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Carbon for oxygen reduction reaction: A defect mechanism†  

Huanyu Zhao,‡ab Chenghua Sun,‡c Zhao Jin,a Da-Wei Wang,d Xuecheng Yan,a Zhigang Chen,e 

Guangshan Zhua and Xiangdong Yao*af

We demonstrate a new defect mechanism of carbons for oxygen 

reduction reaction (ORR). It is predicted by the first principle 

calculations that a type of 585 defects on graphene (G585) is 

more effective than N-doping for ORR, and our experimental 

investigations show strong support to this theoretical prediction. 

Oxygen reduction reaction (ORR) is one of the central reactions for 

fuel cells.1 To efficiently convert chemical energy to electricity, high 

performance ORR catalysts become essential. Up to now, platinum 

(Pt) exhibits the best performance, and Pt/C is the commercial 

cathode catalyst for fuel cells.2 It is generally regarded that carbon 

itself does not show a 4-electron pathway for ORR, and the 

dispersed Pt particles on carbons are vital and act as the active sites 

for ORR.3 However, the high cost and limited supply of Pt have 

greatly hindered the large-scale application of fuel cells. Therefore, 

low-cost and high-performance ORR catalysts are indispensable and 

attracting tremendous interest of research.4-11 A recent breakthrough 

is the development of nitrogen-doped carbon and associated 

structures.4,12-14 These noble metal-free catalysts could offer good 

catalytic performance for ORR. It is often believed that N-dopant 

can activate its neighboring carbon atoms and thus improve oxygen 

adsorption and dissociation, both of which are critical for ORR.4,15 

Following the N-doping mechanism, extensive efforts have been 

devoted to achieve highly N-doped carbons, aiming to further 

enhance their performance.16-20 However, the electrochemical 

activity against N concentration shows very diverse (Fig. S1, ESI†). 

The reasons might be quite complicated, for example, both the N 

content and the type of N in the carbon samples may influence the 

performance.19,20 Another possible reason is the decrement of the 

electronic conductivity due to heavy N-doping. This indicates that 

the electrochemical activity cannot be precisely controlled by N-

doping, which is a key issue for practical applications as the activity 

must be stable. Therefore, a basic question comes out: are N-dopants 

really essential for carbon-based ORR catalysts? In other words, any 

other mechanisms can promote carbons for ORR? 

The proposed mechanism for ORR of N-doped carbons is that 

the N dopant exhibits higher electronegativity than carbon and thus 

re-shapes the electronic structure of the neighboring carbon atoms. 

The re-structured electronic distribution of the carbon atoms enable a 

stronger interaction with the oxygen molecules, accordingly enhance 

the oxygen molecular adsorption and dissociation.15 Consequently, it 

is natural come to the mind that vacancy defects can be generated if 

N-dopants are removed from carbon pristine, which will introduce 

unsaturated carbon atoms with dangling bonds. To this end, the 

vacancy may bring strong impact on the local electronic structures 

and the atoms around the vacancy are very reactive. For a pure 

carbon network, it is presumable that removing a carbon atom (form 

a vacancy) will have greater effect on the electronic structure of 

surrounding carbon atoms than replacing a carbon atom by N-

doping. It is therefore reasonable to hypothesize that the vacancies 

are more effective than heteroatom-doping for ORR. However, such 

single-atom vacancy is not stable and prefers to migrate to combine 

with other defects to form divacancy, as shown in Fig. 1a, which has 

been widely observed in irradiated graphene.21,22 In this work, the 

divacancy (indicated as G585 because this topological defect 

contains two pentagons and one octagonal) is selected to study its 

effect on the ORR performance of carbons in terms of energy 

profile. Perfect monolayer graphene (G) and N-doped graphene (N-

G) also applied as the reference for the calculations. Specifically, 

four elementary reactions based on the mechanism of peroxy 

intermediates have been considered, namely O2 → HO2* → O* + 

OH- → HO* + OH- → 2OH-, and the free energy changes have been 

calculated under the scheme of density functional theory (DFT, more 

computational settings are described in the Experimental Section, 

ESI†). Ideally, all elementary steps are homogeneously exothermic, 

which can be indexed by the calculated Gibbs free energy changes 

(∆G, negative value means exothermic reaction). Besides, an ideal 

catalyst is also introduced as the guideline for comparison. 
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Fig. 1 (a) Pictorial representation of G585 defects in graphene; (b) 

Calculated free energy diagram of perfect monolayer graphene (G), 

N-doped graphene (N-G), graphene with G585 defects (G585) and 

an ideal catalyst (Ideal) for ORR at the equilibrium potentials. 

 

 

As shown in Fig. 1b, N-doped graphene can effectively promote 

the adsorption of oxygen molecules (O2) with respect to the perfect 

sp2-C network, as indicated by the calculated ∆G for O2 → OOH* 

(0.88 eV and -0.09 eV for G and N-G, respectively). However, 

compared with the ideal catalyst, N-doping is not beneficial for the 

reduction of chemisorbed oxygen atom (O*) and high energy input 

(1.03 eV) is required for the O* → OH* reaction from our 

calculations, which is supposed to be the rate-determining step. 

Similarly, G585 defects can assist the O2 → OOH* reaction as well, 

with ∆G reduced from 0.88 eV (on perfect graphene) to 0.41 eV. 

More importantly, all of the following reactions over G585 are 

thermodynamically favorable, being close to the ideal catalyst, 

which is different from N-doping. The calculated results clearly 

demonstrate that G585 can offer better catalytic performance than N-

doping. Previous theoretical calculations revealed that G585 defects 

can induce dispersive electronic states, but could not produce 

dangling bonds. Consequently, it is slightly distorted from the ideal 

sp2 hybridization with the generation of local strain energy, which 

can activate local carbon atoms. In addition, G585 defects do not 

create dangling bonds and they are stable. O-species (O2, OH, OOH 

and O) are not strongly bonded over these sites, which accounting 

for the exothermic of the last three elementary reactions (Fig. 1b). 

Although only limited defects have been investigated up to now, our 

study demonstrates that topological defects in the dopant-free 

carbons may serve as the active sites for ORR.  

To experimentally examine the theoretical calculations, a N-

enriched porous organic framework material (PAF-40) was used to 

synthesize the N-doped carbon and the subsequent vacancy defects 

based carbons. The PAF-40 represents a favorable combination of 

  
Fig. 2 (a) High-resolution N 1s XPS spectra with deconvolutions, (b) 

Relative atomic percentage of different nitrogen bonding states, (c) 

Raman spectra and (d) Histogram of the specific surface area with 

pore size for the prepared catalysts C-700, 800, 900 and 1000. 

 
 

aromatic rings and triazine rings via nitrogen-containing groups 

(with 12.14 at.% N, see Fig. S2-S6 in ESI† for more details). The 

periodic arrangement of the construction unit in PAF-40 ensured the 

uniform distribution of nitrogen. Through heat treatment, PAF-40 is 

carbonized and at the same time, part of the N-atoms can be released 

when heated at higher temperatures, leading to the formation of 

single-atom vacancies. As aforementioned, the single-atom 

vacancies tend to combine and form divacancies, e.g., G585 defects, 

which is proved to be stable. Therefore, it is reasonable to 

hypothesize that the G585 defects are very likely to be formed and 

other types of defects that are composed of multiple single-atom 

vacancies may co-exist. In principle, more G585 defects will be 

produced if more N is removed, so N content can refer to the relative 

G585 defect density of the carbonized samples. 

Consequently, we applied a very simple heat treatment process 

on PAF-40 at 700-1000 °C under nitrogen atmosphere to synthesize 

a series of partially graphitized carbon samples, denoted as C-700, 

C-800, C-900, C-1000, respectively. X-ray photoelectron 

spectroscopy (XPS) was used to examine the N-loss, the N content 

of the prepared samples (Fig. 2a). It can be seen from Fig. 2b and 

Table S1 (ESI†) that the N content is monotonically decreased with 

the increase of the calcination temperature. Table S1 lists the 

specific values of N content with different N types including 

pyridinic, pyrrolic, graphitic and pyridine-N-oxide, respectively. 

Raman spectra (Fig. 2c) indicate that the ID/IG ratio increasing from 

0.81 to 1.02 monotonically with the carbonization temperature, 

implying a higher degree of defects of the synthesized samples at 

higher treating temperatures, which is consistent with the XPS 

analysis: lower N content (more N lost from PAF-40) reflects more 

defects. Fig. 2d shows the specific surface area and pore size of the 

prepared samples versus carbonization temperature. Obviously, the 

pore size lies in a narrow distribution of ~1.1 nm despite the 

considerable increase of specific surface areas, suggesting a 

consistent formation mechanism of the porous structure and the 

removal of N atoms or the moiety containing N uniformly. 
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Fig. 3 (a) ORR polarization curves of C-700, C-800, C-900 and C-

1000 recorded at room temperature in an O2-saturated 0.1 M KOH 

solution with a sweep rate of 10 mV s-1 and a rotation rate of 1600 

rpm; (b) Rotating-disk voltammogram of C-1000 in O2-saturated 

0.1 M KOH at a sweep rate of 10 mV s-1 and different rotation rates 

(insert: corresponding Koutecky-Levich plot (J−1 vs. ω−0.5) at 

different potentials); (c) onset potentials vs. total N content for 

catalyst C-700, C-800, C-900 and C-1000; (d) kinetic current 

densities (Jk) and transferred electronic number based on the 

Koutecky-Levich plots for C-700, C-800, C-900 and C-1000. The 

catalyst loading on the RDE for all the samples is 0.12 mg cm-2. 

 
 

The ORR activity of all samples is assessed by cyclic 

voltammetry (CV) and rotating-disk electrode (RDE) measurements. 

Samples were loaded onto a glassy carbon electrode and tested in 

O2-saturated 0.1 M KOH with Ag/AgCl as the reference electrode. It 

is clear shown in Fig. 3a that lower N content (more defects) 

samples exhibit better ORR performance. Both the onset potential 

(Fig. 3c) and current density (Fig. 3d) are significantly improved 

with the removal of N, and C-1000 with 0.56 at.% N shows the 

highest activity among the prepared four samples. LSV curves (Fig. 

3a) clearly indicate a one-step pathway for ORR. The electron 

transfer number for C-900 and C-1000 was calculated to be 3.94 and 

3.87, respectively by the Koutecky-Levich plots (Fig. S7 and Fig. 

3b), indicating a 4-electron reaction mechanism. For N-doped 

carbon, it is argued that the type of N directly determine the ORR 

activity.12,18 However, in our experiment, it is obvious that the ORR 

activity is definitely not related to N type. For instance, C-1000 with 

the highest activity does not contain pyrrolic N or pyridine-N-oxide, 

and only including a trace of graphitic and pyridinic N (Fig. 2b). 

This may further indicate that defects are prior to N-dopants for 

ORR.   

To minimize the side effects of different carbonization 

temperatures on ORR, a control experiment was further carried out 

under the same conditions of previous C-1000 except introducing a 

small amount of oxygen to remove more nitrogen. The yielded 

sample was denoted as C-1000-O2. As expected, nitrogen in C-1000-

O2 was further removed to only 0.21 at.% (from XPS analysis in Fig. 

S8, ESI†). Transmission electron microscopy (TEM) images 

(including selected area electron diffraction), XRD pattern and 

Raman spectrum of C-1000-O2 show the typical features of 

 

Fig. 4 (a) ORR polarization curves of C-1000, C-1000-O2 and Pt/C 

that recorded at room temperature in an O2-saturated 0.1 M KOH 

solution with a sweep rate of 10 mV s-1 and a rotation rate of 1600 

rpm; (b) Rotating-disk voltammogram of C-1000 in O2-saturated 

0.1 M KOH at a sweep rate of 10 mV s-1 and different rotation rates 

(insert: corresponding Koutecky-Levich plot (J−1 vs. ω−0.5) at 

different potentials); (c) i-t chronoamperometric response of C-1000-

O2 and Pt/C in O2-saturated 0.1 M KOH; (d) CH3OH-poison effect 

on the i-t chronoamperometric response for Pt/C and C-1000-O2. 

The arrow indicates the addition of CH3OH into the 0.1 M KOH 

solution. 

 

 

microporous carbon with graphitic layers and significant amount of 

defects (Fig. S9-S11, ESI†). Unsurprisingly, C-1000-O2 exhibits 

superior ORR activity because of the N was further removed. As 

shown in Fig. 4a, compared to C-1000, the onset and half-wave 

potentials of C-1000-O2 are positively shifted by 35 mV and 47 mV, 

respectively. The current density also slightly increased. Particularly, 

the ORR activity of C-1000-O2 is almost comparable to the 

commercial Pt/C catalyst. For example, the onset potential of C-

1000-O2 is only 43 mV lower than that of Pt/C (Table S1, ESI†). 

Fig. 4c and d show that C-1000-O2 demonstrates significantly higher 

durability and selectivity for ORR with remarkable tolerance to 

methanol crossover effects (also see Fig. S12, ESI†) than that of 

Pt/C. The excellent performance of C-1000-O2 clearly suggests that 

the defect mechanism proposed in this study is highly effective to 

promote ORR, and the synthesized carbons are promising 

substitutions for Pt/C. In this study, we cannot directly observe the 

G585 defect on the derived carbons due to the high difficulty of such 

characterization. However, the previous literature reported that the 

G585 defects could be created and stable on the surface of 

graphene23. This is a strong support that such defects can also be 

created and existed in the graphitic layers in the synthesized carbons 

by removing N atoms.  Future research on carbons with effective 

defects but N-free for ORR is desirable. 

Conclusions 

In summary, a new concept regarding defects can effectively 

facilitate oxygen reduction reaction is presented. DFT 

calculations indicate that G585 defects are active and 
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comparable to Pt in all steps for ORR (close to the ideal 

catalyst). Meanwhile, the experimental investigations show 

strong support to the theoretical predictions. The removal of N 

atoms from carbons could create valuable defects, which 

contributes to the higher ORR activity. For example, the 

synthesized carbon with extremely low N content (0.21 at.%) 

exhibited excellent ORR activity (comparable to Pt/C) and 

better durability as well as methanol tolerance. Although the 

produced defects are only characterized by Raman 

spectroscopy in this study and the proposed defects (G585) 

have not been observed directly, the newly presented defect 

mechanism may open a new window to design and fabricate 

highly efficient ORR catalysts that are possible to replace Pt. 
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