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Porous graphene, which is a novel type of defective graphene, shows excellent potential as a support material for metal
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clusters. In this work, the stability and electronic structures of metal clusters (Pd, Ir, Rh) supported on pristine graphene

and graphene with different sizes of nanopore were investigated by first-principle density functional theory (DFT)

calculations. Thereafter, CO adsorption and oxidation reaction on the Pd-graphene system were chosen to evaluate its

catalytic performance. Graphene with nanopore can strongly stabilize the metal clusters and cause a substantial downshift

of the d-band center of the metal clusters, thus decreasing CO adsorption. All binding energies, d-band centers, and

adsorption energies show a linear change with the size of the nanopore: a bigger size of nanopore corresponds to a

stronger metal clusters bond to the graphene, lower downshift of the d-band center, and weaker CO adsorption. By using

a suitable size nanopore, supported Pd clusters on the graphene will have similar CO and O, adsorption ability, thus

leading to superior CO tolerance. The DFT calculated reaction energy barriers show that graphene with nanopore is a

superior catalyst for CO oxidation reaction. These properties can play an important role in instructing graphene-supported

metal catalyst preparation to prevent the diffusion or agglomeration of metal clusters and enhance catalytic performance.

Introduction

The interaction between the metal and support materials plays
an important role in determining the stability and adsorption
properties of catalysts, which lead to different activity and
selectivity.l'5 The property of metal nanoclusters is one of the
major factors in determining catalytic performance.‘i'9
However, the nature of support materials often has a
substantial influence on the adsorption ability and catalytic
activity of metal nanoclusters.’® Metal oxide and carbon
materials are two regularly employed supports.

Considerable efforts have been made to understand the
effect of metal oxide on metal nanoclusters’ catalysis ability
since the pioneering work by Tauster et al.*™®, who found that
TiO, support can change the chemisorption abilities of Pt.
Studies have also reported that Au supported on TiO,, a-Fe,03,
and Co30, exhibit higher adsorption abilities for CO than
isolated Au nanoclusters and can enhance its catalytic
activities for low-temperature CO oxidation.”’™° Furthermore,
various studies have shown that metal nanoclusters over
metal oxide supports possess better catalytic ability in reaction

2023 . .
processes. Our previous study provides a molecular
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understanding of why supported Au—Pt clusters over metal
oxide show high performance for CO oxidation. One of the key
factors is the stronger adsorption of O, on the supported
catalyst than on isolated metal nanoclusters.”*

In addition to metal oxides, carbon materials are also widely
employed support materials. Graphene, carbon nanotubes
(CNTs), and fullerene are expected as promising supports for
noble metals with high areas, excellent structure stability, and
However,
agglomerate easily when adsorbed on perfect structures
because of the low adsorption ability caused by the lack of
anchoring sites on the supports.zs’ % several approaches have
been proposed to solve this problem, such as by using oxygen-
containing groups, nitrogen-containing groups, heteroatom-
doped materials, and defective nanocarbon materials.
Experiments have demonstrated that oxygen or nitrogen
containing groups can stabilize metal nanoclusters and have
better catalysis performance.n"34 These studies by density
theory (DFT) calculations, suggest that the
enhanced binding between palladium clusters and surface
functional groups (SFG)-modified carbon nanotubes (CNTSs)
follow the sequence CNTs—O > CNTs—OH > CNTs—COOH >
CNTs. %% Furthermore, for heteroatom-doped nanocarbon
materials, various studies have confirmed that N, B, or other

non-toxicity. metal nanoclusters diffuse or

functional

atom-substitution carbons effectively enhance the interaction
between metal nanoclusters and carbon supports.38'43
Defective carbon materials have been considered an excellent
material as support.“’ e Experiments have also demonstrated

that defects in graphene and CNTs can inhibit atom and cluster
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diffusing effective|y46; this finding is supported by theoretical
studies.*” *® Recently, porous graphene, which is a special type
of defective graphene, has been employed to achieve gas
permeability.49' 0
support to prevent diffusion and enhance the stabilization of

It also shows an excellent potential as the

the metal clusters. The application of porous graphene in
supported metal catalyst has attracted considerable interests.
An understanding of how the graphene with nanopore affect
the stability, electronic structures, and adsorption ability of
metal nanoclusters s designing high
performance graphene-supported metal catalysts.

beneficial for

There are plenty of theoretical studies have been made to
investigate the behavior of metals on graphene.51 2 However,
to the best of our knowledge, no systematic study has been
made on the effect of graphene with nanopore on metal
nanoclusters’ catalysis ability. In this work, by using first-
principle DFT calculations, the stability and electronic
structures of metals clusters (Pd, Ir, Rh) supported on pristine
graphene and graphene with different size of nanopore were
investigated. Then, CO adsorption and oxidation reaction on a
Pd-graphene system were chosen to evaluate the catalytic
performance. Our study shows that graphene with nanopore
can enhance the stability of supported metal clusters and lead
to a substantial downshift of the d-band center of metal
clusters, thus further decreasing CO adsorption. The DFT-
calculated reaction energy barriers demonstrate that Pd
clusters supported on graphene with a suitable size of
nanopore is a superior catalyst for CO oxidation reaction.
Therefore, our study provides a theoretical perspective in the
design of superior CO tolerance metal catalysts supported on
graphene with nanopore.

Computational details

All calculations were performed by the plane-wave DFT
method and implemented in the Vienna Ab-Initio Simulation
Package (VASP).‘K’3 The generalized gradient approximation
(GGA) with Perdew—Burke—Ernzerhof (PBE)54’55 formalism was
used to treat the exchange—correlation effects. Transition
states were located by the nudged elastic band (NEB)
method.>® All calculation were performed on a 6 x 6 graphene
supercell with periodic boundary conditions were used with a
15 A vacuum. A plane-wave basis set with a cutoff energy of
400 eV and ultrasoft Vanderbilt pseudopotentials (U.S.-PP) was
employed. For metal-graphene system, the Brillouin zone
integration was conducted with 4 x 4 x 1 k-point for geometry
optimization and 6 x 6 x 2 k-point for electronic structure
analysis. The convergence criterion of the force and energy is
10 meV A and 0.1 meV. For isolated metal clusters,
calculations were performed in a large supercell with M-point
sampling only.

The binding energies (E,) of Pd, clusters to the graphene
substrate were calculated as follows:
Eb = Et(metal+cy) — Et(meta) = Etcpn)»
where Eymetal+Cy); Et(metal) @nd E¢(c,,) are the total energies
of the relaxed metal-graphene system, metal clusters, and

2| J. Name., 2012, 00, 1-3

graphene support. The adsorption energy (E.q) of CO is defined
as follows:

Ead = Excpy+Pdy+c0) — Et(c+Pdy) — Etco),

where Eyc, +pd,+c0), Et(cpn+Pd,), a@nd Eycoy are the total
energies of the graphene-Pd,-CO system, graphene-Pd,
system, and CO molecule as obtained from the DFT
calculations.

Results and discussion
Enhanced Binding of Pd Clusters by Graphene Nanopore

The geometry optimizations of metal clusters supported on
different graphene supports were performed first. The
structures of Pd clusters supported on each support are shown
in Figure 1, and the other two metals are displayed in Figure
S2. Several graphene supports, such as pristine, vacancy,
divacancies, trivacancies, and hexavacancies graphene, can be
rendered to support metal clusters (Figure S1). Pd, (n=3-8)
clusters supported on five graphene supports can be written as
Pd./G, Pd,/GV1, Pd,/GV2, Pd,/GV3, Pd./GV6, respectively.
Only the most and second most stable structures were shown.
On pristine graphene, both the planar and tetrahedral
structures of Pd, clusters are taken into account, with binding
energies of -0.27 and -1.02 eV, respectively. Thus, the
tetrahedral geometry was more strongly adsorbed on pristine
graphene than the planar structure. This result is according

Pd4y/G Pd4/GV1

A WA W . a2t DN
Eb=-1.02eV Eb=-0.27 eV Eb=-6.40 eV Eb=-6.22¢
Pd4/GV2 Pd4/GV3
,/"g .- 4 & .
=i e = o =-
Eb=-6.18 eV Eb=-9.69 eV Eb=-9.31eV
Pd3/GV6 Pd4/GV6
..—.%_,, _/-_%, *?@,: »@.
Eb=-14.63eV  Ev=-14.62 eV Eb=-14.58eV  Eb=-14.54eV
Pds/GV6 Pde/GV6
Eb=-14.75eV  Eb=-14.68 eV Eb=-15.29 eV
Pd7/GVé6 Pds/GV6
Eb=-15.30eV Ev=-15.28 eV Eb=-15.73eV  Eb=-15.72eV

Figure 1. Optimized structures and binding energies of Pds/G, Pds/GV1, Pd,/GV2,
Pd,/GV3, Pds/GV6, Pd,/GV6, Pds/GV6, Pds/GV6, Pd;/GV6, and Pdg/GV6.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. The PDOS of the most stable Pd, adsorption structures on each graphene supports (G, GV1, GV2, GV3, GV6). (a), PDOS of Pd, clusters (b), Relevant structures (c), PDOS of

each Pd atoms.

well with previous study reported by loanna et al*® However,
the contrary situation is exhibited on the hexavacancies
graphene: the planar structure binds strongly by embedding
into the nanopore, thus indicating that the geometrical
configuration is affected by the nanopore. All the graphene
with different size of nanopore exhibit stronger binding
energies than pristine graphene, implying that graphene with
nanopore possess better interactions with the supported
metal cluster than pristine graphene. The binding energies of
Pd, most strongly adsorbed on five graphene supports are
-1.02, -6.40, -6.18, -9.69, and -14.58 eV, respectively. The
absolute values of binding energies increase with the
increasing size of the graphene nanopore. It indicates a
general tendency that a lager nanopore leads to a stronger
binding of Pd, on graphene supports. Other metals supported
on graphene with nanopore also exhibit the same rules (Figure
S2). Furthermore, a series of Pd,(n=3-8) clusters on graphene
with hexavacancies have been investigated. As shown in Figure
1, on the GV6, the binding energies of Pd,(n=3-8) change
slightly, changing from -14.63eV to 15.73eV. The nanopore on
graphene can lead to strong binding of Pd clusters and big
binding energies differences on various sites, thus can prevent
the diffusion and agglomeration of metal clusters.***8°739

This journal is © The Royal Society of Chemistry 20xx

Downshift of the d-Band Center of Pd Clusters by Graphene
Nanopore

In addition to the enhanced binding of metal clusters by the
graphene with nanopore, the electronic structures of metal
clusters may also change, thus affecting the adsorption
abilities and catalysis abilities. Therefore, the projected density
of states (PDOS) of Pd, clusters supported on each support
were investigated (Figure 2). The d-band of Pd, clusters
supported on graphene with nanopore (Figure 2a, b)
substantially move downshift compared with that supported
on pristine graphene. The shifts in the Pd d-band were
quantified by determining the position of the d-band center
(black points in the Figure 2a) of the adsorbed cluster. The
values of the d-band center of Pd clusters (Pd,/G, Pd,/GV1,
Pd,/GV2, Pd,/GV3, Pd,/GV6) are -0.77, -1.67, -1.47, -1.58
and -2.29 eV, respectively. It indicates a bigger nanopore size
corresponds to more downshifts in the d-band center. Figure
2c shows the PDOS of each Pd atom, in which the color is same
with the relevant Pd atom (Figure 2b). The PDOS of Pd atoms
on pristine graphene can be divided into two groups, one
group belongs to the Pd atoms directly bond to the graphene

J. Name., 2013, 00, 1-3 | 3
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(a)

Charge (e)
Atoms
Pd(G) Pd(GVI1) Pd(GV2) Pd(GV3) Pd(GV6)
1 0.12 0.36 0.40 0.38 0.22
2 0.12 0.08 0.09 0.20 0.20
3 -0.07 0.08 0.09 0.07 0.20
4 -0.07 -0.21 -0.08 0.07 0.13
Total 0.10 0.31 0.5 0.72 0.75

Figure 3. (a) Charge density differences induced by the Pd, cluster on each graphene

supports (G, GV1, GV2, GV3, GV6); (b) charge of relevant Pd atoms.

and another group belongs to the Pd atoms on the second
layer. However, when Pd, is supported on graphene with
nanopore, each Pd atom shows different PDOS properties,
which indicates that the pronounced electronic properties
change of Pd nanoclusters when they bond with the carbon of
graphene nanopore. These results may explain that why the
downshifts of the d-band center of the Pd clusters are linearly
correlative to the size of the nanopore. More Pd atoms that
bind to the carbon of graphene nanopore lead to the lower
downshift of the d-band center of Pd clusters.

The charge density changes induced by Pd, on graphene
with nanopore and on pristine graphene are shown in Figure
3a. The positive charging state (brown isosurfaces) of Pd atoms
directly bonding with graphene nanopore is obvious, whereas
the positive charging state of Pd, on pristine graphene is small.
It indicates that the graphene with nanopore definitely change
the electronic structures of Pd. The overall features show that
a bigger nanopore size corresponds to more charge transfer.
To quantity the total charge transfer, Bader analysis was
performed on the most stable structures, which are listed in
Figure 3b. From the data of each row, it was found a bigger
size of nanopore corresponds to more electron transfer from
Pd atoms to graphene with nanopore. Which was more clearly
exhibited by the total charge of Pd, clusters, while the charge
changing from +0.10 to +0.75e. The data of each column
show that the positive charge of each Pd atoms increase as Pd
atoms close to the support. It indicates that the more bonds
between Pd atom and graphene with nanopore corresponds to
the more charge transfer from Pd to the support.

To further understand the change of electronic structures

4| J. Name., 2012, 00, 1-3
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Figure 4. The PDOS and charge density differences of Pds/GV6 and Pdg/G. (a) PDOS of
Pd(four groups) on GV6; (b), (c) Charge density differences induced by the Pdg cluster
on GV6 and G; (d) PDOS of Pd(two groups) on G.

with the distance between Pd clusters and graphene
nanopore, the density of states of larger Pd clusters (Pdg) on
two types of graphene and charge density differences were
analyzed. The PDOS of Pd atoms on graphene with nanopore
defects can be divided into four groups according to the
distance between Pd atoms and graphene support(Figure 4a),
in which the shorter distance between carbon and Pd, the
lower d-band center of Pd. However, when the Pdg cluster is
supported on the pristine graphene (Figure 4d), only the d-
band center of the Pd directly bonding with graphene slightly
move downwards compared with the Pd that on the second
layer. The charge density change induced by Pdg on graphene
with nanopore and pristine graphene are shown in Figures 4b
and c. The positive charging state (brown isosurfaces) of the
1st
nanopore defects is obvious. By contrast, Pdg on pristine
graphene has very small charge. The total charge of Pdg (Figure
S3) on graphene with nanopore and pristine graphene is +1.24

layer Pd atoms directly bonding to graphene with

This journal is © The Royal Society of Chemistry 20xx
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and +0.42 e, respectively. The results show that Pd atoms
closer to the graphene nanopore
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Figure 5. Optimized structures and E,4(CO, O;) on the most stable structures: CO-Pd,;/G, CO-Pd,/GV1, CO-Pd,/GV2, CO-Pd,/GV3, CO-Pd,/GV6, CO-Pdg/GV6, O,~Pds/GV6.

correspond to more change of electronic structures.

The d-band center, the charge density difference and Bader
charge analysis show that the graphene with nanopore greatly
changes the electronic structure of the Pd cluster because of
the charge transfer between the Pd clusters and the supports.
The graphene with nanopore can lead to a downshift of the d-
band center. This result can also be found in the PDOS of Ir,-
graphene and Rh,-graphene systems (Figure S4). Further
analysis indicates that a bigger nanopore leads to more
changes of electronic structure, including the d-band center,
charge density, and Bader charge. All of these changes of
electronic structures may change the adsorption abilities and
catalytic performance of metal clusters.

Weak CO Adsorption on Pd Clusters by Graphene Nanopores

The modification of electronic properties of Pd clusters by graphene
with nanopore may also play an important role on the adsorption
and catalytic properties. The interface between Au and TiO, can
enhance O, adsorption and CO oxidation abilities because of the

charge transfer between Au and Ti02.24’57

However, we found that
in contrast to Au-supported TiO, systems, CO adsorption on Pd-
graphene with nanopore (Figure 5) becomes weaker than that on
Pd surfaces and Pd clusters supported on pristine graphene. As a
probe molecule, CO is chosen to investigate the adsorption of Pd-
graphene systems. A variety of adsorption modes on the Pd clusters,
including bridge, top, and hollow, were detected. The optimized
structures and calculated CO adsorption energies were summarized

in Figure 5. When CO adsorbed on the isolated Pd, cluster, the most

This journal is © The Royal Society of Chemistry 20xx

stable site is hollow site and the adsorption energy is -2.70 eV
(Figure S5), similar with the E,q of CO when most strongly adsorbed
on Pd,/G. However, all of the adsorption energies of CO adsorbed
on Pd, supported on graphene with nanopore are smaller than
-2.70 eV. This result indicates that graphene with nanopore can
reduce the adsorption ability of Pd, clusters for CO, thus indicating
that graphene with nanopore can enhance the CO tolerance of Pd,
clusters. By comparing the adsorption energies of the most strongly
adsorbed CO on each structure, we found that the adsorption
energies of CO exhibit a decreasing trend with increasing nanopore
size; the adsorption energies are -2.70, -1.93, -2.30, -2.14 and
-1.53 eV, respectively.

One of the key problems in CO oxidation reaction is the
poisoning of noble metal catalyst. The main reason is that the
difference of adsorption between CO and O, is large, whereas
the adsorption of CO on noble clusters is too strong and the
adsorption of O, is weak. Thus, CO and O, adsorptions on
Pdg/GV6 catalysts were further analyzed. The results show
that Pdg/GV6 have similar adsorption abilities for CO and O,
(Figure 5), which can enhance the CO tolerance of Pd clusters.
There seems to be a relation between CO adsorption energies,
binding energies, d-band center, and nanopore size, we
attempted to make it clear. It is well known that CO adsorption
energies linearly increase with the downshift of d-band center
(Figure 63).60’61 Besides, CO adsorption abilities of the Pd,-PGra

J. Name., 2013, 00,1-3 | 5
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system exhibit a decreasing trend with increasing energies of
Pd clusters on graphene increase with the size of nanopore.
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Figure 6. The linear relation between d-band center (gq,Pd) and (a) adsorption energies

(Eaq) of CO; (b) binding energies (Ey) of Pd, clusters.

Interestingly, we found that there is a linear relation between
the binding energies and d-band center of metal clusters.
CO Oxidation on Pd Clusters Supported on Graphene Nanopore

The further study of reaction mechanism was performed.
Figure 7 shows DFT-calculated catalytic cycles for CO oxidation
on Pdg/Graphene with nanopore. First, CO and O, co-
adsorption energies are present, wherein the adsorption
strength of O, is similar to that of CO (I). O, disassociates into
atomic oxygen with moderate activation energies (0.51 eV),
and the atomic oxygen is adsorbed on hollow and bridge site
(I1). Once the atomic oxygen is obtained (lll), CO easily reacts
with the atomic oxygen with 0.49 eV reaction barriers (IV). CO
releases approximately -3.35 eV when CO, first forms. The
remaining oxygen may easily be removed by the second
adsorbed CO (V) with +0.48 eV activation energy (VI), thereby
forming CO, and closing the cycle. The reaction route

6 | J. Name., 2012, 00, 1-3
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calculated by DFT shows that Pd supported on graphene with
nanopore may be a superior catalyst for CO oxidation.

CO2

(¢[¢]

Figure 7. Reaction cycle for CO oxidation over Pdg/GV6

Conclusion

The structures, properties of small noble metal clusters
supported on pristine graphene and graphene with different
size of nanopore were investigated by means of DFT
calculations. It was found that graphene with nanopore can
enhance the stability of metal clusters. The binding energies of
Pd clusters on graphene linearly increase with the size of
nanopore. There is a linear relation between the binding
energies and d-band center of metal clusters. Especially,
graphene with nanopore can lead to the substantial downshift
of d-band center of metal clusters, which further decrease the
adsorption for CO. The d-band center linearly move downshift
with increasing the size of nanopore. The adsorption energies
of CO are linearly correlative to the d-band center of metal
clusters. Importantly, graphene with suitable nanopore will
lead to the similar CO and O, adsorption ability on Pd clusters,
which may act as the superior CO tolerance catalyst. Indeed,
DFT calculated the reaction barriers for CO oxidation on such
clusters is small. These remarkable characteristics suggested
that graphene with nanopore supported metal nanoclusters
will act as one novel advanced catalysts for a series of
applications.
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