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An Agg cluster deposited on three different types of nitrogen (N)-doped graphene was
studied using density functional theory calculations with empirical pair potentials (DFT-D).
Among the different kinds of N-doped graphene, the pyridinic-Nj3 (P-N3) type can act as the
best anchor position to stabilize Agg. In addition, it is found that supported Ags clusters
show higher activity in oxygen reduction reaction compared to unsupported clusters due
to significant decrease in O, adsorption energy and higher charge transfer to O,. Electron
transfer from Ag to O, leads to the elongation of the O—O bond, which facilitates the
breaking of this bond in the oxygen reduction reaction. All results suggest that N-doped
graphene support can play a significant role in the chemical reactivity of a Agg cluster in
oxygen reduction reaction.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In the search for electrocatalysts, many studies have been
conducted using precious metal catalysts, such as Pt [6—9], Pd
[10,11] and non-precious metal catalysts, like Fe [12—16] and

Nowadays, the production of clean energy has attracted
considerable attention from the scientists. The role of fuel
cells is undeniable, given their efficient performance in the
production of clean energy [1—4]. In addition, the efficiency of
fuel cells is dependent on electrocatalysts, which can improve
the activity of the oxygen reduction reaction (ORR) [5]. Hence,
the development and design of new electrocatalysts will play
a fundamental role in fuel cell systems.

Ag [17,18] nanoparticles deposited on support, thanks to their
high activity in ORR. Density functional calculation (DFT) ex-
aminations have been performed to investigate support ef-
fects on ORR activity of Pt [19—21] and Pd [22,23]. Among these
efforts, adding heteroatoms (such as boron, nitrogen, phos-
phorous, sulfur and oxygen) [24] or defects [25] in graphene
are promising ways to enhance the adhesion of metal cata-
lysts and add to the electrochemical performance of graphene
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sheets. Presenting heteroatoms and defects as anchor points
can lead to an increased interaction between clusters and the
graphene surface and can help prevent the aggregation of
nanoparticles. The support can stabilize nanoparticles and
reduce the O, [19] and O [20—23] adsorption energies. Recently,
the use of clusters of Ag has drawn much attention due to its
low-cost and resistance to poisoning [26]. During the recent
years, silver nanoparticles supported on nitrogen-doped (N-
doped) carbon nanotubes [27], nanosheets of reduced gra-
phene oxide [17], Graphene [28]|, carbon nanotube [29],
graphitic carbon nitride [30], N-doped reduced graphene oxide
[31], multi-walled carbon nanotube [32] and N-doped gra-
phene (N-doped) [33—35] have been drawn researchers'
attention as the ORR catalysts. Jin and coworkers recently
designed a new way to deposit Ag nanoclusters on N-doped
graphene using single-stranded DNA and AgNO; [33]. They
claimed that Ag cluster supported on N-doped graphene acts
as an ORR electrocatalyst in alkaline media with high elec-
trochemical stability in comparison with other electro-
catalysts using other materials like Pt/C. The deposition of a
Ag cluster on the N-doped graphene can lead to a maximiza-
tion of the nanocatalyst surface area and give an electro-
catalyst with higher catalytic performance compared to both
N-doped graphene sheets and nanoclusters.

The ORR mechanism on Ag catalyst in alkaline media has
been studied. In 1970, Appleby [36] argued that the rate-
determining step for ORR on Ag is the adsorption of O, on
the surface. Now, there is general agreement that the transfer
of the first electron to O, and formation of O; is the rate-
determining step in ORR on Ag catalyst [37—40]. For Ag, the
key ORR steps in alkaline condition can be summarized in
three steps: (i) O, adsorption; (ii) HOO~ formation; (iii) HOO™
dissociation and OH formation. So, in the last step, the 0O—O
bond is broken. It should be mentioned that too low adsorp-
tion energy of O, leads to a slow O—O bond breakage [41]. In
contrast, the high adsorption energy of oxygen can assist the
breaking of O—O bond, although it causes strongly-bound
water oxidation products such as OH and O species [42]. So,
the optimal catalyst has low O, adsorption energy and elon-
gation of the O, bond due to a charge transfer from catalyst to
O, facilitates the O—O bond-breaking and diminishes the
stability of intermediates. Norskov and coworkers [43] have
proposed a volcano-type relationship. According to this rela-
tionship, for Ag and Au the weak adsorption energies of oxy-
gen atoms is the rate-determining step, although for Pt, Pd, Ir,
Cu, Rh, Ni, Ru, Co, Fe, Mo and W the rate-determining step is
the OH adsorption [2]. The authors of [44] argue that defective
graphene-supported Pt nanoparticles transfer charge to O,
which leads to a reduction in O, dissociation activation energy
and decreasing the intermediate stability. Hence, the O,
adsorption energy and the charge gained by O, act as critical
factors for ORR activity on Ag metal.

Various N-doped graphene sheets including graphitic,
pyridinic and pyrrolic nitrogen [45—48] have been studied for
different applications such as ORR catalyst in fuel cell cath-
odes [49,50], catalyst in oxygen evolution reaction (OER) in
lithium-air batteries [51], hydrogen evolution reaction (HER)
catalyst [52] and lithium ion battery (LIB) anode [53]. Experi-
mentally, graphite sheets with nitrogen content of 13% [54]
and 18% wt [55] have been synthesized, including above-

mentioned nitrogen species. Moreover, computational
studies show that graphite sheets with nitrogen atom content
less than 33.3% are stable [56]. Surprisingly, no detailed
computational study has been conducted to examine these
different types of nitrogen doping in one graphene sheet for
ORR applications. However, Zhang and coworkers [57] focused
on these issues and studied spin and charge density of
graphitic and pyridinic nitrogen in one graphene sheet in the
present of 8%, 12%, 25% and 33% nitrogen content. Their re-
sults show that the graphene sheet with 25% nitrogen atom
content shows a high catalytic activity for ORR.

There are few reports on the electronic structure of Ag
clusters deposited on graphene. The latest studies have
shown that Ag, (n = 2—4) nanoclusters tend to bond physically
with graphene in contrast to Pd and Pt [58], while the
adsorption energy of the Ag;; nanocluster suggests chemical
bonding occurs when this cluster is supported by defective
graphene [59]. Due to the lack of any systematic study on the
electronic structure of Ag clusters deposited on N-doped gra-
phene with high surface area and the importance of this
system in ORR [58—60], a detailed perspective is highly
needed.

Since standard density functional theory cannot properly
describe the physical adsorption of clusters to a surface, we
have included the van der Waals correction by means of a
DFT-D calculation, where van der Waals interactions [61] are
added by a pair-wise force field. We have used DFT-D calcu-
lations to shed light on the interaction between an Ag cluster
and N-doped graphene (denoted by N-graphene). Previous
DFT calculations have shown that Agg clusters are the most
stable Ag, (n = 2—8) clusters [62]. Accordingly, this study ex-
amines the adsorption of Agg clusters on three types of N-
doped graphene with five orientations as well as the electronic
properties of these complex systems. In addition, the
adsorption of O, on supported and unsupported Agg clusters
has been studied to predict the activity of Agg clusters in ORR.

Methods

Density functional theory was applied to investigate the
adsorption of an Agg cluster on a graphene surface using the
Perdew—Burke—Ernzerhof (PBE) [63] functional and projector-
augmented-wave (PAW) pseudopotentials [64]. The Quantum
Espresso package [65] was utilized to perform all calculations.
A graphene surface was modeled by a 7 x 7 supercell con-
taining 98 carbon atoms. Six carbon atoms were substituted
by nitrogen atoms and two carbons were removed from the
system to produce defects. The supercell was periodic in the
xy plane and a 30 A vacuum was applied in the z-direction to
avoid interactions between periodic images. These structures
were fully relaxed until the forces on atoms were reduced
below 0.05 eV/A and the total energy convergence reached
10~* a.u. Electronic structure calculations of Agg deposited on
N-doped graphene was performed using a 544 eV kinetic en-
ergy cutoff, and a 2 x 2 x 1 Monkhorst—Pack [66] grid of k-
points was applied for the sampling of Brillouin zone. The
DFT-D approach [61] is used to include weak dispersive in-
teractions. For O, adsorption on Agg/N-doped graphene, a
plane wave cutoff of 1020 eV was employed using the I'-point.
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Fig. 1 — Two patterns for O, adsorption on an Agg cluster.
The red and violet spheres are O and Ag atoms,
respectively.

Atomic charges on each of the atoms were calculated by
means of Bader charge analysis [67,68]. Molecular structures
were created using XCrySDen [69].

The adsorption energy between Agg clusters and N-doped
graphene was calculated using the following equation:

Eabs = E(Ags@N/G) - E(N/G) - E(Ags) (1)

where E (Ags@N/G), E (N/G) and E (Agg) are the total energies of
Agg cluster deposited on N-doped graphene, pristine N-doped
graphene and the cluster, respectively. For oxygen adsorption
on Agg clusters, a similar equation involving the total energies
of Ags—0,@N/G complex, the Agg@N/G clusters and a single
oxygen molecule was utilized:

Eass — E(Agy — 0,GN/G) — E(Ag,@N/G) — E(O,) @)

As shown in Fig. 1, two possible patterns for the adsorption
of O, on Ag, clusters have been proposed according to a recent
study [70]. These are (1) O, adsorption on one metal atom, (I)
and O, adsorption on two metal atoms (II). O, preferentially

adsorbs on a top position (pattern I) rather than at a bridge site
(pattern II). So in this study, we have investigated the O,
adsorption on top positions in the freestanding Agg cluster
and the cluster deposited on N-doped graphene.

Results and discussion
Electronic structure of the pristine N-graphene

Three kinds of nitrogen doping have been studied in this work.
Graphitic-N; (or G-N,) structures are formed by replacing one
carbon atom with a nitrogen atom, while pyrrole-N; (P-N;) and
pyridinic-N3 (P-N3) are formed by removing one carbon atom
and substituting one and three carbon atoms with nitrogen,
respectively. Fig. 2 shows a graphene sheet with one P-Nj (a),
one P-N; (b) and two G-N; (c1 and c2) substitutions.

The optimized values of the bond lengths are shown in
Fig. 2. The C—N bond lengths in P-N3 have smaller values
compared to other N-doped structures. The average C—N bond
length in P-Nj is 1.338 A, as against the 1.421 A C—C bond
lengths in graphene. Moreover, the values of 1.404, 1.409 and
1.403 A are determined for P-Nj (a), G-N; (c1) and (c2). Unlike P-
N; and G-N;, the three C—N bond lengths in P-N; are very
different, which is due to the lower symmetry around the
nitrogen atom. Since the two G-N; substitutions (c1 and c2)
have different bonding environments, they have slightly
different C—N bond lengths. The presented results are in
acceptable agreement with the findings of Jiang and Zhou [71],
who showed that the C—N bond lengths of P-N3, P-N; and G-N;
are 1.338, 1.405 and 1.411 A. In the following sections, only the
c1 position G-N; properties will be discussed. The results for
the c2 position, which are very similar, have been included in
the supplementary information.

In order to compare the reactivities of different N-doped
regions in an N-graphene sheet, the partial density of state

Fig. 2 — Optimized structure of the N-graphene sheet containing pyridinic-Nj (a), pyrrole-N; (b) and graphitic-N; (c1 and c2)
doping. N—C bond lengths (A) are also shown. The blue and orange spheres are C and N atoms, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(PDOS) plots can be used. In Fig. 3 the total densities of states
for N-graphene, along with the PDOS plots for the nitrogen
atoms and the carbon atoms bound to them in different N-
doped regions of N-graphene are shown. As is evident in
Fig. 3a, the Fermi level touches the conduction band and the
system has a metallic character whose major contribution
comes from the P-Nj region. From Fig. 3, based on the peak in
the PDOS just below the Fermi level, we can infer that the P-N3
position acts a role as the best active site to stabilize the Agg
cluster.

Adsorption of Agsg cluster on N-graphene

According to the previous studies [72,73], the Agg cluster has
two stable structures with D,4 and T4 symmetries in the gas
phase. Here, we have used an Agg cluster with D,4 symmetry
due to its higher chemical activity [74]. Among different
possible orientations for the adsorption of Agg cluster on the
sheet, we have chosen to study the adsorption via an atom in
the vertex position. We have examined the parallel adsorption
of the Agg cluster as another possible orientation of the Agg
cluster on pyridinic-N3, where Agg approaches the surface via
a square face. The structures obtained for the adsorption of
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the Agg cluster on N-graphene surface are shown in Fig. 4.
Bond lengths, adsorption energies, and the amount of charge
transferred are presented in Table 1, which shows that among
different possible N-doping positions, P-N3 exhibits a high
adsorption energy and is the most stable position, which is
consistent with the results of the previous section.
According to Table 1, the Agg cluster preferentially adsorbs
on P-N; with an apex Ag atom (P-N3,) with adsorption energy
of —7.62 eV. Next place is occupied by parallel adsorption of
Agg cluster (P-Njp) with the adsorption energy of 0.16 eV,
where it is less stable relative to the apex adsorption. In
addition, Ag—N bond lengths in P-N3, are shorter than in P-
N3y Interestingly, the difference between the minimum and
maximum Ag—Ag bond lengths in P-Na, (0.52 A) is higher than
P-N3, (0.32 A), P-N; (0.29 A), G-N; (c1) (0.32 A) and bare Ags
cluster (0.15 A). Furthermore, the Ag-N and Ag—C bond
lengths decrease with increasing the adsorption energy. Thus
P-N3,, which has the highest adsorption energy, also has the
shortest Ag—surface bond length (2.323 A) among all Ag—N
and Ag—C bonds. Owing to the presence of a vacancy and
three nitrogen atoms, the Agg cluster adsorbs strongly on this
active site. Existing nitrogen atoms make neighboring carbon
atoms active to absorb Ag atoms. Bader charge values for Ag,
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Fig. 3 — Total density of states for the N-graphene (a) along with the partial densities of states for N atoms and the carbon
atoms bound to them in the region of (b) P-N3, (c) G-N; (c1) and (d) P-N3. The Fermi level is set at zero energy.
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Fig. 4 — Optimized structures of Agg cluster on (a) G-N; (c1), (b) P-N4, (c) P-N3;, and (d) P-N3, sites. The blue, orange and violet
spheres are C, N and Ag atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 1 — Adsorption energies, bond lengths (A) and Bader charges (a.u.) on atoms. a, b denote two different orientation of

Agg on P-N; according to Fig. 4c and d. The Ag atoms involved in chemical bonds with the surface are denoted by".

Substrate Eads (eV) dag—c dag—n dag—ag (Min/max) Q
P-Ns, ~7.62 2323 2.748/3.270 No Ns N, Agis
2.464
2.366 —2.77 —2.76 —-2.73 0.34
P-Nap, ~7.46 2.420 2.739/3.060 No N, Ns Agus*
2.431
2.442 —2.76 —2.74 —2.77 0.35
P-N; —6.90 2.540 2.695/2.986 C, Cq Ags*
2.663 -0.10 0.03 0.11
G-N; (c1) ~6.89 2.648 2.709/3.029 Agg @ G Ags*
2.754 0.08 —0.02 0.86 0.06

C, and N atoms involved in bonds are listed in Table 1. Nega-
tive and positive signs show electron gain and loss, respec-
tively. In P-Ns,, nitrogen atoms have higher electronic density
due to the more electrophilic character of nitrogen atoms
compared to carbon atoms. As a result, nitrogen atoms with
the help of carbon atoms can increase the adsorption inter-
action with the inert cluster of Ags. As shown in Fig. 5, Bader
charges on Ag atoms next to the surface are clearly correlated
with the adsorption energies of the Agg cluster on the N-gra-
phene surface.

To further investigate the binding mechanism of the
cluster supported surface, we have calculated the PDOS plots,
which are shown in Fig. 6. As can be inferred in Fig. 6a, the
valence band of P-N3, consists mainly of the p orbitals of

nitrogen atoms and d orbitals of silver atoms while the con-
duction band is primarily composed of p orbitals of nitrogen
atoms. The same trend occurs in P-Nj;, according to Fig. 6b. In
P-N3,, the PDOS has a maximal peak at —2.49 eV; the corre-
sponding peak of d orbitals and p orbitals is at —1.02 eV, but
the corresponding peaks in P-N3, occur at —2.59 eV and
—1.12 eV, respectively. It is evident that P-Nj;, peaks occur at
lower energies (more negative) relative to the Fermi energy.
The PDOS of nitrogen atoms before the adsorption of the silver
cluster is shown in Fig. 3d. The corresponding peak for p or-
bitals of nitrogen atoms appears near the Fermi level at
—0.5 eV. After adsorption of silver atoms, these peaks shift to
lower energies and interact with the d orbitals of silver atoms
from —0.5 eV to —5 eV in the valence band. In the case of the G-
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N; (c1) substrate, the d orbitals of silver atoms interact weakly
with the p orbitals of carbon atoms (Fig. 6¢). In fact, the DOS of
the p orbitals of carbon atoms in the presence of the cluster
reveals similarity to that of the cluster-free surface (Fig. 3c).
For the P-N; case (Fig. 6d), d orbitals strongly interact with the
p orbitals in comparison to c1 (Fig. 6¢c) and c2 (Fig. S1b) posi-
tions in G-N; case but pale in comparison to those interactions
in P-N3, and P-Ngy,. Slight differences of DOS for the p orbitals
of carbon atoms in P-N; before (Fig. 3b) and after cluster
adsorption compared to P-N3, and P-Ng, provide further sup-
port for the claim that interactions of the cluster with the
surface in P-N3, and P-Ng, are stronger than in the P-N;
structure. The findings shown in Fig. 6 are remarkably
consistent with the adsorption energy trends reported in
Table 1.

We now study the electrochemical behavior of these Agg
clusters with a simple descriptor, i.e., the d-band center to
predict the ORR activity [75]. In the following, we will focus on
the d-band center shift. To this end, we have calculated d-
band center values in two different situations: first, where the
Agg cluster is unsupported, and second, where the Agg cluster
is adsorbed on N-graphene via one or two silver atoms. Ac-
cording to Fig. 7a, the Agg cluster has two kinds of silver
atoms. These two groups are depicted as olive and violet

PDOS
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Fig. 6 — PDOS diagrams for Ag, N and C atoms contributing in the binding of Agg cluster for (a) P-N3,, (b) P-N3y, (c) G-N; (c1)

and (d) P-N; cases. The Fermi level is set at zero energy.
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Fig. 7 — (a) An Ags cluster showing two kinds of silver atoms; (b) PDOS diagram for the d orbitals of both Ag atom types. Two

kinds of Ag atoms are shown in olive and violet.

spheres. In addition, the PDOS diagram of Agg cluster is shown
in Fig. 7b for both types of the silver atoms. Here, we have
analyzed the d-band center for the supported and unsup-
ported Ag;g clusters. All findings are presented in Table 2. Ac-
cording to the results, the d-band center of the adsorbed silver
atom on P-Ns, shifts to higher energy (more positive) after
adsorbing onto the surface; however, the d-band center of the
adsorbed silver atom at other positions (P-N3p, P-N; and G-N;
(c1)) shifts to lower energies (more negative) relative to the gas
phase states. Among the cases that show a downshift, there is
a slight downshift in P-N3;, and G-Nj; (c1) cases. In addition to
the d-band center of adsorbed silver atom presented in Table
2, the d-band center for all atoms of the cluster are calcu-
lated and the findings indicate that P-Ns, has the highest up-
shift, with a value of —3.19 eV compared to the unsupported
cluster (—3.32 eV). The d-band center of the cluster on P-Ngy, G-
N; (c1), and P-N; are —3.33, —3.25, and —3.22 respectively.
Among these cases, the d-band center of P-N; exhibits the
highest up-shift from the Fermi level. It appears that
compared to other positions, adsorption of the Agg cluster on
P-N3, acts as the reactive position for the ORR reaction.
Interestingly, the minimum distance between silver atoms in
the Agg cluster is strongly correlated to the d-band center of
the adsorbed atom (Fig. 8), but is poorly correlated with the d-
band center of the whole Agg cluster.

The challenge of how to design an optimal catalyst for
oxygen reduction reaction still remains: For efficient ORR
catalysis, the catalyst should bind molecular oxygen strongly
enough to facilitate charge transfer while not blocking the
surface. To examine the efficiency of O, adsorption on sup-
ported complexes, we focus on the adsorption of molecular

Table 2 — d-Band center before and after adsorption and

the energy shift (in eV) for the adsorbed Ag atom of an Ags
cluster.

Substrate eq (before) q (after) Aeq
P-Na, _3.44 ~3.16 0.28
P-Nap, 321 —3.24 —0.03
P-N; —-3.44 -3.54 -0.10
G-Nj (1) —3.44 —3.46 —0.02

oxygen on the P-N3, and Agg cluster complex since this com-
plex is particularly stable and the d-band center of the com-
plex is close to the Fermilevel which leads to high reactivity of
supported Agg cluster.

Adsorption of molecular oxygen on supported and
unsupported Ags clusters

In this section we examine the adsorption of O, molecules on
Agg clusters. In Fig. 9a the minimum energy structure of mo-
lecular oxygen adsorbed on an unsupported Agg cluster is
shown. The adsorption energies, defined as the energy dif-
ference between the cluster complex with bound molecular
oxygen and its components, the Ag—O and O—O bond dis-
tances as well as Bader charge analyses for the adsorption on
different Ag atoms are listed in Table 3. In a previous study it
was found that a Pauling-conformation is greatly favored for
O, adsorption [70], hence this type of O, adsorption on
different atoms of the Agg cluster was studied.

T - T T b
b
3.2 s 4
y = 7.0156x - 22.448 i
. ;
5 R’ =0.9947
c 4
Q
o
©
2 ;
o -344 " -
©
-
.,
-36 T . : . :
270 272 274

minimum bond lengths in Ag cluster

Fig. 8 — d-Band center of the adsorbed Ag atom as a
function of the minimum Ag—Ag bond length for adsorbed
Ags clusters.


http://dx.doi.org/10.1016/j.ijhydene.2017.04.238
http://dx.doi.org/10.1016/j.ijhydene.2017.04.238

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 42 (2017) 14522—14533

14529

(a) (b)

T .

Fig. 9 — Optimized structures of (a) Agz0, (b) adsorption of O, on Ag (2) supported (c) adsorption of O, on Ag (6) supported.
The blue, orange, violet and red spheres are G, N, Ag and O atoms, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

According to the calculated adsorption energies listed in
Table 3, the adsorption of O, on all of the atoms of the Agg
cluster is exothermic. Therefore, all adsorption positions
could be suitable positions for ORR. However, O—O bond
lengths play an important role in determining the catalytic
activity of the complex in ORR: Elongation of O—O bond
lengths relative to the gas phase value (found here to be
1.231 A) can facilitate breaking of the O—0 bond in the ORR
mechanism. Moreover, prior to breaking the oxygen—oxygen
bond, O, molecules adsorb on metal atoms in the cluster and
the bond elongation is related to the ability of Ag atoms to
transfer electrons to O,. In addition, our DFT-D (GGA-PBE)
adsorption energy results are different with those reported by
Liao and coworkers [70] who investigated adsorption energies
of O, on Ag, clusters by DFT (BP86 [76,77] (0.07 eV), revPBE [78]
(—0.05 eV) and B3LYP [79,80] (—0.14 eV)) calculations without
any van der Waals correction.

As mentioned in the previous section, we can classify Agg
cluster atoms into two groups (Fig. 7). Silver atoms 1, 2,4, and 7
are in the first group and the remaining atoms are in the
second group (Fig. 9a). Since all atoms within a group are
treated similarly, the effect of support on the adsorption en-
ergies of O, on silver atoms 2 and 6 were considered. In Fig. 95b
and c, the optimized structures are shown for the adsorption
of oxygen on a supported Agg cluster. The corresponding
properties are reported in Table 4.

As Table 4 shows, the adsorption of O, on the Agg@N—-
graphene complex is exothermic for both positions. The
adsorption energies are more positive and the O—O bond

Table 3 — Calculated properties for O, adsorption on an

unsupported Agg cluster. n is the label of silver atoms
which bind to the O, molecule.

n Eads (e\,) dAg*O (A) dO*O (A) Q 0,
1 —0.88 2.365 1.266

2 —0.85 2.440 1.263 —0.176
3 -0.92 2.307 1.269

4 -0.87 2.387 1.267

5 —0.92 2.302 1.270

6 -0.92 2.301 1.269 —0.192
7 -0.87 2.380 1.266

8 —-0.91 2.302 1.270

elongation is greater than for those in an unsupported cluster.
We can compare our data with published findings on Pt (111)
as an electrocatalyst with high kinetic capability for ORR.
According to previous studies, the adsorption energy of O, on
Pt (111) was reported to be between -0.43 and -0.72 for
different positions on Pt (111) [81,82] by using DFT (PBE-GGA).
But the present O—O distances (1.277 A) are shorter than those
on the Pt (111) surface (1.35 A with adsorption energy of
—0.65 eV). Utilizing DFT-D (GGA-PW91) calculations, Yan and
coworkers [83] examined oxygen adsorption on transition
metal surfaces. The presented results in Table 4 are same as
the reported value of Mulliken charge of adsorbed O,
(-0.26 a.u.) on Pt (111) by them, however, the adsorption en-
ergy (—0.60 eV) and O, bond length (1.36 A) is somehow
different. On the other hand, their results for Ag (111) are
totally different to our results with adsorption energy, bond
length and charge of +0.19 eV, 1.35 A and —0.43 a.u., respec-
tively. So, itis clear that more similar characters exist between
supported Agg cluster and Pt (111) when adsorbing O, than Ag
(111). However, a general agreement exists between our data
and Ag (110) results reported by Loncaric and coworkers [84]
(and Roy and coworkers [85]) who conducted their studies
with DFT (PBE-GGA) calculations and projector-Augmented-
Wave (PAW) pseudopotentials [64], like our calculations. The
values reported by them are —0.33 eV (—0.27 eV), 2.20 A (2.15 A)
and 1.31 A (1.31 A) for adsorption energy, Ag—O distance and
O, bond length, respectively.

Now regarding the positions of the d-band center, it is clear
that there is no correlation between the d-band center and
adsorption energy. In other words, as previous studies indi-
cate [86,87], the shift of the d-band center to lower energies (or
more negative energies) does not cause weaker bonding in the
adsorption of some cases such as O,. All 0—O adsorption en-
ergy and bond length data suggest that a supported Agg cluster
is a better catalyst than an unsupported Agg cluster. This is
because an ORR catalyst should not adsorb O, so strongly that
O, molecules block the catalyst surface. Finally, the key
question is what leads to the elongation of bonds here?

As can be seen in Table 4, the chemisorption of O, on the
cluster leads to electron transfer from the silver atom to the O,
molecule. The Ag atom that is involved in bonding with the O
atom loses 0.02e and 0.118e, and O, molecules gain 0.105e and
0.065e and reach to final charges of —0.281 and -0.257,
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Table 4 — Adsorption energies (eV), bond lengths (A), Bader charges (a.u.) and d-band center (eV) for the adsorption of O, on

two different silver atoms (n = 2 and 6) of an Agg complex adsorbed at a P-N3, position of N-graphene. The Ag atom
involved in chemical bonds with the surface is denoted by*. The values in parentheses are for the unsupported cluster.

n Eags dag-o do-o Qag* Qo, &4
2 -0.39 2.327 1.277 0.205 (0.185) —0.281 —3.19 (-3.21)
6 —-0.32 2.283 1.277 0.339 (0.221) —0.257 —3.18 (—3.44)

respectively. In addition, the same trend is seen in the N-
graphene where the Ag atom has a more positive charge than
before the adsorption of O,. In Fig. 10, the PDOS plots of
adsorbed O, on supported clusters are presented. O, 27"
orbitals with spin down and up are located above and below
the Fermi level between 1 and —2 eV. On the other hand, O, 2=
orbitals are placed between —5 and —8 eV and d and p orbitals
do not show any peaks, as shown in Fig. 10. The position of
silver d orbitals is between —2.5 and —5.5 eV, exactly in the

4 I 1 I ] ' 1 =
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Fig. 10 — PDOS diagrams for (a) O, adsorbed on Ag;s (2)
supported cluster (b) O, adsorbed on Agg (6) supported
cluster.

middle of the 0, 2=" and 2= peaks. So, electrons can transfer
from d orbitals to O, 2" orbitals, and these transfers can cause
the elongation of the O, bond due to the position of the
transferred electrons placed in 2r" orbitals.

Conclusions

In summary, this study examines the properties of N-doped
graphene as a support for the catalytic reactivity of Ags towards
ORR via DFT-D calculations. Adsorption energies of the Agg
cluster on three types of N-doped graphene with five orienta-
tions were calculated. Among these orientations, the adsorp-
tion energy of the Agg cluster with a vertex atom in the P-N3
position (P-Ns, orientation) is the most stable with an adsorp-
tion energy of —7.62 eV. These adsorption energies are corre-
lated with Bader charge analyses, which show that an Ag atom
adsorbed on the P-N3 position has a greater positive charge than
the other positions. PDOS findings are in general agreement
with Bader charge and adsorption energies. The results indicate
that a strong correlation exists between the d-band center of
adsorbed Ag atoms and minimum Ag—Ag bond lengths in the
cluster as well as between the adsorption energies of the cluster
and Bader charges of the Agatoms nearest to the surface. The d-
band center results, as well as adsorption energies, indicate
that P-N3, may be the most favorable site to interact with O,
molecules. All the data show that there is no relationship be-
tween d-band center positions and adsorption energies of O, on
the supported cluster. Investigation of O, adsorption on the
supported cluster indicates that the presence of a support can
improve the catalytic activity of a complex.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijjhydene.2017.04.238.
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