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The oxidized graphene as the reactive support can control the stability 

and reactivity of single-atom Pt catalyst for CO oxidation. 
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Abstract    

The geometries, stabilities, electronic properties and catalytic capability of the 

platinum catalyst supported on oxidized graphene (Pt/OG) are investigated using the 

first-principles density-functional theory. Compared with the oxygen adatom, the 

hydroxyl molecule weakly adsorbs and easily aggregates on graphene, while the 

single oxygen adatom will form the epoxy group (EG) on pristine graphene or the 

oxygen dopant (OD) in defective graphene. The formation of EG and OD are used to 

model oxidized graphene (OG). The OD at the vacancy site forms the most stable 

configuration with small formation energy and large diffusion barrier, indicating that 

the OD is easier to incorporate into the graphene sheet. The OD sheet as substrate can 

effectively enhance the stability of Pt catalyst as compared with pristine graphene or 
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the grapheme sheet with EG. Moreover, the complete CO oxidation reactions on the 

Pt/OD system include a two-step process with the Langmuir-Hinshelwood (LH) 

reaction as a starting step followed by an Eley-Rideal (ER) reaction. The results 

suggest that the OD sheet can be used as the reactive support to control the stability 

and reactivity of catalysts, which opens up a new avenue for fabricating low cost and 

high efficient graphene-based catalyst. 
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1. Introduction 

The catalytic oxidation of CO is becoming increasingly significant in the context 

of air cleaning and automotive emissions control.1, 2 The use of catalysts activates the 

reaction between the reactants (O2 and CO molecules) to remove the toxic CO.3 To 

efficiently use the catalytic active components, it is expected that the catalysts are 

finely dispersed on the ideal support, which can not only enhance active area, but also 

reduce its consumption and cost. As a novel form of carbon-based substrate, graphene 

is a two-dimensional (2D) nanomaterial consisting of sp
2-hybridized carbon atoms 

arranged in a hexagonal lattice.4 Owing to its unique structure, mechanical, thermal 

and electronic properties,5-7 especially, the huge surface-to-volume ratio, graphene can 

serve as a support for catalytic nanoparticles.8-10 

Graphene oxide (GO), one of the derivates of graphene, can be obtained through 

the chemical exfoliation of graphite.11, 12 With respect to its structure, the studies 

assumed the presence of various oxygen functional groups on the GO.13-16 The 

oxygen functional groups have been identified mainly in the form of hydroxyl (-OH) 

and epoxy groups on the basal plane.17 However, the detailed analysis of the atomic 

structure and chemical activity for GO is lacking. Experimental results indicate that 

the highly reduced graphene oxide (RGO) primarily distributes oxygen containing 

groups.18, 19  Besides, structural defects do exist in graphene,20 which can be easily 

oxidized and terminated by oxygen adatom (forming epoxy group (EG) on pristine 

graphene or oxygen dopant (OD) in defective graphene).21 For coverage less than 

25%, the chemisorption energy of the hydroxyl groups turns out to be lower than that 
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of the oxygen atoms.17 Furthermore, the hydroxyl groups can easily diffuse and lead 

to the reaction with each other.22 Recently, the theoretical studies predicted that the 

GO structures with pure oxygen and C are energetically favored under high oxygen 

chemical potential.23 Therefore, the current study choose the GO structure model 

including the formation of EG and OD on graphene sheet, and without taking into 

account the coadsorption of hydroxyl groups and EG (or OG). Here, the simplistic 

structure of GO sheet is viewed as the oxidized graphene (OG, including the structure 

of EG or OD), which is in accordance with the structure proposed by Hofmann and 

Holst.24 The OG structure is different from the pristine graphene (pri-graphene) due to 

the existence of carbon-oxygen bonds,14, 25-28 which has wide applications in 

electronics, sensor, and catalytic reaction.29-31  

As known, the high price and the poor utilization rate of platinum (Pt) catalysts 

limit its practical application. Thus reducing the particles size is one of the important 

ways to lower the price and enhance the performance of catalyst. Experimental32 

observations demonstrate that the nanosize Pt clusters on graphene have the high 

catalytic performances, and the sub-nano-Pt clusters exhibit high CO tolerant on 

graphene nanosheets.33, 34 Due to the strong sp
2 bonds between carbon atoms in 

graphene sheet, there are rather weak interaction between pri-graphene and the 

supported metal atoms or clusters. This weak interaction may causes the Pt atoms 

accumulation into larger structures on graphene and become less catalytically efficient. 

Therefore, it is highly desirable for exploring an effective approach to improve the 

stability and efficiency of catalyst. 
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The dopant in defect can modify the local curvature and electronic charge 

distribution, and consequently alter the chemical properties of the original carbon 

material.35, 36 Recently, several studies observed that the metal atoms embedded 

graphene can enhance the adsorption of gas molecules 37-40. Besides, some non-metal 

atoms doped graphene can improve the durability of a single-atom Pt catalyst,41, 42 

which is effective for catalyzing CO oxidation.43 Theoretically, it is found that the 

single Pt-44, Au-45, Fe-46 or Cu-47 atoms in the defect graphene with single vacancy 

(SV-graphene) show high chemical activity for CO oxidation. The experimental result 

shows that a single-atom Pt uniformly dispersed on FeOx and exhibited the excellent 

catalytic activity.48 Meanwhile, the strong binding strength of Fe anchored on GO 

sheet also exhibits good catalytic activity,49 where the O atoms on the surface can 

serve as the reactive sites to anchor metal atoms, which can be useful for exploring 

the reactivity of single-atom catalyst. These results mean that the single-atom catalyst 

on suitable substrate has important reference for validating the reactivity of catalysts 

in atomic-scale. Hence, we choose a single Pt atom anchored on the GO sheet for the 

study. 

In general, the bare defective sites in graphene are always terminated by the 

oxygen atoms and may appear passivated or saturated, yet these oxygen-saturated 

vacancies sites are less reactive than the bare vacancies but considerably more 

reactive than the graphene.21 However, there is a lack of understanding on how the 

formation process of oxygen atom adsorption on graphene (including the EG and OD) 

is, and how the oxygen-containing groups have effect on the catalyst durability and 
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 6

chemical activity. Moreover, it remains unclear whether a single Pt atom can be 

catalytically active or have better performance on OG sheet than that on the 

pri-graphene (or SV-graphene).44 Since the CO oxidation reaction is important in 

chemical engineering and nanocatalysis, we choose the prototype reaction on OG 

substrate as a reference to evaluate the reactivity of single-atom Pt catalyst. 

In this paper, the adsorption and diffusion of oxygen atoms and hydroxyl groups 

on graphene substrate are comparatively studied. The hydroxyl group on pri-graphene 

has lower stability compared with the epoxy group, thus the high mobility of hydroxyl 

groups can easily react with each other. Besides, the single oxygen atom can form the 

EG on pri-graphene and the OD on SV-graphene, respectively. The formation of EG 

or OD on graphene can construct the structure of OG sheet. Compared with the EG, 

the OD is more suitable as a reactive substrate to anchor the Pt catalyst (Pt/OD). 

Moreover, the catalytic processes of CO oxidation on the Pt/OD are also studied 

through comparing the Langmuir-Hinshelwood (LH) and Eley-Rideal (ER) reactions. 

It is found that the LH reaction of CO and O2 on the Pt/OD has smaller energy barrier 

than that of the ER reaction, thus the LH reaction as the first step followed by the ER 

reaction is the favorable mechanism. The results show that OD can serve as a good 

candidate for designing novel efficient graphene-based catalyst, which suggests a 

great potential for further application with the low-cost and high-activity. 

2. Theoretical method and models 

The spin-polarized density function theory (DFT) calculations are performed 

using the Vienna ab-initio simulation package (VASP).50, 51 For improving the 
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calculation efficiency, core electrons are replaced by the projector augmented wave 

(PAW) pseudopotentials52 and the generalized gradient approximation of Perdew, 

Burke, and Ernzernhof (PBE)53 is used for exchange and correlation. The electrons of 

the C2s2p, O2s2p and Pt 5d6s states are treated explicitly as valence electrons. The 

graphene sheet is represented using a hexagonal supercell containing 32 carbon atoms 

with a p (4×4) structure in the x-y plane. The distance between the graphene sheet and 

its images is set to 15 Å, which leads to negligible interactions between the systems 

and their mirror images. An energy cutoff of 400 eV is used for the plane wave 

expansion and the convergence criterion for the electronic self-consistent iteration is 

set to 10-5 eV. The Brillouin zone (BZ) integration is sampled using a 3×3×1 

Γ-centered Monkhorst-Pack (MP) grid and a Γ-centered MP grid of 10×10×1 is used 

for the final density of states (DOS) calculations. 

The calculated lattice constant of graphene is 2.47 Å, which is slightly larger 

than the experimental value of 2.46 Å.54 The optimized C-C bonds are 1.43 Å. The 

graphene supercell is then built based on the calculated lattice constant. In the 

calculations, all the C atoms and adsorbate are allowed to relax in all directions. Bader 

charge analysis55 is used to evaluate the electronic charge transfer in the reactions. 

The climbing image nudged elastic band method (CI-NEB)56-58 is employed to 

investigate the saddle points and minimum energy paths (MEP) for the diffusion and 

dissociation of reactant gas molecules on Pt/OD surface. The optimized states and the 

transition states are tested by means of frequency calculations. According to the 

frequency calculations, the structures with no imaginary frequency correspond to the 
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 8

stable configurations which can be chosen as the initial state (IS) and final state (FS) 

in the chemical reactions, while those with one imaginary frequency correspond to the 

metastable states which can be viewed as the intermediate states (MS). Four to eight 

images are inserted between the IS and FS, and the spring force between adjacent 

images is set to 5.0 eV Å-1. Images are optimized until the forces on each atom are 

less than 0.02 eV Å-1. Besides, the energy of an isolated atom is simulated using a 

cubic cell of 15×15×15 Å3 with oxygen, a platinum atom or a hydroxyl molecule. A 

single oxygen atom (or hydroxyl molecule) is placed on the surface at high symmetry 

positions over a carbon atom (T, the top site), the center of a carbon-carbon bond (B, 

the bridge site), or the center of a hexagon (H, the hollow site) on the pri-graphene as 

shown in Fig. 1(a). The oxygen dopant in graphene is represented by substituting a 

single oxygen atom into the carbon lattice. A Pt atom is placed and optimized at 

various test adsorption sites near the EG and OD (including the top site of O and its 

neighboring C atoms or the bridge sites of O-C and C-C bonds) to obtain the most 

stable configuration of the Pt/OG.  

The adsorption energy (Eads) is computed using the expression, 

                     
ΑΒΒΑ

Ε−Ε+Ε=Εads
                              (1), 

where EA represents the total energy of adsorbate A (e.g., a single oxygen atom, a 

hydroxyl molecule, a Pt atom or a free gas molecule of O2, CO or CO2); EB represents 

the total energy of substrate B (e.g., the pri-graphene, SV-graphene, OD or Pt/OD), 

and EAB represents the total energy of system. 

The formation energy (△E) of a oxygen dopant is given by the formula: 
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OpriCOgra ++

Ε−Ε+Ε=∆Ε                            (2), 

where Egra+O is the total energy of the graphene with an oxygen dopant; Epri+O is the 

total energy of the pri-graphene with an oxygen adatom, and EC is the energy of a C 

atom in the pri-graphene. 

3. Results and discussion 

3.1 Adsorption energy and stable geometry 

Firstly, the adsorptions of an oxygen atom or a hydroxyl molecule on the basal 

plane of pri-graphene and SV-graphene sheets are studied. The adsorption energies 

(Eads), transferred electrons (∆q) and the bond lengths are shown in Table 1. On 

pri-graphene, the most favorable adsorption for a single O atom is found to occur at 

the bridge site of C-C bond (Eads = 2.42 eV) and the C-O bond length is 1.47 Å, as 

shown in Fig. 1(b). The two carbon atoms bound with the O atom are pulled out of the 

graphene plane by 0.32 Å, which is in agreement with previous calculations.59-63 The 

adsorbed O atom makes C-C bond expands from 1.41 Å in graphene to 1.50 Å, which 

is close to the sp
3

 bond lengths (1.54 Å) in diamond. Such bond expansion in the 

presence of oxygen has been previously predicted for epoxy groups (EG) on 

pri-graphene.19, 64 As shown in Fig. 1(c), the hydroxyl molecule is placed at the top 

site of C atom on pri-graphene, the calculated Eads is 0.57 eV and the corresponding 

O-H bond length is 0.98 Å. The adsorbed hydroxyl group causes the carbon atom 

pulled out by 0.50 Å, inducing local structural distortions on the graphene surface. 

The adsorbed hydroxyl molecule breaks one of the C-C π bonds and transforms the 

sp
2 hybridization to the sp

3. Therefore, the sp
3-like bonding characters for the stable 
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configuration mainly come from the geometrical constraints. 

On the SV-graphene, an oxygen atom or a hydroxyl molecule is placed at the 

center of defective site, the top of different carbon atoms (Cn for n=1, 2 and 3), or the 

bridge sites as shown in Fig. 1(a). It is found that the O adatom adsorbed at the SV 

and C1 sites have much larger adsorption energies (8.35 and 6.61 eV) as compared 

with that of hydroxyl molecule (2.81 and 3.85 eV). The O adatom is considerable 

unstable at the bridge site of C1-C2 bond, where the O atom is finally trapped at the C1 

site. The O adatom adsorbed at the bridge sites of C2-C3 has an Eads of 2.54 eV, which 

is slightly larger than that on the pri-graphene. In comparison, the hydroxyl molecule 

is placed at the top sites of C2 and C3 with the small Eads of 0.91 and 1.46 eV, 

respectively. The local curvature of graphene is pulled out by the adsorbed epoxy or 

hydroxyl group, which make the graphene sheet transform from a plane sp
2-like 

hybridized to a distorted sp
3-like hybridized geometry. In a word, the oxygen atom 

and hydroxyl molecule adsorbed near the vacancy sites form the more stable 

configurations than those on the pri-graphene. In addition, the epoxy and hydroxyl 

groups can serve as electrons acceptor since the oxygen atom has stronger 

electronegativity than that of the carbon atom, as shown in Table 1. Compared with 

the metal dopant,65 the O dopant in graphene has the smaller formation energy (1.96 

eV), indicating that the oxygen atom is easier to be incorporated into the defective site 

to form the OD sheet. 

In general, the diffusion barriers would illustrate the weak or strong interaction 

between the substrate and the adsorbate. The previous results46, 65-68 show that the 
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adatoms on pri-graphene has smaller diffusion barriers as compared with that on 

SV-graphene. NEB calculations show that individual OH could easily diffuse on 

pri-graphene surface with small energy barrier 0.35 eV along a pathway between 

equilibrium states (from one top site of carbon atom to the next one). In contrast, the 

O adatom has larger diffusion barrier (0.73 eV) from a bridge site to a neighboring 

bridge site and the nearest top site of C atom is considered as transition state (TS). 

which is in accordance with the previous result.69 Besides, the trapped O adatom 

needs larger energy to break away from SV to C1 site (2.26 eV) and then diffuses 

from C1 site to the bridge of C2-C3 (4.8 eV). The larger energy barriers suggest that 

the O adatom is quite immobile at the defective site on graphene, yet the high mobile 

hydroxyl group could easily rotate or diffuse on graphene surface, so it tends to 

aggregate and reacts with another hydroxyl group to form the water molecule22 and 

leave the EG (or OD) on graphene sheet. In the following sections, we show that the 

OG sheet (including the EG or OD on graphene) can be used as the reactive surface to 

control the stability of supported Pt catalyst. 

3.2. The adsorption of gas molecules on the Pt/OD sheet 

The supported Pt catalyst on OG sheet (denotes as Pt/OG) is modeled with a 

single Pt atom anchored on the EG and OD sheets, respectively. The most stable 

configuration of the Pt atom is sought by comparing the optimizing structures with 

various possible adsorption sites. Fig. 2(a) shows the most stable geometric structure 

of the optimized Pt/OD system, which is in agreement with the results demonstrated 

by Groves et al.41 One of the O-C bond breaks and the Pt atom interacts with the 
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dangling sp
2 bond of carbon atom at the defective site. The adsorption height (h) of 

the Pt adatom is 2.51 Å above the surface. The O dopant is pushed out by 0.43 Å 

below the surface plane and binds to two carbon atoms forming a C-O-C structure. 

The Pt-C bond is 1.85 Å and the C atom is drawn out 0.87 Å by the binding of Pt 

atom. It is found that the adsorption of Pt on the OD sheet has much higher stability 

(Eads = 3.38 eV) as compared with those on the pri-graphene (Eads =1.55 eV). At sites 

nearby of the epoxy group, including the top site of O atom, the first nearest 

neighboring B site, second neighboring B site and third neighboring B site of C-C 

bonds, the corresponding adsorption energies vary from 1.23 to 1.37 eV. Thus the 

stability of Pt catalyst is greatly improved on the OD surface. Although the amounts 

of epoxy groups on GO sheets may be more than those of the O dopants in graphene, 

the OD sheet as the reactive support can improve the dispersion of the supported 

catalysts. In the later section, we will mainly discuss the adsorptive stability and 

electronic structure of gas molecules (CO and O2) on the Pt/OD substrate. 

To gain more insight into the origin of the high stability of the Pt/OD systems, 

we investigate the electronic density of states (DOS) plots as shown in Fig. 3, which 

includes the total DOS (TDOS) of the SV-graphene and OD systems. The 

SV-graphene exhibits magnetic character with the DOS plots of the spin-up and 

spin-down channels unsymmetric. A sharp peak situates at the Fermi level (EF), which 

mainly originates from the dangling-bond states of the undercoordinated carbon atoms 

around the vacancy. However, the peaks at the Fermi level in the DOS plots of the OD 

system decrease due to the partially saturation of the dangling-bonds by the oxygen 
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dopant. The DOS plots of the spin-up and spin-down channels become symmetric, 

suggesting that the system is nonmagnetic. Moreover, the OD states have been 

strongly altered with the adsorption of Pt atom. The peaks at the Fermi level disappear 

and strong hybridization between Pt 5d states and carbon atom 2p states can be seen 

both above and below the Fermi level. This indicates that the Pt 5d states play an 

important role to enhance the interaction with the dangling bonds of carbon atoms at 

the defect site of graphene. 

Herein, we study the adsorption of CO and O2 on the Pt/OD substrate. The most 

energetically favorable configuration of O2 on the Pt/OD is shown in Fig. 2(b), which 

is characterized by the O-O bond paralleling to the graphene surface forming two 

chemical bonds with Pt atom, and the calculated Eads is 0.96 eV. About 0.5 electrons 

are transferred from the Pt/OD to O2, which occupy the antibonding 2π* states of O2 

and subsequently lead to the elongation of the O-O bond from 1.23 to 1.36 Å. As 

shown in Fig. 4(a), the partial DOS (PDOS) peaks of Pt are narrow and sharp before 

the adsorption of O2. In comparison, the PDOS peaks of Pt 5d states are strongly 

altered when O2 is adsorbed. The broadened and reduced peak of Pt 5d states is due to 

the hybridization of the transferred electrons with the O2 2π* and 5σ states around the 

EF. The hybridization between the adsorbed O2 and Pt induces the magnetic moment 

(2.0 µB) of whole system due to the increase of unpaired electron number, which is 

similar to that on the Au-45 and Cu-graphene system.47 

The CO adsorbs on the Pt/OD system with an end-on configuration as shown in 

Fig. 2(c). The C-O bond length is elongated (1.17 Å) as compared with that of the free 
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CO molecule (1.14 Å). The calculated adsorption energy of CO (1.77 eV) is larger 

than that of O2. The strong hybridization between Pt 6s, 5d and CO 2π* states near the 

EF is observed, as shown in Fig. 4(b). Compared with the bare Pt/OD system, the 

slightly increased of Pt 5d peaks move near to the EF in the CO adsorbed Pt/OD 

substrate due to the transferring of electrons from the 5σ states to Pt atom. Meanwhile, 

the charge transfer occurs from the occupied Pt 5d states to the CO 2π* states, which 

is responsible for the strong CO-metal binding. The adsorption of CO does not change 

the magnetic moment of the whole system (zero µB). In contrast, the adsorption of O2 

induces dramatic changes on electronic structure and localized spin polarization of 

Pt/OD substrate. The analysis of DOS plots shows that the main contribution of the 

hybridization comes from the O2 2π*, 5σ orbitals (CO 2π* orbitals) and Pt 5d orbitals. 

Hence, the above results indicate that one can control the electronic properties and 

spin polarization of a system in graphene engineering through using appropriate 

adsorbate. 

Electronic structures play a fundamental role in the physical and chemical 

properties. Therefore, we calculated the charge density difference (CDD) of the 

optimized configurations for the system with the gas molecules (CO and O2) on the 

Pt/OD. The results are depicted in Figure 5, in which the contour lines in plots are 

drawn at 0.03 e/Å3 intervals. In Pt/OD system, unlike the carbon atom in graphene 

that binds with three carbon atoms to form the sp2 hybridization, the compressed O 

atom binds with two dangling bonds of carbon atoms and gains 1.50 electrons, while 

the adsorbed Pt atom binds with the rest sp
2 dangling bond of carbon atom and gains 
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0.09 electrons. The CDD in Figs. 5(a)-(b) suggests the charge redistribution due to the 

adsorption of O2 (or CO) on the Pt/OD substrate, where the solid (dashed) lines 

denote the charge accumulation (depletion). It is found that the electrons deplete from 

the vicinity of the Pt atoms and accumulate in the vicinity of the Pt-O2 or the CO-Pt 

interfaces. Bader charge analysis55 shows that the adsorbed CO and O2 gain about 

0.26 and 0.50 electrons, and the Pt atoms lose about 0.27 and 0.52 electrons, 

respectively, indicating that the gaining electrons of the adsorbate mainly come from 

the Pt atom. Compared with the adsorption energies of CO (2.84 eV) and O2 (1.39 eV) 

on the Pt/pri-graphene,44 the CO (1.77 eV) and O2 (0.96 eV) on the Pt/OD system 

have smaller adsorption energies, because the adsorbed gas molecules (CO, 0.26 e 

and O2, 0.50 e) gain less electronic charge from the Pt atom in Pt/OD substrate than 

those on the Pt/pri-graphene (CO, 0.30 e and O2, 0.60 e). Besides, the smaller (larger) 

charge density accumulation between the CO (O2) and Pt/OD substrates indicates that 

the adsorbed O2 gains more electrons and exhibits stronger ability as 

electron-acceptor than does the CO molecule.  

The coadsorption of CO and O2 molecules on the Pt/OD substrate is also studied. 

The computations reveal that the coadsorption CO and O2 has larger Eads of 2.28 eV 

than the individual Eads values of CO and O2 molecules. It is found that the 

coadsorption energy of CO and O2 is larger than that of the Eads value of CO (1.77 eV), 

indicating that Eads of O2 on CO preadsorbed Pt/OD is 0.51 eV, thus the O2 prefers to 

adsorb and react with CO, which enhances the reaction possibility for CO+O2 reaction. 

In addition, we test two CO (or two O2) molecules adsorption on the Pt/OD and the 
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corresponding adsorption energy is reduced to 1.12 eV (or 0.88 eV), respectively. This 

result indicates that the stability of adsorptive CO is more easily affected in gas 

environment compared with that of O2 molecule. Besides, the CO2 molecule has a 

much smaller Eads (0.21 eV) on the Pt/OD, suggesting that a CO2 molecule can easily 

desorbs from the reaction site at room temperature due to the weak adsorption.  

3.3. The catalytic oxidation of CO on Pt/OD system 

There are two well-known mechanisms for the catalytic reaction of O2 with CO, 

namely the Langmuir-Hinshelwood (LH) and the Eley-Rideal (ER) mechanism.70, 71 

The LH mechanism involves the coadsorption of O2 and CO molecules before 

reaction, the formation of an intermediate state and desorption of CO2 molecule. In 

the ER mechanism, the preadsorbed O2 reacts directly with the physisorbed CO 

molecule. The adsorptive ability of gas molecule determines the reaction pathways on 

the catalyst. The above results demonstrate that the adsorption energies of gas 

molecules are greatly decreased when the more molecules adsorb on Pt catalyst, and 

the coadsorption of CO and O2 has the moderate adsorption energy on the Pt/OD 

substrate, thus we will mainly discuss the LH reaction for CO oxidation.  

To have a better understanding on the LH mechanism, the coadsorption of CO 

and O2 on the Pt/OD is studied, as shown in Fig. 6(a). In the optimized structure, the 

distance between CO and O2 molecules is 3.28 Å with the CO-Pt and O2-Pt distances 

of 1.88 Å and 2.68 Å, respectively. The structural parameters of the states along the 

MEP for the CO oxidation are shown in Table 2. In the reaction pathway, one of the 

oxygen atoms in the O2 molecule starts to approach the carbon atom of CO to reach 
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the TS (a peroxo-type O-O-C-O complex with an energy barrier of 0.76 eV), where 

the O-O bond of O2 is elongated to 1.38 Å. Passing over the TS, the O-O bond is 

continually elongated without any energy barrier and a physisorbed CO2 is formed, 

leaving an atomic oxygen (Oads) on the Pt atom. After the release of the CO2 molecule, 

we further check the oxidation process of a second CO with the atomic Oads by the ER 

reaction. The structure with preadsorbed Oads and a subsequent CO near the Pt atom is 

considered as the IS. The distance between O-Pt is 1.82 Å, and the CO molecule is 

placed away from the atomic Oads (2.95 Å). The FS is simply chosen as the 

configuration of CO2 adsorbs on the Pt/OD, as shown in Fig. 6(b). The reaction has a 

very small energy barrier (0.04 eV), suggesting that the atomic Oads is very active for 

CO oxidation. In contrast to the energy barriers of CO oxidation reaction by the LH 

process (CO+O2→OOCO→CO2+Oads) on Au-graphene (0.31 eV) and Cu-graphene 

(0.54 eV) systems,45, 47 the formation of first CO2 on the Pt/OD has a relatively larger 

energy barrier (0.76 eV). However, the formation of second CO2 through the ER 

process (CO+Oads→CO2) has a much smaller energy barrier (0.04 eV) as compared 

with those on the Au-graphene (0.18 eV),45 the Pt/FeOx (0.79 eV)48 and the 

Fe/graphene oxide (0.93 eV).49 In addition, it was found that the formed of O-O-C-O 

complex is as a metastable state on the Cu-graphene, while the O-O-C-O complex on 

Pt/OD substrate appears as a transition state. Overall, the complete CO oxidation 

reactions (including LH reaction, CO+O2→OOCO→CO2+Oads and ER reaction, 

CO+Oads→CO2) have modest energy barrier on the Pt/OD substrate, which is slightly 

smaller than that on the Pt/pri-graphene,44 thus the Pt/OD can be used as the reactive 
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surface to facilitate the catalytic cycle of CO oxidation reactions. 

On the other hand, as an important reference, the ER reaction process as the 

starting reaction for CO oxidation with preadsorbed O2 molecule on the Pt/OD is also 

studied. The reaction states along the MEP are shown in Fig. 6(c). The optimized 

configuration of CO above the preadsorbed O2 on the Pt/OD is selected as the IS. The 

CO molecule approaches the activated O2, and inserts into the O-O bond forming a 

carbonate-like intermediated state CO3. This process overcomes an energy barrier of 

0.83 eV due to the breaking of the O-O bond and the formation of the new C-O bonds. 

The same process with carbonate-like state CO3 formation is also observed in the 

oxidation reactions on the Fe-embedded graphene 46 and the Fe-anchored graphene 

oxide.49 The formed CO3 is quite stable which needs to overcome a large energy 

barrier of 1.28 eV (at TS2) to produce a CO2. Once formed, the produced CO2 

molecule may desorbs easily, leaving an atomic Oads binding with Pt in the FS. 

Obviously, the energy barriers of the ER reaction for CO oxidation are larger than 

those of the LH reaction. Besides, considering that the adsorption energy of an 

individual CO molecule on Pt/OD substrate is larger than that of the O2, and the 

intermediate state CO3 is more stable than the final state (a free CO2 and an Oads), the 

system may be trapped at the CO3 state, thus the ER reaction is impossible to be the 

starting state for the CO oxidation reaction. Instead, the LH reaction as the starting 

state is energetically more favorable on Pt/OD substrate. 

Based on the above discussions, the two-step reaction for the CO oxidation has 

the modest energy barriers on the Pt/OD substrate. Compared with the ER reaction, 
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the LH reaction as a starting step is the energetically favorable mechanism, which 

ensures the high efficiency in the catalytic CO oxidation process. The coadsorption of 

CO and O2 forms the OOCO complex, which easily dissociates into a CO2 and an 

atomic Oads. Therefore, the favorable pathway for CO oxidation starts with the LH 

reaction (CO+O2→OOCO→CO2+Oads) followed with an ER process 

(CO+Oads→CO2). Besides, the CO oxidation in the followed ER reaction step has a 

much smaller energy barrier than that of the first step of LH reaction, indicating that 

the energy barrier mainly comes from the formation of OOCO state. The Pt/OD 

system would be a good candidate catalyst based on graphene sheet with lower cost 

and higher activity for CO oxidation, which validates the reactivity of catalysts in 

atomic-scale. 

4. Conclusion 

In this paper, we model a good catalyst that consists of the single-atom Pt atom 

anchored on the OD substrate. The large pucker and charge redistribution around the 

vacancy zone can enhance the stability of oxygen adatom and hydroxyl molecule. In 

contrast to the oxygen adatom, the smaller diffusion barrier of hydroxyl group on 

graphene indicates that these adatoms can easily aggregate and react with each other. 

The single oxygen adatom can form the EG on the pri-graphene and the OD on the 

SV-graphene, and the formation of EG or OD on graphene can construct the structure 

of OG sheet. Compared with the EG, the OD is more suitable as a reactive substrate to 

anchor the Pt catalyst (Pt/OD). Moreover, it is found that the first step of CO 

oxidation through ER reaction has larger energy barrier than that of the LH reaction. 
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Then the second CO molecule (ER reaction) can be easily oxidized by the atomic Oads 

on the Pt catalyst, and the corresponding energy barrier is much smaller than that of 

the first LH reaction. The results show that the Pt/OD system exhibits high catalytic 

activity for CO oxidation. This work would provide beneficial reference to stimulate 

the applications of graphene-metal nanocomposites catalysis in energy-related devices, 

and improve the efficiency, stability and cost-effectiveness of carbon-based materials. 
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Table.1. The adsorption energy (Eads, in eV), adsorption height (h, Å), C-C bond length (bC-C, Å), 

O-H bond length (bOH, Å), O-C bond length (bO-C, Å), distance between OH and nearest C atom 

(bOH-C, Å), height of the stretched C atom (zC, Å), the number of electrons transferred from the 

graphene substrates to the adsorbates (∆q, e), for the oxygen and hydroxyl adatom on the 

pri-graphene and SV-graphene. The SV site is fixed at one site and the adsorbates are placed on 

the different sites (Cn for n=1, 2 and 3) of carbon atoms as shown in Fig.1. 

 

Oxygen Eads h bC-C bO-C zC ∆q 

B 2.42 1.54 1.51 1.47 0.28 0.98 

SV 8.35 0.25 1.39 1.50 0.07 1.23 

C1 6.61 1.87 1.48 1.23 0.82 1.81 

C2-C3 2.54 1.62 1.50 1.47-1.48 0.37 0.82 

Hydroxyl Eads bOH-C bC-C bOH zC ∆q 

T 0.57 1.51 1.50 0.98 0.50 0.47 

SV 2.81 1.52 2.54 1.00 0.22 0.56 

C1 3.85 1.35 1.42 0.98 0.80 0.95 

C2 0.91 1.45 1.50 0.98 0.44 0.69 

C3 1.46 1.48 1.50 0.98 0.47 0.57 
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Table.2. Structural parameters of the CO oxidation on the Pt/OD substrate at each states along the 

MEP, (a) the process of CO+O2→OOCO→CO2+Oads, (b) CO+O→CO2, IS, TS and FS are 

displayed in Fig. 6(a)-(b); (c) the process of CO+O2→CO3→CO2+Oads, IS, TS, MS and FS are 

displayed in Fig. 6(c).  

 

(a) IS     TS FS 

dPt-O1 2.68 1.98 1.78 

dO1-O2 1.25 1.38 2.98 

dC-O2 3.37 1.83 1.18 

dC-O 1.16 1.18 1.18 

dC-Pt 1.89 2.06 3.48 

 

(b) IS TS1 MS TS2 FS 

dO1-O2 1.32 1.39 2.18 2.51 3.08 

dC-O 1.14 1.17 1.22 1.18 1.18 

dC-O1 3.13 2.59 1.32 1.21 1.18 

dC-O2 2.93 1.69 1.37 2.04 2.74 

dO1-Pt 2.19 1.98 2.08 2.42 3.34 

dO2-Pt 2.04 2.58 2.01 1.88 1.82 
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Figure captions 

Figure 1: Schematic diagram illustrating (a) the three high symmetry sites: the hollow (H), the top 

(T) and the bridge (B) for adatom on graphene, (b) a single  oxygen atom and (c) hydroxyl 

molecule adsorbs on graphene. The big and small white sphere denotes the single vacancy (SV) 

and hydrogen atom. The indices of the C atoms are shown in the graphene. 

Figure 2: Optimized structured models (a) the Pt/OD system, (b) the O2 and (c) the CO adsorbed 

on the Pt/OD. Red, black, and white balls represent O, C and Pt atoms, respectively. 

Figure 3: Spin-resolved total DOS (TDOS) for the SV-graphene and O-graphene, as well as 

TDOS and partial DOS (PDOS) for the Pt/OD system (spin-up is labeled with ↑ and spin-down is 

labeled with ↓). The thin, thick and dashed lines represent the TDOS of SV-graphene, O-graphene 

and Pt/OD systems, respectively, while the dotted and dash dotted lines represent the PDOS of Pt 

5d and C 2p states in the Pt/OD. The vertical dotted line denotes the Fermi level. 

Figure 4: Spin-resolved TDOS, local DOS (LDOS) for (a) O2 and (b) CO on the Pt/OD system. 

The thick line represent the TDOS of O2 on the Pt/OD, the thin, dashed and dash dotted lines 

represent the PDOS of Pt 5d, 6s states of without (with) O2 or CO adsorption, the dotted lines 

represent the LDOS of adsorbed O2 or CO. The vertical dotted line denotes the Fermi level. 

Figure 5: Valence charge density difference plots of the Pt/OD with the (a) O2 and (b) CO 

adsorbate, respectively. Contour lines in plots are drawn at about 0.03 e/Å3 intervals, and the solid 

(dashed) lines denote the charge accumulation (depletion). 

Figure 6: Minimum energy profiles and the configuration of different states including the IS, TS, 

MS and FS for CO oxidation on Pt/OD substrate, (a) CO + O2 with the LH reaction, (b) of CO + 

Oads with the ER reaction and (c) CO + O2 with the ER reaction. Red, black, and white balls 

represent O, C and Pt atoms, respectively. 
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