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A Theoretical Study of the Interaction of Hydrogen and
Oxygen with Palladium or Gold Adsorbed on Pyridine-Like

Nitrogen-Doped Graphene

Eduardo Rangel,*™ 9 Luis Fernando Magana,” and Luis Enrique Sansores®

The interaction of H, and O, molecules in the presence of ni-
trogen-doped graphene decorated with either a palladium or
gold atom was investigated by using density functional theory.
It was found that two hydrogen molecules were adsorbed on
the palladium atom. The interaction of these adsorbed hydro-
gen molecules with two oxygen molecules generates two hy-
drogen peroxide molecules first through a Eley-Rideal mecha-
nism and then through a Langmuir-Hinshelwood mechanism.

1. Introduction

Theoretical and experimental research has recently been fo-
cused on the catalytic properties of nitrogen-doped graphene.
Nitrogen doping has proved to be an effective way to adjust
the properties of graphene and nanotubes and render their
potential use for various applications."" In particular, several
studies have approached the problem of hydrogen storage
and catalytic reactions on nitrogen-doped graphene decorated
with Pd.>'"® The decoration of palladium on nitrogen-doped
graphene has been recently achieved and studied by Param-
bhath and co-workers;? they found that a maximum hydrogen
capacity of 4.4 wt% can be achieved at 25°C and 4 MPa. Moti-
vated by these experimental results, we recently studied the
interaction of hydrogen molecules with small palladium clus-
ters supported on pyridine-like nitrogen-doped graphene
(PNG).™ Qur calculations showed that the support has a signifi-
cant influence on the electronic properties of palladium clus-
ters and leads to three types of adsorption states for
hydrogen.
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The barrier energies for this reaction were small; therefore, we
expect that this process may occur spontaneously at room
temperature. In the case of gold, a single hydrogen molecule
is adsorbed and dissociated on the metal atom. The interaction
of the dissociated hydrogen molecule on the surface with one
oxygen molecule generates a water molecule. The competitive
adsorption between oxygen and hydrogen molecules slightly
favors oxygen adsorption.

In relation to catalytic reactions, an alternative route to the
conventional technology of the formation of hydrogen perox-
ide, which avoids the use of anthraquinone,l'™ is the direct re-
action between molecular hydrogen and oxygen in the pres-
ence of a catalyst."® Most of the catalysts used for the direct
synthesis of H,O, are prepared from palladium or gold sup-
ported on a variety of substrates such as alumina, silica, and
carbon."” However, the use of N-functionalized carbon nano-
tubes or graphene as a support can lead to an increase in the
yield of H,0,. We found only one experimental study of the
direct synthesis of H,0, on palladium and gold-palladium
nanoparticles supported on N-functionalized carbon nano-
tubes."™ Arrigo and co-workers studied the nanostructural
transformation accompanying the loss of activity and selectivi-
ty for hydrogen peroxide synthesis."® However, they did not
study the possible reactions that could occur on modified N-
functionalized carbon.

An ambiguous and complex mechanism is hidden behind
the seemingly simple chemical reaction between H, and O, for
H,0,, H,0, OH, and OOH formation. Such reactions can be de-
scribed by Eley-Rideal™ or/and Langmuir-Hinshelwood™
mechanisms. According to the first mechanism, O,y from the
gas phase reacts directly with adsorbed H, or H, forming
OH,, and OOH, (s and g indicate that the atom or molecule
are either adsorbed or gas phase, respectively), and vice versa,
the gas phase H,g, molecule interacts with adsorbed O,.
Langmuir-Hinshelwood mechanism implies interaction of co-
adsorbed molecules (O, Hy, O, Hy OOH,,) with each other.

The objective of this work was to study the interaction be-
tween H, and O, in the presence of PNG decorated with
a gold or palladium atom. It should be mentioned that several
groups have observed three different types of nitrogen in ni-
trogen-doped graphene (N-graphene) systems; these are pyri-
dinic nitrogen, pyrrolic nitrogen, and the nitrogen atoms of
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C—N bonds.® Pure PNG has recently been synthesized by Luo
et al.”’"’ Here, we did not study pyrrolic-nitrogen-doped gra-
phene or the C—N bond, which will be a matter of further
study.

We focused our attention on H,0,, H,0, OH, and OOH for-
mation. Therefore, it is important to understand the possible
reactions that can occur on the modified graphene. Neverthe-
less, competitive processes of adsorption of H, and O, mole-
cules were also studied.

2. Results and Discussion

The study was carried out in five steps: 1) adsorption of the
metal (Au or Pd) onto the PNG, 2) adsorption of H, onto the
PNG-metal system, 3) adsorption of O, onto the PNG-metal-
hydrogen system, 4)adsorption of oxygen onto the PNG-
metal system, and 5) adsorption of hydrogen molecules onto
the PNG-metal-oxygen system.

2.1. Adsorption of the Metal Atom

First, optimization of the PNG layer was performed; as shown
in Figure 1a, the three nitrogen atoms have lone pairs of elec-

Figure 1. a) Unit cell of the optimized PNG layer. b) Adsorption sites for
metal on PNG layer. Position on vacancy is the most stable. ¢) HOMO and
d) HOMO-1 for PNG-Au. The red surface is isovalue positive and the green
surface is isovalue negative.

trons that form highly localized acceptor-like states (HOMO) at
the Fermi level. Nonbonding electrons are localized in an sp?
orbital, which may form chemical bonds under electrophilic
attack. As a consequence, the PNG becomes a m acceptor
(LUMO).

Starting with the optimized PNG layer, a metal atom was
added onto the PNG surface and the new system was opti-
mized. For both cases (Pd and Au), the most stable site was
above the vacancy (see Figure 1b). Clearly, N-graphene vacan-
cy favors the adsorption of metals. In fact, one experimental
study indicated that the vacancies in graphene act as trapping
centers for metal atoms.”? The calculated values for the ad-
sorption energy of the Pd and Au atoms are 2.46 and 1.02 eV,
respectively. Thus, the metal adsorption energy to vacancy is
smaller than its cohesive energy (3.90 and 3.25 eV for Pd and
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Au, respectively), which may result in metal clustering on nitro-
gen-doped graphene. A strong binding of metal adatoms with
the vacancy sites of PNG essentially implies lesser metal
adatom migration on the adsorbent surface, which is helpful
for formation of smaller clusters rather than large aggregations
and is advantageous in practical applications."**! When the
metal is absorbed onto the PNG, the metal is bound to the
three nitrogen atoms, with small changes in the carbon—nitro-
gen bond length. When the metal is a gold atom, the average
C—N distance increases from 1.329 to 1.349 A. The C—C—N
angle changes from 120.33 to 119.26°, and the C—N—C angle
reduces from 123.12 to 123.04°. When the metal is a Pd atom,
the C—N distance is 1.346 A, the C—C—N angle is 119.79°, and
the C-N-C angle is 122.85°. The metal—nitrogen average bond
lengths are 2.20 and 2.35 A for Pd and Au, respectively. Léwdin
population analysis shows that Pd and Au have a net positive
charge 4+ 0.6 and +0.07, respectively. In the case of palladium,
nitrogen atoms have a net negative charge of —0.25 atom™".
When metal atoms are bonded to N atoms, electronic charge
from Pd is transferred to the N-graphene system. As a conse-
quence, electronic charge fills acceptor-like states. In the case
of gold, we found that the attachment of a gold atom onto
the pyridinic support occurs by a small donation of electrons
from Pd 6s and 6p orbitals to C 2s and N p orbitals and then
a back-donation from N p to Pd 5d orbitals.

An orbital analysis was performed to find additional informa-
tion of chemical bonding. As examples, spin configuration and
magnetic moment were determined as a contribution of the
most localized nonbonding d-orbitals. An orbital analysis of
the Au-PNG system shows that the HOMO is a bonding orbital
with contributions from the metal s orbital and carbon p orbi-
tals (Figure 1¢). HOMO-1 is a bonding orbital with contribu-
tions from N 2p, and Pd 4d,? orbitals (Figure 1d). In contrast,
for the Pd-PNG system the HOMO is a nonbonding d-orbital
and HOMO-1 is a bonding orbital with contributions from N
2p, and Pd 4d,? orbitals. As a consequence, the Au-PNG does
not have a magnetic moment, whereas the magnetic moment
of every atom in the Pd-PNG system was calculated and it was
found that the magnetic moment of Pd atom is 0.67 pg and
0.18, 0.08 and 0.097 pg for N1, N2 and N3, respectively. For
HOMO and HOMO-1 orbitals shown in Figure 1c an 1d, the
red surface is isovalue positive and the green surface is iso-
value negative.

2.2. H, Interaction with Metal-PNG

The interaction of metal-PNG systems with H, was studied to
explore their capacity to adsorb hydrogen molecules. The first
H, molecule was initially located on top of the Pd or Au atoms,
then the system was optimized. For the Pd-PNG system,
a second H, molecule was located around Pd atom and opti-
mized. Initially this molecule was far from previous H atoms.
However, among the many different configurations tried for H,
adsorption, we found that the initial orientation of the mole-
cules of H, onto the metal atoms had no influence on the
result.
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Figure 2. a) Adsorption of two hydrogen molecules around the Pd atom
anchored on the PNG vacancy. b) Adsorption and dissociation of a single hy-
drogen molecule around the Au atom. Surfaces of constant electron-density
difference for c) PNG-Pd-2H, and d) PNG-Au-2H, respectively. The two iso-
surfaces correspond to values of Ap(r)= +5.0x 102 ea.u.”>. The red and
blue surfaces are isovalues positive and negative, respectively.

The optimized system showed that the Pd atom anchored
on the PNG can bind up to two hydrogen molecules (Fig-
ure 2a). The adsorption energy for the first H, molecule is
1.2 eV, with Pd—H average distance 1.76 A and H—H bond dis-
tance 0.87 A. For the second molecule, the adsorption energy
is 0.90 eV, with average Pd—H distance 1.88 A and H—H bond
distance of 0.81 A. Ultimately, the C—N bonds remained un-
changed and the metal-N bond lengthened slightly, indicating
that the Pd—N interaction is reduced.

On H, adsorption, a certain number of electrons are trans-
ferred from occupied metal d orbitals to the antibonding (o*)
state of H,, a process known as back donation (also as Kubas-
type binding®"). However, the unoccupied Pd d orbitals are re-
lated to the long-range interaction with the (o) bonding state
of H, and determine the number of adsorbed H,. Nudged elas-
tic band (NEB) calculations show that molecular activation
occurs without a barrier.

The donation and back donation are shown for the Pd case
in Figure 2b. We have plotted two surfaces of constant elec-
tron-density difference. The two isosurfaces correspond to
values of Ap(r)=450x10"2eau> (Ap=p(PNG+metal+
nH,)—p(PNG+metal)—p(nH,)). The red surface with positive Ap
is the region in which electronic charge concentrates after in-
teracting between hydrogen molecules and palladium atom.
On the other hand, the blue region, with negative Ap, is the
region in which electronic charge is lost after the interaction
between hydrogen molecules and metal atom.

In the case of gold, a single hydrogen molecule is adsorbed
and dissociated on the metal atom (Figure 2¢). Adding the
second hydrogen molecule, as for Pd, does not give a bonded
state. The adsorption energy is 2.33 eVH, . The average dis-
tance Au—H is 1.57 A and the H-H bond distance is 1.95 A.
The C—N bonds remained unchanged and the metal-N bond
is lengthened slightly. The donation of electronic charge from
the Pd atom to the dissociated H, molecule is shown in Fig-
ure 2d. The two isosurfaces correspond to values of Ap(r)=
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+5.0x10%eau. (Ap=p(PNG+metal+ nH,)—po(PNG+metal)
—p(nH,)). The red surface with positive Ap is the region in
which electronic charge concentrates after interacting with
a single hydrogen molecule and a gold atom. Notably, in both
cases, electrons are transferred to the hydrogen atoms. NEB
shows molecular dissociation occurs without a barrier.

2.3. 0, Interaction with PNG-Metal Hydrogenated System

Two oxygen molecules are then added to the system. Optimi-
zation was performed by adding first one molecule then opti-
mized again after adding the second molecule. The direct in-
teraction of the two adsorbed hydrogen molecules, with two
oxygen molecules generates two hydrogen peroxide molecules
around the palladium atom.

We employed the NEB method to determine the reaction
path shown in Figure 3a, when one O, was added, and Fig-
ure 3b when the second molecule was added to the H,-Pd-
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Figure 3. Energy path along the reaction coordinate obtained with the NEB
method for the formation of the first hydrogen peroxide molecule. The
steps show the initial state (Step 1), the interaction of O, molecule with the
2H,, (Step 2), formation of the first OOH s (Step 3), interaction of OOH,
with H, (Step 5), and generation of H,0, molecule around the palladium
atom (Step 8). b) After a second oxygen molecule interacts with the system,
another hydrogen peroxide molecule is formed.

PNG system. The activation energies were small, 0.129 and
0.202 eV for the formation of the first and second hydrogen
peroxide molecules, respectively. In Figure 3a, we show the ini-
tial, final, and three transition states. These steps show the ini-
tial state (Step 1), the interaction of O, molecule with the 2H,
(Step 2), formation of the first OOH, (Step 3), interaction of
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the OOH, with H, (Step 5), and generation of H,0,. molecule
around the palladium atom (Step 8). The smallest Pd—O bond
distance is 2.15 A, and the O—O bond distance is 1.49 A.
Steps 1-3 are described by Eley-Rideal mechanisms. The O,
molecule from the gas phase reacts directly with H,e), forming
OOH). Steps 4-7 are described by the Langmuir-Hinshelwood
mechanisms; this implies that co-adsorbed molecules OOH,
interact with other (H) forming H,0,.

When a second oxygen molecule was added, it interacted
with the system and another hydrogen peroxide molecule was
formed (Figure 3b); the process can be described by Eley-
Rideal followed by Langmuir-Hinshelwood mechanisms. The
0—0 bond distance for the second H,0, molecule was 1.47 A,
the corresponding shortest Pd—O distance was 2.032 A. For
the whole process, initially a very small energy barrier of
0.129 eV was found. After this barrier was overcome, sufficient
energy was available for the process to continue. A negative
value of the changes of Gibbs energy and low activation ener-
gies in Step 3 (Figure 3a), and Step 4 (Figure 3 b) favor the for-
mation of H,0,. This means that the process might occur
spontaneously at room temperature. To study the desorption
process, molecular dynamics calculations at atmospheric pres-
sure were performed. We considered temperatures of 300, 500,
and 900 K, and a time step of one femtosecond, with the An-
dersen thermostat method.” At approximately 900 K, and
after 0.5 ps, hydrogen peroxide H,0, molecules are desorbed.
Whereas a 0.5 ps time MD simulation is already computational-
ly quite costly, it is not long enough to observe desorption at
lower temperatures. However, it does suggest that the system
is quite stable and that it is possible to extract the H,O, mole-
cules without breaking the Pd—N bond.

In the case of gold, the direct interaction of the two ad-
sorbed hydrogen atoms with one oxygen molecule generates
two OH molecules that are weakly bonded between them
(Figure 4). The activation energy is 0.401 eV. The initial, final
and two transition states are shown in Figure 4. These steps
show the initial state (Step 1), the interaction of O, molecule
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Figure 4. a) Energy path along the reaction coordinate obtained with the
NEB method for the formation of the OH molecules. The steps show the ini-
tial state, the interaction of O, molecule with the 2H, (Step 1), formation of
the first OOH, (Step 3), interaction of OOH, with H, (Step 5), and genera-
tion of OH(;) molecules around the gold atom.
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with one Hy, (Step 3), formation of the first OOH,, (Step 5), and
generation of two OHy molecule around the gold atom
(Step 8). The corresponding shortest Au—OH distance is 2.0 A,
and the O—O bond distance is 1.98 A. The presence of the
oxygen molecules does not change the C—N distances in the
PNG whereas the metal-N bonds are slightly shortened in the
case of Pd and increased in the case of Au. Once again, the
steps are described by the Eley-Rideal mechanism followed by
the Langmuir-Hinshelwood mechanism. To study the desorp-
tion process, we considered temperatures from 300 and 500 K,
and a time step of one femtosecond. The first important
change occurs at 300 K. We observe a fast decrease in energy.
This corresponds to OH—OH dissociation to form a water mole-
cule. The water molecule is desorbed and the other oxygen
atom stays bonded to the gold atom. It is clear that the forma-
tion of H,O requires breaking of the O—O bond in at least one
of the intermediates (O, OOH, and H,0,). Once the O—O
bond is broken on a surface, it cannot be formed again.

2.4. H, Interaction with Pd-O,-PNG and Au-0,-PNG

According to the previous discussion, the interaction of O,
with metal-PNG hydrogenated systems was studied. We found
that an O, molecule from the gas phase reacts directly with
H,s forming OOH(,. According to most quantum chemical
data, OOH hydrogenation is the rate-determining step in H,0,
synthesis®?? so that OOH,, is the main precursor. Hence, the
other reaction path is the interaction between H, and metal-
PNG oxidized system, to obtain a molecule of hydrogen
peroxide.

First, the interaction of an O, molecule with the Pd-PNG
and Au-PNG systems were analyzed (Step 1 in Figure 5a and
Step 1 in Figure 5b). In the optimized system, the metal atom
(Pd or Au) anchored on the PNG can bind only one O, mole-
cule. The adsorption energy was 2.57 eV for Pd and 2.06 eV for
Au. The average Pd—O bond distance was 2.05 A and the aver-
age Au—O distance was 2.04 A. The O-O bond distance
around Pd and Au was 1.35 and 1.4 A, respectively. Afterwards,
the interaction of one hydrogen molecule with the newly
formed system was studied, as shown in Figure 5 (a and b) for
Pd and Au, respectively.

The reaction coordinate, which presents a large activation
energy (1.22 eV) and positive change in Gibbs energy is shown
in Figure 5a. This means that the process followed to obtain
a molecule of hydrogen peroxide cannot occur spontaneously.
Nevertheless, the inverse process to obtain one molecule of
H,g in the gas phase and one molecule of O,y from H,0,
could occur, with the energy barrier being 0.9 eV. According to
the “absolute rate theory” this reaction should present slow ki-
netics, and require high temperatures to take place. Therefore,
the readsorption of H,0,, and H,0,y does not lead to any de-
composition in others molecules (OH, H,O, and OOH) at mod-
erate temperature.

On the other hand, in the case of gold, direct interaction of
one molecule of H,, in the gas phase with one molecule of
O, adsorbed on a Au atom, generates one water molecule
H,O., and the second oxygen atom remains bonded to the
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Figure 5. a) Energy path along the reaction coordinate obtained with the
NEB method for the formation of the hydrogen peroxide molecule. The
steps show the initial state (Step 1), the interaction of H, molecule with the
O, (Step 3), formation of the first OOH, (Step 4), interaction of the OOH,
with H, (Step 6), and generation of H,0,, molecule around the palladium
atom (Step 8). b) The steps show the initial state, the interaction of H, mole-
cule with the O, (Step 3), formation of the first OOH, (Step 4), interaction
of OOH, with H, (Step 6), and formation of H,O, molecule around the gold
atom.

gold atom (Figure 5b). Once again, the steps are described by
the Eley-Rideal mechanism followed by the Langmuir-Hinshel-
wood mechanism. The initial, final, one transition state and
two intermediates are shown in Figure 5b. These steps show
the interaction of H, molecule with the O, (Step 3), formation
of the first OOH, (Step 4), and generation of a water molecule
H,Oy (Step 8). The corresponding average Au—H bond dis-
tance is 2.0 A. The barrier energy is 0.8 eV. This reaction should
present slow kinetics and require high temperatures to occur.

2.5. Competition between Hydrogen and Oxygen Molecules

In the last two sections, we studied the reaction paths for the
interaction between O,y and metal-PNG hydrogenated
system and the interaction between H,g and metal-PNG oxi-
dized system, respectively. However, H, and O, molecules may
both be present in the gas phase. It is possible that they com-
pete for adsorption onto the Pd or Au. To study this competi-
tion, we calculated the oxygen displacement energy that corre-
sponds to the energy required to replace the adsorbed O, by
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n Hys adsorbed hydrogen molecules. In the case of Pd, the re-
sults for E4 considering different number of hydrogen mole-
cules are: for one H,, E; was 1.74 eV, for two H, molecules, E4
was 0.50 eV. It is found that, in the first case, replacement of
O, by Hyy is energetically impeded. In the second case, re-
placement of O, by 2H,, is energetically possible. For Au, the
energy required to replace the adsorbed O, by H, adsorbed
and dissociated is 0.166 eV. It is shown that the competitive
adsorption between oxygen and hydrogen molecules slightly
favors oxygen for both systems (Pd and Au), respectively. How-
ever, the replacement of O, by H, is energetically possible
and this fact could be used to favor the formation of hydrogen
peroxide in the system decorated with a Pd atom.

3. Conclusions

The interaction of H, and O, molecules in the presence of ni-
trogen-doped graphene decorated with a palladium or gold
atom was investigated by using density functional theory. First,
we optimized the geometry for a metal atom (palladium or
gold) adsorbed on PNG. The most stable site in both cases was
above the vacancy. We then found that two hydrogen mole-
cules (activated states) adsorbed around an anchored palladi-
um atom. When the hydrogenated system interacted with two
oxygen molecules in the gas phase, two hydrogen peroxide
molecules formed around the metal atom; this took place
through the Eley-Rideal mechanism followed by the Lang-
muir-Hinshelwood mechanism. We found that the barrier en-
ergies for this reaction are small, that is, 0.129 and 0.202 eV for
the first and second hydrogen peroxide molecules, respective-
ly. Therefore, we expect this process to occur spontaneously at
room temperature. Furthermore, we show that readsorption of
the hydrogen peroxide molecule does not lead to any decom-
position (OH, H,0, and OOH) at moderate temperature. In the
case of gold, a single hydrogen molecule is adsorbed and dis-
sociated on the metal atom. The interaction of the dissociated
hydrogen molecule with one oxygen molecule generates
a water molecule. Once again, the steps were described by the
Eley-Rideal mechanism followed by the Langmuir-Hinshel-
wood mechanism. In contrast, the interaction of metal (Pd or
Au) adsorbed onto nitrogen-doped graphene with the oxygen
molecule before hydrogen molecule, leads to palladium oxida-
tion, with consequent reduction of the adsorption capacity.
This means that the competitive adsorption between oxygen
and hydrogen molecules slightly favors oxygen for both sys-
tems (Pd and Au). However, the replacement of O, by H, is en-
ergetically possible and this fact could be used to favor the
formation of hydrogen peroxide in the system decorated with
a Pd atom.

Computational Methods

Calculations were done by using density functional theory (DFT)
within the general gradient approximation GGA®” and molecular
dynamics (MD)®'3? with time step of one femtosecond, with the
Andersen thermostat®” method within the Born-Oppenheimer ap-
proximation of the Quantum Espresso code.*® Perdew-Burke-En-
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zelhof expression®” for exchange-correlation energies and norm-

conserving Troullier-Martins pseudo potentials,® in the fully sepa-
rable form of Kleinman-Bylander®® was used. The valence elec-
tronic states considered were: for hydrogen 1s, for carbon 2s?2p?,
for oxygen 2s?2p*, for gold 5d°*°6s'6p®’ for palladium 4d°5s', and
for nitrogen 2s%2p°.

Nonrelativistic, spin-polarized calculations were performed for both
Au and Pd systems. The cut-off energy was set at 1360 eV, and
34 k points within the Monkhorst-Pack special k point scheme®”
was used. The threshold energy convergence was 107 eV. We un-
dertook the study of the minimum energy path (MEP) for the dif-
ferent reactions by using the nudged elastic band (NEB) method,
and the conjugate gradient technique® to find the local minima.

The pseudopotentials were validated by performing the following
calculations. By energy minimization, the length of the hydrogen
molecule bond was calculated to be 0.751 A. The corresponding
experimental value is 0.742 A In the same manner, for the hy-
drogen peroxide molecule, we obtained the following values: H—O
bond length: 0.982 A and H-0-O angle: 101.6°. The experimental
values are 0.965 A and 99.4°, respectively. These data are for hydro-
gen peroxide molecule with the open book symmetry, which is the
most stable.®>*” In the same way, the calculated lattice parameter
of bulk Au was 4.18 A (the experimental value is 4.08 A*") with
a cohesive energy (the difference between the total energy of
a solid and the free atoms) of 3.25 eV (the experimental value is
3.81""). For palladium, we calculated a lattice parameter of 3.98 A
and cohesive energy 3.90 eV (the experimental values are 3.89 A
and 3.89 eV, respectively™); using the same approach, we ob-
tained a value of 1.419 A for the carbon bond length in graphene
(the experimental® value is 1.415 A). To analyze the orbitals and
energy gap between the HOMO and LUMO, Gaussian quantum
chemistry code with periodic boundary conditions in x, y was
used.”*? Within this code, we used effective LANL2DZ core poten-
tials and a numerical basis set for Au and Pd. For C, N, O and H
atoms the basis set (6-31G) was employed.*? These basis sets were
validated with the lattice parameter of graphene. We obtained
a value of 1.418 A for the carbon bond length in graphene (the ex-
perimental value is 1.415 A).

To study the interaction of the metal atom (Au or Pd) with a gra-
phene vacancy, we considered one vacancy per 28 carbon atoms,
three nitrogen atoms, and one metal atom (Au or Pd). The system
was represented within a hexagonal unit cell with a=b=9.75 A
and ¢=20A and periodic conditions. The magnitude of ¢ was
large enough to avoid undesired interactions between adjacent
layers along this direction.

The adsorption energy E, of the metal atom (Au or Pd) on the va-

cancy was calculated by Equation (1):

E, = [E(PNG + metal)|—[E(PNG) + E(metal)] (1)

where [E(PNG+metal)] is the total energy of the final optimized
configuration and E(PNG) 4 E(metal) is the total energy of the initial
system plus the total energy of gold or palladium atom alone with
no interaction between them.

The adsorption energy E,4 of hydrogen molecules was obtained
from Equation (2):

E.q = [E(PNG + metal + nH,)]—[E(PNG + metal) + E(nH,)] (2)

where n is the number of hydrogen molecules, E[(PNG+metal +
nH,)] is the total energy of the final optimized configuration, and
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E(PNG+metal)+E (nH,) is the total energy of the initial system,
which is the metal (Au or Pd) doped N-graphene alone plus the
energy of n hydrogen molecules alone with no interaction be-
tween them.

We calculated the oxygen displacement energy that corresponds
to the energy required to replace the adsorbed oxygen molecule
O, by n H, adsorbed hydrogen molecules. This displacement
energy E4 was calculated by Equation (3):

E4 = E(PNG + metal + nH,) + E(O,)

(3)
—[E(PNG + metal + 0,) + nE(H,)]
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