption is two times
higher, the value of the desorption rate constant exceeds the value of the
adsorption rate constant, minutes after heating, and H; gas is desorbed
from the material.

The kinetic model describes the experimentally determined values
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relatively well, although the adsorption reaction involves both adsorp-
tion of the Hy molecule and dissociation to atoms. Since dissociation
proceeds much faster than molecular adsorption, dissociation was
neglected, and Ea of adsorption is actually a pseudo constant that in-
cludes both. The literature reports on Ea of desorption for similar ma-
terial are relatively scarce. Christman et al. [33] calculated the
activation energy of desorption for Hy from Pt(111) surface to be 39.7
kJ moll, which coincides with our calculation.

3. Conclusion

Through paramount to a plethora of energy harvesting, conversion,
and storage processes, the quantitative structural/mechanistic under-
standing of H; adsorption/desorption onto/from Pt has not been
consolidated or grasped to date. The effect of Pt nanoparticle size on the
Hj adsorption and desorption behavior of hydrogen on an irreducible
SiO; support was investigated. Different sizes of Pt nanoparticles were
obtained using the strong electrostatic adsorption method and different
calcination temperatures, while keeping the noble metal loading con-
stant, which increased the consistency and accuracy of the observed
trends. According to the analytical procedures, the Pt nanoparticles
were homogeneously distributed on the support. As expected, higher
calcination temperatures resulted in larger particles. The larger the
particles, the smaller the fraction of surface atoms, leaving fewer atoms
available for adsorption of hydrogen. However, when the particles are
smaller than 2.4 nm, an increasingly higher fraction of Pt>* is observed,
leading to a decrease in the Hy adsorption capacity, although a possible
adsorption inhibition due to the presence of single atom Pt cannot be
neglected. The results showed that the catalyst calcined at 200 °C con-
tained the largest number of active sites. Pulsed chemisorption and
temperature-programmed desorption were analysed using kinetic
modelling. The model indicates that the size of the Pt nanoparticles has
no significant effect on the activation energy of desorption or adsorp-
tion, although the amount of hydrogen per surface Pt atom could vary
with particle size, being about 1 for exposed single crystal planes and 2
for nanoparticles around and below 3 nm. To further improve the study,
materials doped with Pt could be investigated in terms of the hydrogen
adsorption kinetics, in which the spillover effect is present, so as to
address the limitations of the hydrogen storage. Moreover, Pt materials
have a great potential as catalysts in catalytic dehydrogenation process
in liquid organic hydrogen carriers technology.

4. Experimental section

Synthesis of Pt/SiO2 catalyst: Synthesis of 1.4 wt% Pt on silica was
carried out by strong electrostatic adsorption (SEA). 5 g of silica (Silica
Aerosil 200V, Degussa AG) was slurried in 44.5 mL H20 (18 MQ). The
pH was raised to 9.8 by addition of concentrated NH4OH (Fluka). Then,
0.14 g of Pt(NH3)4(NO3)2 (Aldrich), previously dissolved in 7.7 mL of
H30, was added. After 1 h, the product was transferred to a conical
centrifuge tube and centrifuged. The solid was washed with 2 x 10 mL
H0 and dried overnight at 100 °C in flowing air. Pt elemental analysis
determined by using ICP-OES (inductively coupled plasma optical
emission spectrometer) gave 1.31 wt%. The Pt/SiO; catalyst was
calcined in flowing air at 100 °C, 200 °C, 400 °C, and 600 °C by heating
at 1 °Cmin™ until the final temperature was reached and then held for 3
h. After calcination, the samples were reduced at atmospheric pressure
in flowing Hy (140 mLmin') by heating from room temperature at 5
°Cmin™! to 250 °C and holding for 2 h.

Characterization of Pt/SiO2 catalyst: Energy dispersive spectroscopy
was performed on a scanning electron microscope (SEM, SUPRA35 VP,
Carl Zeiss) coupled with an EDS detector (Inca 400, Oxford In-
struments). The sample was pelletized and placed on the carbon tape
previously attached to a on metal support. Analyses were performed on
five sites of the sample calcined at 600 °C at 20 kV and an aperture size
of 120 pm for 1 min. Inductively coupled plasma optical emission
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spectrometry using a Varian 715 ES ICP Optical Emission Spectrometer
was used to determine Pt loading. X-ray diffraction analyses were per-
formed using a PANalytical X’Pert Pro MPD instrument with Bragg-
Brentano geometry and Cu Kal radiation source. XRD patterns were
acquired in a range of 5°-90° 20, with a measurement increment of 0.05°
and a step time of 1000 s. The size of Pt nanoparticles was determined
using transmission electron microscopy (TEM, JEM-2100, Jeol Inc.)
operating at an accelerating voltage of 200 kV and equipped with a CCD
camera. The images were analysed using ImageJ. X-ray photoelectron
spectroscopy (XPS) was performed with the PHI VersaProbe 3 AD (Phi,
Chanhassen, US), which uses a monochromatic Al Ka X-ray source. For
charge neutralisation, the charge of the sample was attenuated using
two beams (electrons and ions). The peak shift caused by neutralisation
was corrected to 284.8 eV by shifting the peaks of the adventitious
carbon species. The survey spectra were measured at a transit energy of
224 eV with a step of 0.8 eV. The high-resolution spectra were measured
at a transit energy of 27 eV with a step of 0.05 eV. For the survey spectra,
2 sweeps were performed, while for the high-resolution spectra, 20
sweeps were performed. Spectral deconvolution was performed using
Multipak software.

Adsorption experiments: Pulse chemisorption and temperature-
programmed desorption analyses were performed to quantify the
amount of hydrogen adsorbed/desorbed and consequently evaluate the
number of Hy adsorption sites. Approximately 150 mg of the powdered
samples were placed in a U-shaped quartz reactor on a quartz wool
(Micromeritics Autochem 2920 apparatus). The Hy concentration was
monitored using TCD (thermal conductivity detector), while the absence
of impurities was determined using a mass spectrometer (Pfeiffer
ThermoStar GSD 301 T3 Benchtop). 5 vol% Hj in Ar (Messer, 5.0) was
used for the experiments. Further information is provided in the Sup-
porting information (Fig. S1).
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