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Abstract As is well known, searching for an efficient

catalyst for CO oxidation is of great importance in the

removal of poisonous CO gas. From the results of density

functional theory calculations, we have reported the cata-

lytic oxidation of CO by O2 or N2O on Si-embedded

graphene. Both Langmuir–Hinshelwood and Eley–Rideal

mechanisms of CO oxidation on Si-embedded graphene

were comparably studied. The results indicate that CO

oxidation by O2 on Si-embedded can occur via a two-step

mechanism: (1) CO ? O2 ? OOCO ? CO2 ? O, fol-

lowed by (2) CO ? O ? CO2. The energy barriers for the

two steps are 0.48 and 0.57 eV, respectively. For N2O ?

CO ? N2 ? CO2, N2O firstly interacts with Si-embedded

graphene, releasing N2 and leaving the O-atom to be

attacked by the subsequent CO to yield CO2 to proceed

with the catalytic cycle. The present results provide a

useful guidance to fabricate metal-free graphene-based

catalysts for CO oxidation with low cost and high activity.
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1 Introduction

CO oxidation, although seemingly a simple chemical

reaction, provides us with a panacea that reveals the rich-

ness and beauty of heterogeneous catalysts [1] and plays an

important role in solving the growing environmental

problems caused by CO emission from automobiles,

industrial processes, and so on. Thus, CO oxidation, often

quoted as a textbook example of catalytic reaction, is one

of the best-known heterogeneous reactions and can be

regarded as a benchmark system [1]. Though earlier studies

have shown that some noble metals, such as Pd [2–8], Pt [3,

6–13], Rh [3, 6–9, 14–17], and Au [18–22], can effectively

catalyze CO oxidation, the high cost and high reaction

temperature for efficient operations impose great limita-

tions to the potential applications of these noble metal

catalysts as good catalysts for CO oxidation. Therefore, it

is understandable that scientists have been continuously

endeavoring to seek suitable catalysts with high activity

and lower cost to realize the low-temperature oxidation of

CO.

Graphene [23], a single hexagonal atomic sheet, has

attracted tremendous attention recently due to its exciting

properties and wide applications. Thus, it is expected that

graphene has become a rapidly rising star on the horizon of

materials science and technology [24–35]. Interestingly,

the huge surface-to-volume ratio is advantageous for

graphene as a support for heterogeneous catalysts. For

example, Fu et al. [36] reported experimentally that Pd

nanoparticles supported on graphene exhibit high catalytic

for formic acid oxidation. Ajayan et al. [37] found that
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graphene-supported Pt3Co and Pt3Cr alloy nanoparticles

have high catalytic oxygen-reduction activity. Yoo et al.

[38] suggested that small Pt clusters supported on graphene

sheets exhibit high catalytic activity for CO oxidation.

Theoretically, Au-, Fe-, and Cu-embedded graphenes were

predicted to be a highly active catalyst for CO oxidation

[39–41], which can be attributed to the partially occupied

d orbital localized in the vicinity of the Fermi level due to

the interaction of the Au-, Fe-, and Cu-atom with graphene.

These investigations suggest that graphene is an attractive

catalyst through its interaction with metal clusters or a

single atom.

We note that precious metals or metal oxides are the

commonest catalysts in the current established CO oxida-

tion process, which are often energy-consuming and not

highly selective, and wasting resources. Metal-free heter-

ogeneous catalyst, especially carbon-based catalyst, is an

interesting alternative to some current industrialized

chemical processes. This can be expected, because these

metal-free catalysts are friendly to environment and exhibit

good thermal conductivity, thereby rendering them good

candidates for green chemistry with low emission and an

efficient use of the chemical feedstock [42]. In this paper,

we performed density functional theory (DFT) calculations

to explore the possibility of metal-free Si-embedded

graphene for CO oxidation in the presence of O2 or N2O.

Although there has been no experimental evidence for the

synthesis of Si-embedded graphene until now, Si-doping

into other morphology of graphene, such as fullerenes [43–

47] and nanotubes [48], has been reported in experiment.

This suggests that it is quite possible to dope Si into

graphene by adopting a similar method to Si-doped other

carbon nanostructure. Similar to Si-doped nanotubes [48],

Si-embedded graphene may also be synthesized using

methoxytrimethylsilane as a precursor.

2 Computational models and methods

We carried out all-electron ab initio DFT calculations using

double-numerical basis set with polarization function (the

DNP basis set), implemented in the DMol3 package [49,

50]. The spin-polarized Perdew–Burke–Ernzerhof (PBE)

[51] functional within the generalized gradient approxi-

mation (GGA) was chosen for the DFT calculations. The

used GGA/PBE method has also been successfully

employed to study graphene systems in previous theoreti-

cal reports, including their interactions with various sys-

tems [39–41]. Full structural optimizations were performed

without any symmetry constraints. Convergence in energy,

force, and displacement was set as 10-5 Ha, 0.001 Ha/Å,

and 0.005 Å, respectively. To ensure high-quality results,

the real-space global orbital cutoff radius was chosen as

high as 4.6 Å in the computations. The smearing of elec-

tronic occupations was set as 0.005 Ha.

A hexagonal graphene supercell (4 9 4 graphene unit

cells) containing 32 atoms was introduced to model a

system with one carbon atom substituted by one silicon

atom. The modulus unit cell vector in the z direction was

set to 15 Å, which is sufficiently large to avoid the inter-

action between the graphene and its periodic images. The

Brillouin zone integration was performed with 3 9 3 9 1

k points. To study the minimum-energy pathway (MEP) for

CO oxidation, linear synchronous transit (LST/QST) and

nudged elastic band (NEB) [52] tools in DMol3 code were

used, which have been well validated to search transition

state (TS) and MEP [39–41]. The vibrational frequencies

for each obtained structure along the MEP were calculated

at the same level to ensure that every TS has a single-

imaginary frequency and the stable local minimum has no

imaginary frequency.

3 Results and discussion

3.1 The geometric structure and property

of Si-embedded graphene

We started our study by investigating the geometric

structure of Si-embedded graphene. As shown in Fig. 1a,

the Si-atom is located on top of the single vacancy site,

forming three bonds with the nearest C-atoms, in which the

Si-atom preserves its sp3 character. The bond length

between Si-atom and each neighboring C-atom is 1.75 Å,

which is much larger than that of the C–C bond of perfect

graphene (1.42 Å). The 23 % increase in the bond length

forces Si-atom to protrude from the graphene plane, also

displacing the positions of the neighboring C-atoms out of

the plane. Meanwhile, about 0.82 e is transferred from

Si-atom to graphene sheet according to the Mulliken pop-

ulation analysis, and the whole system is nonmagnetic. The

charge transfer can also be verified by the deformation

electronic density of Si-embedded graphene (Fig. 1b),

where the red and blue regions represent the areas of

electron accumulation and loss, respectively. Here, the

deformation electronic density was defined as the total

electronic density excluding those of isolated atoms. One

can see that different electron affinities of Si- and C-atom

change the electron distribution of the whole system. Since

the electrons are mainly located within the bonds rather

than mainly located on the C-atoms, the whole graphene

structure remains covalent in nature.

To gain deeper insights into the electronic structure of

Si-embedded graphene, we further calculated its band

structure and density of states (DOS). Compared to the

band structure of the perfect graphene (Fig. 2a), the
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minimum of the conduction band edge (CBM) of the

graphene was found to be slightly shifted up, forming a

small band gap of 0.05 eV (Fig. 2b). This is because

Si-atom has four electrons in its valence shell, and it

bounds with sp3 hybridization. Meanwhile, Si-atom fol-

lows a pyramidal-like configuration, thus creating a local-

ized state when bonded to a graphitic network, which

would have little effects on the semi-metallic character of

the graphene. Owing to the formation of three C–Si bonds

and charge transfer from Si-atom to graphene, the Si-3s,

Si-3p, and C-2p orbitals are partially filled, and strong

hybridization between 3p states of Si-atom and 2p states of

C-atoms of graphene can be observed above and below the

EF level (Fig. 2c). This indicates that the Si-atom uses its

valence electrons to saturate the dangling bond states of the

vacancy in graphene. Since the high DOS is localized

around the Fermi level, the localized Si-3p states will play

an important role in activating reactants to lower the

reaction barrier. Additionally, the highest occupied elec-

tronic state (HOES) and the lowest unoccupied electronic

state (LUES) at the gamma (C) point are displayed in

Fig. 2d, e, respectively. The HOES is mainly contributed

by the 3pz atomic orbitals of the Si-atom. The LUES

clearly shows three bonding between Si-atom and the

nearest three C-atoms.

In light of the possible clustering problem of Si-atom

embedded graphene, we also calculated the energy barrier

(labeled as Ebarrier) of the diffusion of Si-atom in graphene

from the vacancy site to its neighboring bridge site (the

Si-atom prefers the bridge site of the pristine graphene as

shown in Figure S1 of the Supporting Information). The

adsorption energy of Si-atom on the vacancy in graphene is

-8.88 eV, which is much larger than that of pristine

graphene (-0.46 eV). The diffusion energy barrier of

Si-atom on defective graphene is about 6.82 eV, implying

that Si clustering problem is absent and Si-embedded

graphene is the energetically stable structure. To further

confirm the stability of Si-embedded graphene, we per-

formed vibrational frequency calculations. No imaginary

frequencies are found, in which the lowest frequency is

about 176.2 cm-1, suggesting that this structure is

dynamically stable. We also examined the thermal stability

of Si-embedded graphene using the Born–Oppenheimer

quantum molecular dynamics (MD) simulations with con-

stant temperature of 300, 1,200, and 1,700 K. The Nosé–

Hoover chain method was used for the temperature control.

A default Nosé Q ratio of 2.0 (used to scale the fictitious

mass) and a default Nosé chain length of 2 were selected.

We found that after 5,000 time steps with the time step of

1 fs the system is distorted at 300 K, but can be re-opti-

mized to previous static structure. More interestingly, it

was found that the Si-embedded graphene can still be intact

for 5 ps even at 1,700 K. The corresponding snapshot

images of the equilibrium structures at 300, 1,200, and

1,700 K are listed in Figure S2. These results indicate that

the Si-embedded graphene possesses high thermal stability.

3.2 Adsorptions of O2, CO, N2O, CO2, N2,

and O on Si-embedded graphene

Before exploring the CO oxidation by O2 or N2O, we

computed the adsorption of O2, CO, N2O, CO2, N2, and O

on Si-embedded graphene, respectively. For each adsor-

bate, we considered various adsorption sites (including

Si-atom and its nearest C-atom) and different adsorption

patterns (including side-on and end-on). In Fig. 3, we listed

the obtained most stable configurations for each adsorbate.

The corresponding adsorption energies were shown in

Table 1. For O2 adsorption, the most stable adsorption

configuration (Fig. 3a) is characterized by O2 parallel to

the graphene surface by forming two chemical bonds with

Si-atom (side-on). Here, the singlet state is the ground

state, so the original double bond of O2 is transformed to a

single bond. The adsorption energy of this configuration is

-1.18 eV, which is 0.37 eV more favorable than that of

the end-on configuration. Moreover, in this most stable

configuration, the two formed Si–O bond lengths are 1.72

and 1.79 Å, respectively. There is about 0.71 e charge

transfer from the embedded Si-atom to the 2p* orbital of

O2, resulting in the elongation of the O–O bond of the

adsorbed O2 from 1.23 to 1.50 Å, a typical value of peroxo

species [53]. In particular, as shown in Figure S3, the

electrons mainly accumulate on O2, where O2-2p* orbital

is half-filled, and the whole graphene structure is still

covalent.

(a) 

(b) 

1.75 

Fig. 1 a The geometric structures and b iso-surface (0.025 e/au) of

the deformation electronic density of the Si-embedded graphene. The

yellow ball represents the Si-atom. The red and blue regions show the

electron accumulation and loss, respectively. The bond distances are

in angstroms
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The end-on configuration (Fig. 3b) is the lowest energy

form for CO adsorbed on Si-embedded graphene. This

configuration has an adsorption energy of -0.17 eV, which

is greatly less favorable than that of O2 molecule

(-1.18 eV). Thus, when CO/O2 mixture is injected as the

reaction gas, the Si-atom of Si-embedded graphene should

be covered by O2 molecule. Meanwhile, about 0.06 elec-

tron is transferred from Si-embedded graphene to the 2p*

orbital of CO, rendering the C–O length of CO elongate

from 1.14 to 1.16 Å.

The presence of a preadsorbed O2 molecule on the

Si-atom can greatly enhance the interaction of CO mole-

cule with Si-embedded graphene. We found that the CO

molecule is energetically favorable to be attached to the

nearest C-atom to the Si-atom in Si-embedded graphene,

where a peroxy-type O1–O2–C–O complex is formed

above Si-embedded graphene (Fig. 3c). The distance

between CO and O2/Si-embedded graphene is 1.59 Å,

while one of the O-atoms of adsorbed O2 escapes from the

Si-atom and binds with CO molecule. The adsorption

energy of CO ? O2 on Si-graphene is -2.56 eV. Com-

pared to the sum of the adsorption energies of O2 and CO

[(-1.18) ? (-0.17) = -1.35 eV], the net increase in the

adsorption energy for the coadsorption of O2 and CO

amounts to 1.21 eV, indicating that a cooperative adsorp-

tion of CO and O2 can occur the Si-embedded graphene.

Meanwhile, there is about 0.32 e charge transfer from

Si-embedded graphene to CO ? O2.

Fig. 2 Computed band

structures of a pristine graphene

and b Si-embedded graphene.

c Projected density of states of

Si-embedded graphene.

d Iso-surface (the iso-value is

0.05 au) of the highest occupied

electronic state, and e lowest

unoccupied electronic state of

Si-doped graphene at the C
point
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For N2O molecule, the most adsorption configuration is

that the N- and O-atoms of N2O bind with the Si–C bond

via [3 ? 2] cycloaddition, forming a five-membered ring

(Fig. 3d). The calculated adsorption energy is -0.37 eV,

which is larger than that of CO (-0.17 eV). There is 0.22

e to be transferred from Si-embedded graphene to N2O-

3p* orbital, leading to the great decrease in the N–N–O

angle of N2O from 180� to 115�. The most stable

adsorption site of CO2 (Fig. 3e) or N2 (Fig. 3f) locates on

Si-atom of Si-embedded graphene (end-on configuration)

via researching various possible adsorption sites. The

small adsorption energy (-0.06 eV for CO2 and

-0.06 eV for N2) indicates that the attachment of CO2 or

N2 to Si-embedded graphene is very weak, which is

further testified by the small charge transfer and large

distance between adsorbate and graphene (Table 1).

Hence, it is easy for CO2 or N2 to desorb from the surface

of Si-embedded graphene. In addition, the atomic O can

strongly bind to the embedded Si-atom with Eads(O) =

-6.09 eV as shown in Fig. 3g.

(a) (b)

(c) (d) 

(e) (f)

(g) 

1.72 1.79 

1.50 1.16 

2.24 

1.19 
1.67 

1.84 1.64 

1.66 

3.50 

1.18 

4.29 

1.58 

1.71 

1.21 

1.81 1.59 

1.49 

Fig. 3 The calculated most stable configurations structures of a O2, b CO, c CO ? O2, d N2O, e CO2, f N2, and g O on Si-embedded graphene.

The yellow, red, and blue balls represent the Si, O, and N atom, respectively. The bond distances are in angstroms
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3.3 Mechanisms for CO oxidation by O2

or N2O on Si-embedded graphene

We investigated both the Eley–Rideal (ER) and Langmuir–

Hinshelwood (LH) mechanisms of CO oxidation on Si-

embedded graphene. For the ER mechanism, the gas-phase

CO molecule approaches the already-activated O2 or N2O.

The LH mechanism involves the coadsorption of CO and

O2 (or N2O) molecules before reaction. Li et al. [40] pro-

posed theoretically that Fe atom embedded with graphene

are active and stable catalysts for CO oxidation via the

more favorable ER mechanism with a two-step route

(Ebarrier = 0.58 eV), while LH reaction is shown to be a

starting point for CO oxidation on Au- and Cu-embedded

graphene with the activation barriers of 0.31 and 0.25 eV,

respectively [39, 41]. In terms of the above evidences, the

following questions arise: (1) can CO molecule also be

oxidized on metal-free Si-embedded graphene? (2) If can,

which mechanism (ER and LH) is more favorable for CO

oxidation by O2 or N2O? And, what is the barrier energy of

CO oxidation by O2 or N2O on Si-embedded graphene?

To resolve the above questions, we computed the MEP

for CO oxidation by O2 or N2O on Si-embedded using

NEB method, in which both ER and LH mechanisms are

comparably studied. For CO oxidation by O2 via ER

mechanism, it was found that the energy barrier is as high

as 0.99 eV (see Figure S4), much larger than that of LH

mechanism (Fig. 4). Thus, for CO oxidation by O2 on Si-

embedded graphene, LH mechanism is more favorable than

ER one. On the basis of the above reasons, we considered

the LH reaction, that is, CO ? O2 ? OOCO ? CO2 ? O

is used as a starting point, followed by the ER reaction

CO ? O ? CO2. To search for the MEP for this reaction,

we selected an initial state (IS) configuration as shown

in Fig. 5, that is, CO is physisorbed adsorbed on the

Si-embedded graphene, in which O2 is located at the Si-

atom. The final state (FS) is that a CO2 molecule physi-

sorbed on Si-embedded graphene with a chemisorbed

atomic O nearby. To achieve sufficient accuracy, 20 image

structures were inserted between the IS and FS, and the

corresponding MEP profile is summarized in Fig. 4. The

energetics is schematically plotted with respect to the ref-

erence energy, which is the sum of the energies of the

Si-embedded graphene and individual CO and O2 mole-

cules, assuming that CO and O2 are far apart. The local

configurations of the adsorbates on the Si-embedded

graphene at various states along the MEP are displayed in

Fig. 5. The CO ? O2 reaction pathway is characterized as

a proxy-type O–O–C–O intermediate state (labeled as MS).

It can be seen from Fig. 5 that the CO molecule starts to

approach C-atom neighboring to Si-atom at the reaction to

reach the first transition state (TS1), resulting in the

physisorption of CO on Si-embedded graphene with an

energy barrier of 0.48 eV along the reaction pathway.

Meanwhile, the distance between CO and graphene is

decreased from 3.63 (IS) to 3.14 Å (TS1). Passing over

TS1, a peroxo-type O–O–C–O complex (MS) is formed,

which is 1.70 eV lower in energy than TS1. Furthermore,

the O–O bond length of MS is continually elongated from

1.49 to 1.89 Å, and the system reaches the second transi-

tion state (TS2). Passing over TS2 with a relatively low

barrier of 0.21 eV, a CO2 molecule is formed, leaving an

atomic O adsorbed on the Si-atom. It is easy for the formed

CO2 to escape from the surface of Si-embedded graphene

at room temperature due to its weak interaction with this

graphene.

On the other hand, when N2O molecule is used to oxidize

CO into CO2, Si-embedded graphene will be dominantly

Table 1 Adsorption energy (Eads)
a of various adsorbates on the

Si-embedded graphene, the charge transfer (Q)b, and the shortest

distance (d) between the adsorbate and Si-embedded

Adsorbate Eads (eV) Q (e) d (Å)

O2 -1.18 -0.71 1.72

CO -0.17 -0.06 2.24

CO ? O2 -2.56 -0.32 1.59 (CO)/1.71 (O2)

N2O -0.22 -0.49 1.66

CO2 -0.06 0.01 3.50

N2 -0.06 0.00 4.29

O -6.09 -0.64 1.58

a Adsorption energy is defined as Eads = Etotal [Si-embedded graph-

ene ? adsorbate] - Etotal [Si-embedded graphene] - Etotal [adsor-

bate], where Etotal is the total energy of the system per supercell
b The charge transfer is calculated through Mulliken population

analysis

Fig. 4 Schematic energy profile corresponding to local configura-

tions shown in Fig. 5 along the minimum-energy pathway via the

CO ? O2 ? OOCO ? CO2 ? O route. All energies are given with

respect to the reference energy, that is, the sum of energies of

Si-embedded graphene and individual CO and O2 molecules
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covered by N2O molecules if CO/N2O mixture is injected as

the reaction gas because Si-embedded graphene has slightly

stronger interactions with N2O (Eads = -0.37 eV) than that

of CO (Eads = -0.17 eV) from the energetic point of view.

For the adsorbed N2O, we found that the N–O and N–C

bonds can be continually elongated to reach a TS as shown

in Fig. 6. The N–O and N–C bond lengths in this TS are

increased from 1.67 and 1.64 to 1.70 and 1.67 Å, respec-

tively. The energy barrier of this process is estimated to be

0.02 eV. Crossing the TS, a N2 molecule is formed, leaving

IS TS1

MS TS2

FS 

3.63 

1.14 

1.72 1.79

1.50 

3.14 

1.18 

1.71 

1.41 

2.51 

1.59 1.71 

1.49 1.37 

1.70 1.64 

1.28 1.89 

3.74 1.58 

1.18 

Fig. 5 Local configurations of the adsorbates on the Si-embedded

graphene at various intermediate states, including the initial state (IS),

transition state (TS), metastable state (MS), and final state (FS) along

the minimum-energy pathway via the CO ? O2 ? OOCO ?

CO2 ? O route. Both side (upper panel) and top (lower panel) views

are displayed. The yellow and red balls represent the Si- and O-atom,

respectively. The bond distances are in angstroms
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an atomic O adsorbed on Si-atom. Due to the weak inter-

action between N2 and the Si-embedded graphene

(Eads = -0.06 eV), the N2 molecule can be easily desorbed

at room temperature. The energy released in this step is

-1.73 eV. In light of the small barrier (0.02 eV) and large

exothermicity (1.73 eV), it is expected that the dissociation

of N2O can be achieved quite easily. That is, when N2O is

used as a reactant for CO oxidation, it first dissociates into

N2 molecule and O-atom. Thus, the ER mechanism is

possible as a starting point, which is completely different

from the case of CO oxidation by O2.

Since an atomic O is left on Si-embedded graphene in

the process of CO oxidation by O2 or N2O, it is very

necessary to explore whether this atomic O can be further

reduced by subsequent CO molecule via ER mechanism. A

configuration of physisorbed CO on the C-atom near to

Si-atom is chosen as the IS (Fig. 7a). The FS is set to the

configuration of CO2 adsorbed on the Si-embedded

graphene (Fig. 3d). The results indicate that the C-atom of

CO first approaches the adsorbed O-atom to reach a TS.

The distance between CO and the O-atom is shortened

from 2.89 of IS to 1.97 Å of TS in this endothermic pro-

cess. It is clearly seen from Fig. 8 that a very small barrier

(0.14 eV), about a third of the barrier of the LH mechanism

for the CO ? O2 reaction (0.48 eV), separates the IS and

the MS along the MEP. Passing over the MS with an

energy barrier of 0.57 eV, a CO2 molecule is formed,

leading to the recovery of Si-embedded graphene. It should

be pointed out that, in the catalysis theory, the overall

barrier is important rather than a particular barrier. Usually,

if one of the intermediate reactions is endothermic, the

overall barrier can be higher than all the particular ones.

Otherwise, the overall barrier should be equal to the

highest particular one [41]. As shown in Fig. 8, both

the intermediate and final reactions of CO ? O ? CO2 are

exothermic with barriers of 0.14 and 0.57 eV. Thus, the

overall barrier of CO ? O ? CO2 should be equal to

the latter one, namely 0.57 eV, which is the rate-limiting

Fig. 6 The reaction path along

the minimum-energy pathway

via N2O ? N2 ? O route and

the corresponding local

configurations of the adsorbates

on Si-embedded graphene
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step and corresponds to the desorption of CO2 from

Si-embedded graphene.

On the basis of the above discussions, we expected that

the CO oxidization by O2 and N2O on the Si-embedded

graphene may be characterized as a two-step process: (1)

for CO oxidization by O2, the LH reaction initiates the CO

oxidation (Ebarrier = 0.48 eV), while the N2O is first effi-

ciently activated by Si doptant via ER reaction in the case

of CO oxidation by N2O (Ebarrier = 0.02 eV); (2) in the

second step of CO oxidation by O2 and N2O, the reaction

of CO ? O ? CO2 occurs via ER mechanism (0.57 eV).

The above results indicate that the catalytic activity toward

CO oxidation of Si-embedded graphene can be comparable

to that of Fe-, Au-, or Cu-graphene [39–41], in which the

energy barriers for CO oxidation are 0.58, 0.31, and

0.25 eV, respectively.

Notably, it is known that van-der-Waals (vdW) correc-

tion to account for dispersion interactions is very important

for graphene-based systems due to the low chemical

activity of pristine graphene. Thus, using Grimme scheme

[54], we take the first step of CO oxidation by O2 on Si-

embedded graphene as an example to re-calculate the

adsorption energies, reaction energetics, and inter-atomic

distances in adsorption complexes and transition states

with a vdW correction. The results indicate that the

IS TS1 MS

TS2 

3.64 

2.89 
1.14 

1.58 1.613.16

1.971.16

1.63 
1.74 

1.37 

1.20 

2.34 
2.01 

1.24 

1.17 

Fig. 7 Local configurations of the adsorbates on the Si-embedded

graphene at various intermediate states, including the initial state (IS),

transition state (TS), metastable state (MS), and final state (FS) along

the minimum-energy pathway via the CO ? O ? CO2 route. Both

side (upper panel) and top (lower panel) views are displayed. The

yellow and red balls represent the Si- and O-atom, respectively. The

bond distances are in angstroms

Fig. 8 Schematic energy profile corresponding to local configura-

tions (Fig. 7) along the minimum-energy pathway via the CO ?

O2 ? CO2 route
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adsorption energies of O2, CO, CO2, and CO ? O2 on

Si-embedded graphene are -1.37, -0.33, -0.11, and

-2.93 eV, respectively, which are slightly larger than

those of using pure PBE functional (-1.18, -0.17, -0.06,

and -2.56 eV for O2, CO, CO2, and CO ? O2, respec-

tively). Moreover, it is found that the distances between

adsorbates and Si-embedded are independent on the used

methods. As shown in Figure S5, the barrier of this step

with a vdW correction is calculated to be 0.50 eV, which is

slightly larger than the case using pure PBE functional

(0.48 eV). Overall, the adsorption energies, reaction ener-

getics, and energy barrier are slightly increased due to the

vdW correction, while the geometric structures of adsorp-

tion complexes and transition states are unchanged.

4 Conclusion

Using DFT, we have explored the possibility of

Si-embedded graphene as a potential metal-free catalyst

for CO oxidation by O2 or N2O. The results indicated that

the Si-embedded graphene exhibits high catalytic activity

for CO oxidation. The catalytic process is likely to proceed

with the LH reaction at the starting point for CO oxidation

by O2 with a low activation barrier of 0.48 eV. When N2O

is used to oxide CO, it is firstly reduced into N2 ? Oads

with a much smaller energy barrier (0.02 eV). Then, the

left O-atom can be pulled away by the subsequent CO from

the Si-embedded graphene via the ER mechanism. In this

process, a total energy barrier of 0.57 eV has to be over-

come. The present work suggests that Si-embedded

graphene is an efficient and metal-free catalyst for CO

oxidation, and future experimental studies are greatly

desired to probe such interesting processes.
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45. Ray C, Pellarin M, Lermé JL, Vialle JL, Broyer M, Blasé X,
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Kéghélian P, Mélinon P, Perez A (1999) J Chem Phys 110:6927

47. Bulina NV, Lopatin VA, Vnukova NG, Osipova IV, Churilov
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