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Abstract
Graphene-supported transition-metal nanoparticles demonstrate extraordinary catalytic activity for CO oxidation.

Herein, we have applied the density functional theory to investigate the stability and catalytic properties of a Pt12
cluster adsorbed on a bi-vacancy defective graphene (Pt/graphene). It has been found that the very low energy
barrier is only 0.131 eV for the Langmuir-Hinshelwood oxidation process for CO co-adsorbed on a catalyst with
an O2 molecule. The following Eley-Rideal oxidation process is carried out with an activation barrier of 0.352 eV.
Furthermore, the bi-vacancy site of graphene plays a key role as an anchoring point for the Pt12 cluster owing to the
strong d-p orbital hybridization, improving the stability and catalytic activity toward CO oxidation. This unusually
high catalytic activity opens a new avenue for fabricating carbon-based catalysts for CO oxidation.
Keywords: Graphene, Pt cluster, defects

I. Introduction
Graphene, one planar sheet of sp2-bonded carbon atoms

arranged in a hexagonal lattice, has recently attracted
wide attention in materials science and condensed-matter
physics on account of its unique electronic properties 1 – 3.
Especially, the presence of carbon vacancies on graphene
significantly influences its physical and chemical charac-
teristics 4 – 6. Graphene vacancies are used as anchoring
points for pure metal nanoparticles, ensuring and maxi-
mizing the isolated stability and catalytic activity via the
availability of uncoordinated surface sites along with a
high surface area 7 – 18. Thus, modified graphene could
increase catalytic efficiency on the basis of interactions
between the carbon vacancies and metal clusters.

Platinum clusters are of particular importance as cata-
lysts on account of the changes of mechanical and electron-
ic properties in, for example, the oxygen reduction reac-
tion for fuel cells 10, 12, 19 – 21, hydrogenation reactions in
organic chemistry 22, 23 and CO oxidation 11, 24 – 27. For
example, Pt nanoclusters supported on chemically con-
verted graphene exhibit a lower sintering tendency while
demonstrating high catalytic activity, which rivals that of
state-of-the-art Pt-Ru electrocatalysts 19 – 21. Moreover,
several research projects have also shown that defects in
graphene supports play an important role in stabilizing the
catalyst nanoclusters against sintering by providing strong
anchoring sites. Besides that, a strong energetic preference
for binding Pt clusters at the defect sites in graphene com-
pared to that of pristine graphene sheet has also been theo-
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retically verified 28. This suggests that support defects ap-
preciably regulate the electronic structure of clusters, fur-
ther improving their catalytic activity 29.

Herein, we investigate the effects of the bi-vacancy de-
fects in graphene on the catalytic activity of Pt12 clus-
ters supported on graphene (Pt12/graphene). For CO oxi-
dation, it is important to utilize defective-graphene-sup-
ported Pt nanoparticles for the enhancement of the cat-
alytic activity of Pt nanoparticles. There are two steps in
our research work: (1) Pt12 nanoparticle adsorption on
a bi-vacancy defect site of graphene and (2) CO catalyt-
ic oxidation on the Pt12-defective graphene. As a result,
the Pt12/graphene with rich electronic states exhibits a
superior performance with an ultralow energy barrier of
0.35 eV for CO oxidation, which is even better than the
Pt bulk. Furthermore, this indicates that the presence of
the defective graphene substrate enhances the stability of
Pt12/graphene and improves the catalytic activity.

II. Computational Method
All density functional theory (DFT) calculations were

performed in the Vienna Ab initio simulation pack-
age (VASP) 30. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof exchange-cor-
relation functional and a 450 eV cutoff for the plane-wave
basis set were employed 31. The projector-augmented
plane wave (PAW) was used to describe the electron-ion
interactions. A set of (4×4×1) k-points were selected for
geometric optimization, and the convergence threshold
was set as 10-6 eV in energy and 0.01 eV/Å in force, re-
spectively.
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A hexagonal graphene supercell (6 × 6 graphene unit cell)
containing 70 atoms was introduced to model a system
where two C atoms are removed. The modulus unit cell
vector in the z direction was set to 20 Å, which led to neg-
ligible interactions between the system and its mirror im-
ages. To investigate the minimum energy pathway (MEP)
for CO oxidation, linear synchronous transit (LST/QST)
and nudged elastic band (NEB) 32 tools were used, which
have been well validated to find TS and MEP. The adsorp-
tion energy Ead between the adsorbate and Pt/graphene is
defined as:

Ead = Esubstrate+adsorbate - (Esubstrate + Eadsorbate) (1)

where the subscripts t, Pt/graphene, and adsorbate denote
the total energies, and the energies of the corresponding
substances.

III. Results and Discussion
Fig. 1a shows the schematic geometrical configuration of

the Pt12 cluster adsorbed on graphene (Pt12/graphene). In
accordance with previous work 33, we designed the Pt12
cluster adsorbed on defective graphene. The Pt clusters
prefer to sit on a bi-vacancy site to develop bonds with
nearby C atoms of graphene. The lattice mismatch be-
tween Pt atoms that are directly bonded to the C atoms
is elongated by 0.13 Å, which may contribute to its stabil-
ity, as in the case of the defective-graphene-enhanced sta-
bility of metal nanoclusters 12, 25, 34 – 36. The average bond
length between the neighboring Pt and C (lPt-C) is about
2.218 Å, and the distance between the Pt12 cluster and
the graphene sheet is around 2.233 Å. Meanwhile, there is
about 0.369e charge transfer (Q) from the Pt12 cluster to
the defective graphene sheet according to Hirshfeld charge
population analysis, and the adsorption energy of Pt12
cluster is 3.293 eV. Obviously, different electron affinities
of Pt12 cluster and C change the electron distribution of

the Pt12/graphene system. Therefore, we show that the
carbon vacancies or dangling bonds of carbon atoms sig-
nificantly enhance the stability of Pt12 clusters on defec-
tive graphene, and regulate the electronic structure of Pt12
clusters.

To gain a deeper insight into the electron structure of
Pt12/graphene, the partial density of states projected on
Pt-5d and Pt-6s orbitals and neighboring C-2p orbital is
plotted, as shown in Fig. 1d. Owing to the formation of
C-Pt bonds and charge transfer from Pt to C, Pt-6s, Pt-
5d, and C-2p orbitals are strongly hybridized at around
deep level -4 ∼ -6 eV. In addition, the high density of states
is localized around EF while the localized Pt-5d orbital is
important to activate reactants to lower the CO oxidation
barriers.

Herein, we first consider the adsorptions of CO and O2
with Pt12/graphene, respectively. Fig. 1b shows the most
stable end-on configuration of CO on Pt12/graphene sys-
tem with Ead(CO) = -2.857 eV. Meanwhile, there is about
0.075e charge transfer from Pt12/graphene to CO, which
subsequently leads to the elongation of lC-O from 1.131
to 1.172 Å. As shown in Fig. 1e, strong hybridization be-
tween Pt-5d and CO-2p orbitals is observed at around
-4 ∼ -2 eV from the computed PDOS. This indicates that
the variation in bond strength is caused by CO 2p and
Pt-5d coupling; namely, the stronger this coupling is, the
stronger the CO-metal bonding is 37.

In Fig. 1c, for O2 adsorption on Pt12/graphene, the most
energetically favorable configuration is parallel to the
graphene sheet forming the chemical bond with the Pt (top
site) where Ead(O2) = -1.061 eV, which is also favorable
compared to the end-on configuration of CO. Meanwhile,
there is about 0.197 e charge transfer from Pt12/graphene
to O2, elongating lO1-O2

from 1.213 to 1.287 Å. For this
case, the apparently strong hybridization between Pt-5d
and O2-2p orbitals is observed at around -2 ∼ 0 eV (Fig. 1f).

Fig. 1: Top and side views of the geometric (a-c) and electronic (d-f) structures of Pt/graphene, CO on Pt/graphene and O2 on Pt/graphene.
The blue, small gray and red ball represents the Pt, carbon and oxygen atoms, respectively. (c) Spin-polarized local density of states projected
on Pt-5d (red), Pt-6s (blue) and CO-2p (black for neighboring carbon atoms) orbital curves. The Fermi level is set to zero.
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Owing to the CO interacting with the Pt12/graphene
much more strongly than O2, the Pt12 cluster on graphene
prefers to be covered by the CO molecule when CO and
O2 are co-adsorbed, which is also an exothermic process
with Ead(CO+O2) = -3.647 eV, being larger than Ead(CO)
and Ead(O2). Actually, the stronger bonding strength be-
tween the adsorbates and the catalyst efficiently facilitates
associated product formation 38, 39. In addition, there is
about 0.230e charge transfer (Q) from the Pt12/graphene
sheet to the CO+O2. Besides, the most stable adsorption
site of CO2 on Pt12 (end-on configuration)with Ead(CO2)
= -0.143 eV based on screening of various possible adsorp-
tion sites. which reveal a weak adsorption of CO2 and can
easily be desorbed from Pt12/graphene.

For CO oxidation, there are two well-established
reaction mechanisms [Langmuir-Hinshelwood (LH)
and Eley-Rideal (ER)] between adsorbed CO and O2
26, 34, 38 – 44. Based on the above discussion, it has been
shown that both the O2 molecule and CO molecule
could efficiently adsorb on the Pt12 cluster anchored on
graphene. Considering the fact that the bonding energy
for CO adsorption is stronger while it is relatively weak
for O2 adsorption, the co-adsorption configuration of CO
and O as for the initial states could be feasible. Thus, LH
reaction of CO + O2 → OOCO → CO2 + O as an initial
state, ER reaction of CO + O → CO2 is followed. In or-
der to search for the minimum-energy pathway (MEP), we
further screened the most stable co-adsorption configura-
tion as an initial state (IS1), where CO and O2 are nearly
perpendicular to the graphene sheet, respectively (Fig. 2a).
Especially, the final state (FS) consists of a CO2 molecule
physisorbed on Pt12/graphene with a chemisorbed atomic
O nearby (Fig. 2c). In addition, the local configurations
of the reactants on Pt12/graphene at each state along MEP
are also shown in Fig. 3.

Fig. 2: Top and side views of the geometric structures of the initial
state (IS1), transition state (TS1), final state (FS1), initial state (IS2),
transition state (TS2) and final state (FS2) at each state along MEP.

As shown in Fig. 3, this reveals the minimum energy
path obtained with the NEB method for the co-adsorp-
tion configuration. The Langmuir-Hinshelwood (LH)
oxidation process 9, 26, 34, 44 preferably proceeds with a
small activation energy of 0.131 eV (Fig. 3a). The struc-
ture of the initial co-adsorption configuration (IS1) would
form the close co-adsorption configuration, the elonga-
tion of O1-O2 bond length (transition state TS1), and
the formation of a CO2 molecule via combining the CO
molecule with an O atom (FS1), and finally the move-
ment of the single O atom to its best adsorption site on
Pt cage (Fig. 2a-c). Once CO and O2 are co-adsorbed on
Pt12/graphene, one oxygen atom O approaches C of CO
and reaches TS1. The energy barrier Er along MEP is es-
timated to be 0.131 eV. Meanwhile, a peroxo-type O1-
O2-C-O complex is formed above the Pt12 cluster. There
is about 0.380 e charge transfer from the Pt12/graphene
sheet to the O-O-C-O complex. The bond length lO-O
increases from 1.287 to 1.540 Å in this exothermic pro-
cess. The reaction continuously proceeds from TS1 to FS1
where CO2 is formed, leaving an atomic O1 adsorbed on
the Pt12/graphene. There is about 0.204 e charge transfer
from the Pt12/graphene sheet to the O1 (-0.283 e) and CO2
(0.079 e). Thus, the Pt clusters on graphene contribute to
catalyzing the CO oxidation. The preadsorbed elongated
pre-oxygen molecule could be activated by a low ener-
gy barrier to decompose and offer oxygen atoms for the
CO oxidation. The CO2 is quite inert and prefers to des-
orb from the Pt12/graphene system owing to the weak
adsorption. An oxygen atom adsorbed on the anchored
Pt cluster, the byproduct material of the LH oxidation,
would prepare to oxidize a succeeding CO molecule.

As shown in Fig. 2d-f, the Eley-Rideal (ER) reaction
could proceed after the LH reaction. As shown in Fig. 2d,
the CO molecule approaching the preadsorbed O atom
from the faraway site (IS2) would form the chemical ad-
sorption configuration (transition state TS2), then devel-
op a bond with the O atom to form a CO2 molecule (FS2).
The ER reaction can be driven by activation energy as low
as 0.352 eV, which can be easily overcome in the reaction
process. It could be concluded that the CO and O2 co-ad-
sorption configuration controls the oxidation with a small
perturbation to start the LH reaction, followed by the ER
reaction to reach the final production of an intact anchored
Pt cluster on graphene, realizing the catalytic CO oxida-
tion circulation. Thus, CO2 can be easily desorbed from
the Pt/graphene system owing to the weak adsorption. In a
comparison with several previous works 45 – 47, it has been
found that the largest Er = 0.353 eV is much lower than that
of commonly used catalysts such as Pt 48 – 56, Pd 52, 54 – 59,
Rh 52, 54 – 56, 60 – 63, Au 64 – 68, etc., merely around 1.00 eV.
Note that the values for Au/graphene and Fe/graphene
systems are 0.31 eV and 0.58 eV 38, 39.
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Fig. 3: Schematic energy profile corresponding to local configura-
tions of the adsorbates on Pt/graphene at each state along the mini-
mum-energy pathway (MEP). In the first step, corresponding struc-
tures include IS1 (a), TS1(b) and FS1(c) along MEP via CO+O2 →
OOCO → CO2+O route. (e-h) In the second step, corresponding
final structures include O atom on Pt/graphene (e), IS2 (d), TS2(e)
and FS2(f) for CO2 formed on Pt/graphene via CO+O → CO2
route. All energies are given in respect of the reference energy.

To gain more insight into the origin of the high activity of
the Pt/graphene system, we have investigated the electron-

ic structures as the LH reaction progresses. As discussed
above, the partially occupied Pt-5d orbital, being crucial
for the activity, is localized around EF owing to the interac-
tion between the Pt12 and graphene. Fig. 4 shows the elec-
tronic local density of states (LDOS) projected onto the
C-O and O-O bonds, as well as the d-projected LDOS
of Pt in IS, TS1 and FS1 of the LH step, respectively. The
s- and p-projected LDOS of Pt12 and p-projected LDOS
of C have no significant change as the reaction progresses
and are thus not shown here. Upon CO and O2 co-adsorp-
tion, Pt12-5d orbital is partially occupied in IS1 configura-
tion with the charge transfer between Pt and adsorbates.
Owing to the strong hybridization with Pt-5d orbital, the
chemical bond between CO and O2 is formed. In Fig. 2b
(TS1), the 2p orbital of CO and O2 is broadened and more
involved with Pt-5d orbital, compared with Fig. 2a, which
contributes to weakening the O-O bond. From TS1 to
FS1, this indicates that the 2p orbital of CO2 is weakly hy-
bridized with Pt-5d orbital around -6∼-4 eV owing to the
physical interaction between the CO2 and Pt12/graphene.
For comparison, the O-2p orbitals have strong hybridiza-
tion with Pt-5d orbital near the EF (-2∼0 eV). In Fig. 4d,
for the C-O species on Pt/graphene, the CO-2p orbital is
weakly hybridized with Pt-5d orbital due to the far dis-
tance from the Pt cluster. From IS2 to TS2, the CO-2p or-
bital is gradually strongly hybridized with Pt-5d orbital,
leading to the decrease of the bond from the O atom and
CO (TS2), finally forming the O-C-O bond length close
to the value of lC-O of an isolated CO2 molecule. Thus, Pt-
5d orbital dominates the interaction between CO and O2
on the Pt/graphene system.

In light of the above discussion, we conclude that CO
oxidation on Pt/graphene may be characterized as a two-
step process: LH reaction initiates CO oxidation with Er
= 0.131 eV, followed by the ER reaction with Er = 0.352
eV energy barrier. The two reaction steps could proceed
rapidly because of the low Er values involved.

Fig. 4: Spin-polarized local density of states (LDOS) projected onto CO+O2, OCOO, CO2+O on the Pt/graphene (Fig. 2a-c), together with
the CO+O, OC-O, CO2 on the O-Pt/graphene (Fig. 2d-f). Black solid curve, C-O on Cu/graphene; blue soled curve, O1-O2 on Pt/graphene;
red curve, d-projected LDOS of the Pt atom. The Fermi level is set to zero. .
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IV. Conclusions
In summary, we performed DFT calculations to inves-

tigate the reaction mechanism of CO oxidation catalyzed
by a Pt12/graphene system, as well as structural and elec-
tronic properties of adsorbates and adsorbents. It has been
found that the system demonstrates high catalytic activi-
ty via the oxidation reaction of the CO molecule. CO ox-
idation most likely proceeds with an LH reaction as the
starting point with lower activation barriers of 0.131 eV,
followed by an ER reaction with 0.352 eV energy barrier.
The high activity of Pt12/graphene may be attributed to
the electronic resonance among electronic states of CO,
O2, and the Pt atom, particularly, among Pt-5d, CO-2p
and O2-2p orbitals. This good catalytic activity shows that
the Pt12/graphene system is a good candidate for CO oxi-
dation on account of its higher activity.
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