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Abstract 

Defects are common but important in graphene, which could significantly tailor the electronic structures 

and physical and chemical properties.  In this paper, the density functional theory (DFT) method was 

applied to study the electronic structure and catalytic properties of graphene cluster containing various 

point and line defects. The electron transfer processes in oxygen reduction reaction (ORR) on perfect and 

defective graphene cluster in fuel cells was simulated, and the free energy, reaction energy barrier of the 

elementary reactions were calculated to determine reaction pathways. It was found that the graphene 

cluster with point defect having pentagon rings at zigzag edge, or line defects (grain boundaries) 

consisting of pentagon-pentagon-octagon or pentagon-heptagon chains also at the edges, shows the 

electrocatalytic capability for ORR. Four-electron and two-electron transfer processes could occur 

simultaneously on graphene cluster with certain types of defects. The energy barriers of the reactions are 

comparable to that of platinum (111). The catalytic active sites were determined on the defective 

graphene.  

Key words:  graphene, DFT method, catalyst, defects, oxygen reduction reaction, fuel cells  
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Introduction 

       Graphene, a two dimensional monolayer structure of sp2 hybridization carbon, has attracted great 

attention in a wide range of fields, such as electronics 1, 2, sensors 3, 4, batteries 5, 6 and catalysts 7 owning 

to its exceptional physical and chemical properties 8-10. It has been demonstrated that nitrogen-doped 

graphene can act as a metal-free electrode with three-time higher electrocatalytic activity, better long-term 

operation stability, and more tolerance to crossover effect than platinum for oxygen reduction reactions 

(ORR) in alkaline fuel cells 7. With the potential of significantly reducing the cost of catalysts, graphene 

materials could eventually replace Pt in fuel cells, metal-air batteries and other energy conversion 

technologies, making them commercially viable. It is believed that the superior catalytic capabilities of 

the graphene materials are directly related to their nanostructure. A fundamental understanding of the 

structural effect on catalytic activities of this material will guide engineering the materials for more 

efficient catalysts, and even discovery of new catalysts.  

     Many factors, such as size, defects and doping, can tailor the structural, chemical and electrical 

properties of graphene materials.  Among these factors, crystalline defects are the most common intrinsic 

structures existing in graphene materials. Several experimental studies have shown the occurrence of 

either native or physically introduced defects in graphene. Transmission electron microscopy (TEM) 11-15 

and scanning tunneling microscopy (STM) 16, 17 have been used to directly observe the defects, including 

point defect (e.g., Stone-Wales defect, single vacancy 12, 13, 16, multiple vacancies 18, 19) and one 

dimensional defects or grain boundaries 11, 20-22.  These point or line defects could change the local 

electronic structure or inject charge into the electron system of sp2-bonded carbon materials. Hou et al. 23 

studied the electronic properties of graphene with native point defects and their effect to N doping on it. 

The formation energy, density of states of these defective graphene were calculated, and they concluded 

that the creation of defect before introducing N dopant would enhance the N doping of graphene.  Density 

functional theory (DFT) is an effective theoretical method to study the electronic structures and catalytic 

activities and ORR pathways. The prominent pathways of ORR in proton exchange membrane (PEM) 
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fuel cells and the kinetics of the proposed non-electrochemical reactions were studied using DFT method 

24, which is also applied in studying the mechanisms of ORR on carbon supported Fe-phthalocyanine 

(FePc/C), Co-ptthalocyanine (CoPc/C) in alkaline solution 25, graphene, nitrogen doped graphene and 

cobalt-graphene-nitride systems 26-28. Using the simulation methods, Ikeda, et al. explored nitrogen doped 

carbon based materials 29, and carbon alloy co-doped with boron and nitrogen materials 30 as catalysts of 

ORR in fuel cells.  Recently, using DFT method, Zhang et al. studied the ORR mechanisms on nitrogen 

doped 31, 32 and sulfur doped graphene 33,34 in acidic environment. They proposed four electron transfer 

pathway on these doped graphene, and Stone-Wales defect could facilitate the ORR on the doped 

graphene. Wang et al. 35 proposed a possible way to enhance the ORR catalytic activity of N-doped 

graphene by controlling the degrees of hydrogenation of edges carbons with DFT method. Yu et al. 36 also 

explored the mechanisms of ORR on N-doped graphene in alkaline environment. Kaukonen et al. 37 used 

DFT method to explore the ORR on doped graphene, they found that single Ni, Pd, Pt, Sn, and P atoms 

embedded into divacancies in graphene were promising candidates for the cathode catalysts in fuel cells. 

However, little is known about the effect of the defects, especially for the intrinsic point and line defects 

on the capability of the graphene cluster for catalyzing ORR, a bottle neck in fuel cell performance.  

     In principle, ORR can process through direct four-electron transfer pathway, O2 + 4H+ + 4e- → 2H2O, 

or two-electron transfer pathway in which hydrogen peroxide formed, O2 + 2H+ + 2e- → H2O2. The 

former pathway is expected to occur to achieve high efficiency. Thus, a route to search for an efficient 

catalyst is to determine if this catalyst facilitates the four-electron pathway. In this work, DFT method 

was used to study the ORR catalytic properties of the graphene cluster containing different types of point 

and line defects. The results show that some of these defective structures could facilitate the four-electron 

transfer in ORR, depending on the particular electronic structures modified by the defects and location of 

the defects.    
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Methods 

     Two types of graphene cluster models with defects were built based on experimental observations. 

One is the cluster containing zero dimensional defects, which include Stone-Wales defects (SW), 

vacancies with one (SV) or two (DV) carbon atom missing at the center 38, pentagon carbon rings 

substituting hexagon carbon rings at zigzag edge (PZ). The other is the cluster with grain boundaries, 

which are pentagons-heptagons connecting chains 39 or composed of octagons and fused pentagons 40, 41. 

All graphene cluster edges are passivated by hydrogen atom. Unlike other point defects, a SW defect does 

not involve any removed or added atoms. Four hexagons are transformed into two pentagons and two 

heptagons (SW-5577) by rotating one of the C-C bonds by 90˚, as shown in Figure 1 (b). Single vacancy 

(SV) by missing one carbon atom has been experimentally observed by TEM 12, 13 and STM 16, as shown 

in Figure 1 (c). Double vacancies 18, 19 (DV) can be created either by the coalescence of two SVs or by 

removing two neighboring atoms; so two pentagons and one octagon appear instead of four hexagons in 

perfect graphene, as shown in Figure 1(d). In addition, when one atom is missing at zigzag or armchair 

edges of graphene, a pentagon is formed by reconstructing these edges. Figure 1(e) shows a pentagon ring 

at a zigzag edge. One-dimensional defects, also called line defects, can be thought of as a line of 

reconstructed point defects. The line defect is a line of alternative pairs of pentagons separated by 

octagons (GLD-558), as shown in Figure 1(f) and (g). The other 1D defect consists of alternative 

pentagons and heptagons (GLD-57), shown in Figure 1(h) and (i). There is odd number of octagon or 

heptagon rings on line defect for (f)-GLD-558-01 and (i)-GLD-57-01 but even number of octagon or 

heptagon rings on it for (g)-GLD-558-02 and (h)-GLD-57-02. These line defects have been observed in 

experiments 11, 20-22 and modeled by theoretical simulation methods 3, 42.  

      The ORR process pathways over the perfect and defective graphene cluster as catalysts in acidic 

standard environment were simulated using the DFT. B3LYP hybrid density functional theory of 

Gaussian 09 (Revision A. 02; Gaussian, Inc; Wallingford, CT, 2009) was employed with a basis set of 6-

31G (d, p) 32, which can accurately describe the reaction process and explore the reaction mechanisms on 

carbon based nanomaterials, demonstrated by Alfred et al. 26-28 and our previous work 31, 32. In an acidic 
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environment, a unified mechanism for the first reduction step, which combines Damjanovic’s proton 

participation in the first electron reduction step and Yeager’s dissociative chemisorptions of O2, is 

summarized as follows:  

         O2 + H+ → OOH+                                                                                                    (1) 

         OOH+ + * + e- → *OOH                                                                                         (2) 

 Or 

          O2 + * + e- → *O-O-                                                                                              (3) 

      *O-O- + H+ → *-O-O-H                                                                                            (4) 

where the asterisk represents a chemisorption site on graphene. In this step, we set OOH or O2 near the 

graphene plane at a distance of 1.5~3.0 Å, and then observed if it was adsorbed at the possible catalytic 

active sites. After the first electron transfer, the succeeding electron transfer was simulated by 

continuously adding H atoms into the system. Because our simulation was applied in standard state, at 

298K with the electropotential 0V and pH = 0, the reaction ½ H2 (1 atm) → H+ + e- is in equilibrium. For 

each step, we optimized the structures, and calculated the reaction free energy ∆G. Here, the free energy 

is defined as the difference between free energies of the initial and final states, which are calculated by 

the expression 43, 44:  ∆G = ∆E + ∆ZPE – T∆S + ∆GU, where ∆E is reaction energy of reactant and product 

molecules adsorbed on catalyst surface, obtained from DFT calculations of optimization, ZPE is the zero 

point energy, S is the entropy, which are obtained from calculations of frequency, T is the temperature, 

and ∆GU = -eU, where U is the potential at the electrode, and e is the charge transferred. In addition, the 

reaction free energy in the aqueous solvation system was calculated, which was applied by adding key 

word SCRF 45 in Gaussian 09. This method places the graphene cluster reaction system in a cavity within 

the solvent reaction field. The Polarizable Continuum Model (PCM) using integral equation formalism 

variant (IEFPCM) was chosen as SCRF method 45. For the reaction with negative reaction free energy, it 

would occur spontaneously. The transition structure of each sub-reaction was searched using 

Synchronous Transit-Guided Quasi-Newton (STQN) method 46, which uses a linear synchronous transit 
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or quadratic synchronous transit approach to get closer to the quadratic region around the transition state 

and then uses a quasi-Newton or eigenvector-following algorithm to complete the optimization. 

 

 

             (a)                          (b)                          (c)                          (d)                             (e)          

         

            (f)                              (g)                                        (h)                                         (i) 

       

Figure 1. Perfect and defective graphene clusters. (a) Perfect graphene cluster, (b) Stone-Wales defect 
(SW), (c) Single vacancy (SV), (d) Double vacancies (DV), (e) Edge defect with pentagon ring at zigzag 
edge (PZ), Octagon and fused pentagon carbon rings line defect with (f) odd number of octagon rings 
(GLD-558-01) and (g) even number of octagon rings (GLD-558-02), and Pentagon-heptagon pairs line 
defects with (h) odd number of heptagon ring (GLD-57-01), and (i) even number of heptagon ring (GLD-
57-02); The larger gray and smaller white balls denote to carbon and hydrogen atoms, respectively.  

 

 

Results and Discussion 

 

       The electronic structure of the perfect and defective graphene clusters was determined and its effect 

on catalytic property was analyzed. Since those carbon atoms with high spin or charge density are most 

likely to be catalytic active sites 31, 32, we have calculated spin and charge distributions on these defective 

graphenes, shown in Figure 2. There is no spin density on perfect graphene and defective ones with SW, 
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SV, and DV point defects or line defect structures GLD-558-02 and GLD-57-02 containing even number 

of octagon and heptagon carbon rings. The distribution of charge density on SW, SV and DV is similar 

with that on perfect graphene. Atoms with higher charge density distribute at zigzag edge, and the 

maximum value is less than 0.20, as shown in Figure 2 (a) and (b). Figure 2 (c) - (h) show the spin and 

charge densities of graphene cluster with pentagon ring at zigzag edge (PZ), line defects GLD-558-01 and 

GLD-57-01. For PZ, the high spin density appears at the zigzag edge opposite to the pentagon ring (e.g., 

C #87: 0.41, C #83: 0.27 in Figure 2c) while high charge density distributes at two zigzag edges. When 

the pentagon carbon ring locates at armchair edge or the center of graphene clusters, there is no spin 

density introduced into the graphene clusters. For GLD-558-01 structure, the atom possessing the highest 

spin density (0.41) locates in the octagon ring at the armchair edge. The high charge density distributions 

are more complex with a value of about 0.20, but mainly spread along zigzag edges, and octagon rings. 

For GLD-57-01 structure, the atom with higher spin density locates at zigzag edge (e.g. C#138: 0.44, 

C#139 and 140: 0.36) and the higher charge density distributes at zigzag sections of edge, their values are 

less than 0.22. For the SW defect, whatever the 5577 carbon ring locates, it does not introduce spin 

density on the graphene clusters. T. Yumura et al 47 found in their work that the existence of unpaired 

electrons in pristine hydrographenes depends on their edge shapes together with their size. The point 

defect–pentagon ring locating at zigzag edge and line defects–pentagon-pentagon-octagon chain and 

pentagon-heptagon chain change the edge shape of the defective graphene cluster, and induce local spin 

polarization, which mainly locate at the zigzag edge, some of them locate on the carbon atoms of defects 

themselves.  

     We studied the size effect of the graphene clusters on its electronic properties. The graphene clusters 

containing the same defects but with more carbon atoms (150 atoms for point defects, and 186 for line 

defects) were built and their spin and charge density distributions were calculated. Similar spin and 

charge distributions are found on the larger graphene clusters. Thus, the size effect of the defects is 

minimal on the electronic properties, especially spin and charge density distribution. This may be due to 
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the fact that the disorder induced by these defects is very local and limited to a range within a nanometer, 

as observed in the experiment 48.  

 

                      

(a)                                                                                     (b)                                      

         

    (c)                                                                                           (d)                              
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                                   (e)                                                                                  (f) 

 

(g) 
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(h) 

Figure 2. Charge and spin density distributions on perfect and defective graphene clusters: (a), (b), (d), (f) 
and (h) are charge density distribution on perfect, SV, PZ, GLD-558-01 and GLD-57-01 graphene 
clusters, respectively, while (c), (e) and (g) show spin density distribution on PZ, GLD-558-01 and GLD-
57-01 graphene clusters, respectively. The color on the balls stands for different value, which is decrease 
in the color order red, orange, yellow, green, and blue. 

      

      OOH/O2 adsorbing on the catalytic active sites is the first electron transfer in ORR, and a decisive 

step for a material to show catalytic capability. As mentioned above, in Damjanovic’s proton participation  

mechanism in the first electron reduction step, oxygen molecule reacts with a proton to form OOH+. 

Following Damjanovic’s proton participation and Yeager’s dissociative chemisorptions of O2, we 

simulate the first reaction step by checking if OOH/O2 adsorbs on graphene surface or not. The catalytic 

capability of the defective graphene has been examined by introducing OOH or O2 molecule over the 

atoms with high spin or charge density in a distance of 1.5 - 3.0 Å.  For the perfect graphene and defective 

graphene structures with point defects, OOH or O2 molecules cannot adsorb on these carbon atoms except 

for those with the pentagon ring. In the presence of a pentagon ring locating at zigzag edge as shown in 

Figure 3(a), OOH covalently bonds to the carbon atom #87 with the highest spin density, with a C-O 
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bond length of 1.45Å. Therefore, among these point defects, only pentagon ring locating at zigzag edge 

structure shows the catalytic activities for ORR. For line defects, OOH/O2 molecule can adsorb on the 

carbon atoms with spin density higher than 0.25 for GLD-588-01 and GLD-57-01 grain boundaries.  

These active sites are also located near the edge of the defective graphene, suggesting that the catalytic 

activities are the result of the synergistic effect between these defects and the corresponding edge 

structures. Here, the edge effect is critical to activate the catalytic activities of the defects on graphene. 

The range of the edge effect has been identified to be about 0.3 nm along the graphene edge, and the 

bonding structures are different from those inside the graphene 49. Therefore, with the edge effect, some 

type of defects can act as heteroatom dopants to promote ORR activities. 

 

 

(a)                                                                   (b) 

 

                                 (c)                                                                   (d) 

Figure 3. Four electron transfer processes of ORR on graphene with pentagon carbon ring at zigzag edge: 
(a) OOH adsorbed on carbon atom, (b) O-O bond breakage, and a water molecule formed, (c) OH 
molecule formed, and (d) two water molecules departing from graphene surface; The larger grey, red and 
smaller white balls denote to carbon, oxygen and hydrogen atoms, respectively.  
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Table 1. Distance variations (Å) between characteristic atoms during ORR process 

 

    

 FS TS FS FS TS FS 
D(O1-G) 1.446 1.435 1.352 1.463 1.686 3.473 

D(O1-O2) 1.453 1.527 2.728 2.838 2.871 2.819 
D(O2-H1) 0.973 0.973 0.971 0.965 0.975 0.964 
D(O2-H2)  1.703 0.966 0.976 0.965 0.978 
D(O1-H3)    0.969 0.974 0.967 
D(O1-H4)     1.488 0.969 

Note: D(O1-G) is the distance between the adsorbed oxygen atom in *O(1)-OH and graphene; D(O1-O2) is the 
distance between two different oxygen atoms in *O(1)-O(2)H; D(O2-H1) is the distance between the non-adsorbed 
oxygen atom in *O-O(2)H and the first introduced H atom; D(O2-H2) is the distance between the non-adsorbed 
oxygen atom in *O-O(2)H and the second introduced H atom; D(O1-H3) is the distance between the adsorbed 
oxygen atom in *O(1)-OH and the third introduced atom; and D(O1-H4) is the distance between the adsorbed 
oxygen atom in *O(1)-OH and the forth introduced atom. FS stands for final state of sub-reaction, TS stands for 
transition state of sub-reaction. 

 

             

(a)                                                                                (b) 

Figure 4. Two electron transfer processes of ORR on graphene with pentagon-pentagon-octagon chains 

(GLD-558-02) (because of the size reason, just show part of this structure): (a) OOH adsorbed on carbon 

atom #65, and (b) H2O2 molecule formed and departing from the graphene surface; The larger grey, red 

and smaller white balls denote to carbon, oxygen and hydrogen atoms, respectively. 

 

      After the first electron transfer, subsequent electron transfer reactions were determined by introducing 

protons into the system. When an H atom was introduced near the adsorbed OOH, it bonded to an oxygen 

atom, resulting in rupture of O-O bond and the formation of one water molecule while the other oxygen 

atom still adsorbs on the graphene, as shown in Figure 3(b). When the H atom bonded to the other oxygen 
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atom of OOH, two adsorbing OH were formed, which also leaded to the rupture of O-O bond. Since the 

reaction free energy (-0.93 eV) for forming O* and H2O is lower than that of above reaction (-0.14 eV), 

the breakage of O-O prefers to form one adsorbed O and one water molecule. As mentioned above, the 

breakage of O-O bond is the key step of four-electron transfer, which defines the process being four-

electron transfer pathway. When two more H atoms were sequentially introduced into the system, an OH 

first forms, followed by the generation of another water molecule, shown in Figure 3(c) and (d). These 

water molecules then depart from the graphene surface and the graphene recovers to its original state 

ready for another cycle of catalysis. Distance variations between these characteristic atoms (there is 

chemical bond formed or breakage) during ORR process described above are listed in Table 1, in which 

the transition states of O-O breakage and second water molecule departure from graphene cluster (see in 

Figure 6 (a)) sub-reactions are included. The overall ORR on GLD-558-01 and GLD-57-01 structures 

follows the similar process as described above. In addition to the four-electron transfer pathway, we also 

found the two-electron transfer reactions on GLD-558-02 and PZ structure. When the first electron 

transfer process finished, O2 or OOH adsorbed on the carbon atoms (e.g., #61, and #65 on GLD-558-02; 

#94 on PZ), which possesses relatively low spin density (0.10~0.13). For the two-electron transfer 

reaction, when another H atom was introduced near the adsorbed OOH, it bonded to the oxygen atom 

bonding to the carbon atom on the graphene, forming a H2O2 molecule. The reaction processes on GLD-

558-01 are shown in Figure 4 (a) and (b).  Similar two-electron transfer processes were also found on PZ 

structure. So for these defective graphene showing catalytic activities, two-electron and four-electron 

transfer reactions take place simultaneously. Atoms locating at different position possess different spin or 

charge density because of defects, which make the bonding energy of O2/OOH different, further affect the 

following sub-reaction. Some of these ORR are four-electron transfer reaction, while others follow two- 

electron transfer reaction pathway.  

       Although the defects that facilitate the four-electron transfer are observed in graphene, the 

electrocatalytic activities of defective graphene measured in the experiment are still much low compared 

Page 13 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



to hetero-element-doped graphene (e.g., N-doped graphene) 7. The number of electron transfer for 

graphene is around 2.-2.5 50, indicating that two-electron transfer dominates the ORR on the undoped 

graphene. The lower catalytic activities of defective graphene may be attributed to the smaller number of 

active sites available on the graphene. As discussed above, in order to create active sites for catalyzing 

ORR, certain type of defects (e.g., pentagon) must locate within the range of edge effect. Generally 

speaking, the point defects distribute randomly within the graphene; the population of the point defects at 

the edge would be small. In the case of grain boundaries, the number of pentagons at the edge is also 

small although there are a large number of pentagons within the grain boundaries. Thus, the introduction 

of more edged defects could significantly improve the catalytic activities of the graphene cluster. 

Table 2. Reaction free energy ∆G (eV) of four and two-electron transfer pathways of ORR on graphene 

clusters with point and line defects  

Reaction pathways Point defect (PZ) Line defect (GLD-558-
01) 

In vacuum In aqueous 
solution 

In vacuum In 
aqueous 
solution 

 
 
Four 
electron 
transfer  

O2 + H+ + e- → *OOH 
 

-1.20 -1.22 -1.29 -1.60 

*OOH + H+ + e- → *O + H2O 
 

-0.93 -1.36 -1.24 -0.91 

*O + H+ + e- + H2O → *OH + H2O 
 

-2.01 -1.78 -1.35 -1.21 

*OH + H+ + e- + H2O → 2H2O 
 

-0.62 -0.57 -1.09 -1.19 

Overall: O2 + 4H+ + 4e- → 2H2O 
 

-4.76 -4.93 -4.97 -4.91 

 
Two 
electron 
transfer  

O2 + H+ + e- → *OOH 
 

-0.17 -0.73 -0.15 -0.68 

*OOH + H+ + e- → H2O2 
 

-1.20 -0.66 -1.18 -0.70 

Overall: O2 + 2H+ + 2e- → H2O2
 

 
-1.37 -1.39 -1.33 -1.38 
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(a)                                                                                   (b) 

Figure 5. Reaction free energy diagram for four-electron transfer oxygen reduction reaction over graphene 

clusters with a pentagon carbon ring at zigzag edge (a) and a GLD-558-01 grain boundary (b) based on 

the energy of table 1. The blue lines show the results at zero cell potential (U=0), the red lines stand for 

the results at potential U= 0.57V (a), and U= 0.91V (b), and the green lines indicate the energy at 

potential U= 1.23 eV.  

 

        Reaction free energy ∆G of above electron transfer reaction processes were calculated for the 

graphene clusters with a pentagon carbon ring at zigzag edge and a GLD-558-01 grain boundary. Values 

of the free energy for electron transfer pathways in vacuum and aqueous environments are listed in Table 

2. For the four electrons transfer ORR: O2 + 4H+ + 4e- → 2H2O, the reaction free energy for the graphene 

cluster with pentagon carbon ring locating at zigzag edge and line defect GLD-558-01 in vacuum are -

4.76 eV and -4.97 eV, respectively, whereas they are -4.93 eV and -4.91 eV in aqueous environments. So, 

the calculations including the solvent effect are closer to -4.92 eV standard reaction free energy of overall 

four-electron ORR43. For two-electron transfer ORR: O2 + 2H+ + 2e- → H2O2, the reaction free energy for 

the two  defective graphene clusters are -1.37 eV and -1.33 eV without considering the solvent effect, and 

-1.38 eV and -1.39 eV with solvent effect.  Similarly, the results with the solvent effect are closer to 

experimental value -1.40 eV 26. The solvent effects make the ∆G of the first sub-reaction more negative 

Page 15 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



for both four-electron and two-electron transfer reaction, which means the solvent stabilized the 

adsorption of O2 or OOH because of the formation of hydrogen bonds between them. This is consistent 

with the results obtained by Bao et al. 36. Thus, solvent effect must be considered in the calculation of free 

energy change for graphene catalysis. For each electron transfer reaction, ∆G is negative on both the 

defective graphene clusters, indicating that these sub-reactions could occur spontaneously in the view of 

thermodynamics. Compared to the point defect—pentagon carbon ring locating at zigzag edge, the values 

of ∆G for line-defect-GLD-558-01 are closer to the even value -1.23 eV. Relatively equal free energy in 

each reaction step may increase the reaction rate in ORR 26. Thus, the line-defect graphene would be more 

efficient in catalyzing the ORR. The free energy of four-electron transfer ORR over graphene clusters 

with pentagon ring at zigzag edge and GLD-558-01 at different potential are shown as Figure 5 (a) and 

(b). For the situation U= 0, all the sub-reaction steps are exothermic. If the potential U= 1.23V, the 

reaction of *OH departing is uphill, the reaction energy barriers is 0.66 V on graphene cluster with 

pentagon ring at zigzag edge. On graphene clusters with line-defect-GLD-558-01, the reaction of O-O 

rupture is uphill, the energy barrier is 0.30 V. The two energy barriers correspond to the experimentally 

observed overpotential. Thus, the reaction occurred on graphene clusters with line-defect-GLD-558-01 

show the lower overpotential, which is favorable to the ORR catalytic activities. In this view, it also 

demonstrated that the graphene clusters with line-defect-558-01 could show the better catalytic properties.     

         The reaction free energy determines if ORR occurs thermodynamically. In order to explore the 

mechanisms of ORR further, energy barriers ∆Eb of each reaction was calculated, which determines the 

kinetics of the ORR catalytic activities. It is necessary to determine the transition states and reaction 

barriers of sub-reactions for four-electron transfer pathway on the cluster with point and line defects. 

Energy barriers ∆Eb is defined as the energy difference between the transition state and initial state during 

the sub-reaction. Here taking the reactions on PZ (shown in Figure 6(a)) and GLD-558-01 (shown in 

Figure 6(b)) as examples, the transition structure and reaction energy barriers were determined. For the 

first reaction step, we found that there is no reaction energy barrier for OOH molecule adsorbing on the 
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catalytic active sites of PZ and GLD-588-01 graphene clusters. The first step is not a limiting reaction 

step of the reaction kinetics, because the reaction energies of the first step are negative (-1.39 eV and -

1.49 eV for PZ and GLD-588-01 graphene clusters, respectively) as shown in Figure 6. As mentioned 

above, the breakage of O-O bond is the key step of four-electron transfer pathway, the initial states, 

transition states (shown as inset of Figure 6 (a) and (b)) of this step are calculated for PZ and GLD-558-

01 graphene clusters. In the case of PZ graphene cluster, OOH interacts with proton to form an adsorbed 

*O and a water molecule. The H was set near to the adsorbed OOH in different extension direction, and 

the structure with lowest energy was chosen as the initial state, in which the distance between introduced 

H atom to the adsorbing O atom is 2.7 Å. The transition state in this step is that OOH still adsorbs on the 

active site, but the introduced hydrogen is close to the OOH with a O-H distance of 1.9 Å. The energy 

barrier of this reaction is 0.1 eV. For GLD-558-01 graphene cluster, the products of the O-O bond 

breakage reaction are adsorbed *O and *OH on another carbon atom. This reaction experiences the 

transition state that the introduced hydrogen atom is close to the adsorbed *OH with the O-H distance of 

1.55 Å. The reaction barrier is calculated to be 0.35 eV, which is higher than that on PZ graphene clusters. 

These energy barriers ∆Eb for the defective graphene clusters are comparable to those for platinum (111) 

surface 51, nitrogen doped graphene, and nitrogen doped carbon nanotube 52 (0.27 eV, 0.19 eV and 0.30 

eV, respectively). There are no energy barriers found on PZ and GLD-558-01 graphene clusters in the 

third electron transfer step. However, in the last electron transfer step, the reaction barriers are 0.48 eV 

and 0.22 eV for PZ and GLD-558-01 graphene cluster, respectively. These values are also comparable to 

that (∆Eb = 0.21 eV) for the same reaction over platinum (111) 51. Thus, pure graphene cluster could 

efficiently facilitate the ORR by introducing point defect like pentagon carbon ring at the edge, or line 

defect like pentagon-pentagon-octagon grain line. These defects interact with edge structure to generate 

active sits for ORR catalysis.      
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                                                                                 (a) 
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                                                                                (b) 

Figure 6. Reaction energy diagram of ORR on (a) PZ, and (b) GLD-558-01 defective graphene clusters 

 

Conclusions 

          The effect of point- and line-defects in graphene cluster on the catalytic activities was studied using 

DFT methods. Among the point defects including Stone-Wale defect, single vacancy, double vacancies, 

and one substituting pentagon ring, only pentagon ring at zigzag edge has catalytic capability.  In one 

dimensional line defects such as pentagon-heptagon chain (GLD-57) and pentagon-pentagon-octagon 

chain (GLD-558), the structure containing odd number of heptagon or octagon carbon ring generates spin 

density and can catalyze ORR.  For those graphene clusters showing catalytic activity for ORR, the 

catalytic active sites usually locate at zigzag edge or at end of the pentagon-pentagon-octagon chains. 

Graphene edge plays an important role in activating the catalytic activities. The four-electrons and two-
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electrons ORR can occur on these defective graphenes simultaneously, and these sub-reactions are 

energetically favorable since the reaction free energy of sub-reactions is negative. The reaction energy 

barriers of four-electron transfer pathway on defective graphene clusters are comparable to that of 

platinum.  
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Tables 

Table 1. Distance variations (Å) between characteristic atoms during ORR process 

 

    

 FS TS FS FS TS FS 
D(O1-G) 1.446 1.435 1.352 1.463 1.686 3.473 

D(O1-O2) 1.453 1.527 2.728 2.838 2.871 2.819 
D(O2-H1) 0.973 0.973 0.971 0.965 0.975 0.964 
D(O2-H2)  1.703 0.966 0.976 0.965 0.978 
D(O1-H3)    0.969 0.974 0.967 
D(O1-H4)     1.488 0.969 

Note: D(O1-G) is the distance between the adsorbed oxygen atom in *O(1)-OH and graphene; D(O1-O2) is the 
distance between two different oxygen atoms in *O(1)-O(2)H; D(O2-H1) is the distance between the non-adsorbed 
oxygen atom in *O-O(2)H and the first introduced H atom; D(O2-H2) is the distance between the non-adsorbed 
oxygen atom in *O-O(2)H and the second introduced H atom; D(O1-H3) is the distance between the adsorbed 
oxygen atom in *O(1)-OH and the third introduced atom; and D(O1-H4) is the distance between the adsorbed 
oxygen atom in *O(1)-OH and the forth introduced atom. FS stands for final state of sub-reaction, TS stands for 
transition state of sub-reaction 

 

Table 2. Reaction free energy ∆G (eV) of four and two-electron transfer pathways of ORR on 

graphene clusters with point and line defects  

Reaction pathways Point defect (PZ) Line defect (GLD-558-
01) 

In vacuum In aqueous 
solution 

In vacuum In 
aqueous 
solution 

 
 
Four 
electron 
transfer  

O2 + H+ + e- → *OOH 
 

-1.20 -1.22 -1.29 -1.60 

*OOH + H+ + e- → *O + H2O 
 

-0.93 -1.36 -1.24 -0.91 

*O + H+ + e- + H2O → *OH + H2O 
 

-2.01 -1.78 -1.35 -1.21 

*OH + H+ + e- + H2O → 2H2O 
 

-0.62 -0.57 -1.09 -1.19 

Overall: O2 + 4H+ + 4e- → 2H2O 
 

-4.76 -4.93 -4.97 -4.91 

 
Two 
electron 
transfer  

O2 + H+ + e- → *OOH 
 

-0.17 -0.73 -0.15 -0.68 

*OOH + H+ + e- → H2O2 
 

-1.20 -0.66 -1.18 -0.70 

Overall: O2 + 2H+ + 2e- → H2O2
 

 
-1.37 -1.39 -1.33 -1.38 

1
2

1

1 2

21

+ 1

3

+ 2

21

1

34

2

21
+ 
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Figure Captions 

Figure 1. Perfect and defective graphene clusters. (a) Perfect graphene, (b) Stone-Wales defect (SW), (c) 
Single vacancy (SV), (d) Double vacancies (DV), (e) Edge defect with pentagon ring at zigzag edge (PZ), 
Octagon and fused pentagon carbon rings line defect with (f) odd number of octagon rings (GLD-558-01) 
and (g) even number of octagon rings (GLD-558-02), and Pentagon-heptagon pairs line defects with (h) 
odd number of heptagon ring (GLD-57-01), and (i) even number of heptagon ring (GLD-57-02); The 
larger gray and smaller white balls denote to carbon and hydrogen atoms, respectively. 

Figure 2. Charge and spin density distribution on perfect and defective graphene clusters: (a), (b), (d), (f) 
and (h) are charge density distribution on perfect, SV, PZ, GLD-558-01 and GLD-57-01 graphene 
clusters, respectively, while (c), (e) and (g) show spin density distribution on PZ, GLD-558-01 and GLD-
57-01 graphene clusters, respectively. The color on the circle stands for different value, which is decrease 
in the color order red, orange, yellow, green, and blue. 

Figure 3. Four electron transfer processes of ORR on graphene cluster with pentagon carbon ring at 
zigzag edge: (a) OOH adsorbed on carbon atom, (b) O-O bond breakage, and a water molecule formed, 
(c) OH molecule formed, and (d) two water molecules departing from graphene surface; The larger grey, 
red and smaller white balls denote to carbon, oxygen and hydrogen atoms, respectively. 

Figure 4. Two electron transfer processes of ORR on graphene cluster with pentagon-pentagon-octagon 
chains (GLD-558-01) (because of the size reason, just show part of structure): (a) OOH adsorbed on 
carbon atom #65, and (b) H2O2 molecule formed and departing from the graphene surface; The larger 
grey, red and smaller white balls denote to carbon, oxygen and hydrogen atoms, respectively. 

Figure 5. Reaction free energy diagram for four-electron transfer oxygen reduction reaction over 

graphene clusters with a pentagon carbon ring at zigzag edge (a) and a GLD-558-01 grain boundary (b) 

based on the energy of table 1. The blue lines show the results at zero cell potential (U=0), the red lines 

stand for the results at potential U= 0.57V (a), and U= 0.91V (b), and the green lines indicate the energy 

at potential U= 1.23 eV.  

Figure 6. Reaction energy diagram of ORR on (a) PZ, and (b) GLD-558-01 defective graphene clusters 
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             (a)                          (b)                          (c)                          (d)                             (e)          

         

            (f)                              (g)                                    (h)                                          (i) 

 

 

 

                      

(a)                                                                                     (b)                                      
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    (c)                                                                                           (d)                              

  

                                   (e)                                                                                  (f) 
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                                 (c)                                                                   (d) 

 

 

 

             

(a)                                                                                (b) 
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