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Edge-rich and dopant-free graphene as a highly
efficient metal-free electrocatalyst for the oxygen
reduction reaction†

Li Tao,‡a Qiang Wang,‡b Shuo Dou,a Zhaoling Ma,a Jia Huo,a Shuangyin Wang*a

and Liming Dai*c

For the first time, we developed edge-rich and dopant-free graphene

as a highly efficient ORR electrocatalyst. Electrochemical analysis

revealed that the as-obtained edge-rich graphene showed excellent

ORR activity through a one-step and four-electron pathway. With a

similar strategy, edge-rich carbon nanotubes and graphite can also be

obtained with enhanced ORR activity. This work confirms the impor-

tant role of edge carbon in efficient ORR electrocatalysis without

interruption by any other dopants.

As a key process in fuel cells and metal-air batteries, the oxygen
reduction reaction (ORR) has significantly limited the commer-
cialization of these devices due to its poor reaction kinetics.1

Previous researches indicated that the ORR could proceed in two
ways: an efficient one-step, four-electron pathway and a two-step,
two-electron pathway.2 The state-of-the-art electrocatalysts for the
ORR are Pt-based noble metal catalysts due to their good capability
to catalyze the ORR.3 However, Pt suffers from major drawbacks of
high cost, CO poisoning and poor stability, which limit its large-
scale application.4 Towards this end, the development of efficient
and inexpensive catalysts for the ORR is of top importance.
Numerous studies have been performed to design and prepare
metal-free or precious-metal-free electrocatalysts for the ORR.5

Fe–N/C complex electrocatalysts have been extensively reported as
noble-metal-free electrocatalysts for the ORR.6 On the other hand,
total metal-free electrocatalysts were also demonstrated to show
good ORR performance, such as heteroatom-doped carbon.7

The heteroatom doping into carbon nanomaterials (including
graphene and carbon nanotubes) could efficiently tune the elec-
tronic properties, surface structure, and thus the electrochemical
performance.8 Depending on the type of the heteroatom and its

interaction with the bulk carbon atoms, the ORR mechanism
on doped carbon by different heteroatoms may slightly vary.9

Previously, we have reported N-doped carbon nanotubes, B and
N co-doped carbon, and S-doped graphene as highly efficient
metal-free electrocatalysts for the ORR with an ideal four-electron
and one-step reaction pathway.10 Other groups also performed
systematic research on doped carbon based metal-free electro-
catalysts for the ORR.11 All of these studies demonstrate the
important role of the heteroatoms. However, the exact mechanism
of the ORR on doped carbon is still controversial. In spite of these
conditions, we may figure out from the amounts of literature
reports that the induced charge polarization of carbon atoms by
the heteroatoms may significantly contribute to the improved
ORR performance.11,12 Alternatively, the search for other strate-
gies to induce the charge polarization of carbon atoms without
heteroatom doping may be a promising possibility.13 Recently, we
have demonstrated by a self-designed micro-droplet electrochemical
system that the edge of graphite is much more active for the ORR
than the basal plane due to the charge polarization of edge carbon
atoms.14 Meanwhile, Hu et al. also proves the contribution of defects
of carbon for the ORR.15 Therefore, it is fundamentally important to
discover the electrocatalytic behavior of edge-rich and dopant-free
carbon and technically promising to develop an efficient strategy to
produce edge-rich carbon electrocatalysts.

In this work, we, for the first time, developed dopant-free and
edge-rich graphene as a highly efficient metal-free electrocatalyst
for the ORR. As shown in Scheme 1, by appropriately controlling
the temperature and treatment time, the edge sites on the basal
plane of the graphene surface significantly increased. The edge-rich
properties of graphene may be able to show advanced electrocata-
lytic performance for the ORR, as we proved that the edge of carbon
is more active than the basal plane. Our physical characterization
verified this viewpoint, and the electrochemical analysis further
revealed that the as-obtained edge-rich graphene showed higher
ORR activity than the pristine one in terms of the onset potential
and current density due to the increased edge sites. More impor-
tantly, the absence of dopants in the catalyst could provide an ideal
model to focus on the contribution of the edge carbon atom during
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ORR electrocatalysis. In order to verify the feasibility of this facile
strategy, few-layer carbon nanotubes and graphite were also etched
by Ar plasma with the aim of generating more edges in CNTs as
active sites for the ORR. Consistent with our hypothesis, the ORR
performance of few-layer carbon nanotubes and graphite could be
obviously enhanced in the presence of more edges, in spite of the
absence of dopants.

Graphene was prepared from graphite oxide by thermal
expansion to get a volume-fluffy structure, which could improve
the accessibility with the generated ion/electron by plasma to make
the etching more efficient. Fig. 1 shows the SEM and TEM images
of the graphene before and after Ar plasma etching for 1 h at 700 1C.
As shown by the SEM images of pristine graphene (denoted as G)
and plasma-treated graphene (denoted as P–G) in Fig. 1a and b,
both the kinds of graphene show similar macroscopic surface
morphology, indicating that Ar plasma treatment did not cause
serious structural damage on graphene with the ideal electronic
conductivity reserved. On the other hand, the resolution of SEM is
not enough to precisely and clearly observe the change in the
graphene layer. Subsequently, TEM images of the two samples were
collected, as shown in Fig. 1c and d. It can be seen that the pristine
graphene shows a smooth surface; however, there are many holes
with a diameter of around 15 nm on the plasma-treated graphene.
According to Fig. 1d and the inset graph, nanosized holes were

generated by the plasma treatment, while the macroscopic structure
of graphene was still reserved. This interesting structure would
provide enriched active sites and reserve the good electrical con-
ductivity of graphene, which are beneficial for ORR electrocatalysis.
The X-ray diffraction (XRD) patterns of the samples of G and P–G are
shown in Fig. S1 (ESI†). Compared with pristine graphene, the
plasma treated graphene has the same characteristic peaks, and the
(002) peak reveals a similar FWHM and peak intensity. These results
indicate that plasma treated graphene has a similar structure to
pristine graphene.

Raman spectroscopy is an efficient tool to investigate the surface
electronic properties of carbon-based materials.16 Typical features
of carbon materials in Raman spectra are the G-band at around
1590 cm�1 and the D-band at around 1350 cm�1. The intensity
ratio of D to G bands, ID/IG, could reflect the defect level of carbon
materials.17 Fig. S2 (ESI†) displays the Raman spectra of two
samples excited by a 632 nm laser. As seen from the curves, after
plasma treatment, the value of ID/IG increased from 1.16 to 1.51,
indicating the increase of the defects in the graphene surface. This
result indicated that the plasma treatment could significantly
increase the defect sites by generating holes and edges.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
composition and the chemical state of G and P–G samples (Fig. 2a
and b), and the C1s spectrum deconvolution analysis was carried
out on the core level spectra of characteristic elements in the
samples.18 In the survey spectra (Fig. 2a), both the C1s and O1s
peaks were observed, and the presence of oxygen species may
be due to the physical adsorption of oxygen. It is well-known
that there are two kinds of carbon atoms in graphene, namely,
the basal-plane sp2 carbon atoms and the defect sp3 carbon
atoms. So, the sp3 level reflects the defect degree of graphene.
Fig. 2b shows the peaks of C1s in plasma treated and untreated
(or pristine) graphene thin films. The C1s peak can be mainly
deconvoluted into five sub-peaks at 284.75, 285.90, 286.90,
287.70 and 289.51 eV, which can be assigned to C–C (sp2),
‘‘defect peak’’ (sp3), C–O, CQO and shakeup p–p* satellite,
respectively (the result of de-convolution of the C1s peaks
displayed in Table S1, ESI†).19 Compared to G, the ratio of
sp2/sp3 of P–G decreased from 8.88 to 6.35, and the percentage
of the sp3 carbon increased in P–G relative to G, indicating the
presence of more defects and edges in P–G. These XPS results are
consistent with the Raman and HRTEM characterization, and all
these characterization results confirmed the successful prepara-
tion of edge-rich graphene with more edges/defects by Ar plasma
etching. Therefore, the significantly enhanced electrocatalytic

Scheme 1 Illustration of the preparation of the edge-rich and dopant-free
graphene by Ar plasma etching.

Fig. 1 SEM images of pristine graphene (a) and Ar plasma treated graphene (b);
TEM images of pristine graphene (c) and Ar plasma treated graphene (d),
the inset graph of (c) and (d) are the HRTEM of pristine and are plasma
treated graphene. Fig. 2 XPS survey spectra (a) and C1s spectra of G and P–G (b).
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activity for the ORR on the as-obtained edge-rich graphene may
be expected, as discussed below.

To investigate the electrocatalytic activity towards the ORR of
the samples, the cyclic voltammogram (CV) curves were collected
with a three-electrode system in alkaline medium. Fig. 3a shows
the CVs of G and P–G in N2-saturated and O2-saturated 0.1 M KOH
solution, and both the electrodes showed a substantial reduction
process in the presence of oxygen. As observed, the onset potential
of the ORR on the untreated graphene electrode is at 0.76 V (vs.
RHE) with the cathodic reduction peak at around 0.59 V (vs. RHE).
In contrast, the onset potential and reduction peak of the edge-
rich graphene (P–G) shifted positively to around 0.87 and 0.70 V
(vs. RHE). The shift of the onset potential and the reduction peak
potential of the ORR clearly demonstrated a significant enhance-
ment in the ORR electrocatalytic activity of the edge-rich graphene
relative to the pristine graphene electrode.

To further investigate the kinetics of the ORR on pristine
graphene and edge-rich graphene, linear sweep voltammetric (LSV)
measurements were carried out on a rotating disk electrode (RDE)
coated with G and P–G. Fig. 3b shows the LSV polarization curves of
P–G and G measured at a rotation rate of 1600 rpm, indicating that
the ORR onset potential on the P–G electrode (0.912 V) was more
positive than that on G (0.806 V). The half-wave potential (i.e., the
potential at which the current is half of the limiting current) of the
ORR on the P–G electrode is about 0.737 V, which is much more
positive than the pristine G (0.572 V). At the same time, the limiting
diffusion current density at �0.21 V of G–P was slightly higher than
that of G. The LSV results clearly demonstrate that the ORR activity
on graphene could be significantly enhanced by increasing the active
edge sites by plasma etching. It should be mentioned that the ORR
activity of the edge-rich graphene (P–G) is still not as good as the
commercial Pt/C, as evidenced in Fig. S3 (ESI†). But the as-proposed
strategy to develop edge-rich carbon is promising for the design of
metal-free electrocatalysts for the ORR.

The transferred electron number (n) per oxygen molecule
involved in the oxygen reduction was used to further quantitatively
characterize G and P–G electrodes, which were calculated by the

Koutecky–Levich equation (see ESI†).10 As shown in Fig. 3d, the
electron transfer number of G and P–G from the slopes of Koutecky–
Levich plots at 0.4 V is calculated to be 2.31 and 3.85, respectively.
The higher electron transfer number of the ORR on P–G than
that on G indicates more efficient reaction kinetics (one-step and
four-electron pathway) of the ORR on the edge-rich graphene.

In addition, we also investigated the effect of the plasma
treatment time and the heating temperature during the synthesis of
edge-rich graphene on the electrocatalytic activity towards the ORR.
Fig. S4a (ESI†) shows the LSV curves of the edge-rich graphene
obtained by plasma etching at different temperatures, in which all
the samples were irradiated for 1 h. With the increase of the tem-
perature from 300 1C to 700 1C, a more positive onset potential and
larger limiting diffusion current were observed. When we further
increased the temperature to 800 1C, edge-rich graphene shows a
similar electrocatalytic activity towards the sample obtained at
700 1C, indicating that a further temperature increase would not
significantly affect the ORR performance of edge-rich graphene.
With the increase of temperature, the system energy was increased,
and with the higher energy, the more active edges will be obtained.
Graphene was also treated for different time periods at 700 1C. As
shown in Fig. S4b (ESI†), initially, with the increase of the treatment
time, the edge-rich graphene shows gradually increased ORR acti-
vity, indicating that longer treatment time may lead to more edges
generated in edge-rich graphene. However, the further increase of
the treatment time to 1.5 h results in slightly poorer ORR activity
than that treated for 1 h, probably caused by the over-treatment of
graphene resulting in poor electrical conductivity. Raman spectra
(Fig. S5, ESI†) verified it. The above control experiment shows that
the performance of edge-rich graphene is strictly sensitive to the
temperature and plasma treatment time.

The edge-rich graphene electrode was further subjected to
testing the possible crossover effect and the stability towards the
ORR. In order to examine the possible methanol crossover effect of
P–G, the current–time (i–t) chronoamperometric responses for the
ORR at the P–G and Pt/C electrodes were conducted. As shown in
Fig. S6 (ESI†), a sharp decrease in current upon addition of 1.0 M
methanol at 150 s on the Pt/C electrode was observed. However,
the corresponding amperometric response on the P–G electrode
remained almost unchanged after the addition of methanol. This
observation indicates that the P–G electrocatalyst has unambigu-
ous fuel selectivity towards the ORR compared to the commercial
Pt/C electrocatalyst. On the other hand, the durability testing of the
P–G electrode was conducted at 0.74 V in an O2-saturated 0.1 M
KOH solution. As seen in Fig. S5b (ESI†), after 20 000 s the P–G
electrode caused only a slight loss (12%) of current density before
leveling off. In contrast, the corresponding current loss on the Pt/C
electrode under the same conditions is as high as about 29%.
These results clearly indicate that the catalytically active sites on
the plasma treated edge-rich graphene are much more stable than
those on the commercial Pt/C electrode.

Furthermore, in order to validate the universality of edge-
rich carbon by plasma etching for the ORR, we treated the few-
layer carbon nanotubes and graphite with Ar plasma for 1 h at
700 1C. To observe the surface change of the few-layer carbon
nanotubes (CNTs) before and after Ar plasma etching (P-CNTs),

Fig. 3 Cyclic voltammograms of G and P–G at a scan rate of 50 mV s�1 in
N2-saturated and O2-saturated aqueous solutions of 0.1 M KOH (a); rotating
disk electrode (RDE) voltammograms of G and P–G in an O2-saturated 0.1 M
KOH solution with a scan rate of 10 mV s�1 (b); rotating disk electrode
(RDE) of P–G at different rotation rates from 400 to 1600 rpm (c); Koutecky–
Levich plots for G and P–G from 0.2 V to 0.4 V (d).
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HRTEM images were collected, as shown in Fig. 4a and b.
Compared with the complete tubular structure of CNTs, the P-CNTs
show many lattice cracks and defects on the walls of carbon
nanotubes. In addition, Fig. 4c displays the Raman spectra of two
samples (CNTs and P-CNTs), and the value of ID/IG increased from
0.050 for CNTs to 0.084 for P-CNTs, indicating the increase of
defects. Both the HRTEM and Raman characterization results
confirm that the edge-rich carbon nanotubes were successfully
obtained by plasma etching. Fig. 4d shows the LSV polarization
curves of the ORR on CNTs and P-CNTs, the ORR onset potential on
the P-CNT electrode (at 0.83 V) was more positive than that of
pristine CNTs (at 0.79 V). The Raman characterization and LSV
testing displayed the same result as the P-CNTs (Fig. S7, ESI†). The
LSV testing demonstrates that the ORR activity on CNTs and
graphite could be significantly enhanced by enriching the edges
by Ar plasma treatment. This observation for edge-rich CNTs and
graphite is consistent with that for edge-rich graphene, confirming
the important role of edges in ORR electrocatalysis and indicating
the universality of plasma etching to generate edge-rich carbon
nanomaterials. The plasma treated graphene was also compared
with other metal-free doped carbon materials and it displayed
comparable oxygen reduction ability (Table S2, ESI†).

Finally, in order to unveil the ORR mechanism on edge-rich
graphene, we performed the density functional theory (DFT) calcu-
lations on graphene with or without holes, as shown in Fig. S8
(ESI†). It could be seen from the charge distribution of carbon
atoms of graphene that the basal plane carbon carries negligible
charge, and higher charge densities were observed on the edge
carbon. According to previous reports, the carbon atoms with large
charge density are most likely to serve as catalytically active sites.14,20

Fig. S6 (ESI†) also illustrates that the edge-rich graphene shows
larger oxygen adsorption energy. Therefore, the edge-rich graphene
with higher charge densities could provide more active sites than
the pristine graphene to catalyze the ORR.

In summary, we, for the first time, developed edge-rich and
dopant-free graphene, CNTs and graphite as efficient metal-free

electrocatalysts for the ORR with superior performance. The plasma
etching increased the active edge sites on the carbon surface plane to
facilitate the ORR catalytic activity. Notably, the edge-rich graphene
electrode shows remarkable ORR electrocatalytic activities with better
fuel selectivity and higher long-term stability than that of the
commercially available Pt/C electrode. Our physical characterization
results indicated that the edge-rich graphene maintains an integrity
structure without causing serious damage on the macroscopic struc-
ture caused by the plasma treatment. Overall, this work confirms the
important role of edge carbon in efficient ORR electrocatalysis
without interruption by any other dopants. This work successfully
demonstrates that the excellent ORR performance of carbon-based
metal-free electrocatalysts could be realized by designing edge-rich
carbon materials even without doping. Furthermore, it is expected
that the ORR performance could be further enhanced by doping
heteroatoms into the edge-rich carbon catalysts with the combined
contribution of heteroatom doping and the edge effect. This finding
provides a novel design principle of metal-free electrocatalysts.

This work was supported by National Natural Science Foun-
dation of China (Grant No. 51402100, 21573066, and 21373112).
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