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Abstract

The hydrogen storage capacity of nanoporous carbons can be enhanced through
metal doping, for instance doping with palladium. However, there are two problems
that may limit the positive effect of metal doping on the reversible storage capacity.
First, clustering of the metal atoms decreases its effectiveness, which is largest for
maximum dispersion. A second problem that is often overlooked, is that the desorption
of metal-hydrogen complexes may compete favorably with the desorption of hydrogen
molecules. Desorption of complexes would spoil the reversible storage of hydrogen in
the material. Both problems can be avoided by firmly anchoring the metal atoms and
clusters to defects of the carbon substrate, for instance vacancies. With this goal in
mind, we have performed Density Functional calculations to investigate the desorption
of hydrogen and of Pd-hydrogen complexes from Pd atoms and clusters supported on
pristine graphene and on graphene layers with vacancies. We show that palladium
atoms bind much stronger to graphene vacancies, binding energy Ej, = 5.13 eV, than
to pristine graphene, Fp = 1.09 eV. The Pd atoms tend to nucleate and form clusters
around the vacancies and the small Pd,, clusters (n = 2 —6) also bind strongly, E, ~ 5
eV, to the vacancies. However, the Pd—Pd interaction is much smaller than the Pd-
vacancy interaction and, therefore, the vacancies favor the dispersion of palladium on
the graphene layer. For hydrogen adsobed on Pd atoms and clusters supported on
pristine graphene, desorption of Pd-hydrogen complexes competes with desorption of
molecular hydrogen. However, for hydrogen adsobed on a Pd atom anchored on a
graphene vacancy, the desorption of the PdHs complex costs 4.2 €V and, therefore,
it does not compete with the desorption of molecular hydrogen, which takes place
with an energy cost of only 0.2 eV. This shows the beneficial effect that anchoring Pd
atoms and clusters to graphene vacancies has on the reversible adsorption/desorption

of hydrogen.
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Introduction

Many efforts are now dedicated to find clean fuels that could replace gasoline in transporta-
tion vehicles, and hydrogen is considered to be a firm candidate.! The basis of this application
is the reaction of hydrogen with atmospheric oxygen in a hydrogen fuel cell, producing an
electric current. The only emission from the reaction is water. However, hydrogen is a gas,
and the bottleneck of this technology, as it is pointed out in a recent review by Jena,? is to
find an efficient way to store hydrogen in a tank, to be able to run the car for about 600
Km. A promising method is the storage of hydrogen in light solid porous materials, and the
mechanism of storage is the adsorption of Hy on the inner walls of the pores. Porous mate-
rials show large specific surface areas of several thousand m?/g. A particular class of those
materials is nanoporous carbon.? Thermodynamic estimations by Li et al.# indicate that
the values of the adsorption energies that would led to an efficient adsorption/desorption
cyclic process at room temperature and moderate pressures are in the range of 0.3-0.4 eV
per hydrogen molecule. This is a narrow window, intermediate between typical physisorp-
tion and chemisorption energies. The short-term targets proposed by the U.S. Department
of Energy (DOE), which would permit using hydrogen as a fuel in onboard applications,
are: a gravimetric storage capacity of at least 5.5% of hydrogen in weight, and a volumetric
capacity of more than 0.040 Kg of hydrogen per liter at room temperature and moderate
pressures.® Experiments and calculations indicate that none of the current hydrogen storage
methods and none of the known solid porous materials meet the DOE targets.®® In the case
of porous carbons, the walls of the pores are similar to imperfect graphene layers,” and the
problem is that the adsorption energy of Hy on graphene is low, below 0.1 eV /molecule.
Doping the carbon materials with metallic impurities is viewed as a promising strategy
to enhance the hydrogen uptake.®'® The metallic atoms have the effect of increasing the
binding energies of molecular hydrogen to the pore walls.'*!? In addition, the deposited
metallic atoms can bind several hydrogen molecules. > '6 The binding of molecular hydrogen
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to transition metals has been explained using the Kubas model ' as a donation of electronic



charge to the unfilled d-orbital of Pd followed by back donation from the transition metal to
the antibonding orbital of Hy. On the other hand, a different mechanism, the polarization
of the Hy molecule, has been used to explain the binding of molecular hydrogen to metallic
cations.'® An increase of the hydrogen storage capacities of carbon nanotubes doped with
lithium and potassium has been observed,®® and the atypical hydrogen uptake observed by
Bath et al.'% on chemically activated microporous carbon has been proposed to be due to
traces of alkali metals residual from the process of chemical activation.

However, there are some difficulties with the doping of porous carbons. The first one is
that aggregation of the adsorbed dopant atoms may occur, because the metal atom-metal
atom bonding is usually stronger than the metal atom-graphene bonding.!%2! The effect
of the metal dopant in enhancing the amount of hydrogen adsorbed would be largest for
maximum dispersion of the dopant, that is, when metal atoms or very small clusters are
present. Consequently, formation of large clusters should be avoided if possible. A second
problem, usually unnoticed and that we point out in this work, may occur in the step of
desorption of the adsorbed hydrogen, a key step to feed the hydrogen fuel cells. We show,
for the case of Pd doping, that desorption of metal-hydrogen complexes often competes with
desorption of Hy. Both problems are avoided by increasing the binding energy of the metal
atoms or small metal clusters to the supporting carbon substrate. This can be achieved by
anchoring the metal atoms and small clusters to defects in the carbon networks of the pore
walls. It has been found that defects in graphene (such as mono- and di-vacancies) increase
the adsorption energy of metal atoms and small metal clusters significantly, to the point of
exceeding the cohesive energy of the metal.?? 24 For this reason we investigate the anchoring
of Pd atoms and small Pd clusters to monovacancies in graphene. The result is that the
binding energy of Pd atoms and clusters to defects on the carbon substrate rises up to about

5 eV, whereas the adsorption energy on a carbon substrate with no defects is below 1.5 eV.



Theoretical Model

Computer simulations of the structure of nanoporous carbons indicate that the walls of
the pores are planar or curved graphene-like layers containing defects.” This means that in
theoretical studies of the storage of hydrogen on the pores, the walls can be conveniently
modeled as graphene walls. We have performed Density Functional (DFT) calculations to
study i) the adsorption of Hy on Pd atoms and small Pd clusters supported on graphene, ii)
the adsorption of Pd atoms and small Pd clusters on a graphene monovacancy, and iii) the
effect that anchoring the Pd atoms to graphene vacancies has on the adsorption-desorption
of hydrogen. The DFT calculations have been performed using the supercell method, with a
basis set of plane waves, and ultrasoft pseudopotentials,? as implemented in the DACAPO
code.? The pseudopotential for Pd uses a Kr-like core. An energy cutoff of 350 eV was
taken for the plane wave expansion of the wave functions, and a cutoff of 1000 eV for the
electron density. Electronic exchange and correlation effects are treated by the generalized
gradient approximation of Perdew and Wang?’ (PW91). Spin-—polarized calculations have
been performed in all cases. The supporting graphene layer was simulated as a periodically
repeated unit cell consisting of 50 carbon atoms in the (x, y) plane. The cell parameter in
the direction perpendicular to the graphene plane was 14 A. The selected supercell size is
sufficiently large as to minimize the interaction between defects and clusters in different cells.
The Monkhorst-Pack® k-point set of [2, 2, 1] in the reciprocal lattice is sufficient to guarantee
convergence in the cohesive and adsorption energies within 10 meV. For Pd,, (n =1—5) on
pristine graphene, with and without hydrogen adsorbed, the selected values of the number
of atoms per cell, the cell parameter in the direction perpendicular to the graphene layer,
and the k-point set were 32, 12 A, and [4, 4, 1], respectively. All the structures of isolated
Pd,,, Pd,, on graphene and on a graphene monovacancy, and of molecular and dissociated
hydrogen adsorbed on those Pd clusters have been optimized using a local minimization
procedure based on molecular dynamics, until the forces on all atoms were smaller than 0.05

eV/ A. The search for global minima has been performed, based on our previous experience



in these systems, by considering a sufficiently large number of different guessed structures

as the initial configurations to be optimized.

Desorption of adsorbed hydrogen and competition of
metal-hydrogen complexes

A study of free Pd, clusters (1 < n < 6) and Pd,, clusters supported on the surface of
pristine graphene has been reported in previous papers.'%?? A salient feature is that Pd
atoms have a strong tendency to form three dimensional structures, both as free clusters
and also when supported on graphene. The binding energy of a Pd atom or a Pd,, cluster

to pristine graphene is given by
Ey(Pd,, on G) = E(G) + E(Pd,) — E(Pd, on G) , (1)

where n = 1 for the case of a Pd atom, G represents the supporting graphene layer (latter in
the paper G will represent the graphene layer with a vacancy), and F indicates total energies.
Then, the calculated binding energy of a Pd atom is E,(Pd) = 1.09 eV. The binding energies
of small Pd clusters are also moderately low, ranging from 0.49 to 1.26 eV for n = 2—6. These
are also the energies required to desorb the Pd atoms and clusters from the graphene surface,
as reported in Table 1. As a second step, we have also investigated the adsorption of hydrogen
on the supported palladium atoms and clusters.? The adsorption of H, on the supported
Pd clusters produces two types of adsorption states. The first one is an activated state of
the adsorbed hydrogen molecule, with the H-H distance stretched and the bond weakened,
although not broken. This type of adsorption occurs with no barriers, and the binding
energies fit in a range of values of interest for achieving reversible hydrogen storage. The
second type is characterized by dissociation of the hydrogen molecule and chemisorption of

the two hydrogen atoms. Supported single Pd atoms are not able to dissociate the hydrogen



Table 1: Energy required for desorption of the cluster Pd, (n =1 —6) from the
Pd,,—graphene system. Also, energy required for desorption of the H, molecule
and the Pd, H, complex, respectively, from the H,—Pd,,—graphene system in the
case of hydrogen adsorbed in the activated molecular state. In the case of the
2H,—Pd—graphene system (second line of the table) the desorption of H, corre-
sponds to desorption of the first hydrogen molecule, and the complex desorbed
is Pd(H,)2. The last column is the loss of stability of the supported Pd, due to
the adsorption of hydrogen in the activated state. Energies are given in eV.

System desorption desorption* desorption* loss of Pd,
of Hy of Pd,,Hs of Pd,, stability

Hy—Pd-graphene 0.96 0.93 1.09 0.16
2H5—Pd-graphene 0.25 0.25 1.09 0.84
Hy-Pds—graphene 1.06 0.97 1.26 0.29
Hsy-Pds—graphene 0.53 0.77 0.76 -0.01
H,-Pds—graphene 0.42 0.63 0.84 0.21
Hy—Pds—graphene 0.69 0.60 0.49 -0.11
(trigonal bipyramid)

Hy-Pdg—graphene 0.56 1.00 1.14 0.14

* desorption energies are calculated with respect to the free cluster or complex in the same

isomeric configuration as the adsorbed one.



molecule; they adsorb Hy in the activated state, exclusively. Beginning with supported Pds,
the two types of adsorption states are possible, the chemisorbed state of hydrogen being more
stable. The dissociative chemisorption occurs with no barrier on supported Pd, and Pdj
(starting from free gaseous Hy). But, in the case of Pdy and larger supported clusters there
are barriers for the dissociative chemisorption of Hy. The chemisorption binding energies are
large, and it will be difficult to desorb the chemisorbed H atoms. Consequently, these are
of less practical interest for hydrogen storage (see, however, some comments on the spillover
mechanism in the final section of the paper).

In a recent work on the storage of hydrogen in porous carbon doped with palladium,
Contescu et al.?? reported that 18% of the palladium was in the form of adsorbed single
atoms. The study of the interaction of Hy with a Pd atom adsorbed on graphene is then
a topic of high interest. Figure 1 shows the ground state structure for one and two Hs
molecules adsorbed on a Pd atom supported on a graphene layer. The Pd atom is in a

bridge position above the bond between two adjacent carbon atoms. Adsorption of the Hy

Figure 1: Adsorption of one and two hydrogen molecules by a Pd atom supported on
graphene. The bond length of the molecule is d(H-H) = 0.86 A and 0.85 A, respectively.

molecules on the supported Pd atom occurs without activation barrier, and the H-H bond
length increases from its original value of 0.754 A in the free molecule to a value of 0.86
A or 0.85 A in the adsorbed state (for adsorption of one and two molecules, respectively),

but the H-H bond is not broken. The adsorption energies of the hydrogen molecules on the



Pd,—graphene system are given by

E.q(mHy) = E(Pd,, on G) +m E(Hy) — E(mHs + Pd, on G) , (2)

where the symbols £ and G have the same meaning as in Eq. 1, m is the number of adsorbed
molecules, and F(mHs + Pd,, on G) is the energy of the system formed by the m hydrogen
molecules adsorbed on Pd,—graphene. When only one hydrogen molecule (m=1) is adsorbed,
then E,q(Hy) = 0.96 eV. This is also the energy Ey.(H2) necessary to desorb the molecule
in the step of releasing the stored hydrogen to be used as fuel. In comparison, the energy to

desorb the PdH, complex

Eq4(Pd,Hs) = E(G) + E(Pd,Hs) — E(Hs + Pd,, on G) |, (3)

is 0.93 eV for n = 1. This indicates that desorption of the PdH, complex will compete
with desorption of the Hs molecule, because the two desorption energies have nearly the
same value. The difference Ejss = Ep(Pd on G) — Eg(PdHs) = 0.16 eV is the loss of
stability of the supported Pd atom due to the adsorption of the hydrogen molecule. For
adsorption of two molecules, the adsorption energy is E.q(2H;) = 1.20 eV. Desorption of
the first Hy molecule requires an amount of energy equal to 0.25 eV, and desorption of the
second requires 0.96 eV. However, desorption of the whole complex Pd(Hs)s only costs 0.25
eV. Consequently, desorption of the Pd(Hs), complex competes with desorption of the first
hydrogen molecule, and it is more favorable than desorbing the two Hs molecules. The loss
of stability of the Pd atom due to the adsorption of two hydrogen molecules is substantial,
Eipss = 1.09 — 0.25 = 0.84 eV. In conclusion, desorption of the PdHy or Pd(Hs), complexes
may limit the contribution of the Pd adatoms to the reversible hydrogen storage capacity of
Pd—doped porous carbons.

Table 1 shows the desorption energies of H, adsorbed on Pd,, clusters supported on

graphene, for the case of Hy adsorbed in the activated state. These desorption energies are



equal to the corresponding adsorption energies given by Eq. 2. Also reported in the Table are
the desorption energies (Eq. 3) of the Pd,Hy complexes adsorbed on graphene. Desorption
of the Pd, H, complexes competes with desorption of Hy, since the two desorption energies
are similar. In several cases, n = 1, 2, and 5, the desorption of the complex is slightly
favored against desorption of hydrogen. For n = 3 and 4, the desorption of complexes is also
competitive, because it costs only 0.2 eV more than the desorption of Hy. The first case
when the competition is not significant corresponds to desorption from the largest supported
Pd cluster studied, that is, Pdg. Desorption of Hj is favored in that case because it requires
0.56 eV, whereas desorption of the PdgHy complex costs 1.0 eV. The overall result is that
desorption of molecular hydrogen is inhibited, or at least reduced by the desorption of the
Pd-H complexes for supported Pd atoms and Pd,, clusters for n < 6. The loss of stability
of the adsorbed Pd cluster, defined as the difference between the desorption energy of Pd,
and the desorption energy of Pd, Hs, is given in the last column of the Table.

Desorption of molecular hydrogen from its dissociated (chemisorbed) state on Pd clusters
supported on graphene is much costly. The hydrogen desorption energies (equal to the
adsorption energies given by Eq. 2, where now E(mH, + Pd, on G) should be the energy
of the system formed by m dissociated hydrogen molecules chemisorbed on Pd,—graphene)
are about two to four times higher than the corresponding desorption energies for the case
of Hy adsorbed in the activated state (compare Table 2 and Table 1) and much larger than
the energies to desorb the Pd,H,; complexes with dissociated hydrogen (given by Eq. 3,
and reported in Table 2). Therefore, desorption of the complexes with dissociated hydrogen
is favored against desorption of hydrogen from the chemisorbed state, the only exception
occurring for the largest cluster considered, Pdg. As an example, desorption of Hy from
Pds, requires an energy of 1.66 eV, and desorption of the PdsHs complex requires a smaller
energy, 0.71 eV. Although the case of dissociated hydrogen chemisorbed on supported Pd
clusters is of less practical interest because of the high desorption energies (larger than 1

eV), the overall conclusion is the same as for the case of adsorbed hydrogen in the activated
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state: desorption of hydrogen-palladium complexes will inhibit the desorption of hydrogen.

The competitive desorption energies of the PdoHs complexes arise from the relatively weak

Table 2: Energy required for desorption of Hy and Pd, H,, respectively, from the
H,—Pd,,—graphene system in the case of dissociated hydrogen chemisorbed on the
supported Pd cluster. The last column is the loss of stability of the supported
Pd,, due to the chemisorption of hydrogen. Energies are given in eV.

System desorption desorption* loss of Pd,,
of Hy of Pd, H, stability

Hyo—Pds—graphene 1.66 0.71 0.55
Hy-Pds—graphene 1.95 0.89 -0.13
Ho—Pds—graphene 1.47 0.96 -0.12
Ho—Pds—graphene 1.24 0.66 0.02
(square pyramid)

Hy-Pdg—graphene 1.19 1.30 -0.16

* desorption energies are calculated with respect to the free complex in the same isomeric
configuration as the adsorbed one.

bonding of the Pd clusters to the graphene surface, that is, the small desorption energies
of the Pd clusters from graphene (see Table 1). Moreover, the supported Pd clusters may
lose stability upon adsorption of hydrogen (Fj,ss given in Tables 1 and 2 is in many cases
positive) in both cases of adsorption in the activated and the dissociated states.

There is another effect that inhibits (or at least reduces) the desorption of Hy from
the activated states. The heights of the energy barriers separating the activated adsorbed
states of Hy molecules and the dissociated (chemisorbed) states are 0.73, 0.26 and 0.31 eV
on supported Pdy, Pds and Pdg, respectively. These values are similar to the desorption
energies of the activated Hy molecules. This means that when heating the system in the step
of releasing the stored hydrogen, many of the activated hydrogen molecules will reach the

stable chemisorbed state, instead of being desorbed. Reaction times, 7, for the transition
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from the activated to the dissociated state can be estimated from the equation

L) N
where v is of the order of 10'2 Hz, T is the temperature, and Ej is the activation barrier
for dissociation of hydrogen from the activated state. At room temperature, the calculated
reaction times are 1.81 s, 2.3x107% s, and 1.6x107" s on supported Pd,, Pds and Pdg,
respectively. This indicates that for Pd; the system will survive at the molecular state
long enough to have a chance to desorb at room temperature. However, for Pd; and Pdg
the barrier is lower and the dissociation kinetics is much faster, and therefore one would
not expect desorption of hydrogen but dissociation. The desorption of hydrogen from the
dissociated states would take place at higher temperatures, due to their higher desorption
energies. This process is of less interest for the reversible storage of hydrogen under mild
conditions. In summary, the two effects discussed, a) desorption of complexes, and b) for-
mation of chemisorbed states, compete with the desorption of Hy, casting serious doubts on

the usefulness of doping porous carbons with Pd.

Palladium clusters anchored on graphene vacancies

The relatively weak bonding of Pd to the graphene surface may be a drawback for the
reversible adsorption of hydrogen since, as discussed in the previous Section, desorption of
the palladium—hydrogen complexes competes with desorption of Hy. A way to cure this
drawback is to anchor tightly the Pd clusters to the carbon surface. This can be achieved
by attaching the Pd clusters to defects in the carbon surface, instead of supporting them
on the pristine surface. With this goal in mind, we investigate the adsorption of Pd atoms
and clusters on a graphene layer with defects, focusing on one type of defects, the single
vacancies, which are produced when one carbon atom is removed from the graphene lattice

(see Fig 2). The vacancy formation energy, that is, the energy required to remove a carbon
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Figure 2: Structure of a graphene vacancy. The labels indicate different types of adsorption
sites for the Pd atoms.
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atom from a lattice site and putting the atom back at infinity in the lattice, is
n—1
Eyo. = E(graphene-vacancy) — —— F/(graphene) , (5)
n

where F(graphene) is the total energy of a supercell of pristine graphene containing n carbon
atoms, and E/(graphene-vacancy) is the energy of the same supercell of graphene in which
one carbon atom has been removed. From DFT calculations we obtain FE,,. = 7.84 eV,
in good agreement with the experimental value®' of 7.0 + 0.5 eV, and with other DFT

23,32,33 which give values 7.7-7.8 eV. The optimized structure of the monovacancy

calculations,
has the three carbon atoms around the vacant site slightly displaced out of plane by 0.30,
-0.14, and -0.11 A, respectively. We have investigated the adsorption of Pd, (1 < n <
6) clusters on a graphene vacancy. Figure 3 shows the optimized structures and Table
3 summarizes the binding energies and some structural data. A single palladium atom
adsorbs on a graphene monovacancy above the vacant site at a distance of 1.56 A from the
graphene layer. The Pd atom is much larger than the C atoms and, therefore, Pd does not fit
in—plane at the vacant site. The three C atoms around the vacancy move out of the graphene

plane about 0.33 A towards the Pd atom and the final distance between the Pd atom and

the surrounding C atoms is 1.98 A. The binding energy of Pd to a graphene vacancy is 5.13

13



Top and side views of the optimized structures of Pd,, clusters (1 < n < 6)

Figure 3:
adsorbed on a graphene vacancy.
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eV (as calculated from eq. 1, where G now represents the graphene layer with a vacancy).
This energy is much higher than the binding energy, 1.09 eV, of Pd to the pristine graphene
surface. A Pd atom on pristine graphene sits above a C-C bond at a distance of 2.23 A
from the graphene layer. Clearly, Pd atoms deposited on graphene have a strong preference
for the vacant sites in graphene. Figure 4 shows the electronic density redistribution, Ap,

upon adsorption of a Pd atom on a) a graphene vacancy and b) pristine graphene. Ap for



Table 3: Optimized structures of Pd,, clusters adsorbed on a graphene vacancy.
dpd-graphene are the distances of the Pd atoms to the graphene layer. £, is the
binding energy of the Pd, cluster to the vacancy. E}*'*°" js the energy required
to remove a single Pd atom from the Pd cluster adsorbed on the graphene
vacancy. Distances are given in A and energies are given in eV.

n structure de-graphene Eb Ell)ast—atom
center vacancy 1.56 5.13
center-top C 1.78,2.79  5.93 2.10

3 vertical triangle 1.72,2.67 5.72 2.24
(center—B1) 4.26

4 tetrahedron on face 1.75,2.55  5.44 2.65
(center-B1-B2) 2.65, 4.36

5 trigonal bipyramid on face 1.77,2.64 5.54 2.47
(center-B1-B1) 4.43, 4.74

6 octahedron on face 1.77,2.58  5.62 2.77
(center-B1-B2) 4.10, 4.89

adsorption of a Pd atom or a Pd,, cluster is defined as

Ap = p(Pd, on G) — p(Pd,) — p(G), (6)

where n = 1 for the Pd atom, p is the electronic density, and G stands for either the graphene
layer with a vacancy or the pristine layer. The redistribution of electronic density is larger
in the case of the Pd adsorption on a vacancy, and it is accompanied by a charge transfer of
0.4 e from the Pd atom to the defective graphene layer. In contrast, there is a small charge
transfer of 0.16 e from the Pd atom to the pristine layer, together with some polarization of
the electronic density around the Pd atom. This reflects the stronger interaction of Pd with
a graphene vacancy than with the pristine layer.

A second Pd atom adsorbs next to the first one, on top of one of the C atoms around
the vacancy (see Fig. 3). The second Pd binds directly to both, the Pd atom saturating

the vacancy and the graphene layer. The binding energy of the second Pd atom to the
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Figure 4: a) Electronic density difference, Ap, between the system formed by a Pd atom
adsorbed on a graphene vacancy and the two separated subsystems, Pd atom and defective
graphene. b) Ap for Pd adsorbed on pristine graphene. Contour values £0.005 e/au?, yellow
positive, green negative.

a) b)

Pd-saturated vacancy is given by

E[l)ast—atom(Pd> — E(Pdn—l on G) + E(Pd) — E(Pdn on G) ; (7)

where the symbol G here represents the supporting graphene layer with a vacancy. In the
case under discussion, n=2, but eq. (7) applies also to the binding energy of the last Pd atom
of larger supported Pd clusters. This energy can be interpreted as the evaporation energy
of a Pd atom from the adsorbed Pd cluster. For n = 2, Eastatom — 9 10 eV. This energy
is higher than both, i) the evaporation energy, 1.47 eV, of a Pd atom from Pd, adsorbed
on pristine graphene,'® and ii) the binding energy, 1.09 eV, of a single Pd atom to pristine
graphene. The Pdy cluster binds to the graphene vacancy with a binding energy (eq. 1) of
5.93 eV. The interaction of Pd with the vacancy is much stronger than the Pd-Pd interaction
(the binding energy of a free Pd dimer is 1.30 eV). Several low lying configurations of Pd,
adsorbed on a vacancy are summarized in Table 4. All the structures have in common that
one Pd atom sits above the center of the vacant site. The second Pd atom is attached to the
first one, and binds directly to the graphene layer in the two configurations center-B1 and

center-B2; however, the second Pd atom does not bind directly to graphene in the vertical
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configuration in which the Pd dimer is perpendicular to the graphene layer.

Table 4: Low lying configurations of Pd, clusters adsorbed on a graphene va-
cancy. The energies, AF, are given with respect to the ground state configura-
tions of Table 3. Energies are given in eV.

n  structure AFE
2 center-B2 0.33
2 center-B1 0.34
2 center (vertical) 0.76
3 horizontal triangle (center-B1-B2) 0.12
3 horizontal triangle (center-B1-B1) 0.17
3 inverted vertical triangle (center) 0.62
4 tetrahedron on face (center-B1-B1) 0.03
4 tetrahedron on edge (center-B1) 0.14
5 trigonal bipyramid on face (center-B1-B2) 0.04
5 trigonal bipyramid on edge (center—B1) 0.06
5 square pyramid on triangular face (center—top—B1) 0.17
6 octahedron on face (center-B1-B1) 0.001
6 octahedron on edge (center—B1) 0.28
6 capped square pyramid on triangular face (center-top-B2)  0.38

Pds forms a triangle oriented perpendicular to the graphene layer. The Pd atoms of
the base of the triangle sit above the center of the vacancy and above a C-C bond (B1),
respectively (see Fig. 3). The binding energy of Pds to the graphene vacancy is 5.72 eV.
Pd clusters attach strongly to vacancies in graphene, but the interaction with the vacancy
does not affect much the Pd-Pd interaction: the energy to remove a Pd atom from a Pdj
cluster adsorbed on a vacancy, 2.24 eV, is similar to the energy, 2.45 eV, to remove the atom
from an isolated Pds cluster. The energy difference between the perpendicular configuration
and almost parallel configurations of Pds in which all three Pd atoms attach directly to
graphene is 0.12-0.17 eV (see Table 4). A similar energy difference, 0.19 eV, was found
between perpendicular and parallel configurations of Pds adsorbed on pristine graphene.

The vertical inverted triangle configuration, is higher in energy, 0.62 eV above the lowest

17



energy configuration.

The lowest energy configuration of the Pdy cluster attached to a vacancy is the tetrahedral
structure, the same as that of a free Pdy cluster. The tetrahedron rests on a triangular face
with one Pd atom at the center of the vacancy. The binding energy of Pd, to the vacancy is
5.44 eV. This energy is substantially larger than the binding energy, 0.84 eV, of Pd, to pristine
graphene. The energy required to remove one Pd atom from the cluster anchored on the
vacancy is 2.65 eV. We have found other orientations of the Pd, tetrahedron anchored to the
vacancy (see Table 4). The configurations with the tetrahedron laying on one face are almost
degenerate. The configuration with the tetrahedron laying on one edge is 0.14 €V higher in
energy. Planar configurations of the four Pd atoms are even higher in energy, 0.64 eV above
the lowest energy configuration. This indicates that palladium does not wet the graphene
surface. Instead, it prefers to form three-dimensional structures. Indeed, beginning with
Pdy, all the Pd,, clusters deposited on defective graphene have three-dimensional structures.
The same behavior was found!? for Pd clusters deposited on pristine graphene.

There are two competing structures for the free Pds cluster: the ground state trigonal
bipyramid and the square pyramid, which is only 0.05 eV higher in energy. Upon deposi-
tion on pristine graphene, the square pyramid configuration becomes more stable by 0.14
eV, due to its stronger interaction with the graphene layer. Desorption of Pd; from the
adsorbed square pyramid configuration (without changing its isomeric structure) costs 0.68
eV, whereas desorption from the adsorbed trigonal bipyramid configuration costs only 0.49
eV (see Table 1). However, adsorption on a vacancy preserves the energetic ordering of the
isomers of the free cluster. The adsorbed square pyramid is 0.17 eV higher in energy (less
stable) than the adsorbed trigonal bipyramid, which has a binding energy of 5.54 eV to the
vacancy. The energy to remove one Pd atom from the anchored cluster is 2.47 eV. The
trigonal bipyramid rests on a triangular face with the apex atom of one of the pyramids
saturating the vacancy. Other orientations of the adsorbed trigonal bipyramid are almost

degenerated in energy (see Table 4).
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The lowest energy configuration of the isolated Pdg cluster is an octahedron. This struc-
ture is preserved, with minor distortion, upon adsorption on a graphene vacancy. The
octahedron lies on a triangular face with one Pd atom saturating the vacancy. The binding
energy of Pdg to the graphene vacancy is 5.62 eV. We notice from Table 3 that the binding
energies of small Pd,, clusters (n = 1 — 6) to graphene vacancies are relatively high and do
not depend much on cluster size, ranging from 5.13 to 5.93 eV. This reveals the localized
nature of the interaction of the cluster with the vacancy. The cohesion inside the Pd cluster
is not much affected by the adsorption at the vacancy. Thus, the energy of 2.77 eV necessary
to remove one Pd atom from Pdg anchored on a vacancy is close to the evaporation energy,
2.69 eV, of a Pd atom from an isolated Pdg cluster. Therefore, for Pd clusters anchored
on graphene vacancies, the evaporation of Pd atoms is favored over desorption of the en-
tire cluster from the surface. In contrast, for Pd clusters adsorbed on pristine graphene,
desorption of the entire cluster is preferred over evaporation of Pd atoms. Figure 5 shows
the electronic density redistribution Ap, given by Eq. 6, upon adsorption of a Pdg cluster
on a) a graphene vacancy and b) pristine graphene. Little redistribution of the electronic
density occurs for adsorption on pristine graphene and, consequently, the binding energy of
the Pdg cluster is quite low,?? 1.14 eV. However, a substantial electron density redistribution
takes place upon adsorption of Pdg on a graphene vacancy, consistent with its larger binding
energy of 5.62 eV. Several low-lying configurations of Pdg adsorbed on a vacancy have been
found. The two octahedral configurations sitting on one face are almost degenerated (see
Table 4). The octahedral structure resting on one edge and the capped square pyramid rest-
ing on a triangular face are 0.28 and 0.38 eV higher in energy, respectively. Similarly as for
smaller cluster sizes, a quasiplanar configuration of six Pd atoms (centered hexagon minus
one atom) is quite high in energy, 1.67 eV above the lowest energy configuration, confirming
the tendency of Pd to form three-dimensional structures.

The interaction of Pd with graphene vacancies is very strong. It doubles the strength

of the Pd—Pd interaction, and is four times larger than the interaction of Pd with pristine
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Figure 5: a) Side and top views of the electronic density difference, Ap, between a Pdg
cluster adsorbed on a graphene vacancy and the two separated subsystems, Pdg cluster and
defective graphene. b) Ap for Pdg adsorbed on pristine graphene. Contour values +0.015
e/au®, yellow positive, green negative.

graphene. Therefore, Pd atoms dispersed on a graphene surface with defects will tend to
saturate first all the vacancies, and then clusters will grow on the Pd-saturated vacancies.
The vacancies favor the dispersion of Pd atoms on the surface of graphene and the Pd atoms
and clusters get firmly anchored to vacancies. Clusters may also grow on the pristine surface
of graphene. However, since the clusters bind weakly to the pristine surface, they will tend
to migrate till they find a vacancy, a Pd-saturated vacancy, or other defects. In both cases,
pristine graphene and graphene with vacancies, palladium does not wet the surface and
exhibits a strong tendency to form three dimensional clusters.

Although Pd atoms and bulk palladium metal are non-magnetic, the small Pd,, free
clusters have a magnetic moment of y = 2up for 2 < n < 6. These moments are preserved

upon deposition of the clusters on the surface of pristine graphene for n = 3, 4 and 6, and
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are quenched down to zero for n = 2 and 5. However, the adsorption of the Pd,, clusters on
graphene vacancies leads to the quenching down to zero of all the magnetic moments, due

to the stronger interaction of the Pd clusters with the defects.

Hydrogen adsorption/desorption from Pd atoms anchored
on graphene vacancies

Above we have pointed out some problems associated to the desorption of molecular hydrogen
adsorbed on Pd atoms and clusters supported on pristine graphene. Since some of those
problems are rooted in the small binding between the Pd clusters and the carbon substrate,
it is advisable to investigate the effect of anchoring the Pd clusters to vacancies in the carbon
substrate. Our calculations show that the adsorption energy of molecular hydrogen on a Pd
atom anchored on a graphene vacancy, calculated from Eq. 2 with m =1 and n =1, is 0.21

eV. Figure 6 shows the corresponding ground state structure. By looking at the desorption

Figure 6: Optimized structure of one hydrogen molecule adsorbed on a Pd atom anchored
on a graphene vacancy. The bond length of the molecule is d(H-H) = 0.79 A

e i o

step, the energy required to desorb a hydrogen molecule from a Pd atom anchored at a
graphene vacancy, is also 0.21 eV (equal to the adsorption energy). On the other hand, the
desorption energy of the PdHy complex from the surface of the defective graphene is quite
large, 4.22 eV, because the Pd atoms stay firmly anchored to the vacancies. Therefore, in
contrast with Pd-doped pristine graphene, the desorption of the complex does not compete

with the desorption of the hydrogen molecule. Figures 7 a) and ¢) show the electronic density

21



redistribution, Ap, upon adsorption of Hy on a Pd atom anchored on a graphene vacancy
and on a Pd atom adsorbed on pristine graphene, respectively. In both cases the hydrogen
molecule becomes activated but the H-H bond is not broken. An accumulation of charge
between the hydrogen molecule and the Pd atom is observed, responsible for the binding
energy of the hydrogen molecule to the supported Pd atom. On the other hand, Figure 7 b)
shows the electronic density difference, Ap, between the system formed by Hs adsorbed on
a Pd atom anchored on a graphene vacancy and the separated PdH,; complex and graphene
vacancy subsystems. The substantial Ap reflects the bonding between the complex and the
vacancy, which results in a large desorption energy of the complex. For comparison, Figure
7 d) shows the electronic density difference Ap between the system formed by Hy adsorbed
on a Pd atom suported on pristine graphene and the separated PdH, complex and graphene
layer subsystems. Ap is in this case smaller, consistent with the smaller desorption energy
of the complex from pristine graphene. In conclusion, anchoring the Pd atom tightly to
the supporting layer solves the problem of the desorption of palladium—hydrogen complexes
competing with the desorption of hydrogen.

The above result is promising in the attempt of achieving reversible adsorption-desorption
of hydrogen. However, we notice a new difficulty: the adsorption energy of molecular hy-
drogen on the anchored Pd atom is 0.21 eV. This value is below the target value 0.3-0.4 eV
established by Li et al.,* although a different estimation by Bhatia and Myers®* proposes
a less conservative target value of 0.16 eV/molecule. The moderate adsorption energy of
0.21 eV contrasts with the substantial adsorption energies, 0.96 eV on Pd-doped pristine
graphene, and 1.12 eV, of Hy on a free Pd atom. In these three cases the hydrogen molecule
becomes activated, with H-H bond distances of 0.79 A, 0.86 A, and 0.90A, respectively. The
conclusion is that the magnitude of the adsorption energy of molecular hydrogen on Pd de-
creases, and the stretching of the H-H bond also decreases, as the strength of the interaction
of the Pd atom with the supporting layer increases. That is, when the Pd atom exhausts a

substantial part of its bonding capacity by interacting with the substrate, as is the case for
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Figure 7: Electronic density difference, Ap, between H, adsorbed on Pd anchored on a
graphene vacancy and: a) the two separated subsystems, Hs molecule and Pd-saturated
vacancy; b) the two separated subsystems, PdH, complex and the graphene vacancy. For
comparison, we show the electronic density difference, Ap, between Hy adsorbed on Pd-
doped pristine graphene and: c¢) the two separated subsystems, Hy molecule and Pd-doped
graphene; d) the two separated subsystems, PdH, complex and pristine graphene. Contour
values £0.005 e/au®, yellow positive, green negative. The blue sphere indicates the Pd atom,
and the two small light spheres the hydrogen molecule.

a) b)

Pd supported on the vacancy, the bonding with the Hy molecule is weaker compared to the
cases of free Pd or Pd on pristine graphene. This points to a general problem: it may be
difficult to accomplish at the same time the two conditions of optimal Hy adsorption energies
(0.3-0.4 eV) and tightly anchored Pd clusters in the case of small Pd clusters (the situation
for larger clusters may be different, and it is worth to be studied). As a way out of this
problem we propose doping with nontransition metals. In a study of the effect of lithium
doping!! we noticed that the increase of the adsorption energy of Hy to graphene arises from
the electrical polarization of the molecule induced by the partially charged Li atom, and not

from direct bonding with Li. This polarization effect does not decrease with the number of
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hydrogen molecules around.

Summary and additional comments

The promising use of porous materials in hydrogen storage technologies is based on the
reversible adsorption/desorption of hydrogen under mild pressure and temperature condi-
tions. In this paper we have mainly focused on the desorption step of the cycle for Pd-doped
nanoporous carbons. The pore walls have been modeled as pristine graphene layers and
graphene layers with monovacancy defects. We have performed density functional calcula-
tions 1) of the decoration of pristine graphene and graphene vacancies with Pd atoms and
clusters, and 2) of the adsorption of hydrogen on the suported Pd atoms and clusters. The
binding energies of Pd atoms and small Pd clusters to pristine graphene are below 1.3 eV. The
adsorption of hydrogen on Pd atoms and clusters supported on graphene occurs following
two different adsorption modes: 1) adsorption of the molecule in an activated state, and 2)
dissociation of the molecule and chemisorption of the two H atoms. The adsorption energies
in the activated state lie in the range of interest for reversible storage of hydrogen. However,
the desorption energy of the Pd,Hs complexes is smaller than or close to the desorption
energy of the Hy molecule for n < 6 and, therefore, desorption of the complexes competes
with desorption of molecular hydrogen. Desorption of palladium—hydrogen complexes may
then limit the contribution of the Pd adatoms and small clusters to the reversible hydrogen
storage capacity of Pd-doped porous carbons. Starting with Pdg, the competition of com-
plexes is not significant, and desorption of hydrogen is favored for both, the activated and
the chemisorbed states. An additional difficulty that we have discussed is that heating the
system during the desorption step may allow the activated molecular hydrogen to overcome
the dissociation barrier and end up in the chemisorbed state.

Increasing the binding energy of the metal atoms and Pd clusters to the supporting carbon

substrate would provide a way to overcome the problem of the competition from desorbing
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Pd-H complexes. This can be achieved by anchoring the atoms and clusters to defects in
graphene. Pd atoms and clusters attach firmly to graphene vacancies with binding energies
of about 5 eV, in contrast with their weaker bonding, below 1.3 eV, to pristine graphene. We
have investigated the adsorption of molecular hydrogen on Pd atoms anchored on graphene
vacancies, and their corresponding desorption in competition with the desorption of the
PdH; complex. Desorption of the PdH,; complex costs 4.2 eV, in contrast with the small
cost of 0.2 eV for desorption of Hy. Therefore, in this case desorption of the complex does not
compete with desorption of hydrogen. Our study indicates that introducing defects on the
carbon network of Pd-doped nanoporous carbons has two main beneficial effects: improving
the dispersion of the metal on the carbon network, and preventing desorption of metal-
hydrogen complexes, therefore enhancing the reversible adsorption-desorption of hydrogen
in porous carbon materials. However, a problem still remains. In the process of desorption,
the hydrogen molecule can follow a competing route, overcoming the dissociation barrier and
ending up as a pair of chemisorbed H atoms.

In summary, the direct adsorption and desorption of hydrogen on the Pd clusters does
not appear to be promising to enhance hydrogen storage in porous carbons doped with Pd.
But, since the experimental evidence appears to indicate that hydrogen storage is enhanced
by the presence of Pd clusters and nanoparticles, the only remaining possibility seems to be
related with hydrogen spillout. Careful studies of this mechanism from the point of view of

computational chemistry are recommended.
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