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Potential of metal-free “graphene alloy” as
electrocatalysts for oxygen reduction reaction

Dongsheng Geng,? Ning Ding,? T. S. Andy Hor,?® Zhaolin Liu,*? Xueliang Sun*c
and Yun Zong*®

Extensive research and development on theoretical calculation and synthetic methods over the past few
years have made doped graphene one of the most promising candidates for metal-free oxygen
reduction reaction (ORR) catalysts. However, from the performance point of view, there is still a long
way to go for these doped graphene-based catalysts to meet the requirements needed for commercial
applications. What is the key to further improve the catalytic activity of doped graphene toward ORR to
make them commercially viable? In this review, we will try to answer this question by fundamentally
giving a detailed analysis based on the theoretical calculations to reveal the origin of ORR activity of
doped graphene and the structure—performance relationship of such materials. Thereafter, we will
provide an overview on the recent advances in the catalytic activity improvement of doped graphene,

including major works using approaches of increasing the number of active sites, controlling the doping
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surface area of doped graphene. Finally, in this perspective, we discuss some development opportunities
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1. Introduction

Oxygen reduction reaction (ORR) is one of the most important
electrocatalytic reactions because of its critical role in electro-
chemical energy conversion (e.g. fuel cells, metal-air batteries,
etc.), corrosion (and corrosion inhibition), and a few other
industrial processes. The application of ORR in fuel cells has
always been the research focus area of material chemists and
electrochemists in the past few decades. Polymer electrolyte
membrane fuel cells (PEMFCs), ecologically friendly devices
that directly convert chemical energy into electricity with high
efficiency, are considered to be one of the most promising
energy-conversion technologies available.” In a fuel cell, the fuel
(such as hydrogen, methanol, and formic acid) is oxidized at the
anode, and the released electrons are transferred to cathode
where oxygen is reduced. Generally, ORR at the cathode has
sluggish reaction kinetics, which limits the cell performance. To
maintain the cell operation, a large amount of platinum is
required in the form of nanoparticles to catalyze the ORR. Pt
nanoparticles supported on high surface area carbon (Pt/C)
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the practical use for fuel cells and metal-air batteries.

have long been regarded as the best catalyst for ORR; however,
their prohibitive cost, limited resources and insufficient dura-
bility preclude the commercial viability of fuel cell technology
using such catalyst, despite the successful demonstration of
alkaline fuel cells with platinum as an electrocatalyst in the
Apollo lunar mission in the 1960s.> The key technological
breakthrough to look forward to the broad applications of fuel
cells will be catalysts that are capable of efficiently accelerating
the ORR yet possesses enhanced stabilities at low cost.>* Over
the past years, considerable effort has been devoted to the
development of alternative ORR electrocatalysts with improved
activity and stability, which has been systematically reviewed
previously.®” To summarize, there are two main categories of
such electrocatalysts as shown in Table 1: (i) modifying Pt/C
catalyst via alloying approach,®*™ constructing nano-
structures’>™” or replacing conventional carbon black
support;**>* (ii) replacing Pt-based catalysts with Pt-free, non-
precious metal catalyst, or even non-metal catalysts.?**
Although considerable progress has been made in modifying
Pt/C catalyst, none of the strategies has sufficiently addressed
the cost issue owing to the demand and price fluctuation of
platinum. Thus, considerable attentions are drawn to non-
metal catalysts (doped carbon materials) - inherently cheap and
abundant materials. Ozkan et al. reported ORR active nitrogen-
containing carbon nanostructures, CN,.**?*> Gong et al. grew
nitrogen doped carbon nanotubes as vertically aligned arrays,
which catalyze the ORR in highly alkaline solutions with
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Table1 Progress in the development of ORR electrocatalysts. (a) Core—shell bimetallic nanoparticles from electrochemical dealloying. Red and
light-grey spheres denote Cu and Pt atoms, respectively, reproduced with permission.** Copyright 2011, American Chemical Society. (b)
Schematic illustration of PtzNi nanoframes with Pt-skin surfaces; reprinted with permission.”” Copyright 2014, American Association for the
Advancement of Science (AAAS). (c) HRSEM of a group of whiskers made of aligned perylene red coated by Pt-based metal thin film; reprinted
with permission.*® Copyright 2012, Macmillan Publishers Ltd. (d) The possible structure of PdCu, reproduced with permission.3* Copyright 2014,
American Chemical Society. (e) The plat view of presumed active site of Fe-based non-precious metal catalyst; reprinted with permission.?
Copyright 2009, American Association for the Advancement of Science (AAAS). (f) A digital photo image of transparent N-graphene film,

reproduced with permission.® Copyright 2010, American Chemical Society

Modifying Pt/C Replacing Pt/C
Category Alloying Nanostructured Pt Novel supports Pd-based catalyst Non-precious metal catalyst Metal-free catalyst
a b

Featured examples

activities comparable to that of platinum.*® With graphene
being introduced as a new type of carbon material in recent
years, this 2D material comprising single planar sheet of carbon
atoms (sp” bonded) located along the corner of a hexagon has
come into the central stage of various research areas. Pristine
graphene exhibits unique electronic, optical, thermal, chem-
ical, and mechanical properties that are distinct from other
forms of carbon.?””*® Ever since its discovery, the possibility of
introducing hetero-atoms into graphene lattices opens up the
opportunities for the development of new materials with similar
morphology but distinct chemical composition and catalytic
behavior.**™** To date, heteroatoms, such as B, N, S, P, F, I, and
Se, have been introduced into graphene by single, or binary
even ternary doping, leading to the formation of “graphene-
alloy”, a new type of 2D material, which ensemble graphene but
with part of the carbon atoms replaced by one or more types of
heteroatoms and thus presenting enhanced electrocatalytic
activity toward oxygen reduction.***>** Concurrently, theoret-
ical study has demonstrated that doping with foreign atoms is a
feasible way to tune the chemical and electronic structure of
graphene, which in turn enhances its catalytic activity.®'*
Development of doped graphene (or graphene alloy) as metal-
free ORR electrocatalyst has thus become a foremost subject in
the study of oxygen reduction reactions.’*™*° A number of
research groups have extensively reviewed the synthesis and
electrochemical properties of doped graphene;"***® however, a
comprehensive overview on the active sites of doped graphene
and their role in ORR is absent. To be up to date with the rapid
advances in this field, it is time to review the efforts in the
identification of real active center of doped graphene and the
understandings on their ORR mechanism, which are the
prerequisites of designing doped graphene electrocatalyst with
further improved ORR activity. In this review, we start with the
fundamentals in the doped graphene electrocatalyst develop-
ment in order to answer the following questions: (i) why is
doped graphene active toward ORR? (ii) What is the ORR
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mechanism on doped graphene? (iii) What is the real active
center of doped graphene for ORR? Based on these under-
standings, we represent the latest advances in design of doped
graphene materials. The review is concluded with prospects and
opportunities for future research in this field.

2. Mechanism aspects of oxygen
reduction by doped graphene

Generally, doped graphene shows comparable electrocatalytic
properties with Pt only in alkaline electrolyte. Thus, unless
otherwise stated, the ORR activities of doped graphene
mentioned in this review are tested in alkaline electrolytes. Due
to its sluggish reaction kinetics the ORR process is rather
complicated, involving many intermediates, electron transfer
and possible multiple chemical reaction steps, depending on
the natures of the catalysts and electrolytes."**** There is no
unanimous consensus on the intermediate formation and the
involved reactive species, and the exact mechanism remains
unknown. However, the principal ORR process on Pt surface is
well accepted and is depicted by Scheme 1, which also works for
most of other ORR catalysts, including doped graphene.'** As
shown, ORR takes place mainly via two overall pathways: one is
a “direct” four-electron reduction of O, to OH ", and the other is
a “peroxide” pathway, which involves HO, ~ as the intermediate.
The former is desirable for a catalyst, as by which a larger
current density and higher onset potential (0.401 V for 4 e~
pathway vs. —0.065 V for 2 e~ pathway) are delivered."****

Ky
ky ~ [ _
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Scheme 1 Scheme of the ORR on Pt surface in alkaline environment,
reproduced with permission.*** Copyright 2002, Elsevier B.V.

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4ta06008c

Published on 25 November 2014. Downloaded by University of Western Ontario on 17/02/2015 15:25:05.

Review

However, the high overpotential for the four-electron reduction
of oxygen remains the bottleneck of the electrocatalyst devel-
opment. This is because during the course of overall reaction
process any exergonic reaction will contribute to the over-
potential. Hence, the most basic requirement for a good
candidate of ORR electrocatalyst to possess is that it should
bind O, weakly (lowest possible adsorption energy for the first
step in Scheme 1) to avoid loss due to unnecessarily high energy
barriers at later steps toward hydroxyl ion (water) formation.
Boukhvalov et al. studied the ORR on pure and nitrogen-
doped graphene using a first-principles modeling.®* They
proposed that oxygen forms an ionic bond with N-doped gra-
phene with a “bond-length” of ~2.30 A, which is smaller than
the graphene-oxygen “bond-length”. As a result, the energy cost
of oxygen adsorption step is lower for doped graphene than that
for pristine graphene. Okamoto calculated the O, adsorption
energy on graphene and N-doped graphene using density-
functional theory (DFT).>* Their results show that the endo-
thermicity of O, adsorption on the N-doped graphene sheet
lowers as the number of N in their model increases. The
adsorption behavior inverses and becomes exothermic as the
number of N atoms becomes sufficiently large. This suggests a
decreased repulsive interaction between an O, and N-doped
graphene sheet (compared to pristine graphene sheets), which
is probably benefitted from the charge-transfer. Kabayashi's
study arrived at the conclusion that nitrogen substitution
enhances binding interactions of graphene with O, molecule
due to higher spin density and hybridization freedom of C
atoms.”® Ikeda et al. checked possible oxygen adsorption on the
exposed edges of nitrogen doped graphene catalysts using
various models, in which the results showed that the O,
adsorption depends on the morphology and the atomic struc-
ture of the system. They claimed that only N in zigzag edges play
a critical role in reducing free-energy barrier for O, adsorption,*
which is in good accordance with the observation of Bao et al.**
They also made a comparison between the chemisorption of O,
on the edges and on interior sites of graphene doped with
quaternary-N, and concluded that the quaternary-N atom doped
at the zigzag edge is more favorable for O, adsorption, giving
the exothermic edge adsorption energy of —18.5 kcal mol "
through the “two-feet” adsorption fashion (the mode of
adsorption will be further discussed in the next paragraph).
Hence, such sites promote ORR to proceed via a four-electron
transfer mechanism. Recently, Kaukonen and co-workers
calculated the oxygen adsorption energy on some transition-
metal and nonmetal impurities doped graphene. Their results
suggest that single P atom embedded in divacancies of gra-
phene can be a good candidate for ORR due to the resultant low
oxygen binding energy.'®* These typical models involving the
abovementioned active sites are provided in Fig. 1. One can see
that the models used in theoretical studies are undergoing the
transition from single atom to multi-atoms and hetero-atoms.
From the studies discussed above a conclusion was drawn
that the adsorption of O, on graphene surface can be affected by
doping, including the concentration and location of doping
elements. In addition, for the first step in Scheme 1, the
configuration of O, adsorbed on doped graphene impacts the

This journal is © The Royal Society of Chemistry 2015
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following steps (whether four-electron reduction to water, or
two-electron reduction to hydrogen peroxide). Till date no direct
observation is reported on the configuration of O, adsorbed on
doped graphene surface, and two plausible models are
proposed: (i) end-on adsorption through a single bond (Pauling
model); (ii) bridge model with two bonds at two sites (Yeager
model)."***** The two-site configuration is likely to produce
water via four-electron transfer involving the dissociation of O,,
whereas single adsorption sites would probably generate
hydrogen peroxide. Kim et al. performed adsorption barrier
calculations for both models on doped graphene. The results
showed that doped-N near the edge had considerably lower
barriers of oxygen adsorptions, particularly for the end-on
model.” In addition, Gong et al. suggested that N-doping may
change the mode of oxygen adsorption from the end-on to side-
on for carbon nanotubes, which will benefit the dissociation of
0, and lead to four-electron reduction.?®

After the adsorption of O, on doped graphene, a more
important step is that the first electron transfers to the adsorbed
molecular O,, which has been widely accepted as the rate
determining step (rds).”*” Using the energy difference (AO 2p)
between the Fermi level and the peak position of density of
states (DOS) in the unoccupied O-2p orbital for the adsorbed
oxygen molecule, Kim and Tominaga et al. evaluated the
transferability of the first electron to oxygen.*>*® The analysis
shows that the existence of nitrogen reduces the AO 2p and
facilitates the transfer of the first electron to oxygen. It is
noteworthy that Tominaga et al did not specify the ORR
pathway (4e or 2e transfer), but took NH (pyridinic nitrogen)
species of modified graphene as active sites for the ORR,
whereas N, structure (graphitic nitrogen) on the edge was sug-
gested by Kim et al. as the most probable or more active site
toward the ORR than other structures. Moreover, Kim et al
proposed four-electron transfer as the preferred reduction
pathway, which is widely accepted for doped graphene. In the
following step, viz. the activation of oxygen on doped graphene
surface, Xia et al. studied electrocatalytic mechanism of
nitrogen doped graphene in acidic environment by DFT.*® The
simulation results on the electron transformation process
(activation process of O,) suggest a four-electron pathway ORR
on N-graphene, with pure graphene being catalytically inactive
toward ORR. For each reaction step, if nitrogen is introduced to
graphene, the system energy decreases accordingly. Yu et al
obtained a deeper understanding of ORR reaction pathway for
N-graphene by taking the effects of solvent, surface adsorbates,
and coverage into consideration.”” The key finding was that
nitrogen doped graphene has comparable barrier of O, reduc-
tion to that of Pt (such as the steps of hydrogenation of O,(4s) Or
O(ads) and the removal of OH(,qs)). Therefore, it was suggested
that O, is mainly reduced via “4e” reduction” pathway on N-
doped graphene.

Similar results were obtained on other heteroatoms doped
graphenes. Fan et al. performed DFT calculations on ORR
processes of B-doped graphene, in which the B sites were
identified as the active catalytic centers where the largest
amount of electron charges were depleted due to the relatively
weak electronegativity of B atom.'* Based on the charge-density
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Fig. 1 (a) The cluster model of quaternary-N doped graphene catalyst. Grey is for carbon, white is for hydrogen, and blue is for nitrogen,
reproduced with permission.®* Copyright 2013, Springer. (b) The model of N-doped graphene sheets. Adsorbed O, molecules are indicated by
red ellipses, reproduced with permission.®? Copyright 2009, Elsevier, B.V. (c) Model structure of B/N doped graphene sheet at a zigzag-shaped
step edge. Atom colors are grey for C, green for B, and blue for N, reproduced with permission.t¢ Copyright 2010, American Chemical Society.

differences, the authors proposed the origin of catalytic
activity as strong adsorption of OOH arising from the positive
charge of active B sites and electron dipole. Moreover, in
contrast to pure graphene the ORR processes for B-doped
graphene were found to be exothermic by DFT calculations,
which facilitates the charge-transfer thus a higher ORR cata-
lytic acitivity.'*® As aforementioned, P-doped graphene can be
a good candidate for ORR, whereas the active site is unclear.
The electronegativity of P (2.19) is more negative than that of
carbon, and charged sites (P') on graphene can be created via
P-doping that favor O, adsorption thus facilitating the ORR
process. In experiment, P might exist in partially oxidized
state thereby no longer act as the ORR active centers. To this,
Li et al. claim the positively charged carbon atoms as actual
active sites, which are created as the electrons were with-
drawn to oxygen atom through the polarized bridge P atoms.”
The case is slightly different for S-doped graphene, as the S-
doping is unlikely to significantly break the charge neutrality
due to the close electron negativity of S and C. Consequently,
the mechanism for S-doped graphene is also different from
that of N-doped graphene. S-doping mainly induces more
strain and defect sites in the graphene panel due to the larger
atom radius and the change of spin density, which are
attributed to the enhanced ORR activity of S-doped graphene.
DFT calculations showed that reaction energy barriers of all
ORR sub-reactions for S-doped graphene and platinum are
comparable, indicating promising ORR activity of S-doped
graphene.”® More recently, a new concept of molecular doping
of graphene was proposed. The ORR activity of the molecule-
doped graphene can be enhanced by the charge-transfer
process between the linked molecule (nitrobenzene) and
graphene via a covalent bond.™®

Based on the discussions above, we can tentatively answer
why the doped graphene shows higher catalytic activity but pure
graphene is catalytically inactive toward ORR. The main view-
points are summarized as follows:

(i) The difference in electronegativity of carbon and other
heteroatoms induces polarization in the C-X bonds that facili-
tates the electron transfer. The electron-deficient atoms act as
the adsorption and activation sites of O,.

(ii) Heteroatoms doping results in the local high spin
density, facilitating the adsorption of oxygen and formation of
some intermediates.
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(iii) Doped graphene possesses higher valence orbital ener-
gies of the ORR active atom to induce a smaller AO 2p (free
energy difference), leading to lower kinetic stability and higher
chemical reactivity.

3. The design and emerging approach
of doped graphene

To date, various methods for the synthesis of heteroatoms
doped graphene and their ORR performance have been
systematically reviewed and compared. Despite the significant
cost reduction, the use of the currently available doped gra-
phene is hindered by their unsatisfactory activity particularly in
acid solution when compared with Pt-containing catalysts.'*®
Fortunately, the abovementioned fundamental understandings
on the origin of catalytic activity of doped graphene have been
greatly improved in the recent few years and are now serving as
a guide for the development of the next-generation ORR cata-
lysts. One of the most promising approaches is to control the
surface structure of doped graphene for higher ORR activity.
Table 2 summarizes the major progresses in the synthesis
methods, physical characteristics, and ORR activity of doped
graphene. The basic designs include populating the number of
active sites by increasing the content of doping element via new
synthesis methods, controlling the doping forms (particularly
for nitrogen doped graphene), developing co-doped graphene,
and extending surface area of doped graphene, which are
further elaborated below.

3.1. Populating the number of active sites

Generally speaking, doped graphene materials with higher
content of dopants will provide larger population of active
sites and thus higher catalytic activity toward ORR. Many
attempts were made to increase the doped heteroatom
content through various synthetic techniques, wherein the
preparation methods were presented and discussed in
details, 119121 124126-128,144 A5 3 whole, doped graphene has been
realized mainly through two different ways: one is direct
synthesis, such as chemical vapor deposition (CVD),**77145
solvothermal process,*® segregation growth,**® and bottom-up
solution approach;**”** and the other is post-treatment,
including thermal treatment (e.g. thermally treating graphene

This journal is © The Royal Society of Chemistry 2015
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Table 2 Summary of heteroatom doped graphene (or graphene alloy) as electrocatalyst for ORR

Graphene alloy Heteroatom content, at% Electron transfer
type Synthesis method (precursors) and doping forms ORR performance number Ref.
N-graphene Resin-based methodology 1.8 (pyridinic and 60 mV lower in onset potential 3.9 at —0.2 V 140
(N-resin with CoCl,-6H,0) graphitic-like) than Pt/C, with similar current
density but higher stability
N-graphene Thermal treatment (graphene 2.8 (pyridinic, pyrrolic, Comparable activity with Pt/C, ~4 at —0.5V 50
and NH; 800-1000 °C) graphitic-like N) but higher durability
N-graphene Plasma (N,) 8.5 (pyridinic, pyrrolic, Higher activity than graphene, = Not mentioned 141
graphitic-like N and and higher durability and
N-oxides) selectivity than Pt/C
N-graphene Detonation technique (cyanuric 12.5 (pyridinic, pyrrolic, The same CV curves, better 3.69at —0.4V 49
chloride and trinitrophenol) graphitic-like N) stability than Pt/C
N-graphene CVD (NH3/He:C,H :H,) 0-16 (pure pyridinic N) —0.3 V onset potential, poor 2 from —0.4 142
activity compared to Pt disk to 0.6 V
N-graphene Solvothermal (Li3N, CCl, 4.5-16.4 (pyridinic, pyrrolic, ~ Comparable current density Not mentioned 48
with or without N3;C;Cly) graphitic-like N) with Pt/C, negative onset
potential compared with Pt
N-graphene Direct synthesis (glucose 24-25 (pyridinic and Comparable ORR activity with 3.7 at —0.9 V 143
and urea) graphitic N) Pt/C, but higher fuel crossover
resistance and stability
B-graphene Solvothermal method 1.02-2.56 (B-C, higher Not mentioned Not mentioned 52
(CCly, BBr3, K) binding energy for B 1s)
B-graphene Thermal treatment (graphene 3.2 (B-3C and edge B-2C-O)  Higher activity than graphene, 3.5 from —0.4 108
oxide and B,0;) and long-term stability to —0.9 V
B-graphene Thermal treatment (graphene 3.6 (B-C and B-C-0) Comparable activity with 3.09 80
oxide, H3BO3 900 °C) N-graphene, higher stability
than Pt/C
S-graphene CVD (thiophene with Fe-Co/y- 3.2 (-C-S-C- and -C-SO,~C-) Similar activity to N-graphene 3.4 at —0.25 V 77

Al,O; as catalyst)

S-graphene Thermal treatment (graphene 1.30-1.53 (-C-S-C- Higher activity and selectivity 3.82at —0.3V 54
oxide and benzyl disulfide, and -C-SO,-C-) than Pt/C
600-1050 °C)

P-graphene Thermal treatment (graphite 1.81 (P-C and P-O bonds) Higher activity than graphene, 3.0 to 3.8 43
oxide and triphenylphosphine, and higher selectivity than Pt/C
1000 °C)

B,N-graphene  CVD (melamine, boric acid N: 4.5, B: 3 (B-C, B-N, B-O)  Onset potential (—0.16 V vs. 3.4-3.8 from 107

on nickel foam)

—0.01 V of Pt/C), higher —0.2to —0.5V
current density than Pt/C

B,N-graphene  Thermal treatment (graphene B: 2.17, N: 4.42 (B-C and Close onset potential and 3.81 80

oxide, NH3, H3BO; 900 °C) B-C-O) (pyridinic, pyrrolic, current density to Pt/C,
graphitic-like N) higher stability than Pt/C

S,N-graphene  Thermal treatment (graphene N: 4.5, S: 2.0 (-C-S-C-) Higher activity than S-graphene 3.6 at —0.6 V 57
oxide, melamine and benzyl (pyridinic, pyrrolic, and N-graphene, comparable
disulfide, 900 °C) graphitic-like N) ORR performance to Pt/C

S,N-graphene  Hydrothermal process N: 12.3 (pyridinic and Comparable ORR current 3.9 from —0.1 75
(ammonium thiocyanate graphitic N), S: 18.4 density to Pt/C to —0.7V
and graphene oxide) (C-S,~C and -C=S-)

P,N-graphene  Pyrolysis (graphene-dicyandiamide- P: 0.4, N: 5.1 (P-C
phosphoric acid) P-Me,) (pyridinic,
graphitic-like N)

oxide with nitrogen-containing compounds at high tempera-
ture), arc-discharge, and plasma treatment.***”*° For B, S, or P
doped graphene, only limited methods (such as CVD or
thermal treatment method) have been reported. Recently,
solvothermal process under lower temperature was proven to
be feasible to prepare B or S doped graphene.*>*® In B, S, and P
doped graphene, the doping content achievable till date was

This journal is © The Royal Society of Chemistry 2015

,P-O,and 1.8 times higher mass current  3.96 at 0.75 V 70
pyrrolic, density than N-graphene
(in 0.1 M HCIO,)

at most 4.3%, 3.2%, and 1.8%, respectively.®*”>»”” More
approaches need to be developed to further increase the
doping content.

In contrast, more techniques are available to obtain nitrogen
doped graphene with nitrogen doping at a wide range of doping
content in varied doping forms, populating the number of the
active sites to a desirable range. CVD technique produces N-
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graphene at large area in high-quality with the nitrogen content
tunable from 0% to 16% by changing the N-containing
precursors.'** However, the dependence of CVD method on a Cu
or Ni foil surface for N-graphene film growth and the tedious
and costly post-removal of Cu or Ni substrate makes it
economically less practical. Physical treatment (arc-discharge
and plasma) is suitable for the large scale preparation of high
quality N-graphene.*®**'° Arc-discharge method generally
delivers a doped nitrogen content of as low as 1%;* whereas
plasma treatment is able to produce tunable content of doped
nitrogen by varying the plasma intensity and exposure time'*
with a demonstrated maximum content of 8.5%."° Thermal
treatment, however, has been the most widely used approach to
introduce nitrogen into graphene frameworks due to its
simplicity. Many nitrogen-rich compounds, such as ammonia,
urea, hydrazine, melamine, polyaniline, cyanamide, pyrrole,
and 5-aminotetrazole monohydrate, have been employed as the
sources Of nitrogen atoms‘50,53,58,59,61,63,66,71,73,76,78,79,151—155 In these
attempts, the nitrogen doping content achieved were mostly
about 2-5%, except the high temperature treatment of graphene
oxides with melamine or 5-aminotetrazole monohydrate con-
ducted by Lu and Sheng et al. that delivers a high content
nitrogen doping of about 10%.%*7

Different from the energy-intensive high temperature (800-
1100 °C) thermal treatment approach, solvothermal process
that works at a considerably lower temperature comes out as a
more favorable alternative, which delivers products in large
quantity through easy-to-operate procedures. In particular, the
content of nitrogen doping in this case can be as high as 16.4%,
if lithium nitride (Li3N) is mixed with tetrachloromethane
(CcCly) or cyanuric chloride (N3C;Cl;) with Li;N and CCl,; and
treated at ~300 °C in an autoclave.”® Further increase of
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nitrogen doping content was realized by Zhang et al. in a two-
step method, in which N-doped graphene was synthesized using
reactive graphitic carbon and N-rich molecules (e.g. melamine
and urea) as starting materials.*** The doped nitrogen content
achieved in this case was generally 24-25%, and the 33% of
nitrogen doping therein tops the record till date (Fig. 2). The
ORR on such N-graphene exhibits favorable water formation via
a four-electron pathway, and the performance is comparable to
commercial Pt/C. Moreover, such N-graphene shows consider-
ably better fuel crossover resistance and long-term stability in
alkaline medium, promising great potential in practical appli-
cations. It is noteworthy that the correlation of high population
of active sites with high N-content may not uniformly work for
all forms of doped-nitrogen. In the co-existence of nitrogen in
different doping forms, the situation gets more complicated. To
answer if the ORR activity mainly arises from one form of doped
nitrogen, or a fairly equally important co-contribution via a
synergistic effect of two or more forms of doped-nitrogen, it is
essential to synthesize doped graphene with high purity of a
single form of N-doping and get them thoroughly investigated
with the assistance of advanced characterization techniques.
The control of nitrogen doping and the effect are discussed in
details in the following section below.

3.2. Controlling the doping forms

The heteroatoms may adopt different configurations in doped
graphene, forming C-X (possible also X-0O) as the active sites for
ORR. The configuration for B, S, or P elements doped graphene
is relatively simple, whereas four kinds of nitrogen forms
(graphitic N, pyridinic N, pyrrolic N, and pyridinium N) may
present concurrently in N-doped graphene due to the
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Fig. 2 (a) Typical TEM images of N-doped graphene. (b) The content of C, N, and O in three samples by XPS. (c) Electron-transfer numbers at
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comparable atomic size of N and C and the strong covalent
bonds between them. Theoretical calculations are unable to
provide any straightforward answer which form of nitrogen is
the actual active center. On the experimental side, Sun et al
claimed that quaternary type (graphitic) nitrogen species
contribute the most to the ORR activity,* which was supported
by the results of Lin et al. in a separate study.'* In contrast, the
experiments of Woo and Xia et al. suggested the pyridine like N
as the determining structure for the electrocatalytic activity of
N-doped graphene toward ORR.>**** A further view held by Dai
et al. on N-doped graphene is that higher catalytic activity
originates from the presence of pyridinic and pyrrolic N
species.®** More specifically, Ruoff et al suggested that
increasing pyridinic N species content might lower the onset
potential of oxygen reduction and gradually switch the ORR
reaction mechanism from 2e dominated process to 4e domi-
nated process, whereas graphitic-N content was related to the
limiting current density.*** Despite these findings, it is difficult
to specify the role of each type of nitrogen species in the ORR
activity of N-graphene. To address this issue, it is desirable to
have doped graphene with single N-species synthesized. Wong
et al. synthesized N-graphene with a high content of graphitic N
(purity: 44%) by pyrolyzing a mixture of graphene oxide and
polypyrrole, in which the pyrolysis temperature and the selec-
tion of N-precursor were found to be critical to the ratio of
different N-species in the doped graphene.'® Ruoff et al
investigated the thermal reaction of GO with various N-precur-
sors using annealing method.*** It showed that with ammonia
the doped graphene preferentially have graphitic N and pyr-
idinic N centers, whereas polyaniline and polypyrrole tend to
produce pyridinic and pyrrolic N moieties in the doped
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graphene, respectively. Sun et al. used an uncommon organic
compound, pentachloropyridine, as C and N precursor to
synthesize N-doped graphene via solvothermal method.** The
unique structure of the precursor led to the formation of only
two types of nitrogen, ie. pyridine-like (60.1%) and graphitic-
like (39.9%) nitrogen. Nitrogen doped graphene with high
purity of either pyridinic or quaternary nitrogen species were
selectively synthesized recently via temperature-induced surface
polymerization reaction using pyridine and julolidine as
monomers, respectively.’®  Pyridine-based = N-graphene
comprised high purity of pyridinic N (90%) whereas julolidine-
based N-graphene primarily contained quaternary N with a
purity of 80%. Apparently, in multiple-N species containing N-
graphene produced via thermal method it is possible to have
one type of N as the dominant component. More recently,
Sinitskii et al. demonstrated an approach based on Yamamoto
coupling of N-doped molecular precursors and cyclo-
dehydrogenation that produced high-quality graphene nano-
ribbons (Fig. 3)."*° The X-ray photoelectron spectroscopy (XPS) N
1s spectrum presented a single peak at 391.1 eV, which was
close to pyridinic nitrogen peak in N-graphene. These bottom-
up methods opened a new door to the preparation of single N-
doped graphene.

3.3. Developing co-doped graphene

Heteroatom (N, B, S, P, etc.) elements were introduced into
graphene to tailor the electron-donor properties of this 2D
material and consequently to enhance its catalytic activity.
Despite their improved ORR catalytic activity compared to the
pristine graphene, the mono-heteroatom doped graphene

n

Fig. 3 Synthesis of 4N-graphene nanoribbons (4N-GNRs). (a) Schematic of 4N-GNR. (b) Reaction scheme used in this work: (1) Yamamoto
coupling, (2) Scholl reaction. (c) Optical photograph of a 4N-GNR powder. Reproduced with permission.**® Copyright 2014, The Royal Society of

Chemistry.
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materials only manifested moderate ORR performance in
alkaline solution. The co-doping of graphene with two or more
different heteroatoms that enables complex electrical and
physical modifications of graphene was taken as a new strategy
to further improve the ORR activity. Among the known dopants,
nitrogen and boron are seen as the best co-dopants due to their
comparable atomic size and the presence of five or three valence
electrons available to form strong bonds with carbon atoms,
respectively.®* An earlier computational study by Ikeda et al.
revealed that those particular N-dopant configurations with the
ability of the catalytic activity enhancement were less stable
than those configurations that potentially suppress the catalytic
activity.”® Fortunately, this dilemma has been partially recon-
ciled via the co-doping of boron and nitrogen. On one hand, the
strong attractive interaction between neighboring B and N
enables N dopants to occupy a particular site suitable for the
catalytic activity enhancement. On the other hand, the B-N co-
doping is able to activate the catalytically inert sites in the
corresponding single-dopant configurations. Therefore, free-
energy barriers are remarkably reduced for O, adsorption and
the subsequent reduction process, allowing for the enhance-
ment of the ORR activity with stable dopant structures.*® For
instance, BCN graphene prepared by Dai et al. via thermally
annealing GO in the presence of boric acid and ammonia has
proven to be superior to the commercial Pt/C in electrocatalytic
activities (Fig. 4a). The first-principle calculations revealed that
compared to the pure graphene, BCN graphene possesses high
population of carbon atoms with relatively high spin density
and charge density, which are two key factors determining the
catalytic capability of a material toward ORR as discussed in the
second section of this work. In addition, BCN graphene with a
moderate level of N- and B- doping has lower energy gap, indi-
cating higher chemical reactivity.®* B, N-graphene synthesized
by Qiao et al. via a two-step doping method®® also showed greatly
improved ORR activity with high selectivity of four-electron ORR
pathway in an alkaline medium, which is considerably higher
than that observed for single B- or N- doped graphene (Fig. 4b).
A new B-C-N configuration was identified as the active site,
with enhanced synergistic effect from the chemical coupling of
B and N accounting for the boost of the ORR activity. Such
synergistic effect was also seen in N, S co-doped graphene. As N
and S are concurrently incorporated into graphene, the dual
activation of carbon atoms increases the charge/spin densities,
resulting in greatly improved catalytic activity in terms of more
positive onset potential and higher kinetic limiting current on
N, S-graphene as compared to that of N-graphene or S-graphene
(Fig. 4c).”” Apart from B/N and S/N co-doped graphenes, P/N co-
doped graphene synthesized by Woo et al. is another example
that shows onset potential of 0.87 V with mass activity of 0.80
mA mg ', which was 1.8 times higher than that of the N-doped
graphene (Fig. 4d).” Similarly, the improved ORR activity was
believed to originate from the electrophysical modification of N-
graphene by the introduction of the additional dopant of P,
which enhanced the asymmetry of spin density and facilitated
electron transfer on the graphene basal plane. One would be
interested if an order of catalytic activity was available based on
the different doping elements, such as B, N, P, and S. To this,
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Qiao et al. provided a useful ORR free energy diagram for model
catalysts (B, N, P, S, O doped graphenes) by obtaining the free
energy for each reaction step of “4e-reaction pathway”.'” In the
diagram, nitrogen- and boron-doped graphene models exhibit
the lowest overall reaction free energy change, suggesting the
best ORR performance from the theoretical viewpoint. An order
of catalytic activity in the sequence of B-graphene > N-graphene >
P-graphene > S-graphene seems conclusive in this case. Never-
theless, it has to be noted that practically more factors could alter
this order, e.g. dopant content, doping types and morphological
properties, which may not be achievable in the same way and at
the same level for different dopants. Apparently, by taking
advantages of different heteroatoms in conjugated graphene
backbone that creates new charged sites favorable for O, reduc-
tion, the co-doping of graphene, in particular the additional
doping to N-graphene, is becoming one of the main trends in
further improving ORR activity of such 2D materials.

3.4. Extending surface area of doped graphene

Undoubtedly, heteroatom doping that creates more active sites
of ORR in doped graphene has played a significant role in
boosting the ORR catalytic activity. The efforts in increasing the
total number of active sites by increasing the heteroatoms
content or co-doping have been reviewed above. It is understood
that active sites must be accessible, e.g. exposed to the surface,
in order to contribute to the ORR activity. However, just like
graphene sheets, doped graphene sheets also tend to form
irreversible agglomerates or even restack back to graphite-like
structure due to strong m-m stacking and the inter-sheets van
der Waals interactions, resulting in a significant decrease in the
surface area. As a result, a large population of “active sites” are
walled inside the catalyst and become inaccessible for ions and
gases, and the inefficient ionic and electronic transport lead to
unsatisfactory electrocatalytic capabilities. To maximize the
utilization of the active sites, the accessible electroactive area is
enlarged or extended by changing the morphology and
“particle” size of doped graphene, such as three dimensional
(3D) structures,*® porous structures**'**'*** and doped gra-
phene quantum dots.****%* As graphene-based materials exhibit
strong direction dependent thermal and electrical transport
properties with extremely low out-of-plane conductivities, 3D
network or porous structures will provide not only high specific
surface area, but also the possibility of extending the unique
properties of doped graphene into three dimen-
sions.®36%66,6871,75,104,107.166 Recently, Dai et al. reported 3D gra-
phene foams doped with nitrogen, boron or both, prepared by
CVD method."” Electrochemical studies show high electro-
catalytic activities toward ORR for B/N co-doped graphene
foams, which outperforms Pt/C in terms of peak current of
oxygen reduction. Differently from what was discussed in the
previous sections, the high catalytic activity in this work was
also attributed to the significantly increased electrochemically
active surface areas from the 3D network structure, apart from
the synergetic effect of B and N co-doping. Another example
demonstrated by Feng et al. is nitrogen and sulfur co-doped
3D graphene frameworks, synthesized via a one-pot low
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temperature approach.” Using thiocyanate as N/S dual-con-
taining precursors, the as-prepared N/S-co-doped graphene
exhibits a surface area of 220 m*> g~ and high ORR catalytic
activity of 4e transfer dominated pathway with kinetic limiting
current density comparable to Pt/C but an even higher selec-
tivity. The significance of the 3D structure was further demon-
strated by Shi et al. through evaluation of the oxygen reduction
performance of doped graphenes of different morphology with
single dopant, e.g. S-doped graphene sheet and S-doped gra-
phene 3D foam.*® Although the sulfur content in S-doped gra-
phene sheet is considerably higher than that in S-doped foam,
the oxygen reduction performance of the former is found infe-
rior to that of the latter. Unfortunately, few reports on 3D
porous doped graphene in contrast to the 3D porous graphene
are available. Anyone interested can refer to some recent reviews
on the detailed process of the preparation and characterization
of porous graphene.”*®'®® In principle, the methods for the
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preparation of porous graphene can be adopted to synthesize
3D porous doped graphene.**”** For 3D porous graphene, a
representative method developed by Bando's group was a sugar-
blowing technique, in which a 3D self-supported graphene
bubble network (strutted graphene or shortened as SG, ¢f. Fig. 5)
with a specific surface area of 1005 m* g~ ' can be harvested.***
Naturally, synthetic protocol can be envisaged as a general path
for the synthesis of 3D doped graphene with some modifica-
tions (perhaps by post-treatment or by changing the precur-
sors). Such 3D porous structures with high surface area not only
expose more active sites, but also facilitate fast mass and elec-
tron transport kinetics during the ORR process. Therefore, it
can be foreseen that more novel 3D porous structures of doped
graphene with enhanced ORR activity will be springing up soon.

Apart from creating 3D or porous structures, surface area can
also be increased by reducing the “particle” size of graphene-
based materials. Bao et al. prepared graphene in nanometer size
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Fig.4 ORR performance on various co-doped graphene materials as compared to commercial Pt/C. (a) Linear sweep voltammetry (LSV) curves
of ORR on BCN graphene with different compositions in oxygen-saturated 0.1 M KOH solution at 10 mV s7%, reproduced with permission.©?
Copyright 2012, Wiley-VCH. (b) LSV of various electrocatalysts on a rotating disk electrode (1500 rpm) in an O,-saturated 0.1 M KOH (scan rate:
10 mV s73), reproduced with permission.2° Copyright 2013, Wiley-VCH. (c) LSV of different samples at 1600 rpm in an O,-saturated 0.1 M KOH,
reproduced with permission.> Copyright 2012, Wiley-VCH. (d) ORR result of P/N doped graphene as compared to that of Pt/C in 0.1 M HClO,4
with a 900 rpm rotation speed, reproduced with permission.”® Copyright 2013, The Royal Society of Chemistry.
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scale via direct ball milling of graphite-based materials, and the
size effect of crystals of graphite nanosheets in electrocatalytic
activation of oxygen was clearly observed.””® More recently,
Wang et al. provided direct evidence from electrochemical
studies using a designed micro apparatus to support the argu-
ment that the edge of a graphite is more active than the basal
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plane toward ORR."* With smaller size, graphene nanosheets
become more active in the oxygen reduction reaction,
which may be ascribed to the increasing number of edge sites
(e.g. zigzag edges). Theoretical calculation showed that the
catalytic activity of doped graphene (N-graphene) is closely
linked to the location of incorporated N in the graphene matrix,
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in which the doped N atoms near the edge of graphene sheets
are more desirable active sites for improved electrocatalytic
activity. This has been proven experimentally by Zhang et al.
recently in edge-nitrogen-rich graphene nanoplatelets prepared
via a combined process of ball milling of graphite powder with
melamine and subsequent heat treatment.’” Through the
process the pristine graphite flakes with a size of ~270 pm (50
mesh) was converted to nanoplatelets in the size of ~500 nm,
and the surface area was greatly increased. The high ORR
activity was a result of synergetic effects of edge-N-doping and
the extended surface area arising from the formation of nano-
structured platelets. In addition, if a process is able to minimize
defects introduction into graphitic matrix and keep graphene
inner basal plane intact, it will help retain the electrical
conductivity and facilitate charge transport during electro-
catalysis. To this, Li et al. synthesized N-doped colloidal gra-
phene quantum dots (QDs) with well-defined structures and
varied sizes via a solution chemistry approach, and the product
was found to catalyze ORR via a four-electron reduction
pathway.'®® Interestingly, their studies showed higher activity
for the larger N-doped QDs (176 carbon atoms) rather than for
that of 128 carbon atoms."”* Similarly, higher catalytic activity of
N-doped QDs toward ORR was shown by Wu et al. in a novel
lotus seedpod surface-like pattern of 0D seed-like N-doped QDs
(3 nm) docked on the surface of 2D N-doped QDs sheets of ~35
nm (Fig. 6) prepared by ammonia-mediated bond-scission
strategy.'’* Such N-doped QDs structure presents a four-electron
catalysis process toward ORR with higher selectivity and dura-
bility compared to commercial Pt/C electrode. Unfortunately,
the information on the surface area of these N-doped graphene
QDs were not reported, although a detailed characterization of
surface area will facilitate the understanding on the size effect
of such materials with respect to their ORR activity. Such gra-
phene quantum dots, the graphene sheets with lateral dimen-
sions less than 100 nm in single, double, and few layers (3 to <10
layers), are rising stars in graphene family and will continue to
attract attention in the fields of materials science and engi-
neering.®” With nanosheets as supporting substrates, nitrogen
doped QDs are anticipated to give unique properties in further
improvement of ORR catalytic activities due to the possible
synergy of vast surface area, quantum confinement, and edge
effects.

4. Conclusions and perspective

In this review, we focused on the doped graphene as efficient
non-metal catalysts toward ORR. Firstly, the mechanism of
oxygen reduction by doped graphene is extensively reviewed.
The theoretical calculations showed that single, dual, or even
multi-doping of heteroatoms may break the distribution
balance of the electron spin density or atomic charge density on
the plane of graphene, thus changing their electrocatalytic
activity. Generally, atoms with higher spin density or more
positive charges are probably the catalytic active centers. Does
bigger difference in the electronegativity of atom carbon and
heteroatom mean higher ORR activity? This is a natural ques-
tion to be asked. Unfortunately, lack of convincing evidences on
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the ORR catalytic activity comparison among different hetero-
atom doped graphenes excludes any specific correlation
between inter-element electronegativity difference within
doped graphene and its ORR activity. The presence of an elec-
tronegativity difference is not even a prerequisite for doped
graphene to be ORR active. A typical example is ORR active
S-doped graphene, in which sulfur has the electronegativity very
close to that of carbon and electron transfer hardly takes place.
To explain this phenomenon, some researchers proposed that
the spin density is probably more important than atomic charge
density in determining the catalytic active sites. Although it is
proven that heteroatoms doping makes graphene more cata-
Iytically active toward ORR, more intensive efforts are needed to
provide evidences or theoretical supports on how ORR activity
was improved in these different heteroatoms doped graphenes.
In experiments, doped graphenes have shown the capability of
catalyzing oxygen reduction via 4e transfer pathway; and
importantly, some of them even outperform commercial Pt/C in
terms of durability and selectivity apart from the considerably
lower materials cost, promising great potential in replacing
conventional Pt/C catalysts in applications using alkaline elec-
trolyte. Nevertheless, for applications requiring acidic electro-
Iyte, these doped graphenes are still unable to compete with
commercial Pt/C catalysts. This remains a challenge for future
research.

A good understanding on the origin of ORR activity
enhancement in heteroatom-doped graphene is the prerequi-
site for further improving these non-noble metal catalysts. To
date, the detailed ORR mechanism involving the real active
centers is incomplete, and the nature of intermediates in the
reduction process remains vague. The theoretical study is con-
strained by simple models and small-sized systems, which is
difficult to provide quantitative numbers for detailed reaction
steps. A powerful model and more theoretical studies will help
to provide deeper understanding on ORR of doped graphene,
and in turn facilitate design of new electrocatalysts with further
improved ORR activity. In experiment, the emerging solution
chemistry approaches that produce graphene quantum dots
with nitrogen and other atoms in various bonding configura-
tions provide unique opportunities for systematic investigation
on the mechanism of the ORR catalysis and identifying the real
active sites for nitrogen doped graphene materials. In partic-
ular, the doped graphene quantum dots with sizes closer to
those used in the models of theoretical studies are especially
useful, as it provides the closest possible matching for the
theoretical and experimental results.

The general understanding is that the heteroatom content of
doped graphene is closely related to the electrochemical ORR
activity. Low heteroatom content provides too few active sites to
boost the catalytic activity toward ORR, whereas high hetero-
atom content may result in low conductivity whereby more
active sites are prone to poisoning. Therefore, appropriate
heteroatom content in graphene that keeps high population of
active sites while maintains reasonable conductivity is desir-
able. This requires further work to exploit new methods to
manage heteroatom doping with optimal doping content. In
addition, electrochemical activity is strongly influenced by the
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types of heteroatoms. As presented above, there are at least four
types of nitrogen (pyridinic, pyrrole, graphitic N, and N-oxides)
in N-doped graphene, and different bond configurations such
as B-C, B-0O, S-O, S-C, and P-C, P-O in B, S, and P doped
graphene, respectively. The situation is more complicated for
dual- or even multi-heteroatoms doped graphene. In such cases,
it is unclear if S, P and other bigger sized heteroatoms substi-
tute carbon atoms in the sp” network of graphene like what N or
B atom does. For N-doped graphene, how the different N affects
the ORR activity remains controversial. As for co-doped gra-
phene, both the location and ratio of heteroatoms, such as B/N,
S/N, and P/N, impact the ORR activity. The exact mechanism
has not been investigated in detail yet due to the lack of
experimental data. Apart from developing synthetic techniques
with good control for the specific type of heteroatoms, the in-
depth knowledge about the active sites relies on the accuracy of
characterization data obtained from these doped graphene
structure. XPS technique is the commonly used technique to
identify most of heteroatoms configurations;*'”>*” however,
the assignment of some spectral features is often debatable. For
example, Ray et al. assigned the N 1s XPS peak at around 399.9-
400.2 eV to cyanide-like N,"”” whereas Pels et al. ascribed the
same peak to pyrrole-like N."”® In addition, it is difficult to
distinguish pyridinic N from graphitic N at the edge experi-
mentally, as they are essentially same in structure. For S-doped
graphene, despite the same synthesis method used, the S 2p
peak was assigned only to -C-S-C- structure by some
groups,®”®** whereas others take it as a mixture configurations of
-C-S-C- and -C-SO,-C-.°***% To ensure less controversial
assignment, Wang et al suggested combining XPS, X-ray
adsorption spectroscopy (XAS), and X-ray emission spectros-
copy (XES) with theoretical analysis to identify most of the N
configurations in graphene-based materials (Fig. 7a)."”® XAS is
able to determine the N structures in the 7 states more accu-
rately, and provide direct information on the correlation of the
types of N with the ORR activity. In addition, by combing high-
resolution transmission electron microscopy (HR-TEM) images
with first-principle electronic structure calculations, Meyer et al.
investigated the electronic configurations of nitrogen substitu-
tion point defects in graphene sheets.'” In this case, the doped
nitrogen exhibits a weak dark contrast in the large defocus HR-
TEM images (Fig. 7b), providing experimental evidence for
strong chemical bonding induced charge transfer from the
carbon atoms to the region of the bond with the neighbouring
nitrogen atom. Using scanning tunneling microscopy (STM),
Zhao et al. clearly visualized individual nitrogen dopants in
monolayer graphene.'® The STM observations indicate that the
majority of the doping occurs via graphitic substitution in the
sample (Fig. 7c). We believe that in near future the systematical
analysis by combining high resolution electron micros-
copy'®* and synchrotron spectroscopy characterization tech-
niques with theoretical structure calculation will be able to
further decode the mystery, revealing the structure and config-
urations of the dopants in detail more accurately.

It is also worth noting that the existence of trace metal (below
the detection level of XPS) as MeN, active site,® or Me-C coor-
dination,*” or metal oxide on doped graphene'® might have
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profound influences on the ORR. Therefore, doped graphene
from treatment of graphene oxide, derived from commercial
graphite containing impurities in the order of parts per million
(ppm) via Hummers method whereby permanganate is intro-
duced, will probably suffer from a contamination of some metal
impurities. In this case, elemental analysis of metal contents in
doped graphene is essential to support the claim of ORR activity
originates from the heteroatoms induced active sites in the
carbon lattices. Moreover, the most frequently used technique
for ORR catalysis studies is the linear sweeping voltammetry
based on rotating disk electrode (RDE) and rotating ring-disk
electrode (RRDE).'**'s” The calculations for the number of
electron transferred based on Koutecky-Levich plots from RDE
were derived for smooth electrode surface. However, for the
doped graphene catalysts, a thick catalyst film (>25 pm) with
uneven surfaces is typically used. Technically speaking, Kou-
tecky-Levich equation is not applicable in this case with rough
surfaces. Moreover, for RRDE, the peroxide formed is
completely quenched within the catalyst layer and hence is not
detected at the ring electrode. The elimination of peroxide in
this case may cause difficulties in the identification of the ORR
pathway. Therefore, a standard protocol needs to be established
and calibrated to evaluate the ORR activity on doped graphene
materials. Furthermore, there is no way to measure area density
of active sites for Pt/C catalysts, and thus, the gravimetric
current density should be used as the criterion for the perfor-
mance comparison. Moreover, in most of experimental
approaches, the graphene alloy catalysts for ORR were evaluated
in half-cell reaction. To enable the practical applications of
doped graphene as electrocatalysts, full-cell test experiment
would be more appropriate and should be seriously considered
in future.

We firmly believe that the combination of heteroatoms
doping and special features introduction is a promising
approach for the development of “graphene alloy” with high
electrocatalytic activity. Unquestionably, the main focus for the
next few decades will be the further development of novel doped
graphene materials and the understanding of active sites
through experimental approaches and theoretical investiga-
tions with the help of advanced characterization techniques. In
this sense, it is anticipated that such development will accel-
erate the implementation of any newly doped graphene cata-
lysts approaches into actual electrodes.
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