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Abstract

Experiments have shown that the efficiency of nanoporous carbons to store hydrogen
becomes enhanced by doping the material with metallic nanoparticles. In particular,
doping with palladium has been used with success. The hypothesis to justify the
enhancement has been that the Pd nanoparticles dissociate the hydrogen molecules
and then the hydrogen atoms spill over the carbon substrate, where the hydrogen
is retained. To test this hypothesis we have performed ab initio molecular dynamics
simulations of the deposition of molecular hydrogen on Pd nanoparticles (Pdg and Pd;3)
supported on graphene, which is a good model for the wall of a carbon nanopore. Three
channels have been identified in the simulations: bouncing off the molecule, molecular
adsorption, and dissociation of the molecule in two H atoms. The relative percentage
of those channels is sensitive to the size of the Pd particle. Dissociation occurs more
frequently on Pdy3 and it generally takes place on the lateral regions of the Pd particles.
However, in our simulations we have not found a single case of H atoms or Hs molecules
spilling over the carbon substrate. We have also tested the situation when several H
atoms are preadsorbed on the Pdg and Pdjs particles and found that not a single
dissociation event occurs on these H-saturated nanoparticles. These results lead us
to cast strong doubts on the validity of the spillover mechanism for explaining the
enhancement of hydrogen adsorption on porous carbons doped with transition metal

nanoparticles.



1 Introduction

The technology of hydrogen fuel cells is well developed.! However, the main difficulty pre-
venting a widespread use of hydrogen as an alternative fuel in cars is the efficient storage of
hydrogen on board.? The only method available at present consists in storing hydrogen gas
at high pressure (about 700 atm.) in a metallic container. This is an important advance,
but the opinion of many scientists and engineers is that it is not the ultimate solution. For
this reason, other storage technologies are being investigated and one that is receiving much
attention is the storage in porous materials. Several families of porous materials have been
studied for this purpose: porous carbons,®? metal organic frameworks,? zeolites,® clathrate
hydrates,” and microporous organic polymers.® Targets to be achieved in the short term
(year 2020) are 5.5 per cent of hydrogen in weight and a volumetric capacity of 40 grams
of hydrogen per liter at room temperature and moderate pressures, with ultimate targets of
7.5 per cent in weight and 70 grams per liter.®

Focusing on the porous carbons, there is experimental ***2 and theoretical evidence*!317
that hydrogen storage on clean porous carbon materials does not fulfill the recommended
targets. However, a number of experiments indicate that doping porous carbon materials
(nanotubes, nanofibers, nanoporous carbons) with metallic clusters or nanoparticles could
provide a strategy to increase the hydrogen uptake.'® 2% The metals mostly used in those in-

vestigations are alkali metals!®1?

and some transition metals like vanadium, palladium, and
platinum.??> 27 To explain the observed enhancement of the hydrogen adsorption, a mecha-
nism of spillover 2% has generally been assumed.?2273%3! In that mechanism, the hydrogen
molecules are first adsorbed and dissociated on the surface of the metallic nanoparticles, and
are next transported onto the surface of the substrate carbon material. However, in our
opinion, the validity of that spillover idea has not been scrutinized critically.

To get insight into the spillover process we have performed (microcanonical) ab initio

molecular dynamics (AIMD) simulations of the deposition of hydrogen molecules on a sub-

strate formed by palladium clusters supported on a graphene layer, using density functional



theory (DFT). The graphene layer is a good model for the wall of the pores in nanoporous
carbons.?? The molecules are dropped from a certain distance above the cluster with a given
kinetic energy and their classical dynamical evolution is followed as they interact with the
substrate. In a fraction of the studied simulations the deposited Hs molecules experience
catalytic dissociation in two hydrogen atoms, and by comparing the results for two different
Pd clusters, Pdg and Pd;3, insight is gained on the influence of cluster size. We also find that
H atoms preadsorbed in the clusters, which have been proposed in the literature as spillover
promoters,3® hinder dissociation. Both the Hy molecules and the H atoms wander around
on the surface of the Pd cluster, but mass transfer to the carbon substrate was not observed
in any of the studied cases. The number of simulations performed is sufficiently large to let
us conclude that the idea of a mechanism of spillover to explain the enhancement in hydro-
gen adsorption in graphene doped with palladium nanoparticles should be taken with care.
In other words, spillover should not be taken for granted when modelling hydrogen uptake
in porous carbon doped with transition metal nanoparticles, and we suggest that specific
experiments testing the mechanism in depth should be performed.

The paper is organized as follows. In section 2 we explain the calculation details. The
results for clean Pd nanoparticles and for Pd nanoparticles with preadsorbed H are, respec-
tively, shown and discussed in sections 3.1 and 3.2. Finally, in section 4 we summarize the

main results and give the conclusions of this work.

2 Computational details

The AIMD calculations are performed with the “Vienna ab initio simulation program”
(vasP),3435 which is based on DFT. The exchange—correlation energy is calculated within
the generalized gradient approximation (GGA) using the PW91 functional.?® All the cal-
culations allow for spin polarization of the system. The electron-core interaction is treated

in the projector augmented wave (PAW) approximation.®” The Brillouin zone integration is



performed with a I'-centered 2 x 2 x 1 Monkhorst-Pack grid of special k-points.?® The en-
ergy cut-off used in the plane-wave basis set is 400 eV. Fractional occupancies are determined
through the Methfessel-Paxton broadening scheme of first order using a width of 0.1 eV.3?
The convergence criterion for total energy self-consistency in each ionic step is 107> eV. The
calculations have been performed with periodic boundary conditions using appropriate su-
percell sizes. In the case of the Pdg nanoparticle, the supercell consists in a hexagonal 5 x 5
graphene layer in the lateral directions, which corresponds to a supercell lattice parameter of
12.33 A. In the direction normal to the graphene layer the height of the supercell is 14 A. The
most stable structure of isolated Pdg is an octahedron, and this structure is preserved for
Pdg supported on graphene, with a triangular face of the octahedron lying on the graphene
layer.“? In that structure, the supported Pdg cluster can be viewed as formed by two parallel
triangular layers, being the lower one in contact with the graphene surface. The magnetic
moment, 2 ug, of the free Pdg cluster is preserved upon deposition on the graphene layer.
However the dissociative adsorption of hydrogen quenches the moment of the cluster down
to zero.402 In the case of the Pd;3 nanoparticle, the supercell consists in a hexagonal 6 x 6
graphene layer in the lateral directions, which corresponds to a supercell lattice parameter
of 14.80 A. The length of the supercell in the direction normal to the graphene layer is again
14 A. The ground state structure of both the free and the supported Pd;; nanoparticles
consists in two (111) fec planes with seven and six atoms, respectively. For the deposited
particle, the face with seven atoms rests on the graphene layer. The magnetic moment,
6 up, of the free Pdy3 cluster is reduced to 4 up upon deposition on the graphene layer. The
dissociative adsorption of one hydrogen molecule quenches further the moment of the cluster
down to 2 up and finally additional adsorption of hydrogen cancels the moment. To better
understand some of the results of the dynamical simulations, we have also investigated the
dissociation barriers, through calculations of the minimum energy path (MEP) for hydrogen
dissociation and of the equilibrium configurations where hydrogen is located on the graphene

layer near the Pd nanoparticles. These calculations are performed with the Dacapo code,?



which is a DFT code that uses Vanderbilt ultrasoft pseudopotentials** to describe the in-
teraction between the valence electrons and the ionic cores. A basis set of plane waves is
used to expand the electronic wave functions and density, with cutoff values of 500 eV and
1000 eV, respectively. We have used the same (PWO91) exchange correlation functional as
in the AIMD calculations. Similar equilibrium configurations and adsorption energies are
obtained from VASP and Dacapo calculations. The small differences in the relaxed atomic
positions and energies can be quantified with the following representative test on the sup-
ported clean Pd;3 nanoparticle: we find full agreement between the geometries optimized
with Dacapo and VASP, with differences in the atomic positions smaller than 0.10 A. The
energy difference between those structures, calculated with VASP, is 0.056 eV. Moreover, the
hydrogen dissociation energies on the supported Pd;3 calculated with the two codes agree
within 50 meV.

The initial translational energy F; of the Hy molecules in the AIMD simulations is
0.125 eV and their vibrational energy is that corresponding to the vibrational zero point
energy (0.27 eV). The incidence direction is normal to the graphene layer and the simula-
tions begin with the molecules located at a height of Z = 9 A above the graphene layer,
where the interaction of the molecule with both the graphene layer and the Pd nanoparticle
is negligible (the forces on Hy are below 3 meV/A). A random sampling of the initial lat-
eral positions (X,Y) and orientations of the molecules has been performed in a restricted
triangular area around the nanoparticle position (see Fig. 1). This area has been selected in
order to minimize the interaction between the Hy molecules and the clean graphene regions,
not relevant to the present study. Before starting the dynamical simulations the substrate is
relaxed until the Pd and C atoms reach their equilibrium positions (for each atom the forces
are below 0.01 eV/ A) Along the dynamics, all the atomic degrees of freedom are free and the
hydrogen and substrate atoms are allowed to move according to the forces acting on them.
All the trajectories are run for 1 ps with a time step of 0.5 fs, which allows for a satisfactory

conservation of the energy during the simulation. Specifically, the energy drift AFE is below



12 meV in all cases except for a few dissociated trajectories in Pdg for which AE < 30 meV.
Sixty different trajectories are simulated for each nanoparticle, the different trajectories cor-
responding to different initial positions and orientations of the Hy molecule. As outcome
of the trajectory simulations we distinguish the following events: (i) dissociation of the Hy
molecule, (ii) non-dissociative molecular adsorption, and (iii) reflection (non-reactive scat-
tering). A dissociation event is considered when the internuclear distance between the two
atoms of the Hy molecule is larger than 1.6 A. The molecular adsorption channel corresponds
to those molecules that at the end of the simulation, after 1 ps, remain non-dissociated and
moving around the Pd nanoparticles at distances from their center not larger than 4.5 A for
Pdg and 5.5 A for Pdy5. Two different kinds of trajectories are included in the reflection
channel. On the one hand, we consider as reflected molecules those that, after being scattered
off the nanoparticle, reach the height Z = 8.5 A with a positive Z-component of the velocity.
On the other hand, there exist some trajectories in which the molecules are scattered off the
Pd nanoparticle with a small normal velocity. These molecules arrive at the boundaries of
the simulation cell and interact with a periodic image of the initial nanoparticle, as a result
of using periodic boundary conditions. In our analysis we have considered these trajectories
as reflected. Finally, only in a few cases pathological trajectories exist that have an unclear

outcome and thus they are excluded from the analysis.

3 Results and Discussion

3.1 H, incident on clean Pd nanoparticles supported on a graphene
layer

We start this section by analyzing the AIMD results performed on the clean Pdg and Pd;3
nanoparticles supported on a graphene layer. Table 1 shows the number of trajectories in
each final channel (dissociation, molecular adsorption, and reflection) for these nanoparticles.

The number of reflected molecules is similar in both Pdg and Pd;3. However, the relative



proportion of adsorbed and dissociated molecules is very different. In the case of Pd;3 most
of the molecules that are adsorbed dissociate, whereas dissociation is much reduced on Pds.
We note that the molecule initial position within the triangular sampling area does not seem
to dictate the outcome of the trajectory. This can be observed in Fig. 1, where the initial
positions are identified attending to the different outcomes. A detailed inspection of the
trajectories shows that most of the dissociation events occurring on both nanoparticles are
direct and fast. Figure 2 shows the snapshots of two representative trajectories leading to
dissociation on the Pdg and Pd;3 nanoparticles. As shown in this figure, the Hy molecule,
once it interacts with the nanoparticle, first orients itself with the molecular axis lying
on a Pd atom of the top layer, leaning then towards the lateral side of the nanoparticle
where it rapidly dissociates. The resulting H atoms wander around the external walls of the
nanoparticle and occasionally penetrate inside the nanoparticle and then move again to the
surface. Finally, though the Pd atoms are displaced from their equilibrium positions upon
interaction with the impinging molecule, we observe that the subsequent deformation of the
Pd nanoparticles is minor and that they basically keep their original structure intact.

Since Pd;3 is expected to be more rigid than Pdg, it may seem surprising that Hy disso-
ciation is more probable in the former than in the latter. In order to understand this fact,
we have compared the barriers to dissociation in the two systems. The energetics for the
dissociation of Hy on Pdy, Pd; and Pdg supported on graphene has been already presented
in ref. 40. Here, we have extended this analysis calculating the MEP for Hy dissociation
on supported Pdi3. First we notice that the molecular adsorption of hydrogen takes place
without activation barrier and that the preferential adsorption sites are on the Pd atoms of
the upper layer. On the other hand, the dynamical simulations show that the dissociation of
the hydrogen molecules takes place preferentially on the lateral faces of Pd;3. Therefore, we
have generated a MEP between two fixed relevant configurations, the first one corresponding
to the hydrogen molecule adsorbed on a lateral Pd atom of the upper layer of the cluster

and the other corresponding to the dissociated molecule with the H atoms adsorbed on two



non-adjacent lateral faces of Pdy3. The H-H distance d(H-H) is taken as the reaction coordi-
nate and the configurations along the path are obtained through constrained minimizations
of structures intermediate between those of the extreme points. Constrained minimization
means that the positions of the H and Pd atoms are relaxed, keeping fixed the d(H-H) value.
Figure 3 shows the energies and some structures along the MEP. Starting with the hydrogen
molecule adsorbed onto a Pd atom of the upper layer (a), the molecule leans towards one
Pd-Pd bond (b). One of the H atoms, the first, attaches to that bond, weakening the H-H
bond, and the other H atom, the second, separates from the first one (c). The first H moves
towards a lateral face (d) and the second H attaches to a Pd-Pd bond (e). Then, the two H
atoms move towards their respective final configurations adsorbed above two non-adjacent
lateral faces of the Pd cluster (f). The energy barrier for dissociation along this path is of
29 meV. This sets an upper limit for the dissociation barrier on Pd3.

The dissociation barriers of Hy on supported Pdy, Pds, Pdg and Pd;3 are 0.46, 0.26,
0.30 and 0.03 eV, respectively (the dissociation barrier for Pdg is also shown in Fig. 3). A
tendency for the height of the dissociation barrier to decrease as the size of the Pd cluster
increases is evident. In fact, the barrier for dissociation on Pd;3 is quite small, and this low
value is the reason for Hy dissociation to be more favorable on this cluster. Notice also that,
measured with respect to the molecule in the gas phase, there is no barrier to dissociation
(the same happens for Pdg). However, the dynamical simulations show that the absence of
energy barriers does not mean that all the molecules dissociate. As a matter of fact, the
probabilities for dissociation amount to just about 33% in the Pd;3 nanoparticle and only
to 5% in Pdg. The reason is that a large amount of the molecules do not find the most
favorable path to dissociation and are either reflected or molecularly adsorbed.

In order to characterize better the dynamical aspects of the interaction, we have analyzed
the evolution of d(H-H) and of the distortions caused in the Pd clusters. The d(H-H) values
are shown as a function of time in Fig. 4 for each of the three channels. Those internuclear

distances have been averaged over the number of trajectories of each channel for the Pdg



and Pdi3 nanoparticles. In the case of the trajectories in which the hydrogen molecule
reaches the cell boundary, included in the reflection channel, the simulations are stopped
when the distance between the molecule and the center of the images is 5.5 A for Pd;3 and
4.5 A for Pdg, i.e., before the interactions with the adjacent nanoparticles are effective. The
figure clearly demonstrates the validity of the criterion that we have chosen to define Hy
dissociation: while the d(H-H) values rapidly increase above 1 A for the dissociated H,,
they remain around the equilibrium bondlength in the other two channels. Additionally,
the figure allows us to establish the typical time needed for the direct dissociation, which
is around 100 fs for Pd;3 and around 200 fs for Pdg. Only in the case of Pdy3 we find one
trajectory in which dissociation takes place after being molecularly adsorbed for nearly 1 ps.

The average displacements of the Pd atoms in the Pdg and Pd;3 particles upon their
interaction with the incoming molecule are shown as a function of time in Fig. 5 for the
different outcome channels. For both nanoparticles, those displacements are relatively large
in the case of the dissociating molecules. The reason for this is the great exothermicity of
the process, similar in both cases (the released dissociation energy on Pdg and Pdy3 is of
1.2 and 1.4 eV, respectively), which requires that the energy liberated in the dissociation
is transferred to the substrate atoms. Clear differences between the two nanoparticles are
observed for the molecular adsorption events. While the Pd displacements are small in Pd3,
and similar to those occurring in the case of Hy reflection, the displacements caused by
the molecular adsorption mechanism in Pdg are large and comparable to those observed for
dissociation. These results show that, indeed, the larger particle is more rigid. Furthermore,
we have observed that in four trajectories of the molecular adsorption channel on Pdg the
nanoparticle rotates over itself and ends up sitting on an edge over the graphene layer instead
of lying on a face. The contribution to the averaged displacements from those trajectories is
relatively large (see Fig. 5).

An important result is that none of our dynamical simulations shows transfer of hydrogen

atoms to the underlying graphene layer that could support the idea of the spillover process.
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This conclusion does not depend on the size of the Pd cluster since it is obtained for both
supported Pdg and Pdy3. This is neither the result of the incidence conditions imposed to
the molecules in the simulations We have also performed additional simulations with an
incident energy of 0.250 eV for the Pd;3 nanoparticle that show, not only a total absence of
H transfer to the graphene layer, but also that the adsorption probability in the nanoparticle
is reduced from 37 % to 23 %. Since Hy dissociation takes place very fast (during the first
100-200 fs), it looks extremely unlikely that the hydrogen atoms may travel to the graphene
layer at times longer than the simulation times of 1 ps. Although variations of either the
molecule orientation or the incidence angle can vary the adsorption probabilities for a given
incident energy, the memory of the initial conditions is lost soon after collision with the
nanoparticle, which rules them out, too, as relevant factors in spillover. Eventual mechanisms
may exist that, being characterized by reaction paths involving very reduced regions of the
configurational space, would require longer times. Nonetheless, energy dissipation effects
also active at longer times would make spillover very improbable. A similar outcome occurs
for the simulations leading to molecular adsorption. Also the molecules stay adsorbed on

the Pd nanoparticles with no sign of spilling over the carbon substrate.

3.2 H, incident on H-covered Pd nanoparticles supported on a

graphene layer

It has been suggested that the presence of preadsorbed hydrogen on the nanoparticle may

45748 and that the spillover mechanism may be

facilitate the dissociation of additional H,
more effective in Pd nanoparticles initially saturated with atomic hydrogen.3! In order to
analyze those hypotheses we have also performed AIMD simulations for Hy molecules inci-
dent on a supported Pdg particle with six preadsorbed H atoms (PdgHg) and a Pd;3 particle
with 12 preadsorbed H atoms (Pdj3Hjs). The equilibrium positions of the preadsorbed H

have been determined from additional static DFT calculations by analysing the energetics

of the covered clusters. In the case of PdgHg, the six hydrogen atoms are located in the
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equilibrium adsorption sites in the lateral walls of the nanoparticle (see Fig. 6(a)). In this
way, only one adsorption site is left vacant at the top of the nanoparticle. In the case of the
Pd;3, we find that up to seven Hy molecules can be dissociatively adsorbed in the cluster.
Therefore, in order to have free adsorption sites for the incoming Hy, we have performed
simulations on Pd;3 covered with 12 preadsorbed H atoms. In the most stable structure
with this stoichiometry the H atoms are adsorbed in the hollow sites leaving nonadjacent
vacancies (see Fig. 6(b)). By choosing these structures as the starting condition for our
AIMD simulations, we maximize the coverage in each case and, in principle, the chances
for spillover. The results of the AIMD simulations for these nanoparticles are also sum-
marized in Table 1. The number of reflection events is similar to the numbers obtained in
the clean Pdg and Pd;3 nanoparticles. However, in contrast to them, no dissociation events
occur on the PdgHg and the Pd;3H 5 nanoparticles since all the adsorbed molecules remain
non-dissociated. Definitely, the presence of preadsorbed atomic hydrogen on the metallic
nanoparticle complicates the dissociation of molecular hydrogen impinging on the nanopar-
ticle. Also in contrast to the Pdg and Pd;3 cases, we find that the H-covered nanoclusters
can be significantly altered upon interaction with the incoming Hs. As shown in Fig. 5,
the Pd atoms are subject to much larger displacements. In particular, the structure of the
PdgHg gets sometimes appreciably distorted due to the breaking of some Pd-Pd and Pd-C
bonds (see Fig. 6(c)). In the Pd;3Hi2 nanoparticle, the Pd-C bonds are also softened upon
interaction with the incoming Hy. However, in this case, instead of inducing deformation of
the nanoparticle, this softening of the bonds leads to a displacement of the nanoparticle over
the graphene layer of around 0.6 A(see Fig. 6(d)). As a final remark, note that in spite of
all these differences between the results obtained for the clean and covered nanoparticles, no
transfer of hydrogen (neither molecular nor atomic) towards the graphene layer is observed
in any of the cases under study.

The fact that spillover is not observed in the DFT simulations is supported by an analysis

of the energies corresponding to the most relevant states in the process of moving hydrogen
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atoms from the Pd nanoparticle towards the carbon substrate along a minimum energy path,
MEP. Those energies are shown in Fig. 7. The upper panel shows first the energy of the
reference system formed by Pd;3 supported on graphene and a free Hy molecule. The state
of the dissociated hydrogen molecule adsorbed on the metal nanoparticle is 1.4eV more
stable than the reference state. This result is consistent with the occurrence of molecular
dissociation in a fraction of the dynamical simulations, as indicated in Table 1. An attempt
of displacing one of the H atoms from the nanoparticle to a location on the graphene layer
adjacent to the Pd nanoparticle results in jumps of the H atoms back to the metal particle
through an intermediate configuration in which the H atom is on top of one of the Pd
atoms supported on the graphene layer. The displacement of H to a slightly farther location,
still near the Pd nanoparticle, is an endothermic process that requires a substantial energy
of 1.9¢eV, and the diffusion of H on the graphene surface in the neighborhood of the Pd
nanoparticle requires an additional energy of 0.7eV. The diffusion barrier of H to reach
more distant positions from the nanoparticle is even higher, about 1.2 eV on clean graphene®?
Thus the energy barrier that has to be overcome by the H to spill from the nanoparticle to
a distant position on the graphene layer is at least 2.6eV. A similar picture of events is
obtained for the case when the hydrogen molecule dissociates on a supported Pd;3 cluster
containing six dissociated molecules, that is, twelve H atoms (see lower panel of Fig. 7).
Notice that in this latter case, the Pd nanoparticle becomes fully saturated with dissociatively
adsorbed hydrogen. Even if the stabilization of the additional dissociated molecule is low
compared to the case of the clean Pd particle, the displacement of one H atom towards the
graphene substrate again results very unfavorable, and the energies required to displace the
H atom to positions near to and far from the Pd particle are 1.9 and 2.1eV, respectively.
The diffusion barrier of H on graphene has not been considered here, and therefore should
be be added to the latter value. Consequently, this steep uphill motion of the H atoms
opposes the spillover and, in agreement with the dynamical simulations discussed above,

hydrogen spillover is not expected to occur at room temperature for any degree of hydrogen
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saturation of the Pd nanoparticle. Moreover, one should notice that the energy level of the
configuration with one H atom spilt onto the graphene support is well above the energy
level for desorption of one hydrogen molecule, labelled as “free Hy” in Fig. 7 for both cases.
Therefore, increasing the temperature of the system would lead to hydrogen desorption
rather than to facilitate H spillover onto the graphene support. In conclusion, both static
and dynamical calculations show clear evidence that the spillover of hydrogen does not
take place under the conditions investigated in this manuscript and suggest that a critical

evaluation of the spillover mechanism under more general conditions is also needed.

4 Conclusions

In summary, we have performed ab initio molecular dynamics simulations of the deposition
of molecular hydrogen on palladium nanoparticles supported on graphene, a good model
for the pore walls of nanoporous carbon. In order to elucidate how the adsorption and the
possible subsequent transfer of H onto the graphene layer depends on the Pd cluster size
and on the presence of preadsorbed H, our simulations are performed for clean Pdg and
Pd;3 clusters, as well as for the H-covered PdgHg and Pd;3H;5. Dissociation of the hydrogen
molecule only occurs on the clean nanoparticles. The fraction of this event is sensitive to -and
actually increases with- the nanoparticle size. Molecular adsorption is obtained for the four
types of Pd nanoparticles considered in this work, although the percentage of this event is
significantly smaller on the clean ones. All in all, it is worthy to remark that H spillover from
Pd nanoparticles onto the graphene support is a highly endothermic process. The highly
relevant outcome of our study is that, in spite of the large number of simulations performed,
not a single event of hydrogen spillover to the carbon substrate has been detected. This
clearly demonstrates that the spillover of hydrogen does not take place under the conditions
investigated in this manuscript. Therefore, our results lead us to conclude that the often used

hypothesis of spillover to justify the observed enhancement of hydrogen storage in porous
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carbons promoted by the presence of dopant Pd nanoparticles has to be revised.
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Table 1: Number of trajectories that lead to dissociation (ND), non-dissociative
molecular adsorption (NA) and reflection (NR) for H, molecules incident on
different Pd nanoparticles. The number of simulations for each nanoparticle is
60. NP is the number of pathological trajectories (see text).
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Figure 1: Initial lateral coordinates of the Hy molecule in the AIMD simulations. The panels
show a top view of the supercells used to represent the Pdg and Pd;3 nanoparticles supported
on graphene. The positions are given in fractional coordinates (aq is the hexagonal lattice
parameter). The C and Pd atoms are represented by medium gray and large blue circles,
respectively. The small colored dots indicate the initial coordinates (X, Y") of the Hy molecule
center of mass in the AIMD simulations. The dot colors account for the incidence conditions
that give rise to reflection (green), dissociation (magenta), and adsorption (orange).
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Figure 2: Snapshots of representative trajectories leading to dissociation for a Hy molecule
incident on a (a) Pdg and a (b) Pd;3 nanoparticle supported on a graphene monolayer. White
spheres correspond to the H atoms, blue spheres to the Pd atoms, and grey spheres to the
C atoms.
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Figure 3: Interaction energy of Hy with supported Pdy3 (second panel) along a minimum
energy path for hydrogen dissociation. The initial configuration (a) corresponds to the
adsorbed hydrogen molecule, and the final configuration (f) corresponds to dissociated hy-
drogen. Selected configurations along the path, labeled from (b) to (e), are also shown. The
dissociation barrier of Hy on supported Pdg (first panel) is given for comparison.
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Figure 4: Time dependence of the average internuclear distance between the H atoms of
the Hs molecules impinging on the supported Pdg and Pd;3 nanoparticles. The red curves
correspond to the dissociated molecules, the green curves to the reflected molecules, and the
blue curves to the non-dissociatively adsorbed molecules.

25



Pd displacement (A)

Figure 5: Time dependence of the average displacement of the Pd atoms upon their inter-
action with the incoming Hs molecule. The three panels correspond to different outcomes of
the trajectories (dissociation, reflection and non-dissociative adsorption) as labeled. Thick
solid red curves show the results for Pdg, dotted blue curves for Pd;3, dashed green curves for
PdgHg, and dotted-dashed magenta curves for Pdi3His. In the case of adsorbed molecules,
the thin solid red curve is obtained by removing from the calculation the trajectories in

which the Pdg rotates.

0.4
0.3

0.1

0.6

0.2

— 1 ' 1 ' 1 T 1
Dissociated

200 400 600 800 1000
time (fs)

26



Figure 6: Panels (a) and (b) show the configurations of the relaxed PdgHg and Pdy3H;s,
respectively, before starting the AIMD simulations. Panels (c¢) and (d) show, respectively, the
configuration adopted by the PdgHg and Pd;3H;5 nanoparticles at the end of the simulation
time (1 ps) for two selected trajectories in which molecular adsorption occurs.
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Figure 7: Upper pannel: Representative energies, along a minimum energy path MEP of
the process of H spillover (indicated by arrows) onto the graphene support from Pd;3 with
one dissociatively adsorbed hydrogen molecule. The energies for the dissociative adsorption
of the hydrogen molecule on the Pd nanoparticle are also given. Lower pannel: the same
information is given for Pd;3 with seven dissociatively adsorbed hydrogen molecules. This
case corresponds to the full saturation of the Pd nanoparticle with dissociated hydrogen. The

energies for the dissociative adsorption of one hydrogen molecule on the Pd nanoparticle with
six preadsorbed hydrogen molecules are also given.
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